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cycloaddition polymerization:
a synthetic approach for structurally functionalized
degradable polymer particles from naturally
derived monomers

Yukiya Kitayama, * Misato Yamashita and Atsushi Harada *

Industrially relevant polymer capsules—structurally functionalized particulate materials that have shown

promise for application in cosmetics, fragrances, and agrochemicals—typically comprise non-degradable

synthetic polymers that cause marine microplastic pollution, which is a global environmental issue. This

paper describes the synthesis of structurally functionalized degradable polymer particles by photolysis

and hydrolysis without any initiators or catalysts via interfacial photocycloaddition polymerization of

natural product-derived photoreactive monomers in aqueous heterogeneous systems. The resultant

polymeric particles stably encapsulate dyes and fragrance molecules and decompose into naturally

occurring raw materials. The reaction wavelengths for interfacial photocycloaddition polymerization (for

capsule synthesis) and retro-photocycloaddition (for photodegradation) can be regulated using

photoreactive monomers with appropriate substituents. Moreover, scaled-up synthesis of the polymer

capsules is possible using high-power light-emitting diode light. This technology is expected to expedite

the design of an innovative synthesis method for resource-recycling polymer capsules that can

contribute toward the realization of a sustainable society.
Introduction

Polymer capsules,1–3 representative structurally functionalized
polymer particles containing various functional molecules, are
used as fragrance materials,4,5 sunscreen agents,6 and agro-
chemicals.7 Additionally, polymer capsules with internal voids
and hollow polymer particles8 are widely used in industrial
applications and cosmetics owing to their unique light-
scattering properties.9–11 Currently, most polymer capsules
used in industry comprise non-degradable petroleum-based
plastics. Owing to their small size, polymer capsules are easily
dispersed in the environment, causing marine microplastic
pollution, an emerging issue requiring resolution worldwide
through the development of innovative technologies.12–14

Besides adsorbing harmful chemicals, microplastics spilled
into the ocean15 enter sh and other marine organisms via
aspiration,16 potentially affecting marine ecosystems and
human health.17,18 To date, various approaches have been
proposed for synthesizing polymer capsules, including tem-
plating methods utilizing layer-by-layer deposition,19,20 seeded
polymerization,21 surface-initiated polymerization22 with
removable inorganic templates, suspension polymerization
duate School of Engineering, Osaka

Naka-ku, Sakai, Osaka 599-8531, Japan.

da@omu.ac.jp

the Royal Society of Chemistry
utilizing the self-assembly of phase-separated polymers,23

interfacial radical polymerization,24–26 interfacial polyaddition,27

and interfacial polycondensation28 with droplet templates.
Recent studies have reported the interfacial photocrosslinking
of polymer particles with photoreactive side chains for the
synthesis of polymer capsules.29,30 Using this approach, hollow
polymer particles with a dense polymer shell can be manufac-
tured directly from spherical polymer particles without
templates in a simple process involving photoirradiation and
washing. These polymer particles can be used to fabricate
capsules for encapsulating a variety of molecules, including
drugs, dyes, polysaccharides, and oligonucleotides.31 Further-
more, multifunctional polymer capsules can be easily prepared
by introducing properties such as pH responsiveness,31 reduc-
tion responsiveness,32 and photo-induced decrosslinking33 into
the photoreactive polymer particles. Nevertheless, the capsules
developed in this study were constructed from vinyl polymers,
which are generally non-biodegradable under natural environ-
mental conditions.

In this study, interfacial photocycloaddition polymerization
of multifunctional photoreactive monomers was proposed as
a novel approach to fabricate degradable hollow and capsule
polymer particles by photolysis and hydrolysis (Scheme 1). In
this polymerization, the elementary reaction is a [2p + 2p]
photodimerization reaction between photoreactive cinnamate
groups without initiators or catalysts. The reaction proceeds in
Chem. Sci., 2026, 17, 2067–2077 | 2067
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Scheme 1 Interfacial photocycloaddition polymerization for synthesizing degradable hollow polymer particles capable of hydrolytic and
photolytic degradation.
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water, which is an environment-friendly medium and does not
inhibit the photodimerization reaction. The hollow polymeric
particles were synthesized from natural products and were
designed to decompose into naturally occurring raw materials
(Scheme 1). This study presents the rst example of a method
for preparing hollow polymer particles based on interfacial
photoreactions of monomer particles, using environmentally
benign water as the solvent, without the need for any initiators
or catalysts. Through the development of this technology, this
study aims to establish an innovative approach to synthesize
degradable polymer capsules that can contribute to the estab-
lishment of a sustainable society.

Results and discussion
Interfacial photocycloaddition polymerization

To develop the interfacial photocycloaddition polymerization,
dicinnamoyl pentanediol (dCP) and tricinnamoyl glycerin (tCG)
were synthesized as a bifunctional and trifunctional photo-
reactive monomer, respectively, from 1,5-pentanediol and
glycerin via a coupling reaction with cinnamoyl chloride,
a derivative of the naturally occurring cinnamic acid found in
various plants. 1,5-Pentanediol is produced from glucose in
Escherichia coli via a lysine-derived articial pathway.34,35 Glyc-
erin combines with fatty acids and is stored in human and
animal bodies. The syntheses of dCP and tCG were conrmed
by 1H and 13C NMR analyses (Fig. S1–S4). The maximum
absorption wavelengths of dCP and tCG (∼280 nm) can be
attributed to the cinnamate groups (Fig. S5 and S6). Moreover,
both monomers were solids at 25 °C; the melting points of dCP
and tCG were determined to be 43 and 74 °C, respectively.

In this study, micrometer-sized solid monomer particles
were prepared by solvent evaporation from chloroform droplets
2068 | Chem. Sci., 2026, 17, 2067–2077
containing dCP and tCG (in a 1 : 1 molar ratio), fabricated by
homogenization in a poly(vinyl alcohol) aqueous solution (total
monomer weight: 2 mg; dispersion volume: 3 mL). The number-
average size (diameter) of the solid monomer particles was∼4.4
mm (with a coefficient of variation (CV) of 20%) (Fig. 1b and c).
Monomer particles could be prepared using ethyl acetate as the
organic solvent instead of chloroform (Fig. S7), where ethyl
acetate is a more safe natural compound found in various fruits
such as pineapples and strawberries.36,37 Furthermore, mono-
mer particles could be prepared by using a high-solid-content
monomer/chloroform droplet dispersion in a poly(vinyl
alcohol) aqueous solution (∼16.7 vol%, which is the ratio of
monomer/chloroform volume to total volume) (Fig. S8). The
solid content of the monomer particles in the aqueous phase
successfully increased to approximately 10 wt%, which is the
ratio of the weight of the monomer to total monomer dispersion
(Fig. S9). Aer preparation of the solid monomer particles,
interfacial photocycloaddition polymerization was conducted
by photoirradiating the photoreactive monomer particles con-
taining dCP and tCG for 16 h with light-emitting diode (LED)
light (l = 265 nm at the maximum absorption wavelength
(LED265); 4 mW cm2; 78.5 mm2) (Fig. 1a). A time-conversion plot
was prepared using the absorbance data of the unreacted cin-
namates (Fig. 1f and g). With increasing photoirradiation time,
the absorbance at l = 280 nm (derived from cinnamates)
decreases, indicating the progress of the [2p + 2p] photocyclo-
addition reaction. However, the conversion value was saturated
at approximately 70%, suggesting that the photocycloaddition
polymerization only proceeded partially. Upon photo-
irradiation, step-growth polymerization based on the [2p + 2p]
photodimerization reaction between cinnamate groups of the
solid monomer particles proceeds preferentially from the
interfacial region. However, some cinnamate groups lack
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of interfacial photocycloaddition polymerization for the synthesis of degradable hollow polymer particles via photolysis and
hydrolysis (a). Optical microscopy images (b and d) and particle size distributions (c and e) of the monomer particles used as starting materials (b
and c) and hollow particles synthesized through interfacial photocycloaddition polymerization (d and e). UV-vis spectra (f) and conversion (%) (g)
derived from non-reacted cinnamates after interfacial photocycloaddition polymerization for various photoirradiation times. CLSM images of
hollow polymer particles copolymerized with fluorescein dCS (h). A scanning electron microscopy image of a synthesized hollow particle (i).
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neighboring cinnamoyl groups; although they absorb light, they
do not undergo the dimerization reaction. Consequently, these
cinnamate groups exert a light-shielding effect. As a result,
polymerization occurs predominantly at the interface, while the
reaction does not sufficiently progress in the core region. This
interfacial selectivity of the photoreaction between cinnamate
groups was previously demonstrated in polymer lm systems.29

To conrm interfacial photocycloaddition polymerization,
the washing process of the photoirradiated particles prepared
with 16 h of photoirradiation was directly observed using
optical microscopy (Fig. 2a). In these experiments, the
© 2026 The Author(s). Published by the Royal Society of Chemistry
photoirradiated particles were washed with good solvent
(dimethyl sulfoxide (DMSO)) to remove unreacted (or non-
crosslinked oligomers) from the photoirradiated particles,
where DMSO is a compound widely present in nature, formed
when dimethyl sulde produced by marine plankton undergoes
photooxidation, and it plays a role in the Earth's sulfur cycle.38,39

For the control experiment, particles without photoirradiation
were immediately dissolved in good solvents (DMSO) (Fig. 2b
and S10, Movie 1). Notably, the photoirradiated particles
comprising dCP and tCG underwent swelling upon DMSO
addition; a shell layer was observed on the particles, even aer
Chem. Sci., 2026, 17, 2067–2077 | 2069
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Fig. 2 Schematic of the real-time observation of the washing process of P(dCP-tCG) particles using optical microscopy (a). A series of optical
microscopy images used for directly observing the washing process of the P(dCP-tCG) particles without (b) and with (c) LED265 photoirradiation.
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undergoing an average volume change of∼213% upon swelling in
DMSO (Fig. 2c and S10, Movie 2). Aer washing with DMSO, the
polymer particles were further washed with PVA aqueous solution
to remove DMSO, resulting in the hollow polymer particles being
observed using optical microscopy (Fig. 1d). The number-average
particle size of the hollow polymer particles was 4.6 mm (CV:
27%) (Fig. 1e). To observe the internal structure by confocal laser
scanning microscopy (CLSM), uorescein-labeled dicinnamoyl
serinol (uorescein dCS) was synthesized (Fig. S11–S14) and
uorescein-labeled hollow polymer particles were fabricated by the
interfacial photocycloaddition polymerization of monomer parti-
cles comprising dCP, tCG, and uorescein dCS. Aer interfacial
photocycloaddition polymerization and subsequent removal of the
non-reacted monomers, signicant uorescence was observed in
the P(dCP-tCG-uorescein dCS) shell, whereas negligible uores-
cence was observed inside the particles (Fig. 1h). The internal
hollow structure and smooth surface of the P(dCP-tCG) particles
were directly observed using scanning electron microscopy (SEM;
Fig. 1i). The number-average shell thickness of the hollow P(dCP-
tCG) particles prepared with 16 h of photoirradiation was evalu-
ated to be approximately 130 nm, based on SEM images of frac-
tured particles, which allowed for direct observation of the shell
cross-section. This value also represents the maximum shell
thickness attainable under the present experimental conditions, as
the conversion of photoreactive groups reached saturation. The gel
2070 | Chem. Sci., 2026, 17, 2067–2077
content evaluated from the number-average shell thickness and
particle size was approximately 16 vol%. Furthermore, to evaluate
the gel content, we compared the weight of the hollow particles
aer washing following photoirradiation with the initial weight of
the monomer mixture. Based on this comparison, the gel content
was estimated to be approximately 15 wt%. These gel contents and
conversion of photoreactive groups suggest that polymerization
proceeded near the interface, where a part of the monomers
formed a crosslinked network to generate a polymer shell.
However, some monomers located farther from the particle
interface may have undergone polymerization without forming
crosslinked structures and were subsequently removed during the
washing process. In contrast to the sufficient photoirradiation
times, when the photoirradiation time was reduced to 8 h, the
polymer shell underwent insufficient polymerization and cross-
linking, which failed to provide adequate mechanical strength and
consequently led to a pronounced reduction in the average particle
size (Fig. S15). These results indicate that interfacial photocyclo-
addition polymerization is an effective approach for synthesizing
hollow polymer particles directly from photoreactive monomers.

To investigate the monomer composition, interfacial photo-
cycloaddition polymerization was carried out with tCG or dCP.
Hollow polymer particles were synthesized by the interfacial
photocycloaddition polymerization of tCG (without dCP), as
indicated by SEM (Fig. S16). In contrast, the polymer particles
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic of the sulforhodamine B encapsulation process in hollow P(dCP-tCG) particles (a). Bright-field (left) and CLSM (right) images of
sulforhodamine B-encapsulated P(dCP-tCG) particles (b). Line profile of the fluorescence intensity of the CLSM image (right) of sulforhodamine
B-encapsulated P(dCP-tCG) particles (c). Schematic of gas chromatography (GC) analysis of the gas phase extracted from closed vials containing
limonene capsules (d). Chromatographs of GC analysis of limonene and limonene-encapsulated polymer capsules stored for zero and one day
with and without stirring (e).
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synthesized with dCP (without tCG) dissolved in DMSO (Fig. S17).
These results indicate that a trifunctional monomer is required
for the synthesis of the target hollow polymer particles. From the
viewpoint of degradability, it is desirable to have a low cross-
linking density; thus, the copolymer of dCP and tCG is mainly
used in the following study. To investigate the effect of the LED
wavelength on the proposed synthesis, interfacial photocyclo-
addition polymerization of dCP and tCG was conducted at LED
wavelengths of 310 nm (LED310) and 365 nm (LED365), in addition
to LED265. Interfacial photocycloaddition polymerization with
© 2026 The Author(s). Published by the Royal Society of Chemistry
LED310 led to the formation of hollow P(dCP-tCG) particles in
which the crosslinked polymer shell remained intact in DMSO,
a good solvent (Fig. S18). In contrast, the particles synthesized
using LED365 dissolved completely in DMSO (Fig. S19). Thus,
interfacial photocycloaddition polymerization proceeds at wave-
lengths that are absorbed by photoreactive monomers.
Dye and fragrance polymer capsules

The photocycloaddition reaction occurs with a 100% atom
economy and does not involve any leaving groups. Thus, the
Chem. Sci., 2026, 17, 2067–2077 | 2071
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polymer shells of the hollow particles fabricated by interfacial
photocycloaddition polymerization were assumed to comprise
a dense structure without pores that would allow various mole-
cules to leak out. First, the encapsulation stability of the hollow
polymer particles was investigated using a uorescent dye model
compound. The hollow polymer particles were incubated in DMSO
to dissolve the uorescent dye (sulforhodamine B). In DMSO, the
crosslinked polymer shell swelled and the uorescent dye diffused
into the interior of the polymer particles. Subsequently,
uorescent-dye-incorporated polymer capsules were obtained by
polymer shell shrinkage via solvent exchange with an aqueous
poly(vinyl alcohol) solution (Fig. 3a). In the CLSM image of the
sulforhodamine B-encapsulated P(dCP-tCG) particles, uores-
cence derived from the dye was observed inside the P(dCP-tCG)
particles, with negligible uorescence in the polymer shell, con-
rming the encapsulation of sulforhodamine B (an anionic
molecule) (Fig. 3b and c). Subsequently, for the encapsulation
stability analysis, the dye-encapsulated P(dCP-tCG) capsules were
incubated in pure water; negligible dye leakage was observed in the
supernatant aer 10 days (Fig. S20). Furthermore, uorescence
derived from sulforhodamine B was clearly observed in the P(dCP-
tCG) capsules even aer three months in PVA aqueous solution
(Fig. S21 and S22). These results conrmed the high encapsulation
stability of the P(dCP-tCG) particles with low-molecular-weight
dyes. In an additional experiment conducted during the course of
this study, uorescence was still detectable inside the capsules
even aer 13 months, further demonstrating the long-term
stability of the capsule shell (Fig. S23).

As a practical application of their highly stable encapsulation
ability, the hollow P(dCP-tCG) particles were used to prepare
fragrance capsules. Limonene, a typicalmonocyclicmonoterpene
found in citrus fruits, emits a natural fragrance. To investigate
the encapsulation stability of the hollow P(dCP-tCG) particles
toward limonene, limonene-encapsulated P(dCP-tCG) particles
were synthesized by the solvent-exchange procedure shown in
Fig. 3a. Polymer capsules were placed statically in closed vials for
one day with stirring (for physical destruction of capsules) or
without stirring with a stirring bar, followed by gas phase analysis
using gas chromatography. SEM observations aer physical
destruction of the P(dCP-tCG) capsules clearly showed the pres-
ence of fragmented particles (Fig. S24). The chromatogram for
the unstirred polymer capsules does not contain the limonene
peak (Fig. 3d and e), conrming stable limonene encapsulation
by P(dCP-tCG). Notably, a limonene peak was detected aer the
physical destruction of the polymer capsule by stirring (Fig. 3e).
Furthermore, fragrance capsules containing higher limonene
concentrations (∼90 vol%) could be prepared by increasing the
limonene concentration of the solution for the encapsulation
process (Fig. S25). Thus, fragrance capsules were successfully
prepared using hollow P(dCP-tCG) particles synthesized via
interfacial photocycloaddition polymerization.
Degradability of polymer capsules

The [2p + 2p] photodimerization between cinnamate groups is an
elemental reaction in interfacial photocycloaddition polymeriza-
tion, which is reversible.40 The retro-photodimerization reaction
2072 | Chem. Sci., 2026, 17, 2067–2077
requires irradiation with short-wavelength light because the
absorptionwavelength of the cinnamate dimer is shied to shorter
wavelengths compared to that of the cinnamate monomer. Previ-
ously, the reversibility of photodimerization was used for reversible
polymer ligation,41 topological control of polymers,42 reversible
patterning,43 drug delivery,44 and synthesis of hydrogels capable of
sol–gel transitions.45 Thus, the hollow P(dCP-tCG) particles
synthesized in this study are intrinsically photodegradable. In this
study, the photodegradation of crosslinked hollow P(dCP-tCG)
particles was investigated under photoirradiation at 254 nm in
DMSO (Fig. 4a). In this case, irradiation with short-wavelength
light induces retro-photocycloaddition reactions that reduce the
crosslink density of the hollow particle shell, ultimately leading to
degradation into the monomeric form. Here, the molecules
generated by photolysis (depolymerization) from the hollow
particles are dissolved and diluted in DMSO, so that the photolysis
(depolymerization) is considered to proceed predominantly. With
increasing photoirradiation time, the transmittance of the
dispersed particles at 600 nm decreased (Fig. 4c and d), and the
absorbance of the free cinnamate groups at 280 nm gradually
increased, indicating that the retro-photocycloaddition reaction
occurred and the dimerized cinnamate groups were converted into
cinnamate monomers (Fig. 4b). Furthermore, the regenerated
photoreactive monomer was successfully detected aer photolysis
of the P(dCP-tCG) hollow particles by MALDI-TOF-MS (Fig. S26).
These results conrmed the photodegradation of hollow P(dCP-
tCG) particles by short-wavelength light. The P(dCP-tCG) parti-
cles contain an ester linkage in the polymer main chain; thus, the
hydrolytic degradability of the hollow P(dCP-tCG) particles was
investigated (Fig. 4e). The hollow P(dCP-tCG) particles were incu-
bated in an aqueous solution of 10 mM NaOH water/DMSO
mixture, and the transmittance of the particle dispersion was
investigated. The ester linkage was hydrolyzed during the degra-
dation test, and the polymer was degraded into glycerin, cinna-
mate anions, cinnamate anion dimers, and oligomers. Owing to
hydrolysis, the transmittance gradually increased with prolonged
incubation, suggesting that cleavage of the ester bonds within the
crosslinked polymer forming the shell of the hollow particles
resulted in a reduction of the crosslink density and led to frag-
mentation (Fig. 4f and g). Furthermore, 1H-NMR analysis of the
hydrolyzed molecules indicated that the crosslinked polymer
shells synthesized by interfacial photocycloaddition polymeriza-
tion contained ∼18.5% unreacted cinnamate groups (Fig. S27).
Regulation of the reactive wavelength for interfacial
photocycloaddition polymerization

The regulation of the reaction wavelength for interfacial photo-
cycloaddition polymerization was investigated by introducing
substituents on the cinnamate groups. To increase the reaction
wavelength, nitro, methoxy, and dimethylamino groups were
introduced at the para-positions of the cinnamate groups.
Bifunctional photoreactive monomers were synthesized by the
coupling reaction between 1,5-pentanediol and para-substituted
cinnamic acids (i.e., p-nitro cinnamic acid: dNO2CP, p-methoxy
cinnamic acid: dOMeCP, and p-dimethylamino cinnamic acid:
dNMe2CP) (Fig. 5a and S28–S33). Trifunctional photoreactive
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic of the retro-photocycloaddition polymerization of hollow P(dCP-tCG) particles synthesized by interfacial photocycloaddition
polymerization (a). Absorbance of the free cinnamate groups at 280 nm (b) and transmittance of the dispersed hollow polymer particles at
600 nm (c) after photoirradiation at 254 nm for various durations. Dispersion of P(dCP-tCG) hollow particles before and after retro-photo-
cycloaddition polymerization when subjected to photoirradiation at 254 nm for various durations (d). Schematic of the hydrolysis of ester
linkages in hollow P(dCP-tCG) particles synthesized by interfacial photocycloaddition polymerization (e). Transmittance of the dispersion
containing hollow P(dCP-tCG) particles at 600 nm after hydrolysis for different reaction times (f). Dispersion of hollow P(dCP-tCG) particles
before and after hydrolysis for various reaction times (g).
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monomers were also synthesized by coupling glycerin with para-
substituted cinnamic acids (i.e., p-nitro cinnamic acid: tNO2CG,
p-methoxy cinnamic acid: tOMeCG, and p-dimethylamino cin-
namic acid: tNMe2CG) (Fig. 5a and S34–S39). The maximum
absorption wavelengths of dNO2CP, dOMeCP, and dNMe2CP, as
indicated by UV-vis spectroscopy, were 310, 315, and 370 nm,
respectively (Fig. 5b–d). The maximum absorption wavelengths of
tNO2CG, tOMeCG, and tNMe2CG were ∼310, 315, and 370 nm,
© 2026 The Author(s). Published by the Royal Society of Chemistry
respectively (Fig. S40–S42). The monomer particles were synthe-
sized using a homogenizer and bi- and trifunctional monomers
with the same substituents, and interfacial photocycloaddition
polymerization was conducted using LED light of different wave-
lengths. Hollow polymer particles comprising dNO2CP/tNO2CG
and dOMeCP/tOMeCG were synthesized by interfacial photo-
cycloaddition polymerization of the relevant monomer particles
using a long-wavelength LED (l = 365 nm: LED365) (Fig. S43).
Chem. Sci., 2026, 17, 2067–2077 | 2073
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Fig. 5 Chemical structures of dNO2CP, tNO2CG, dOMeCP, tOMeCG, dNMe2CP, and tNMe2CG (a), and UV-vis spectra of dNO2CP (b), dOMeCP
(c), and dNMe2CP (d). SEM images of hollow polymer particles fabricated by interfacial photocycloaddition polymerization of dNO2CP/tNO2CG
(e), dOMeCP/tOMeCG (f), and dNMe2CP/tNMe2CG (g). Dispersion of hollow P(dNMe2CP-tNMe2CG) particles before and after retro-photo-
cycloaddition polymerization for 24 h upon photoirradiation at 310 nm (h).
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Furthermore, hollow P(dNMe2CP-tNMe2CG) particles could be
synthesized using 365-nm, 410-nm, and 465-nm LED light
(LED365, LED410, and LED465, respectively; Fig. S44 and S45). Thus,
the reaction wavelength for interfacial photocycloaddition poly-
merization can be regulated by introducing substituents into the
photoreactive monomers. Notably, the P(dNO2CP-tNO2CG),
2074 | Chem. Sci., 2026, 17, 2067–2077
P(dOMeCP-tOMeCG), and P(dNMe2CP-tNMe2CG) particles can
stably encapsulate sulforhodamine B (Fig. S46–S48).

To investigate the photodegradation of the polymer particles
with longer-wavelength light, hollow P(dNMe2CP-tNMe2CG)
particles were photoirradiated with LED310. With increasing pho-
toirradiation time, the transmittance from the dispersion con-
taining hollow polymer particles gradually increased (Fig. 5h).
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Photograph of the scale-up synthesis of hollow P(dCP-tCG) particles by interfacial photocycloaddition polymerization (a). Optical
microscopy images (b, c) and particle size distributions (d and e) of the monomer particles used as starting materials (b, d) and hollow particles
synthesized through interfacial photocycloaddition polymerization (c and e). UV-vis spectra (f) and conversion (%) (g) derived from non-reacted
cinnamates after interfacial photocycloaddition polymerization for various photoirradiation times in the scaled-up synthesis. Bright-field (h),
CLSM (i) images, and line profile of the fluorescence intensity of the CLSM image (j) of sulforhodamine B-encapsulated P(dCP-tCG) particles
synthesized on a large scale.
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Thus, the photodegradation wavelength of the photopolymerized
hollow particles could also be regulated by introducing substitu-
ents into the photoreactive groups in the system.
Interfacial photocycloaddition polymerization with high-
power LED light

Finally, experiments were conducted for the synthesis of hollow
polymer particles by interfacial photocycloaddition polymeriza-
tion with high-power LED light, thereby demonstrating the
potential for a 100-fold increase in scale. For the synthesis, high-
power LED265 light (14 mW cm−2) with a wide irradiation area
(900 mm2) was used (Fig. 6a). In addition, monomer particles
comprising dCP and tCG dispersed in aqueous PVA media with
a 100 times larger scale (total monomer weight: 200 mg; disper-
sion volume: 300 mL) were synthesized using a homogenizer
(Fig. 6b and d). Hollow P(dCP-tCG) particles were obtained aer
16 h of photocycloaddition polymerization and subsequent
washing (Fig. 6c and e–g). Furthermore, the hollow P(dCP-tCG)
particles stably encapsulated sulforhodamine B (Fig. 6h–j). Thus,
the interfacial photocycloaddition polymerization successfully
proceeded with high-power LED light, yielding the hollow P(dCP-
tCG) particles with a 100-fold increase in scale.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Conclusions

In this study, interfacial photocycloaddition polymerization was
developed as a novel approach for fabricating photolysis- and
hydrolysis-induced degradable polymer particles possessing
structural functions, using di- and tri-functionalized photoreactive
monomers derived from natural compounds. The hollow particles
stably encapsulated low-molecular-weight compounds. The poly-
mer capsules showed negligible leakage of encapsulated sulfo-
rhodamine B, even aer several months of storage, and were
efficiently degraded upon exposure to short-wavelength LED light
or hydrolysis under alkaline conditions. In the long term, we
believe that the particulate material will degrade into the natural
molecules constituting the photoresponsive monomers due to the
photolytic and hydrolytic degradability. Experimental evaluation
of the environmental degradability andmonomer recyclability will
be addressed in future work. Furthermore, the photoreactive
wavelength could be regulated using para-substituted photo-
reactive monomers, that is, nitro- and methoxy-substituted
monomers could be polymerized in the range of LED310–LED365

and dimethylamino-substituted monomers could be polymerized
in the range of LED365–LED465. Importantly, the photolysis wave-
length was shied to a longer wavelength (310 nm) when
Chem. Sci., 2026, 17, 2067–2077 | 2075
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dimethylamino-substituted monomers were used for polymer
capsule fabrication. Finally, the scaled-up synthesis of the polymer
capsules via interfacial photocycloaddition polymerization was
possible using a high-power LED lamp. We will demonstrate the
interfacial photocycloaddition polymerization using ow reactors
for effective scale-up synthesis in the near future.
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