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The cosmetic industry is now changing or rather having an
ecological transition in which formulations such as creams,
lotions, and powders for make-up, skin and hair care must not
contain microplastics, now a taboo word in this field. Nowadays,
many companies are intensifying their research and develop-
ment (R&D) work to align with recent and future legislation that
provides for their elimination to safeguard the ecosystem. The
production of new eco-sustainable materials is currently a hot
topic which finds its place in a market worth above 350 billion
dollars which will reach more than 700 billion dollars in a very
short time. This review offers an overview of the main

1. Introduction

Cosmetics is a rapidly expanding economic and scientific sector,
as also witnessed by the increasing number of brands and new
products entering the marketplace every year, with the search
for new materials and new effects capable of responding to
new claims.!"

Cosmetics play a significant role in the daily lives of people
worldwide. The interest for their usage is no longer restricted to
a concept of vanity and luxury. Indeed, psychological-social
factors. Remarkably contribute to such constantly growing
attractiveness for cosmetics. In fact, the daily consumption of
these products has become a way to express and take care of
oneself and increase self-esteem.?® On this basis, the market is
always evolving reflecting consumer needs.

Based on the data reported by Fortune Business Insights
Pvt. Ltd., the global cosmetics market was estimated at $374.18
billion in 2023 and is projected to exceed $750 billion by 2032,
exhibiting a Compound Annual Growth Rate (CAGR) of 9.8%.
Notwithstanding the startling numbers, researchers and acti-
vists are still conducting studies on the problematic presence of
microplastics in cosmetics highlighting their potential risks to
the environment. Prior to the advent of microplastics, natural
compounds have been used in cosmetic manufacturing since
ancient times. Raw materials such as sugar, cellulose, starch,
proteins, natural fats, and oils were processed by the chemical
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advantages and adverse issues relating to the use of micro-
plastics in cosmetics and of their impact, providing an insight
into the properties of the polymeric materials that are currently
exploited to improve the sensorial characteristics of cosmetic
products. In addition, the various regulatory restrictions in the
different geographical areas of the world are also described,
which is matter for reflection on future direction. Finally, a
prospective vision of possible solutions to replace microplastics
with sustainable alternatives complete the picture of the next
generation personal care products to support decision-making
in the cosmetic marketplace.

industry in various fields. For instance, some vegetable oils such
as avocado, lauric, palm, soybean, and walnut were used.
Among vegetable fats were hydrogenated vegetable oil and
shea butter. Animal sources of fatty acids included lard and
tallow.*’ Additionally, lanolin alcohols, derived from the fat of
wool shearing, were introduced to the market as emollients
after the Second World War.®

In the '80s, microplastics replaced these natural ingredients
in many products, both in formulations and in the packaging of
cosmetic products, due to their versatility. They were used for
various functions, including viscosity regulation, film forming,
opacifying, bulking, and exfoliating.”’ For example, polyethylene
glycols (PEGs) were used as humectants and moisturizers,”®
polyacrylates as film-forming agents,”” and polyamides to lend
substantivity to hair and skin.'”

However, the first bans regarding marine litter began with
the increase in plastic pollution. Countries and organizations
have become more aware of the negative impact of plastic and
microplastics on the environment. In 2015, the “Microbead-Free
Waters Act” was the first ban on microbeads. Subsequently,
prohibitions or restrictions on microbeads or microplastics in
cosmetic and personal care products were implemented.

Beat the Microbead (http://www.beatthemicrobead.org) was
one of the first campaigns published on April 2022 to put under
the spotlight the problem of microplastics in cosmetics by
promoting broad awareness on this issue to encourage
consumers to choose products free of microplastics. Greenpeace
and Friends of the Earth have also helped highlight the issue of
microplastics in cosmetics through alertness campaigns, re-
ports, and studies.""” These efforts are encouraging institutions
worldwide to fight against another widespread mystification,
which offers new products dishonestly declared to be environ-
mentally friendly - the so-called greenwashing. In 1986, Jay
Westerveld coined the term “greenwashing” concerning the
idea of encouraging the reuse of towels in hotels suggesting
environmental care but actually done as a strategy to reduce
laundry costs.'? Although the concept is not yet formally
defined, today this term is adopted to describe practices in
which commitment to environmental sustainability is pro-
moted, but all is done primarily for economic and marketing
purposes.

The EU defines greenwashing as “the practice whereby
companies claim to be doing more for the Environment than they
actually are”. In 2024, the European Parliament recognized its
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provisional agreement with the Council on the Directive

Empowering Consumers for the Green Transition through Better

Protection against Unfair Practices and Better Information

(“Greenwashing Directive”)."® Nevertheless, a specific EU regu-

lation focused on greenwashing in cosmetics does not exist,

while just regulations and initiatives to ensure transparency and
prevent deceptive marketing practices are being taken.

Over time, consumers have become increasingly aware of
the above issue, seeking out products with specific labels such
as Cruelty-Free, Vegan, Nickel Tested, Dermatologically &
Ophthalmologically Tested, and free of Ethyl Alcohol, Silicone,
and Petrochemicals. Additionally, consumers are increasingly
choosing products with eco-sustainable packaging and/or
made from recycled materials (Green Packaging).™ In this
review, we will focus on a fundamental component in the
production of solid and semi-solid formulations: cosmetic
powders. Cosmetic powders have been and continue to be at
the forefront of sustainability concerns, leading various institu-
tions to enact legislation addressing the issue.

Cosmetic powders are widely used in cosmetic formulations
owing to their versatility, ability to enhance sensorial character-
istics and skin benefits making the final products appreciated
by the consumers. The main features of cosmetic powders
include (Figure 1):
¢ Exfoliating: powders are able to remove dead cells on the

skin surface promoting cell renewal and favouring smoother
skin.

¢ Fixative: powders avoid smudging in semi-solid formulations
and prolong their shelf life.

o Mattifying or brightening: powders can be used to reduce
undesirable reflections on the skin or enhance brightness to
the face, especially in the T-zone (forehead, nose and chin),
where oiliness tends to accumulate more.

Marco Giustra graduated in Chemistry from
the University of Milano-Bicocca in 2018. He
obtained a PhD in Nanotechnology and
Materials Science in 2022, focusing on synthe-
sizing inorganic nanoparticles and multi-
branching polymers to enhance colloidal
stability. His current research is centered on
producing sustainable raw materials for cos-
metic and pharmaceutical formulations, as
well as developing alternative RNA nanodeliv-
ery methods for cancer treatment.

Davide Prosperi graduated in Chemistry in
1998 and obtained a PhD in Chemistry in
2002 at the University of Milan. Since 2019, he
is Full Professor in Biochemistry at the Uni-
versity of Milan-Bicocca. He is Director of the
Nanobiotechnologies for Health Center. His
research is mainly focused on colloidal and
biomimetic nanoparticles for use as drug
delivery systems, molecular imaging and
probes for the investigation of intracellular
molecular mechanisms, including gene silenc-
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Figure 1. Main characteristics of cosmetic powders in formulation and
relative effects on skin: exfoliating, fixative, brightening, mattifying and oil
absorption.

e Oil absorption: sebum-normalizing products, some powders
help to control oiliness maintaining an opaque and matte
appearance.

ing and cell transduction and signaling.
Current research topics in his laboratory are
RNA therapy for cancer treatment and the
development of sustainable materials for
nanomedicine and cosmetics.

Prof. Miriam Colombo obtained her Master
degree in 2008 in Medicinal Chemistry and
Technology at the University of Milano and
she made the PhD in Biology in 2012. She is
full professor of Clinical Biochemistry at the
University of Milano-Bicocca. Her scientific
research focuses on developing nanoparticles
for biomedical applications. This involves
creating new systems for drug delivery and
other therapeutic approaches, characterizing
them, and bio-functionalizing them with vari-
ous active bio-ligands. Additionally, she has
explored alternative administration methods
for nanoparticles and biomolecules, such as
oral and topical administration, particularly for
pharmaceutical and cosmetic applications.
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These features can be combined to produce formulations
capable of satisfying multiple needs, such as setting makeup,
controlling skin oiliness, sculpting, and defining facial features.

Actives encapsulation or surface modification of cosmetic
powders boost the final product’s applicability and perform-
ance, such as wetting and anti-ageing effects.

Microplastics have often addressed the main appearances
stated, presenting a global and pressing challenge (Figure 2).
Currently, some R&D companies, alongside universities are
striving to replace microplastics in cosmetic products while
maintaining or even improving the powder performance, thus
obtaining sustainable products.

2. Microplastics in Cosmetic Formulations - A
Real Threat for the Environment and Human
Health

In the last decade, microplastics (MPs) have emerged as a
significant environmental and health problem worldwide. MPs
are defined as small plastic particles ranging in size from 0.1 to
5 mm."™ Microplastics derive from a variety of sources, includ-
ing discarded plastic, the textile, and cosmetic industries. The
generation of plastics and microplastics associated with the
cosmetic industry is currently one of the most serious environ-
mental issues, reinforced also by the increased number of
consumers and the high demand in this sector.'®

Microplastics can be found in primary form, as constituents
of cosmetic formulations, such as exfoliating agents, or as
secondary plastics, derived from cosmetic packaging. Among

)
e
Animals

‘Microplastics
in contact with

(

the primary sources, personal care products, including cleansing
products, makeup cosmetics, shower gel, facial cleanser, hand
sanitizer, soap, toothpaste, sunscreen and shampoo represent
significant sources of microplastics in the environment.'” These
microplastics are specially designed and optimized in a
spherical shape, to reduce skin scratches or disruption of the
natural skin growth process. The use of microplastics in various
personal care products has expanded beyond their initial
scrubbing effects to include important functions such as bind-
ers, bulking agents, emulsifiers, film formers, viscosity regula-
tors, opacifying agents, glitters, skin conditioning, tooth polish-
ing in oral care, gellants in denture adhesives, moisturizers, sun
filters, and stabilizers.'®

The plastic ingredients used for the scrubbing function are
commonly referred to as plastic microbeads. Microbeads made
of polyethylene are the most common application, although
polyurethane, polypropylene, polyethylene terephthalate, poly-
methyl methacrylate and nylon are used." The advantages of
using plastic microspheres for washing and exfoliation include
their soft peeling effect, associated with good skin tolerance.
They have a broad range of positive properties, they are
chemically inert substances, odourless, non-sensitizing and non-
irritating.2”

Microbeads have the potential to improve the performance
of a wide range of cosmetic products, but there are also some
drawbacks to consider. In fact, microbeads, being tiny plastic
particles, are difficult to filter out in wastewater treatment
plants, entering water streams and eventually contaminating
rivers.”?" They can be found in the ocean, soil, and even in the
air we breathe.

-

ES

Microplastics
in organs

. Humans

Figure 2. Microplastics from personal care and cosmetic products have the potential to infiltrate the entire ecosystem-reaching the earth, seas, plants,

animals, and ultimately, humans. Especially, microplastics reach human organs.
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Since there is no effective way to remove microplastic
contaminants from the marine environment and they are highly
resistant to degradation, microparticles can be adsorbed or
ingested by many marine organisms. The introduction of these
microparticles by marine animals, plankton, and other biota
results in a negative effect on the entire food chain of the
marine ecosystem. The presence of microplastics in different
marine organisms, such as copepods,”? bivalves,*® fish,*¥ and
seabirds™ has already been documented.

Another issue to be considered is that microplastics have
large specific surface areas, making them easier to absorb
hydrophobic chemicals (e.g., polychlorinated biphenyls) from
aquatic environments. They can be considered as vectors for
various harmful contaminants, such as heavy metals (Al, Cd, Co,
Cr, Cu, Hg, Mn and Pb), polycyclic aromatic hydrocarbons,
polychlorinated biphenyls, pesticides and persistent organic
pollutants.?%?”

Furthermore, particles of less than 130 mm, can accumulate
in human tissue and diffused into bloodstream, lymphatic
system, and organs through various mechanisms, such as
ingestion, inhalation, and dermal absorption (Table 1). The
implications for human health are substantial and multifaceted,
as MPs may release the mentioned toxins, additives and
monomers, which may have carcinogenic activity and trigger
inflammatory responses.”™ In light of these considerations,
there is obviously a need for consolidation of actions, changes
and optimization in the production processes and products of
the cosmetic industry.

2.1. Human Blood
A study by Leslie et al. provided the first evidence of plastic

particles in the bloodstream. They quantified MPs in whole
blood samples from 22 healthy individuals,” obtaining data for

concentrations in blood for five polymers: poly (methyl
methacrylate) (PMMA), polypropylene (PP), materials containing
polystyrene (PS), polyethylene (PE) and polyethylene terephtha-
late (PET). PET was the most frequently detected polymer, with
measurable values found in 50% of all tested donors. PMMA,
PE, and PS were detected in 5%, 23%, and 36% of donors,
respectively. The average polymer concentration in blood was
1.6 ng/mL. The study highlighted that plastic particles can enter
the human body and be eliminated through the biliary tract,
the kidneys or other organs at a slower rate than they are
absorbed into the blood. Given the lack of information on the
long-term health effects of MPs in human blood, further
research is essential to better understand the risks. This involves
investigating the sources and pathways by which MPs enter the
bloodstream, analyzing their distribution and accumulation
patterns, and assessing their potential impacts on various
physiological and cardiovascular systems.

More recently, Yang etal. conducted a study which
identified MPs in the human heart for the first time.*” In this
study, the presence of MPs in the human heart and its
surrounding tissues was investigated by collecting blood
venous samples from 15 cardiac surgery patients through a
laser direct infrared chemical imaging system and scanning
electron microscopy. The most common MPs were polyamide
(49%) and PET (22%), making up over 70% of the total
microplastic content. The composition of MPs changed signifi-
cantly before and after surgery. Pre-surgery samples were
dominated by PET (67 %), whereas post-surgery samples were
primarily polyamide (57%). The diameter of MPs also shifted,
with pre-surgery MPs mostly between 30 and 50 um and post-
surgery MPs predominantly between 20 and 30 um. These
findings indicate the potential interactions between medical
procedures and MP exposure, which can impact on post-
operative recovery and cardiovascular health.

Table 1. Predominant microplastics found in human organs and fluids.

Sputum

Urine and kidneys

LD-IR and pFTIR
pRaman

pRaman

Organs and fluids Detection technique Particle types References
Blood Py-GC/MS PE, PET, PMMA, PP and PS Leslie et al.””!
LD-IR and SEM PA, PC, PE, PET, PMMA, PP, PS, PU, and PVC Yang et al.®”
Vein tissue WFTIR Alkyd resin, Nylon EVA, PVAc, PVAE and PUR Rotchell et al.B"
Semen pRaman PC, PE, PET, POM, PP, PS, and PVC Montano et al.?2?
Py-GC/MS and LD-IR PA, PE, PET, PP, PS, and PVC Zhao et al.®¥
Testis Py-GC/MS and LD-IR PE, PP, PS and PVC Zhao et al.**
Placenta pRaman PP and other fragments Ragusa et al.*¥
FTIR PE, PP and PU Braun et al.’
VP-SEM and TEM Fragments compatible with MPs Ragusa et al.>
LD-IR PP and PVC Zhu et al*”
LD-IR PA and PU Liu et al.®®
Pulmunary tissue pRaman PE and PP Amato-Laurenco et al.>?

Alkyd varnish, CPE, PES and PU,
PE, PP, PVA and PVC
PE and PS

Huang et al.*”

Pironti et al.*"

Massardo et al.*?
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MPs have also been found in human vein tissue. Rotchell
et al. discovered MPs in four out of five vein samples by using
WFTIR. The MPs were mainly fragments ranging in size from 16
to 1074 um. The most common polymers were alkyd resin,
polyvinyl propionate/acetate (PVAc), and a tie layer of nylon
EVA or ethylene vinyl alcohol (EVOH)-EVA 5"

2.2. Testis and Semen

Montano et al. analyzed semen samples from men living in a
polluted area of Southern Italy to determine the presence of
MPs. Spherical and irregular microplastic fragments, ranging in
size from 2 to 6 um, were found in six out of ten samples.’?
Furthermore, the chemical composition analysis identified the
presence of commonly used polymers including PP, PS, PET, PE,
polyoxymethylene (POM), polyvinylchloride (PVC), and polycar-
bonate (PC).

In another study by Zhao etal., MPs were discovered in
human testis and semen. 6 testis and 30 semen samples were
used to detect MPs through pyrolysis-gas chromatography/
mass spectrometry (Py-GC/MS) and laser direct infrared spectro-
scopy (LD-IR).®¥ MPs were found in both testis and semen, with
an average concentration of 0.23+0.45 particles/mL in semen
and 11.60415.52 particles/g in testis. The MPs in the testis
were predominantly composed of PS at 67.7%, while PE and
PVC were the main polymers in semen. The MPs were between
21.76 um and 286.71 um in size, with the majority (67% in
semen and 80.6 % in testis) being between 20 and 100 um. This
study is the first to reveal MP contamination in the human male
reproductive system, highlighting the presence of various MP
characteristics in different regions and providing essential data
for assessing the risk of MPs to human health. Further
investigation should be conducted to determine the potential
implications for male reproductive health and fertility.

2.3. Human Placenta

The first evidence of MPs in human placenta was found in a
study by Ragusa et al. in 2021. Six human placentas, collected
from consenting women with normal pregnancies, were
analyzed using Raman microspectroscopy to detect the pres-
ence of microplastics.*”

The placenta regulates the fetal to maternal environment
and, indirectly, the external environment. The potential pres-
ence of MPs in this organ can have an impact on embryo
development, causing risks for the newborn. A total of 12
fragments, ranging from 5 to 10 um in size and various shapes,
were found in four of the placentas. Specifically, five fragments
were located on the fetal side, four on the maternal side, and
three within the chorioamniotic membranes. The analysis also
revealed the presence of industrial pigments like iron hydroxide
oxide and ultramarine blue, both applied for cosmetic formula-
tions, such as BB creams, foundations, lipstick, mascara and
eyeshadow.

ChemSusChem 2024, €202401065 (6 of 18)

Differently, Braun et al. used FTIR to analyze particles larger
than 50 um and discovered various MPs, including PE, PP, and
polyurethane (PU) in two out of three placentas contained.®”

More recently, three additional studies have been con-
ducted on placentas using different techniques.

In another work, Ragusa etal. examined 10 human
placentas using variable pressure scanning electron microscopy
(PV-SEM) and transmission electron microscopy.®® They de-
tected MPs, ranging in size from 2.1 to 18.5 um, in both intra-
and extracellular compartments of different placental cellular
layers, including lysosomes, peroxisomes, lipid droplets, multi-
vesicular bodies (intracellular), stroma, endothelial cells, and
pericytes (extracellular). Zhu et al. and Liu et al. used laser direct
infrared spectroscopy (LD-IR) to investigate MPs in human
placentas. Zhu et al.?” identified PVC (43.27 %) and PP (14.55 as
the main polymer types (out of 11 types) found in the placenta.
These microparticles ranged in diameter from 20.34 to
307.29 um, with the majority (80.29%) being smaller than
100 um. Liu etal. predominantly found polyamide and PU,
which accounted for over 78% of the MPs.*® Compared to
previous studies, the laser direct infrared spectroscopy (LD-IR)
technique detected a higher number of microplastics, suggest-
ing that placentas may accumulate more microplastics than
previously estimated. Therefore, it is crucial to gain a thorough
understanding of the sources of microplastics in the human
placenta, along with their potential health impacts on fetal
development.

2.4. Respiratory and Gastrointestinal Systems

Several studies have focused on MP exposure in the respiratory
and gastrointestinal systems, which are the primary entry routes
for MPs.

In 2021, Amato-Laurenco et al. detected MPs in 13 out of 20
human pulmonary tissue samples obtained during autopsies.®
These samples were collected from the distal and proximal
regions of the left lung of non-smoking adults. Using pRaman
spectroscopy, the most frequently determined polymers were
PE (24.3%) and PP (35.1%). All particles were smaller than 5 um,
while fibers ranged between 8.1 and 16.8 um.

In 2022, Huang etal”” conducted a study where they
examined human sputum samples collected from 22 patients
with various respiratory conditions to investigate inadvertent
inhalation of MPs. FTIR microscopy and laser infrared imaging
spectrometry were used to detect MPs in the respiratory tract.
The study identified 21 different types of MPs in the sputum
samples, with PU being the most common type, followed by
polyester (PES), chlorinated polyethylene (CPE), and alkyd
varnish, which together constituted 78.36 % of all MPs detected.
The study concluded that MPs are prevalent in sputum samples,
indicating that inhalation could be a significant pathway for
plastics to enter the human body. Moreover, statistical analysis
(p <0.05) indicated that the levels of specific MP types found in
the respiratory tract were associated with factors such as
smoking and invasive medical procedures.
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2.5. Kidneys and Urine

Pironti et al.*"’ examined urine samples from six volunteers
residing in different cities in Southern Italy. The researchers
utilized pRaman to analyze the samples and identify MPs. The
results of the analysis revealed the presence of four pigmented
microplastic fragments, ranging in size from 4 to 15 um, with
irregular shapes. Specifically, polyethylene vinyl acetate, PVC,
PP, and PE were the polymers identified in the samples.

Massardo et al. investigated the presence of microplastics in
human kidneys and urine using microRaman spectroscopy.”?
Healthy sections from ten nephrectomized kidneys and ten
urine samples from healthy donors were analyzed using micro-
Raman spectroscopy.

A total of 26 out of 66 microparticles were identified in both
kidney and urine samples, with sizes ranging from 3 to 13 um in
urine and from 1 to 29 um in kidneys. The most frequently
detected polymers were polyethylene and polystyrene, while
hematite and Cu-phthalocyanine were the most common
pigments. This preclinical study demonstrates the presence of
microplastics in renal tissues and confirms their presence in
urine, providing evidence of microplastic deposition in human
kidneys.

Based on these findings, there is a need for consolidation of
actions and further research is necessary to enhance our
understanding of the potential toxicity of MPs in humans.

3. Current Global Regulation on Microplastics
in Cosmetic Formulations

As stated, microplastics are an emerging environmental and
human health problem. Due to their small size, filtering them
out in wastewater treatments is challenging, allowing easy
access of microplastics to the sea.' As a result, for decades,
governments and non-governmental organizations (NGOs) have
reported the problem of marine pollution caused by plastics
and microplastics (Figure 3).

The 2000s marked the beginning of international efforts to
address marine litter and protect the aquatic environment. In
1972, the London Convention listed materials considered
marine waste including plastic or other synthetic substances.
Both the Oslo Convention (1974)* and the MARPOL (Annex V-
1978)*) of the International Maritime Organization (IMO)
forbade the dumping of materials such as plastics and garbage
plastic bags in the sea. On November 3™ 1995, 108 govern-
ments, the European Commission with various UN bodies and
UN specialised agencies declared the “Global Programme of
Action of the Marine Environment” to establish a global
initiative on marine pollution in 2003. It stated that domestic
wastewaters were discharged improperly. It was noted that
80% of plastic pollution originated from land, and uncontrolled
combustion of plastic could generate Persistent Organic
Pollutants (POPs), metals, and hydrocarbons. In 2016, UNEA
(United Nations Environment Assembly) recognized the neg-
ative impacts of microplastics and encouraged countries to take
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Figure 3. Main actions taken by governments, institutions and associations
against microplastics since their introduction.
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immediate actions.”” In the following years, several documents
were published such as the UN plan (2018), and European
Green Deal (2019) which suggest solutions to reduce MPs.1 5"
In 2021, Greenpeace published a report where 664 cosmetic
products were analyzed and found that 25 % of them contained
MPs, providing a list of toxic substances along with their relative
percentages in each product.”*” Other NGOs are monitoring
and fighting for marine litter such as “the Honolulu Strategy”.”"
In 2019, the European Chemical Agency (ECHA) proposed the
definition of microplastic as a “solid polymer-containing
particle” and suggested their restrictions.”>*® Countries have
begun to establish new norms and prohibitions on the use of
microplastics in commercial products, especially cosmetics(.

3.1. Europe

In 2013, the Dutch government was the first country to propose
a European-wide ban on microbeads. A year later, the European
Commission established the prohibition of the Ecolabel sign on
rinse-off cosmetics.” Therefore, Austria, Belgium, Luxembourg
and Sweden demanded a ban on microbeads in personal care
products in a common statement. A few countries, including
the Netherlands and the UK, declared themselves free from
microbeads by 2017, while others proposed temporary bans,
like Denmark. Italy decided to reduce the use of microplastics in
rinse-off products (as well as cotton buds and detergent). From
2020, the marketing of rinse-off manufactures with micro-
plastics are forbidden.®™ The Nordic Council, in January 2017,
proposed a full ban on microplastic in cosmetic products.”

Two years later, Ireland was the first country to publish the
definition of microplastic to form a national ban and in 2020, to
eliminate in household and industrial cleaner microbeads.””
Moreover, European personal care industries started reducing
the use of microbeads by 82% by 2015 with Cosmetic Europe
introducing further restrictions in 2017.

Furthermore, the European Commission accelerated the
implementation of the “Circular Economy Action Plan” which
was initially outlined in 2015.°%*% HELCOM (Helsinki Commis-
sion) described how to manage marine litter. It defined
“primary” and “secondary” microplastics and how to tackle this
issue. On November 9™ 2017, the European Commission
invited the European Chemical Agency (ECHA) to design a
dossier for the restrictions on synthetic water-insoluble micro-
particle polymers of 5 mm. ECHA published the dossier high-
lighting the environmental risk of marketing synthetic solid
microparticles. Specifically, it proposed a “prohibition of the
placing on the market of any solid polymer contained in
microparticles or microparticles which have a solid polymer
surface coating, as a substance on their own or in a mixture in a
concentration equal to or greater than 0,01% by weight"."
Seven years later the European Union banned products
containing added microplastics as cosmetics, personal care and
single-use manufactures.®® Europe aims to reduce the amount
of MPs released in the environment by 30% by 2030.°¥
Additionally, they established a methodology to measure MPs
in water by 20244
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3.2. America

In 2014, lllinois became the first state in the United States to
ban non-biodegradable microbeads in personal care
products.®™ In 2020, the use of daily chemical products
containing microbeads smaller than 5 mm, such as rinse-off
products, was banned. By December 2022, the sale of these
products was also prohibited.®® Later, California expanded this
ban to biodegradable microplastics and in 2015 microbeads
were banned in cosmetics and personal care products.*’*® In
the same year, the US government published the “Microbeads
free-water Act” which prohibits the manufacture and sale of
microbeads in rinse-off personal care items from 2018 In
2015, Canada labelled microplastic as a toxic substance in the
Canadian Environmental Act of 1999, but it was not simulta-
neously banned. Two years later, regulatory measures banned
the manufacture, import, and sale of microbeads in toiletries by
July 1, 2018.7% In 2020, it proposed a system that reduce the
use of microbeads in personal care products.”” In 2016, the
Brazilian government banned the use of non-biodegradable
plastic in cleaning, bleaching, grinding, and exfoliating cosmet-
ics. Four years later Argentina banned the production, import,
and marketing of microbeads in toiletries and makeup items.

3.3. Asia and Oceania

In 2008, the Chinese government penalised plastic bags and
launched microplastic monitoring in 2016.7*”* It proposed
guidance for industries to forbid the manufacture of household
chemical products containing plastic microbeads. In 2020,
banned daily chemical products with microbeads smaller than
5 mm like rinse-off products. In December 2022, their sale was
forbidden. Taiwan and South Korea have already banned
microbeads in rinse-off cosmetics, while India is still considering
regulations to address them.™ Since 2020, Thailand has
forbidden microbeads in cosmetic products to reduce primary
microplastics” In 2015, Australian government began to take
action on microbeads through the NSW EPA."®”” During the
Meeting of Environment Ministers in December, an agreement
was reached to slowly get rid of microbeads in personal care,
cosmetic, and cleaning products. Australia eliminated microbe-
ads in rinse-off cosmetics and personal care products. However,
New Zealand took action three years later, in 2018, by choosing
to prohibit microbeads.”® Other countries, like the United Arab
Emirates (UAE), have not yet announced legal restrictions or
bans on the phase-out of microplastics from cosmetics. The
situation in South Africa is similar to India, where the govern-
ment is still consulting on regulations against the use of
microbeads in cosmetics.”® Anyway, in active bans, there is not
a universal document which states what microbeads are
restricted and for what purpose. There is only an agreement
between countries on the definition and size of microbeads.
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4. Major Microplastics in Cosmetic
Formulations

As previously mentioned, cosmetic powders are among the
most relevant raw materials for the achievement of final
formulations with specific properties distinguishable by the end
consumer. The small size, shape, and chemistry of these
materials are the characteristics that influence most of their
properties. Microplastics have led to a drastic change in the
performance of formulations, improving sensory attributes,
albeit at the expense of sustainability. Table 2 summarizes the
principal microplastics exploited in cosmetic products, showing
their chemical formula and main effects in formulations.”®”

e Polyethylene (PE) is one of the most widely used synthetic
polymers and is easy to produce. PE consists of repetitive
units of ethylene groups, which give the polymer flexibility
and strength. Indeed, the relative polymerization can yield
branched or linear structures, leading to the production of
high-density polyethene (HDPE), low-density polyethene
(LDPE), and linear low-density polyethene (LLDPE), each
contributing to different performances. In cosmetics, PE is a
film-forming and viscosity-regulating agent.”#*® Specifically,
PE microparticles were used in formulations for facial and
body scrubs as an exfoliating agent. But since 2018, they
have been banned from cosmetic products due to their
impact on marine ecosystems.”

e Polypropylene (PP) is a thermoplastic homopolymer pro-
duced from 1-propene, a gas derived from petroleum and
natural gas. PP is known for its lightweight nature and
resistance to corrosion, wear, and moisture. This polymer is
used as a viscosity-controlling agent in foundations and nail
polishes - also, employed as an exfoliant in some
formulations.®”

¢ Poly(methyl methacrylate) or PMMA is a transparent thermo-
plastic polymer obtained from methyl methacrylate. In
cosmetics, this polymer is used in nail polish, lip gloss, and
mascara due to its film-forming aptitude. PMMA micro-
particles are also used as absorbent agents for transporting
active ingredients and as brightness/mattifying regulators,
reducing imperfections caused by ageing. Additionally, they
modulate the texture of formulations due to their small
Size.[7,80,82]

¢ Polytetrafluoroethylene (PTFE) is a homopolymer derived
from the polymerization of tetrafluoroethylene. This polymer
is used as a hair conditioning and additive in makeup
products,® including foundations, face powders, and pri-
mers, to offer a matte finish. PTFE microparticles can enhance
the sensorial experience of cosmetic formulations by improv-
ing the texture with a smooth and silky sensation. Addition-
ally, they exhibit non-stick, free-flowing, moisture-resistant,
and long-lasting properties, which well-suite for most
products.®84

¢ Polyethylene Terephthalate (PET) is derived from terephthalic
acid and ethylene glycol. PET microparticles can be utilized in
various formulations due to their properties.”*** They can
enhance the texture of semi-solid formulations and serve as
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exfoliating agents in skincare products like face and body
scrubs. Additionally, they can function as mattifying agents in
creams, lotions, and foundations. These microplastics can be
used also to deliver and release active ingredients. In
addition, they can be coloured and used as additives in the
formulation of leg and body paints, nail polish, lip gloss, and
hair colouring products.

Polyamides (Nylon) are synthetic polymers containing amide
bonds as repeating units, and various types can be obtained
based on the starting monomers; eminent examples are
Nylon-6 and Nylon-12."%% The first one is derived from the
ring-opening of caprolactam, serves as a viscosity-controlling,
bulking, thinning, and moisturizing agent. Nylon-12, a
synthetic polymer derived from ®-amino lauric acid mono-
mers, possesses bulking and opacifying properties and is
commonly found in skin creams and face powders.
Polyurethane (PU) is a synthetic polymer made from the
reaction between polyols and diisocyanates. In cosmetics, PU
microbeads are used as exfoliating, texture enhancement,
and/or binding agents. They are capable of absorbing excess
sebum from the skin, making them useful in oil-control
formulations. Polyurethane can also be used as a colour
additive to enhance the effects in products such as nail
polish, lip gloss, and eyeshadows.®

An example is PU cross polymer-1, a synthetic copolymer
made of isophthalic acid, adipic acid, hexylene glycol,
neopentyl glycol, dimethylolpropanoic acid, and isophorone
diisocyanate units, which is used as a binding, film-forming,
and hair-fixing agent.®”

Polyacrylates are a family of synthetic polymers made up of
acrylate monomers, which are used as film-forming, anti-
static, binding, hair fixative, and suspending agents.”®? There
are various acrylate copolymers such as styrene-acrylates
copolymers, used as colour opacification and filming agents;
and ethylene/acrylate copolymers, used as a binding,
emulsion stabilizing, thickening, film-forming, and opacifying
agent.

Polyethylene glycols (PEGs) and polypropylene glycols
(PPGs), synthetic polymers of ethylene glycol broadly used
also in pharmaceutical formulations for drug delivery. They
are employed in cosmetic products as humectants or
emulsifiers formulated as creams, lotions, and serums. PEGs
and PPGs are soluble in aqueous and organic phases,
favoring the solubilization of active ingredients and fragran-
ces in formulations.”®”

Polymethylsilsesquioxane is a synthetic silicone obtained
from the hydrolysis and condensation of silicone methyltri-
methoxysilane. This synthetic polymer is used for film-
forming,  texturing,  opacifying,  skin and hair
conditioning 088

Other microplastics of common usage are polybutylene
terephthalate (PBT), polystyrene (PS), various types of Nylon,
acrylates®**°@ and polyurethane crosspolymers.””

[7,80]
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Table 2. Main formulation effects of principal microplastic in cosmetic products.

Microplastic

Formulation effects

I~

Polyethylene (PE)
Polyethylene (PE)
CH,
n
Polypropylene (PP)

Polypropylene (PP)

CH,

0
H,CO n

Polymethyl methacrylate (PMMA)

Polymethyl methacrylate (PMMA)

Polytetrafluoroethylene (PTFE)

Polytetrafluoroethylene (PTFE)

‘o,

Polyethylene Terephthalate (PET)

o]

Polyamides (Nylon)

Polyamides (Nylon)

H
[0} N
Polyurethane (PU)

ro” SOf

Polyacrylates

Polyacrylates

n CH,

Polyethylene glycols Polypropylene glycols
(PEGS) (PPGs)

"

/S| N,
OR

n

n
Polymethylsilsesquioxane

Polymethylsilsesquioxane

Abrasive, film-forming and viscosity-regulating

Exfoliating and viscosity-regulating

Brightness/mattifying regulators, carrier of actives, film-forming and texturizing

Binding, bulking, hair and skin conditioning, long-lasting, moisture-resistance and texturizing

Absorbent, film-forming, mattifying and texturizing

Bulking, conditioning, opacifying, texturizing and viscosity controlling

Binding agent, film-forming, hair fixing and conditioning and viscosity controlling

Absorbent, binding agent, emollient, emulsifying filming, hair and skin conditioning, opacifying and
viscosity controlling

Emulsifying, hair and skin conditioning, humectant and solvent

Film-forming, hair and skin conditioning, opacifying and texturing
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5. Eco-friendly Cosmetic Powders -
Alternatives to Microplastic

The regulatory restrictions applied to plastic microbeads stem
from growing scientific evidence of their environmental release
and harm. However, the presence of alternative materials has
played a key role in driving the implementation of these
regulations.”” Numerous initiatives are underway to address
the harmful impacts of microplastics, including those originat-
ing from personal care and cosmetic products, on marine
environments and other ecosystems. Leading these efforts is
the replacement of traditional synthetic microplastics with eco-
friendly, sustainable, and biodegradable materials.” In the
cosmetic industry, there is active seeking of alternatives to
traditional microplastic ingredients, distinguishing natural,
semi-synthetic and synthetic alternatives as Figure 4 shows.®”

Natural Alternatives

OH
OH
N o 0 HO 5 .
\ - 0
oH O HO&/O 3
- o OH OH
L OH J

5.1. Natural Alternatives

Consumer consciousness about the detrimental impact of
synthetic polymers on the environment is pushing for the
improvement of biopolymer production from natural sources.
The eco-friendly, safe, and biocompatible traits of natural
polymers make them particularly significant in cosmetic for-
mulations. Natural polymers like starch, cellulose, alginate,
chitosan, lignin, pectin, xanthan gum, agar, hyaluronic acid,
guar gum, gelatine, collagen, and keratin can be modulated as
microparticles”®® and formulated for the cosmetic industry.®
These versatile materials can be employed in skincare, haircare,
and makeup, serving as stabilizers and modifiers. Their safety,
biocompatibility, eco-friendliness, and appeal to consumers
make them highly suitable for various cosmetic applications.
Introducing small molecules or polymers can modify natural
alternatives, resulting in semi-synthetic materials. Celluloses and
starches are commonly modified to gain properties for skin
sensoriality and formulation purposes.
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Figure 4. Main natural, semi-synthetic and synthetic alternatives used to replace microplastics in cosmetic products.
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5.2. Starch enzymatic treatment). OS-starches can be customized for the

Starch is a natural polysaccharide obtained from plant sources
such as corn, rice, maize, wheat, and barley. This biopolymer
usually exhibits size distribution in the order of micrometers.””!
It is utilized as a versatile cosmetical component, applied in
skincare, hair care, and personal care formulations. Starch beads
have garnered significant attention in cosmetic formulations
due to their biodegradability, renewability, and potential to
replace non-biodegradable microplastics in personal care
products. %%

A study by Junlapong et al. investigated the biodegradation
of starch-based hydrogels resulting in environmentally friendly
alternatives to synthetic microplastics.” This feature aligns with
the growing consumer demand for sustainable and eco-friendly
cosmetic products. Studies have also shown that controlling
parameters such as starch source, processing techniques, and
crosslinking agents can influence the size, shape, and texture of
starch beads, thereby affecting their suitability for various
cosmetic formulations.'™ For example, Farrag et al. pointed out
that the source of starch significantly influences the self-
assembling behavior of this polymer at the nanometric level
due to different amylose/amylopectin ratios. Starch beads have
been explored as carriers for active ingredients in cosmetics,
improving  stability, controlled release, efficacy, and
longevity."*" For instance, Adejoro et al. succeeded in produc-
ing starch-based systems enabling the production of homoge-
neous microcapsules trapping tannins."®® Pueknang and Sae-
wan encapsulated folic acid in phosphorylated rice starch
producing a semi-solid formulation. They evaluated the im-
provement of human skin noticing the melanin content,
scaliness, and wrinkle."* Starch beads can also serve as texture
enhancers in cosmetic formulations by providing desirable
sensory properties such as smoothness, spreadability, and a
luxurious feel. Studies have investigated the rheological proper-
ties of starch-based gels and emulsions, demonstrating their
potential to improve the texture and consistency of creams,
lotions, and other cosmetic products."™ Research by Marto
et al. has focused on assessing the compatibility and stability of
starch-based emulsions (St-BV) in various cosmetic formulations.
The physicochemical characteristics and the toxicological profile
of ingredients combined with the risk characterization and the
evaluation of tissue viability resulted in being safe for human
use. Furthermore, an increase in skin hydration and micro-
circulation has been observed."*

Besides the above-mentioned advantages, starch is one of
the easily modifiable polymers due to its simple structure and
abundance in nature. Different physical properties could be
achieved by to the polymer through the grafting of molecules
and/or macromolecules, making the resulting starch derivatives
one of the most versatile alternatives in the formulation field."*
A common modification involves the insertion of octenyl
succinic acid (OSA) to confer hydrophobic character to starches,
leading to a smart product primarily employed as an emulsifier.
Mu et al. modified waxy maize and corn starches with 3% OSA
to create oil-in-water emulsions and studied their stability under
various conditions (pH change, electrolyte concentration, and

ChemSusChem 2024, €202401065 (12 of 18)

release of active ingredients by controlling their destabilization
rate.l'”

5.3. Cellulose

Cellulose is a natural polymer found in the cell walls of plants
and is derived from abundant sources, including wood, hemp,
cotton, and linen. Macro- and nanofibers originated from
cellulose are a highly appealing substrate for cosmetics, as they
are biodegradable, non-toxic,"*®® and offer gentle exfoliation
without causing harm to the environment. Celluloses are mainly
employed as emulsifiers, film-forming and thickeners agents in
cosmetic formulation, i.e. facial scrubs and exfoliating
cleansers.”*'*

OBrien et al. produced spherical cellulose microbeads by a
scalable membrane emulsification—phase inversion process as
an eco-friendly alternative to microplastics."'” Recently, bacte-
rial cellulose (BC) is taking place in this field due to its purity,
porosity tensile strength. BC has identical chemical composition
with pure plant-derived cellulose, differing solely in molecular
weight."" This polymer can be used in cosmetic products as
Personal Care formulations, facial scrubs and mask."'?'"3

As already mentioned, cellulose is often modified to achieve
characteristics useful for formulating cosmetic products, i.e.
improved solubility - some examples are sodium carboxyme-
thylcellulose, ethyl cellulose, and cellulose esters.

Sodium carboxymethylcellulose (NaCMC) is the sodium salt
of carboxymethylcellulose (CMC), resulting from the ether-
ification of cellulose with sodium monochloroacetate in an
alkaline solution (NaOH). NaCMC is a water-soluble biopolymer
used in cosmetics as a moisturizer, humectant, and emulsifier.
In a study by Martins and Rocha, CMC was tested with bacterial
cellulose, as an emulsifier in a cosmetic cream. This combination
was able to completely replace commercial surfactants main-
taining the rheological properties of the formulations."" Aguiar
et al. produced spherical Na-CMC microparticles by spray drying
to encapsulate three natural antioxidants - caffeic acid (CAF),
chlorogenic acid (CGA) and rosmarinic acid (RA). They obtained
high encapsulation efficiency and evaluated the total release
and the antioxidant activity."" Instead, Costa et al. used CMC
as a bioactive cosmetic ingredient for skincare formulation.
They studied the effects in HaCat and HDFa cells showing no
cytotoxic effect, intracellular production of procollagen | a | and
modulation HaCat immune response "'

Ethylcellulose (EC) is a non-ionic water-insoluble cellulose
ether obtained from the etherification of alkali cellulose with
ethyl chloride.""” Juleaha etal. encapsulated essential oils
isolated from the peel of C. aurantifolia in ethyl cellulose
microparticles by coacervation method for cosmetotextile
products.''®

Cellulose esters are obtained from the reaction of natural
cellulose with organic acids, anhydrides, and acid chlorides.
Generally, they are water-insoluble polymers, characterized by
excellent film-forming properties."" These polymers are mostly
used as gelling agents, bioadhesive, thickening, and stabilizing
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agents applied in cosmetic formulations (creams, shampoos,
and lotions).”” Some examples of cellulose esters are cellulose
acetate (CA), cellulose sulfate (CS), and cellulose nitrate (CN).

5.4. Alginate

Alginate is an indigestible polysaccharide naturally produced
and typically harvested from brown algae. The molecular
structure consists of unbranched linear binary copolymers
comprising B-D-mannuronic acid (M) and a-L-glucuronic acid
(G) residues linked by 1,4-glycosidic bonds. In algal alginate
structures, three uronic acid blocks are present, including
homopolymeric regions of M and G blocks, as well as
alternating MG blocks containing both polyuronic acids.
Typically, bacterial alginates contain O-acetyl groups absent in
algal alginates, with bacterial polymers exhibiting higher
molecular weights.*” The ability of sodium alginate (SA) to
create a physical hydrogel through ionic crosslinks, particularly
with divalent cations like Ca’*, is well-documented. These
alginate hydrogels undergo biodegradation through the hydrol-
ysis of glycosidic linkages and are also subject to degradation
due to the release of divalent cations."® In their study, Bae
et al. produced sodium alginate (SA) microbeads (MB) by using
an aqueous solution of SA and electrospraying it into a Calcium
water solution. An increase in microbead size from 640 to
880 um was observed by the SA concentration and the nozzle
diameter, showing how these parameters can influence the
final dimension and shape of the product? Given their
mucous consistency, cost-effectiveness, non-toxic nature, and
biocompatibility, alginate hydrogels find extensive use in
various biomedical and environmental applications such as
drug delivery systems, cell encapsulation, and cosmetics.

5.5. Chitosan

Chitosan is a biopolymer derived from deacetylation of chitin, a
natural polysaccharide found in the exoskeletons of crustaceans
like shrimp, crab, and lobster, as well as in the cell walls of
fungi."? Chitosan can be used in cosmetic formulations for skin
and hair care products. Specifically, it is utilized as a texturizer,
emulsifier, film-forming and humectant agent.**'*' Gomaa
et al. utilized chitosan microparticles as carriers of Ensulinzol
(PBSA) to apply sunscreen products."* Ju et al. prepared chito-
beads (CBs) using chitin, which, after re-acetylation, exhibited
higher cleansing efficiency compared to polyethylene beads
able to remove potentially toxic elements."?” Instead, Wisuiti-
prot et al. tested a cream containing chitosan microparticles
loaded green tea extract on human facial skin, demonstrating
anti-wrinkle effects and improved skin elasticity and lightening
after 2 months treatment period."®

ChemSusChem 2024, €202401065 (13 of 18)

5.6. Lignin

Lignin is a polyphenolic material present as main component in
the plant cell walls and obtained by oxidative coupling of three
monolignols, para-coumaryl alcohol (H), coniferyl alcohol (G)
and synapyl alcohol (S). Depending on the degree of these
monomers (H, G and S), the lignin can be classified in Grass
Lignin, Softwood and Hardwood. In general, lignin presents
several properties useful for topic applications in cosmetics. In
fact, it is an emulsion stabilizer, antimicrobial and UV shield
agent Antunes etal. exploited lignin from sugarcane
bagasse in a semisolid formulation demonstrating its activity to
scavenge ABTS and DPPH radicals. Moreover, their study
revealed an in vivo Sun Protection Factor (SPF) value of 9.6+
0.8, indicating a broad-spectrum UV protection capability."*”
Lee etal. employed lignin under mild conditions (MWL) as
sunscreen agent, demonstrating synergistic effects with com-
mercial ones, and enhancing SPF activity of commercial
product.*"

5.7. Pectin

Pectin is a natural polysaccharide present in the cell walls of
fruits and vegetables, such as apples and berries and is made of
a network of galacturonic acid with side chains of other sugars,
such as rhamnose, arabinose, and galactose.'*” This conforma-
tion provides specific properties making pectin employing as a
gelling agent, thickener, and stabilizer.”™

In literature, there are few techniques to produce pectin
microparticles (i.e., ionic gelation, spray drying, and extrusion),
especially for encapsulating active ingredients, but mostly
related to the pharmacological field as drug delivery
systems 251321331

5.8. Synthetic Alternatives

Synthetic polymers deriving from renewable sources such as
polyhydroxyalkanoates and poly(lactic acid), are gaining atten-
tion as an alternative to petrochemical-based plastic due to
their biocompatibility, biodegradability, and non-toxicity.*'**

5.9. Polyhydroxyalkanoates (PHA)

Polyhydroxyalkanoates (PHAs) are polyesters of hydroxyalka-
noates (HAs) and naturally produced by various Gram-positive
and Gram-negative bacteria. PHAs can be obtained by ferment-
ing renewable sources making them a sustainable alternative to
petrochemical-based plastics such as PET. The number of
carbon atoms in the chain determines the structure and types
of PHAs. PHA is biodegradable and biocompostable, making it
an eco-friendly option for a range of products including
cosmetics. PHAs are used in many beauty products such as
beauty masks or sanitary pads, as well as in heat-sensitive
adhesives, smart gels, and surfactants."*>** They have antiox-
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idant and moisturizing properties and products containing
PHAs can have an antibacterial effect.” PHA has tiny pore sizes,
high dependability, and high surfactancy. They offer many
advantages like easy manufacturing, good UV resistance, and
hydrophobicity.® Phothong et al. investigated astaxanthin-
loaded PHB microbeads, from crude glycerol, for facial scrubs
not observing skin irritation and sensitization during a human
repeated insult patch test (HRIPT)."*®

5.10. Poly(Lactic Acid) (PLA)

Poly(lactic acid) (PLA) is an aliphatic thermoplastic polyester
composed of lactic acid (2-hydroxy propionic acid) units
obtainable from renewable and degradable resources like corn
and rice. PLA has a low environmental impact because its
degradation yields mainly water and carbon dioxide. Poly(lactic
acid) is commonly employed in cosmetic packaging due to its
mechanical resistance and good rigidity. PLA is ideal for
applications on skin, hair, and nails finding use in cosmetic
products including makeup, scrub soaps, creams, gels, and
lotions.['*!

5.11. Polyglycolic Acid (PGA)

Poly(glycolic acid) (PGA) is a biopolymer synthesized via the
condensation of glycolic acid or by the ring-opening of
glycolide. PGA is insoluble in a wide range of solvents because
of its high porosity, hydrophobicity, and high crystalline
structure (between 45% and 55%).'*” PGA has better mechan-
ical qualities and a faster rate of deterioration than polylactic
acid (PLA).

5.12. Polycaprolactone (PCL)

Polycaprolactone (PCL) is an aliphatic polyester made of
hexanoate units, characterized by its hydrophobic and semi-
crystalline structure. PCL is an eco-friendly biopolymer obtain-
able from renewable materials.™" For example, Forigua et al.
produced PCL microparticles w/o cargo exploiting a microfluidic
system. The size distribution below 50 um and the spherical
shape obtained are very promising not only in drug delivery
and tissue engineering, but also in cosmetics.™*? Nam and Park
produced PLA and PCL MBs using an eco-friendly melt electro-
spraying process, without the need for any organic solvent.
These aliphatic polyester-based biodegradable MBs showed
high skin hydration and minimal irritation, making them
suitable for use in cosmetics."*

5.13. Polybutylene Succinate (PBS)
Polybutylene Succinate (PBS) is a biopolymer derived from the

polycondensation between 1,4-butanediol and succinic acid,
obtainable from renewable sources such as sugar cane. It
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degrades in non-toxic products such as water, carbon dioxide,
and biomass. PBS is known for strength, stiffness, toughness,
biodegradability properties showing resistance to various
chemicals, and compatibility with a wide range of additives."*"
Dutra et al. proposed a new production of PBS microparticles
through a water-free suspension polycondensation process
with an average size of 80-180 um."™ Gan et al. synthesized
four polyester microparticles, including PBS and poly(butylene
succinate adipate) (PBSA), and tested their degradation under
marine and enzymatic conditions, showing promising results
compared to the common microplastics used in cosmetics.!"*!

6. Summary and Perspectives

Although many natural alternatives exist and can be modified
using functional groups like amines, carboxylic acids, aldehydes,
and thiols, there are currently fewer patents in this area
compared to the number of products on the market.This occurs
because companies, both for reasons of trade secrecy and for a
rapid transition to plastic-free and vegan products, utilize
natural microbeads without making modifications. However,
products or formulation examples containing microplastics or
‘skeptical microplastics’ (synthetic polymers lacking enough
available information and are under investigation) are still
observed, to enhance properties (i.e. film forming, long-lasting
effects, and others).

Despite the challenging and rapid transition to sustainable
formulations, there has been an increase in patents where both
natural and synthetic alternatives are discussed to be employed
in the final product, contributing to its main characteristics.

Starches and celluloses are receiving increased attention
due to their wide availability from various plant sources
globally. Different types of starches like ginger, turmeric, wheat,
and mung bean are used to make solid and semi-solid products
such as eyeshadow and emulsions.™” Additionally, starches can
be used to create innovative solid formulations for hair
products, primarily composed of polyols, fatty alcohols and/or
acids, improving the shelf life and avoiding the transport of a
liquid composition."*® In combination with xanthan gum and
cellulose, starch is used as a thickening agent to obtain an eco-
sustainable stabilizing component for make-up products such
as mascara, powder foundation, lipstick, lip gloss, and nail
polish, as well as for hair and skin care.!*”

Celluloses also find their application in producing cosmetic
products,'***Y often with other ingredients, as previously cited
to create products like sunscreen and waterproof formulations
without polyacrylates, carbomers, and polyvinylpyrrolidones!'*?
Other celluloses, such as sodium carboxymethylcellulose and
microcrystalline cellulose, combined with Diutan gum, ensure
high stability in personal care formulations."*® Sustainable
alternatives such as lignin,"**'"** alginate,"**"*” and pectin!'*®'>
are already exploited in patented products for these applica-
tions.

Synthetic alternatives are gaining ground in cosmetics,
particularly polyhydroxyalkanoates (PHA) and polycaprolactone
(PCL). PHAs offer several advantages, including the ability to
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adsorb oils, adjust the viscosity of certain thickening agents,
and enhance opacity, and uniformity of pigmentation.'® PHA
microparticles are utilized in anhydrous formulations, free of
polyamides and acrylic polymers, such as lipsticks, which
require good dispersibility, viscosity, moldability, and mechan-
ical properties.l'®"

On the other hand, PCL can create spherical
microparticles™ and is used to encapsulate collagen
peptides® or vitamin C'"*? as dermal fillers, as well as metal
oxide particles as opacifiers.

As noted, the challenge of removing microplastics from
beauty care products is a current topic in the cosmetic industry
worldwide. Institutions work to eliminate all components
harmful to the ecosystem and promote a sustainable transition.
In cosmetics, this approach represents a significant opportunity
for innovation due to green consumers pushing companies to
reconsider their formulations, also in response to government
bans.

The fact that microplastics have now entered the human
food and vascular cycle is a cause for serious global alarm.!®
However, scientific literature remains lacking in terms of
alternatives aimed at replacing microplastics, especially con-
cerning the necessary sensory characteristics requested by the
cosmetic market.

In this review, we have summarized the main types of
microplastics (as shown Figure 5a—c), and their characteristics
utilized in current cosmetic products such as make-up, skincare,
and hair care. We highlight three categories of alternatives
(natural, semi-synthetic, and synthetic) that include the most
promising solutions currently under investigation (as shown
Figure 5d-h). The newly explored biopolymers applied as
microplastic substitutes and their main characteristics have
been discussed herein.

Natural resources derived from plants, such as starches,
cellulose, and lignin, are emerging as the primary alternatives
to reformulating cosmetic products, especially for their broad
availability in comparison to other ones. These natural ingre-
dients not only offer an ecological solution to the problem of
microplastics but also have the potential to improve the overall
performance and sustainability of finished cosmetic products.

The pressing need to adopt more eco-friendly approaches is
pushing researchers to focus more on current claims. We
anticipate a significant increase in literature on sustainable
cosmetics in the next few years, as the interest in sustainable
cosmetic products is rapidly increasing. Presumably, studies will
primarily focus on new production methodologies, the use of
natural and biodegradable ingredients, as well as the studies of
the environmental impact of new cosmetic formulations. This
growing research interest aims to provide companies and
consumers with detailed information to support informed and
sustainable choices in cosmetic products.
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REVIEW

With the growing necessity to shift
from microplastics to sustainable al-
ternatives in cosmetic formulations,
this review provides information on
the microplastic issue and the current
actions taken by governments
worldwide. The aim is to explore
possible natural, semi-synthetic, and
synthetic eco-friendly materials with
properties similar to the listed plastics
for the production of cosmetics and
personal care products.
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