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The global ban on plastic microbeads for personal care products has forced researchers to find sustain-
able alternatives. However, current biodegradable microbeads rarely offer competitive qualities such as
those related to the mechanical properties, stability, and toxicity of their degraded products. Herein, we
synthesized ‘chito-beads’, which can satisfy the aforementioned requirements, and evaluated their practi-
cal usage, biodegradability, and phytotoxicity. Chito-beads were made into uniform spherical microbeads
with a diameter of 280 pm through the reacetylation of chitosan — a renewable polymer from crustacean
waste via an inverse emulsion system. Chito-beads exhibit a higher cleansing efficiency than conventional
polyethylene microbeads, with a hardness of 128 MPa. Furthermore, they can be used to remove poten-
tially toxic elements and are stable and functional in commercial cleansing. The used chito-beads were
fully degraded in soils without any toxicity to the model plants. Our alternative can be used as competitive
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Introduction

There is evidence that humans approximately consume a
credit card worth of plastic every week by weight (Movie
S11)."% A recent report estimated that 14 million tons of micro-
plastics flow in the ocean annually.>* Due to the small size of
microplastics, i.e., less than 5 mm long, there is no systemic
method to retrieve all types of microplastics released into
nature. Microplastics carry organic pollutants and are ingested
by marine animals,”” thereby moving up the food chain due
to their bioaccumulation characteristics,® and have been
found in drinking water, coastal areas, and rivers.'®"?
Concerns regarding the negative effects of microplastics on the
human body, such as cellular damage and inflammatory and
immune reactions, are increasing."*"” More importantly,

“Research Center for Bio-based Chemistry, Korea Research Institute of Chemical
Technology (KRICT), Ulsan 44429, Republic of Korea. E-mail: crew75@krict.re.kr,
dongyeop@krict.re.kr, jypark@krict.re.kr

bDivision of Environmental Science and Engineering, Pohang University of Science
and Technology (POSTECH), Pohang 37673, Republic of Korea.

E-mail: dshwang@postech.ac.kr

‘Korea Biochar Research Center, APRU Sustainable Waste Management Program &
Division of Environmental Science and Ecological Engineering, Korea University,
Seoul 02841, Republic of Korea

dAdvanced Materials and Chemical Engineering, University of Science and
Technology (UST), Daejeon 34113, Republic of Korea

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
d1gc01588e

This journal is © The Royal Society of Chemistry 2021

and environmentally friendly microparticles in sustainable daily necessities.

microplastic pollution is irreversible because plastics are gen-
erally non-degradable, and there are no practical means of col-
lecting scattered microplastics in the ocean.

Microplastics are classified into two categories, primary
and secondary microplastics in terms of their origin.'® Natural
weathering processes create secondary microplastics from
macroplastic lost after use. On the other hand, primary micro-
plastics are intentionally manufactured in small sizes. They
are generally used as mechanical exfoliants for various per-
sonal care products such as toothpaste, shampoo, cleanser,
and scrubs. The exfoliating particles remove dirt from the
human body and are commonly made from polyethylene (PE),
polypropylene, or polystyrene, owing to their suitable mechani-
cal properties and low cost.’”>' However, typically they are
washed down the drains and are only minimally screened at
wastewater treatment plants, thereby eventually entering the
aquatic environments.**

Accordingly, the US has banned the use of plastic micro-
beads in rinse-off cosmetics on the federal level by the
Microbead-Free Waters Act of 2015 (US FDA). The EU and
several other countries including South Korea have also
banned the use of primary microplastics in thousands of
rinse-off products,®® which has forced the industry to identify
sustainable and biodegradable alternatives that are equivalent
to exfoliating microplastics in terms of (1) cost; (2) mechanical
properties; (3) solvent resistance; (4) smooth surface shape;
and (5) uniform size. Three classes of biodegradable materials
have been suggested as potential substitutes for cosmetics:
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natural hard materials (e.g., walnut shells and avocado
seeds),”” natural polymers (e.g., cellulose, alginate, lignin, and
starch),”®*" and bio-based synthesized polymers (e.g., polyca-
prolactone and polylactic acid);** however, all of them exhibit
drawbacks. Mechanical grinding of natural hard materials
results in particles with sharp edges and of irregular sizes and
shapes, which scratch the surface, or may injure skin when it
is used for cosmetic and rinse-off use.>® Uniform sized micro-
particles with smooth surfaces can be fabricated from natural
and bio-based synthetic polymers by emulsifying the polymer
solution.>® However, the solutions that are mainly used to dis-
solve natural polymers, such as ionic liquids, are cost ineffec-
tive, and solution-processable biopolymers exhibit low resis-
tance to solvents and gradually lose their mechanical pro-
perties in cosmetics that include water, oils, and surfactants.
In the case of bio-based polymers such as poly(lactic
acid) microbeads, processing into a uniform spherical shape is
convenient, but the degradation of their ester bonds in sea-
water is less than 5% per year.>” Thus, it is crucial for cosmetic
industries to  identify  appropriate  alternatives  to
microplastics.?

As a primary hard-tissue component of -crustaceans,
insects, and fungi, chitin is the second most abundant natural
polymer that consists of N-acetyl-D-glucosamine repeating
units. Chitin possesses great mechanical properties (stiffness
of >50 GPa) and solvent resistance including both aqueous
and organic solvents, owing to its highly crystalline structure.>®
Furthermore, it is biodegradable as well as biocompatible, and
has antibacterial, antifungal, and hemostatic properties.*’°
Therefore, chitin has attracted attention for use as a structural
biomaterial for medical and cosmetic applications. However,
the use of chitin is limited owing to processing complications
related to its high crystallinity as a result of strong inter-
molecular hydrogen bonds. Furthermore, chitin is not readily
dissolved in common solvents except for a few expensive or
toxic solvents. In addition, mechanical grinding is not
effective to produce chitin particles of regular size and spheri-
cal shape (Fig. S17). For this reason, chitin is converted into
chitosan with >60% of N-acetyl-p-glucosamine deacetylated to
glucosamine. Chitosan (i.e., the deacetylated form of chitin) is
solution-processable in weakly acidic solutions owing to the
protonation of amine, but it loses the mechanical properties
and solvent resistance of chitin due to the lower crystallinity
and intermolecular hydrophobic interactions. Therefore, the
physical properties of chitin and chitosan rely on the degree of
acetylation, and their processability and performance are
mutually exclusive.’® In this regard, cytotoxic hardening
agents are required to fabricate chitosan beads.*"*> However,
using hardening agents could slow down the degradation rate
and it is difficult to estimate the toxicity of the degraded
residue.

By considering the processability of chitosan and the
mechanical stability of chitin, we fabricated biodegradable
and biocompatible microbeads with suitable mechanical pro-
perties, solvent resistance, smooth surfaces, and regular size
and shape through chitosan-to-chitin regeneration without
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using cytotoxic cross-linkers. Here, we applied a facile emul-
sion diffusion method for producing reacetylated microbeads
(size: 100-500 pm) to replace petroleum-based microbeads.
The mechanical properties, cleansing efficiency, biodegrad-
ability, and toxicity to terrestrial plants of microbeads were
also assessed. Chito-beads exhibited superior properties to
commercial PE microbeads especially in terms of cleansing
efficiency and biodegradability, and could also adsorb poten-
tially toxic elements (PTEs).*>** PTEs include trace elements
and heavy metals such as copper, iron, and lead, which are
abundant in fine dust, that can generate health risks when
their concentration exceeds certain thresholds (Fig. 1). The
resulting chito-beads can function as an abrasive in cosmetics
and subsequently degrade in the environment without generat-
ing potential pollutants.

Results and discussion
Chito-bead preparation

Chito-beads were prepared through the reacetylation of chito-
san to chitin in an inverse emulsion of a chitosan aqueous
solution in paraffin oil with a surfactant. Then, the emulsion
particles were acetylated by acetic anhydride for 1 h at 25 °C
and precipitated in an acetone/hexane/alkaline aqueous solu-
tion (Fig. 2). The particles coagulated in the alkaline solution
due to deprotonation of amine, and the degree of acetylation
was controlled by the acetic anhydride concentration. At mild
temperature, the reacetylation of amine occurred mostly with
amine groups and only minimally with hydroxyl groups
(Fig. 2a and b). The code name of chito-beads was CB-N-m,
where N denotes the molecular weight of chitosan. There were
three groups of chitosan (i.e., low-, medium-, and high-mole-
cular weights), which are 15k, 50k-190k, and 190k-310k Da,
and were denoted as L, M, and H, respectively. m denotes the
added acetic anhydride (1.06, 3.18, and 10.6 mmol, denoted by
01, 03, and 1, respectively) during reacetylation (Fig. 2c). The
following chito-beads were prepared: CB-L-1, CB-M-1, CB-H-01,
CB-H-03, and CB-H-1.

Chito-bead characterization

The characteristics of the prepared chito-beads were investi-
gated (Fig. 3). The degrees of acetylation of chitosan and reace-
tylated chitosan were measured through conductometric titra-
tion.” The degree of acetylation of pristine chitosan was 36%
and increased with the amount of acetic anhydride up to 83%j;
however, the molecular weight did not affect the degree of
acetylation (Table 1). The Fourier-transform infrared spec-
troscopy (FTIR) spectra of the reacetylated chitosan particles
displayed no significant difference from that of commercial
chitin (Fig. S2at). The peaks of the chito-beads showed an O-
H stretching vibration at 3200-3400 cm ™" and a C-H stretching
vibration at 2877 em™".*® C=0 and C-N stretching of amide
was observed at 1634 cm™' and 1548 cm™', respectively.
However, chito-beads did not show the characteristic peaks of
paraffin oil at 2851 cm™" and 2919 ecm™' (C-H stretching),

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Applications of microbeads in daily care products and their potential impacts on the environment. (a) Petroleum-based microplastics and
their main risks; (b) bio-based microplastics and their desired consequences for sustainable cosmetics; (c) desired cosmetic microbead properties;
and (d) comparison of the hardness between the materials in this study and some natural and synthetic abrasive materials (HDPE: high-density poly-

ethylene and LDPE: low-density polyethylene).

1456 cm™' (C-H bending), and 721 e¢cm™' (CH, rocking)
(Fig. S2b¥). This confirms that the paraffin oil was fully rinsed
away.

The morphology of chito-beads was observed using an
optical microscope and a scanning electron microscope (SEM)
(Fig. 3a—c; Fig. S31). In the emulsion-based particle fabrication
system, the ratio between the continuous and dispersion
phases, stirring speed, and the amount of surfactant mostly
affected the particle morphology and size.*” The diameters of
CB-L-1, CB-M-1, and CB-H-1 were 140, 260, and 280 pm,
respectively. As the viscosity of chitosan solution changes with
the molecular weight, CB-L-1 showed the smallest particle size.
CB-H-01 was larger (370 um) than CB-H-03 and CB-H-1 due to

This journal is © The Royal Society of Chemistry 2021

the high intermolecular attraction which leads to aggregation
while stirring.

It was easy to fabricate colored chito-beads. In the same
manner, chito-beads were fabricated through the acetylation of
chitosan in the inverse emulsion after red, green, and blue
dyes, used for food coloring, were dissolved in the chitosan
aqueous solution at a concentration of 4 mg mL™'. Fig. 3d
shows the chitosan solutions prepared with red, green, and
blue dyes, and the resultant vividly colored chito-beads.

Water-resistance of microbeads under aqueous conditions
is important because water-based personal care products are
most common on the market. Swelling and dissolution resis-
tance are functions of water resistance.>® The swelling ratio of

Green Chem., 2021, 23, 6953-6965 | 6955
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Fig. 3 Chito-bead characterization. (a) Photograph, (b) optical
microscopy, and (c) SEM images of CB-H-1; (d) photograph of colored
chitosan solutions and chito-beads made with colored solution; and (e)
mass retained in sterilized deionized water for 2, 4, and 8 weeks under
ambient conditions compared with the molecular weight of chito-
beads. Error bars represent the standard deviation (n = 3).

each particle was measured by the weight change of the par-
ticle after immersion in distilled water for 3 days. The swelling
ratio of chito-beads decreased from 9.6 g g~* to 2.7 g ¢~ ' when

6956 | Green Chem., 2021, 23, 6953-6965

the degree of acetylation increased from 60% to 83% (Table 1),
due to the acetyl amide group of chitin being more hydro-
phobic than the amine of chitosan. On the other hand,
the swelling ratio was independent of the molecular weight.
The swelling ratios of chito-beads were as low as those
reported for chitin and chitosan particles (1.5 to 12 g g™%),
which were synthesized with cross-linkers and hydrophobic
additives.*®*°

Weight loss during water immersion is an indicator of dis-
solution resistance. Chito-beads with different molecular
weights were immersed in sterilized distilled water for 2, 4, or
8 weeks. CB-L-1 and CB-M-1 had lower molecular weights than
CB-H-1. Thus, CB-H-1 presented a lower weight loss (3.6%)
during immersion than CB-L-1 (7.5%) and CB-M-1 (8.9%) after
2 weeks (Fig. 3e). After 8 weeks, the weight loss of chito-beads
in water was approximately 15%. In comparison to the group
with the same molecular weight but different degrees of acetyl-
ation (%), CB-H-01 showed a notably high weight loss of 19%
in 2 weeks due to the low degree of acetylation (Table 1).

In addition, the shape of CB-H-01 was deformed upon
drying after 2 weeks of swelling (Fig. S4t). The high degree of
swelling in the aqueous environment was mainly attributed to
the high proportion of hydrophilic amine groups remaining in
the CB-H-01. The pK, of the primary amine of chitosan is ~6.5,
which contributes to the solubility of chitosan in acidic pH.
However, chitosan with an acetylation degree below 60% can

This journal is © The Royal Society of Chemistry 2021
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Table 1 Characterization of acetylated chitosan particles in terms of their molecular weight and degree of acetylation

Sample Molecular weight of Chitosan solution Degree of Swelling ratio® Mass retained
code chitosan (kDa) concentration (%) acetylation® (%) Size” (um) (gg™ after 2 weeks? (%)
CB-L-1 15 2 80 140 (£60) 2.8 (£0.7) 92.5

CB-M-1 50-190 2 83 260 (+110) 3.2 (+0.8) 91.1

CB-H-1 190-310 2 83 280 (+110) 2.7 (0.5) 96.4

CB-H-03 190-310 2 72 230 (+80) 6.6 (£0.8) 94.9

CB-H-01 190-310 2 60 370 (+100) 9.6 (+1.0) 80.9

“ Calculated through conductometric titration. ? Averaged mean value (+standard deviation) from more than 150 measurements obtained using
an optical microscope. ° Mass ratio of the swollen water weight to the dry weight of particles. ¢ Percent mass remaining after 2 weeks in deionized

water.

also be dissolved in neutral pH, driven by dipole-dipole and
ion-dipole interactions with water molecules.’*>"

On the other hand, CB-H-1 particles maintained their
spherical shapes and were not easily deformed under wet con-
ditions because the reacetylated group was minimally hydrated
differently from chitosan.

Mechanical exfoliation and abrasion performances of par-
ticles mainly rely on their mechanical properties. Particles
should be hard enough to remove contaminants without
damaging human tissues. The mechanical properties of chitin
depend on the degree of acetylation, and the hardness is no
exception. To evaluate the hardness of chito-beads, chitin
films with the same degree of acetylation were prepared by
solvent casting with the same molecular weight used for pre-
paring chito-beads. Hardness was determined through a nano-
indentation technique as per the ASTM E2546 standard. The
hardness was higher in chitin than in chitosan, which has a
higher degree of acetylation, but was less dependent on the
molecular weight. CB-L-1, CB-M-1, and CB-H-1 films showed
similar hardnesses of 130, 113, and 128 MPa, respectively,
while the chitosan film exhibited a low hardness of 83 MPa.
The hardness of chito-beads was compared to that of the
materials used as skin exfoliators such as nutshells, apricot
seeds, and plastics (Fig. 1d; Table S17). The hardness values of
synthetic plastics ranged from 20-250 MPa,”>>® and those of
nutshells and apricot seeds were >244 MPa.>**” Therefore, the
chito-beads produced in this work exhibited an appropriate
hardness for application as cosmetic microbeads.

Chito-bead cleansing efficiency

To use chito-beads as daily care abrasives, it is essential to
investigate their practical cleansing efficiency on the skin.
Accordingly, the inner forearm and back of the hand were
selected as the substrates because they are flat and hairless. A
waterproof eyeliner was used to mimic a pollutant on the skin.
A cosmetic cleanser was fabricated by mixing 4 mL of liquid
soap and 50 mg of PE microbeads or CB-H-1. The PE micro-
beads were separated from a commercial cosmetic cleanser,
and the ingredients of the liquid soap have been described in
the ESI (Table S21). The CB-H-1 cleanser exhibited more rapid
pollutant removal than that achieved by using the PE
microbead cleansers or the liquid soap, regardless of their
shape (Fig. S5 and S6; Movie S2}). This is attributed to the

This journal is © The Royal Society of Chemistry 2021

spherical and regular shaped CB-H-1 particles demonstrating
balanced exfoliation compared to that observed with irregu-
larly shaped PE microbeads (Fig. S77), and to the amine group
on CB-H-1 exhibiting a higher affinity for the pollutant than
for PE (with only hydrocarbon chains). As the sole natural cat-
ionic polysaccharide, chitosan has great potential in waste-
water treatment because its amine and hydroxyl groups act as
adsorption sites for heavy metal ions and anionic organic
pollutants.>®>°

A solid type cleanser (Fig. 4a) was fabricated with a combi-
nation of solid soap (1 cm®) and CB-H-1 (50 mg) because solid
soap could provide balanced force when cleaning compared to
liquid soap. The pollutant was removed with solid soap and
solid type cleansers under identical force by using a sharp
wooden stick (Fig. 4b; Movie S3t). The solid cleanser with
CB-H-1 presented a cleansing rate that was four times faster
than that provided by solid soap, which shows better cleansing
efficiency; these observations are consistent with the results of
the liquid soap tests. Compared with the control, it can be
seen that pollutants were removed much more rapidly when
the beads were present. When the cleansing agent contained
microbeads, friction was generated while rubbing, which
increased the cleansing efficiency. Mechanical friction not
only physically removed contaminants but also increased the
interaction between the cleansing agent and the pollutant to
ensure higher removal efficiency.

We also investigated the cleansing effect of chito-beads on
a waterproof sunblock composition. The sunblock was applied
to porcine skin. Under a 365 nm UV light, extinguished fluo-
rescence (i.e., dark color) indicated that the porcine skin was
thoroughly covered with sunblock. Then, the porcine skins
were cleansed for 30 s with water in the presence or absence of
solid soap only, or by using solid soap with chito-beads. As
seen in Fig. 4c, some sunblock remained even after being
cleansed without soap only, whereas cleansing with soap and
chito-beads resulted in the noticeable removal of sunblock.
The cleansed area (%) was calculated using Image] software by
setting the sunblock applied area as 100%. The cleansed area
of the samples treated with both soap and chito-beads was
68.2%, while the cleansed areas of the samples treated with
soap without chito-beads, and with water only, were 39% and
0% respectively. This outcome is consistent with the previous
pollutant removal simulations, and the results suggest that

Green Chem., 2021, 23, 6953-6965 | 6957
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with time lapse.

acetylated chitosan microbeads have good potential for use as
an abrasive and as a substitute for existing commercial pet-
roleum-based microplastics.

It is a well-known fact that chitin has the ability to remove
PTEs from aqueous solutions. Chitin can chelate with cations
by means of the lone pair electrons of nitrogen in the acet-
amido/amino group.®® Absorption capacity (mg g¢™") is defined
as the quantity of the cations chelated by the chitobeads of
unit weight. After CB-H-1 was incubated in an aqueous solu-
tion with 1000 ppm Cu, a PTE, at pH 5.5 for 24 h, the CB-H-1
particles turned bluish hues (Fig. 4d). The adsorption capacity
for Cu was 10.5 mg g~ '. This ability shows the potential to
help users cleanse their skins of fine dust containing PTEs.®"
After the cleansing efficiency of chito-beads was confirmed,
their stability in the existing product was assessed. A commer-

6958 | Green Chem.,, 2021, 23, 6953-6965

cial face cleanser (25 mL) was mixed with 5 wt% chito-beads
and placed into a small tube. Chito-beads maintained their
shape in facial cleanser or even in paraffin oil (Fig. 4e;
Fig. S87).

Chito-bead biodegradability

Microplastics are typically single-use and are washed out into
the sewage system. It is not economically feasible to install a
high-performance membrane that rejects microplastics in
sinks and sewage treatment plants; hence, microplastics flow
directly into downstream or coastal water areas. Therefore, it is
important to investigate the biodegradability of the newly
developed microbeads. Chitin is naturally degraded by micro-
organism enzymes, and many studies have been conducted on
chitinases, i.e., enzymes that degrade chitin.®® First, we exam-

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Chito-bead biodegradability. (a) Comparison of percent mass of chito-beads remaining after 1 day of incubation in chitinase. (b) Schematic
illustration of the closed respirometer measured for BOD. Comparison of biodegradability between CB-H-1, commercial PE microbeads and cell-
ulose (c) in BOD and (d) biodegradability calculated from ThOD. (e) SEM image of chito-beads before and after biodegradation. (f) Representative
sample and the Gl of germinated Lactuca sativa seeds treated with the minimal medium, and the solution after the BOD test. (g) Root lengths of ger-
minated seeds grown for 5 days. Statistical analysis was performed using Student'’s t-test (n = 180). * indicates a significant difference (P < 0.05).
Error bars represent the standard deviation. (h) Photographs of oat (Avena sativa L.) and rapeseed (Brassica napus L.) grown in soils mixed with chito-
beads (0 mg kg™ [control], 100 mg kg™, and 1000 mg kg™2). (i) Comparison of mean shoot and root lengths after 14 days of growth. Statistical ana-
lysis was performed using Student’s t-test (n = 10); n.s. refers to not significant. Error bars represent the standard error.

ined chito-bead degradation by chitinase. Chito-beads were
incubated in a phosphate-buffered saline (PBS) solution con-
taining chitinase for 24 h at 37 °C and passed through filter
paper. Then, the residue on filter paper was analyzed. As
expected, chito-beads were totally decomposed into an invis-

This journal is © The Royal Society of Chemistry 2021

ible level. The weight change indicated that >95% of chito-
beads were hydrolyzed into indistinguishable molecules
(Fig. 5a).

Aerobic biodegradation occurs when microorganisms
consume organic matter and oxygen and ultimately produce
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carbon dioxide, water, and biomass. Thus, the biochemical
oxygen demand (BOD) of a sample is a measure of the degree
of biodegradation. BOD was measured by the oxygen reposi-
tory test referring to ISO 14851 with a closed system, as shown
in Fig. 5b. The sample was incubated in a closed bottle after
activated sludge from a sewage treatment plant was added
(Fig. S9%). Biodegradability (%) is expressed by the ratio of
BOD and theoretical oxygen demand (ThOD). The results of
chito-beads were compared with cellulose and PE particles,
which are representative of biodegradable and non-degradable
materials, respectively (Fig. 5¢). After 15 days, the biodegrad-
abilities of CB-H-1 and cellulose were 24% and 20%, respect-
ively, while that of PE was negligible (Fig. 5d). The smooth
surface of pristine CB-H-1 became porous (Fig. 5e). The data
suggest that microorganisms metabolized chito-beads. If
natural features of chitin were well regenerated during chito-
san reacetylation, chito-beads could degrade in seawater. After
1 month of soaking chito-beads in seawater, 93.2% of the
chito-beads degraded, while PE microbeads of commercial
products did not (Fig. S10t). Since soil microplastics research
began, there has been an understandable interest in figuring
out whether these small plastic particles can be absorbed onto
plants and, eventually, into the food we eat.®® Therefore,
microbead and its degradation products should not have nega-
tive effects on soils and plants.®* To further test the phytotoxi-
city of chito-beads and their degradation products, we studied
lettuce (Lactuca sativa) seed germination in the residual
aqueous solution after the BOD test. As shown in Fig. 5f,
lettuce (Lactuca sativa) seeds were cultivated in wet cotton at
25 °C under 85% relative humidity (RH) for 5 d. Root lengths
>2 c¢m were considered as germination. The minimal medium
was a negative control because it was used as the background
solution for the BOD test. The degradation product of chito-
beads exhibited a positive effect on lettuce root growth. The
root germination rates with the degradation products of chito-
beads, cellulose, and the negative control were 77%, 87%, and
72%, respectively, and the mean root lengths were 3.3, 3.5, and
2.5 cm, respectively (Fig. 5g). The germination index (GI) was
calculated as: (number of germinated seeds in the sample/
number of germinated seeds in the control) x (mean root
length of seedlings in the sample/mean root length of seed-
lings in the control) x 100.%®> In comparison with the minimal
medium, the GI values of solutions containing chito-beads
and cellulose degradation products are 140.2% and 165.7%,
respectively, which indicates superior lettuce seed germination
(Fig. 5f). Degraded chitosan is known to have a positive effect
on GI and plant growth, making it a potential growth promoter
for agriculture purposes.®®®” Also, it is a representative natural
polysaccharide degradation product.®®

The seedling growth tests with oat and oilseed rape were
conducted with chito-beads. We investigated the influences of
chito-beads on the germination and growth of oat (Avena sativa
L.) and rapeseed (Brassica napus L.) in soils by referring to the
OECD 208: terrestrial plant test. Chito-beads were mixed with
soil at concentrations of 100 or 1000 mg kg~ ". Then, five seeds
were planted in 75 g of soils in a flower pot (Fig. S11at), and
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seedlings were grown for 14 d after germination. Both plant
types grew well regardless of the chito-bead concentration
(Fig. 5h). Plant germination, growth, and productivity were
quantitatively analyzed from the germination rate, seedling dry
weight, seedling vigor index (SVI), and root and shoot lengths
(Fig. 5i; Fig. S11b and S11c; Tables S3 and S4%). SVI-I and -II
were calculated as: (seedling length x germination rate) and
(seedling dry weight x germination rate), respectively.®® There
was no significant difference between the soils mixed with a
high chito-bead concentration and the control (p > 0.05) with
respect to germination and growth of either oat or rapeseed
because the degradation product of chito-beads did not signifi-
cantly affect the organic matter. The above results show that
chito-beads degraded well in the presence of chitinase, micro-
organisms from wastewater plants, and seawater. The
degraded product improved plant germination and the solid
beads had a minimal negative effect on soils.

Conclusions

In this study, we reported the use of cheap, abundant, and sus-
tainable microplastics in the form of microbeads to replace
non-degradable skin exfoliators. Chitin microbeads were pre-
pared through reacetylation of chitosan in a water-in-oil
inverse emulsion system. The size and shape of the particles
were governed by the molecular weight and the degree of
acetylation, which was in contrast to natural chitin; however,
the microbeads presented analogous features with neat chitin
in terms of physical properties and environmental effects.
They achieved adequate hardness to remove pollutants without
damaging the skin. As a result, they showed higher cleansing
efficiencies than commercial PE microbeads. Chito-beads
absorbed PTEs and organic pollutants owing to their acetyl
amide groups, and were degraded by enzymes, microorgan-
isms, and seawater. The degradation product exhibited posi-
tive effects on plant germination and growth. This study pre-
sents a method for producing chitin particles without the use
of toxic or expensive organic solvents, resulting in the pro-
duction of cost-effective and environment friendly microbeads.
Chito-beads could provide a new alternative product that will
mitigate the environmental problems caused by cosmetic
microplastics, and achieve the United Nations’ Sustainable
Development Goals (SDG6: clean water and sanitation, SDG14:
life below water, and SDG15: life on land).

Experimental
Materials

Chitosan (15 kDa [low-molecular weight]) was purchased from
Polyscience, Inc. (USA). Chitosan (50-190 kDa [medium-mole-
cular weight] and 190-310 kDa [high-molecular weight]), sorbi-
tan monooleate (Span® 80), acetic anhydride (>98%), M9,
mineral salts, and Chitinase from Streptomyces griseus were

This journal is © The Royal Society of Chemistry 2021
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purchased from Sigma-Aldrich (USA). Acetic acid (99.5%) and
paraffin oil were purchased from Samchun (Korea).

Chito-bead preparation

The procedure for preparing CB-H-1 is described as follows.
Chitosan (190-310 kDa, 0.5 g) was added to 0.1 M acetic acid
(25 mL) and stirred until homogeneously dissolved. Span® 80
(12.5 mg, 2.5% of the solute) was added into paraffin oil
(100 mL), and the solution was placed in a round-bottomed
flask. While stirring at 400 rpm with an overhead stirrer, the
prepared chitosan solution was injected through a 25 mL
syringe. After 3 h of vigorous stirring, acetic anhydride (1 mL,
10.6 mmol) was mixed with methanol (1 mL) and slowly added
dropwise to the reactor. After stirring for an additional 1 h for
acetylation, the solution was poured into a mixture of hexane
and ethanol (1 L; 1/1 v/v) and was stirred with 1 M NaOH
(2.5 mL). The solution was filtered through qualitative filter
paper (Advantec No. 2, Japan, pore size = 5 um), and washed
with hexane and acetone several times to remove residual oil.
Sample particles were dried in a vacuum oven at 60 °C over-
night and characterized using Fourier transform infrared
spectra (FTIR, Nicolet iS50, Thermo Fisher Scientific Co., USA).
FTIR: 3200-3400 cm™' (O-H stretching), 2873 cm™' (C-H
stretching), 1652 cm™" (amide 1), and 1558 cm™" (amide II). In
addition, CB-L-1 and CB-M-1 were prepared with chitosan,
having a molecular weight of 15 kDa and 50-190 kDa.

Chito-bead characterization

The morphology of each sample was determined using an
optical microscope (Zeiss Axio Imager A2m, Germany) and a
scanning electron microscope (SEM, JSM-6010LV, JEOL,
Japan).

The size distribution of the prepared particles was deter-
mined by measuring 150 random particles using an optical
microscope and calculating the mean size and the standard
deviation. In order to obtain the swelling ratio, the particles
(0.05 g) were introduced in distilled water (5 mL) at 25 °C for 3
days. When fully swollen, the particles were taken out and
tapped with filter paper to remove the remaining water. The
swollen particles were weighed and the swelling ratio was cal-
culated using eqn (1) as follows:

Swelling ratio (g g ') = (Ws — Wq)/Wy (1)

where Wy indicates the weight of swollen particles and Wy is
the dried weight of particles. The measurement of the swelling
ratio was performed in triplicate.

In the water stability test, each particle (50 mg) was steri-
lized at 121 °C for 1 h and placed in distilled water (5 mL) at
25 °C. After 2, 4 and 8 weeks, the particles were removed and
dried in a vacuum oven at 50 °C for 3 days to completely
remove residual water. Dried particles were weighed and water
stability was calculated using eqn (2) as follows:

Water stability (%) = W, /W, x 100 (2)

This journal is © The Royal Society of Chemistry 2021
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where W, denotes the weight of dried particles after n days and
W, is the initial weight of particles. All samples were
triplicated.

The hardness of each sample (depending on the molecular
weight) was measured in the form of a film, which was pre-
pared as follows: (1) chitosan aqueous solution was acetylated
with acetic anhydride according to the same procedure for pre-
paring chito-beads and (2) reacetylated chitosan solution was
solution-cast and dried at 25 °C for 1 week to prepare the film.
The hardness was evaluated using a nanoindentation tester
(UNHT, Anton Paar) with a Berkovich tip. The maximum
indentation load was 50 mN with a loading rate of 100 mN
min~". Each sample was tested at three points, and the mean
and standard deviations were calculated.

Conductometric titration of chito-beads

The degree of acetylation of particles was determined by con-
ductometric titration. This analysis was performed with a pH
meter (Orion Star A211, Thermo Scientific) and a conduct-
ometer (912 Conductometer, Metrohm). Reacetylated chitosan
particles (50 mg) were submerged in 0.01 M HCI solution
(15 mL) and stirred for 1 day to protonate the remaining amine
groups of chitosan. After protonation of reacetylated chitosan
particles, 0.025 M NaOH solution was added dropwise at a rate
of 0.05 mL min™' using a syringe pump (Legato 200, KD
Scientific) until the pH of the solution reached 11.0. The degree
of acetylation (%) was calculated using eqn (3) as follows:

Vy — 161
Degree of acetylation(%) = <1 _ [base)( Zm )16 ) x 100

3)

where [base] refers to the concentration of the NaOH solu-
tion (in mol L™"); V; and V, are the volumes of NaOH (mL)
used in the titration (ie., the volumes of NaOH required to
neutralize the ammonium groups of chitosan); 161 is the
molar mass of the chitosan monomer; and m is the dry mass
of the sample (mg).

Extraction of microbeads from a commercial skin exfoliator

As a control, PE microbeads were extracted from a commercial
skin exfoliator from L’Oréal Paris Body Sublime (bought in
2014). The gel scrub (10 mL) was submerged in ethanol and
stirred vigorously for 24 h to dissolve other materials. The solu-
tion was filtered through filter paper (Advantec No. 2, Japan,
pore size = 5 pm) and rinsed thoroughly with ethanol and dis-
tilled water. The obtained white PE particles were dried over-
night at 50 °C under vacuum, and FTIR was used to confirm
their characteristics.

Chito-bead cleansing efficiency

Cleansing efficiency tests were carried out on the inner arm,
back of the hand, and porcine skin. Commercially available
waterproof eyeliners and sunblock were used to simulate real-
life use. First, after applying waterproof eyeliner on the skin,
PE microbeads (50 mg) and chito-beads (50 mg) were added to
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liquid soap (Joong Il Oil Chemical Co., Korea) and rubbed con-
stantly by hand. In addition, solid soap (Joong Il Oil Chemical
Co., Korea) size of 1 cm?® was prepared with and without chito-
beads (50 mg).

For the sunscreen removal test, sunscreen was applied on
porcine skin (1 x 4 cm?) and 365 nm UV light was used to confirm
whether the skin was fully covered. Then, as a control, porcine
skin was washed under flowing water for 30 s; as an experiment,
soap and soap with added chito-beads (50 mg) were subsequently
rubbed for 30 s. Finally, the porcine skin was gently washed with
water and patted lightly. The sunscreen removed from porcine
skin was monitored under a 365 nm UV light. Then, the images
were analyzed using Image] software to quantify the area that was
cleaned. The images were processed as 8-bit images with fixed
thresholds of 43-255. The area (%) was calculated by dividing the
processed area by the original porcine skin area.

Potentially toxic element absorption properties of chito-beads

Potentially toxic element (PTE) absorption was assessed using
1000 ppm stock solutions of copper ions. Copper(u) nitrate
was dissolved in distilled water to prepare stock solutions (1
Cu*-mg L' = 1000 ppm). Dried CB-H-1 particles (50 mg) were
added to the 1000 ppm solution, followed by stirring at room
temperature for 24 h to allow complete absorption of PTE. The
remaining solution was filtered with a 0.45 um polyvinylidene
difluoride syringe filter, and PTE concentration was measured
using an ICP-OES (iCAP 6000, Thermo Scientific). The PTE
absorption capacity (A) was calculated using eqn (4) as follows:

PTE(copper)absorption capacity(4)

= (Cy — Ce) % (mgg™) (4)

where m (g) is the dry weight of chito-bead particles; V (L) is
the volume of the copper ion solution; and C, and C. (mg L™)
are the initial and equilibrium copper ion concentrations,
respectively.

Enzymatic degradation of chito-beads

Enzymatic degradation of chito-beads was investigated using
chitinase from Streptomyces griseus. Chito-beads (10 mg) were
soaked in phosphate-buffered saline (PBS) solution (3 mL, pH
7.4). Then, 2 units of chitinase were added into a shaking incu-
bator and incubated for 24 h at 37 °C. Subsequently, the incu-
bated beads were filtered through a 0.45 pm polytetrafluoro-
ethylene (PTFE) membrane and washed thoroughly with dis-
tilled water. The washed beads were dried in a vacuum oven at
60 °C overnight and were then weighed.

Degradation study

The biodegradation properties of chito-beads were measured
by respirometry methods using the modified ISO
14851 method by calculating the biochemical oxygen demand
(BOD) from the measured pressure change by the amount of
oxygen consumed in the closed bottle. The pressure change
was determined using OxiTop® (WTW, Germany), and the bio-
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degrading medium was prepared as follows: a minimal
medium was prepared by mixing M9 solution (10 mL, contain-
ing KH,PO,, NaCl, Na,HPO,, and NH,CI), 0.09 M
MgS0,4-7H,0, 0.25 M CaCl,-2H,0, 0.9 mM FeCl;-6H,0 (1 mL
each), and distilled water (1 L). Solid activated sludge from an
aeration tank (0.5 g) was introduced into distilled water
(500 mL), homogenized for 2 min, and left for 30 min to allow
the solids to precipitate. Subsequently, 8.2 mL of the super-
natant of the sludge solution was collected and mixed with
155.8 mL of the minimal medium in each closed respirometer.
Chito-beads (50 mg) and PE microbeads (50 mg) were tested
for 15 days at 20 °C. All tests were performed in duplicate.

Theoretical oxygen demand (ThOD) of material
CcHLOCLN,SsPpNay,,, the molecular weight of whose repeat-
ing unit is M, was calculated using eqn (5) as follows:

16[2¢ + 0.5(h — ¢l — 3n) + 3s + 2.5p + 0.5na — o]
M, '

ThOD =

(5)

Biodegradation (%) was calculated from the measured BOD
compared with ThOD using eqn (6) as follows:

Biodegradability (%) = BOD/ThOD x 100. (6)

The degradation in the seawater study was conducted in an
aquarium (95 x 70 x 55 em®) which houses live fish (G. punc-
tata) and is maintained at 20 (+2) °C. The samples were placed
inside 85-denier nylon tights through which particles cannot
penetrate. PE microbeads were used as a negative control.
After 1 month, the tights were removed and the particles
remaining in the tights were filtered through 0.45 pm PTFE
membranes and dried in a vacuum oven at 50 °C before the
dried particle mass was measured.

Phytotoxicity study

Phytotoxicity of the microbeads was tested using non-treated
L. sativa seeds with a germination rate >85%. The seeds were
washed with distilled water prior to testing. The sample solu-
tions from the oxygen respirometric test were used for testing
phytotoxicity after filtration. The filtrate (as a sample) and the
minimal medium (as a control; 5 mL) were placed in a Petri
dish with clean filter paper (Whatman, No. 2) Thereafter, 30
seeds were placed on the filter paper, covered with a lid, and
incubated for 5 days at 25 °C and a relative humidity of 85%.
The root lengths of germinated shoots were measured. For cal-
culation of the germination rate, the shoots with roots longer
than 2 cm were counted. The germination rate and GI were cal-
culated using eqn (7) and (8) as follows:

(Number of germinated seeds)

X 100
(Total number of seeds)

7)

Germination index (%) = (Gs/G¢) x (Ls/Lc) X 100  (8)

Germination rate(%) =

where G and G, indicate the number of germinated seeds in the
sample and in the control, respectively and Ls and L. denote the

This journal is © The Royal Society of Chemistry 2021
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mean root lengths of the sample and the control, respectively. In
addition, the mean and standard deviation of root lengths were
calculated and the significance of each sample was verified
through #-tests. The experiments were repeated six times.

In order to evaluate the phytotoxicity of the solid microbead
substance on germination and early growth of terrestrial
plants, the test was conducted referring to the OECD 208. The
plants used in the test were oat (Avena sativa L.) and oilseed
rape (Brassica napus L.), and the seeds were supplied by a
private company (Chungnong, Korea). Base soil was passed
through a 500 pm sieve and mixed with chito-beads to concen-
trations of 0 mg kg', 100 mg kg ', and 1000 mg kg™ '. The
detailed characterization of the soil batch is described in
Table S5.1 Control and mixed soils were placed in disposable
plastic pots without any treatment and the seeds were planted
1-2.5 cm below the surface. Plants were cultured under a 16/8
light/dark photoperiod (30-36 K lux) at 20 °C with 75% relative
humidity and the experiment was terminated 14 days after ger-
mination of 50% of the control. Plant lengths were measured
directly after reaping the plants and the dry masses were
measured after drying the plants in the oven at 70 °C for 3 days.
The seedling vigor index was calculated using eqn (9) as follows:

Seedling vigor index I = Germination rate(%)
x mean seedling length(cm).

In addition, the seedling vigor index was also calculated in
terms of dry weight using eqn (10) as follows:

Seedling vigor index II = Germination rate(%)
. . (10)
x mean seedling dry weight(g).
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