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General Introduction

GI.1. Single-use plastic films (SUPs) and marine plastics issue

While SUPs greatly improved quality of life and facilitated economic growth, a large amount of
discarded SUPs were being leaked to the marine environment. Among the non-fiber plastic produced
from 1950 through 2015, short-term applications, mostly packaging, consumed more than 40% of total
produced amount, most of which leave service in the first year.' Due to the improper waste management,
these single- or short-term-use materials find their way into the marine environment after being
discarded,” and it has been found that these discarded SUPs accounted for most of the marine plastics
found globally.’ These discarded plastics have caused significant adverse impacts on the marine
ecosystem®. Additionally, the change in lifestyle consequent to the COVID-19 pandemic has also
significantly boosted demand for SUPs,’ which further complicates the plastic waste management.®

Plastics films have a diverse array of applications, including packaging and non-packaging
applications such as agricultural and building applications; accordingly, plastic films also represents a
major part of the plastic waste.” With the advancement of plastics recycle technology, various recycling
strategies including mechanical and chemical recycling have seen different degree of success;' however,
recycling process currently available is far from free of limitations, and recycle options can be even
more limited when it comes to recycling plastic films. Due to the nature of plastic film applications,
many plastic film wastes can be heavily contaminated, which requires complex sorting operations and
reduced profitability in recycling, as a result plastic films are usually considered as non-recyclable in
waste management.’ Thus, it is highly likely that plastic films have a higher chance of leaking to the
marine environment. In fact, it has already been reported that film-type plastics were the major type of
plastic in nearshore areas.’ Thus, lessening the burden put on marine ecosystem by plastic films is one
important aspect to solving the marine ecosystem, and there is a necessity for designing alternatives to
current plastic films that poses less risk to marine ecosystem even when failed to be recycled and being

leaked to the marine environment.

GI.2. Issues of current biodegradable plastics as a solution to marine plastics

Biodegradable plastics refer to a group of plastics that is degradable at the action of naturally
occurring micro-organisms, for example bacteria, fungi and algae.® In the past decades, a wide variety
of biodegradable plastics, both artificially synthesized ones such as polylactic acid (PLA)’ and
polycaprolactone (PCL)', and microorganism-synthesized ones such as polyhydroxyalkanoates
(PHA)'', have been developed (Figure 1). These plastics show much faster biodegradation rates in

certain environments when compared against conventional synthetic polymers,® and thus have been



widely considered to be an opponent solution to a series of 0

environmental and ecological issues caused by leakage of © \L J\/“q\

discarded SUPs to the natural environment. o) . © n
PLA PHB

Due to their ability to biodegrade under microorganism

action and vanish in natural environments, it may seem 0

apparent that these biodegradable polymers are the solution to WO%

marine plastics. However, whether they can be utilized as a true PCL "
solution to the marine plastics issue remains to be open for Figure 1 Molecular structures of
debate. A significant limiting factor is their production. Out of some  current  biodegradable

335 Mt of plastics produced globally in 2016, biodegradable polymers: PLA, PHB (one type of
plastics merely accounted for 0.5%; although biodegradable PHA), and PCL.

plastics production are expected to increase to about 2.26 Mt in

2023 and are still expected to increase beyond that, it is unlikely that the supply becomes sufficient
enough that conventional plastics can be replaced entirely in the near future.'? Also, the manufacturing
cost of biodegradable plastics is still considerably higher than that of conventional plastics; while it is
possible to decrease the manufacturing cost by economies of scale, the attempts of increasing
manufacturing capability are usually constrained by the cost of scaling up facilities."

While the supply and cost of current biodegradable plastics could be a major limiting factor in the
utilization of these plastics as marine ecosystem-friendly alternatives, the real barrier comes from their
inherent properties, i.e., the capability to degrade in marine environments. For these current
biodegradable polymers, highly controlled environments (e.g. compost) are almost always required to
achieve optimum biodegradability.'* In environments that are not as nearly meticulously controlled,
their biodegradability tends to decrease substantially. Specifically, the biodegradation rates of common
biodegradable polymers such as PLA and PCL reduces drastically in aqueous environments including
seawater, to an extent that they might no longer be

considered to be biodegradable.'>'® For example,

even after 1 year of incubation in seawater, the 100 PkA
weight loss of PLA is barely noticeable (Figure < 98
2).” The reduced degradability of these EJ 96
biodegradable polymers owes primarily to the é o4
3
lower total amounts of microorganisms, fewer 2
e . s 92
specific microbial species, and lower temperature
. . . 90 —————
than those in optimum environments.'” The 200 300 400
discarded plastics that are discharged into marine Time (days)
environment are encountered by ocean wildlife Figure 2 Mass reduction of PLA in aqueous
primarily by the entanglement, ingestion, and environments over time. SW: seawater. FW:
. . . . . . . 15
interaction (including collisions, obstructions, and freshwater.



abrasions)®. All these patterns of encountering require plastic debris to possess a certain shape and a
certain degree of mechanical strength. Owing to the prolonged time required for completely breaking
down or vanishing in marine environments, these biodegradable plastics might not quickly vanish in
marine environment, thus there is a large time window during which the material retains a distinct shape
and considerable strength for encountering ocean wildlife.

The ecological impact that current biodegradable plastics have on marine ecosystem still needs to
be investigated in better detail. Nevertheless, even at the very early stage of such investigations,
evidence of slowly degrading biodegradable plastics can possibly negatively affect the marine

1923 " as with conventional plastics®*, has already

ecosystem at both macro-'* and microplastic levels
been reported. Therefore, while current biodegradable plastics generally represent a great step on
alleviating the environmental and ecological issue caused by discarded SUPs leaked to the natural
environment, they might be less advantageous over conventional synthetic polymers in terms of eco-
safeness or “friendliness” to marine ecosystem. Current biodegradable plastics might not be the final
answer to the marine plastics issue, and new biodegradable plastic materials that is capable of

addressing this issue must be developed.
GI.3. Starch as a potential source material of marine ecosystem-friendly SUPs

Starch is a natural carbohydrate consisted almost entirely of two major polysaccharides, amylose
and amylopectin; both consists of chains of a-(1,4)-linked D-glucose residues interconnected through
a-(1,6)-glycosidic linkages, with the difference being that amylose are mostly linear long chains with
hundreds or even thousands of glucose residues, whereas
amylopectin is extensively branched and have comparatively OH
shorter chains (Figure 3).* Starch is the end-product of
photosynthesis and serves as the chemical energy storage of
plants, and can be widely found in all kinds of plant tissue, " %
including the leaves of all green plants and in the seeds, stems, Amyiose "o o&
roots of most plants.?

While starch is mostly being considered as a nutrition o o

source of human, it can also be a potential material for the on'™©

preparation of sustainable polymer materials. Benefiting from

the biodegradability of starch, starch-based materials can have Ho 0%

faster biodegradation rate and reduced landfill requirements as Amylopectin HO o%
HO

compared to conventional plastics.”’ Due to the -OH groups on

C-2, C-3 and C-6, starch is chemically reactive and can be Figure 3 Molecular structures of
easily modified by a slew of chemical reactions, which can be two components of starch, amylose
mainly be categorized into oxidation, esterification and and amylopectin.
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etherification.”® The chemical and physical properties of starch can be altered significantly by chemical
modifications, which provided good flexibility for designing starch-based plastics with different
properties based on the requirements of the application in question. With all these excellent properties,
there is a growing emphasis on starch-based plastics, and previously a variety of starch-based plastics
have been developed.”” Additionally, as mentioned above, starch is extremely abundant in nature, and
it can be mass produced by a wide variety of crops, each with adaptations to different climate conditions,
including but not limited to potato, casava and wheat; the global production of starch has been estimated
between 88.1 and 97.7 Mt in 2020.?® The price of starch is on par with or even lower than conventional
petrochemical polymers,” and significantly lower than current biodegradable plastics.”>*° With this
abundant supply and low cost, it is likely that the production and consumption of starch-based plastics
would be economically viable, which further increases the attractiveness of using starch as a source
material for the preparation of future plastic materials.

Aside from the properties already discussed, starch also have some additional properties that make
starch not only an ideal starting material for developing sustainable polymer materials, but also
particularly suitable for the development of polymer materials that pose low risk to marine ecosystem.
While the biodegradability of starch in soil has already been widely known, starch has also been
recognized as a polymer that readily biodegrades in seawater.'’*! Furthermore, recent evidence showed
that when blended with other biopolymers, starch can even potentially promote the biodegradation of
the whole composite; for example, the biodegradation of a cellulose nanofiber film in marine
environment was accelerated by starch, which has been identified to enhance the attachment of
microorganisms on the surface of the film.*? Therefore, starch is not only generally suitable for the
substitution of petrochemical plastics, but also a promising starting material for the development of

marine-ecosystem-friendly polymeric materials.

GI.4. Starch as a source material for plastic films, and issues of starch-based blend films

As previously mentioned, plastic film is an important category of plastic materials with high
demands and a wide variety of applications, and plastic films used for many applications can have
higher risks of being leaked to the environment. Therefore, there is always a strong interest in
developing alternatives using sustainable and biodegradable starting materials. With many properties
suitable for the development of plastic materials, starch is also a popular starting material for the
development of said alternatives. Previously, a wide variety of starch films have already been prepared,
and the relationship between different factors (biological source of starch, plasticizer, humidity etc.)
and film physico-chemical properties has been investigated.”* Starch-based blend films prepared by
blending starch with a wide variety of different polymers was also developed; for example, including
but not limited to natural polymers, agar’’, chitosan*’, guar gum*', and synthetic polymer like LDPE*
and P(3HB)*. Blending starch with other polymers can yield films with improved physical properties

4



over starch or the other components, due to the synergistic
effects between starch and the other components. And
these blend films generally show comparable physical
properties comparable to some conventional polymer
films, especially strength (around 10 to a few tens of

MPa), which makes them suitable for SUPs films.

However, the application prospect of starch or

Figure 4 Tapioca starch films immersed

starch-based blend films can be limited by a few issues.

For these films to be used practically for single-use in water for 10 min, showing its

applications, these issues must be addressed. The most dissolution.
prominent issue would be the lack of water resistance,
which is a much-desired property for SUPs. While conventional plastics have great stability in water
and thus products based on conventional plastics have great water resistance, starch-based films tend to

344495 after which their mechanical strength is severely

swell, dissolve, or disintegrate rapidly in water,
degraded. As shown in Figure 4, a tapioca starch film completely dissolved after being immersed in
water. This low water resistance can be attributed to not only the high hydrophilicity of starch, whose
molecular structure is rich in hydrophilic hydroxyl groups, but also the change in polymer chain
conformation during the preparation process of films. When being synthesized in plants, starch is
deposited in the form of granules, which is formed by crystalline and semi-crystalline lamellar of highly
ordered starch molecular chains.*® This highly ordered arrangement consequently promoted formation
of inter- and intramolecular hydrogen bonds, which held the molecular chains together and rendered

the granules cold water-insoluble.”® Nevertheless, to process starch into any starch-based plastics

including films, starch must go through a gelatinization process (Figure 5) under high temperature and

Amylopectin

Amylopectin

Amylose
Amylose ) |

Temperature
+ Water

e

Gelatinization

Heat Cool Gel-ball

Time (aging)
-~
Retrogradation

Figure 5 Schematic illustration of gelatinization and retrogradation.*®
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existence of plasticizer, during which ordered molecule 100

arrangement and the granule structure are disrupted.*’ This process % £a 28
o
cC C
is irreversible, due to the incompatibility between amylose and o= 38
[
amylopectin and their partial separation during the gelatinization 0

QLYY 9 X
QQQQQ@E’

process; although the hydrogen bonds can regenerate partially as § &

time passes (retrogradation), the polymer chains cannot fully
i Figure 6 Approximate range of

return to the previous ordered state, and the newly formed
. ) . ) tensile strength comparison

hydrogen bonds are insufficient for holding the molecular chains
. 48 ) between starch films and some

together in water.™ The loss of aligned structure also prevented the
) ) petrochemical polymers:

formation of dense crystalline structure, which can retard water
. . . . Polypropylene  (PP), high-

penetration. The loss of aligned structure, combined with the
L . density polyethylene (PE),

inherent hydrophilicity of starch, caused the low water resistance
polystyrene (PS) and

of starch.
polyamide (PA).**#

Another issue of starch-based films is the relatively low
mechanical properties.”’ Compared to films of conventional
polymers, starch films without other components show relatively low mechanical properties. For
example, films of different types of starch generally showed maximum tensile strength around <1 MPa
to a few MPa,* which is considerably lower than that of many petrochemical polymers (Figure 6).*
While the water resistance and mechanical properties of starch films can be improved by blending with
other polymers and nanoparticles,”’ the effect of such modifications is obviously largely affected by the

material choice and the interaction between starch and other components.
GL5. Strategies for improving water resistance starch-based blend films

To improve the low water resistance of starch-based blend films, various strategies have been
previously developed, and popular strategies include hydrophobic modification of starch, doping with
fillers and introducing crosslinks.

As mentioned above, one important cause for the low water resistance of starch-based films is the
hydrophilicity of starch, due to the existence of large amount of hydrophilic hydroxyl groups on starch

1°° and octenylsuccinate’' groups, mainly

molecules. The introduction of hydrophobic groups, e.g. acety
through esterification on the hydroxyl group on starch,® can reduce the hydrophilicity of starch
molecules; the number of hydroxy groups reduces in this process, which is also helpful for decreasing
the hydrophilicity of starch.® However, water solubility can increase as the degree of substitution (D.S.)
increases at low to intermediate D.S., as the increase in D.S. could hinder both inter- and intramolecular
hydrogen bond formation (or, retrogradation).” To achieve water resistance by the introduction of
hydrophobic groups, considerably high D.S. or sufficiently long alkyl chain is often required. However,

the increase in D.S. and alkyl chain length can adversely impact the biodegradation of starch; it has
6



been reported that in activated sludge, both increase in D.S. and alkyl chain length significantly reduced
the bioconversion potential of starch. As the microorganism density is much lower in seawater, it can
be expected that the biodegradation of these starches would be even slower in seawater. The
hydrophilicity of constitutional units, and the diffusion of water is also positively related to the
degradation of polymers in aqueous environments,'” which further affected the application prospect of
hydrophobically-modified starch in developing marine ecosystem-friendly plastics.

As discussed above, the permanent loss of compact crystalline structure during gelatinization
causes starch to lose its insolubility in water after film formation. Previously, starch-based blend film
has been doped with a wide variety of nanofillers including natural nanofillers like cellulose
nanocrystal® and cellulose nanofiber*®, inorganic nanoparticles like silica®’, calcium carbonate®® and
synthetic polymer nanoparticles like poly(methyl methacrylate-co-acrylamide)®® nanospheres. These
studies have seen improved water resistance indicated by decreased water uptake or water solubility, as
the resulting films had more compact, high-density parts which could retard water penetration. Besides,
mechanical strength can also be improved by the addition of fillers, which could simultaneously
reinforce the matrix. However, the improvement on water resistance could be rather limited, as the
hydrophilicity of starch between filler particles is not dramatically changed or only limitedly changed;
as a result, starch between filler particles can still be solubilized by water. Additionally, as addition of
fillers could cause the formation of more than one phases, doped film is more likely to exhibit inferior
transparency.®

Introduction of intermolecular crosslinks connects polymer chains with chemical bonds, by which
a stronger 3d molecular network is generated.®’ In particular, the introduction of crosslinks has been
considered an effective means of improving the water resistance of polysaccharide-based materials:®!
By the introduction of crosslinks, the naturally occurring intermolecular interactions (e.g., hydrogen
bonds) are strengthened, which contributes to improved water resistance. As discussed above, the intra-
and intermolecular interactions are very important to the water resistance of starch, as they hold starch
molecules together in water. Thus, it is likely that crosslinks could also improve the water resistance of
starch. Indeed, previous research on introducing crosslinks of different chemical bonds to starch-based
blend films have seen improvement of water resistance.””*® Besides, introduction of chemical
crosslinks could likely yield films with better smoothness and transparency, as by nature it is not

susceptible to the inhomogeneity caused by the introduction of fillers.

GI.6. Controllable dissolution/disintegration behavior for balancing ease of use and marine

ecosystem protection

While starch-based blend films may have low water resistance, this susceptibility to water also
rendered them low risk to marine ecosystem. A fter being discarded and entering the marine environment,
starch-based blend films can quickly dissolve/disintegrate, which reduces the chance of being ingested

7



by or entangled with marine wildlife. However, improving the
water resistance might offset this advantage, therefore there is a
tradeoff between the rapid disintegration/dissolution and water
resistance in daily usage.

In previous studies pertaining to improving the water
resistance of starch films, the changes in material water
resistance caused by these modifications usually do not change
according to the environment that the material in question is in.
However, rapid disintegration/dissolution and water resistance
are usually not required simultaneously at the same stage of the
material life cycle. Thus, the tradeoff between the rapid
disintegration/dissolution after being discarded and leaked to the
marine ecosystem and water resistance in daily usage
might be overcome by different
dissolution/disintegration ~ behavior in aqueous

environments under different stages of material

Chemical l
Modification

—

FW
O sw (M &pH)

-

Figure 7 Schematic illustration
of controlling disintegration
behavior in aqueous
environments for balancing ease
of use and marine ecosystem

protection.

Responsive

|/ crosslinks
111 j

lifecycle (Figure 7).

Chemical properties of seawater differ from those Daily usage Discarded (seawater)
of freshwater (e.g., rain or tap water) which plastic (s ety Crosslin
products  typically encounter in  everyday il el cleavage

P Dissolution/

environments. In particular, seawater demonstrates a s disintegration
high ionic strength and slightly basic pH;®" these zig?a?éngf
different chemical properties can be used as chemical crosslinks Biodegradation
stimuli for cleaving certain types of chemical bonds. Figure 8 Schematic diagram of controlling
As discussed above, intermolecular crosslinks can disintegration behavior via formation and
greatly affect the stability of starch films. Therefore, dissociation of intermolecular crosslinks.

starch-based films with different

dissolution/disintegration behaviors in seawater and

freshwater, can possibly be prepared by introducing chemical crosslinks with different susceptibilities

to freshwater and seawater, as shown in Figure 8. In fresh water, the stability of the material is

maintained by the crosslinks and remains stable. In seawater, the material is restored to its initial soluble

state triggered by the cleavage of crosslinks; consequently, it rapidly dissolves or disintegrates without

the assistance of seawater microorganisms. After the rapid disintegration and dissolution, the

dissociated polymer chains can further undergo biodegradation when the biodegradation speed is no

longer strongly related to the chance of ingestion and entanglement. By introducing microorganism-

independent responsive disintegration/dissolution characteristics, the loss of shape and mechanical

strength of the material in the seawater can be decoupled from biodegradation, which should shorten
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the encounter window and reduce the ecological risk when the material is discarded and exposed to the
marine environment.

The concept of controlling the mechanical properties of material in aqueous solution utilizing
composition difference of the solution has previously been implemented on hydrogels in solutions
which bear some similarities to seawater. For example, ionic bond-crosslinked alginate hydrogel
microbeads were able to dissolve in phosphate solution due to the release of Ca® ions and the
consequential dissociation of ionic crosslinks, and was used as vehicle a for the controlled release of
drugs.®® However, this concept has yet to be implemented on dry film materials without solvent, and
seawater has not previously been used as a chemical signal or trigger. To prepare a starch film with
seawater selective dissolution/disintegration property, crosslink bond candidates with proper selectivity
to seawater have to be selected, and the material choice and crosslink introduction strategy would have

to be designed from the ground up.

GIL.7. In this work

In this thesis, intermolecular crosslinks including covalent and non-covalent crosslinks were
utilized to improve the water resistance of starch-based blend films. To better reduce the risk of starch-
based blend films on the marine ecosystem, starch films with controllable dissolution/disintegration
behavior in freshwater and seawater were also developed by leveraging the stimuli-responsive
properties of non-covalent bond crosslinks.

In the first chapter “Hemiacetal/acetal bond crosslinked starch/PVA blend film with improved

water resistance”, the effectiveness of intermolecular crosslinking on improving water resistance of

CH,0H CH,OH CH,OH
on © NalOa on © 0
o — o | f\o/
e n b HPSOX -
HPS + Solution Dryfilm  e-o-so-e- HPS
*\ﬁ/ Casting o
Lo A Glucose rings
Periodate-cleaved rings
PVA

Hemiacetal/acetal bonds

>

Emerged in water:

Dissolved “Self-standing”

HPS+PVA HPS,, +PVA

Figure 9 Schematic illustration of preparation process of HPSo«/PVA films, and the comparison of

water stability of non-crosslinked HPS/PVA and hemiacetal/acetal bond crosslinked HPSox/PVA films.
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starch-based film was tested by the introducing a covalent crosslink, hemiacetal/acetal crosslink
(Figure 9). Hydroxypropyl starch (HPS) was oxidized by periodate oxidation, and an oxidized HPS
(HPSox)/PVA blend film, crosslinked by hemiacetal/acetal bond crosslinks using HPSox as both
structural material and crosslink agent. Compared to non-crosslinked HPS/PVA blend film prepared by
simple blending, which dissolved immediately in water, the crosslinked film, HPSo«/PVA films showed

drastically improved water resistance and mechanical strength due to the existence of crosslinks.

Hydrogen-bond crosslinked starch-based blend film
oo aEERRCY

- |
-Coo I 4
-COOH:---0=C- I 4

J \ PVP
In freshwater In seawater

! 28F RRR\ 222

Figure 10 Schematic illustration of structure of TS-g-PAAc/PVP film, and its dissolution/disintegration

in seawater and freshwater.

In the second chapter “A starch-based, crosslinked blend film with seawater-specific dissolution
characteristics”, the concept of controlling the dissolution/disintegration behavior of material in
freshwater and seawater was being experimented with introducing a seawater-labile hydrogen bond
crosslink to a starch-based blend film (Figure 10). A starch-based graft polymer, starch-g-poly(acrylic
acid) (TS-g-PAAc) was first prepared by grafting polymerization, then a hydrogen bond-crosslinked
TS-g-PAAc/PVP blend film was prepared by blending TS-g-PA Ac with poly(vinyl pyrrolidone) (PVP)

OH
SN P 24h

Starch HO A o immersion

o)

HO Freshwater B ||

HO A...-- ——-
© D
l In-situ cationization M_/ater - .
OH & resistance

crosslinking Seawater

0 OH
24h
oS f/o’ﬁ) R h', i " \ immersion
| [ﬁ “ NHNH, ¢ AR ‘
0 G- SENN
(0] O G i
+ - g

; |
- ‘
OR H S T——A4
é& 5 |
amc 50 — -CO0°

RO 0 d cMmC > C + ITon-responsive

OR — DAS 2 -NH, swelling &
R=H,-CH,C00" RO Acetal bond dissolution

Figure 11 Schematic illustration of the preparation process of DAS/GT/CMC/GT film, and its ion-

responsive dissolution/disintegration behavior.
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and solution casting. After drying, the grafted starch was crosslinked with PVP by hydrogen bonds.
While owing to the hydrogen bond-crosslinks, the film showed improved water resistance over
unmodified starch films in DIW, in seawater the film was able to dissolve quickly as a result of
disruption of the hydrogen bond crosslinks in the presence of weak acid anions.

In the third chapter “Dual-crosslinked starch/carboxymethyl cellulose blend film with ion-
responsive dissolution properties”, the concept of controlling the dissolution/disintegration behavior of
material in freshwater and seawater was further extended by the developing alternative crosslinking
mechanism which complements the seawater-responsive hydrogen bond crosslinks (Figure 11). A
dialdehyde starch (DAS)/carboxymethyl cellulose (CMC) blend film is prepared via a modified solution
casting process, during which DAS is gradually rendered cationic by a cationizing reagent, Girard’s
reagent T (GT) , and interacted with CMC to form ionic crosslinks. Meanwhile, the aldehyde groups on
DAS also form acetal bonds with the -OH groups on both DAS and CMC, which further increases the
wet strength. In solutions of low ionic strength encountered in daily life, such as freshwater, the film
remains stable for both types of crosslinks. In high ionic strength solutions, such as seawater, the film

swells rapidly and disintegrates owing to the cleavage of ionic crosslinks.
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Chapter 1. Hemiacetal/acetal bond crosslinked starch/PVA

blend film with improved water resistance
1.1. Introduction
As described in general introduction, blending with other polymers has been established as an

effective approach for improving the physical aspects of starch films. Among all polymers that can be

blended with starch, poly(vinyl alcohol) (PVA), a water soluble polymer

with a large amount of hydroxyl group whose structure is shown in Figure
1-1, has been considered to be a good candidate for blending with starch, 4
due to its good mechanical strength and film-forming ability." PVA can OH

potentially be biodegraded by a broad panel of microorganisms, including Figure 1-1

Molecular structure

of PVA.

bacteria”* and fungi’’, which makes PVA more beneficial than other
synthetic polymers. Additionally, the abundant -OH groups on PVA polymer
chain open it for a large variety of chemical reactions.

However, similar to other starch-based films, starch/PVA blend films are plagued by high humidity
sensitivity®® and disintegration in water®, which greatly limited their practical usage. To improve the
low water resistance of starch/PVA blends, doping with fillers and introducing crosslinks are two
popular strategies. Doping starch/PVA blend film with hard particles or fillers generally yields films
with improved water resistance,'’'* as the doped films have more compact, high-density parts which
could retard water penetration. However, as described before, the improvement is rather limited, and
doped films are more likely to exhibit inferior smoothness and transparency as a result of introduction
of multiple phases. Meanwhile, introducing crosslinks is an effective means of improving the water
resistance of polysaccharide-based materials, and previous research on introducing crosslinks to
starch/PVA films with different chemical bonds have seen improvement of water resistance.®'*'®
Besides, introduction of chemical crosslinks could likely yield films with better smoothness and
transparency, as by nature no secondary phases would be introduced to the film during this process.
Nonetheless, there is still much room for improvement regarding the effects of crosslinks on water
resistance. Even crosslinked starch/PVA films involved in aforementioned studies showed improved
water resistance compared to non-crosslinked counterparts, nevertheless they still showed partial
dissolution and relatively high swelling ratio in water.

Hemiacetal/acetal bond could be an ideal bond crosslink bond candidate for starch and PVA due
to a number of reasons. Both starch and PVA contains a large amount of -OH groups, which can be used
for the formation of hemiacetal/acetal bond crosslinks. The formation of hemiacetal/acetal bond also
does not require harsh conditions. Additionally, with -OH groups being consumed during the crosslink

introduction process, the hydrophilicity of the constituting polymers can also be decreased. However,
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the introduction of hemiacetal/acetal crosslinks usually requires the use of small molecule aldehydes

19,20 21,22

such as formaldehyde and glutaraldehyde “-*°, which are known to be toxic and hazardous for the
environment, making them potentially unsuitable for large-scale commercial production or biomedical-
related applications. Additionally, due to the volatileness of these aldehyde reagents, aldehyde
concentration is reduced in the drying process, and the evaporated crosslinking agent poses difficulty
for operation and environmental risk.

The glycol cleavage of polysaccharides is an efficient, highly selective reaction that involves the
cleavage between vicinal hydroxyl groups at the C-2 and C-3 positions of the anhydroglucose unit and
the formation of two aldehyde groups in the presence of periodic acid or periodates, such as NalOs. It
is a well-known method for the production of polysaccharide aldehyde derivatives,” and it has been
widely accepted as compatible or nontoxic.”**® Besides, as the aldehyde groups introduced by oxidation
is directly connected to the starch molecular chains, only one reaction is needed for the formation of
each crosslinking, hence the reaction efficiency is also improved. In this section, aldehyde groups will
be directly introduced to starch chains by NalO, oxidation, and inter-/intra-species crosslinking occurs
directly at the absence of external crosslinking agents.

This chapter focuses on improving the water resistance of starch/PVA blend film by introducing
hemiacetal/acetal crosslinks using starch as both structural material and crosslinking agent (Figure 1-2).
Oxidized hydroxypropyl starch (HPSox) was prepared by iodate oxidation of hydroxypropyl starch
(HPS), and then an HPSo«/PVA blend film was prepared by solution casting method. During the drying
process, hemiacetal/acetal bonds formed between aldehyde groups on HPSox and hydroxyl groups on
both HPSox and PVA under acidic conditions. The effects of the introduction of hemiacetal/acetal

crosslinks were evaluated by observing swelling and dissolution/disintegration behavior in water and

testing the mechanical properties of the films.

= Hemiacetal/acetal bonds:

CH,OR CH,OR
R=H or (CH,CHOHCH,) o
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0, o) o o
Ol
ED o <
o
OR L oI OR \
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Figure 1-2 Schematic illustration of preparation process of crosslinked HPSo«/PVA film, and the

proposed crosslinking mechanism.
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1.2. Experimental

1.2.1. Materials

Hydroxypropyl tapioca starch (HPS) — molar substitution (MS): 0.1 — was provided by Nihon
Shokuhin Kako Co., Ltd. (Japan). HPS was used as an alternative to unmodified counterparts that have
a tendency to form aggregates during dialysis after oxidation. These aggregates might pose challenges
in the following high-pressure homogenization. PVA (DP = 2000, degree of hydrolysis = 98.5%) was
from Nacalai Tesque (Kyoto, Japan). Sodium periodate (JIS Special Grade), 25% glutaraldehyde
solution (Wako First Grade), citric acid (Japanese food additive, 299.5%) and 1M hydrochloric acid
were from Fujifilm Wako (Osaka, Japan). Glycerol (297.0%) was from Nacalai Tesque.

1.2.2.  Preparation of oxidized hydroxypropyl starch (HPSoy) solution

An HPS paste (4 wt%) was prepared by mixing HPS and deionized water, followed by heating at
90°C in a water bath with stirring for approximately 30 min. A certain amount (0.05 g/ml starch paste)
of sodium periodate was then added to the HPS paste and it was allowed to react for 1 h with stirring,
away from light exposure. Oxidized HPS (HPSox) paste was then transferred to dialysis tubing
(Spectra/Por 6 standard regenerated cellulose dialysis tubing, prewetted, MwCO: 10 kD, Spectrum
Chemical Mfg. Corp., USA) and dialyzed for three consecutive days. After the dialysis process, the
volume of the HPSox paste recovered from the dialysis process was adjusted to1.33 (in the case of
preparing 3% wt solution) or 1.5 times (in the case of preparing 3% wt solution 2.67% wt solution) the
volume before dialysis by diluting the paste with deionized water. It was then passed twice through a
high-pressure homogenizer (Starburst Mini HJP-25001, Sugino Machine Ltd., Uozu, Toyama, Japan)
at 200 MPa to obtain a homogeneous solution. To evaluate the extent of oxidation of HPSoy,
homogenized HPSox solution was titrated by simple iodometry using a slightly modified process of
Hyon et al.*’ In brief, 5 ml of homogenized HPSox solution was mixed with 10 ml 0.05 mol/L 12 solution
and 10 ml 1 mol/LL NaOH solution, then the mixture was allowed to react at room temperature for 15
min with stirring. Then, 7.5 ml of 6.25 v/v % H,SO4 was added to the mixture. Finally, the mixture is
titrated with 0.1 mol/L Na,S,0; solution with diluted starch solution as indicator. The aldehyde

concentration of HPSox measured by this method was 3.57 mmol/g.

1.2.3. Preparation of sample films

PVA film. PVA aqueous solution was prepared by heating at 90°C in a water bath with stirring for
approximately 30 min. Then, a certain amount of PVA solution was casted and dried overnight at 50°C
in an oven.

HPS film. The HPS paste (3 wt%) was prepared by mixing HPS and deionized water, followed by
heating at 90°C in a water bath with stirring for approximately 30 min. Glycerol of 25% HPS weight

was added to the solution as a plasticizer to reduce the brittleness of the film. Then, a certain amount of
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solution was casted and dried overnight at 50°C in an oven.

HPS/PVA blend film. HPS paste (4 wt%) was prepared by mixing HPS and deionized water,
followed by heating at 90°C in a water bath with stirring for approximately 30 min. 2 wt% PVA solution
was prepared by mixing PVA and deionized water, followed by heating at 90°C in a water bath with
stirring for approximately 30 min. The HPS solution was then mixed with the PVA solution at a 1:1
volume ratio, yielding a mixed solution in which the concentrations of starch and PVA were 2% and
1%, respectively. Glycerol of 25% HPS weight was added to the solution as a plasticizer to reduce the
brittleness of the film. Then, a certain amount of solution was casted and dried overnight at 50°C in an
oven.

Glutaraldehyde crosslinked starch/PVA (HPS/PVA/GA) film. HPS paste (4 wt%) was prepared by
mixing HPS and deionized water, followed by heating at 90°C in a water bath with stirring for
approximately 30 min. The obtained HPS paste was then cooled to room temperature under ambient
conditions. The cooled HPS paste was passed through a high-pressure homogenizer (Starburst Mini
HIJP-25001, Sugino Machine Ltd., Uozu, Toyama, Japan) at 100 MPa. A 2 wt% PVA solution was
prepared by mixing PVA and deionized water, followed by heating at 90°C in a water bath with stirring
for approximately 30 min. The obtained PVA solution was then cooled to room temperature under
ambient conditions. The homogenized HPS solution was then mixed with PVA solution at a 1:1 volume
ratio, yielding a mixed solution in which the concentrations for starch and PVA were 2% and 1%,
respectively. A casting solution was obtained by adding a certain amount of glutaraldehyde solution (1%
polymer weight of pure glutaraldehyde) and 1% v/v 1M HCI solution to the mixed solution. Finally, a
certain amount of casting solution was casted and then dried overnight at 50°C in an oven.

Crosslinked oxidized hydroxypropyl starch/PVA (HPSo/PVA) film. Homogenized HPSox paste
(2.67% wt) was prepared as mentioned above, and PVA solution (4 wt%) was prepared and cooled to
room temperature under ambient conditions. Homogenized HPSoy solution was then mixed with PVA
solution at a certain volume ratio. For casting solution of films with polymer weight ratio in dry film
(HPSox:PVA) = 1:1, 2:1 and 3:1, the mixing ratio was 3:1, 3:2 and 9:2, respectively. A casting solution
was obtained by adding 1% v/v 1M HCI solution to the mixed solution. Finally, a certain amount of

casting solution was casted and then dried overnight at 45°C in an oven.

1.2.4. Characterization

Short-term swelling profile. Sample films were cut into square pieces of approximately 1.5 x 1.5
cm. After the initial weight of the samples was measured, the sample pieces were immersed in deionized
water at room temperature. At 10 and 30 min, the sample pieces were removed from the liquid
environment, carefully wiped with Kimwipe™ wipes to remove any residual liquid on the surface,
weighed, and then returned to the liquid. From 30 min on, the sample pieces were weighed every 30
min, until sample disintegration (during immersion or wiping) was observed or the immersion time had
reached 2 h, depending on whichever comes first. At least three sample pieces were tested for each film
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type. The swelling ratio (SR) at any given time ¢ was defined as (wet weight at ¢+ — initial dry
weight)/initial dry weight x 100%.

Water contact angle. The water contact angle (WCA) was measured with a DropMaster DM300
contact angle meter (Kyowa Interface Science Co., Ltd.) using the sessile drop method. A deionized
water droplet (~1 ul) was applied to the sample surface with a manual precision syringe; then, the image
of the water droplet was immediately captured by the charge-coupled-device camera of the system. The
WCA was determined by the workstation connected to the system that corrected the baseline and fit the
curve to a theoretical meridian curve. The contact angles of both sides of the droplet were measured
and averaged.

Mechanical properties. The ultimate tensile strength (Gmax), Young’s modulus (E), and elongation
at maximum stress (%e) of dry and wet HPSo/PVA film was tested with a Shimadzu EZ Graph
universal tester (Shimadzu Scientific Instruments, Columbia, Maryland, USA). A 100-N load cell and
crosshead speed of 1 mm/min were used. The dry-film properties were measured immediately after
drying had finished. For measurement of the wet HPSow/PVA film properties, the samples were
immersed in deionized water 1 h prior to testing and were carefully wiped with Kimwipe wipes to
remove any residual liquid on the surface when loaded to the holder.

SEM imaging. SEM imaging of samples was performed on a Hitachi SU3500 scanning electron
microscope (Hitachi High-Technologies Corp., Tokyo, Japan). Samples were sputtered with tin prior to
imaging.

FT-IR analysis of HPS and HPSoy. Fourier-transform infrared (FT-IR) spectra of HPS and HPSox
were measured with a Nicolet iS5 FTIR spectrometer (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). HPS was tested as received. An HPSo, dry powder was obtained from freeze
drying homogenized HPSox solution.

Transmittance of HPSow/PVA film. The transmittance of HPSo«/PVA film was measured over the
whole visible spectrum with a Hitachi U-2810 UV-vis spectrophotometer. Samples were cut into sample
strips of 5 mm, 20-30 pm thick, and then placed into a quartz cuvette with the sample perpendicular to
the light path.

1.3. Results and discussion

1.3.1. Fabrication of glutaraldehyde crosslinked HPS/PVA blend film

First, crosslinked HPS/PVA films with glutaraldehyde as an external crosslinker was prepared, to
assess the effects of acetal/hemiacetal crosslinking in HPS/PVA blend, and to verify that the reaction
condition is proper for acetal’hemiacetal crosslinking. The effect of crosslinking was assessed by
observation of water stability of the films. The water stability of HPS/PVA/GA film was assessed by
immersing films in deionized water and measuring the swelling profile. Unlike HPS/PVA film prepared

by simple blending of two polymers, which disintegrates and dissolves quickly upon contact with water,
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HPS/PVA/GA film was able to maintain its shape
without disintegration, as shown in Figure 1-3.
Thus, it can be deduced that acetal/hemiacetal
crosslinking has been generated during the drying
process, and the given conditions is indeed effective
for the formation of acetal/hemiacetal bonds.
Though, HPS/PVA/GA film soon become very
swollen upon contact with water, reaching ~160%
SR when swelling equilibrium was reached (Figure
1-3). Additionally, Wet HPS/PVA/GA film generally
have low wet strength, which is shown by the
disintegration at minimal mechanical force, as well

the fact that wet film does not have enough strength

0 T T T
0 20 40 60
Time/min

Figure 1-3 Swelling curve of HPS/PVA/GA
film. Inset: mage of HPS/PVA/GA film after

being immersed in water.

to support its own weight and drapes when removed from liquid environment, suggesting relatively low

density of crosslinking in the films.

1.3.2. Preparation of uniform HPSox solution

To fabricate uniform and transparent cast film, a uniform HPSox solution is required. After HPS

was oxidized by sodium periodate to synthesize HPSoy, loose aggregates were observed during

purification by dialysis. This can be attributed to the partial crosslinking between HPSox molecules, in

which some aldehyde groups reacted with
hydroxyl groups to form acetal/hemiacetal bonds,
and/or a change in dispersibility in water were
caused by functional group conversion. As these
aggregates hinder uniform film production, after
dialysis, aqueous counter collision (ACC)
treatment was performed on the aggregated
HPSox paste to produce a uniform dispersion
(Figure 1-4 a).)

The FT-IR spectrum of HPSox was measured
to determine the effect of the oxidation process
(Figure 1-4 b).). Curves were normalized, with
the highest peak at 1030 cm™, which is the C-O
stretching peak within the glucose ring **. The
peak at 1734 cm™ is attributed to the characteristic
absorption peak of carbonyl groups *°, which

indicated the existence of free aldehyde groups in
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and HPSox: the powder HPSox sample was

obtained from lyophilization of homogenized

HPSox solution.



HPSox, even after ACC treatment and the dialysis purification process. The peak around 1105 cm™ can
be attributed to C-O—C stretching of acetal linkage.*® Although the underlying mechanism is yet to be
fully understood, the increased peak intensity around 1105 cm™ might imply that, in sole HPSox prior
to mixing and oven drying, there exists some degree of crosslinking, which might have developed

during the dialysis process.

1.3.3.  Appearance of HPSo/PVA film

a) b) c)
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Figure 1-5 a). Flexed HPSo«/PVA film (HPSox:PVA = 2:1) strip; b). HPS/PVA film (HPS:PVA = 2:1),
HPSox/PVA film (HPSo«:PVA = 2:1), and neat PVA film placed above printed background (samples
were placed on a thin transparent glass sheet, and the glass sheet was elevated ~1 cm from the printed
background); c¢). transmittance of HPS/PVA film (HPS:PVA = 2:1), HPSo«/PVA film (HPSox:PVA =
2:1), and neat PVA film in visible range (380-800 nm).

Crosslinked HPSo«/PVA blend film (HPSox:PVA = 2:1) was prepared by the process shown in
Figure 1-5, utilizing the homogenized HPSox solution prepared as previously mentioned. The
appearance of the HPSox/PVA film (HPSox:PVA = 2:1) is shown in Figure 1-5 a). The HPSo,/PVA film
was flexible and had a smooth, glossy surface (Figure 1-5 a).) The transparency of the HPSo/PVA film
is shown in Figure 1-5 b). Although printed text under the HPS/PVA film with the same HPS/PVA ratio
can hardly be read because of its extremely rough surface, printed text and images under the HPSo/PVA
film can be read easily, indicating good transparency. The transmittance of HPSow/PVA film in the
visible range is shown in Figure 1-5 ¢). In the entire visible range, the HPSox/PVA film has a high
and consistent transmittance, varying between approximately 80% and 90%. Considering the smooth
surface, the loss of light intensity during the transferring process is more likely to have resulted from
scattering caused by material microstructure instead of scattering on a rough surface. The relatively
high transmittance of HPSox/PVA film, however, might be an indication of a homogeneous, relatively

defect-free microscopic structure.

1.3.4. SEM analysis of HPSo«/PVA film
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Figure 1-6 SEM images of a). top surface (blend—air surface), b). cross section, c). bottom surface
(blend—substrate surface) of HPSo/PVA film (HPSox:PVA = 2:1); d). top surface, e). cross section, f)..
bottom surface, of HPS/PVA film (HPS:PVA = 2:1), at 1000X magnification.

The SEM images of HPS/PVA and HPSo./PVA film are shown in Figure 1-6. Compared with that
of a simple-blend HPS/PVA film, the surface of the HPSox/PVA film is much smoother, and this
corresponds to the smooth, glossy surface observed in the optical images. No significant difference in
surface smoothness was observed for top and bottom surfaces. This coincides with the conclusions
drawn from the transmittance measurements, in which very few imperfections, such as cracks and
aggregation, were observed in the cross section of HPSo/PVA film, indicating a homogeneous, compact

structure.

1.3.5. Water contact angle of HPSo/PVA film

The WCA of HPSo«/PVA film was also tested (Figure 1-7). Interestingly, the WCA of HPSo/PVA
film was 72.2° £ 3.5°. Though the WCA of
starch/PVA simple blend prepared in this
study cannot be measured because it tends
to swell and dissolve immediately upon
contact with water, the WCA of HPSox/PVA
film is somewhat higher than the value
reported in other research involving

starch/PVA simple blends,"*"** possibly

Figure 1-7 a). Image of water droplet left on

indicating a slightly elevated surface immersed HPSo/PVA film (HPSox:PVA = 2:1)
hydrophobicity over simple blends of starch

surface, when film was removed from water; b). mage

and PVA. No significant water uptake, film of contact angle measurement of HPSo«/PVA film

dissolution, and film deformation were (HPSox:PVA = 2:1).
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observed during the testing process, implying improved water resistance.

A change in contact angle can be induced by the chemical properties of the constituent material
and by the surface morphology. In some cases, starch/PVA blend film can have an abnormally high
contact angle because of the high surface roughness.”> However, considering the smooth surface
morphology observed in the optical and SEM images, it seemed that the elevated contact angle values
should not be attributed to higher surface roughness. Instead, the increased contact angle, or surface
hydrophobicity was caused by the change in chemical properties—aldehyde groups introduced by
periodate oxidation and hydrophobic ether bonds formed in the crosslinking process both have possibly

decreased the hydrophilicity of the constituent material.
1.3.6. Water stability of HPSo/PVA film

The water stability of the HPSo«/PVA film was investigated by immersing films in DIW.
Glutaraldehyde crosslinked HPS/PVA blend film (HPS/PVA/GA) film was also prepared and used as a
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Figure 1-8 a). Images of films with different compositions after being immersed in water. b).
swelling profile of neat PVA, HPS/PVA film crosslinked with glutaraldehyde (HPS/PVA/GA), and
HPSox/PVA film (HPSox:PVA = 2:1), and c¢). swelling profile of HPSox/PVA film with different
HPSox/PVA weight ratios: 1:1, 2:1, and 3:1.
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benchmark for water resistance. While the HPS and HPS/PVA films immediately dissolved in water,
HPSox/PVA film maintained its shape as it did not disintegrate; HPSox/PVA film even had sufficient
strength to support its weight and remained “self-standing” (Figure 1-8 a).). Considering the free
aldehyde groups in HPSox, as demonstrated by the FTIR spectrum, this increased water resistance can
be attributed to the acetal’hemiacetal crosslinking generated during the film-forming process. Thus, the
HPSox/PVA film had improved water stability. As shown in Figure 1-8 b)., the HPSo/PVA film was
also less swollen compared to the HPS/PVA/GA film when the swelling equilibrium was attained. This
can be explained by the high crosslinking density consequent to the high aldehyde group concentration
in HPSox. In addition, the slightly elevated surface hydrophobicity might have also contributed to the
observed higher water stability.

HPSox/PVA films with different HPSo/PVA weight ratios were also prepared, and their swelling
behavior were compared to estimate how HPSox affected the water uptake behavior of HPSox/PVA films.
The swelling curves of HPSox/PVA films with different HPSox/PVA weight ratios were shown in Figure
1-8 c). As expected, the equilibrium swelling ratio decreased as the HPSox proportion increased from
50% (HPSox:PVA 1:1) to 67% (HPSox:PVA 2:1), which is due to the increase in amount of aldehyde

groups and consequently the crosslink density.

1.3.7. Mechanical performance of HPSox/PVA film

The mechanical properties of both dry and wet HPSo/PVA films were evaluated by tensile tests.
The tensile parameters (Young’s modulus (E), ultimate tensile strength (omax), €longation at maximum
stress (%g)) with different HPSox:PVA weight ratios were shown in Figure 1-9. In the dry state,
HPSo«/PVA films showed relatively high strength and stiffness, which was contributed by the
introduction of crosslinks. After 1 h of immersion in DIW, the strength and stiffness decreased, and %¢
increased, as expected. A possible explanation for why the HPSo,/PVA films became more ductile upon
water uptake might be that water is an effective plasticizer for starch and PVA*. Nonetheless, a

considerable part of strength and stiffness was retained, even after 1 h of immersion. This can be
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Figure 1-9 a). Young’s modulus, b). ultimate tensile strength, c). elongation at maximum stress of

HPSox/PVA film with different HPSox/PVA weight ratios (black bars: dry film; gray bars: wet film).
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attributed to the low water uptake resulted from the high crosslink density and the compact structure
formed during the crosslinking process. As the HPSox proportion increased from 50% to 67%, both wet
omax and E increased, in agreement with the swelling profile, which is attributed to the increased
crosslink density. Unexpectedly, E, omax, %€ of the dry film decreased slightly as the HPSox proportion
increased from 50% to 75%. Given that 100% HPSox can hardly be prepared and handled because of
the significant shrinking in the drying/crosslinking process and the brittleness of the product, the slight
decrease is possibly a consequence of early failure, as evident from decreasing %e, caused by increased
brittleness and increased defects derived from excessive shrinking in the crosslinking process. The
slight decrease of wet film E and omax as the HPSox proportion increased from 67% to 75% might also

be attributed to the increased defects discussed above.

1.3.8. Influence of NalO4 dosage

HPSox with different extent of oxidation was prepared by oxidation by different dosage of NalOs:
0.05 g/ml (1X), 0.025 g/ml (0.5X) and 0.0125 g/ml (0.25X), and influence of NalOs dosage was
analyzed by preparation of HPSox/PVA films (W(HPSox):W(PVA) in dry films: 2:1) with HPSox
oxidized by different dosage of NalOa.

As shown in Figure 1-10, the appearance of films with differently oxidized HPSox varied vastly.
While films with highest dosage, most oxidized HPSox is smooth and transparent, films with less
oxidized HPSox has a rough surface and low transparency, and very rough, crater-like surface
morphology can be seen in films with the least oxidized HPSox. As the crater-like surface morphology
can also be seen in (high pressure homogenized, non-oxidized HPS)/PVA films, it is highly possible
that the increasing roughness is due to the increasing phase separation, which can be attributed to the

decrease in crosslinking density consequential to the decrease in oxidation degree.
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Figure 1-10 Image of dry HPSow/PVA films (W(HPSox):W(PVA) = 2:1 with HPSox oxidized by

different dosage of NalOs. a)., d). 1X; b)., e). 0.5X; ¢)., f). 0.25X
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The water resistance of HPSox/PVA films with differently oxidized HPSox was also tested. Films
with the least oxidized HPSox swelled rapidly upon water immersion and became too weak for a
complete swelling curve can be measured, reaching a swelling ratio of ~197% at 10 minutes of
immersion. Though film with less oxidized HPSox remained integrity, it became much more swollen
than the counterpart with most oxidized HPSox and was barely strong enough to maintain self-standing.
Thus, the water resistance of HPSox/PVA films is closely related to the extent of oxidation of HPSoy,

which directly affects the aldehyde group concentration, and crosslinking density.
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Figure 1-11 Mechanical properties of dry and wet HPSox/PVA films with HPSox oxidized by different
dosage of NalOa. (black bars: dry film; gray bars: wet film).

The mechanical properties of HPSo«/PVA films with differently oxidized HPSox were evaluated
by tensile tests. The results are shown in Figure 1-11. Wet strength of HPSo/PVA films with the least
oxidized HPSox was not tested, as its very low wet strength has presented great difficulty for tensile
testing. In consistency with results of water resistance test, as the extent of oxidation decreases, both
wet and dry strength and modulus of HPSo«/PVA films also decreases, which is due to the lowered
crosslinking density.

In conclusion, physical properties including transparency, water resistance and mechanical
properties of HPSox/PVA films is greatly affected by the extent of oxidation of HPSox, which affects
the aldehyde concentration of HPSox and the crosslinking density of the film. Also, to obtain transparent,
water resistant film, a higher extent of oxidation of HPSox is required, as the crosslinking density has to

be higher than a certain threshold to eliminate any phase separation of two polymers.

1.4. Conclusions

Glutaraldehyde-crosslinked starch/PVA blend film with improved water resistance was
successfully prepared under proper conditions, indicating that acetal/hemiacetal crosslinking is an
effective strategy for improving the water resistance and strength of starch/PVA films. Based on this
finding, a starch-derived polyaldehyde HPSox was prepared, and a crosslinked, mainly starch film,
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HPSo«/PVA film, was successfully prepared under the similar conditions. In the HPSo/PVA film, HPSoy
doubled as a building material and crosslinking agent, while PVA acted as a film-forming agent.
HPSo«/PVA film showed improved water resistance and mechanical properties, indicating effective
acetal/hemiacetal crosslinking. In addition, the HPSow/PVA film had a relatively high surface
smoothness and transparency, which resulted from the homogenous, compact structure of the film.
Further inspection revealed that the improvement in the strength of the wet film was chiefly due to the
addition of HPSox and the consequential crosslinking reaction. Sufficient extent of oxidation degree and
crosslinking density is essential for the formation of homogenous, strong film, while the crosslinking
reaction was not highly sensitive to acid catalyst type if proper pH was reached. Thus, acetal/hemiacetal
crosslinking of the starch/PVA films with oxidized starch as a crosslinker was demonstrated to be a
simple-to-operate, yet effective strategy for improving the performance of starch/PVA films in

packaging applications.
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Chapter 2. A Starch-Based, Crosslinked Blend Film with

Seawater-Specific Dissolution Characteristics

2.1. Introduction

As previously mentioned, while starch-based blend films have low water resistance, this
susceptibility to water also allows them to quickly dissolve/disintegrate after being leaked to the marine
environment. In previous studies pertaining to improving the water resistance of starch films, the
changes in material water resistance caused by these modifications usually do not change according to
the environment that the material in question is in, therefore there is a tradeoff between the rapid
dissolution/disintegration and water resistance in daily usage. This tradeoff might be overcome by
different  dissolution/disintegration  behavior under different environments, as rapid
dissolution/disintegration and water resistance are usually not required simultaneously at the same stage
of the material life cycle.

As seen in the last chapter, the dissolution/disintegration behavior of starch-based material can be
greatly affected by introduction of crosslinks, thus it may also be controlled by formation and disruption
of crosslinks. Compared to freshwater, which is more typically encountered in daily life, seawater
demonstrates high ionic strength and slightly basic pH.' The chemical characteristics of seawater can
be used as chemical signals for triggering the disruption of chemically responsive crosslinks, such as
ionic crosslinks and hydrogen bond crosslinks. Previously, the concept of mechanical property control
via ion/pH-responsive crosslinks under similar conditions have already implemented on hydrogels; for
example, it has been reported that the mechanical properties of an alginate/PSS hydrogel can be
manipulated via the formation and removal of ionic bond crosslinks.” Thus, it might be possible to
achieve seawater-specific dissolution/disintegration behavior of starch-based film via the introduction
of responsive crosslinks. However, this concept has not yet been implemented on films, and few or no
research involved using seawater as a trigger.

This chapter focuses on introducing microorganism-independent seawater-responsive
dissolution/disintegration characteristics to starch films by introducing seawater-responsive crosslinks,
as a demonstration of the concept of balancing the tradeoff between eco-safety and ease of use with
different dissolution/disintegration behavior under different environments. Previously it has been
reported that strong, water-stable hydrogen bonds can form between the carboxylic acid groups of
poly(acrylic acid) (PAAc) and carbonyl groups of poly(vinyl pyrrolidone) (PVP), two non-toxic,
biodegradable®* water soluble polymers. Also, it is possible that this type of hydrogen bond can be
disrupted in seawater, as it can be cleaved under conditions similar to that of seawater. It has been

reported that a PAAc/PVP layer-by-layer film can dissolve in NaCl solution, due to the pKa decrease
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Figure 2-1 Schematic illustration of preparation process of TS-g-PAAc/PVP blend film.

of PAAc and consequential deprotonation of -COOH at high ionic strengh.” Also, this type of hydrogen
bond can also be disrupted at elevated pH, due to the deprotonation of the -COOH groups on PAAc.°
Additionally, PAAc chain segments can be introduced to starch with multiple methods,”” thus this type
of hydrogen bond can possibly be introduced to starch films. In this chapter, a starch-based blend film,
TS-g-PAAc/PVP film, with different dissolution/disintegration behavior in freshwater and seawater was
prepared by introducing aforementioned type of hydrogen bonds as seawater-responsive crosslinks
(Figure 2-1). Its seawater-responsive dissolution/disintegration behavior was observed, and the

seawater-responding mechanism was also elucidated.
2.2. Experimental

2.2.1. Materials

Unmodified tapioca starch (TS) was obtained from Nihon Shokuhin Kako Co., Ltd. (Japan).
Ammonium persulfate (APS; ACS reagent grade, 298.0%) and polyvinylpyrrolidone (PVP) K30 (Mw
~40 kDa) were purchased from Sigma-Aldrich (USA). Acetone (299.8%), acrylic acid monomer (2
98.5%), 0.1 mol/L acetate buffer solution (pH 5.0), and 0.1 mol/L phosphate buffer solution (pH 6, 7,
and 7.6) were obtained from Nacalai Tesque (Kyoto, Japan). Dimethyl sulfoxide (DMSO) was
purchased from Fujifilm Wako (Osaka, Japan). Artificial seawater (SW) was obtained as a mixed salt
from Fujifilm Wako (Japan), and an artificial seawater solution was prepared by dissolving the salt in a
prescribed volume of deionized water (DIW). The detailed composition of the mixed salt is listed in

Table 2-1. All materials were used as received.

2.2.2. Preparation of starch-g-polyacrylic acid copolymer (TS-g-PAAc)

Tapioca starch-g-poly(acrylic acid) (TS-g-PAAc) was prepared via free-radical polymerization.
Starch (5 g) was dispersed in 90 mL of water and the mixture was purged with N> for 15 min to avoid
air being trapped in gelatinized solution, followed by heating to 80 “C for approximately 30 min. After
the mixture had properly gelatinized, it was cooled to 55 °C. Subsequently, a predetermined amount of

APS was dissolved in 5 mL of water and added to the mixture. After the APS solution was mixed
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Table 2-1 Components of artificial seawater.

Components mg/L Components mg/L
MgCl,-6H,O 9474 LiCl 1
CaCl,2H,O 1326 KI 0.07
Na,SO,4 3505 CoCl,6H,0 0.0002
KCl1 597 AlICl3-6H,O 0.008
NaHCO; 171 FeCls-6H,O 0.005
KBr 85 Na;WO04-2H,0 0.0002
Na:B407:2H,0 34 (NH4)6M07024-4H,0O 0.02
SrCl, 12 MnCl, 0.0008
NaF 3 NaCl 20747

thoroughly with the starch paste, a predetermined amount of acrylic acid monomer was slowly added
to the mixture. The mixture was then allowed to react for 3 h with the reaction vessel sealed. The product
was precipitated in 1 L of acetone and collected by centrifugation. The collected precipitate was then
washed 5 times with acetone by centrifugation. Finally, the washed precipitate was dried in an oven at

50 C.

2.2.3. Determination of grafting ratio (GR%) of TS-g-PAAc

The GR% of TS-g-PAAc was determined by conductometric titration with a conductometer
(LAQUA F-74, Horiba, Japan). TS-g-PAAc (0.2 g) was added to 250 mL of DIW. Subsequently, the
mixture was stirred at 50 °C until the solid was completely dissolved. To restore all the -COOH groups

to the protonated state, 200 uL of 1 M HCI was added to the solution. The solution was then titrated
against 0.05 mol/L NaOH solution (Fujifilm Wako, Japan).
The GR% of starch is defined as:

_ (Weight of PAAcin TS — g — PAAc)

R = x 1009
G (Weight of TSin TS — g — PAAc) 00%

VNaon X Cnaon X Myac

Mrs—g—paac — Vnaon X Cnaon X Mpac

where Vnion: Volume of NaOH solution consumed during the titration; cnaom: concentration of NaOH
used in the titration; Maac: molar mass of the AAc monomer; mrs.g-paac: Weight of TS-g-PAAc used in

the titration.
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2.2.4. Film preparation

TS-g-PAAc/PVP blend film. A 3% w/v DMSO solution of TS-g-PAAc (synthesized with 0.5 g of
APS and 10 mL of AAc) and PVP was prepared by dissolving TS-g-PAAc or PVP directly in DMSO.
The PVP and the TS-g-PA Ac solutions were then mixed at volume ratios of 2:1, 4:1, or 4:1. Finally, 15
mL of the mixed solution was cast in a Petri dish and dried in a well-ventilated drying oven at 45 °C for
2d.

Starch film. Tapioca starch (0.6 g) was dissolved in 20 mL of DIW; the slurry was then incubated
at 90 °C. After the mixture was properly gelatinized, glycerol equivalent to 10% of the weight of starch
was added to the solution. The solution was then allowed to cool to room temperature and was cast in
a fluoropolymer Petri dish. Finally, the film was dried in a well-ventilated drying oven at 50 °C for 1 d.

Humidity conditioning of films. After drying, the water content of the film was adjusted using
humidity conditioning. The films were placed in a desiccator with a bottle of saturated K»CO3 solution,
which would maintain the humidity in the desiccator at a relative humidity (RH) of approximately 43%
at room temperature. '° The films were retained in the desiccator for at least 1 d and stored thereafter.
Samples that were subjected to Fourier transform infrared (FTIR) tests were not humidity-conditioned

and were stored in a desiccator at ~30% RH.

2.2.5. Characterization

A Nicolet iS5 FTIR spectrometer with an attenuated total reflectance attachment (Thermo Fisher
Scientific, Waltham, MA, USA) was used to measure the FTIR spectra of the TS-g-PAAc and TS-g-
PAAc/PVP films. A Hitachi SU3500 scanning electron microscope (SEM; Hitachi High-Technologies
Corp., Tokyo, Japan) was used to study the morphologies of the samples. The ultimate tensile strength
(Omax), Young's modulus (E), and elongation at maximum stress (%¢) of the dry TS-g-PAAc/PVP films
were measured using a Shimadzu EZ Graph universal tester (Shimadzu Scientific Instruments,
Columbia, MD, USA) with a 100 N load cell and a crosshead speed of 10 mm/min. The humidity-
conditioned samples were subsequently tested at approximately 45% RH. The dissolution behavior of
the TS-g-PA Ac film was studied by immersing pieces of the samples in different solutions. The samples
were cut into square pieces of 1 cm x 1 cm and placed into the wells of 12-well plates, each containing
3 mL of a given solution. The change in the sample pieces over time was captured with a digital camera

at predetermined time points after the sample came into contact with the solution.

2.3. Results and discussion

2.3.1. Influence of reaction parameters on TS-g-PA Ac synthesis
TS-g-PAAc was synthesized by free-radical polymerization with different amounts of APS
initiator and AAc monomer to understand the effect of these parameters on the GR% and to determine
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the optimal conditions for the TS-g-PAAc
synthesis. Different APS dosages (0.1, 0.5, and 0.9
g) were combined with AAc dosages of 5 and 10
mL each, yielding six combinations in total. The
FTIR spectra of all six combinations were
compared with those of the unmodified starch. As
shown in Figure 2-2, in the spectra of TS-g-PAAc
synthesized with all six APS/AAc combinations, a
stretching peak of -C=0 is observed at 1708 cm ',
which indicates that the PAAc chain segments are
successfully grafted to the starch. The carboxylate
content of TS-g-PAAc was measured by
conductometric titration, and the GR% was
calculated accordingly. The GR of TS-g-PAAc

synthesized with different amounts of APS/AAc

1708 cm™
v(C=0)

TS-g-PAAc, APS 0.9 g, AAc 10 ml

PS 0.5 g, AAc 10 ml

APS 0.5 g, AAc 5 ml

PS 0.1 g, AAc 10 ml

S 0.1g9,AAc5ml

12000 1000
Wavenumber/cm-1

Figure 2-2 FTIR spectra of unmodified TS
and TS-g-PAAc prepared with different

13000

initiator and monomer dosage.

combination monomer is shown in Figure 2-3. The GR% increases with the increase in the APS and

AAc dosages. The GR% only slightly increases at higher initiator dosages; however, it significantly

increases with the increase in the monomer dosage. Thus, the contribution of the monomer dosage to

the GR% is more significant than that of the initiator dosage, which agrees with some previously

reported observations. ”®

When 0.9 g of APS was used for the synthesis of TS-g-PAAc, the reaction mixture after free-

radical polymerization was visually less viscous than its counterparts with lower APS dosages. As APS

evidently destroys other polysaccharides with D-anhydroglucose units,'' ' the additional APS possibly

results in excess oxidation and partial degradation of the starch chains. Thus, TS-g-PAAc samples

synthesized with 0.5 g of APS and 10 mL of AAc
were used for preparing TS-g-PAAc/PVP films,
which have the highest GR% second only to TS-
g-PA Ac synthesized with 0.9 g of APS and 10 mL
of AAc. A high GR could be helpful for achieving
a higher density of hydrogen bond crosslinks or
crosslink density, and consequently, a high film

strength.

2.3.2. Observation of the film forming process
Both TS-g-PAAc and PVP are hydrophilic
and individually soluble in water. However, a

homogenous casting solution is not obtained using
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Figure 2-4 Image of dry TS-g-PAAc/PVP films with different TS-g-PAAc:PVP ratios.

water as a solvent because strong hydrogen bonds are formed between the two polymers, and
precipitation is observed consequently. As a polar solvent, DMSO exhibits good solubility in starch,
poly(acrylic acid) (PAAc), and PVP, and can effectively dissolve TS-g-PAAc. In addition, DMSO is a
strong acceptor of hydrogen bonds; this prevents hydrogen bonds from forming between TS-g-PAAc

SU3500 10.0kV 11.7mm x2.00k SE . 5U3500 10.0kV 10 1100k S 50.00m SU3500 10.0kV 11.8mm x2.00k SE

SU3500 10.0kV 11.8mm x2.00k SE 20.0pm SU3500 10.0kV 9.3mm x1.00k SE 3 0.0pm | SU3500 10.0kV 11.8mm x2.00k SE

SU3500 10.0kV 11.7mm x2.00k SE

Figure 2-5 Scanning electron microscopy (SEM) images of the TS-g-PAAc/PVP blend film. a)., d).,
g).: Top surfaces of TS-g-PAAc/PVP (2:1, 4:1, and 8:1) films; b)., e)., f).: Cross sections of TS-g-
PAAC/PVP (2:1, 4:1, and 8:1) films; g)., h)., i).: Bottom surfaces of TS-g-PAAc/PVP (2:1, 4:1, and
8:1) films.
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and PVP and allows a homogenous casting solution to be prepared. Therefore, the TS-g-PAAc/PVP
blend film was prepared by solution casting using DMSO as the solvent. Films with three different TS-
g-PAAc:PVP weight ratios (2:1, 4:1, and 8:1) were prepared and examined.

In preliminary tests, PAAc/PVP blend film was not obtained from the solution casting method
using DMSO as the solvent because of the low film-forming ability of PAAc and PVP. The film-forming
ability of PAAc was significantly improved when it was grafted onto starch, and the TS-g-PAAc/PVP
blend film was obtained using the same method. The TS-g-PAAc dissolved well in DMSO, and after it
was mixed with the PVP DMSO solution, the homogeneous state of the solution remained unchanged.
A clear, homogenous film with a smooth, glossy surface was prepared from the homogenous casting
solution (Figure 2-4). The homogeneity of the films was further confirmed by the SEM images of the
films (Figure 2-5). The surface of the film is microscopically smooth, and no interface is observed on
the surface or cross section. The TS-g-PAAc film was slightly brittle when freshly taken out of the
drying oven; however, aft er humidity conditioning, the film eventually became flexible. This change

in flexibility can be explained by the fact that water is a good plasticizer for films.

2.3.3. Hydrogen bond formation between TS-g-PAAc and PVP

Hydrogen bond formation between TS-g-PAAc and PVP was observed by analyzing the shift of
the —C=O0 stretching peak in the FTIR spectra of the two polymers. In Figure 2-6, for TS-g-PAAc, the
typical -C=0 stretching peak of carboxylic acid is identified at 1708 cm™', whereas the —C=0 stretching
peak of the amide group is identified at 1651 cm™' in the spectrum of PVP. After mixing and drying, a
shift is observed in the peak position of the —-C=0 peak of both polymers. The —C=0 stretching peak of
TS-g-PAAc shifts to 1718 cm™' and that of
PVP shifts to 1632 cm™'. The distance and

direction shifting of the C=0 stretching peaks 1718 cm-' 1632 cm-'

of the TS-g-PA Ac carboxylic acid groups and
TS-g-PAAC/PVP, 8:1

PVP amide groups correspond with those of a
previously reported PAAc/PVP blend.'* The
blue shift of -C=0 stretching peak of PAAc is

the result of disruption of intramolecular TS-g-PAAC/PVP, 2:1

hydrogen bonding in PAAc." Thus, it can be
deduced that hydrogen bonds are formed

1708 cm™’

between the COOH group of TS-g-PAAc and /L,/\J\\_w
PVP

the —C=0 group of PVP during the d rying 3500 3000 2500 2000 1500 1000

process. Wavenumber/cm-1

The component of the non-shifted PVP— Figure 2-6 FTIR spectra of TS-g-PAAc, PVP, and
C=0 peak is not visible in the spectra of the ~ TS-g-PAAc/PVP blend film for different TS-g-
blend films with lower PVP contents, PAAc:PVP weight ratios.
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whereas it is visible in the spectrum of the TS-g-PAAc:PVP 2:1 films. Therefore, the excess PVP or
PVP chain segments are not involved in hydrogen bonding in TS-g-PAAc:PVP 2:1 films. The
“optimized” TS-g-PAAc:PVP for maximum density of hydrogen bond crosslinks should be achieved in
the range of TS-g-PAAc:PVP = 2:1 to 4:1; the density of hydrogen bond crosslinks should first increase

for these ratios, then decrease as PVP contents decrease.

2.3.4. Mechanical properties of TS-g-PAAc/PVP blend film

The mechanical properties of the neat TS-g-PAAc and TS-g-PAAc/PVP blend films were
determined using tensile tests. The tensile curves of the films are shown in Figure 2-7 and the
corresponding parameters are listed in Table 2-2. All blend films exhibit a higher ultimate tensile
strength than that of the neat TS-g-PAAc film, which is attributed to the formation of a hydrogen bond
crosslinking network. As the PVP fraction in the blend film decreases, the nature of the blend film shifts
from strong and stiff to ductile and stretchable. This can be explained by the change in density of
hydrogen bond crosslinks and the resultant crosslinking network structure; the density of hydrogen

bond crosslinks is high at high PVP fractions, and thus limiting the movement of chain segments. As

—T8S-g-PAAC/PVP 2:1
TS-g-PAAC/PVP 4:1
TS-g-PAAC/PVP 8:1

——Neat TS-g-PAAc

50 100 150
Strain / %
Figure 2-7 Mechanical properties of the TS-g-PAAc/PVP blend film with different TS-g-PAAc:PVP

blending ratios. Crosshead speed used in tensile test: 10mm/min.

Table 2-2 Tensile parameters of the TS-g-PAAc/PVP blend film with different TS-g-PAAc:PVP

blending ratios. omax: ultimate tensile strength. E: tensile modulus. &: strain at break

Film type omaMPa  E/MPa €

Neat TS-g-PAAc 2.940.1 330+27 0.1944+0.025
TS-g-PAAc:PVP (2:1) 18.5+1.8 13444132 0.0160.001
TS-g-PAAc:PVP (4:1) 7.5+0.3 46621 0.211+0.036
TS-g-PAAc:PVP (8:1) 5.84£0.3 484+27 1.42540.163
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the PVP fraction decreases, the density of hydrogen bond crosslinks simultaneously decreases.
Consequently, the chain segment mobility is improved in films with a relatively low PVP fraction,
resulting in a low ultimate tensile strength. Nevertheless, owing to the existence of PAAc/PVP hydrogen
bonds, the resistance of the chain segment movement in the blend film is larger than that of the neat
TS-g-PVP film, and the elongation at break is higher than that for the neat TS-g-PVP film at low PVP

fractions.

2.3.5. Dissolution/disintegration behavior of TS-g-PAAc/PVP in different solutions

Prior to the dissolution/disintegration test, the swelling behavior of the TS-g-PAAc film in DIW
was tested by immersing TS-g-PAAc in DIW. The films were cut into square pieces of 1 cm x 1 cm and
placed in Petri dishes containing a sufficient volume of DIW. The swelling process was monitored by a
camera. The images at 0 min and 24 h of immersion are shown in Figure 2-8. As the PVP fraction
decreases, the swelling of the TS-g-PAAc/PVP blend film increases, which indicates that the TS-g-
PAACc/PVP 2:1 blend film demonstrates the highest crosslinking density, whereas that of the TS-g-
PAACc/PVP 8:1 blend film is the lowest. This result concurs with the interpretation of the mechanical
properties of the films; the hydrogen bond and crosslinking densities simultaneously decrease with
decreasing PVP content. As the TS-g-PAAc/PVP 2:1 film has the highest density of hydrogen bond
crosslinks, its dissolution/disintegration behavior is the easiest to observe and is considered for all

dissolution/disintegration tests.

24 h

Figure 2-8 Immersion test of TS-g-PAAc/PVP films with different TS-g-PAAc:PVP ratio in deionized

water.
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The dissolution/disintegration behavior of the TS-g-PAAc/PVP (weight ratio 2:1) blend film
sample pieces was being observed in DIW, 3.5% NaCl water solution, and artificial seawater (SW)
(Figure 2-9). Unmodified starch film dissolved quickly in DIW. In contrast, the TS-g-PAAc/PVP film
initially swelled when immersed in DIW; however, no dissolution was observed thereafter. As PAAc
and PVP are also known to be

readily soluble in water, this 10 min 30 min 60 min 120 min

difference  in  solubility
indicated that water-stable
hydrogen  bonds were
generated between the TS-g-
PAAc and PVP, possibly
owing to the formation of
ladder-like  structures and

hydrophobic effects.'® When

immersed in SW, the initial
Figure 2-9 Dissolution behavior of the TS-g-PAAc/PVP (2:1)

blend film in DIW, 3.5% w/v NaCl solution, and SW.

behavior of the film was
similar to that in freshwater;
however, as the immersion
time increases, the film was gradually eroded from the edge and finally dissolved. This dissolution
behavior can be ascribed to deprotonation; when immersed in seawater, the protonated carboxy groups
gradually deprotonated to a degree wherein the ladder structure was no longer stable and cleaved,
thereby returning the TS-g-PAAc to a non-crosslinked state. The film gradually dissolved as the poly
mer chains are washed away.

While the TS-g-PAAc/PVP film dissolved in SW, no dissolution was observed when the film was
immersed in 3.5% w/v NaCl solution, which has approximately the same salinity as that of seawater.
As both 3.5% w/v NaCl solution and SW have relatively high ionic strength, it is unlikely that the
deprotonation of TS-g-PAAc and subsequent dissolution are driven solely by the presence of ions. SW
is similar to 3.5% w/v NaCl solution in many ways, the higher pH of SW is a major differentiator of
the two solutions. Considering deprotonation can be also triggered by high pH, it is possible that this

higher pH is the major cause of the dissolution.

2.3.6. Dissolution mechanism of TS-g-PAAc/PVP in SW
TS-g-PAAc can be deprotonated by either or both of the following factors: the shift of pKa of
PAAc chain blocks on TS-g-PAAc towards a low value at high salt concentration,™'” or the high pH of

seawater.' To understand the dissolution mechanism of the TS-g-PAAc/PVP blend film in seawater, the
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a). b). c). d). e).

Seawater Buffers Na,HCO,
salts

Figure 2-10 TS-g-PAAc/PVP 2:1 film after 24h immersion in different water solution. a). In
solution of major salts species in SW, of their respective concentrations in SW. b). HCl solution. c).
NaOH solution. d). In pH 5 acetate buffer, pH 6, 7 and 7.6 phosphate buffer. e). In Na,COs solution

with concentration that is 0.01, 0.1, 1 and 10 times (X) of its concentration in SW.

film was tested in different solutions (salt species with a high concentration in artificial seawater, strong
acid and base, and buffer). TS-g-PAAc/PVP 2:1 film samples after 24h immersion were shown in
Figure 2-10. Initially, the TS-g-PAAc/PVP film samples were immersed in solutions of different salts
with their respective concentrations in artificial seawater. The five selected salt species exhibit the
highest content in artificial seawater, other than NaCl (MgCl,, CaCl,, Na>SOs, KCI, and NaHCO3). As
shown in Figure 2-10 a). and e)., samples in most salt solutions demonstrated no dissolution, regardless
of the valency of metal ions, whereas the sample in NaHCO; solution dissolved. As NaHCO3 renders
seawater pH basic, the deprotonation and the resultant dissolution were initially assumed to be pH-
responsive rather than cation-responsive.

To determine the switching pH of the film, its dissolution behavior under different pH conditions
was investigated. The film was first immersed in a solution of a strong base (NaOH) and a strong acid
(HCI) of different concentrations to eliminate the influence of ions and ionic strength. In particular, no
dissolution was observed until the NaOH concentration was increased to 10 M, with a pH considerably
higher than that of seawater and the deprotonation pH of PAAc predicted by the pKa of PAAc (Figure
2-10 b). and ¢)). To further investigate the dissolution mechanism of the TS-g-PAAc/PVP film, the film

was immersed in commercial buffer solutions with a pH in the range of 5-7.6 and an ionic strength of
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0.1 mol/L. In contrast to the dissolution behavior in the strong acid and base solution series, samples
dissolved in all buffers that were tested, irrespective of the pH and type of buffer (Figure 2-10 d).).

Considering the dissolution behavior of the TS-g-PAAc/PVP film in four solution series, the
dissolution mechanism can be deduced as follows: As all solutions in which the film dissolved contain
a large amount of weak acid and its salts or NaOH, the dissolution behavior of the film may not solely
be controlled by the pH. In water and low-concentration strong base solutions, the only H"-accepting
species in the solution is OH™, whose concentration is insufficient. Consequently, the deprotonation of
the PAAc segments is considerably slow even at a relatively high pH, and no dissolution is observed
until [OH] is increased to a sufficient level by NaOH. In solutions with weak acid anions (buffer,
artificial seawater, and NaHCOs3 solution), the concentration of weak acid anions [A7] is higher than
that of [OH] in strong base solutions with a similar pH; thus, the protons on the PAAc segments are
rapidly transferred to A™. In conclusion, instead of the protonation/deprotonation equilibrium shift of
the PAAc chain segments at higher ionic strengths, the dissolution behavior of the TS-g-PAAc/PVP
film is more probably caused by the change in the deprotonation kinetics of PAAc chain segments
induced by weak acid anions, which greatly increases the deprotonation speed and shortens the
dissolution time.

Additionally, the dissolution response for different NaHCOj3; concentrations of the film was tested
by immersing the film in solutions with NaHCOs concentrations that were 0.01, 0.1, 1, and 10 times
the Na,COs concentration in seawater (Figure 2-10 e).). Within the observation period of 24 h, the film
immersed in the 0.01 times and 0.1 times solutions did not dissolve, whereas the film immersed in the
other two solutions dissolved. As the concentration is increased from 1 time to 10 times, the dissolution
rate of the film also increased. Therefore, the dissolution of the film occurs at a threshold concentration
of NaHCOs; the dissolution speed of the film increases when the NaHCO; concentration is increased

beyond this threshold.

2.4. Conclusions

Acrylic acid-modified starch (TS-g-PAAc) was prepared as a non-covalently crosslinked blend
film by free-radical grafting polymerization. Subsequently, a TS-g-PAAc/PVP blend film was prepared
using PVP, a strong acceptor for hydrogen bonding, as a polymeric crosslinker. Strong water-stable
hydrogen bonds that are generated between the PVP and the grafted PAAc chain segments of TS-g-
PA Ac prevent the film from dissolving in DIW. In artificial seawater, the carboxy groups on TS-g-PAAc
rapidly deprotonate, thereby destroying the hydrogen bond network structure and enabling TS-g-PAAc
to be freely dissolved. The blend film quickly dissolves when immersed in seawater. The deprotonation
of TS-g-PAAc is attributed to the reaction between TS-g-PAAc and bicarbonate groups in artificial
seawater. This technique provides a potential recourse for the ocean plastic problem. Furthermore, it
may be suitable for single-use applications in fields such as packaging, healthcare, and agriculture.
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Chapter 3. Dual-crosslinked Starch/Carboxymethyl Cellulose

Blend Film with Ion-responsive Dissolution Properties

3.1. Introduction

Polyion complexes (PICs) is a class of polymeric materials consisting of two oppositely charged
polyelectrolytes crosslinked by ionic bonds. Due to the ionic bond crosslinks, PICs are able to remain
stable in low ionic strength solutions, e.g., freshwater; meanwhile in solution of high ionic strength, e.g.
salt solutions, the ionic bonds dissociates due to the ionic shielding effect, causing the material to
dissolve.! As seawater has significantly higher ionic strength compared to freshwater and many
common solutions in daily life, it is likely a starch-based film with both water resistance in daily
scenarios and rapid disintegration/weakening after being discarded and leaked to the sea can be realized
via the development of a starch-based PIC film.

Previously, various types of PICs including hydrogels and micelles have been prepared.”®
Nevertheless, the preparation of starch-based PIC films can be challenging for several reasons. Natural-
based polymers with ionizable amine groups, such as chitosan, have been the most used natural-based
options of polycation for preparing various PICs.” However, these amine-rich polymers exhibit cationic
properties only at low pH values, rendering them unsuitable for the preparation of dry films without a
solvent. Moreover, realizing complexation via the direct mixing of charged starch with polymeric
counterions is difficult to achieve. Owing to the rapid formation of ionic crosslinks, the newly formed
PIC might precipitate from the solution, which not only might prevent further complexation, but also

render the film-forming step challenging, if not impossible.
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Figure 3-1 Schematic illustration of preparation process of DAS/CMC/GT/HCI blend film.
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In this chapter, an ionic bond-crosslinked starch-based dry PIC film with seawater-selective or ion-
responsive dissolution ability was prepared via a new solution-casting approach that does not rely on
pH-dependent ionization and avoids the direct mixing of polycations and polyanions. (Figure 3-1)
Starch was first converted to dialdehyde starch to increase its reactivity. Then, a biodegradable®, natural-
based polyanion with excellent water solubility and film forming characterisitics’, i.e., CMC, is mixed
with dialdehyde starch (DAS), which does not contain charged groups, and a composite film is prepared
via solution casting. During the drying process, DAS is gradually converted into a cationic polymer
using Girard’s reagent T (GT), which reacts with -CHO groups and has previously been used to
introduce quaternary ammonium groups into dialdehyde cellulose under mild conditions via imine bond
formation.'”!'" Owing to the newly introduced cationic groups, DAS forms ionic crosslinks with CMC.
In the meanwhile, acetal bond crosslinks are introduced by the reaction between the aldehyde groups
on DAS and -OH groups on both DAS and CMC. The selective dissolution/disintegration behavior of

the films is observed by immersing them in modeled freshwater and seawater environments.

3.2. Experimental

3.2.1. Materials

Unmodified tapioca starch (TS) was provided by Matsutani Chemical Industry Co., Ltd. (Japan)
and used as is. CMC (Mw ~250 KDa, degree of substitution (D.S.: 0.7) and GT (for HPLC
derivatization, 99.0%—-101.0%) were obtained from Sigma—Aldrich (USA). Sodium periodate, sodium
chloride, sodium sulfate, magnesium chloride, 1M hydrochloric acid (volumetric analysis grade), and
glycerol were obtained from Fujifilm Wako (Osaka, Japan), and all were of JIS Special Grade unless
specified otherwise. Calcium chloride (JIS special grade) was obtained from Kanto Chemical (Tokyo,
Japan). Dialysis tube (Spectra/Por® 6 standard regenerated cellulose dialysis tubing, pre-wetted, MwCo:
10 kDa) was obtained from Spectrum Chemical Mfg. Corp. (USA). Artificial seawater (SW) was
obtained as a mixed salt from Fujifilm Wako, and an SW solution was prepared by dissolving the salt
in deionized water (DIW) in an amount specified in the manufacturer’s instructions. The composition

of the mixture is listed in Table 2-1.

3.2.2. Preparation of DAS suspension

A DAS suspension was prepared using a previously reported periodate oxidation method.'? TS was
mixed with DIW to obtain a 4% w/v suspension. Subsequently, the suspension was heated in a 90 °C
water bath for approximately 30 min to gelatinize the TS. After gelatinization, the solution was cooled
to room temperature (RT) under ambient conditions. Next, 0.05 g/mL of NalO4 was added to the cooled
starch solution, and the solution was allowed to react for 1 h at RT with stirring, during which the starch
was oxidized to DAS. After the reaction, the DAS solution was transferred to a dialysis tube (MwCo
10 KDa) and dialyzed against DIW for three days. Finally, the volume of the contents in the dialysis
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tube was adjusted to 1.5 times the initial volume, and the mixture was processed via high-pressure
homogenization using a high-pressure homogenizer (Starburst Mini HIP-25001, Sugino Machine Ltd.,
Uozu, Toyama, Japan) at 200 MPa for two passes. The degree of DAS oxidation was determined via

iodometric titration, using a previously reported method.'?

3.2.3. Preparation of blend films

A 3% CMC solution was prepared by directly dissolving CMC in DIW. CMC solution was added to the
DAS suspension at a -CHO/-COO™ molar ratio of 1:0.75, 1:0.5 and 1:0.25, and the mixture was stirred
and heated at 45 °C for 30 min. Subsequently, the mixture was cooled to RT under ambient cooling and
further cooled in an ice/water bath. Next, pH of the solution was adjusted to 3.8 with 1M HCL
Subsequently, GT was added to casting solutions at a molar ratio of -COO™: GT = 1:1. After the GT was
completely dissolved, 15 mL of the mix solution was transferred promptly to a fluoropolymer Petri dish
and then dried overnight at 45 °C. The final product is referred to as DAS/CMCa/GT/HCI, where a
signifies the -CHO/-COO™ molar ratio; for example, the -CHO/-COO™ molar ratio is 1:0.5 when a is 0.5.
Films prepared without HCI and GT, either or both, were also prepared and referred to by names that
indicate their respective compositions; for example, films prepared without HC1 and GT were referred

to as DAS/CMC, and films prepared without HCI were referred to as DAS/CMC/GT.

3.2.4. Post-processing of DAS/CMC/GT/HCI blend film

First, the DAS/CMC/GT/HCI blend film was washed by immersing the film in 250 mL of DIW for
approximately 2.5 h, and this step was repeated after the first washing was completed. After being
washed using DIW twice, samples for all tests other than those for scanning electron microscopy (SEM)
observation and swelling behavior comparison among DAS/CMC, DAS/CMC/GT, DAS/CMC/HCI
and DAS/CMC/GT/HCI films were transferred to 50 mL of 15, 20 and 25% v/v glycerol water solution
and stored in the solution for another 2.5 h. Samples for SEM observation and swelling behavior
comparison among DAS/CMC, DAS/CMC/GT, DAS/CMC/HCI and DAS/CMC/GT/HCI films were
immersed in 50 mL of DIW for another 2.5 h. Finally, film samples were removed from the glycerol

solution or DIW, wiped to remove residual liquid on the surface, and dried overnight at 45 °C.

3.2.5. Characterization

FTIR analysis. The periodate oxidation of TS and the reaction between DAS and GT were analyzed
using FTIR. The FTIR spectra of TS, DAS, and DAS/CMC film and DAS/CMC/GT/HCI film samples
were measured using a Nicolet iS5 FTIR spectrometer with an attenuated total reflectance attachment
(Thermo Fisher Scientific, Waltham, MA, USA), and the spectra were compared.

Microscopic morphology observation of DAS/CMC/GT/HCI blend film. The microscopic
morphologies of both the surfaces and the cross-section (generated by stretching the film in an ambient
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environment) of the DAS/CMC/GT/HCI film samples were observed via SEM (Hitachi SU3500
scanning electron microscope, Hitachi High-Technologies Corp., Tokyo, Japan).

Mechanical properties of DAS/CMC/GT/HCI blend film. To test the mechanical properties of dry
DAS/CMC/GT/HCI films, DAS/CMC/GT/HCI films processed using glycerol solution of different
concentrations and with different DAS/CMC ratios (processed by 20% glycerol solution) were cut into
sample strips measuring 5 mm wide, and the ultimate tensile strength (Gmax), Young’s modulus (E), and
strain at break (epreak) of the dry samples were measured using a Shimadzu EZ Graph universal tester
(Shimadzu Corporation, Kyoto, Japan) with a 100 N load cell at a crosshead speed of 1 mm/min. To
test the mechanical properties of wet DAS/CMC/GT/HCI films, with different DAS/CMC ratios
(processed by 20% glycerol solution) were cut into sample strips measuring 5 mm wide and then
immersed in DIW for 30 min. Subsequently, the Gmax, E, and eucak of the wet samples were measured
using a Shimadzu Autograph AGS-X universal tester (Shimadzu Corporation, Kyoto, Japan) with a 50
N load cell at crosshead speed of 5 mm/min.

Swelling/disintegration test of DAS/CMC/GT/HCI blend film. The DAS/CMCO0.5/GT/HCI blend
films were cut into pieces measuring approximately 1 cm x 1 cm. Subsequently, the samples were
weighed using an analytical balance and placed into the wells of well plates; next, 3 mL of the solution
was added to each well. To test the seawater-responsive and ion-responsive swelling behaviors, the
solutions used were DIW, NaCl solutions of different concentrations (0.2%, 1%, 3.5%, and 5% w/v),
SW, and different salt solutions with ionic strengths equivalent to that of the 3.5% NaCl solution (4.5%
w/v KCl solution, 2.8% w/v Na>SOj solution, 1.9% w/v MgCl, solution, and 2.2% w/v CaCl, solution).
These salt species were selected because of their high concentrations in SW.

The weights of the samples were measured before and after 10, 30, 60, and 120 min of immersion,
and the swelling ratio (SR) of the films was calculated as follows:

W, — W,
SR(%) = tTO x 100%
0

where Wy is the weight of the sample before immersion, and W; is the weight of the sample at time .
After the sample established contact with the solution, images of the samples were captured at 10, 30,

60 and 120 min and 24 h using a digital camera.
3.3. Results and Discussion

3.3.1. Preparation of DAS

To enable starch to form imines with GT, aldehyde groups were introduced into starch via periodate
oxidation. The oxidation of TS was monitored via FTIR and iodometric titration. As shown in Figure
3-2, a new peak at approximately 1732 cm™', which was attributed to the -C=0 peak of the aldehyde
groups,'® appeared in the FTIR spectrum of DAS. Thus, TS was successfully oxidized to DAS. The

degree of DAS oxidation was determined via iodometric titration. The oxidation degree of DAS
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Figure 3-2 FTIR spectra of unmodified tapioca starch and DAS.

determined via this method was 51.7 + 0.5%.

3.3.2. Appearance and microscopic morphology of DAS/CMC/GT/HCI film

The visual appearance of the DAS/CMC/GT/HCI film is shown in Figure 3-3 a). and b). The
DAS/CMC/GT/HCI film is transparent and has a smooth, glossy surface. This smooth transparency and
surface morphology may indicate the high homogeneity of the structure. After the film was prepared
via solution casting, it was washed with water to remove excess reagents, and all samples other than
those used for SEM observation and swelling behavior comparison among DAS/CMC, DAS/CMC/GT,
DAS/CMC/HCI and DAS/CMC/GT/HCI films were washed with a glycerol solution to introduce
glycerol as a plasticizer. Whereas the film was slightly brittle immediately after drying, the flexibility
of the film improved after it was washed and processed using a glycerol solution. However, regardless

of the solution used in the final washing step (water or glycerol), no noticeable changes in the visual

Top surface Bottom surface Cross section

Figure 3-3 Macroscopic and microscopic appearance of DAS/CMC/GT/HCI film. a). Optical image of
DAS/CMC/GT/HCI film. b). Image of DAS/CMC/GT/HCI film being bent. ¢). SEM imaged of top
surface, bottom surface and cross-section of DAS/CMC/GT/HCI film.
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appearance of the film were observed after washing and drying.

The microscopic morphologies of the DAS/CMC/GT/HCI films were observed via SEM; both the
top and bottom surfaces and cross-sections of the film were observed via SEM. As shown in Figure 3-3
¢)., the DAS/CMC/GT/HCI film was microscopically smooth on both surfaces, and no inhomogeneity
was observed at the cross-section of the film, which is consistent with speculations based on visual
observation. Thus, the smooth surface morphology and highly transparent appearance of the

DAS/CMC/GT/HCI film is attributable to its high microscopic homogeneity.

3.3.3. Reaction between DAS and GT
The reaction between the DAS/CMC

films was analyzed by comparing the FTIR
spectra  of the DAS/CMC and
DAS/CMC/GT/HCI films. As shown in

923cm-!

1691cm
Figure 3-4, peaks originating from the GT

structure is presented clearly in the

spectrum of the DAS/CMC/GT/HCI film,

including a sharp peak at 1691 cm™, which

3800 2800 1800 800
Wavenumber / cm-!

-1 . .
peak at 923 om”, which is due to the Figure 3-4 FTIR spectra of DAS/CMCO0.5 and

. . . 14
nitrogen—nitrogen bond n GT. DAS/CMCO.5/GT/HCI films
Considering the high water solubility of

is due to the carbonyl group in GT," and a

GT and the fact that the films were washed
thoroughly after preparation, the GT-related peaks in the DAS/CMC/GT/HCI spectrum were attributed
to GT bound to the polymer chain via imine bond formation.'"!" Therefore, GT is likely to have reacted

with DAS during drying.

3.3.4. lonic-responsive swelling behavior of DAS/CMC/GT/HCI film

The ionic swelling-responsive behavior of the DAS/CMC/GT/HCI film was first tested by
immersing the film samples in freshwat er and seawater. Two solutions, i.e., 3.5% NaCl and SW, were
selected as models for seawater, and DIW was used as the model for freshwater. The extent of swelling
over time was measured by the weight change, as shown in Figure 3-5 a), and the swelling/dissolution
processes of the DAS/CMC/GT/HCI film in DIW, 3.5% NaCl, and SW were observed, as shown in
Figure 3-5 b). Whereas pure TS film dissolved rapidly in DIW,"> DAS/CMC/GT/HCI film reached
swelling equilibrium in 30-60 min and remained stable even after 1 day of immersion. By contrast, the
film exhibited significantly different swelling and disintegration behaviors in the 3.5% NaCl solution.
The film remained swollen without reaching equilibrium and eventually became extremely swollen,

weak after one day of immersion, and almost non-removable from the solution. This rapid swelling and
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Figure 3-5 a). Swelling curve of DAS/CMCO0.5/GT/HCI films in DIW, 3.5% NaCl, and SW. b).
Swelling and disintegration behavior of DAS/CMCO0.5/GT/HCI films in DIW, 3.5% NaCl, and SW.

disintegration can be explained by the rapid cleavage of ionic bonds triggered by ion exchange, which
caused the polymer chains to be bounded only by acetal crosslinks. Acetal crosslinking alone might be
insufficient to counteract the swelling force resulted from the osmotic pressure difference between the
inside and outside of the film; consequently, the film swelled and disintegrated rapidly. Interestingly,
regardless of the existence of divalent cations such as Ca? and Mg** in SW, which might crosslink
CMC and decrease/prevent the swelling of the film, the film continued to swell and eventually
completely disintegrated in SW.

To better understand the ion-responsive swelling/disintegration process, the effect of the ionic
strength on the swelling/dissolution behavior of the film was investigated by observing the swelling
and dissolution/disintegration behaviors in NaCl solutions of different concentrations. As shown in

Figure 3-6 a), as the concentration of NaCl increased, swelling occurred faster in the samples,

a) b).
_.300 N
£ S
2 200 o
£ ©
2100 — 2
0 50 100 0 50 . 100
t/ min t/ min
~-DIW —~+0.2% NaCl ~-DIW ~+3.5% NaCl
+-1% NaCl 5% NaCl <-Na2S0O4 - CaCl2
+-3.5% NaCl =KClI =MgCI2

Figure 3-6 a). Swelling curve of DAS/CMCO0.5/GT/HCI films in NaCl solution of different
concentrations. b). Swelling curve of DAS/CMCO0.5/GT/HCI films in different salt solutions with ionic

strength equivalent to that of 3.5% NaCl solution.
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indicating that the swelling behavior of the film is
associated significantly with the ionic strength of the
solution. A higher ionic strength may have caused more
ionic bonds to cleave, which impaired the strength of the
network and allowed the film to swell more. In addition to
the swelling process, the final state in the solution was
determined by the ionic strength. As shown in Figure 3-7,
in low ionic strength solutions such as DIW and 0.2%
NaCl, the film remained stable after 24 h of immersion.
Meanwhile, in high ionic strength solutions such as 3.5%
and 5% NaCl solutions, the film swelled rapidly and
became extremely swollen, weak, or
disintegrated/dissolved. In the medium NaCl solution, the
state of the film after 24 h of immersion was between that
of the film immersed in high- and low-concentration NaCl
solutions. Similarly, this might be due to the increased
ionic crosslink cleavage at higher ionic concentrations;
when sufficient ionic crosslinks were cleaved, the
expansion force caused by the osmotic pressure difference
successfully overcame the binding force provided by the
crosslinks and disrupted the crosslinked network.

In addition, the effect of ion type on the
swelling/dissolution proper ties of the film was
investigated by observing the swelling and
dissolution/disintegration behavior in different salt
solutions with ionic strengths similar to that of the 3.5%
NaCl solution. The salt species used in this study were
selected mainly because of their abundance in seawater.
As shown in Figure 3-6 b)., the swelling ratios of the film
samples immersed in all salt solutions were almost
identical to that of the film samples immersed in the 3.5%
NaCl solution. No significant difference was observed
between the swelling processes of the samples immersed
in different solutions, as shown in Figure 3-8. Thus, the
swelling/disintegration behavior was mainly determined
by the ionic strength, and the ion types and valency of the

seawater ions did not significantly affect the swelling of
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the DAS/CMC/GT/HCI film. Some anionic polysaccharides have been reported to form tight chelation
structures around Ca*" and Mg”" and exhibit a strong tendency for gelation in the presence of these ions,
e.g., alginic acid. However, in the case of CMC, neither was reported, which might explain the
extremely similar swelling behavior of DAS/CMC/GT/HCI films in all tested solutions. The faster
swelling and complete disintegration of the DAS/CMC/GT/HCI films in SW compared with that in 3.5%
NaCl might be solely due to the difference in the ionic strength. Whereas the weight concentrations of

SW and 3.5% NaCl were similar, the ionic strength of SW was much higher because of the significant

number of divalent cations.
3.3.5. Contribution of ionic and acetal crosslinks

DAS/CMC blended films without either or both types of crosslinks were prepared by preparing
DAS/CMC/GT/HCI films without GT and/or HCI. An acidic environment is essential for acetal bond
formation. The swelling/disintegration behavior of the films by immersing the film in DIW and 3.5%

NaCl solution was compared to understand the contribution of two types of crosslinks to water
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Figure 3-9 Swelling curves of a). DAS/CMCO0.5, b). DAS/CMCO0.5/HCI, ¢). DAS/CMCO0.5/GT and d).
DAS/CMCO0.5/GT/HCI films in DIW and 3.5% NaCl solution.
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resistance and the ion-responsive swelling/dissolution process of the DAS/CMC/GT/HCI film, and the
swelling curves of 4 types of films are shown in Figure 3-9.

The DAS/CMC film, which contained neither type of crosslink, continued to swell in both the
NaCl solution and DIW, and eventually disintegrated. Owing to the numerous carboxylate groups, the
molecular structure of the DAS/CMC film resembled that of typical super absorbent polymers (SAPs).
The DAS/CMC film swelled more significantly in DIW to the extent that it became excessively swollen
and weak to be weighted 2 h after immersion. Meanwhile, DAS/CMC swelled less in the NaCl solution,
which is characteristic of SAPs owing to the reduced osmotic pressure difference and the counterion
shielding effect.'® The molecular structure of the DAS/CMC/HCI film is similar to that of DAS/CMC,
with the only difference that the DAS/CMC/HCI film is crosslinked via acetal bonds. Even when acetal
crosslinks were introduced, the DAS/CMC/HCI film could not reach swelling equilibrium in DIW,
suggesting that the binding force provided by the acetal bonds alone was insufficient to counteract the
expansion force owing to the osmotic pressure difference. By contrast, both types of films with ionic
bonds, i.e., DAS/CMC/GT and DAS/GT/CMC/HCI, reached swelling equilibrium in DIW, swelled
continuously, disintegrated in the NaCl solution, and swelled more in the NaCl solution. Thus, ionic
bonds are essential for maintaining the water resistance of films in low ionic strength solutions. The
formation of ionic bonds not only provided additional bonding force to the network, which counteracted
the expansion force, but also shielded the charge on the carboxylate groups, thus reducing the expansion
force.

Compared with their respective counterparts without acetal bonds, films with acetal bonds swelled
noticeably less in both the DIW and NaCl solutions. Thus, acetal bonds, in addition to ionic bonds,
provide additional binding forces. Because acetal bonds are not susceptible to high ionic strengths, their

contribution to the binding force should be equal for all solution types.

3.3.6. Mechanical properties of DAS/CMC/GT/HCI film

The mechanical properties of the dry DAS/CMC/GT/HCI film were evaluated via tensile tests, and
the effect of glycerol concentration and DAS/CMC ratio on mechanical properties of dry films were
tested. The stress-strain curve of DAS/CMCO0.5/GT/HCI films processed with 15, 20 and 25% of
glycerol solution were shown in Figure 3-10 a), and the mechanical properties were summarized in
Figure 3-10 c), d), and e). During the glycerol processing step, films were allowed to reach swelling
equilibrium in glycerol solution; thus, the amount of glycerol introduced to the film depends solely on
the concentration of glycerol solution used for the processing. As the glycerol concentration during
glycerol processing increased, the strain at the breakage of the film increased significantly, indicating
that glycerol is an effective plasticizer for the DAS/CMC/GT/HCI film. However, the strength of the
film decreased as the glycerol concentration increased, which might have been caused by excessive
reduction of hydrogen bond formation due to an increase in the glycerol content. At lower glycerol
concentrations (15% and 20%), the DAS/CMC/GT/HCI films exhibited good balance between epreak and
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Figure 3-10 Mechanical properties of wet DAS/CMC/GT/HCI films. a). Stress—strain curve of
DAS/CMC/GT/HCI films with different CMC ratios (processed by 20% glycerol solution), immersed
in DIW for 30 min: DAS/CMCO0.25/GT/HCI, DAS/CMC0.5/GT/HCI, DAS/CMCO0.75/GT/HCI films.
b). E, ¢). omx and d). &k of DAS/CMCO0.25/GT/HCl, DAS/CMCO0.5/GT/HCI,
DAS/CMCO0.75/GT/HC1 films. f). E, g). Oma and h). &y of DAS/CMCO0.25/GT/HCI,
DAS/CMCO0.5/GT/HCI, DAS/CMCO0.75/GT/HCI films (processed by 20% glycerol solution). CMC
ratio (a) refers to the number after CMC in DAS/CMCa/GT/HCI sample name, which indicated the -
CHO/-COO" molar ratio; for example, the -CHO/-COO™ molar ratio is 1:0.5 when a is 0.5.

Omax. The stress-strain curve of DAS/CMC/GT/HCI films with different DAS/CMC ratios were shown
in Figure 3-10 b), and the mechanical properties were summarized in Figure 3-10 f), g), and h). As
CMC proportion increased, €preak and omax also increased. Compared to DAS, CMC has better film-
forming ability and strength; while a film can be prepared with solely CMC, the same cannot be realized
with solely DAS. Thus, the increase in CMC proportion increased the strength and ductility of the film.

The mechanical properties of the wet DAS/CMC/GT/HCI films were also tested, and the effect of
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Figure 3-11 Mechanical properties of wet DAS/CMC/GT/HCl films. a). Stress—strain curve of
DAS/CMC/GT/HCI films with different CMC ratios (processed by 20% glycerol solution), immersed in DIW for
30 min: DAS/CMCO0.25/GT/HCI1, DAS/CMCO0.5/GT/HCI, DAS/CMCO0.75/GT/HCI films. b). E, ¢). Gmax and d).
€break 0f DAS/CMCO0.25/GT/HCI1, DAS/CMCO0.5/GT/HCI1, DAS/CMCO0.75/GT/HCI films.

and DAS/CMC ratio on the mechanical properties of wet films were tested. The immersion time of 30
minutes was chosen to ensure the film samples reached swelling equilibrium. The stress—strain curve
of the wet DAS/CMC/GT/HCI film is shown in Figure 3-11 a), and the mechanical properties were
summarized in Figure 3-11 b), ¢), and d). Although the strength of the film decreased owing to water
uptake after immersion, the films retained some strength, and the wet strength of the film (especially,
film with DAS/CMC ratio of 1:0.5 and 1:0.75) were even comparable to that of some cellulose
nanofiber-based blend films.'” As DAS and CMC are both individually soluble in water, and DAS/CMC
film without both type of crosslinks could not maintain stable in water, the binding force provided by
crosslinks must be the major source of stability and mechanical strength of wet DAS/CMC/GT/HCI
film. As mentioned before, GT was added to casting solutions at a constant molar ratio of -COO™: GT
= 1:1 across films with different DAS/CMC ratio, which was to minimize the amount uncoupled
charged groups in the film. As a result, when CMC ratio increase, the GT dosage would also increase,
leaving less -CHO available for the formation of acetal bond crosslinks. Thus, the change in mechanical
properties reflects the different contribution of two types of crosslinks to the water resistance of the
film. When CMC proportion is low, more -CHO bonds are available for the formation of acetal bond
crosslinks; as a result, DAS/CMCO0.25/GT/HCI film showed the highest £ among the films tested.

However, unlike ionic bonds, acetal bonds are not dynamic; combined with the fact that CMC has
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higher strength compared to DAS, DAS/CMCO0.25/GT/HCI film showed the lowest €urcak and omar. As
CMC proportion increases, strength of the film indicated by o also increased as expected. The
ductility of the film indicated by o, also increased noticeably as CMC proportion increases. Due to its
dynamic nature, the ionic crosslinks could dynamically cleave and reform during the elongation process,

thus the films with higher CMC proportion and ionic bond crosslink proportion showed higher giax.

3.4. Conclusions

In this study, a starch-based blend film, DAS/CMC/GT/HCI, crosslinked by ionic and acetal
crosslinks was prepared via solution casting, and its ion-responsive disintegration/dissolution behavior
and mechanical properties were investigated. A chemically reactive starch derivative, DAS, was
prepared via the dialdehyde oxidation of TS and then blended with CMC. The nonionic property of
DAS allowed homogenous mixing with CMC, which contributed to the homogenous structure of the
film. GT was added to the mixture to introduce positively charged quaternary ammonium groups into
DAS, which bounded to DAS via imine bond formation during the film formation via solution casting.
When cationic groups were introduced into DAS via GT, the DAS became cationic gradually, interacted
with CMC, and formed ionic crosslinks. The formation of ionic crosslinks was confirmed by the
improved stability of DAS/CMC/GT/HCI compared with the stability of films without ionic crosslinks
in DIW. Owing to the ionic crosslinks, the DAS/CMC/GT/HCI film showed ion-responsive swelling
behavior and finally disintegrated in high ionic strength solutions, including SW. The ion-responsive
disintegration of DAS/CMC/GT/HCI was affected only by the ionic strength of the solution and not by
the ion type, which might be explained by the weaker interaction between CMC and divalent cations in
seawater. Acetal crosslinks introduced to the DAS/CMC/GT/HCI film during the preparation process
further improved the water stability of the DAS/CMC/GT/HCI film but did not prevent the film from
disintegrating in high ionic strength solutions. This study demonstrated that ionic crosslink could be a
potential solution for overcoming the tradeoff between water resistance and rapid disintegration in
marine ecosystems in polymer, which is essential to the development of future marine ecosystem-

friendly single-use plastics.
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Conclusions

In this study, control of the dissolution/disintegration behavior of starch-based blend film was
attempted by the introduction of three different types of intermolecular crosslinks including covalent
and non-covalent, responsive crosslinks, and the dissolution/disintegration behavior of crosslinked
blend film in different solution environments was characterized. This research showed that the
dissolution/disintegration behavior of starch-based blend film can be effectively controlled via the
introduction and the disruption of intermolecular crosslinks, and dissolution/disintegration behavior
control of starch-based blend film in different aqueous environments, namely seawater and freshwater,
can be realized with crosslink bond types that respond to the chemical characteristics of seawater and
proper selection of modification method.

In Chapter 1, HPS was oxidized by periodate oxidation. The oxidized product, HPSoy, was blended
with PVA; hemiacetal/acetal bond crosslinked starch/PVA blend film, HPSo«/PVA film, was prepared
by solution casting. With the presence of acid, -CHO on HPSox reacted with -OH groups on both HPSoy
and PVA, forming hemiacetal/acetal bond crosslinks. The hemiacetal/acetal bond crosslinked
HPSox/PVA film showed drastically improved water resistance, which is due to the high crosslinking
density consequent to the high aldehyde group concentration in HPSox. Thus, using periodate-oxidized
starch as both constitutional material and crosslinking agent is a simple-to-operate, yet effective strategy
for improving the water resistance of starch-based blend films. Chapter 1 confirmed that intermolecular
crosslinks have a great influence on the dissolution/disintegration behavior of starch-based blend films
in aqueous environment.

In Chapter 2, utilizing the findings from Chapter 1, the dissolution/disintegration behavior of a
starch-based blend film in freshwater and seawater was controlled by the introduction of a seawater-
responsive hydrogen bond crosslink. PAAc chain segments were grafted to TS by grafting
polymerization, and the grafted starch, TS-g-PAAc was blended with PVP to form a hydrogen-bond
crosslinked film, TS-g-PAAc/PVP film by solution casting. With the grafted PAAc chain segments, the
grafted starch, TS-g-PAAc was able to form strong, water stable hydrogen bond crosslinks with PVP
during the drying process, which contributed to the improved water resistance of the film over
unmodified starch film. Whereas the pure starch film dissolved rapidly in DIW, TS-g-PAAc film was
able to remain stable due to the crosslinks. In seawater, TS-g-PAAc film was also able to rapidly
disintegrate and dissolve in SW due to the deprotonation of -COOH groups on PAAc chain segments,
which may greatly reduce the risk of the film to marine wildlife after being leaked to the marine
ecosystem. Chapter 2 demonstrated that the dissolution/disintegration behavior of a starch-based blend
film in freshwater and seawater can be controlled by the formation and disruption of intermolecular
crosslinks.

In Chapter 3, the concept of dissolution/disintegration behavior of starch-based blend films was
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further extended by the development of alternative responsive mechanism to the hydrogen bond
crosslink featured in Chapter 2. A starch-based blend DAS was prepared from TS by periodate oxidation,
and a DAS/CMC blend film crosslinked by both ionic and acetal crosslinks, DAS/CMC/GT/HCI film,
was prepared by a modified solution casting process, during which DAS in DAS/CMC mixture is
gradually rendered cationic by a GT, and interacted with CMC to form ionic crosslinks. While
introducing ionic bond crosslinks via direct blending of polycation and polyanion can lead to
aggregation which renders film formation difficult if not impossible, this issue was addressed by the
modified solution casting process. During the drying process, acetal bonds also formed between -CHO
on DAS and -OH on both CMC and DAS. DAS/CMC/GT/HCI film was stable in DIW and reached
swelling equilibrium, which is due to both type of crosslinks. By contrast, the film continued to swell
and finally disintegrated in high ionic strength solutions like 3.5% NaCl solution and SW due to the
cleavage of ionic crosslinks. While the ionic responsive dissolution/disintegration properties of the film
were contributed by ionic crosslinks, both types of crosslinks contributed to the water resistance in low
ionic strength solutions like DIW. Chapter 3 again exemplified that the dissolution/disintegration
behavior in freshwater and seawater can be controlled by the formation and disruption of intermolecular
crosslinks, and implied the versatility of crosslink-based dissolution/disintegration behavior control.

From the results of this study, it can be concluded that the dissolution/disintegration behavior control
of starch-based films in freshwater and seawater can be a potential strategy for balancing the ecological
risk of starch-based films to the marine ecosystem and the ease of use in daily life. Findings in this
study are expected to contribute to the development of future starch-based single-use materials which

pose lower risk to the marine ecosystem.
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