U0I)II]3S [BLId)EW [[AYS JO dduanbasuod -
p1ey uonensdedudoddmu ui Pqe| dse[doadijy

|1 >

224no0s Aiepuodas

<

a21nos Aiewid

JILSVIdOHIIN

Joensqy [ediydels



Highlights

Highlights

e MOFs provide CECs removal with high efficiency
e Incorporating MOFs into functional materials extends their application in CECs elimination

e MOFs as adsorbents, catalysts, membrane precursors can be considered in separation
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Plastics make our lives easier in many ways; however, if they are not appropriately disposed of or
recycled, they may end up in the environment where they stay for centuries and degrade into
smaller and smaller pieces, called microplastics. Each year approximately 42000 tonnes of
microplastics end up in the environment when products containing them are used. According to
the European Chemicals Agency (ECHA) one of the significant sources of microplastics are
microcapsules formulated in home care and consumer care products. As part of the EU's plastics
strategy, ECHA has proposed new regulations to ban intentionally added microplastics starting
from 2022. It means that the current cross-linked microcapsules widely applied in consumer goods
must be transformed into biodegradable shell capsules. The aim of this review is to provide the
readers with a comprehensive and in-depth understanding of recent developments in the art of
microencapsulation. Thus, considering the chemical structure of the capsule shell’s materials, we
discuss whether microcapsules should also be categorized as microplastic and therefore, feared

and avoided or whether they should be used despite the persisting concern.

Introduction

Plastics have become part of everyday human life for good. It is difficult to imagine life without
them, not only in the broadly defined economy, but also in household uses which will be
considered in more detail in this paper. Their wide use forces us to take great care in disposing of
them properly or to replace them with more friendly solutions. Otherwise, they can be released
into the environment and, owing to their durability, they can persist there, fragmented into smaller
and smaller pieces down to the micrometre range [1]. These small pieces, called microplastics, are
a significant ecological problem. On the other hand, the same small plastic particles can be

deliberately produced, for example, in personal care and cosmetic products (PCCPs) as plastic
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glitters used in cosmetics for decoration purposes (nail art), exfoliating beads in body and facial
scrubs, microbeads in toothpaste, hair shampoo, facial cleaner, shower gel [2—6] or household
cleaners. [7,8] These intentionally added plastic particles are treated as primary sources, while
those formed as a result of disintegration of larger pieces of polymers, e.g. from plastic packaging,
bottles or bags, are treated as secondary sources (Error! Reference source not found.Error!
Reference source not found.). Textiles made of synthetic fibres are a source of microplastics
which can be found in the sewage sludge from household laundry and laundry dryers of clothing.
[9-11] Studies have indicated that these fibres are one of the main sources of main microplastics
in the environment (up to 35% of the global release into the oceans). [12] However, it is estimated
that most microplastics in the environment originate from secondary sources. [7] Considerations
of which aspects of microplastics (type of polymer, molecular structure, possible additives,
physico-chemico-biological interactions and size) are mainly responsible for their deleterious
effects remain inconclusive. [13] This issue is no longer considered only within the scientific
community, [14-16] but is increasingly gaining public awareness. Microplastic is already a
keyword that people associate with a health and life threat. However, it should be noted that the
impact on the environment depends on the biodegradability of plastic. This issue will be discussed
in more detail further in this paper.

Many years of research have clearly illustrated the problem of accumulation of microplastics from
different sources in the environment, [17,18] including aquatic [19—22] and the less discussed
terrestrial [23,24] and air [10,25] ecosystems (Error! Reference source not found.). It should be
noted that these ecosystems cannot be treated separately. It is estimated that 80% of the
microplastic pollution in the oceans comes from the land, mainly via rivers. [18] For example, it

is assessed that between 1 and 4,200 kg of plastic waste per day is transported into the oceans via
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inland rivers (Hilo, Hi and Danube River, respectively) [21]. At the same time, research has shown
that microplastic is also introduced into the environment with organic fertilizers from fermentation
and composting of bio-waste, widely used in agriculture and horticulture. [26] Moreover, literature
reports indicate that, as the size of microplastic particles decreases owing to degradation or as the
intended effect in the production cycle, their presence and potential to accumulate in the food chain
increases (Error! Reference source not found.). This means that microplastic is present in a
variety of living organisms, including freshwater invertebrates, [27] fish, [20] penguins, [28] as
well as plants. [29] In addition, recent literature reports indicate that the use of plastic food
packaging can be the source of microplastics in human bodies. [30] As was presented by Li et
al.,[31] such exposure may even occur in infants through consumption of food prepared in
specialized polypropylene (PP) feeding bottles for infants. Studies have shown that the release of
PP can reach 16.2 million particles per litre, and depends, among others, on how the bottle is
sterilized. The examples presented clearly show that microplastics are virtually everywhere, from
remote, uninhabited places to the water we drink and the food we eat, and finally the air we breathe.
It is also worth noting that organic and inorganic contaminants can be adsorbed on the surface of
plastic. [19,32—35] Therefore, microplastic can also be responsible for the transmission of

pollutants in an ecosystem.

Figure 1

All these aspects are a reflection of the omnipresence of plastic and microplastic. Thus, is proper

management of plastic waste a recipe for solving the problem of microplastic? Certainly, to a large

extent, yes. A suitable waste management structure with expanded recovery systems and extended
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producer responsibility is crucial. Is it enough? Certainly not. Undoubtedly, it is correct to reduce
the use of plastics from the secondary sources by, for example, minimizing the use of plastic bags
in favour of durable textiles, and from the primary sources, by replacing plastic additives with their
degradable substitutes. [13] This requires a high level of awareness among both manufacturers and
consumers. The “microplastic-free formula™ label, which is appearing more and more frequently
on the PCCP packaging, clearly shows the increasing importance of the problem. Scientific
innovation, new concepts and growing concern for the environment are the key to overcoming this
crisis. It is, therefore, necessary to consider whether microcapsules, proposed for several years
now in personal care and cosmetic products, as well as cleaner products, are the best available
solution to this challenge.

The aim of this work was to discuss whether microcapsules should also be categorized as
microplastic, and therefore, feared and avoided, or whether they should be used despite the

persisting concern.

Figure 2

Microcapsule and encapsulation technologies

The encapsulation technology (ET), protected and commercialized in 1956 by Dr Green and Dr
Schleicher from the National Cash Register Company (Ohio, USA, US patent 2,730,457 [36]) is
considered as one of the most interdisciplinary technologies invented in the last decades.[37] As
shown in Error! Reference source not found., the capsule is a small particle, which holds an
active material surrounded by a shell (also called membrane, wall or coating). Depending on the

morphology designed, capsules can be subcategorized as continuous shells/core capsules (Error!
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Reference source not found.a), continuous core capsules with more than one layer of the capsule
wall material (Error! Reference source not found.b), polycore capsules (Error! Reference
source not found.c) or matrix capsules (also called spheres) (Error! Reference source not

found.d). [38]

Figure 3

By selecting a suitable method of capsule preparation, such as: interfacial polymerization, in situ
polymerization, coacervation, Layer by Layer, sol-gel encapsulation, suspension cross-linking,
spray dryer, co-extrusion, phase inversion precipitation, capsules with different diameters can be
manufactured as shown in Error! Reference source not found.. Capsules with a diameter of 1
nm to < 1 um are called nanocapsules, those with a size ranging between 1 um and < 1 mm are
called microcapsules, while larger ones (> 1 mm) are called macrocapsules, respectively. There
are multiple papers and patents which not only provide detailed information on the highlighted
methods for capsule preparation, but also emphasize the advantages and disadvantages of these

methods. [37-46]

Figure 4

The market for encapsulated technologies keeps on growing in volume thanks to the expanding
range of applications. Synthetic microcapsules have become widespread in household and personal
care products, such as cosmetics, perfume, rinse-off products and laundry detergent. [47—50] The

Global Microencapsulation Market is expected to grow at a Compound Annual Growth Rate
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(CAGR) of 11.7% from 2020 to 2027 and to reach $17.31 billion by 2027. The number of recent
patents with micro-encapsulation and nano-encapsulation as a search word amounts to about
1200/year and has reached a total of approximately 30.000. [51] Perfume material-producing
companies are investing in encapsulation technologies, as can be seen based on their patent
activity. Companies such as IFF, Givaudan and Firmenich have invested in production plants in
Europe. Perfume encapsulation approaches have been used in fabric enhancers, detergents and
wash scent microcapsules to achieve a long-lasting scent. Encapsulation shells are polymeric
materials that form a thin, flexible shell around the droplets of liquid fragrance oil. Such a solution
provides a pleasant smell in our living space and has a positive effect on our emotional perception.
[52] Fragrances are also beneficial in alleviating the physiological effects of mood and stress. [53]
After the capsule shell ruptures upon use, it releases the liquid perfume content. According to the
patent claims, the shells are not expected to be soluble in water and show limited
biodegradability.[54] Their role is to increase deposition on textile garments and to permit a slow
release of perfume through gradual diffusion or to break via friction when the garment is being
worn. They thus allow the perfume to be perceivable in the garment for an extended period of time
after wash, while decreasing the quantity of perfume used. [55] According to the International
Fragrance Association (IFRA), the total volume of polymers used for all applications of fragrance
encapsulation is at least 400 tons per year.[56] Moreover, the IFRA indicates that the use of
fragrance encapsulation technologies, in terms of tonnage, is distributed principally to laundry
detergents (50-55% of total volume) and fabric softeners (35-40%), with other products
accounting for 5—15%. [57]

Furthermore, companies such as BASF and Syngenta have issued patent applications for

encapsulation technologies for agriculture and construction industries. [58,59] The purpose of
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encapsulation is to enable a faster and more effective use of materials for extremely targeted
delivery of active ingredients to specific places. It is achieved via protection of the load from
aggressive environments and/or via controlled release within the time frame desired for the
application. According to the International Fertiliser Society (IFS), fertilizer encapsulation has a
significant impact on the increase in the efficiency of nutrient use, reduction of nutrient losses to
the environment (‘run-offs’), prevention of nutrient-fixation in the soil, sustained/increased crop
yield rates at a lower nutrient usage, improvement of the quality of plants that need a continuous
supply of nutrients at a low rate, and reduction of labour. According to Fertilizers Europe, it is
estimated that between 2016 and 2022, the average amount of 1,000—15,000 tons of microplastics
per year will have been used for fertilizer encapsulation. According to a sector-wide study
presented during the International Fertilizers Association (IFA) Conference on controlled-release
fertilizers held in Dublin in 2019, the encapsulation market in Europe comprises approximately

50,000 tons per year.

Figure 5

Capsule shells are typically obtained by polymerization of different monomers through high levels
of crosslinking of multifunctional monomeric materials, such as melamine. [60,61] Thus formed
polymers used in commercially available capsule shells include melamine-formaldehyde (a),
polyurea/polyurethane (c, d) and polyacrylate (e). Typical structures of such polymers are
presented in Error! Reference source not found.. A detailed analysis taking into account both
unbiodegradable and biodegradable polymers used for the production of microcapsules will be

presented below in the following chapters. Crosslinked structures are necessary to avoid a
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premature release of the active compound in the formulated consumable product before its use.
Unfortunately, these crosslinked polymeric capsule shells are not biodegradable, hence they are
considered as microplastics. It should be emphasized that the formation of intermolecular covalent
bonds during the crosslinking process [62] is the main factor causing the formation of
comparatively hard and rigid capsule coatings. These irreversible covalent bonds are the main
factor that determines the properties of such capsules, i.e. preservation of the cross-linked polymer
structure despite stresses and various environmental factors. Additionally, crosslinked polymers,
in contrast to biodegradable natural linear ones, are practically insensitive to single-bond breaks,
and their highly compacted structure and high density result in low swelling and permeation
tendencies.

It is important to note the definition of biodegradability. Following Li and et al., [63]
biodegradability is the ability of polymeric materials to gradually decompose under the influence
of specific biological processes conducted by microorganisms, such as fungi and bacteria, which
can be tested according to ISO 17088:2012. [64] This definition is quite fluid, and depending on
the conditions and microorganisms used, polymers that are generally not biodegradable, i.e.
polyvinyl alcohol, polyurethanes or polyanhydrides, can also be degraded. [65—68] This is a
perfect example of nature adapting to the prevailing conditions. Microorganisms evolve in
conjunction with potential sources of valuable trace elements.

In order to demonstrate the significance of the problem of microplastic use in consumer goods, the
European Commission in 2017 demanded that the European Chemicals Agency (ECHA) evaluate
the scientific evidence for taking regulatory action at the EU level regarding microplastics
purposely added to consumer products. In December 2020 and March 2021, the ECHA released

two documents: (i) Restriction on formaldehyde and formaldehyde-releasing substances in
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articles [69] and (ii) Restricting the use of intentionally added microplastic particles to consumer
or professional-use products of any kind.[70] According to these documents, the use of
microcapsules with shells classified as microplastics in consumer goods is expected to be

prohibited in the coming years.

Non-biodegradable microcapsules

Although synthetic polymers are a serious source of waste, their abolition in everyday life would
be burdensome. Microencapsulation with a permanent synthetic polymer is used in sunscreens and
cosmetic make-up products. This method enables the organic UV absorber to be isolated from the
inorganic pigments, which helps to obtain the desired colour of the product. Otherwise, mixing the
two components might cause the product to change colour over time, and direct contact of the UV
absorber with the skin might cause an allergic reaction. [50] To effectively prevent the degradation
of the active substance, it is encapsulated in a synthetic polymer such as acrylic polymer (Error!
Reference source not found.f) or poly(vinyl alcohol) (Error! Reference source not found.g).
[71] The polymer shell can protect the base substance from UV light, moisture and oxygen, e.g.
extending the storage period in the case of volatile compounds. It can reduce the rate of evaporation
or transfer of active material from the core to the medium, as well can prevent undesired chemical
reactions. It is also an effective solution to the problem of agglomeration of fine powders. The
polymer shell can improve the handling properties of sticky materials, control the release of
substances and reduce toxicity or irritation. Microencapsulation can also ensure a controlled
release and delivery of medicinal ingredients. The main beneficiaries of the encapsulation
technology are the so-called “cosmeceuticals” which not only moisturize, revitalize and regenerate

the skin, but are also a good complement to many treatments for skin diseases. The action of these
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products is mainly due to the content of vitamins, oils and therapeutic extracts that require
processes to extend the stability. Microcapsules made of synthetic polymers can be used to
encapsulate a wide variety of components, but there are still shortcomings in terms of effective
retaining of the compacted/non-permeable structure of the polymer and in terms of its targeted
delivery. For example, the leakage of active substances could occur due to capsule shell porosity.
Various UV filters penetrate deep into the skin, causing photo allergic and phototoxic reactions,
as well as skin irritation, creating an urgent need to develop safer sunscreen formulations.
Encapsulation seems an ideal solution in order to reduce the penetration of the filter into the skin
and maintain its effective concentration. A study involving the drug octinoxate (ethylhexyl
methoxycinnamate, EHM) encapsulated in poly(methyl methacrylate) (PMMA, Error! Reference
source not found.f) microspheres [72] showed that cream-based formulations exhibited different
rates of drug release depending on the ratio of EHM to PMMA, with the fastest release observed
for the 1:1 ratio and the slowest release observed for the 1:3 ratio. Moreover, after entrapping, the
sunscreen activity was much higher than that of the sunscreen used in free form. PMMA
microcapsules also improve photostability. This example perfectly illustrates how important the
use of encapsulation is becoming in commercial solutions. On the other hand, the introduction of
plastic should be accompanied by the development of techniques that would greatly minimize its
subsequent release into the environment. Microspheres based on polymers can be also used alone
as a synthetic pigment or as a shell for organic dyes. Both hollow and encapsulated microspheres
show much higher colour uniformity and compatibility with other ingredients than, for example, a
titanium dioxide-based dye.[73] As mentioned above, fragrance encapsulation is a fairly common
technique used in cosmetics, home care products and beauty products. Synthetic polymers show

the most attractive characteristics from the technological point of view, especially in terms of
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chemical and heat resistance. Moreover, their synthesis is already well developed and relatively
simple (Error! Reference source not found.). They also allow controlled release of the different
perfume components. Poly(urea-urethane) microcapsules, obtained by interfacial polyaddition of
polyisocyanates and diamines, with poly(vinyl alcohol) as emulsifier, demonstrate sensitivity to
light and release fragrance molecules upon irradiation. [74] Encapsulation of photo labile
compounds in a poly(urea-urethane) shell and their dissolution in an oil core, enables fragrance
release through mechanical breakage induced by rubbing. [75] Polyacrylate-based microcapsules
have also been explored for prolonged release of fragrances; however, acrylates exhibit higher
permeability to low-molecular weight fragrances, and the longevity of fragrance release is not as
expected. [76,77] For example, crosslinked polyacrylate (PMMA)/paraffin microcapsules
produced by polymerization of suspension in Pickering emulsion show high thermal resistance up
to 184°C. Another example of thermally and chemically resistant polymers that can be easily
opened by mechanical fracture as an efficient release mechanism are aminoplasts (urea-
formaldehyde and melamine-formaldehyde polymers (Error! Reference source not found.a)).
[78] Friable urea microcapsules with perfume are included in detergent compositions. [79] Stable
liquid and sprayable compositions comprising aminoplast microcapsules containing fragrance
have been designed by Firmenich S.A.[80] Fragrance can be also incorporated directly on textile,
e.g. by imprinting the encapsulated fragrance onto textile through screen-printing. This method

also allows the fragrance release by rubbing, as a consequence of the capsules breakage. [81,82]

Figure 6

Using fragrance encapsulated in a polymer shell as a component of laundry products aims at

decreasing the consumption of active compounds owing to reduced loss during storage and
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washing and prolonged release after deposition of the enclosed perfume on the clothes. Polymer
shell can also work as a protective barrier from oxidants. [83] Most commercial laundry products
contain fragrances encapsulated in aminoplast polymers, and thus the release of the active
substances is achieved by a mechanical force acting on the rigid and brittle wall of the shell, which
causes the capsule to burst on the textile. The mixture of volatile aroma substances encapsulated
in a urea-formaldehyde or melamine-formaldehyde polymer can also be added into the fabric
softener and cleaning products (solution used by the Procter & Gamble Company[75]). In addition
to fragrance ingredients, water-soluble cleaning ingredients can be encapsulated in the polymer
coating. Encapsulation in a polyacrylate (Error! Reference source not found.e) based polymer
capsule limits the leakage of the components to 1-3%.

Another example of microencapsulation is the enclosing of the ingredients of hair shampoo, which
has to meet various demands of today’s consumers. Besides its washing action, shampoo should
also improve hair condition, e.g. by its colouring, moisturizing and anti-dandruff action, as well as
leave a pleasant fragrance. The only way to obtain these properties in one product is to encapsulate
the appropriate agents in microcapsules. This has been recently achieved by encapsulation of
anionic emulsifiers in a polyacrylic shell. The synergy observed between anionic emulsifiers and
polyacrylate microcapsules allows the formation of anionic polyacrylate microcapsules. Such
anionic microstructures show both fluid and elastic properties, as well as strong adhesion to the
lipophilic surface of the hair or skin.[84] It has been found that a significant content of methacrylic
acid monomer limits the diffusion of fragrance molecules through the polymeric shell. [85]
Flame-retardant fabrics is another application that wuses microencapsulation in
manufacturing.[86,87] The product suppresses the release of smoke or toxic fumes after ignition.

Despite their key role, flame retardants also exhibit drawbacks, e.g. poor water resistance, poor
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compatibility with the fabric structure, toxicity, poor thermal degradation, most of which are
mitigated by encapsulation. For example, red phosphorus is one of the most potent and widely
used conventional flame-retardants. Unfortunately, despite numerous advantages, it also exhibits
toxicity (releasing of highly toxic phosphine because of reaction with moisture), poor thermal
stability and incompatibility with the polymer matrix. It has been shown that coating with
melamine-formaldehyde resin is sufficient to achieve a higher ignition point, low release of toxic
phosphine and prolonged storage time.[88] A much higher reduction of phosphine liberation (4
ppm at 280°C) can be obtained using a composite of urea-formaldehyde resin and silicon oxide as
the microcapsule shell wall. [89] Ammonium polyphosphate is another flame retardant with a poor
compatibility with textiles, which fails to meet the mechanical standards. It also tends to hydrolyse
when exposed to moisture. For this compound, encapsulation by melamine-formaldehyde, and
urea-formaldehyde faces certain problems, the most important of which is a loose encapsulated
layer which is easily damaged. Moreover, this flame retardant has a low ignition point, and again
poor compatibility with polymers.[90] Microencapsulation with polyurethane decreases retardant
water leaching and increases its compatibility with the polyurethane matrix. Encapsulation of
ammonium polyphosphate with a melamine-formaldehyde-#ris(2-hydroxyethyl)isocyanurate resin
results in an effective fire resistance of the flame retardant. [91] Microencapsulation of ammonium
polyphosphate with a shell of epoxy resin ensures a much better compatibility with polypropylene
matrix as well as high resistance to water. [92,93] The later feature, alongside thermal stability and
a higher ignition point are also characteristic of ammonium polyphosphate microencapsulated by
UV- curable epoxy acrylate resin. [94] Melamine phosphate is a typical halogen-free phosphorus
flame retardant. It is a mixture of both melamine and phosphoric acids; therefore, its properties are

also typical for components reagents. This retardant and fine dispersion particles (e.g. magnesium
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oxide, zinc borate) can be encapsulated with thermoplastic urethanes, improving the flammability
behaviour of the polymer matrix, e.g. polyoxymethylene. [86,87,95] Such materials not only show
flame retardancy and good mechanical performance, but also exhibit adsorption properties towards

formaldehyde.

Biodegradable microcapsules

As was mentioned above the use of synthetic plastics causes several environmental problems
Consequently, the use of non-biodegradable microplastics in PCCPs has been prohibited in the
United States, Canada and several European countries, such as France and the United Kingdom.
[96,97] Regulations introduced in these countries include the possible ways of improvement of the
available encapsulation technologies to curb microplastic contamination via development of
natural substitutes and production of new biodegradable plastic. [98,99] Biodegradable materials,
either natural or synthetic, can be used as encapsulation materials for PCCPs; however, their
production remains complex and expensive, and their physicochemical properties are not as good
as those of conventional microcapsules. [50,100—102]

Biodegradable polymers exhibit a high susceptibility to natural enzymatic degradation.[63]
Furthermore, their degradation end-products are non-toxic and biocompatible (including water,
carbon dioxide, biomass, etc.). [103] Generally, the shell of biodegradable capsules can be made

of organic or inorganic materials (Error! Reference source not found.).

Figure 7

The formation of microcapsules based on inorganic materials is more complex in comparison with

organic-based microcapsules. There are many intrinsic limitations for the production of inorganic
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capsules associated with their low mechanical strength, limited functionalization, and high shell
permeability. [104] One of the most common manufacturing methods of inorganic microcapsules
is template-direct synthesis, which involves a hard or soft template. [105,106] A hard template can
be used to achieve core-shell structures and hollow spheres with well-defined wall thickness and
narrow size-distribution. However, this method requires removal of the hard template by either
dissolution in strong acid (or organic solvents) or calcination at high temperatures (500—1200°C).
The removal of the template leads to a high porosity of the outer shell, which may limit the
encapsulation efficiency. On the other hand, even these methods have been reported in the
scientific papers, their application in a consumer-oriented market is quite impossible — most of
encapsulated materials are not stable under mentioned conditions. Hollow spheres can be also
obtained using soft templates, including emulsion droplets, gas bubbles, surfactants or hydrogels
(Error! Reference source not found.). [107-109] The template is removed by evaporation.
However, owing to the low stability of soft templates, evaporation of the liquid may result in a

collapse of the hollow structures. [109]

Figure 8

Despite several technical gaps related to the formation of inorganic shells, inorganic microcapsules
might offer several benefits for the PCCP and textile industry. [110] For instance, Morgan et al.
demonstrated the encapsulation of an organic fluorescent dye (Cy3 Amidite) in non-toxic and well-
dispersed calcium phosphate nanoparticles. [111] Their pH-dependent solubility provided a
controlled release of organic dye and gradual degradation of the inorganic shell. The results

indicate that biodegradable calcium carbonate capsules could serve as efficient vehicles for various
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textile dyes and pigments. Petrov ef al. reported that calcium carbonate microparticles may act as
a protein adsorber and simultaneously as a template for layer-by-layer polyelectrolyte shell
formation. [112] The authors highlighted that the content of proteins captured by CaCOs3
microparticles can be easily controlled, and the presented approach may be used for encapsulation
of various macromolecules and bioactive compounds, such as enzymes (including detergent
enzymes). Recently, preparation of inorganic capsules based on silica nano-/microstructures has
attracted great attention owing to several of their features, especially high surface area, tuneable
pore size and biocompatibility. [113,114] Zhang et al. investigated the encapsulation of n-
octadecane (used in the production of detergents) within silica shell material. [113] The silica shell
ensured good phase-change performance, as well as collapse resistance of the capsule shell, thanks
to its excellent anti-osmosis properties. Silica materials can be used in the coating of dyes and
pigments to improve their dispersion capability, stability in aqueous solutions, colour intensity and
heat resistance. [115] Encapsulated organic pigments are widely used in cosmetics (e.g. lipstick,
pressed powder, blush, mascara), plastics, paints and textile industries. [116—118] Yuan et al.
reported encapsulation of the benzidine yellow G pigment by nano-silica particles. [115] The
authors demonstrated that the nano-silica shell enhanced thermal stability, wettability and
dispersibility of organic pigment in an aqueous system. Moreover, the nano-silica shell prevented
the exposure of the tested pigment to UV radiation.

Furthermore, according to recently published papers and patents cosmetics, rinse-off products and
detergents could contain micro-/nanocapsules with the capsule shells formed by synthetic
biodegradable polymers, such as poly(e-caprolactone) (PCL, Error! Reference source not
found.j), poly(2-hydroxypropionic acid), commonly known as polylactic acid (PLA, Error!

Reference source not found.m), poly (L-lactic acid) (PLLA), poly(lactide-co-glycolide) acid
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(PLGA, Error! Reference source not found.l) or poly(glycolic acid) (PGA, Error! Reference
source not found.n). [50,119—124] However, natural or semi-synthetic polymers can be also
selected as shell materials in the manufacture of capsules for PCCPs. For instance, gelatine (Error!
Reference source not found.k), chitosan (Error! Reference source not found.h), hyaluronic
acid (HA) or various polypeptides might be successfully employed as shell materials. [125-129]
The choice of materials for encapsulation determines the chemical and physical properties of the
final capsules. Several factors should be taken into account prior to the selection of shell material,
including stability, reactivity, biocompatibility, flexibility, strength and optical properties. [130]
These features significantly affect the release kinetics, stability and fabrication method of the
encapsulated substance. [131]

PCL is one of the most popular synthetic biodegradable polymers. It can be hydrolysed into alcohol
and carboxylic acid in water and body fluids; however, its degradation is slower in comparison
with other biodegradable polymers. [132] PCL is widely utilized for the encapsulation of essential
oils, such as citronella oil, menthol, thymol and eucalyptol. [123,133—135] For instance, citronella
essential oil exhibits mosquito (or other insects) repellent action, and thus can be applied as an
additive to sprays and candles, but also to various cleaning products, such as household cleaners
and detergents. [136,137] PCL-encapsulated essential oils may be also used for finishing textile
fabrics to make them more attractive to the consumer. [138] Generally, most essential oils are
labile and volatile, which greatly limits their applications. Encapsulation of essential oils allows
extending their longevity, prevents their evaporation and prolongs their release. [137] Zhu et al.
investigated the encapsulation of thymol oil in PLGA. [139] The authors highlighted that PLGA
encapsulation enhanced the thermal stability of thymol oil and allowed its slow and sustained

release. Moreover, owing to the excellent antibacterial activity of thymol, the essential-oil
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microcapsules exhibit great potential for use as antibacterial additives. [139] Some essential oils,
such as red thyme and clove bud oils, exhibit acaricidal activities, and thus can be utilized as
alternative acaricides in the prevention of sensitization to house dust mite allergens. [140]
However, these oils release a strong odour, and thus are not suitable for long-term application.
Kim et al. suggested encapsulation of thyme and clove bud oils in gelatine (natural organic
polymer) to prevent their rapid and uncontrolled evaporation. It was proven that gelatine-
encapsulated clove bud oil can serve as a natural eco-friendly acaricide to effectively reduce the
population of house dust mites. [141]

Polymer microcapsules/microbeads made of natural polymers offer a promising alternative for
non-biodegradable ones. Bea ef al. fabricated Ca-alginate (Error! Reference source not found.1)
microbeads that can be used as scrubbing additives in cosmetics, such as peeling, soap or
toothpaste. The alginate microcapsules easily degraded in the seawater, as a result of a reversible
ion-exchange reaction between calcium ions in the capsules and sodium in the seawater. [125]
Another example of a biodegradable polymer that may act as shell material is bio-derived poly-3-
hydroxybutyrate (PHB). [142] PHB and its copolymers are produced by microalgae, such as
Spirulina platensis. Nanocapsules made of PHB, owing to their excellent antibacterial and
antioxidant properties, can be used in the PCCP industry (in creams, scrubs, masks,
nutricosmetics), as well as the polymer industry, for the manufacture of smart packaging. [143—
146]

The main drawback of natural polymers in the encapsulation technology is their low mechanical
strength and high permeability. To overcome this problem, the polymer matrix can be reinforced
by various additives, such as natural organic, inorganic or synthetic copolymers (Error!

Reference source not found.). For instance, Wang et al. improved the mechanical properties of
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PLGA and alginate microspheres using silk fibroin coatings. [126] Moreover, they showed that
the silk shell prevented the aggregation and decomposition of the PLGA capsules. [126]. Konuklu
et al. formulated chitosan-gelatine microcapsules containing caprylic acid. [147] Both chitosan
and gelatine are non-toxic, biocompatible and biodegradable; however, the presence of chitosan
provides the final product with antibacterial properties. Caprylic acid is a well-known fatty acid
that can be found in coconut oil. It is a popular ingredient of cosmetics, such as creams or
emollients, as well as disinfectants, lubricants and perfumes, It possesses moisturising, anti-
inflammatory, and antibacterial properties. [148—150] Encapsulation of fatty acids allows
protection and a controlled release of core substances. [147] Chitosan is a commonly used
encapsulation material. However, it is insoluble in most solvents at pH > 6.5, so its uses in the
encapsulation of active components, such as enzymes, can be limited. Jiang et al. examined the
ionic complexation of chitosan with alginate to formulate microcapsules for amylase
encapsulation.[143] Amylase, alongside lipase and protease, is used in the formulation of
detergents to enhance their detergency. [151] Encapsulated detergent enzymes facilitate the control
of active component release and exhibit high efficiency in hard water and high temperature. [152]
Even though biodegradable materials have been extensively studied, they are still far from up-
scaled production. A number of scientific reports and patents discuss the limitations of the
industrial production of biodegradable materials used in the encapsulation technology. Such
biodegradable, natural-based materials are often used as additives in conventional plastic
production. However, the combination of the functional properties of commonly used polymers

and biodegradability is still far from being achieved.

Perspectives and challenges in encapsulation chemistry/final conclusions
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In light of the above considerations regarding both the production of microcapsules and their use
in household conditions, as well as their possible release into the environment, it is necessary to
assess their durability and mechanical properties. Depending on the setting, achieving both the
required durability during use and the release of the desired components in due time can be
expected.

The tunability of mechanical characteristics allows the formation of customizable and flexible
microcapsules that can be adapted to the required flow patterns in a broad range of applications,
such as oil recycling, chemical reactor feed streams, red blood cell flow and chemically targeted
delivery, as well as in household and personal care products. [153,154] Microcapsules with known
and customizable mechanical properties can be produced using advanced, highly regulated
synthesis methods. such as droplet microfluidics. These methods allow controlling the size of the
microcapsule and membrane thickness by precise regulation of the liquid flow rate. In particular,
capillary glass microfluids provide flexible and selectable materials offering different mechanical
characteristics. [155,156]

Micromanipulation is a technique used to study the mechanical properties of microcapsules. The
principle of this technique is to exert a compressive stress on single microcapsules placed between
two parallel surfaces. [157,158] The specific mechanical properties of microcapsules, such as yield
strength, Young's modulus, relaxation time, Poisson's coefficient can be evaluated by
mathematical simulation and micromanipulation measurements. Compression between two plates
is recognized as one of the available break-strength tests that describe the mechanical strength of
microcapsules. A sufficient number of microcapsules are placed on a glass plate and then covered
with another glass plate. Subsequently, the glass plates are placed between the two rubber plates

to guarantee an even mass uniformity. A defined quantity of the mass is then gently applied to the
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upper plate for a certain period time to tear the microcapsules. The ratio of the active substance
released from the broken microcapsules to the total amount of active substance is used to determine
the percentage of broken microcapsules and, consequently, the mechanical strength of the
microcapsule population.

Yet another technique to estimate the mechanical properties of microcapsules is the shear breakage
test. The shear impact on the microcapsules and their subsequent mechanical resistance to shear
forces up to breakage of such microcapsules can be tested in a turbine reactor. [159] The
microcapsules break down by mixing with glass balls of the prescribed diameter. The breakage of
the microcapsules causes the release of the encapsulated active substance. By measuring the
concentration of this substance before and after shear rupture, the fraction of undamaged
microcapsules is estimated. Mechanical damage is a complicated function of the capsule properties
such as diameter and mean shear rate. [160]

An osmotic pressure test [161,162] was used as a quick method to evaluate the mechanical strength
of semi-permeable microcapsules. Van Raamsdonk and Chang [163] used this test to determine
the quantitative strength of alginate microcapsules by treating them with a number of hypotonic
solutions of different osmolarity and then evaluating the percentage of damaged microcapsules.
This test is a straightforward and precise method to quickly determine the strength of a high
number of microcapsules. Still, it is limited to microcapsules with semi-permeable surfaces and is
only applicable for measuring the mechanical stability of semi-permeable microcapsules with
reasonably small mechanical endurance.

Atomic force microscopy, micropipette aspiration, texture analysis and micromanipulation are the
most popular techniques to measure the mechanical properties of single microcapsules. In the early

days, colloidal AFM sensors were used to measure the adhesion force between a flat surface and
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a single colloidal particle. [164] In further studies, it was adapted to investigate strain by
compression of single particles with a large radius of curvature between a colloidal particle and a
flat surface. [165] AFM was also used to measure the strain and deformation of microcapsules
under applied load. [160,165—168] The deformation forces measured are usually in the range from
pN to uN. [169] This technique is also used to determine Young modulus through nanoindentation.
[170] The aim of this technique is to estimate the local Young modulus, limited to the most loaded
area in the capsule wall. The local value of Young modulus can be an order of magnitude higher
than that of the neighbouring area. [171]

Another method is the micropipette aspiration technique, which can be used to measure the
deformability of individual microcapsules. [172] This technique involves pulling a part of the
microcapsule into a micropipette and recording the difference in pressure between the inside and
outside of the pipette. The major drawbacks of the micropipette aspiration technique are the stress
concentration on the edge of the pipette and the friction between the surface of the micropipette
and the wall of the capsule, which can hinder the calibration process and interfere with the
mechanical response of the capsule during aspiration. [173,174]

Texture analysis is a technique using a piston penetrometer — a texture analyser additionally
equipped with a stress sensor. For the compression of individual capsules, a piston with an
appropriate diameter should be used. [175,176] Typical texture analysers are used for particles of
several hundred micrometres to several millimetres in diameter, [177] but their application to
particles of a few micrometres in size is significantly hampered by the required measurement
precision.

Micromanipulation is a technique, which is able to counteract the constraints of the methods

described above, in particular the size limitation of the microcapsules tested. The technique
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consists of compressing single microcapsules between two parallel surfaces using flat-ended and
flat-ended glass probe. [178] Micromanipulation appears to be quite suitable to characterize
microcapsules with a fractional micrometre diameter. This technique is effective for testing the
elastic and plastic properties of microcapsules [179] and for characterizing and comparing their
mechanical strength. [157] Micromanipulation is used in a broader sense to characterize the
mechanical properties of other particles such as pollen grains,[ 180] microspheres, [181] hydrogels
[182] and multi-molecular polymers such as methacrylic acid copolymers. [183] The technique of
micromanipulation is to some degree limited by the time of the experiment and the smallest force
with which the measurement can be performed for one micronutrient. In particular, this technique
is not suitable for measurements of microcapsules of the size range below 1 micrometre.

The ubiquity of microplastics in the environment will continue to be an issue for many years to
come, both for scientific consideration and in the public consciousness. Therefore, the sustainable
development of materials that can significantly minimize the amount of waste generated is highly
justified. Obviously, removing plastics altogether and lumping every polymer together is not
feasible — it is necessary to take a rational look at the properties of the end products obtained,
including their application, durability and routes of release into the environment. The increasing
knowledge of the synthesis of biodegradable plastics is contributing to the possibility of using such
solutions where it can make sense. Moreover, it is possible to find other eco-friendly polymers. A
classification can be made for these polymers, according to the categorization presented in the
literature, [184] such as: bio-based plastics (from biological resources), compostable plastics
(subclass of those biodegradable plastics which can be decomposed in compost facilities) or
recyclable plastics (from which monomers or oligomers can be recovered). As a final remark, we

should underline the need of an objective insight into the entire life cycle of microcapsules to
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address the possible concerns and risks, while taking into account the benefits of encapsulation.
Thus, materials for microencapsulation have to fulfil all or at least some of the following
requirements: (i) good rheological properties at high concentrations (if needed) and good
workability during the encapsulation; (ii) no reactions with the material to be encapsulated; (iii)
seal and hold of the active material within its structure during processing or storage; (iv) complete
release of solvent or other materials used during encapsulation under drying or other solvent-
removing conditions (if applicable); (v) maximum protection of the core against the environmental
conditions; (vi) inexpensive; and (vii) food-grade and legal qualification. Tuning novel materials
for microencapsulation while taking into account all these aspects, represents the real challenge

for researcher in this field in the forthcoming years.
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Notes

ET is a consumer-driven technology, which has been used by industry players (Procter & Gamble,
Henkel, Unilever, BASF) to launch new products or to enhance the existing ones with improved
properties. Moreover, encapsulation has been employed by pharmaceutical and healthcare
companies for masking taste and odour, and to protect the activity of the encapsulated active

materials (which act as drug/herbal functional ingredients). It has also been explored by
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manufacturers of consumer goods for perfume delivery in home care and rinse-off personal care

products, including but not limited to detergents, toothpaste, bath products, and facial scrubs.
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Figure captions

Figure 1. Microplastic definition, main sources.

Figure 2. Microplastic in the ecosystem, direct and indirect delivery routes.

Figure 3. Capsule morphologies, a) continuous shells/core capsules, b) continuous core capsules with
more than one layer of the capsule wall material, c¢) polycore capsules, d) matrix capsules.

Figure 4. Methods of capsule preparation, size ranges.

Figure 5. Polymer materials for capsule shells, a) melamine-formaldehyde polymer; b) phenol-
formaldehyde polymer; ¢) polyurethane; d) polyurea; e) polyacrylate; f) poly(methyl methacrylate); g)
poly(vinyl alcohol); h) chitosan; i) calcium alginate; j) polycaprolactone; k) gelatine; 1) poly(lactide-
co-glycolide) acid; m) polylactic acid; n) poly(glycolic acid); o) poly(propylene fumarate).

Figure 6. Polymerization routes of polyurethane, melamine and phenolic polymers, phenol-
formaldehyde polymer; melamine-formaldehyde polymer; poly(ether-urethane-urea).

Figure 7. Biodegradable materials for microcapsule production: PLA: poly(2-
hydroxypropionic acid), PLGA: poly(lactide-co-glycolide) acid, PLLA: poly (L-lactic acid),
PCL: poly(e-caprolactone), PGA: poly(glycolic acid), PPF: poly(propylene fumarate).
Figure 8. Examples of reactions involving chitosan-based crosslinked polymers, crosslinked

chitosan and crosslinked chitosan-gelatine.
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