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Abstract Microplastic pollution poses an environmental
and public health concern because persistent particles can
disperse through air, water, soil, and biological systems,
making recovery and long-term risk management
extremely difficult. In addition to fragmented plastic waste,
synthetic polymer microparticles are intentionally added to
formulated products for functional benefits. Regulations
such as the European Union Registration, Evaluation,
Authorisation, and Restriction of Chemicals restriction on
intentionally added synthetic polymer microparticles, are
driving their removal or replacement. Microcapsule-based
delivery systems form an important subset of this
challenge in agrochemicals, detergents, personal care
products, coatings, and household formulations, where
polymeric shells protect active ingredients and control their
release. Replacing these non-biodegradable shells is
challenging because they provide desirable mechanical
strength, barrier properties, high payload, and controlled
release in demanding formulations. This mini-review
critically examines emerging microplastic-free encapsula-
tion strategies, including inorganic shells, biobased
polymers, organic—inorganic hybrids, biodegradable alipha-
tic polyesters, and supramolecular assemblies formed at
emulsion interfaces. These approaches show that micro-
plastic-free encapsulation is feasible and can sometimes
match conventional microcapsules, but scalability,
manufacturing simplicity, and validated environmental fate
remain major barriers. Future progress requires integrated
design strategies that combine performance, scalable
processing, environmental validation, and regulatory
compliance. Direct benchmarking against conventional
microcapsules and lower-energy manufacturing routes will
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be essential for next-generation delivery systems aligned
with circular economy and net zero goals.
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1 Introduction

Today plastics have become ubiquitous in our daily lives
due to their versatility, end-use adaptability, and relative
robustness. However, the inherent non-biodegradability
of plastics and, therefore, their long-lasting persistence is
now a major environmental challenge [1]. Towards the
end of their life cycle, plastics break down into sub-
micron fragments that become pervasive in the
environment [2]. For example, particles from automotive
tyres, synthetic household and personal care products
enter wastewater and sewage systems, where they are too
small to be effectively filtered out in the process of
wastewater treatment. These particles smaller than, 5 mm
in size, are termed as microplastics (MPs), which are
difficult to handle and recover due to their minute size,
and can therefore cause a serious ecological problem [3].
By definition, the sources of MPs can be divided into two
categories: (i) primary MPs are intentionally synthesized
for use in industrial products like cosmetics, laundry
detergents, and agrochemicals, and (ii) secondary MPs
which are generated due to the breakdown of macrosco-
pic plastics like tyres, packaging material, and textiles by
various physical, chemical, and biological processes [4].
MPs enter the human body through various pathways,
including inhalation, ingestion, dermal contact, and food
intake, enabled by their widespread presence across air,
water, and soil systems [5]. Over recent years, there has
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been a rapid rise in reports of MPs across a wide range of
human biological samples, including blood [6], cardiac
tissue [7], lung tissue [8], and even in infants [9]. With
the growing ecological concern, regulatory bodies world-
wide started working on devising methods for mitigating
microplastic pollution. Governments and non-govern-
mental organizations have widely adopted the United
Nations Sustainable Development Goals to improve their
sustainability, with goal number 14 focusing specifically
on phasing out and/or reducing the impact of microp-
lastics [10]. Although, secondary MPs generated by
fragmentation of larger plastic products constitute a major
fraction of the global pollution [11], primary MPs
intentionally incorporated into functional products such
as fast-moving consumer goods, paints, and agrochemi-
cals contribute significantly to MP pollution due to their
direct and continuous release into the environment, with
estimates reaching approximately 42000 tonnes annually
[4]. Key examples include, microbeads added to rinse-off
cosmetics for exfoliation, as well as microcapsules
designed to encapsulate value-added active ingredients
(VAAIs) in agrochemicals, laundry detergents, and
household cleaning products [12,13].

Recognising the growing environmental concern
around microplastic pollution, the European Chemicals
Agency (ECHA) initiated the restriction process for inten-
tionally added microplastics under the European Union
Registration, Evaluation, Authorisation, and Restriction
of Chemicals (REACH) framework. This culminated in
the adoption of Commission Regulation (EU) 2023/2055
in September 2023, which restricts the placing on the
market of formulations that contain intentionally added
synthetic polymer microparticles [14]. Under this regula-
tion, polymers may be exempted from restriction if they
demonstrate sufficient biodegradability using recognised
test methods set by the Organization for Economic Coo-
peration and Development (OECD), such as OECD
301B-F or OECD 310, which assess ultimate minerali-
sation through CO, evolution or O, consumption [15,16].

Encapsulation of active ingredients within a protective
microcapsule plays a critical role in improving the
performance of formulated products by protecting the
VAAI against external environmental factors during
storage, handling and at the time of application. Addi-
tionally, encapsulation enables the controlled release of
the VAALI at the target site on demand or under the action
of an external stimulus. Synthetic non-biodegradable
polymers such as polyurea, polyurethane, polyacrylates,
and aminoplasts like urea/melamine formaldehyde are
heavily petroleum-based and predominantly used in
industry as the building blocks for microcapsule shells
[12,17]. These polymers offer excellent mechanical
strength and barrier properties and perform satisfactorily
across a wide range of end-use application [18]. This is
partly due to the high degree of crosslinking, which
adversely affects the biodegradability of these polymers.

As a result of the new regulations against MPs [14], it has
become imperative for global businesses to engineer
products with microplastic-free alternatives without
undermining their end-use performance. In the context of
encapsulation systems, ‘microplastic-free’ refers to
microcapsules that do not contain or generate persistent
synthetic polymeric particles, either by being entirely
polymer-free, composed of naturally occurring
unmodified polymers which are biodegradable, or by
employing materials that fully meet biodegradability
criteria under relevant environmental conditions [13,15].

To date, relevant scientific reviews have explored
specific aspects of the field, including the implications of
microplastic-free regulations on formulated products [19],
formulation strategies for sustainable consumer products
[12], and the broader challenges associated with encapsu-
lation technologies [13]. In addition, recent reviews have
begun to address the relationship between microencap-
sulation and the regulatory microplastic classification by
evaluating whether microcapsules should be labelled as
microplastics based on their shell chemistry [4]. In
parallel, reviews focusing on biodegradable or sustainable
encapsulation have also emerged, but these are typically
framed around specific application areas such as laundry
and fragrance formulations [12,17], food systems [20],
and cosmetics [11]. These studies provide valuable insi-
ghts, buta comprehensive assessment of shell-forming tech-
nologies, fabrication methods, performance limitations,
and scalability potential across materials is still lacking.

In this mini-review, we provide a focused and critical
overview of the principal approaches explored for
microplastic-free encapsulation, including inorganic shell
materials, biobased polymers and derivatives, inorganic-
organic hybrid microcapsules, biodegradable polyesters,
and supramolecular shells via interfacial self-assembly,
evaluating their advantages and limitations in terms of
performance, scalability, and industrial feasibility.
Microencapsulation also has significant biomedical
applications, including drug delivery, cell encapsulation,
tissue engineering, and delivery of biologics and vaccines
[21]. These delivery systems operate within distinct
regulatory and application contexts, with requirements
related to safety, efficacy, biocompatibility, and clinical
evaluations established by regulatory agencies such as the
United States Food and Drug Administration [22].
However, the present review focuses on sectors directly
impacted by the emerging EU REACH restrictions on
intentionally added synthetic polymer microparticles [14],
particularly agrochemicals, detergents, household care,
and personal care [11-13,17,19].

2 Inorganic shell materials

Inorganic shell materials like phosphates, carbonates, and
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silicates have recently garnered interest for encapsulation
of VAAI [23-25]. These inorganic materials represent
one of the most direct routes towards microplastic-free
encapsulation because they avoid the use of persistent
synthetic polymeric shell networks. Their chemical inert-
ness, biocompatibility, and thermal stability make them
attractive candidates for applications where regulatory
compliance and environmental persistence are key con-
cerns [26]. A range of facile synthesis strategies have
been reported for the fabrication of inorganic microcap-
sules [27]. Among them, template-based approaches are
particularly relevant for commercial formulations that
need to align with increasingly tight regulations on
microplastics. In these systems, emulsion droplets of the
VAALI serve as soft templates, around which the inorganic
shell is formed at the oil-water interface [24].

2.1 Silica

Silica-based microcapsules are among the most explored
inorganic systems, largely because the sol-gel chemistry
enables shell formation under relatively mild conditions
and allows control over shell morphology through
parameters, such as precursor concentration, pH, and
temperature [23,28]. For instance, Yeom et al. [25,29]
synthesized core-shell fragrance microcapsules by
premixing tetraethyl orthosilicate (TEOS) with the VAAI
to create a homogeneous lipophilic phase which was
emulsified in an aqueous phase to create an oil-in-water
(O/W) emulsion. The hydrolysis and condensation of the
TEOS at the oil-water interface led to the formation of a
silica shell around the droplets. However, silica shell
formation is strongly governed by relatively slow
hydrolysis-condensation  kinetics, with the initial
formation of the shell requiring approximately 2 days.
Moreover, the inherent mesoporosity of silica can
compromise barrier properties, allowing fragrance
leakage through residual pores in the shell. To mitigate
this, additional TEOS was introduced to promote seeded
silica growth, increasing shell thickness and reducing
pore area/volume, thereby improving fragrance retention
[25,29]. While effective, this additional densification step
increases both duration and complexity of the process and

Nanoparticles

1. Stable Pickering emulsion

Fig. 1

2. Precursor hydrolyses at
the interface

must be balanced out against encapsulation performance,
barrier properties, and potential scalability.

An alternative strategy is to use colloidal silica
nanoparticles as Pickering emulsifiers, where the
interfacial particle layer both stabilises the emulsion
droplets and provides a scaffold for subsequent silica
mineralisation, enabling the formation of surfactant-free
silica microcapsules (Fig. 1) [30,31]. This method was
initially formulated by Cardoso et al. [32] and later
optimized at Procter & Gamble, Brussels Innovation
Centre in Belgium, to encapsulate a variety of VAAI
including fragrances for laundry applications. In the
patent, shell permeability was evaluated using a verdyl
acetate tracer test, where only ~12% of the encapsulated
tracer was detected outside the capsule after 7 days at
35 °C in a 15 wt% sodium dodecyl sulphate medium,
indicating strong barrier performance under accelerated
testing and surfactant-rich conditions. However, stable
Pickering emulsions are highly sensitive to nanoparticle
wettability and often require surface modification to
achieve appropriate interfacial activity, adding processing
complexity, and potential variability during scale-up
[31,33]. Moreover, because shell hardening and densifica-
tion still rely on sol-gel hydrolysis and condensation of
silica precursors, these systems can retain the Kkinetic
limitations of TEOS-based routes, requiring extended
curing times to form a dense, low-permeability shell [32].

Another unique approach to create silica microcapsules
was developed by Brossault et al. [34], which involved
destabilizing and aggregating colloidal silica nanopar-
ticles in aqueous dispersions via addition of electrolytes
(e.g. calcium chloride). By using an oil in water in oil
double emulsions, hydrophobic VAAI (in the inner oil
phase) were successfully encapsulated in a silica shell
formed by destabilizing the silica nanoparticles in the
middle aqueous phase [35]. However, this process invo-
lves the use of double emulsions which are thermody-
namically unstable, with a large tendency for coalescence,
creaming, and flocculation [35]. Additionally, the
reported payloads of the VAAI were below 20% [36].

Overall, silica microcapsules provide one of the clearest
and environmentally benign, polymer-free routes towards
microplastic-free encapsulation with inherent biocompa-

3. Condensed silica shell

Forming silica microcapsules using Pickering emulsions stabilized by colloidal silica nanoparticles. Adapted from Ref. [32].
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tibility and low toxicity. Furthermore, the industrial
relevance of silica microcapsules is evident from
industrial investigations available in patent literature
[32,37,38]. However, their broader applicability remains
constrained by the mesoporous nature which can
compromise long-term active retention [36]. Moreover,
the rigid inorganic network can make these microcapsules
brittle and susceptible to rupture under stress [39].

2.2 Calcium carbonate (CaCO,)

CaCOj, represents another inorganic material that can be
used for synthesizing microplastic-free microcapsules.
Industrially, CaCO, is generated by bubbling carbon
dioxide (CO,) through a dispersion of slaked lime
(Ca(OH),) [40]. Wang et al. [41] combined this method
of carbon dioxide bubbling to fabricate a CaCOj; shell on
a Pickering emulsion template. Stable O/W emulsions
were prepared using pristine CaCOj; nanoparticles as
Pickering emulsifier. Carbon dioxide was introduced into
the aqueous emulsion to generate carbonate ions, and
controlled addition of calcium chloride into the
continuous phase led to the crystallization of CaCO; onto
the interface of the emulsion droplets. A dense CaCO,
shell was generated with excellent mechanical properties
(nominal rupture tension = 175 N-m™).

Tonic reactions involving Ca?" and CO,>" have also
been used to generate CaCOj shells at the interface of an
emulsion [42]. In these systems, water-in-oil-in-water
(W/O/W) double emulsions are typically used as
templates, where the inner and outer aqueous phases
contain either calcium or carbonate ions. Their
subsequent diffusion and interfacial reaction result in the
formation of a CaCO; shell surrounding the inner
aqueous droplets. Nevertheless, stabilizing double
emulsions is extremely challenging and this method is
only useful for specific biomacromoleules [43].

Hettiarachchi et al. [44] demonstrated the use of a
cationic surfactant to aid the interfacial crystallization of
CaCOj; onto an emulsion template. Using cetyltrimethyla-
mmonium chloride, as a surfactant, an epoxy core was
emulsified in water. Subsequently, calcium chloride and
sodium carbonate solutions were added dropwise to the
emulsion to spontaneously precipitate CaCO; shell at the
interface. Presumably, the positively charged surfactant

holds the negatively charged CO32‘ at the interface and
acts as a pre-nucleation site for the generation of CaCO,
crystal (Fig.2). Although this process appears more
straightforward than  using double  emulsions,
uncontrolled nucleation and growth of CaCO; crystals in
the bulk can lead to significant loss of raw materials [45],
which consequently leads to the formation of an
incomplete shell and unencapsulated oil.

Similar to silica systems, microcapsules fabricated
using CaCO; exhibit inherent porosity and brittleness,
which negatively affects their mechanical performance
and barrier properties [46]. As a result, their use may be
limited and not suitable for encapsulating small and
volatile active ingredients, such as those used in laundry,
personal care, and fragrance formulations, which require
long-term stability under harsh conditions and extended
shelf life [12,47]. Moreover, the intrinsic sensitivity of
CaCO; to acidic pH should also be taken into account,
which can result in premature degradation of the shell
[39,46].

3 Biobased polymers and derivatives

Till date, biobased polymers derived from natural
sources, have been widely investigated for fabricating
microcapsules, primarily due to their inherent
biocompatibility and biodegradability [48]. The majority
of these polymers and the corresponding encapsulation
techniques have been established well within multiple
industrial sectors, like pharmaceuticals, cosmeceuticals,
and food technology, to name a few [20]. However, their
translation to consumer products, such as laundry
detergents and agrochemicals remains limited, as
microcapsules in these applications must withstand
significantly harsher physicochemical conditions to
ensure controlled release [12]. This section highlights
recent efforts to extend the use of emerging biobased
polymers to such non-biological applications.

3.1 Chitosan and complex coacervates

Chitosan is one of the most extensively studied biobased
polymers for microencapsulation, owing to its
biodegradability, biocompatibility, and inherent cationic

Ca* CO >
Ca* o 2- CaCO shell
\.
Cox
0‘% Emulsification
+ 72)? — Ca’ >
o
Cationic -
surfactant L Ca** Microcapsule

Fig.2 In-situ emulsion and interfacial mineralization of CaCO;. Reproduced from Ref. [44], licensed under Creative Commons

Attribution 4.0 International License (CC BY 4.0).
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nature arising from protonatable amino groups [49].
These functional groups enable a wide range of encapsu-
lation strategies, including ionic gelation, covalent
crosslinking, and complex coacervation, making chitosan
highly versatile for forming microcapsule shells [49,50].
Most of these techniques rely on the phase separation of
chitosan from aqueous solution, where oleophilic VAAI
are first emulsified in dilute acidic chitosan solutions.
Microcapsule formation is then driven by interfacial self-
assembly and solidification at the oil-water interface,
typically triggered by pH adjustment, addition of anionic
species, or changes in temperature [49,51].

Complex coacervation is a widely preferred technique
to fabricate microcapsules in an aqueous medium under
ambient conditions, achieving high encapsulation
efficiencies [52,53]. Various natural proteins and
polysaccharides, including gelatine, alginate, gum Arabic,
and chitosan, have been employed for encapsulating
oleophilic VAAIs via this approach [52,54—56]. Other
naturally derived polymers have also been investigated
but to a lesser extent including pea proteins [57], soy
proteins [58], whey proteins [59], and silk fibroins [60].
Overall, complex coacervation offers a wide range of
biopolymers to choose from for encapsulating VAAL
However, the process is extremely sensitive to pH [61].
For every polyelectrolyte combination, a narrow range of
pH exists wherein both components carry opposite
charges, necessary for the coacervation [51]. Therefore,
encapsulating VAAI sensitive to low pH is challenging.
Furthermore, the coacervate shells lack long term stability
as the structure is governed by weak electrostatic
interactions, often necessitating crosslinking for practical
applications [62]. Common crosslinkers include
glutaraldehyde [54,55], transglutaminase enzyme [63],
tannic acid [64], and ionic crosslinkers like sodium
tripolyphophate [65]. Although crosslinking improves the
shell stability, it can also adversely affect the
biodegradability of the coacervates.

3.2 Cellulose derivatives

Cellulose-based materials represent a widely explored
class of biobased encapsulation systems due to their
abundance, biocompatibility, and favourable film-
forming properties [66]. However, native cellulose is
rarely used directly because of its intrinsic insolubility
arising from its highly crystalline hydrogen-bonded
structure [67]. Instead, chemically modified derivatives
such as ethyl cellulose [68], cellulose acetate [69],
cellulose acetate butyrate [70], and cellulose sulphate [71]
are more commonly employed as shell precursors for
microcapsules. Methyl cellulose is often used as an
emulsifier rather than a structural component, owing to its
amphiphilic and water-soluble nature, which enables
effective stabilisation of oil-water interfaces but limits its
ability to form dense, mechanically robust films required

for continuous microcapsule shells [72]. Among available
fabrication techniques, solvent evaporation remains the
most commonly used route [73]. While this approach is
versatile and well established, the use of halogenated
organic solvents such as dichloromethane raises
environmental and safety concerns [74]. Ethyl acetate,
has been used as an alternative with a better toxicology
profile, which is less harmful than other halogenated
solvents [75]. However, phase separation and solvent
removal can induce porosity in the resulting shell, thereby
compromising barrier properties [12]. Additionally, the
biodegradability of cellulose derivatives is highly
dependent on the degree of chemical substitution,
meaning that not all systems can be unequivocally
classified as microplastic-free [76,77].

3.3 Proteins

Protein-based microcapsules represent another versatile
and inherently biodegradable class of encapsulation
systems, owing to their excellent film-forming ability and
widespread availability from both animal (e.g. gelatine,
whey, casein) and plant-based proteinaceous sources (e.g.
soy, pea, and zein) [78,79]. Bovine serum albumin [80],
pea protein isolates [81], soy protein isolate [82], and a
variety of legume proteins [83], have been utilized for
encapsulating oleophilic VAAI wusing sonochemical
emulsification. However, ultrasonication is difficult to
scale because cavitation is spatially localized and
sensitive to reactor geometry, energy input, and
temperature control, which can affect droplet size
distribution and reproducibility [84]. Spray drying is
therefore commonly used as a more scalable alternative
for producing protein-based microcapsules [85]. In
addition to conventional protein systems, silk fibroin has
recently emerged as a promising biocompatible material
for  microencapsulation,  wherein  its  inherent
polymorphism, allows transitions between hydrophilic
coil and hydrophobic S-sheet structures, enabling control
over shell morphology and properties [86]. This
behaviour has been exploited to fabricate silk fibroin
microcapsules with tuneable structures for encapsulating
hydrophobic active ingredients such as herbicides [87].
Despite these advances, single protein microcapsules
are known to be sensitive to external environmental
conditions like pH or temperature and may also lack the
mechanical strength required to withstand physical
stresses generated in processing equipment [88,89]. As a
result, complex proteins are used in combination with
other natural materials (e.g. polysaccharides) to produce
microcapsules with enhanced characteristics [88]. The
intrinsic charge of proteins enables their interaction with
oppositely charged polymers, promoting the formation of
hybrid microcapsules via ionic interactions. Structural
reinforcement is typically achieved through covalent or
enzymatic crosslinking of amino groups, using agents
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such as glutaraldehyde and transglutaminase, although
these modifications can increase complexity and
adversely affect biodegradability [88,90].

4 Inorganic-organic hybrid materials

Nature-inspired organic-inorganic hybrid microcapsules
offer a promising strategy for overcoming the limitations
of single-component shell materials. In many
biomineralised systems, a soft organic matrix directs the
formation of a rigid inorganic phase, producing structures
with enhanced strength, toughness, adhesion, thermal
resistance, and barrier properties [91—94]. Similarly,
combining inorganic materials with organic components
in hybrid microcapsule shells has demonstrated to
overcome drawbacks like porosity and brittleness
associated with purely inorganic shell materials [46,91].
Consequently, these composite materials have been
investigated to leverage the synergistic properties of both
organic and inorganic components. For instance,
Shchukin et al. [92] employed a layer-by-layer (LbL)
approach to fabricate alternating layers of poly(allylamine
hydrochloride) and poly(styrene sulfonate) on sacrificial
CaCO; templates, followed by ion exchange and
mineralization steps to deposit inorganic phases such as
calcium phosphate. Similar approaches have been
extended to construct hybrid shells incorporating silica,
titania, or polydopamine via electrostatic assembly and
subsequent inorganic deposition [93,95,96]. These
strategies highlight the ability of oppositely charged
polyelectrolytes to form interfacial templates that
facilitate controlled inorganic growth, enabling the
fabrication of structurally integrated hybrid shells.
However, because each LbL coating is typically very
thin, multiple sequential deposition and washing cycles
are required to build a mechanically robust shell, making
the process time consuming, operationally complex, and
difficult to scale up industrially.

As explained before (Fig. 1), Pickering emulsions can
be used for stabilizing O/W emulsions by leveraging the
ability of nanoparticles to adsorb at liquid-liquid
interfaces. For instance, Baiocco et al. [97] used pristine
CaCO; nanoparticles at the emulsion interface as
nucleation sites for controlled mineralisation, followed by
the deposition of secondary polymeric or polydopamine
layers, yielding hybrid microcapsules with enhanced
mechanical strength and barrier performance. The process
was further improved, by the use of silica nanoparticles
modified using a cationic surfactant, cetyltrimethylam-
monium bromide (CTAB), to stabilize O/W emulsions
[39]. The positively charged emulsion was further
modified using negatively charged poly(acrylic acid).
Then, using calcium chloride and sodium carbonate, a
primary CaCO, layer was formed onto the interface.

Finally, a polydopamine layer was coated onto the
primary inorganic shell (Fig.3(a)). The resulting
composite shell combined an inorganic CaCO;-rich layer
with an outer polydopamine coating (Figs. 3(b) and 3(c)),
which led to the formation of extremely strong
microcapsules (nominal rupture tension 486 + 29 N-m™ ).
However, these performance gains come at the expense
of increased process complexity. Multilayer hybrid
capsules typically require several sequential operations,
including nanoparticle surface modification, adsorption of
charged polymers, controlled mineralisation, pH
adjustment, and secondary coating deposition. Each step
introduces additional formulation variables and potential
batch-to-batch variability, which can complicate scale-up
and process reproducibility [39]. A related strategy is the
deposition of superhydrophilic polyelectrolyte multilayers
onto capsule surfaces to reduce the diffusion rate through
the shell for hydrophobic or semi-hydrophobic actives
[98]. However, this again relies on LbL assembly and
adds further processing complexity. Moreover, from a
regulatory  perspective, although the individual
components used in hybrid microcapsules may be
biodegradable or compliant with emerging microplastic-
free requirements, their integration into complex
architectures can alter interfacial properties and
potentially slow the overall degradability process [47].
Furthermore, although polydopamine is largely claimed
to fully degrade, the underlying biodegradation
mechanisms still remain to be investigated [99].

5 Biodegradable aliphatic polyesters

Biodegradable polymers developed using naturally
occurring compounds (e.g., lactic acid) have long been
employed for sustainable encapsulation of VAAI [100].
Particularly aliphatic polyesters such as polylactide [101],
poly(lactide-co-glycolide) (PLGA) [102], polyhydro-
xyalkanoates (PHAs) [103], and polycaprolactone (PCL)
[104], have been widely explored as microplastic-free
alternatives due to their hydrolysable backbones and
established use in encapsulation applications. These
materials enable tuneable degradation behaviour and have
been successfully employed for controlled release
systems, with encapsulation typically achieved via
emulsion-based techniques such as solvent evaporation
and phase separation [100].

A wide wvariety of functional VAAIs including
fragrances [105,106], essential oils [101,102,107], ferti-
lizers [104], herbicides [103,108], and pharmaceutical
molecules [109] have been encapsulated within these
synthetic biodegradable polymers with encapsulation
efficiencies reaching as high as 83% [101]. However,
solvent evaporation, commonly used for preparing
microcapsules from synthetic biodegradable polymers,
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Fig.3 Formation and morphology of inorganic—organic multilayer microcapsules (a) schematic of multilayer shell formation, (b)
scanning electron microscopy (SEM) image of the resulting polydopamine-coated composite microcapsule, and (c) TEM cross-
section showing the multilayer shell structure, with inorganic and organic regions visible across the capsule wall. Reproduced from
Ref. [39], licensed under Creative Commons Attribution 4.0 International License (CC BY 4.0).

requires substantial amounts of organic solvents. These
solvents must be handled under controlled conditions to
minimise exposure to potentially harmful vapours,
followed by recovery and appropriate reuse or disposal,
all of which add to the operational complexity and cost
[12]. Additionally, solvent removal and phase separation
processes can introduce porosity into the capsule shell,
potentially resulting in rapid leakage of the encapsulated
active ingredient [33].

6 Supramolecular shells via interfacial
self-assembly

Interfacial polymerization is widely regarded as the most
established route for the large-scale industrial production
of microcapsules [18,48,110]. It involves the rapid
reaction of complementary monomers at the interface
between two immiscible phases, resulting in the
formation of a thin, crosslinked polymeric film around
dispersed droplets. Owing to its robustness, scalability,
and compatibility with emulsion-based processing, this
technique has been extensively adopted to produce
microcapsules used in many commercial formulations

[110—112]. Consequently, using this technique as a basis
for developing microplastic-free microcapsules can
present a significant advantage for industrial
implementation, as it enables compatibility with existing
processing infrastructure, thereby facilitating scale-up
without requiring substantial changes to established
manufacturing practices [33].

Wilson-Whitford et al. [113] demonstrated that small
molecules bearing hydrogen-bonding motifs can self-
assemble at oil-water interfaces to form supramolecular
shells capable of encapsulating fragrances. Despite
requiring multiple processing steps and volatile organic
solvents, this approach demonstrates the feasibility of
producing fully microplastic-free microcapsules using
exclusively hydrogen-bonded assemblies. Building on
this concept, Bhutkar et al. [33] developed a one-pot in-
situ process in which bis-urea molecules form at the O/W

interface and spontaneously self-assemble into a
supramolecular ~ shell. Inspired by the process
methodology of interfacial polymerization, the

functionality of one reacting precursor was restricted to
one to prevent long-chain polymer formation, thereby
generating discrete bis-urea molecules in situ at the oil-
water interface (Fig. 4(a)). By varying the precursors, the
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molecular  structure of the bis-urea could be
systematically modified, which in turn controlled its
amphiphilicity, interfacial localisation, and tendency to
self-assemble into a continuous shell rather than
crystallise in the bulk. This strategy enabled capsule
morphology, mechanical strength, and barrier properties
to be adjusted through molecular design, while aromatic
bis-urea systems further allowed encapsulation of a
commercial herbicide [114]. The SEM comparison also
illustrates the distinct shell morphologies, wherein
aromatic bis-urea capsules formed a rough uneven surface
(Fig. 4(b)), and the polyurea capsules showed a smoother
morphology typical of a conventional polymeric film
(Fig. 4(c)). Despite this non-polymeric shell structure, the
bis-urea capsules achieved > 99% encapsulation
efficiency, higher nominal rupture tensions than the
benchmark polyurea capsules, and comparable herbicide
release performance under accelerated thermal testing
conditions (130 °C for 3 h). However, their long-term
stability under harsh conditions that disrupt hydrogen
bonding (e.g., solvents or high surfactant concentrations)
remains uncertain, and application-specific safety and
toxicological profiles still need to be investigated.

(@)

Cinmethylin

1. Emulsification
TDI mixed with cinmethylin
and emulsified in water

2. Interfacial Reaction

TDI and cyclohexylamine
react to form the bis-urea
molecule

7 Encapsulation of hydrophilic active
ingredients

While the encapsulation strategies discussed thus far have
been extensively developed for hydrophobic VAAIS, their
application to hydrophilic actives remains challenging.
This arises primarily from the high aqueous solubility and
low molecular weight and size of these compounds,
which promote rapid diffusion through most
microcapsule shells. Unlike hydrophobic systems, where
retention is governed largely by interfacial compatibility
and shell permeability, hydrophilic actives are inherently
more difficult to confine, often resulting in premature
leakage, low encapsulation efficiency, and poor sustained
release  performance [115]. These  challenges,
compounded by increasing regulatory pressure to replace
non-degradable polymers, have intensified efforts to
develop alternative encapsulation strategies that can
provide both effective retention and environmental
compliance [116].

Hydrophilic VAAIs are typically encapsulated using
water-in-oil (W/O) or W/O/W emulsion templates, which
allow confinement of the active within an internal

== Supramolecular shell

3. Self-assembled shell

Bis-urea molecules self assemble via
hydrogen bonding to form the
supramolecular shell

4 pm

Fig. 4 Supramolecular microcapsules using bis-urea molecules. (a) Schematic representation of shell formation via interfacial
reaction between toluene diisocyanate (TDI) and cyclohexylamine; (b) supramolecular bis-urea microcapsules; (c) conventional
polyurea microcapsules. Reproduced from Ref. [114], licensed under Creative Commons Attribution 4.0 International License (CC

BY 4.0).
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aqueous phase. In some systems, water-water interfaces
formed between aqueous polymer phases can also be
exploited as templates for microcapsule formation. Li
et al. [117] demonstrated this approach using
microfluidic-assisted self-assembly of hydrazone-based
hydrogelators at water—water interfaces, enabling the
continuous fabrication of supramolecular microcapsules
and the encapsulation of glucose oxidase as an aqueous
biomolecular VAAI. However, reported applications of
these supramolecular hydrogel-based systems have so far
been predominantly focused on biomedical applications,
such as enzyme and cell encapsulation, rather than
formulated consumer products [118,119]. Moreover,
while microfluidic fabrication provides good control over
capsule size and shell structure, production throughput,
device complexity and scale-up remain important
challenges for translation to large-scale formulated
products [119].

The encapsulation of hydrophilic VAAIs using
emulsion-based approaches, however, is highly dependent
on the physicochemical properties of the VAAI For
example, Fujiwara et al. [43] fabricated CaCO,
microcapsules for biomacromolecule encapsulation via
interfacial ionic reactions, where encapsulation efficiency
varied significantly with molecular size. Bovine serum
albumin (66 kDa) achieved ~93% encapsulation, whereas
lysozyme (14 kDa) exhibited only 1%. This strong
molecular weight dependence highlights a fundamental
limitation of porous inorganic shells, which are unable to
effectively retain small, highly diffusive hydrophilic
molecules. To address this limitation, secondary
stabilization strategies using biodegradable polymers
have often been combined with W/O/W emulsions to
improve the retention of hydrophilic VAAI For instance,
Hu et al. [120] prepared vitamin C microcapsules using
W/O/W emulsion followed by spray drying using
chitosan and hydroxypropyl methyl cellulose as gelling
agents in the internal aqueous phase. The formation of
ionic interactions between vitamin C and the protonated
amino groups of chitosan significantly improved
encapsulation efficiency (~92%). Wang et al. [121] used
a W/O/W double emulsion-complex coacervation process
to co-encapsulate vitamin C and hydrophobic xanthoxylin
to improve transdermal delivery achieving encapsulation
efficiencies of 70%. However, these biodegradable
systems, which are mainly targeted toward food and skin-
care applications, typically provide controlled release
over relatively short time scales, generally on the order of
a few hours [120,121].

For small hydrophilic molecules requiring prolonged
retention, effective encapsulation remains a considerable
challenge. Sui et al. [122] addressed this by developing a
process to fabricate melamine-formaldehyde (MF)
microcapsules to encapsulate potassium chloride and
allura red dye. By introducing the MF precondensate in
the internal aqueous phase of a W/O emulsion together

with the VAALI encapsulation efficiencies up to 82% and
sustained release profiles over 10 h were realized. Further
improvement was achieved by inserting a
superhydrophobic  octadecyltrichlorosilane  interlayer
between two MF shells, enabling retention of potassium
chloride and Allura Red for up to one month without
detectable release [123]. The introduction of a
superhydrophobic interlayer provides an effective
strategy for confining hydrophilic actives and markedly
improving retention. However, the MF shell employed in
this system is non-degradable, which has hindered further
development of the technology. Furthermore, the
multilayer architecture requires multiple fabrication steps,
thereby increasing process complexity and limiting
scalability. Nevertheless, the underlying concept of
introducing low-permeability or superhydrophobic barrier
layer within the capsule shell may provide useful basis for
future exploration, particularly if the shell can be
fabricated using microplastic-free components.

8 Conclusions and outlook

Against the backdrop of the EU restriction on
intentionally added synthetic polymer microparticles,
particularly in agrochemicals, cosmetics, personal care,
and cleaning products [14], the development of robust
microplastic-free encapsulation technologies represents
both a regulatory necessity and a significant commercial
opportunity. Companies capable of replacing conven-
tional high-performance encapsulation technologies with
microplastic-free alternatives are likely to gain a
competitive advantage, particularly if that combines
regulatory compliance with competitive cost, release
performance, and formulation stability.

Overall, the transition from conventional microplastic-
based shells, such as polyurea, polyurethane, and MF
chemistries [12,17], towards reduced-microplastic and
fully microplastic-free encapsulation systems is gradual
and technically challenging. While crosslinked natural
polymers, inorganic shells, organic-inorganic hybrids,
and supramolecular assemblies each represent important
steps in this direction, none yet provides a universal
replacement for conventional polymeric microcapsules
[31,33,39,57,63,90]. As discussed throughout this review,
each approach presents distinct trade-offs in terms of
barrier properties, biodegradability, process complexity,
and scalability.

Commercially, interfacial polymerization remains the
most established techniques for microcapsule production,
and several emerging biodegradable systems retain this
process architecture by combining natural polymers with
synthetic crosslinkers [111,112,124—126]. For example,
biopolymers such as chitosan, which contain reactive
amino groups, can be crosslinked with synthetic
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oligomers such as polyisocyanates or acrylates at the
oil-water interface [111,112,124], while complex
coacervate shells can be reinforced using multifunctional
crosslinkers (e.g., trifunctional isocyanate) [125,126].
These systems may be more appropriately described as
reduced-microplastic rather than fully microplastic-free,
because their biodegradability is enhanced by the natural
polymer but their shell structure may still contain
synthetic or highly crosslinked domains.

Although such formulations are designed to exceed the
regulatory threshold of >60% mineralisation within 28
days in OECD biodegradability tests [14,15], this does
not necessarily confirm complete degradation of the
capsule shell or absence of persistent residues. Lobel
et al. [13] outlined a framework for assessing
microcapsules in the context of microplastic regulation,
emphasising that the biodegradability of the constituent
polymer does not necessarily reflect that of the complete
microcapsule. Crosslinking, chemical modification, and
capsule architecture can substantially influence the
degradation behaviour of the resulting capsule. Moreover,
Karagianni et al. [16] showed that biodegradation values
for fragrance microcapsules can vary from approximately
0% to 91% in 60 days depending on the purification
method, because residual fragrance oil, soluble additives,
and non-bound materials can give false-positive biodegra-
dation results. Standardised methods are available for
assessing degradation in different environmental compart-
ments, including seawater (OECD 306) and soil (ISO
17556), using complementary measures such as CO,
evolution, oxygen consumption, dissolved organic
carbon, and physicochemical changes in the capsule or
shell material [13]. Therefore, environmental validation
should be performed on the final capsule or isolated shell
under application-specific conditions, with appropriate
reporting of test-specimen composition and analytical
verification to support robust biodegradability claims.

Importantly, ‘microplastic-free’ and ‘biodegradable’
should not be treated as synonyms under the EU REACH
restriction on synthetic polymer microparticles [14].
Polymer-free systems, such as purely inorganic or small-
molecule supramolecular capsules, may fall outside the
definition of synthetic polymer microparticles and
therefore may not require biodegradability testing to
comply with the microplastic regulations. However, the
safety and toxicological profiles of the shell materials,
degradation products, residual reactants, and final
formulations must still be evaluated to ensure their safe
use in the intended application and to assess their
environmental impact. Additionally, complying with the
regulatory frameworks does not guarantee that the
encapsulation technology will be industrially viable.
Emerging alternatives should be directly benchmarked
against conventional MF, polyurea, or polyurethane
microcapsules in terms of mechanical strength, barrier
properties, payload, release control, and end-use efficacy.

Future development should also focus on nature-
inspired shell architectures that combine complementary
functions, such as the mechanical robustness of inorganic
materials with the flexibility of organic components. The
organic-inorganic hybrid microcapsules are particularly
promising in this regard, provided that their fabrication
can be simplified and the degradation behaviour of the
entire composite shell can be validated. A key challenge
is to provide sufficient stability during formulation and
storage while enabling release of the active under the
required conditions. Following application, the spent
microcapsule should then degrade within a regulatorily
acceptable timeframe. For instance, biodegradable PCL
microcapsules were shown to remain stable under
hydrophobic or dry static storage conditions; conversely,
the release rate of the encapsulated VAAI increased upon
exposure water, particularly under strongly acidic
condition (pH < 5) [100]. Such systems could therefore
be designed to maintain shell integrity during formulation
and storage, while enabling degradation or burst/sustained
release upon exposure to a specific environmental
stimulus, such as changes in pH, ionic strength,
temperature, or enzymatic activity following application
[13,116].

Because emulsions underpin many microencapsulation
processes, the sustainability of formulation ingredient
should also be considered. Renewable surfactants from
natural sources and oleochemical feedstocks, such as
plant oils and sugars, can reduce reliance of petroleum-
based chemicals. Examples include alkyl polyglucosides,
sucrose esters, sulfosuccinates, and other sugar- or plant
oil-based surfactants, such as coconut fatty acids [127].
However, these alternatives are only useful if they still
produce stable emulsions and effective microcapsules.

In the future, impactful next-generation delivery
systems will need to demonstrate performance compara-
ble to, or exceeding, that of current commercial micro-
capsules while meeting the requirements for large-scale
manufacture. For example, in larger stirred-tank and
emulsion-based processes, perfect mixing conditions may
be challenging. Larger tanks can affect mixing and shear
conditions, leading to stagnant or dead volumes, which
affects droplet size, size distribution, morphology, and
aggregation. With that being said, uniform mixing is
critical for reproducible production [128]. Microfluidic
approaches provide precise and sequential control over
capsule size and configuration at small scale; however,
scaling up to industrially relevant throughputs remains
challenging due to technological constraints and the
substantial increase in both capital and operating costs
[119].

Where shell formation involves chemical reactions,
maintaining consistent temperature, concentration and
mixing conditions during scale-up is also important as
local variations in these parameters can affect shell
formation and thickness [18,128,129]. Wet-chemistry
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approaches may be adapted to established industrial
processes, such as interfacial polymerization, utilising
existing manufacturing infrastructure, minimising new
capital investments associated with plant upscaling
[33,114]. These considerations should be aligned with
sustainability and Net Zero goals minimising waste and
energy consumption, supporting circular economy.
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