
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
/2

1/
20

26
 8

:4
0:

00
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Sensitive and spe
aSchool of Integrative Engineering, Chung-A

Korea. E-mail: nanomed@cau.ac.kr
bDepartment of Chemical Science and Engine

1-S1-24, O-okayama, Meguro-ku, Tokyo 152
cDivision of RI Application, Korea Institute

01812, Republic of Korea
dRadiological and Medico-Oncological Scien

(UST), Seoul 01812, Republic of Korea
eDepartment of Plastic and Reconstructive

Seoul, 06973, Republic of Korea

† Electronic supplementary informa
10.1039/d1ra08701k

Cite this: RSC Adv., 2022, 12, 7680

Received 29th November 2021
Accepted 19th February 2022

DOI: 10.1039/d1ra08701k

rsc.li/rsc-advances

7680 | RSC Adv., 2022, 12, 7680–76
cific capture of polystyrene and
polypropylene microplastics using engineered
peptide biosensors†

Hyunjeong Woo,a Seung Hyun Kang,e Yejin Kwon,a Yonghyun Choi,a Jiwon Kim,a

Don-Hyung Ha, a Masayoshi Tanaka,b Mina Okochi, b Jin Su Kim,cd

Han Koo Kim*e and Jonghoon Choi *a

Owing to increased environmental pollution, active research regarding microplastics circulating in the

ocean has attracted significant interest in recent times. Microplastics accumulate in the bodies of living

organisms and adversely affect them. In this study, a new method for the rapid detection of

microplastics using peptides was proposed. Among the various types of plastics distributed in the ocean,

polystyrene and polypropylene were selected. The binding affinity of the hydrophobic peptides suitable

for each type of plastic was evaluated. The binding affinities of peptides were confirmed in unoxidized

plastics and plasma-oxidized plastics in deionised or 3.5% saline water. Also, the detection of

microplastics in small animals' intestine extracts were possible with the reported peptide biosensors. We

expect plastic-binding peptides to be used in sensors to increase the detection efficiency of

microplastics and potentially help separate microplastics from seawater.
Introduction

Plastics have diverse applications in various industries because
they are easy to use, easy to synthesise, lightweight, and semi-
permanent. In general, the use of plastics is rapidly increasing
worldwide due to an increased demand.1–4 Although plastic
remains a difficult resource for recycling, the recent COVID-19
outbreak has led to an even greater use of plastics in the form
of disposable packaging for containers and tableware. A large
amount of such plastic material ends up in the garbage and
eventually gets buried in landlls or ows into the sea. As they
circulate in the sea, plastics with low specic gravity fragments
become microplastics. These microplastics follow ocean
currents and affect the environment.5,6

Microplastics are 5 mm or smaller in size.7 Depending on the
process of manufacturing, they can be divided into primary and
secondary microplastics. Primary microplastics are deliberately
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manufactured in small sizes, for example, the plastics present
in toothpaste, abrasives, and cosmetics. In contrast, secondary
microplastics are those that are transformed into microscopic
sizes because of the inuence of physical forces (e.g., rain, wind,
or waves), chemical forces (e.g., ultraviolet radiation from
sunlight, temperature, or corrosion), or biodegradation (e.g.,
microorganisms).8–11 Microplastics oat in rivers and seas and
are ingested along with food by various living organisms.

Various types of plastics are distributed in the sea, and the
type and amount of distributed plastic are detected in propor-
tion to the amount of plastic used worldwide. PP (poly-
propylene), PE (polyethylene), and PS (polystyrene) are the most
used plastics; therefore, they account for the largest propor-
tion.9–14 In the conventional microplastic detection method,
samples are rst collected from oceans, rivers, and land and
then pre-treated to remove organic and inorganic substances.
Subsequently, optical microscopy, Fourier-transform infrared
(FTIR) spectroscopy, Raman spectroscopy, and scanning elec-
tron microscopy (SEM) are used to detect and classify micro-
plastics by size, type, and shape.15–17 For pre-treatment, H2O2 or
Fenton's reagent is generally used. Although microplastics can
be separated based on density differences, using NaCl or NaI,
the effectiveness of such separation procedures is limited and
depends on the type of microplastic.18 However, this pre-
treatment is time-consuming and labour-intensive.19–21 In the
case of microscopic techniques, such as SEM, the accuracy of
distinguishing among the various types of microplastics is poor,
and the process is time consuming. In contrast, in the case of
FTIR or Raman spectroscopy, a large amount of data can be
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of the fragmentation of plastics in seawater.
Peptides that have amino acid sequences that bind to specific plastics
are also shown.
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View Article Online
collected over a short period of time by using the available
libraries for specic chemicals, molecules, and bonds.
However, these methods have technical limitations. For
instance, these libraries contain insufficient data to determine
the specic surface chemical structures of plastics. In addition,
there is a high probability of misrecognition by FTIR or Raman
spectroscopy due to the various types, shapes, and sizes of
microplastics as well as the changes in the environmental
surface conditions. The smaller the size of the microplastic,
the closer it is to the detection limit of the device; this makes
accurate analysis challenging and time-consuming.17,22,23

Dyeing methods have also been developed for the detection of
plastics. Among them, Nile red staining is the most repre-
sentative method.24 Nile red staining produces different
spectra depending on the environment of the sample, and the
dye binds to the polymer surface through van der Waals
interactions. Aer dyeing with Nile red, the wavelength range
in which the actual uorescence is observed varies depending
on the type of the plastic. Although dyeing works well for
hydrophobic materials such as PE and PP, it is difficult to dye
polar plastics, such as PVC and PET, with Nile red.25 Addi-
tionally, since Nile red is poorly soluble in water, an organic
solvent must be used, which lengthens the process because the
pre-treatment and separation of plastics are required. More-
over, coloured plastics containing dyes cannot be stably dyed
because the dye affects the affinity of the plastic to Nile red.26

Furthermore, Nile red is used to stain various biological
materials besides microplastics; thus, it can yield false-
positive results. Antibodies are sometimes used to achieve
high sensitivity and selectivity during the detection of plastics.
However, antibodies are susceptible to environmental factors
such as temperature changes and are thus not suitable for
long-term storage or eld applications.27,28 In addition, the
production process is complicated, which makes the use of
antibodies difficult owing to the high price involved.29

Studies on peptides that bind to PS and PP have been
conducted since the late 1990s. Peptides incur a lower
production cost than antibodies. Moreover, a large-capacity,
high-efficiency screening can be achieved while using phage
display. In addition, the stability, selectivity, and sensitivity of
peptides towards microplastics can easily be controlled by
properly designing the amino acid combination.30–33 Since the
both two plastics selected for this study (PS and PP) have
a hydrophobic chemical structure, we attempted to detect
microplastics through peptides using the ability of peptides
and plastics to form hydrophobic bonds. Peptides that bind to
PS and PP (PSBPs and PPBPs) were selected for their hydro-
phobic properties (Fig. 1). In addition, considering that
microplastics exposed to the environment will exist in an
oxidized state due to exposure to factors such as UV radiation
and ocean waves,6,10 the surface of the microplastics was
intentionally oxidized using O2 plasma.34,35 The peptide affin-
ities of normal and oxidized microplastics were then evalu-
ated. As peptides may be used in the future to detect
microplastics that are distributed in aquatic environments,
such as oceans and rivers, peptide affinities were evaluated in
deionised water and a 3.5% NaCl solution to mimic conditions
© 2022 The Author(s). Published by the Royal Society of Chemistry
similar to those in the sea. Based on the results of this study,
we expect that microplastic PS and PP can be detected more
efficiently and conveniently using peptides than with the
existing technologies.
Experimental
Materials

PS (average Mw: 35 000) and PP (average Mw: �12 000) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Glass
vials (part number: 5182-0546) were purchased from Agilent
Technologies (SC, CA, USA). PS microspheres (part number:
PSMS-1.07, diameter 9.5–11.5 mm) and PE microspheres
(UVPMS-BG-1.00) were purchased from Cospheric (SB, Cal-
ifornia, USA). Hydrochloric acid (Cat. H1758) and Tween-80
(Cat no. 28329) were purchased from Sigma-Aldrich. Methyl
alcohol and NaCl were purchased from Daejung (Siheung-si,
Gyeonggido, Korea). The 96-well cell culture plates were
purchased from SPL Life Sciences (Pocheon-si, Gyeonggi-do,
Korea). The Q500 sonicator was purchased from Q-Sonica
(Newtown, CT, USA). The plastic-binding peptides FITC-Ahx-
HWGMWSY (PSBP), FITC-Ahx-MPAVMSSAQVPR (PPBP), and
FITC-Ahx-LPPWKHKTSGVA (PEBP) were acquired from Any-
gen (Buk-gu, Gwangju, Korea). The feeding needles (Cat no.
JD-S-124) were purchased from JEUNG DO B&P (Nowon-gu,
Seoul, Korea). Water, which was used to combine the
peptides with the plastics, was puried using a Millipore Milli-
Q system (18.2 MU cm resistance).
Preparation of the microplastics

PS and PP were pulverised into small pieces using a blender
(UNIX, UNB-A9100, Seoul, Korea). The pulverised plastics were
separated based on size using a testing sieve (Chunggye sieve;
Gunpo-si, Gyeonggido, Korea) with mesh sizes of 106, 75, 53,
and 38 mm. To verify the accuracy of the separation based on
size, samples were examined through a microscope aer
blending and then analysed by drawing a size distribution
diagram through ImageJ.
RSC Adv., 2022, 12, 7680–7688 | 7681
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Selection of peptides

Since PS and PP are both hydrophobic plastics, hydrophobic
peptides were selected with the intention of plastic bonding of
the peptides through hydrophobic interactions. The hydro-
phobicity of each peptide was calculated using the following
formula:

Hydrophobicity of peptides ð%Þ

¼ number of amino acid with hydrophobic chain

number of total amino acid
� 100
Oxidation of plastics

PP and PS beads were used for surface oxidation. The plastic
surfaces were oxidized in the form of beads. Aer lowering the
base pressure to 5� 10�2 Torr, the samples were treated with O2

gas at 50 sccm for 3 min. Subsequently, plasma oxidation was
performed using 70 W 50 kHz plasma for 3 min. The oxidized
plastic was then pulverised using the method described above
to obtain the oxidized microplastics.
FTIR spectrometry

The FTIR spectra of the oxidized and unoxidized plastic
samples were obtained using an Alpha II spectrometer (Bruker,
Billerica, MA, USA) to conrm their surface chemical properties.
The measurement baseline was set to a blank surface that did
not have a sample placed at the measurement location. The
samples used consisted of native (non-oxidized) PS, native PP,
oxidized PS, and oxidized PP in bead form.
Evaluation of the efficiency of peptides bound to the
microplastics

Since the microplastics chosen for detection were hydrophobic,
a hydrophobic plastic-binding peptide was selected. Among the
PSBPs mentioned in the literature, an appropriate PSBP was
determined using the PSBinder soware.36 For example,
HWGMWSY, an unexpected polystyrene-binding peptide, was
chosen from the random phage display libraries.37 PPBP was
used in the experiment by selecting themost hydrophobic of the
seven sequences in the US patent.38 PSBP and PPBP solutions
with concentrations of 10, 5, 1, and 0.5 mg mL�1 were prepared
by dilution with DI water and a 3.5% NaCl solution. Approxi-
mately 2 mg of microplastics (size (x) > 106 mm) was added to
each glass vial, along with 1 mL of the peptide solution. The vial
was xed in a multi-mixer (SLRM-3; SeouLin Bioscience,
Seongnam, Gyeonggido) and rotated in the F1 mode at 35 rpm
for 3 h to induce binding of the plastic to the peptide. Aer 3 h,
the solution was transferred to an e-tube to measure the
concentrations of unbound free peptides. An additional 0.7 mL
of washing solution (containing methanol : DI water in a 7 : 3
ratio) was used to collect all the microplastics remaining in the
glass vials. The solutions were washed thrice for 5 min each at
13 000g using centrifugation. The concentrations of the free
peptides in the three separated supernatants were determined
using uorescence measurements that were obtained at
7682 | RSC Adv., 2022, 12, 7680–7688
excitation and emission wavelengths of 485 nm and 520 nm,
respectively, using a plate reader (Synergy H1; BioTek,
Winooski, VT, USA). A standard curve was drawn for each
plastic-binding peptide (PBP) solution, and the concentration of
the bound peptide was calculated using linear regression.

To determine the peptide-binding degree of the oxidized and
unoxidized microplastics, PSBP and PPBP solutions with
10 mg mL�1 concentration were subjected to the same experi-
mental procedure as described above.
Animal care and PS feeding

All animal experiments were performed according to the insti-
tutional guidelines of the Korea Institute of Radiology and
Medical Sciences (KIRAMS). All protocols were approved by the
institutional animal care and use committee (IACUC number:
KIRAMS 2020-0015). C57BL/6J mice (Shizuoka Laboratory
Center, Japan) were 5–6 weeks old at the beginning of the
experiments. The animals were weighed, caged, housed, and
maintained for 24 h under a 12 h light/dark cycle.

For PS and PE feeding, PS microspheres (Cospheric, USA)
were reconstituted in Tween-80 (Sigma, USA) to prepare a 10%
weight/volume stock solution. The stock solution was homo-
genised using a sonicator (Q-Sonica, USA). Aer dilution, 100
ppm/100 mL of PS was orally administered to mice daily for
a total of four weeks. A sterile single-use animal-feeding needle
was used.
Organ lysis

Aer feeding with PS for 4 weeks, the mice were euthanised
using CO2. Subsequently, the small intestines of the mice were
extracted. The extracted organs were lysed overnight using
hydrochloric acid (Sigma, USA, 5 mL), at room temperature, in
a glass vial. The lysed tissue was sonicated for 5 min.
Determination of the presence or absence of microplastics in
the lysed tissue

The lysed tissue was neutralised with NaOH and ltered
through a syringe lter with a 0.2 mmpore size. Themicroplastic
particles present in the ltrate were detected from mouse
tissues. These mice were orally administered green
uorescence-labelled PE particles of approximately 20 mm size.
Conrmation of bonding between peptide and PS particles in
tissue lysate

To conrm the binding of the plastic and peptide, mice were fed
non-uorescent PS particles. Aer following the aforemen-
tioned process used for PE particles, the ltered lysate was
freeze-dried to obtain a powder. A binding conrmation
experiment using PSBP was performed with the tissue particles
thus obtained. The lysed powder (100 mg mL�1) and PSBP (10
mg mL�1) were dissolved in 1 mL of DI water and rotated using
a multi-mixer for 3 h. Thereaer, the binding of PSBP to PS
particles was examined using a uorescence microscope.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectra obtained after polystyrene and polypropylene
surface oxidation using plasma. (a) Polystyrene and (b) polypropylene.
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Results and discussion

PS and PP, which are the most commonly distributed types of
plastics found in the ocean, were selected to evaluate the
detection capability of the peptides. To obtain the microplastic
samples, PS and PP plastic beads were crushed and separated by
size using a sieve. Microplastics distributed in nature are
reduced by UV radiation and exist in various sizes. Micro-
plastic samples were prepared for experimentation by
mimicking the size distribution in nature. The crushed
samples were separated into different size ranges based on the
size interval of the sieve eye. The samples in the smallest size
range (53 mm > x > 38 mm or less) were difficult to separate from
the sieve because of static electricity. Therefore, the yield was
very low, and samples of this size range were not used in the
experiments.

Fig. 2 shows the frequency distribution of the sizes measured
for the crushed PS and PP samples. Both the PS and PP particles
exhibited an average size of 100 mm for the samples separated
with the 106 mm > x > 75 mm sieve. The average sizes were
conrmed to be 60 mm and 30 mm for the samples obtained by
separation with the 75 mm > x > 53 mm and 53 mm > x > 38 mm
sieves, respectively. Fine plastics smaller than 38 mm in size
could not be properly separated because of static electricity.
Thus, plastics of various sizes, particularly those with
a minimum size of 10 mm, can be obtained through mixer
grinding.

As plastics that exist in the environment are mostly oxidized
due to exposure to the elements, oxidized microplastics were
synthesised through surface oxidation via O2 plasma and then
pulverised. The differences between the chemical structures of
the oxidized and unoxidized plastic samples were determined
using FTIR spectral results (Fig. 3). In the FTIR spectra of the PS
and PP samples with and without oxidation, excitation peaks
were observed at 1650 cm�1 and 3100–3500 cm�1, respectively.
Based on the available literature, the peak at 1700 cm�1 was
attributed to the carbonyl group (C]O), while the band at 3100–
3500 cm�1 was attributed to the hydroxyl group (C–O). When
the samples were oxidized, the intensities of the peaks
Fig. 2 Size distribution of micro-polystyrene and micro-poly-
propylene obtained after grinding and separation with various sieve
eyes. (a) Polystyrene and (b) polypropylene.

© 2022 The Author(s). Published by the Royal Society of Chemistry
increased.39–42 Moreover, the FTIR band in the 1700–1800 cm�1

range was attributed to the carbonyl group; this band indicated
surface oxidation. However, in the case of oxidized micro-
plastics, this band shied to approximately 1650 cm�1. There-
fore, in our study, the band at 1650 cm�1 was attributed to
oxidation.39,40

In addition, FTIR results of the microplastics obtained from
nature were compared with those of the plasma-oxidized
samples obtained in our study. The FTIR results of the
plasma-oxidized samples were found to be similar to those of
the microplastics obtained in nature.13,43 These data conrmed
the surface oxidation of PS and PP.

Different types of plastic-binding peptides (PSBP, PPBP, and
PEBP) were used depending on the type of plastic, and the
binding strengths between the peptide and microplastic were
evaluated. To determine the binding of the plastic more intui-
tively to the peptide, FITC (uorescein isothiocyanate) was
attached to the end of each peptide. First, to conrm the affinity
of the peptide to the microplastics, the optimal peptide
concentration was determined. Based on previous research, the
highest (10 mg mL�1) and lowest (0.5 mg mL�1) possible
concentrations were determined. Since the ultimate intention
was to use peptides for the detection of microplastics distrib-
uted in the ocean, the binding reaction was performed in a 3.5%
NaCl solution to simulate seawater.44–48

The existing literature was investigated to select a peptide
that binds to the plastic. Regarding PSBP, many studies have
immobilised the antibody on the plate using assay techniques
such as the ELISA method.45,49 Since the PS plate used for ELISA
undergoes a hydrophilic surface treatment, PSBP is usually
selected for optimal binding to hydrophilic PS.50 As hydro-
phobic PS was used in this study, hydrophobic peptides were
selected. Studies on PPBP and PEBP have been conducted to
increase their affinity towards plastic binding by modifying
some of the amino acids of the protein rather than a single
peptide sequence. To select the peptide sequence to be used in
this experiment, a search of patents was also conducted.51,52 In
addition, to ensure the specicity of the peptide to the plastic,
the binding of PPBP and PEBP to PS was veried in advance
through the PSBP prediction soware, and the peptides that did
not bind to PS were not considered. Based on the results, the
nal PSBP, PPBP, and PEBP sequences were selected by
considering the number of papers in which the sequences were
cited and the hydrophobicity of the peptides (Tables 1–3).
RSC Adv., 2022, 12, 7680–7688 | 7683
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Table 1 Polystyrene-binding peptides reported in papers and patents

Sequence Length
Hydrophobicity
(%)

RAFIASRRIKRP53 12 33
RAFIASRRIRRP44 12 33
RIIIRRIRR44 9 44
HWGMWSY37 7 57
KLWWMIRRW54 9 67
LKKLLKLLKKLLKL55 14 57
TLHPAAD33 7 43
KGLRGWREMISL48 12 42
TSTASPTMQSKIR38 13 15
KRNHWQRMHLSA38 12 23
SHATPPQGLGPQ38 12 17
PRAGSYRRAFRA
QLKRANFPTLR56

23 39

Fig. 4 Binding affinity of peptides with various concentrations of
microplastics. Solutions with peptide concentrations of 10 mg mL�1, 5
mg mL�1, 1 mg mL�1, and 0.5 mg mL�1 were prepared and allowed to
react with the target plastic. The optimal peptide concentration in DI
Water and 3.5% NaCl solution was determined to be 10 mg mL�1. (a)
Polystyrene and (b) polypropylene. (c) Photographs of peptides bound
to polypropylene (PPBP, 10 mg mL�1, DI water). Scale bar: 100 mm.
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Fig. 4 shows the binding affinities of the peptides to
microplastics, which were obtained at various peptide
concentrations in DI water and a 3.5% NaCl solution. In
previous studies, peptide concentrations in the range of 1–10
mg mL�1 were considered. Using this as the basis, we con-
ducted experiments at peptide concentrations of 10 mg mL�1,
5 mg mL�1, 1 mg mL�1, and 0.5 mg mL�1.44–48 The binding
efficiency was conrmed by measuring the uorescence of
FITC, which was obtained aer binding to the plastic. FITC
was attached to the end of the peptide. In DI water, approxi-
mately 50% of PS and PP were bound to the peptide at
a concentration of 10 mg mL�1. In contrast, in 3.5% NaCl
solution, at a peptide concentration of 10 mg mL�1, approxi-
mately 20% of PS and 50% of PP were combined. As shown in
Table 2 Polypropylene-binding peptides reported in patents38

Sequence Length
Hydrophobicity
(%)

TSDIKSRSPHHR 12 8.3
HTONMRMYEPWF 21 41.67
LPPGSLA 7 42.86
MPAVMSSAOVPR 12 50
NOSFLPLDFPFR 12 41.67
SILSTMSPHGAT 12 25
SMKYSHSTAPAL 12 41.67

Table 3 Polyethylene-binding peptides reported in patents38

Sequence Length
Hydrophobicity
(%)

HNKSSPLTAALP 12 8.3
LPPWKHKTSGWA 21 41.67
LPWWLRDSYLLP 7 42.86
WPWWKHPPLPWP 12 50
HHKOWHNHPHHA 12 41.67
HIFSSWHOMWHR 12 25
WPAWKTHPILRM 12 41.67

7684 | RSC Adv., 2022, 12, 7680–7688
Fig. 4(a), in the case of PS, uorescence could not be measured
at peptide concentrations of 1 mg mL�1 and 0.5% in both the
DI water and 3.5% NaCl solution because the binding of the
peptide was lower than the detection limit of uorescence.
Furthermore, in the case of PP, there were no signicant
differences in the uorescence values between the DI water
and 3.5% NaCl solution at a peptide concentration of 10 mg
mL�1. However, in the case of PS, the difference in binding
efficiency between the two solutions was approximately 30%,
and it was concluded that the optimal concentration of the
peptide was 10 mg mL�1. Subsequent experiments were per-
formed at these concentrations. Based on the uorescence
microscopic results, the microplastics and peptides were
Fig. 5 Peptide-binding efficiency of the oxidized plastics in DI water
and 3.5% NaCl solution. “Oxidized” refers to the plastic samples with
plasma-oxidized surfaces. (a) Polystyrene and (b) polypropylene.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Confirmation of the binding of peptides to plastics (PS) accu-
mulated in the body of mice. The binding was confirmed by dissolving
the small intestine tissues of C57BL/6J mice fed with or without
microplastics and binding themwith peptides. (a) Small intestine tissue.
Scale bar: 1 mm. (b) Fluorescence confirmation at 365 nm after 0.2 mm
filtration. From left, DI water, negative control (lysed tissue of the small
intestines of the plastic-non-fed mice), lysed tissue from the PE
particle-fed mice, lysed tissue from PS-fed mice and blank (empty
glass vial). (c) Fluorescence measurement of lysed tissue after 0.2 mm
filtration, (d) Fluorescence microscopic image after binding the lysed
tissue with peptide. Scale bar: 50 mm.
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conrmed to be bound at a peptide concentration of 10 mg
mL�1 (Fig. 4(c)).

The binding efficiencies between the plastic and peptides
were evaluated in DI water and 3.5% NaCl solution using
microplastic samples with and without surface oxidation
treatments (Fig. 5, ESI Fig. S1 and S2†). PS and PP exhibited
similar binding efficiencies in DI water and 3.5% NaCl solution,
regardless of oxidation treatment. However, in the case of PS,
the binding efficiency of the peptide was lower in the 3.5% NaCl
solution than in DI water. According to literature, NaCl inter-
feres with the binding of the amine group in the basic amino
acid arginine when it binds to the surface of the PS plate.44

Although the peptides selected in this study were hydrophobic,
the presence of the basic amino acids, arginine and histidine, in
the sequence was expected to lower the binding efficiency in the
presence of NaCl. In addition, the p–p interactions affect the
binding of PS and the peptides. This is because the p–p inter-
actions are affected by the hydrophobic interactions as well as
the Hofmeister series. As the ion concentration increases,
protein solubility decreases. Therefore, the solubility of the
peptides in the NaCl solution decreases, which is expected to
affect the binding of the peptide to the plastic.57–59 Furthermore,
PSBP tends to have a lower overall binding efficiency with the
target microplastics than PPBP, which is believed to be due to
the aforementioned characteristics of PSBP. Furthermore, PSBP
is more hydrophobic than PPBP, which further inhibits its
affinity to the plastic due to peptide aggregation.

To evaluate binding selectivity of the peptides to plastic, the
binding efficiency of PEBP with regard to PP was experimentally
investigated in DI water and 3.5% NaCl solution. In DI water,
approximately 50% of the peptide was combined, whereas in
the 3.5% NaCl solution, approximately 10% of the peptide was
combined at a concentration of 10 mg mL�1 (supporting
Fig. 3(a)). Next, at the optimal peptide concentration of 10 mg
mL�1, we investigated the tendency of PEBP to bind to the
oxidized PP. In DI water, approximately 40% of the PEBP bound
to PP, regardless of surface oxidation, and in 3.5% NaCl solu-
tion, the binding efficiency decreased to approximately 10%
(supporting Fig. 3(b)). This is attributed to the presence of more
basic amino acid groups in PEBP than in PPBP. As a result, there
is a greater impact from NaCl in the case of PEBP.44 The effect of
peptide-binding efficiency on the degree of uorescence of the
peptide located on the plastic surface was also visually studied
through a uorescence microscope (supporting Fig. 2 and 3(c)).
The binding efficiencies of PEBP and PPBP to PP in DI water
were found to be similar, whereas in the 3.5% NaCl solution,
PPBP exhibited a higher extent of binding to PP than PEBP.
Therefore, we propose that PPBP demonstrates better selectivity
towards PP than PEBP in an environment with high interference
to binding.

An experiment was designed to determine whether the
peptides we selected bound well to the microplastics that exist
in natural environments. Microplastics that exist in nature are
either distributed in a state exposed to the environment or
accumulated in the bodies of living organisms via ingestion
with food.16,60 Microplastics ingested in this way go through
a digestive process; their size decreases, and their surface is
© 2022 The Author(s). Published by the Royal Society of Chemistry
oxidized by enzymes and digestive juices in the body.61 To
mimic this, microplastic particles were orally administered. To
conrm the bonding process between the plastic and the
peptide, the small intestines, the organ where the digestion
process takes place, were selected as the test subject (Fig. 6(a)).

The small intestines extracted from mice orally adminis-
tered with PS particles were dissolved in HCl and then neu-
tralised to pH 7 using NaOH. The samples were then ltered
through a syringe lter to remove foreign substances, such as
undissolved tissue and dust. To assess whether microplastic
particles remained in the lysed ltrate aer ltration, tissues
of mice orally administered with uorescence-labelled PE
particles were used. When the samples were irradiated with UV
(365 nm wavelength), uorescence was particularly observed
in samples with PE particles (Fig. 6(b)). In addition, when the
uorescence value for each sample was assessed, the same
result was obtained (Fig. 6(c)). This indicates that ltration did
not affect the microplastic particles. However, auto-
uorescence was also observed in the small intestine tissue of
the negative control group, mice that were not fed with plastic.
Subsequent experiments were carried out aer considering
this observation. As shown in Fig. 6(d), almost no peptide was
bound to the particles present in the negative control group. In
the PS particle test group, the peptide bound to the PS
microplastic particles showed green uorescence. The parti-
cles were smaller than approximately 20 mm; hence, the PS
particles administered as food became slightly smaller during
digestion. This indicates that PSBP binds to the PS particle
surface even during the digestion and oxidation processes.
Based on these observations, we conrmed that PSBP, which
was selected in this study, could also bind to PS particles that
exist in nature.
RSC Adv., 2022, 12, 7680–7688 | 7685
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Conclusions

Based on the results of this study, we conrmed that the
selected peptides, PSBP and PPBP, could bind to unoxidized
and oxidizedmicroplastics. As both PS and PP combine with the
peptides in DI water and 3.5% NaCl solution regardless of
surface oxidation, this method can be advantageous for
detecting both unoxidized and oxidized microplastics in the
ocean. Based on this method, it is possible to determine the
extent of changes in the environmental pollution levels.
However, in this study, during the process of obtaining oxidized
microplastics, the plastic bead surfaces were oxidized and then
pulverised. As a result, not all microplastic surfaces were
oxidized to the same extent. In addition, since the selectivity of
only one of the peptides has been validated in this study, more
peptide affinity and selectivity studies must be conducted in the
future. Furthermore, the microplastic samples used in this
study were limited to one size range. In future studies, we plan
to investigate the effect of microplastic size on the peptide-
binding affinity. In addition, other plastic-binding peptides
will be evaluated, and their plastic-binding efficiencies will be
analysed.
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