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Abstract

Petroleum-based plastics are lightweight and durable and exhibit excellent formability. However, the increase in global plastics
production, coupled with the economic development of emerging countries, and the resulting marine pollution caused by plastic
waste have become serious problems in recent years. Polysaccharides, such as starch and cellulose, are the most abundant
biopolymers in nature and are particularly promising plastic alternatives owing to their renewability, sustainability, and
biodegradability. However, owing to their lack of water resistance and adequate mechanical properties, large-scale application
of polysaccharide films in single-use plastics is limited because water resistance is preferred in many daily scenarios. Further
research is required to optimize bioplastics to make them economically and practically feasible. In this report, we focus on
stimuli-responsive materials that form or dissociate cross-linked structures in response to slight changes in external stimuli or
the environment. We developed starch-based films with different disintegration/dissolution rates in freshwater and seawater as
environmentally friendly materials. Modified starch was mixed with oxidized cellulose or a water-soluble polymer to prepare a
transparent, homogeneous film. After the introduction of hydrogen bonds, the starch complex film was stable in freshwater;
however, in seawater, the hydrogen bond crosslinks dissociated, causing the film to dissolve rapidly. This technology balances
degradability in marine environments with water resistance in everyday environments, providing an alternative means of

reducing marine plastic pollution, and it is expected to be applied in a variety of industrial sectors.

Introduction

Petroleum-based single-use plastics are highly prone to
entering the ocean. According to recent studies, global
plastic production exceeds 300 million tons annually [1],
with single-use plastics, including packaging, agricultural
films, and disposable consumer goods, accounting for more
than half of this total [2]. These plastics are major con-
tributors to marine litter, comprising 60-95% of such waste
[3, 4]. Furthermore, the recent pandemic has driven an
increased reliance on single-use plastics, exacerbating
challenges in managing plastic waste [5]. To address this,
there is an urgent need to replace petroleum-based plastics
with alternative materials, such as marine biodegradable
plastics that have a lower environmental impact even if they
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reach the ocean. Materials capable of biodegrading in nat-
ural environments, such as soil, before entering marine
ecosystems are also essential for global environmental
conservation. In response to the environmental challenges
posed by discarded single-use plastics, a variety of biode-
gradable polymers have been developed. Aliphatic polye-
sters, such as polylactic acid and polycaprolactone, are
particularly promising as eco-friendly substitutes for tradi-
tional synthetic polymers in single-use applications. These
materials offer similar performance characteristics, such as
water resistance, while demonstrating significantly
improved biodegradability. However, optimal biodegrada-
tion is generally achieved only under controlled conditions,
such as composting environments [6].

In seawater, many commonly used biodegradable poly-
mers degrade at much slower rates [7, 8] due to factors such
as reduced microbial diversity, lower concentrations of
specific microbes, and lower temperatures compared
to other environments [9]. Plastics that enter marine envir-
onments interact with ocean wildlife through entanglement,
ingestion, and physical contact (e.g., collisions, obstruction,
and abrasion) [10]. For these interactions to occur, plastic
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debris must retain a certain shape and mechanical strength.
Because biodegradable polymers take considerable time to
fully degrade in marine environments, they can maintain
their form and strength for extended periods, potentially
posing risks to marine life similar to those of conventional
plastics. Consequently, these slow-degrading polye-
sters may impact marine ecosystems at both macroplastic
and microplastic levels, mirroring the effects of traditional
plastics [11-17]. While current biodegradable polye-
sters represent significant progress in addressing plastic
waste, their limited effectiveness in marine ecosystems
highlights the need for further improvement. Developing
new biodegradable polymers that degrade more rapidly in
seawater is essential to effectively combat the problem of
marine plastic pollution.

Starch and cellulose are considered promising alter-
natives to petrochemical polymers due to their abundance,
biodegradability, and renewability, making them strong
candidates for marine-degradable plastics [18]. However,
their application in packaging is limited by poor mechanical
strength and low water durability. To address this limitation,
ongoing research has focused on cost-effective methods
to enhance the water resistance of starch-based packaging
films. Starch consists of two types of polymers: amylose
and amylopectin. Amylose, which accounts for approxi-
mately 15-30% of starch, is primarily a linear polymer of a-
1,4-linked glucans with minimal branching at a-1,6 posi-
tions. In contrast, amylopectin, comprising about 70-85%
of starch, contains linear chains of glucose units linked by
a-1,4 glycosidic bonds and is highly branched at a-1,6
positions, with branch points occurring approximately every
10 nm along the molecular axis [19, 20]. The polymodal
distribution of a-glucan chains and the clustering of branch
points in amylopectin facilitate the formation of double
helical structures [21]. Native starch granules exhibit a
semicrystalline structure composed of lightly branched
amylose and highly branched amylopectin. These granules
consist of an amorphous core (primarily amylose) sur-
rounded by alternating semicrystalline and amorphous
growth rings (comprising both amylose and amylopectin)
[22]. When starch is heated in water, the granules swell,
amylose leaches out, and the granules partially disintegrate
in a process called gelatinization. Disruption of the semi-
crystalline structure requires significant energy, and gelati-
nization typically occurs at elevated temperatures (above
80°C). This process begins in the amorphous regions,
where the loosely bound amylose chains leach out, leading
to a loss of birefringence and crystalline order. Upon
cooling and storage, the disaggregated amylose and amy-
lopectin chains reorganize into a more ordered structure
through a process known as retrogradation. Retrogradation
is an unavoidable phenomenon in native starch: linear
amylose chains reassociate during the initial cooling phase,
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while amylopectin undergo slow crystallization over time
during storage [23].

Furthermore, starch is inherently hydrophilic and lacks
the water resistance exhibited by biodegradable polyesters.
However, the water resistance of starch-based materials
can be improved through cross-linking. In previous
studies, we developed starch/PVA complex films with
enhanced water resistant by incorporating intermolecular
crosslinks, effectively controlling the dissolution behavior
in water [24]. The chemical composition of seawater differs
significantly from that of freshwater (e.g., rain or tap water),
which commonly contacts plastics during use. Seawater has
high ionic strength and a slightly basic pH [25], both of
which act as chemical stimuli capable of cleaving spe-
cific types of chemical bonds. Therefore, films with varying
dissolution and disintegration behaviors in seawater and
freshwater can be created by introducing chemical cross-
links with different susceptibility to these environments. In
freshwater, the cross-links help retain hydrophilicity
while maintaining film stability. In seawater, the cross-links
can break in response to the salt environment, causing the
material to return to its original hydrophilic state. Following
rapid disintegration and dissolution, the separated polymer
chains can further biodegrade. This biodegradation process
therefore does not strongly depend on the likelihood of
encountering marine organisms. By introducing microbe-
independent, responsive disintegration and dissolution
properties, the loss of shape and mechanical strength in
seawater can be decoupled from the biodegradation process.
This approach helps shorten the timeframe during which
discarded materials pose an ecological risk in the marine
environment.

As described in this review, we aimed to develop a novel
biodegradable plastic that decomposes in seawater through
salt-induced changes in solubility (salt responsiveness). By
focusing on starch and cellulose, the two major biopoly-
mers, we sought to improve the physical properties of starch
derivatives—such as water resistance and mechanical
strength, which are traditionally weak—by combining them
with cellulose nanofibers (CNFs) or water-soluble poly-
mers. Simultaneously, marine biodegradability was intro-
duced by developing a material design that induces the
collapse and subsequent biodegradation of the composite
sheet when saltwater penetrates the composite interface.
Because both starch and cellulose are abundant, inexpen-
sive, and highly biodegradable biopolymers, the developed
starch composite sheet is expected to have numerous
industrial applications, including in food packaging. Spe-
cifically, by adding CNFs to inexpensive starch derivatives
to enhance water resistance and mechanical strength, we
aimed to develop materials with practical physical proper-
ties. By controlling the chemical structure to improve water
resistance, managing the interactions between starch and
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Fig. 1 Introduction of responsive crosslinks into a starch composite
film for the development of novel marine biodegradable materials

CNFs to enhance strength, and adjusting the composite ratio
for salt responsiveness, we have developed new marine
biodegradable materials (Fig. 1).

Cellulose/starch polyion complex films and
their marine degradability

In our research, we focused on the differences between
seawater and freshwater to design responsive crosslinks
with seawater as the trigger. The key distinctions between
seawater and freshwater are their dissolved salts and
impurities. Seawater contains approximately 3.5% dis-
solved salts, primarily sodium chloride (NaCl), and is rich
in various minerals, including magnesium, calcium, and
potassium [26]. In contrast, freshwater has very low salinity
(NaCl concentration usually less than 0.05%) and fewer
minerals. Additionally, seawater typically has a slightly
alkaline pH, ranging from approximately 7.5 to 8.4, due to
the presence of dissolved salts and carbonates, while
freshwater generally has a neutral pH, which is maintained
to prevent pipe corrosion and ensure safety for daily use.
Therefore, ion- and pH-responsive crosslinking is ideal for
developing plastics that respond to marine conditions.
Polyion complexes (PICs) are formed through the interac-
tion of oppositely charged polyelectrolytes [27, 28]. Var-
ious factors, such as polyelectrolyte concentration,
molecular weight, mixing ratio, counterions, and pH, can
regulate the size, flocculation, and deformation of PICs
[29]. The use of biopolymers—such as the anionic poly-
mers alginate, hyaluronic acid, pectin, and carrageenan and
the cationic polymers chitosan and gelatin—has been

extensively studied in the preparation of PIC-based hydro-
gels and films [30-32]. PIC-based hydrogels have been
applied in diverse fields, including in situ gelation, tissue
engineering, and drug delivery [33-35]. In this study, we
developed a CNF-reinforced starch PIC film that demon-
strates good durability in freshwater and rapid degradation
in marine environments [36].

The starch-based PIC film was prepared by complexing
TCNF with CS, followed by solvent casting at 45 °C, as
shown in Fig. 2a. TCNF, an anionic CNF with a carbox-
ylate content of 1.3 mmol/g, and CS, a cationic starch fiber,
were individually transparent in suspension. Upon com-
plexation, the TCNF/CS mixture became opaque due to the
ionic interactions between the oppositely charged cellulose
and starch fibers. Variations in the ionic components of
cellulose and starch influenced the opacity and homogeneity
of the TCNF/CS mixtures. Modification of the carboxylate
groups significantly affects the fibrillation of CNFs [37, 38],
which can impact the mechanical and optical properties of
the film. Therefore, adjusting the degree of substitution
(DS) of the cationic groups on CS is crucial for optimizing
film production. As the DS of the cationic groups increased,
the opacity of the TCNF/CS mixture suspension decreased
due to the distribution of polyion complexes. With a lower
DS of the cationic groups, TCNF and CS formed weaker
complexes. Additionally, the repulsion between the car-
boxylate groups on TCNF prevented the formation of large
aggregates, leading to a more uniform distribution of
polyion complexes [39, 40]. In contrast, a higher DS of the
cationic groups resulted in stronger ionic interactions,
causing the formation of larger complexes and secondary
aggregation, which produced a more heterogeneous dis-
tribution. The CS suspension with a DS of 0.033 produced
the most uniform TCNF/CS mixture, which was then used
for further measurements. A starch-based film without ionic
interactions was prepared by complexing TCNF with a
noncationic starch (NCS, hydroxypropyl starch) for com-
parison with PIC TCNF/CS.

TCNF, TCNF/NCS, and TCNF/CS were immersed in
artificial seawater, and their swelling behavior and wet
tensile strength were compared. Figure 2b, c shows the
swollen films and their swelling profiles after 28 days of
immersion. TCNF and TCNF/NCS exhibited water uptake
ratios (WUR) of approximately 250% and 550%, respec-
tively. Neither film displayed polymer leaching or disin-
tegration after 28 days of immersion (Fig. 2b). Interestingly,
TCNF/CS presented a WUR of approximately 507% after
14 days, which decreased to approximately 395% after
28 days. This reduction indicates polymer chain disin-
tegration, as confirmed by optical images of the swollen
TCNF/CS film. The wet tensile moduli of the swollen films
are presented in Fig. 2d. The tensile modulus of TCNF
decreased from 35 MPa on Day 1 to 25 MPa on Day 28.

SPRINGER NATURE
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Fig. 2 a Illustrative representation of the preparation method of the TCNF/CS film. b Seawater swollen films, ¢ swelling profile, and d wet tensile
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Similarly, the tensile modulus of TCNF/NCS decreased
from 480 to 350 kPa. Notably, the tensile modulus of
TCNF/CS decreased from 636 to 30kPa. These results
demonstrate that TCNF/CS almost completely lost its
strength and stability, whereas TCNF and TCNF/NCS
experienced only slight reductions in wet strength. The neat
TCNF film contains anionic CNFs stabilized by counterions
in seawater. This ionic cross-linking provides stability,
reduces carboxylate repulsion, and inhibits water penetra-
tion into the network, explaining why TCNF exhibited the
least amount of swelling and the highest wet tensile mod-
ulus. In TCNF/NCS, anionic CNFs are combined with
nonionic starch. The blending of NCS with TCNF results in

SPRINGER NATURE

the formation of a partially crosslinked network through
hemiacetal bonding between TCNF (aldehyde moieties:
25 ymol/g) and NCS. This bonding, combined with the
counterion crosslinking of cellulose fibers, stabilized and
strengthened the network even after 28 days of immersion
in artificial seawater.

However, TCNF/NCS exhibited more swelling and a
lower wet strength than neat TCNF due to water absorption
by the starch component. As the starch absorbs water, the
hemiacetal and ionic crosslinked networks swell, leading to
increased water uptake. On the other hand, TCNF/CS
contains anionic CNFs and cationic starch, which form a
PIC network. PICs are weak polyelectrolytes that are
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unstable in high-ionic-strength solutions [41, 42]. As a
result, this network loses strength and stability, leading to
disintegration in the presence of counterions. Over time,
polymer leaching occurs from the TCNF/CS network,
causing swelling and a significant decrease in the wet ten-
sile modulus. These results indicate that the freshwater
durability and marine disintegration of TCNF/CS can be
improved by modifying the degree of substitution (DS) of
the cationic groups on the starch and optimizing the starch-
to-TCNF ratio.

Starch/poly(vinyl pyrrolidone)-crosslinked
blend film with seawater-specific dissolution

While starch-based blend films exhibit low water resistance,
their susceptibility to water enables them to rapidly disin-
tegrate and dissolve after being discarded and entering marine
environments. However, enhancing their water resistance
could diminish this benefit, creating a trade-off between fast
disintegration/dissolution and adequate water resistance for
daily applications. We aimed to introduce seawater-respon-
sive, microbe-independent disintegration and dissolution
properties into starch films by incorporating crosslinks that
are responsive to seawater [43]. As noted in the previous
section, the introduction of crosslinks can significantly
impact the dissolution and disintegration behavior of starch-
based materials; thus, these properties can be controlled by
adjusting crosslink formation and disruption. Compared with
freshwater, which is commonly encountered in daily life,
seawater has higher ionic strength and a slightly basic pH
[25], and these properties can act as triggers to break che-
mically responsive crosslinks. Furthermore, prior research
has shown that strong, water-stable hydrogen bonds can form
between the carboxylic acid groups of PAAc and the car-
bonyl groups of PVP and that these bonds can be disrupted
under elevated pH conditions due to deprotonation of the
—COOH groups in PAAc. In this study, a starch-based blend
film, TS-g-PAAc/PVP, was developed to exhibit distinct
dissolution and disintegration behaviors in freshwater and
seawater by introducing these seawater-responsive hydrogen
bonds. The results demonstrated seawater-responsive dis-
solution and disintegration behaviors, and the underlying
mechanism was thoroughly investigated.

The process for preparing the hydrogen-bonded, cross-
linked TS-g-PAAc/PVP blend film is illustrated in Fig. 3a.
Initially, tapioca starch-g-poly(acrylic acid) (TS-g-PAAc)
was synthesized through free radical grafting polymerization.
A 5.5% w/v suspension of tapioca starch (TS) in water was
purged with N,, gelatinized at 80 °C for 30 min, and then
cooled to 55°C. Next, ammonium persulfate (APS) was
dissolved in 5 mL of water, and the acrylic acid monomer
was gradually added. The reaction was carried out at 55 °C

for 3 h in a sealed reaction vessel. The resulting product was
precipitated in acetone, separated via centrifugation, and
washed five times with acetone using the same method. The
final precipitate was vacuum-dried and subsequently oven-
dried. To prepare TS-g-PAAc/PVP blend films, the solution
casting method was employed. For this purpose, 3% w/v
DMSO solutions of TS-g-PAAc and PVP were prepared by
directly dissolving each polymer in DMSO. The solutions
were then mixed, cast onto a Petri dish, and dried in a well-
ventilated oven. The formation of hydrogen bonds between
TS-g-PAAc and PVP was confirmed by analyzing the shifts
in the —C=0 stretching peaks in the FTIR spectra of the
polymers. After mixing and drying, the —-C=O stretching
peak of TS-g-PAAc shifted to 1718 cm™ !, while that of PVP
shifted to 1632cm™!, aligning with previous studies [44].
These results suggest that hydrogen bonds formed between
the -COOH groups of TS-g-PAAc and the -C=0 groups of
PVP during the drying process.

The dissolution and disintegration behaviors of TS-g-
PAACc/PVP (weight ratio 2:1) blend film samples were eval-
uated in deionized water (DIW), a 3.5% NaCl solution, and
artificial seawater (SW) (Fig. 3b). While the unmodified starch
film dissolved rapidly in DIW, the TS-g-PAAc/PVP film
displayed swelling without any dissolution when immersed in
DIW. Since both PAAc and PVP are readily soluble in water,
this resistance to dissolution indicates that the water-stable
hydrogen bonds between TS-g-PAAc and PVP, combined
with ladder-like structures and hydrophobic interactions [45],
help prevent the film from dissolving in DIW. When immersed
in SW, the film gradually eroded from the edges and even-
tually dissolved. This behavior is likely due to the disruption of
crosslinks caused by deprotonation. As the polymer chains
detached and dispersed, the film dissolved completely. How-
ever, no dissolution occurred in the 3.5% w/v NaCl solution,
despite its salinity being similar to that of SW. This suggests
that the higher pH of SW is the primary factor driving the
dissolution of the film under marine conditions.

To investigate the dissolution mechanism of the TS-g-
PAACcC/PVP blend film in artificial seawater (SW), the film
was immersed in various solutions, including solutions
containing the major salt species of SW at their typical
concentrations, as well as strong acid, strong base, and
buffer solutions. Figure 3d shows images of the TS-g-
PAAC/PVP 2:1 film samples after 24 h of immersion. The
film samples did not dissolve in solutions of most major salt
species at SW concentrations, except in the case of
NaHCO,, where dissolution was observed. This suggests
that the type and valency of metal ions alone do not trigger
dissolution, but NaHCO4 has a unique effect.

To examine the dissolution behavior of the TS-g-PAAc/
PVP film, it was immersed in strong base (NaOH) and
strong acid (HCl) solutions at various concentrations. No
dissolution occurred until the NaOH concentration reached

SPRINGER NATURE
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103 M, where the pH was significantly higher than that of
seawater (SW), suggesting that the deprotonation pH of
PAAC corresponds to its pKa. In contrast, the film dissolved
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water solutions. Salts: Solutions containing the major salt species in
seawater at their typical concentrations. Acid: HCI solution with dif-
ferent concentrations. Base: NaOH solution with different concentra-
tions. Buffers: pH 5 acetate buffer and pH 6, 7, and 7.6 phosphate buffer.
Reproduced from [43] with permission from Elsevier

in commercial buffer solutions with pH values between 5
and 7.6 and an ionic strength of 0.1 mol/L, regardless of
buffer type or pH. To further investigate this dissolution
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mechanism, additional tests were conducted in the same
buffer conditions. Unlike its behavior in strongly acidic and
basic solutions, the film dissolved in all the tested buffers,
indicating that its dissolution is not solely pH-dependent,
but is influenced by the deprotonation kinetics of the PAAc
chain segments. Specifically, weak acid anions accelerate
deprotonation, thereby shortening the dissolution time. In
solutions containing weak acid anions (e.g., buffer solu-
tions, artificial seawater, and NaHCO, solution), the con-
centration of weak acid anions [AT is higher than that of
hydroxide ions [OH] in strong base solutions with a similar
pH. Consequently, protons from PAAc segments transfer
rapidly to [A’]. Rather than resulting from a shift in proto-
nation/deprotonation equilibrium at high ionic strength, the
dissolution of the TS-g-PAAc/PVP film is more likely dri-
ven by accelerated deprotonation kinetics induced by weak
acid anions, which significantly increase the deprotonation
rate and promote film dissolution.

Additionally, the response to varying NaHCO; con-
centrations was assessed by immersing the film in solutions
with NaHCO, concentrations 0.01, 0.1, 1, and 10 times the
Na,CO, concentration in SW. Within 24 h, the films in the
0.01x and 0.1x NaHCO; solutions did not dissolve, while
those in the higher-concentration solutions did. These
findings suggest that a threshold concentration of NaHCO,
is necessary to induce film dissolution. The strong, water-
stable hydrogen bonds between PVP and the grafted PAAc
chains of TS-g-PAAc prevented the film from dissolving in
deionized water (DIW). However, in artificial seawater, the
carboxyl groups of TS-g-PAAc rapidly deprotonated,
breaking the hydrogen bond network and enabling the
dissolution of TS-g-PAAc. This rapid deprotonation was
driven by interactions with bicarbonate groups in the arti-
ficial seawater. This method demonstrates a potential
approach to mitigate oceanic plastic pollution and highlights
the suitability of such materials for single-use applications
in packaging, healthcare, and agriculture.

Dual-crosslinked starch/carboxymethyl
cellulose blend film with ion-responsive
dissolution properties

This study explored a means of balancing the trade-off
between rapid disintegration/dissolution in seawater and
water resistance during daily use by introducing seawater-
responsive hydrogen bond crosslinks. To expand the
application of this concept, an alternative crosslinking
mechanism was developed to complement seawater-
responsive hydrogen bond crosslinking. PICs are known
to have stability influenced by ionic strength due to the
dissociation of these bonds [46]. Given the significantly
higher ionic strength of seawater than those of freshwater

and most daily-use solutions, a starch-based PIC film could
exhibit water resistance during regular use and rapid dis-
integration upon entering the sea. In this study, a dual-
crosslinked dialdehyde starch (DAS)/carboxymethyl cellu-
lose (CMC) blend film was prepared using a modified
solution-casting method. This film incorporated both ionic
and acetal crosslinks and exhibited seawater-responsive
dissolution and disintegration behavior, which was further
investigated.

The preparation process for the DAS/CMC/GT/HCI blend
films is shown in Fig. 4a. DAS was synthesized via periodate
oxidation. A 4% tapioca starch (TS) water suspension was
heated to 90 °C for approximately 30 min to gelatinize the TS
and then cooled to room temperature (RT). Afterward, 0.05 g/
mL NalO, was added to the cooled starch paste, which was
allowed to react for 1 h at RT in the dark with stirring. The
resulting DAS paste was dialyzed against deionized water
(DIW) for three days using a dialysis tube (MWCO 10 kDa)
and subsequently subjected to two rounds of high-pressure
homogenization at 200 MPa. Next, the dual-crosslinked
DAS/CMC/GT/HCI film was prepared. A 3% CMC solu-
tion was mixed with the homogenized DAS suspension,
stirred, and heated at 45 °C for 30 min before being cooled to
RT and further chilled in an ice-water bath. The pH of the
solution was adjusted with 1 M HCI, and Girard’s reagent T
(GT) was added to introduce quaternary ammonium groups
into DAS by forming imine bonds, converting DAS into a
cationic polymer [24]. Fifteen milliliters of the mixture was
cast into a fluoropolymer Petri dish and dried overnight at
45 °C. The resulting film was washed with DIW and glycerol
solution and dried again overnight at 45 °C. The reaction
between DAS and GT was confirmed by comparing the FTIR
spectra of the DAS/CMC and DAS/CMC/GT/HCI films.
Peaks corresponding to the GT structure—923 cm™ (N=N)
and 1691 cm™ (C=0)—were observed in the DAS/CMC/
GT/HCI spectrum [47], indicating that GT reacted with DAS
during the drying process.

The ionic swelling-responsive behavior of the DAS/
CMC/GT/HCI film was evaluated by observing its swelling
and dissolution in freshwater and two seawater models: a
3.5% NaCl solution and artificial seawater (SW) (Fig. 4b).
While the pure starch film dissolved quickly in DIW, the
DAS/CMC/GT/HCI film achieved swelling equilibrium
without dissolving. However, in 3.5% NaCl solution and
SW, the film exhibited rapid swelling and disintegration.
This behavior is attributed to the cleavage of ionic bonds
triggered by ion exchange, leaving only acetal crosslinks.
These crosslinks alone were insufficient to resist swelling,
causing the film to swell and disintegrate rapidly.

DAS/CMC blend films without crosslinks or with only
one type of crosslink were also prepared to evaluate the
contribution of each crosslink type to the ion-responsive
swelling and dissolution processes. The swelling curves of

SPRINGER NATURE
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Fig. 4 a Illustration of the
preparation process of the DAS/
CMC/GT/HCI blend film.

b Swelling curves of DAS/
CMC/GT/HCI films in DIW,
3.5% NaCl, and SW.
Reproduced from [49] with
permission from Elsevier
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the four film types are presented in Fig. 5. The DAS/CMC
film, which lacked crosslinks, exhibited the typical swelling
behavior of superabsorbent polymers. It continued to swell
in both NaCl solution and DIW, although swelling was less
pronounced in the NaCl solution due to the reduced osmotic
pressure difference and the counterion shielding effect [48].
The DAS/CMC/HCI film, containing only acetal bonds,
exhibited a molecular structure similar to that of the DAS/
CMC film. Despite the presence of acetal crosslinks, this
film did not reach swelling equilibrium in DIW, indicating
that acetal bonds alone do not provide sufficient binding
strength to counteract the osmotic expansion forces.

In contrast, films containing ionic bonds, such as DAS/
CMC/GT and DAS/CMC/GT/HCI, reached swelling equi-
librium in DIW but swelled continuously and disintegrated
in the NaCl solution. This behavior highlights the
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importance of ionic bonds in ensuring water resistance in
low-ionic-strength environments. Ionic bonds add an addi-
tional binding force to the network, countering expansion
forces and shielding carboxylate groups, which further
reduces swelling. Moreover, films containing both ionic and
acetal bonds swelled significantly less in both DIW and
NaCl solution compared to their counterparts without acetal
bonds. This demonstrates that in addition to ionic bonds,
acetal bonds provide supplementary binding forces across
different solutions. While the ionic-responsive dissolution
and disintegration properties of the films are attributed
primarily to ionic crosslinks, both ionic and acetal cross-
links contribute to water resistance in low-ionic-strength
environments such as DIW. These findings are expected to
aid in the development of starch-based single-use materials
with reduced risks to marine ecosystems.
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Fig. 5 Swelling curves of (@ 4000 - DAS/CMC (b) g0, DAS/ICMC/HCI
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CMCO0.5/HCI, ¢ DAS/CMCO.5/ X 800 - ® 500 -
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Summary and perspective

In this review, we explored strategies to control the dissolu-
tion and disintegration behavior of starch-based complex
films by forming polyion complexes and introducing various
types of intermolecular crosslinks, including covalent, non-
covalent, and environlentally responsive types. The results
demonstrated that the dissolution/disintegration behavior can
be effectively regulated through the formation and selec-
tive disruption of these crosslinks. Furthermore, controlling
the dissolution/disintegration behavior in different aqueous
environments—specifically seawater and freshwater—can be
achieved by selecting crosslink types that respond to the
chemical characteristics of seawater and by carefully choos-
ing suitable modification methods. While the direct blending
of polycations and polyanions to form ionic cross-
links can result in aggregation that hinders film formation,
this issue was resolved using a modified solution-casting
process. Although ionic crosslinks primarily provide ionic-
responsive dissolution/disintegration properties, both ionic
and other types of crosslinks contribute to maintaining water
resistance in low-ionic-strength solutions such as DIW.
These findings suggest that the tailored control of dissolu-
tion and disintegration in both freshwater and seawater
environments offers a promising strategy to balancing eco-
logical safety with practical utility in daily life.

This research is currently being extended to fur-

ther enhance water resistance and mechanical

strength under freshwater conditions. Polysaccharide-based
composite materials combined with hydrophilic polymers
are being developed. By introducing reversible hemiacetal/
acetal bonds between polymer chains, chemical crosslinks
are formed, and strong physical multipoint interactions are
simultaneously created. Under mild conditions—such as
exposure to salt—these reversible chemical bonds and
physical interactions can be dissociated, enabling easy dis-
assembly of the material and resource recycling through
recombination. The crosslinking structure is being fine-
tuned to improve water resistance, strengthen multipoint
interactions, and optimize the composite formulation for salt
responsiveness. Additionally, based on an original concept
proposed by the primary investigator, environmental
responsiveness will be integrated into the polysaccharide-
based composite materials to demonstrate the functionality
of the switching function. These advancements are expected
to contribute to the development of starch-based single-use
materials that present lower risks to marine ecosystems.
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