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Base-assisted degradable methacrylic polymer microcapsules were synthesized via interfacial radical
polymerizations of oil-in-water emulsions containing 4,4-dimethyl-2-methylene-1,3-dioxolan-5-one
(DMDL) as a monomer to provide degradable units in the obtained microcapsule shell. Many of the
current degradable polymer microcapsules use ester linkages in the polymer backbones for degradation.
The ester linkages incorporated into the polymer backbones can cause the polymers to be less stable,
and the polymer microcapsules may gradually degrade hydrolytically under humidity. The DMDL units
provide carbon-carbon linkages in the polymer backbones. The obtained microcapsules were stable
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under neutral aqueous conditions with various salts and selectively degraded under basic conditions. As a
demonstration, a dye was encapsulated and was gradually released over time under basic aqueous con-
ditions. Possible long-term storage stability under neutral aqueous conditions and selective content
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1. Introduction

Polymeric microcapsules have attracted growing interest"” and
found applications in, e.g., pharmaceutical delivery,*™ fabrica-
tion of self-healing materials,” and fragrance release.®’
Microcapsules are employed to encapsulate contents and
protect them against environmental conditions, where the con-
tents are physically separated from the surroundings by thin
polymer shell layers. Microcapsules are also used for on-
demand release of the contents by specific triggers such as
pH, temperature, and enzymes.

Controlled release is attainable by incorporating degradable
linkages in the polymer backbones in microcapsule shells.'®""
Esters are often used as degradable linkages in the polymer
backbones, which can be hydrolytically cleaved using pH*>™*
and enzymes."*'® Amide and carbonate linkages are also used
for degradable linkages, although they are more difficult to
degrade and often require additives to degrade. Thus, poly-
esters synthesized via polycondensation are typically used for
degradable polymers. On the other hand, radical polymeriz-
ation is usually not very suitable for introducing ester linkages
into polymer backbones. A possible method is to use cyclic
ketene acetal (CKA) monomers, and their radical ring opening
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release under basic conditions may be advantages of the DMDL microcapsules.

polymerisation can afford ester linkages in the polymer back-
bones via ring opening of CKA monomers.'”® The incorpor-
ated ester linkages provide degradability. However, the ester
groups incorporated into the polymer backbones can also
cause the polymers to be less stable, and the polymer shells
may gradually degrade hydrolytically under humidity and bio-
logically via enzymes upon long-term storage.

Herein, we report the use of base-assisted (alkaline-assisted)
degradation for content release. We synthesized degradable
microcapsules using 4,4-dimethyl-2-methylene-1,3-dioxolan-5-
one (DMDL) (Fig. 1) as a monomer that was previously
reported by our group.>””® We conducted interfacial radical
copolymerization of DMDL with other hydrophobic and hydro-
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Fig. 1 Chemical structures of the monomers, initiator, and surfactant
used in this work.
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Scheme 1 Synthesis of microcapsules via interfacial polymerization,
subsequent degradation of microcapsules, and release of encapsulated
contents.

philic methacrylic monomers (Fig. 1) to obtain microcapsules
(Scheme 1). Interfacial polymerization is a useful technique to
prepare microcapsules.**** We prepared an oil-in-water
emulsion. Oil droplets contained hydrophobic monomers and
were dispersed in an aqueous continuous phase that con-
tained a hydrophilic monomer. The polymer shell was formed
at the interface (on the surface of the oil droplets). The DMDL
units provide carbon-carbon linkages (not ester linkages) in
the polymer backbones.”””*® Because of the stable carbon-
carbon linkages, the DMDL units in the polymer shells are
stable under neutral aqueous conditions but can degrade only
under basic conditions (Scheme 1). Thus, the DMDL micro-
capsules may be stored in a stable manner under neutral con-
ditions and can selectively degrade under basic conditions,
which can be an advantage of the DMDL microcapsules. The
DMDL-containing microcapsules may find applications where
content release under basic conditions is desirable, such as
construction of self-healing materials,>*** pharmaceutical
delivery,"** scent release,'® and pH sensing.'’ We studied the
degradation of the obtained microcapsules under basic con-
ditions and demonstrated the release of the encapsulated
content using a fluorescent dye (Rhodamine B) as an example.
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Fig. 1 shows the structures of the monomers, initiator, and
surfactant used in this work.

2. Results and discussion

2.1. Interfacial polymerization

We conducted an interfacial radical polymerisation of MMA
(30 equiv.) (hydrophobic monomer), DMDL (20 equiv.) (hydro-
phobic degradable monomer), AMA (10 equiv.) (hydrophobic
crosslinkable monomer), and MAA (70 equiv.) (hydrophilic
monomer) using chloroform (organic phase) and water
(aqueous phase) as solvents (3/7 weight ratio), 1,1,3,3-tetra-
methylbutyl peroxyneodecanoate (ND70) (1 equiv.) as a hydro-
phobic radical initiator, and sodium dodecyl sulphate (SDS) as
a surfactant. The total amount of the monomers was 30 wt%,
the total amount of the solvents was 70 wt%, and the amount
of the surfactant SDS was 0.1 wt% in the reaction mixture. The
mixture was first mechanically stirred at 400 rpm at room
temperature for 1 h to form an oil-in-water emulsion. The
hydrophobic MMA, DMDL, and AMA monomers and the
hydrophobic ND70 initiator would be mainly partitioned in
the oil droplets, although they are not entirely hydrophobic
and would be soluble in the aqueous phase to certain extents.
The hydrophilic MAA monomer in its non-ionic carboxylic
acid (COOH) form would be partitioned in both the aqueous
phase and oil droplets. Then, the mixture was heated at 45 °C
for 4 h with mechanical stirring at 800 rpm (Table 1, entry 1).
Radicals were generated from the thermal initiator (ND-70) to
initiate the polymerization and yield random copolymers con-
sisting of hydrophobic monomer units and a certain number
of MAA units inside the oil droplets. MAA would be continu-
ously supplied from the aqueous phase to the oil droplets
upon its consumption via the polymerization. The generated
random copolymers were amphiphilic and tended to deposit
at the interface between the oil and aqueous phases (on the
surface of the oil droplets), forming microcapsules. We used
the crosslinkable monomer AMA, which resulted in cross-
linked polymeric shells to stabilize the microcapsules. We pre-
viously reported that the DMDL monomer may gradually

Table 1 Interfacial radical polymerization at 45 °C for 4 h
[MMA]y/[DMDL],/[AMA]y/ Organic Organic solvent/ Average diameter determined ~ Dv50¢ Size distribution
Entry [MAA],/[ND70], (molar ratio)*”  solvent water (weight ratio)  via SEM imaging® (um) (pm) index?
1 30/20/10/70/1 CHCl, 3/7 310 540 0.86
2 30/20/10/70/1 CHCl; 4/6 No formation of capsules NA NA
3 30/20/10/70/1 CHCl; 2/8 160 180 0.79
4 30/20/10/70/1 Chlorobenzene 2/8 260 380 0.84
5 30/20/10/70/1 (with Rhodamine  CHCl; 2/8 110 140 0.70
B)
C1 30/20/10/70/1 (without SDS) CHCl, 3/7 Aggregated capsules NA NA
C2 30/20/0/70/1 CHCl, 3/7 Non-crosslinked capsules NA NA

“Stirring speed of 800 rpm. ”30 wt% of monomers (MMA, DMDL, AMA, and MAA) in total, 70 wt% of solvents (organic solvent and water) in
total, and 0.1 wt% of SDS (no SDS for entry C1) in the entire mixture. ¢ Determined using SEM in the dry state. ¢ Determined using a particle size
analyzer in water. Dv50 is a median particle size by volume (at the 50th percentile), and the size distribution index was determined as follows:
size distribution index = (Dv90 — Dv10)/Dv50, where Dv90 and Dv10 are the particle sizes by volume at the 90th and 10th percentiles, respectively.
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degrade in the presence of acids,”® which could be a possible
side reaction in the present system using MAA. However, in
the present system, as mentioned, while DMDL would be pre-
ferentially partitioned in the oil phase, MAA would be gradu-
ally supplied from the aqueous phase to the oil phase upon its
consumption, which would minimise the contact of the DMDL
monomer with the acid (MAA) and hence minimize the degra-
dation of the DMDL monomer. DMDL is less reactive than
methacrylates (MMA, AMA, and MAA).”” Thus, preferentially,
methacrylate-rich amphiphilic random copolymers would be
generated first, and DMDL-rich amphiphilic random copoly-
mers would subsequently be generated. Then, at a late stage of
polymerization, the pendant allyl group in the AMA unit and
the residual DMDL (as well as the residual MMA, AMA, and
MAA) would react to crosslink the polymeric shells. Because of
the presence of the DMDL units in the crosslinking sites, the
degradation of the DMDL units may effectively de-crosslink
the polymeric shells (as described below). As a crosslinkable
monomer, we chose AMA with a vinyl group and an allyl group
instead of a monomer with two vinyl groups to delay the cross-
linking, since the allyl group is less reactive than the vinyl
group and would tend to remain until a late stage of
polymerization.

The scanning electron microscopy (SEM) image (Fig. 2a)
showed the formation of microcapsules with an average dia-
meter of 310 pm in the dry state, which was calculated by
taking an average of 30 capsules (10 capsules per image and
across 3 images (Fig. S1 in the SI)). The microcapsules (Fig. 2a)
had rough surfaces with indentations. These indentations
might be ascribed to the volume contraction of the micro-
capsules by drying. When the shell was highly crosslinked, the
rigid polymer shell might not be able to retain perfect spheri-
cal shapes but adjust the shell conformation to generate
indentations. The formation of the indentations would
support the successful synthesis of crosslinked microcapsules.
We also determined the microcapsule size using a particle size
analyzer in water (in the swollen state) (Table 1, entry 1). The
median microcapsule size by volume (Dv50) (at the 50th per-
centile) was 540 pm in the swollen state, which is larger than
that (310 pm) in the dry state because of the swelling.

Without the surfactant SDS (Table 1, entry C1), capsules
were generated but aggregated, as observed with SEM (Fig. 2b).
The result indicates that agitation alone is insufficient for the

(a) With SDS (Table 1, entry 1)

(b) Without SDS (Table 1, entry C1)

Fig. 2 SEM images of capsules synthesized (a) with SDS (Table 1, entry
1) and (b) without SDS (Table 1, entry C1).

This journal is © The Royal Society of Chemistry 2026
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synthesis of stable microcapsules and that the surfactant SDS
is required.

With the surfactant SDS but without the crosslinkable AMA
(Table 1, entry C2), we obtained non-crosslinked micro-
capsules. In contrast to the crosslinked microcapsule system
(Table 1, entry 1), the polymer chains (as well as the remaining
monomers) were soluble in solvents, i.e., deuterated dimethyl
sulfoxide (DMSO-d¢) for nuclear magnetic resonance (NMR)
analysis and N,N-dimethylformamide (DMF) for gel per-
meation chromatography (GPC) analysis. Thus, we were able to
determine the monomer conversions using 'H NMR and
characterize the primary (non-crosslinked) polymer structures
using GPC and "H NMR. This non-crosslinked system may be
viewed as a model system to monitor the polymerization
behaviour and obtain information on the primary polymer
structure, although the crosslinked and non-crosslinked
systems may behave somewhat differently. Fig. 3a shows the
plot of the overall monomer conversion vs. polymerization
time. The overall monomer conversion reached 90% for 2 h
and increased to 98% for 3 h and nearly 100% for 4 h. Thus,
we conducted the polymerization for 4 h for all studied cross-
linked systems, assuming virtually complete polymerizations
for 4 h. Fig. 3b shows the plots of the number-average mole-
cular weight (M,) and dispersity (b = M,/M,) of the polymer
vs. polymerization time, where M,, is the weight-average mole-
cular weight. The carboxylic acids in the MAA units in the
polymer were methylated using trimethylsilyldiazomethane to
convert the MAA unit to the MMA unit to facilitate the GPC
analysis (using tetrahydrofuran (THF) eluent). The M, value
was 13500 g mol™" at an early stage of polymerization for
20 min (4% monomer conversion) and gradually decreased to
5700 g mol " at a late stage of polymerization for 4 h (nearly
100% monomer conversion) because of the lower monomer
concentration at a later stage of polymerization. The b value
was 3.43-4.66 during the polymerization. The pH value and
zeta potential of the polymerization mixture were 2.3 and
290 mV at the start of the polymerization and 3.8 and 210 mV
after the polymerization, respectively.
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Fig. 3 Plots of (a) overall monomer conversion vs. polymerization time
and (b) M, and M,,/M,, vs. overall monomer conversion for the non-
crosslinked system using MMA (30 equiv.), DMDL (20 equiv.), MAA (70
equiv.), and ND70 (1 equiv.) (Table 1, entry C2).
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Fig. 4 'H NMR spectrum (DMSO-de) of the purified non-crosslinked
polymer synthesized using MMA (30 equiv.), DMDL (20 equiv.), MAA (70
equiv.), and ND70 (1 equiv.) after 4 h of polymerization (Table 1, entry
C2).

Fig. 4 shows the "H NMR spectrum of the polymer after 4 h
of polymerization and purification (M,, = 6800 and P = 4.30).
For the purification, the polymerization mixture was acidified,
dichloromethane was added, the organic phase was extracted,
and the polymer was purified via reprecipitation in diethyl
ether (non-solvent). The a-methyl (CH;-C) protons of the MMA
(proton b) and MAA (proton e) units appeared at
0.63-1.08 ppm, the side chain methyl (CH;-O) protons of the
MMA units (proton c) appeared at 3.31-3.76 ppm, and the side
chain methyl (CH;-C) protons of the DMDL units (proton g)
appeared at 1.31-1.58 ppm. From the peak area ratios, we esti-
mated the molar fractions of MMA, DMDL, and MAA in the
polymer to be 27%, 14%, and 59%, respectively, which are con-
sistent with those of the initial monomer molar (30/20/70)
ratio (25%, 17%, and 58%, respectively).

2.2. Effects of the chloroform/water ratio and organic
solvents

We varied the chloroform/water solvent weight ratio from 3/7
(Table 1, entry 1) to 4/6 and 2/8 (Table 1, entries 2 and 3).
Stable capsules were not formed at the 4/6 ratio with more
chloroform (Table 1, entry 2). The chloroform (oil) droplets
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were fused and were not sufficiently stabilized by the utilized
amount of surfactant SDS (0.1 wt%). Compared with the
capsule (540 pm in the swollen state) at the 3/7 ratio, a smaller
capsule (180 pm) was formed at the 2/8 ratio with less chloro-
form (Table 1, entry 3), because smaller oil droplets can be
stabilized with the same amount of the surfactant.

Fig. 5a shows the SEM image of the capsules prepared at
the 2/8 (chloroform/water) ratio (Table 1, entry 3), suggesting
the formation of capsules. Fig. 5b shows the transmission elec-
tron microscopy (TEM) image of the capsules after mechanical
rupture. Cavities were clearly observed, meaning that the
obtained particles were true capsules (not fully occupied
particles).

Instead of chloroform, we studied chlorobenzene as
another organic solvent at the 2/8 (organic solvent/water)
weight ratio (Table 1, entry 4, and Fig. 5c). The capsule size
using chlorobenzene was 380 pm in the swollen state, which is
larger than that (180 pm) using chloroform (Table 1, entry 3),
because chlorobenzene (logP = 2.84) is more hydrophobic
than chloroform (log P = 1.97) and the chlorobenzene droplets
are more easily fused in water. Here, log P is a logarithm of a
partition coefficient (P) of the molecule between 1-octanol and
water phases (P = [moles of the molecule in 1-octanol]/[moles
of the molecule in water]) and a larger log P value indicates
greater hydrophobicity. The log P values in this work were esti-
mated using the ChemDraw software.

2.3. Encapsulation and release of external content synthesis
of biomass-based comb-shaped polyesters and their thermal
properties

We encapsulated fluorescent dye (Rhodamine B) molecules in
microcapsules and studied the degradation of the capsules
and release of the content (Rhodamine B) molecules. We pre-
pared the microcapsules under the mentioned conditions
(Table 1, entry 3) using chloroform as an organic solvent at the
2/8 (chloroform/water) weight ratio, where Rhodamine B
(0.25 wt% of the entire mixture) was added in the chloroform
organic phase. Rhodamine B is a fluorescent molecule and
was used as a visual indicator to show its encapsulation and
release using a confocal microscope, as described below. We

(b) TEM image of capsules prepared

(a) SEM image of capsules prepared
with chloroform (Table 1, entry 3)

with chloroform after mechanical
rupture (Table 1, entry 3)

(c) SEM image of capsules prepared
with chlorobenzene (Table 1, entry 4)

Fig. 5

(a) SEM image of capsules synthesized using chloroform as an organic solvent (Table 1, entry 3). (b) TEM image of capsules synthesized using

chloroform as an organic solvent after rupture (Table 1, entry 3). (c) SEM image of capsules synthesized using chlorobenzene as an organic solvent

(Table 1, entry 4).
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Fig. 6 SEM images of the Rhodamine B-encapsulated microcapsule (Table 1, entry 5) after immersing in (a) distilled water, (b) urea solution (10%
urea in 90% water) (pH = 8.4), (c) phosphate buffered saline (pH = 7.4), (d) 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (pH =
7.3), (e) tris-ethylenediaminetetraacetic acid (tris-EDTA) buffer (pH = 7.5), and (f) sodium hydroxide (NaOH) solution (pH = 14) for 24 h.

obtained Rhodamine B-encapsulated microcapsules with
110 pm size in the dry state and 140 pm size in the swollen
state (Table 1, entry 5), which have similar sizes to those
(140 pm and 160 pm, respectively) of the microcapsules
without Rhodamine B (Table 1, entry 3).

We first studied the stability of the obtained Rhodamine
B-encapsulated microcapsule in six aqueous solutions. We dis-
persed 0.05 g of the dry capsule in 2 mL of aqueous solutions
(2.5 wt% of the capsule) and stirred the dispersion at room
temperature for 24 h. The microcapsule was stable in distilled
water (Fig. 6a), urea solution (10% urea in 90% water) (pH =
8.4) (Fig. 6b), phosphate buffered saline (pH = 7.4) (Fig. 6¢), 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic  acid (HEPES)

buffer (pH = 7.3) (Fig. 6d), and tris-ethylenediaminetetraacetic
acid (tris-EDTA) buffer (pH = 7.5) (Fig. 6e). On the other hand,
the microcapsule degraded in a sodium hydroxide (NaOH)
solution (pH = 14) (Fig. 6f). The result highlights that the
DMDL-bearing capsule can selectively degrade under the basic
conditions and can be retained in a stable manner under the
neutral conditions with various salts. The degradation was
also studied under weakly basic conditions at pH = 12 and 10.
The microcapsules slightly degraded at pH = 12 for 24 h
(Fig. S2a and S2b in the SI). The degradation at pH = 12 was
slower than that at pH = 14 but still slightly occurred. At pH =
10, the microcapsules remained stable for the studied 24 h
(Fig. S2c in the SI).

Fig. 7 SEM images of microcapsules at 0, 2, 4, 6, 8, and 24 h of degradation in an aqueous NaOH (pH = 14) solution.

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 Confocal microscopy images of Rhodamine B-loaded microcapsule dispersion (in the swollen state) at 0, 2, 4, 6, 8, and 24 h of degradation

of the microcapsule in an aqueous NaOH (pH = 14) solution.

We studied the microcapsule degradation over time under
basic conditions. We dispersed 0.05 g of the microcapsule in 5 mL
of an aqueous NaOH solution (pH = 14) (1 wt% of the microcap-
sule) and stirred the dispersion at room temperature. Aliquots
(0.5 mL) of the dispersion were taken out at time zero, 2 h, 4 h,
6 h, 8 h, and 24 h of stirring (degradation) and the microcapsule
structures were studied using SEM. The SEM images in Fig. 7
show that the microcapsules gradually degraded over time, and
only degraded fragments were observed after 24 h of degradation.

We also observed the release of Rhodamine B from the
microcapsule over time using a confocal microscope. An aliquot
(0.5 mL) of the degradation dispersion was neutralized using an
aqueous hydrochloric acid (HCI) solution to pH = 6-7, and the
resultant dispersion was observed in the swollen state using a
confocal microscope (Fig. 8). We used an excitation wavelength
of 514 nm and observed the emission of Rhodamine B at a
wavelength of 580 nm. At time zero (before degradation),
Rhodamine B was isolated in each microcapsule (Fig. 8).
Rhodamine B started to diffuse from microcapsules after 2 h of
degradation and further diffused from the microcapsules over
time. After 24 h of degradation, Rhodamine B diffused into the
entire mixture, indicating full release of Rhodamine B from the
microcapsules. The result demonstrated gradual release of
Rhodamine B over 24 h under the basic conditions.

3. Conclusion

DMDL-containing microcapsules with 140-540 pm sizes (in
the swollen state) were successfully synthesized through inter-
facial polymerizations using hydrophobic MMA, DMDL, and
AMA and hydrophilic MAA. The DMDL units provided base-
assisted degradability. The obtained microcapsules were stable

Polym. Chem.

under neutral aqueous conditions with various salts, and they
degraded under basic aqueous conditions. As a demon-
stration, a dye (Rhodamine B) was encapsulated and gradually
released over time under basic aqueous conditions. Thus, the
DMDL microcapsules may be stored under neutral conditions
in a stable manner and can release the contents selectively
under basic conditions in a controlled manner, which can be
an advantage of the DMDL microcapsules.
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