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Abstract: Every year, the juice industry generates millions of tons of by-products worldwide such
as seeds, skins and pomace. This creates significant environmental problems. It is estimated that
about 25% of the fruit weight used in juice production is waste. However, even after processing, this
waste contains high amounts of valuable bioactive substances. Phenolic compounds and pectin have
been found to be the main components of apple pomace and are responsible for its antioxidant, anti-
inflammatory, antibacterial, antifungal, and anticancer properties. However, the low bioavailability
and sensitivity of some chemicals limit their use in many areas. Advanced extraction techniques and
encapsulation of apple pomace extracts is a promising technique to overcome these problems and
increasing their applicability (e.g., in the cosmetic, pharmaceutical, or food industries).

Keywords: waste management; circular economy; by-products; apple pomace; bioactive compounds;
polyphenols; nanoparticles

1. Introduction

Effective waste management is one of the greatest environmental challenges facing
the world today. Food and green waste comprise the largest portion of waste, accounting
for about 44% of the total global waste generation [1]. Among them, large groups are
by-products from the fruit industries, such as apple pomace. Nowadays, apple pomace is
mostly used as a substrate for production of bioethanol, pectin, organic fertilizer added
to soil, and the production of animal feed [2]. However, not everyone is aware of the fact
that even after processing, apple pomace still contains large amounts of valuable bioactive
chemicals (e.g., phenolic compounds, dietary fiber, vitamins) [3]. Numerous studies have
demonstrated that apple polyphenols exhibit anticancer, cardioprotective, and anti-diabetic
properties [4]. Moreover, regular consumption of apples may prevent neurodegenerative
diseases [5] and reduce asthma risk [6]. For these reasons, apples pomace should not be
treated as a waste, but as a natural renewable source of valuable biocompounds that must
be properly recovered. Classical extraction is one of the basic techniques used to isolate
phytochemicals from plant material. In recent years, great importance has been attached to
the search of extraction methods that will be efficient and at the same time environmentally
friendly (e.g., by limiting the reducing the amounts of solvent used) [7]. However, some
factors, such as the characteristic astringent and bitter taste or low bioavailability of the
isolated compounds often limit their use in many fields. Numerous data from the literature
indicate that encapsulation appears to be an appropriate technique to overcome these
problems and therefore may increase their commercial applications [8].

In this short review, we will present the scale of apple and apple pomace production in
Poland and in the world, green extraction techniques currently used to isolation bioactive
compounds from fruit by-products, the synthesis of nanoparticles containing phenolic
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compounds isolated from apple pomace extract, and their potentially applications in food,
pharmaceutical and cosmetic industries.

2. Apple and Apple Pomace Production in Poland and World

Statistics shows that in 2019, apples (after bananas and watermelons) were the third
most popular fresh fruit in the world. In that year, 87.24 million metric tons of apples were
produced worldwide [9]. In 2010–2018, annual apple production in Poland ranged from
1.877 to 3.9 million of tons [10]. It is estimated that about 50% of apples produced in Poland
are processed for the production of apple juice concentrate [11]. Literature data show that
25–30% of the weight of the fresh apples used in the production of juice is fruit by-product
called apple pomace, which represents a large amount of waste [12]. Based on these facts,
it can be calculated that probably about 500,000 tons of apple pomace were generated in
Poland in 2018. For comparison, a neighboring country (Germany) produces half as much
apple pomace (250,000 tons per year) [13].

3. Green Extraction Techniques

Green extraction techniques are methods of separating bioactive compounds from
plant material in an environmentally friendly manner. They rely on the use of alternative
eco-friendly solvents, reducing the amount of chemicals, energy costs, and waste generation
to obtain high quality extracts [14]. Supercritical fluid extraction (SFE), pressurized hot
water extraction (PHWE), miniaturized solid phase extraction (MSPE), ultrasound-assisted
(UAE), or a combination of assisted extraction techniques are becoming more and more
popular. The SFE is a relatively new extraction method that uses liquids (most often CO2)
which after pressuring and heating reach a supercritical state [15]. A similar technique is
PHWE. However, in this case, water is used as a solvent. By increasing the temperature
and pressure, water can obtain similar properties to ethanol, which causes an increase
in the water solubility of many medium-polar compounds and an increase in extraction
efficiency [16]. The MSPE is based on adsorption and desorption processes. First, the target
analytes are captured and adsorbed on the sorbent surface, and then under the influence of
high temperature they are desorbed (removed from the sorbent) [17]. The UAE generates
high frequency pulses that increase the mass transfer of the extracted compounds to the
solvent. This technique is often combined with other extraction methods (e.g., with Soxhlet
extraction) [18].

4. Synthesis and Applications of Nanoparticles

Nanoencapsulation of bioactive compounds isolated from plants can increase their
bioavailability, solubility, protection against environmental conditions (light, oxygen, mois-
ture etc.) as well as degradation, and can control the release of ingredients in the organism
and change the taste of the product [19]. In addition, the improvement of bioavailabil-
ity and solubility of phytochemicals affects their absorption by the digestive system and
skin [20]. These facts show that encapsulation techniques are promising methods for the
production of functional food, drugs, and cosmetics. In nanotechnology various carriers
such as liposomes, micelles, chitosan, and cyclodextrins are used [21]. Liposomes are
carriers composed of phospholipid layer (one or more) and aqueous core with hydrophilic
substances dissolved in it [22]. Due to their high affinity to biological cell membranes
and ability to transport substances (encapsulation), liposomes easily penetrate the skin
or are absorbed through both the oral mucosal lining and through the intestinal wall,
wherein they then release the material contained therein [23]. The most popular techniques
used for the preparation of nanoliposomes containing bioactive compounds are extrusion,
sonification, and microfluidization [24]. The number of reports in the literature regarding
the production and use of new liposomal nanoparticles is constantly increasing. In study of
Savaghebi et al. algal extract-loaded nanoliposomes demonstrated improvement stability
during storage and better oxidative stability than extracts alone. Moreover, the in vitro
studies showed that synthesized nanoliposomes had a well-controlled release of polyphe-
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nols [25]. Another study found that adding nanoliposomes containing olive leaf extract
(rich in phenolic compounds and oleuropein) to yoghurt improved the antioxidant activity
and nutritional value of the product without changing the flavor and color [26]. Rafiee
et al. demonstrated the potential of liposomal nanocarriers containing pistachio green hull
extract as a bio-preservative to increase the antioxidant and antimicrobial properties of
mayonnaise (extending the safe storage time) [27]. Nanoliposomes are also good anticancer
agents [28].

5. Conclusions

Every year, the fruit processing industry generates huge amounts of fruit by-products,
such as apple pomace, which contain significant quantities of bioactive compounds. In line
with the idea of a circular economy, apple pomace should be reused responsibly. The use
of green extraction techniques allows for the isolation of bioactive substances (including
phenolic compounds) from apple pomace in an environmentally friendly manner, (i.e.,
by avoiding the use of toxic solvents and lower consumption of energy). Encapsulated
polyphenols often exhibit improved shelf-stability, bioavailability, bioactivity, and solubility,
making nanoparticles an interesting material for many applications in the food, cosmetic
or pharmaceutical industries.
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