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ive polysulfobetaine beads
crosslinked with biodegradable alginates for
controlled release of agricultural pesticide
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The rise in global food demand and the loss in crop production by pests highlight the need for efficient

pesticide delivery systems. Stimuli-responsive degradation with thermoresponsive polymers is

a promising platform that offers the controlled release of pesticides. Here, we report the development of

millimeter-sized thermoresponsive beads (m-beads) composed of a zwitterionic polysulfobetaine

exhibiting upper critical solution temperature (UCST) behavior, crosslinked with biodegradable alginate

via supramolecular ionic interactions with calcium ions in water. The fabricated m-beads are capable of

encapsulating fluorescein and glufosinate ammonium pesticide with encapsulation efficiency greater

than 99%. Promisingly, they exhibit enhanced release with an increasing amount of alginate in m-beads

as well as at a temperature above the UCST. This work highlights the potential of UCST-type

polysulfobetaine-based m-beads as a smart delivery platform, offering environmentally-triggered release

of pesticides.
Introduction

Global population growth continues to intensify the demand for
enhanced agricultural productivity. This challenge is further
compounded by climate change, shiing consumption
patterns, the reduction of arable land, and persistent pest
infestations, all of which contribute to substantial yield losses
in major crops.1–3 Pesticides remain essential tools for safe-
guarding crop yields; however, conventional application
methods, such as foliar spraying, suffer from signicant inef-
ciencies. Losses through degradation, photolysis, evaporation,
and surface runoff not only reduce eld efficacy but also
contribute to environmental contamination, non-target toxicity,
and the emergence of pest resistance.4–6 Although organic
agriculture offers environmental benets, complete depen-
dence on such practices would likely lead to reduced produc-
tivity and increased food insecurity. Consequently, improving
the efficiency and sustainability of pesticide use remains a crit-
ical goal.7 Wijerathna et al. demonstrated that thiamethoxam
seed treatment provided extended protection of faba bean
yields against the pea leaf weevil compared with foliar appli-
cation of lambda-cyhalothrin,8–10 highlighting the importance
of pesticide residual life in effective pest management
Concordia University, Montreal, Quebec,

dia.ca

Research Council of Canada, 6100

P 2R2, Canada. E-mail: usha.hemraz@

the Royal Society of Chemistry
strategies, with a longer residual life being more lethal to pest
over an extended period.8–13

Controlled-release pesticide systems offer a viable strategy to
overcome the limitations of conventional formulations by
enabling sustained, targeted delivery with greater precision,
increasing the residual half-life of the pesticide to tackle the pest,
thereby reducing overall chemical usage. In addition to
promoting sustainability, such systems can improve efficacy,
minimize ecological impact, lower application frequency and
labor costs.7–10 Among the various strategies developed to
enhance the efficiency and sustainability of pesticide application,
the encapsulation of pesticides within polymeric microparticles
has emerged as a particularly favorable option. Most existing
microparticle formulations depend primarily on passive diffu-
sionmechanisms to release their contents, preventing the system
from adapting to changing environmental conditions—such as
uctuations in temperature, humidity, or the presence of
pests.11–16 As a result, there is a shortage in pesticide delivery and
timing required to maximize efficacy and minimize environ-
mental impact. To overcome the limitation of primary passive
diffusion mechanism, the development of stimuli-responsive
degradable nano-sized or micro-sized polymeric formulation
has been explored as an alternative approach.17–28

Thermoresponsive materials offer a promising solution to
address these limitations. Smart polymers can undergo physical
or chemical changes in response to seasonal temperature
changes, such as the onset of warmer spring or summer
conditions, as well as daily temperature changes such as the
onset of daytime conditions when pest populations typically
RSC Adv., 2026, 16, 4045–4052 | 4045
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increase. Such temperature changes could allow them to release
their encapsulated pesticides selectively when environmental
temperatures reach predened thresholds.29–31 The design of
thermoresponsive polymers exhibit lower critical solution
temperature (LCST) that undergo the change in their solution
properties upon heating have been explored for the develop-
ment of thermoresponsive controlled pesticide formula-
tions.32,33 In contrast, thermoresponsive polymers with upper
critical solution temperature (UCST) undergo their phase tran-
sition from aggregate state to unimers being soluble in aqueous
solution upon heating. Most promising UCST polymers include
zwitterionic polymers, which are charge-neutral with both
anionic and cationic groups along polymer backbone or side
chains of typically phosphorylcholine, carboxybetaine, and
sulfobetaine.34–37 Despite these features of UCST thermores-
ponsive polymers, to our best knowledge, only few reports have
described the fabrication of microbeads based on UCST poly-
mers for encapsulation and controlled release of agrichemicals.
For example, Qiu et al. reported the UCST behavior of enzymatic
hydrolysis of lignin in water/ethanol mixture. The fabricated
avermectin-loaded microspheres with an average diameter of
800 nm exhibit the enhanced release of avermectin at 50 °C
(90%), compared with 25 °C (20%) over 24 h.38

In this work, we developed thermoresponsive millimeter-sized
beads (m-beads) based on UCST polysulfobetaine crosslinked with
biodegradable alginate (ALG) and investigated their capacity for
pesticide encapsulation and controlled release in response to
temperature variation. Poly(3-((2-(methacryloyloxy)-ethyl)
dimethylammonio)propane-1-sulfonate) (PDMAPS), exhibiting
UCST transition at 12 °C, was synthesized by free radical poly-
merization (FRP). We investigated the fabrication of thermores-
ponsive beads of UCST PDMAPS, aided with various amounts of
biodegradable ALG, by physical crosslinking through supramo-
lecular ionic interactions with calcium ions, as well as their
encapsulation of uorescein, a model pesticide and glufosinate
ammonium (GFA), a commonly used pesticide. The beads
composed of PDMAPS and ALG exhibit the enhanced release of
encapsulated chemicals with an increasing amount of ALG, and
promisingly at temperatures above the UCST of PDMAPS. These
ndings highlight the potential of UCST-based polymer-alginate
systems as environmentally adaptive carriers for temperature-
responsive pesticide delivery in sustainable agriculture.
Experimental
Materials

3-((2-(Methacryloyloxy)-ethyl)dimethylammonio)propane-1-
sulfonate (DMAPS, 95%), ammonium persulfate (APS, 98%),
sodium alginate (ALG), calcium chloride dihydrate (CaCl2-
$2H2O, 99%), uorescein, and glufosinate ammonium (GFA)
were purchased from Sigma-Aldrich and used without further
purication.
Instrumentation
1H NMR spectra were recorded using a 300 MHz Bruker spec-
trometer and a 500 MHz Varian spectrometer. The D2O singlet
4046 | RSC Adv., 2026, 16, 4045–4052
at 4.79 ppm was selected as the reference standard. UV/vis
spectroscopy was conducted with an Agilent Cary 3500 double
beam multicell UV/vis spectrophotometer using a 3 cm wide
quartz cuvette. Differential scanning calorimetry (DSC) analysis
was carried out to determine thermal properties including glass
transition temperature (Tg) of crosslinked lms with a TA
Instruments DSC Q20 Differential Scanning Calorimeter.
Samples were dried for 24 h in vacuum oven to remove residual
solvents. Temperature ranged from −80 to 200 °C with heating
and cooling cycles conducted at a rate of 10 °C min−1 (cycles:
cool to −80 °C, heat up to 200 °C (1st run), cool to −80 °C, heat
up to 200 °C (2nd run), and cool to 25 °C). Tg values were
determined from the 2nd heating run. Thermogravimetric
analysis (TGA) was conducted with a TA Instruments Q50
Analyzer. Dried samples (5–10 mg) were placed in a platinum
pan inside a programmable furnace and then heated from 25 to
800 °C at a heating rate of 20 °C min−1 under nitrogen ow.
Mass loss was then calculated. The hydrodynamic diameter of
aqueous PDMAPS aggregates was measured by dynamic light
scattering (DLS) at a xed scattering angle of 173° at 25 °C with
a Malvern Instruments Nano S ZEN1600 equipped with
a 633 nm He–Ne gas laser. A Keyence digital microscope was
used tomeasure the size andmorphology of them-beads, where
the average diameter of the microbeads was calculated using
ImageJ soware.
Synthesis of PDMAPS by FRP

DMAPS (10 g, 35.8 mmol) and APS (50 mg, 0.21 mmol) were
dissolved in deionized water (25 mL) in a three-neck round
bottom ask equipped with a condenser. The polymerization
was conducted at 85 °C for 2 h. Aer cooling down to room
temperature, the as-synthesized polymers were precipitated
from methanol and dried in vacuum oven for 12 h, yielding
white brous PDMAPS.
UCST behavior of PDMAPS

An aqueous mixture of PDMAPS (10 mg) in water (10 mL) at
1 mg mL−1 was heated in a water bath at around 50 °C, forming
an aqueous translucent mixture. Upon cooling to room
temperature, the resulting mixture was analyzed by UV/vis
spectroscopy to measure percentage transmittance at l =

600 nm upon heating at a rate of 1 °C min−1 to 70 °C.
Fabrication of millimeter-sized beads (m-beads)

An aqueous transparent solution of ALG (200 mg) dissolved in
water (10 mL) was mixed with the various amounts of PDMAPS
of 0, 67, 670, and 2000 mg to form a series of m-beads with
different amounts of ALG as 100%, 75%, 23% and 9%, referred
as m-bead-100ALG, m-bead-75ALG, m-bead-23ALG, and m-
bead-9ALG, respectively. The resulting mixtures were then
heated in a water bath set at 50 °C. The formed aqueous
translucent mixtures were added dropwise into a bath of 0.1 M
aqueous CaCl2 solution (50 mL) without stirring. Aer 10min of
stability period, the beads were collected and dried in air.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Encapsulation of uorescein to fabricate uorescent beads
(FL-beads)

A similar procedure for fabrication of m-beads was adopted,
with the exception of addition of uorescein (40 mg) to aqueous
translucent mixtures, resulting in the formation of a series of
FL-beads.

UV/vis spectroscopy was used to determine the encapsula-
tion efficiency (EE%) and loading content (LC%) of uorescein.
Aer the formation of FL-beads, aliquots of aqueous CaCl2
solution (4 mL) were mixed with ethanol (16 mL). The resulting
mixture solutions were passed through a disk-type PTFE lter
(0.25 mm pore size) and their UV/vis spectra were recorded. The
EE% and LC% were determined by the following equations:

EE% ¼ Weight of fluorescein encapsulated in m-beads

Weight of feeding fluorescein

� 100% (1)

LC% ¼ Weight of fluorescein encapsulated in m-beads

Weight of m-beadsþ encapsulated fluorescein

� 100% (2)

Release of uorescein from FL-beads

Aer the removal of CaCl2 solution from the bath, the fabricated
FL-beads were mixed with fresh water (50 mL) at pH = 7.4.
Aliquots of the aqueous solutions (4 mL) were taken for given
time intervals and mixed with ethanol (16 mL, thus, water/
ethanol = 1/4 v/v). Their UV-vis spectra were recorded for
given time periods. Equal volume of fresh solution (4 mL) was
added to keep the same volume of outer buffer solution.

For quantitative analysis, uorescein (40 mg) was dissolved in
water (50 mL) at pH = 7.4, to mimic aqueous uorescein solution
achieving 100% release. An aliquot (4 mL) was mixed with ethanol
(16 mL) and its UV-vis spectrum was recorded. This was identied
as the maximum quantity of uorescein to be encapsulated and
released. The absorbance value is used as the denominator to
quantify the % release of uorescein at different times.
Fig. 1 Synthesis of PDMAPS by FRP of DMAPS, initiated with APS in wa
Conditions for FRP: DMAPS/water = 0.4/1 (e.g., 40 wt% DMAPS over wa

© 2026 The Author(s). Published by the Royal Society of Chemistry
Encapsulation of GFA to fabricate GFA-beads

A similar procedure for the encapsulation of uorescein was
applied, using GFA (40 mg) and 75% ALG composition. The
EE% and LC% of GFA in the GFA-beads were determined using
UV/vis spectroscopy, as described earlier.

Release of GFA from GFA-beads

The fabricated GFA-beads were mixed with fresh water (50 mL)
at pH = 7.4 and aliquots of the aqueous solutions (4 mL) were
taken for given time intervals and combined with ethanol (16
mL, thus, water/ethanol = 1/4 v/v). Their UV-vis spectra were
recorded for the given time periods. An equal volume of fresh
solution (4 mL) was added to keep the same volume of outer
buffer solution.

For quantitative analysis, a series of aqueous solution of GFA
at various concentrations ranging at 0.2–4 × 10−5 M were
prepared. Their UV/vis spectra were recorded to construct
a correlation curve of absorbance over concentration of GFA.

Results and discussion

The synthesis of PDMAPS was carried out in water via a free
radical polymerization (FRP) for DMAPS monomer, initiated
with APS, a water-soluble sulfate initiator (Fig. 1a). Upon
complete monomer conversion, the puried PDMAPS was
characterized by 1H NMR spectroscopy for structural analysis
(Fig. 1b). Since the formed PDMAPS had limited solubility in
water, our 1H NMR analysis was conduced in D2O with the
presence of NaCl salt, according to literature.39 The character-
istic peaks at 4.54 ppm (b) corresponding to methylene protons
adjacent to ester group, 3.24 ppm (d) corresponding to methyl
protons on the nitrogen, and 1.1–1.5 ppm (a) corresponding to
methyl protons conrm the synthesis of PDMAPS. In a separate
experiment, 1H-NMR analysis was conducted at elevated
temperatures for better resolution (see Fig. S1 for detailed
analysis).

Both TGA and DSC were used to analyze the thermal prop-
erties of PDMAPS. The TGA diagram in Fig. 2a shows an initial
ter (a); 1H-NMR spectrum in D2O containing 0.5 M NaCl at 25 °C (b).
ter); 0.5 wt% of APS over DMAPS.

RSC Adv., 2026, 16, 4045–4052 | 4047
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Fig. 2 TGA (a) and DSC (b) thermograms of PDMAPS; and % transmittance at l= 600 nm over temperature on its aqueous solution at 1 mgmL−1

(c).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 2
/1

7/
20

26
 2

:3
2:

42
 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
weight loss (<10%) at 180–290 °C, which could be attributed to
either volatile species or oligomeric PDMAPS. The majority of
the weight loss occurred between 290 and 430 °C, likely due to
the decomposition of the organic material. There was also 10%
residue weight. The D1/2 dened as the temperature where the
weight remains half was determined to be at 365 °C. The DSC
diagram in Fig. 2b shows a single transition at 119 °C of the
formed PDMAPS, which is in good agreement with the literature
value for a bulk homo PDMAPS.40

UV/vis spectroscopy was examined to characterize the ther-
moresponsive property, particularly UCST of PDMAPS. The %
transmittance at l= 600 nm was recorded in the range of 5–75 °
C on its aqueous solution at 1 mg mL−1. As seen in Fig. 2c,
a clear transition of % transmittance was detected. From the
two linear progressions, the UCST of PDMAPS was determined
Fig. 3 Digital images illustrating the progressive formation of m-bead-9A
(d) and dried state (e) and optical microscopy images in wet (f) and dried

4048 | RSC Adv., 2026, 16, 4045–4052
to be 12 °C, which is in the range of values for PDMAPS
prepared by controlled polymerization techniques reported in
the literature.41–43

Next, we investigated the ability of PDMAPS to form beads.
Our experiments revealed that the addition of aqueous PDMAPS
solution into a gelling bath did not produce structurally stable
beads. As such, we opted to mix PDMAPS with another material
that could produce stable networks. Alginate (ALG) is a nega-
tively charged natural polysaccharide containing b-(1,4)-D-
mannuronic acid and a-(1,4)-L-guluronic acid monomers. It is
biocompatible, environmentally friendly, biodegradable and
economically favorable with unique physical and chemical
properties.44–46 Moreover, ALG can form structurally stable
hydrogels in the presence of multivalent ions, typically calcium
LG over time at 0 (a), 5 (b), and 20min (c) as well as digital images in wet
(g) state of m-bead-9ALG.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ion (Ca2+), through supramolecular interactions of pendant
carboxylic acid groups with Ca2+ ions.47–51

In our experiments, ALG was mixed with different amounts
of PDMAPS and the resulting aqueous mixtures were added
dropwise into a bath of aqueous solution containing Ca2+ ions.
The fabricated m-beads were crosslinked through the supra-
molecular interactions of pendant carboxylic acids in ALG
chains with Ca2+ ions. For m-bead-9ALG, containing 9% ALG as
an example, the digital images shown in Fig. 3a–c illustrate the
progress to form m-beads in aqueous solution over time (up to
20 min). The formed beads appeared to be transparent and
spherical in wet state (Fig. 3d), while translucent and spherical
in dried state (Fig. 3e). To get an insight into the fabrication of
m-beads, the amount of ALG was increased to 23% and 75%,
leading to an increase in not only physical crosslink density, but
also the hydrophilicity of m-beads. All fabricated m-beads were
structurally stable. Gravimetry analysis with their weights in wet
and dried states was used to determine the water retention and
swelling ratio. As presented in Table 1, m-beads with less than
25% ALG (e.g., m-bead-9ALG and 25ALG) had water retention of
0.5–0.6 and swelling ratio of 2.2–2.4, while m-bead-75ALG had
water retention of 0.99 and swelling ratio of 116. These results
Table 1 Solution properties of m-beads of PDMAPS prepared with
various amounts of ALG

Beads

Weight (mg)

Water retentiona SwellingbWet Dried

m-bead-75ALG 23.2 0.2 0.99 116.0
m-bead-25ALG 7.8 3.6 0.54 2.2
m-bead-9ALG 7.8 3.2 0.59 2.4

a Weight ratio of (wet − dried)/wet. b Weight ratio of wet/dried.

Fig. 4 % release of fluorescein of FL-beads prepared with various amoun
and 9% ALG (c and inset).

© 2026 The Author(s). Published by the Royal Society of Chemistry
suggest that m-beads with higher ALG content exhibit greater
water retention and swelling capacity than those with lower ALG
content. This behavior is likely due to the dominant inuence of
hydrophilicity over supramolecular crosslink density in gov-
erning the water retention and swelling properties of the m-
beads. Furthermore, the m-bead-9ALG was analyzed by optical
microscopy and the images in Fig. 3f and g shows winkles and
domains inside m-beads in both wet and dried states, with the
average diameter estimated to be 1.9–2.5 mm for wet m-beads
and 1.0–1.7 mm for dried m-beads.

The PDMAPS synthesized via FRP was not fully soluble in
water but instead formed nanoaggregates with an average
diameter of approximately 300 nm at temperatures below its
UCST. Although PDMAPS has been reported to be miscible with
ALG for the formation of composite hydrogels or inter-
penetrating polymer networks, in this study, aqueous mixtures
comprising ALG chains and PDMAPS nanoaggregates were
solidied and ionically crosslinked in a calcium chloride bath
to yield m-beads. This observation suggests that PDMAPS and
ALG were only partially miscible at the nanoaggregate inter-
faces, resulting in a degree of phase separation within the bead
matrix. Additional morphological characterization will be
required to provide a more comprehensive understanding of
the internal structure and phase behavior of the composite m-
beads.

The fabricated m-beads consisted of both thermoresponsive
UCST PDMAPS and water-soluble ALG at various weight ratios.
The feasibility of these composite beads for encapsulation and
controlled release of agricultural chemicals was subsequently
evaluated. Fluorescein, a water-soluble uorescent dye, was
selected as a model compound for our initial investigation.
Using a similar procedure for fabrication, uorescein was
incorporated in the m-beads to yield a series of red-colored m-
beads (FL-beads) with various amounts of ALG (9, 23, 75 and
ts of ALG at 25 °C (a) and digital images of FL-beads with 100% ALG (b)

RSC Adv., 2026, 16, 4045–4052 | 4049

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08674d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 2
/1

7/
20

26
 2

:3
2:

42
 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
100 wt%). To test the encapsulation efficiency of uorescein in
FL-beads, UV/vis spectra were recorded for aqueous CaCl2
gelling bath aer the fabrication of FL-beads. No signicant
absorption of uorescein was observed in the UV spectra, sug-
gesting z100% encapsulation efficiency for all four FL-beads
(Fig. S2). The loading level was determined to be 17% for m-
bead-100ALG, 13% for m-bead-75ALG, 4% for m-bead-23ALG,
and 2% for m-bead-9ALG, respectively. This result suggests
that loading level decreased with an increasing amount of ALG
in FL-beads.

Next, the controlled release of uorescein from FL-beads was
evaluated using UV/vis spectroscopy at room temperature. The
UV/vis spectra of the surrounding aqueous medium was
measured at the predetermined incubation intervals (Fig. S3).
The absorbance at l = 480 nm, along with the absorbance of
uorescein whose amount is equivalent to that encapsulated in
Fig. 5 Digital image (a) and optical microscopy image (b) of GFA-beads
using UV/vis spectroscopy (c).

4050 | RSC Adv., 2026, 16, 4045–4052
each of FL-beads, were used to determine % release of uo-
rescein. Fig. 4a shows the results. For all FL-beads, the
percentage release rapidly increased within 50 min, followed by
a gradual rise over extended incubation. Notably, the release
percentage increased progressively with the alginate content of
the beads, following the trend 9 wt% < 25 wt% < 75 wt% <
100 wt%. This nding indicates that the release rate of uo-
rescein is positively correlated with the alginate concentration
in the FL-beads, likely due to the higher hydrophilicity and
increased matrix porosity imparted by alginate, which facilitate
greater diffusion of the encapsulated compound into the
surrounding medium. To further elucidate the release mecha-
nism, the distribution and morphology of uorescein within
the FL-beads were examined. As shown in Fig. 4b, the digital
image of the FL-beads composed of 100 wt% ALG in the
hydrated state reveals a uniform distribution of uorescein
in wet state; release profile of GFA from GFA-bead (75% ALG) at 25 °C

© 2026 The Author(s). Published by the Royal Society of Chemistry
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molecules, consistent with a diffusion-controlled release
process. In contrast, the images of the FL-beads containing
9 wt% ALG (Fig. 4c and S4) show apparent segregation of uo-
rescein, likely localized within ALG-rich regions. This hetero-
geneous distribution suggests that the presence of PDMAPS
nanoaggregates, with an average diameter of approximately
300 nm, may act as physical barriers to molecular diffusion,
thereby retarding the release of uorescein from beads with
lower ALG content.

In a separate experiment, the release of uorescein was
conducted at 45 °C to get an insight into the effect of temper-
ature with FL-beads/9% and 75% ALG. Fig. S5 compares their
UV spectra taken aer 4 h. For 9% FL-beads, % release was 27%
at 45 °C, which is higher than 2% at 25 °C. For 75% FL-beads, it
was as high as 45% at 45 °C than the 15% observed at 25 °C.
These results suggest that the % release of uorescein was
enhanced at higher temperatures.

Given the results with the uorescein dye, we studied the
controlled release of GFA, a herbicide that has been proven to be
effective against specic plant diseases and pests, making it
essential asset in agricultural management.52–54 A similar
procedure was used to fabricate GFA-loaded m-beads contain-
ing 75% ALG (GFA-beads). The beads in wet state appeared to be
opaque (see digital image in Fig. 5a). They had a diameter of
2.8–3.6 mm by optical microscope image (Fig. 5b), which is
larger by approximately 1 mm, compared with bare m-beads.
The reason was not clear but could be due to interactions
between polymers and GFA. Our UV/vis spectroscopic experi-
ment on aqueous Ca2+ solution in the bath reveals no signi-
cant absorption of GFA, indicating the efficiency to be ∼100%
(Fig. S6). The loading level of GFA was determined to be 13%.

For the release studies of GFA from GFA-beads, a correlation
curve of absorbance at l = 314 nm over the concentration of
GFA in water was constructed (Fig. S7) and used for determining
% GFA release. Fig. S8 shows the UV/vis spectra of aqueous
medium recorded over the incubation intervals. As seen in
Fig. 5c, GFA was released rapidly to 25% at initial 4 h and
gradually increased to 30% over time up to 15 days, indicating
the delayed release of GFA at 25 °C. One of the primary objec-
tives of this work was to encapsulate the agricultural chemical
to extend its residual life of the pesticide, thereby maintaining
pesticidal efficacy over an extended period. Although the
present data demonstrate controlled release within 15 days, the
design of the m-beads is intended to enable sustained release of
GFA well beyond this timeframe. Longer-term studies are
currently planned to evaluate the extended-release behavior and
persistence of GFA under simulated eld conditions.

Conclusion

We fabricated thermoresponsive m-beads consisting of UCST
polysulfobetaine and biodegradable ALG crosslinked through
supramolecular ionic interactions. PDMAPS synthesized by
solution FRP exhibited UCST transition at 12 °C, conrmed by
UV/vis spectroscopy. The dropwise addition of aqueous mixture
of PDMAPS with ALG into the bath of Ca2+ ion solutions
resulted in the fabrication of structurally-stable m-beads. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
encapsulation efficiency of both uorescein and GFA in m-
beads was as high as >98%. Their release rate increased with
an increasing amount of ALG as well as at temperatures above
UCST of PDMAPS, suggesting that the beads have promising
release prole upon the change in daily temperature. These
ndings highlight the potential of PDMAPS/ALG-based micro-
beads as promising carriers for agricultural chemicals, paving
the way for environmentally friendly, responsive delivery
systems in precision agriculture.
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