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ABSTRACT: Designing starch-based biopolymers and bio-
degradable composites with durable mechanical properties and
good resistance to water is still a challenging task. Although
thermoplastic (destructured) starch has emerged as an
alternative to petroleum-based polymers, its poor dimensional
stability under humid and dry conditions extensively hinders
its use as the biopolymer of choice in many applications.
Unmodified starch granules, on the other hand, suffer from
incompatibility, poor dispersion, and phase separation issues
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when compounded into other thermoplastics above a concentration level of 5%. Herein, we present a facile biodegradable
elastomer preparation method by incorporating large amounts of unmodified corn starch, exceeding 80% by volume, in acetoxy-
polyorganosiloxane thermosets to produce mechanically robust, hydrophobic bioelastomers. The naturally adsorbed moisture on
the surface of starch enables autocatalytic rapid hydrolysis of polyorganosiloxane to form Si—O—Si networks. Depending on the
amount of starch granules, the mechanical properties of the bioelastomers can be easily tuned with high elastic recovery rates.
Moreover, starch granules considerably lowered the surface friction coefficient of the polyorganosiloxane network. Stress
relaxation measurements indicated that the bioelastomers have strain energy dissipation factors that are lower than those of
conventional rubbers, rendering them as promising green substitutes for plastic mechanical energy dampeners. Corn starch
granules also have excellent compatibility with addition-cured polysiloxane chemistry that is used extensively in microfabrication.
Regardless of the starch concentration, all of the developed bioelastomers have hydrophobic surfaces with lower friction
coeficients and much less water uptake capacity than those of thermoplastic starch. The bioelastomers are biocompatible and are
estimated to biodegrade in Mediterranean seawater within three to six years.
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Bl INTRODUCTION

Starch is a highly abundant and renewable agricultural resource
whose industrial production exceeds 7 million tons/year in
Europe alone." Half of this production is used for nonfood
applications, such as paper sizing, adhesives, biofuels, and
bioplastics.” The molecular structure of starch consists of a
combination of linear macromolecules known as amylose and
branched macromolecular chains known as amylopectin. A
starch granule is a continuous structure that is made up of
regions of amorphous and highly and moderately crystalline
zones. The crystalline region is formed by linear fractions of
amylopectin, whereas branch points and amylose are the main
components of the amorphous zones.>* Starch-based biopol-
ymers are among the most widely studied biomaterials.” The
most common form of starch in biopolymer technology is
known as thermoplastic starch (TPS) or destructured starch.®
To obtain TPS, starch can be destructured by gelatinization in
hot water and then cast into films upon drying. Alternatively, its
original structure can be disrupted by simultaneous heating and
shearing, resulting in a thermoplastic melt, which can be
accomplished with conventional extruders (or similar equip-
ment) used for processing thermoplastics.” Unfortunately, TPS
is highly susceptible to dimensional instability under both low

-4 ACS Publications  © 2015 American Chemical Society

3742

and high humidity environments. Plasticization with various
additives such as glycerol is very common, but plasticized TPS
still has very low resistance to water. In a typical plasticized TPS
model system, the diffusion of plasticizer out of TPS when
exposed to low humidity conditions, and diffusion of water into
the product under high humidity conditions, is inevitable and
results in poor stability. This causes brittleness due to the loss
of plasticizer in a low humidity environment and shape and
texture retention issues due to excess absorbed water in a high
humidity environment.® To circumvent these problems, starch
is generally destructured in the presence of other biodegradable
polymers, such as vinyl alcohol copolymers, poly(lactic acid)s,
aliphatic polyesters, and cellulose derivatives, to name just a
few.”™"" Particularly, thermoformed blends of TPS with
biodegradable polyesters like polycaprolactone and poly(lactic
acid) are highly popular, and some of these blends have already
been commercialized.'* The use of compatibilizers, however, is
still needed to enhance TPS dispersion and minimize interfacial
failure."?
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Unmodified (granular) starch, on the other hand, has been
proposed to be a sustainable filler material for petroleum-based
polyrners.14 However, the use of unmodified starch as a
component for polymer compounding is quite challenging due
to its large particle size (~20 um), inherent hydrophilicity, and
uptake of moisture. Griffin'® was the first to introduce
biodegradability to synthetic commodity polymers like poly-
ethylene by adding 7—20% granular corn starch modified not
through destructuring but by altering the starch surface with a
silane coupling agent. The main problem associated with
introducing unmodified starch into hydrophobic nondegrading
polymers, such as low density polyethylene, is the formation of
water bubbles within the polymer matrix, which then degrade
the composite mechanical properties of the polymers
considerably once the starch concentration level exceeds
15%."® These bubbles originate from naturally adsorbed
moisture in the unmodified starch. Bubbles can form during
extrusion while melting the polymer matrix or after the
formation of the composite during storage or use. Therefore,
blending starch granules with hydrophobic petroleum thermo-
plastics generally requires complete particle drying and surface
functionalization or modification in the form of grafting or
coupling agents.ls’16 A very recent study by Kim and Peterson'”
compounded an ethyl cyanoacrylate (ECA) monomer with
unmodified starch granules by up to 60% and molded them
into various highly rigid shapes. The natural moisture on the
surface of starch initiated polymerization of ECA monomers
into poly(ethyl cyanoacrylate). The mechanical strength of the
biodegradable composite was comparable to nondegrading
petroleum-based polymers, such as polypropylene, poly-
ethylene, and polys.tyrene.17

In this study, we report the fabrication and characterization
of biodegradable elastomers (bioelastomers) by incorporating
large amounts of unmodified corn starch granules into
polyorganosiloxane matrices cross-linked by either condensa-
tion (acetoxy-cured) or addition (platinum-cured) in the
presence of starch. Cross-linked polyorganosiloxane networks
are known to biodegrade in soil through abiotic hydrolysis to
monomeric dimethylsilanediols'®™** and through other mech-
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into CO, and silica. Acetoxy-polydimethylsiloxane (acetoxy-
PDMS) networks formed in this way are known as room
temperature vulcanizing silicone elastomers, and they are used
in a wide range of applications from electrical insulation to
medical prosthetics and plastic surgery.>® Fabrication requires
no complicated equipment or tools and takes place under
ambient conditions. The bioelastomers demonstrate hydro-
phobicity that is high and friction coeflicients that are low
compared to those of standard silicone rubbers, as well as
excellent cell biocompatibility and mechanical energy damping
properties. Bioelastomers are also shown to start the
biodegradation process in Mediterranean seawater, which was
chosen as a model environment.

B MATERIALS AND METHODS

Unmodified regular corn starch containing approximately 73%
amylopectin and 27% amylose and reagent grade heptane were
purchased from Sigma-Aldrich and used as received. Acetoxy-
polysiloxane (acetoxy-PDMS, Elastosil E43) was purchased from
Wacker Chemie AG and used as received. It is a proprietary mixture of
hydroxyl end-blocked polydimethylsiloxane, also known as hydroxyl-
terminated polydimethylsiloxane (PDMS), and triacetoxy(methyl)-
silane (<10%) using dibutyltin diacetate (<0.1%) as a catalyst. Two-
part PDMS Sylgard 184 (platinum-cured) was purchased from Dow
Corning and is made up of dimethylvinyl-terminated dimethylsiloxane
(~50%), dimethylvinylated and trimethylated silica (~45%), and
tetra(trimethylsiloxy)silane (5%). Acetoxy-polyorganosiloxanes are
reactive oligomers prepared from hydroxyl end-blocked polyalkyl
siloxanes and excess acetoxysilanes such as methyltriacetosilanes. They
can be cross-linked by condensation polymerization initiated by
contact with moisture®* as shown in Scheme 1, where Ac denotes
-OCCHj; groups.

Once the acetoxy groups are hydrolyzed by ambient moisture to
produce silanols, further condensation takes place as shown in Scheme
2.

In Scheme 2, AcOH stands for acetic acid that is released as a
byproduct of the reaction during cross-linking.>® Similarly, addition
cross-linking occurs by reacting vinyl-terminated siloxanes with Si—H
groups (Scheme 3).

The addition is mainly catalyzed by platinum or ruthenium metal
complexes.”*** The preferred cure system may vary by application.
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For instance, silicone-to-silicone medical adhesives use an acetoxy
cure, whereas a Pt cure (siloxy) is used for precise silicone parts.

The fabrication procedure of the bioelastomers was as follows.
Depending on the relative weight ratio between acetoxy-PDMS and
starch, a certain amount of starch granules was initially dispersed in
heptane (~20 mL) and sonic processed for a few minutes using a S00
W probe sonicator (VC 505, Sonics & Materials Inc.) at 40%
amplitude. The resulting slurry was then mixed vigorously into the
viscous acetoxy-PDMS, Elastosil E43 resin. The use of heptane was
necessary to reduce the resultant starch—resin mixture viscosity. The
original viscosity of acetoxy-PDMS is 3 X 10° cP, which is close to the
thixotropic level and is difficult to mold without liquid injection
molding at high pressures. Once the concentration of starch granules
in acetoxy-PDMS exceeds 15%, free flow of the resulting paste is no
longer possible. Heptane can be added during the mixing of starch
granules into acetoxy-PDMS through mechanical stirring or a priori as
a vehicle carrying dispersed starch granules as described above. The
resultant pastes were degassed in a low vacuum desiccator for S min,
carefully stirred again to avoid potential sedimentation, and poured
into 120 mm side square polystyrene molds where they were left to
cure overnight under ambient conditions. The viscosity of the slurries
was adjusted to a honeylike consistency (~2500 cP) just before
molding to make the pouring/molding easy with little shrinkage. For
this reason, the starch concentration in heptane dispersions was
generally varied from 0.4 to 0.8 mg/mL, which corresponds to the
lowest and highest starch content in the final elastomer, respectively.
This approach enables the production of bioelastomers containing up
to 80% unmodified starch granules by weight. We should note that
because of differences between the density of starch (0.7 g cm™) and
acetoxy-PDMS (1.03—1.1 g cm™?), the corresponding volume fraction
of starch is higher in the final bioelastomer. For instance, 30, 50, 70,
and 80% starch measured by weight have corresponding volume
percent values of 46, 66, 82, and 89%, respectively.

To test the compatibility of starch granules with addition-cured
polysiloxane chemistry, we used a standard two-part PDMS (Sylgard
184, Dow Corning) that contains vinyl-terminated polysiloxanes and
methylhydrosiloxanes as parts one and two that are catalyzed by an
organometallic Pt complex catalyst.”* An identical mixing procedure as
described above was followed for the bioelastomers obtained from
addition-cured PDMS (siloxy-PDMS). To distinguish the bioelas-
tomers from one another, the acetoxy-PDMS bioelastomers will be
referred to as E-type and the siloxy-PDMS bioelastomers as S-type.

The morphology of the E-type elastomers was investigated with a
JEOL JSM-6490LA scanning electron microscope equipped with a
tungsten thermionic electron source operated in high vacuum mode
with an acceleration voltage of 30 kV. To image the morphology of the
cross sections, ruptured samples obtained from mechanical stress—
strain tests were used (see below for details). The surfaces were
sputter coated with a thin carbon layer (~5 nm) to increase
conductivity and enhance imaging contrast. Infrared spectra of the
samples were obtained with an attenuated total reflection (ATR)
accessory (MIRacle ATR, PIKE Technologies) coupled to a Fourier
transform infrared (FTIR) spectrometer (Equinox 70 FT-IR, Bruker).
All spectra were recorded in the range from 3800 to 600 cm™" with 4
cm™! resolution, accumulating 128 scans. In a typical measurement,
the sample was gently placed on the spot of the ATR accessory and
slowly pressed. To ensure the reproducibility of the obtained spectra,
three samples from each type were measured.

Bulk mechanical properties of the E-type elastomers were evaluated
by uniaxial tensile tests on dog bone-shaped samples (4 mm width, 1
mm thickness, 25 mm length) with an Instron 3365 dual column
testing machine. The sample stretching rate was adjusted according to
the type of sample on the basis of preliminary tests with 10 mm min ™"
for rigid specimens (high starch content) and 100 mm min™" for
specimens exhibiting large elongation. The elastic modulus, ultimate
tensile strength, and elongation at break were extracted from the
stress—strain curves. Additionally, energy dissipation and stress
relaxation properties were recorded from cyclic tensile tests on
samples (S mm width, 1 mm thickness, 10 mm starting length) with a
custom designed Deben miniaturized dual-screw uniaxial tensile stage
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with a strain cycling rate of S mm min~" and a strain value from ~0.1
to 04—0.8 (depending on the elongation at fracture of each
specimen). Energy dissipation was evaluated from the area beneath
the stress—strain curve of a complete load—unload cycle. A normalized
dissipation energy factor (17) was defined as the area of each hysteresis
lo)og5 over the elastic energy at the corresponding maximum strain (eq
1).

3 ygads

"o de

‘min

n
(1)

where 7 denotes the dissipation factor, o is the stress, and € is the
strain. Additionally, stress relaxation values were extracted from the
normalized variation of peak stress values at each cycle as a function of
the number of cycles.

Surface characterization was performed in detail on the S-type
elastomers, as the type of polysiloxane chemistry (Slygard PDMS)
used is highly relevant for applications in microfabrication and
microfluidics. However, both E- and S-type bioelastomers had identical
wetting properties. Specifically, wetting properties of the bioelastomers
were measured using a contact angle goniometer. Three microliters of
water droplets were placed at random locations on the bottom surface
of each sample. The bottom surface, which was in contact with the
mold, was chosen for the wetting measurements because it was free
from solvent evaporation-related surface imperfections that might be
present on the elastomer—air interface. The reported contact angle
values were obtained from an average of 20 measurements. Water
uptake properties of the bioelastomers were measured by immersing
the samples in deionized water and monitoring the weight change of
each sample at different immersion time intervals. Prior to the
immersion tests, the samples were kept in a controlled humidity
environment (40 + 5% relative humidity) for at least 2 weeks and then
carefully weighed prior to immersion. Weight changes were initially
recorded every 30 min, and then every day, so that both short and long
term water uptake dynamics could be monitored.

The surface tribological properties of the bioelastomers were
evaluated through friction coefficient measurements, which were
performed on a CSM Instruments micro combi scratch tester by
applying a constant normal load of 200 mN on a Rockwell 0.1 mm
diameter sphero-conical diamond tip moving laterally at a rate of 1
mm min~' on the specimen surface. The friction coefficient was
calculated as the ratio between the recorded lateral force and the
applied normal load. Three repetitions were conducted for each
sample and averaged.

Biodegradability was evaluated on selected samples through a
standard biochemical oxygen demand (BOD) test that is an indirect
and nonspecific test that evaluates mineralization by measuring the
amount of oxygen consumed during a degradation reaction.”’” The
tests were performed on E-type elastomers containing 30 and 70%
starch by weight. For each sample, three measurements were collected.
Carefully weighed samples (200 mg) were finely minced and
immersed in 432 mL bottles containing seawater collected from the
Genoa area shoreline. The solutions in the bottles were stirred with
magnetic anchors for 60 days in the dark, mimicking the pelagic
marine environment.”” Oxygen consumed through biodegradation
reactions was recorded at different time intervals by the sealed OxiTop
caps on each bottle that can monitor changes in oxygen levels. BOD
from blank bottles filled with only seawater was also measured for
reference. The decrease in the oxygen levels was related to starch
consumption through stoichiometry of the general aerobic degradation
reaction (eq 2).%

€,

a b 3¢
CHON +[n+2-2-=)|o
nta~b e ( 4 9 4)2
—>nCOZ+(£—£)HZO+cNH3
2 2 (2)

where C,H,O,N, represents the organic compound that would
biodegrade, consuming n + a/4 — b/2 — 3¢/4 moles of oxygen. The
moles of consumed oxygen divided by the molecular weight of the
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Figure 1. Photographs of bioelastomers containing (a) SO and (b) 70% unmodified corn starch granules. Photographs indicate that the
bioelastomers with (c) S0 and (d) 70% starch are somewhat transparent when placed on a flat surface, which macroscopically indicates a good degree

of starch particle dispersion.
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Figure 2. Scanning electron microscope images of cross sections of the E-type bioelastomers containing (a) 30, (b) S0, (c) 70, and (d) 80% starch

granules by weight.

organic compound and multiplied by the molecular weight of oxygen
represents the oxygen consumption in mg of O, per mg of compound.
According to Krupp and Jewel,? the theoretical BOD value for starch
(the oxygen needed for complete degradation) is 1.07 mg of O, per
mg of starch. They also indicated that a nondegrading matrix
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containing 40% starch (for instance) would have a BOD value of 0.4 X
1.07 = 0.43. In calculations pertaining to our bioelastomers, we have
treated the cross-linked PDMS network as a nondegrading matrix
considering the time frame of the experiments (60 days). Moreover,
measurements from control bottles containing starch-free E- and S-
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Figure 3. (a) ATR-FTIR (3750—600 cm™") spectra of acetoxy-PDMS and bioelastomers with 30 and 70% starch contents. (b) Variation of the
position of O—H stretching (black circles) and CHj; rocking vibrations (green squares) at various starch concentrations. (c) Schematic
representation of proposed hydrogen bond interactions (red dashed lines) between the starch granules and PDMS polymeric chains.

type PDMS networks indicated insignificant changes in the oxygen
levels, confirming that they can be considered nondegrading matrices.
However, note that PDMS networks, including uncross-linked PDMS
oligomers and silicone oils, are considered nontoxic and are known to
be biodegraded by various bacteria and enzymes available in sweet and
salty waters.*$™°

Given the widespread use of PDMS as a support for cell
culture,® ~** biocompatibility of the bioelastomers was also evaluated.
Cell adhesion and proliferation tests were conducted on S-type
bioelastomers with 30, 50, and 70% unmodified starch content for 7
days, using human osteosarcoma cells (HOS, Cell Bank ICLC)
cultured in Dulbecco’s Modified Eagle’s medium. This medium
contains a high concentration of amino acids and vitamins as well as
additional supplements including 10% fetal bovine serum and 2 mM L-
glutamine. Cells were fixed and stained with diamidino-2-phenylindole
(DAPI), which is a blue fluorescent probe that upon selectively
binding to the minor groove of double stranded DNA fluoresces ~20-
fold greater than in the unbound state. Its selectivity for DNA and high
cell permeability allows for efficient staining of cell nuclei with little
background from the cytoplasm. The cytoskeleton of the cells was
stained with fluorescein phalloidin, which is a high affinity F-actin
probe conjugated to the green fluorescent dye fluorescein (FITC—
phalloidin). Cell viability was qualitatively evaluated via conventional
fluorescence microscopy (Nikon Eclipse 80i).

B RESULTS AND DISCUSSION

Figure 1 shows photographs of E-type bioelastomers (~350 ym
thick) containing 50% (Figure 1la) and 70% (Figure 1b)
unmodified corn starch. The photographs in Figure 1c and d
indicate that the starch granules maintain a very good degree of
dispersion within the cross-linked polysiloxane network as
evidenced by the slightly transparent nature of the elastomers
once they are laid flat on a surface. The excellent compatibility
between starch granules and the acetoxy-PDMS network can be
attributed to the interaction of the starch surface with siloxanes
and silanes.** Starch surfaces in contact with silanes are
sometimes referred to as silylated starches. This surface
interaction or coupling renders starch hydrophobic and enables
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its reactive blending with other thermoplastics polymers.**3¢

Moreover, in the case of E-type bioelastomers, the acetic acid
byproduct can functionalize starch granule surfaces.*® Acetic
acid-treated starches are generally converted to acetylated
starches and are known to have better compatibility with
hydrophobic matrices and silicone moieties as well as better
dispersion and thermal stability when incorporated into
hydrophobic thermoplastics.>”®

The microscale cross section morphology of the E-type
bioelastomers is shown in Figure 2 as a function of increasing
starch concentration from 30 to 80% by weight. As seen, there
appears to be no significant differences in the morphologies of
the bioelastomers at different starch concentrations. This
suggests that starch granules disperse very well within the
polysiloxane network prior to cross-linking regardless of their
initial concentration. The texture of the features in the cross
sectional images in the form of micrometer scale bumps (~10
um) is attributed to dispersed starch granules that are well
embedded within the PDMS network even at the highest starch
concentration (Figure 2d). Very similar morphologies were
found for the S-type bioelastomers as well. The absence of large
starch agglomerates within the bioelastomers under such a wide
range of concentrations indicates that during mixing a strong
interfacial interaction in the form of coupling between the
unmodified corn scratch granules and the polysiloxanes and
acetoxysilanes is established with subsequent cross-linking. In
fact, starch particle surface functionalization with various silanes
to improve interfacial strength and subsequent dispersion has
been shown to successfully reinforce various rubber matrices.>®
However, in the present case, such interactions occur naturally
because both the rubbery matrix and the coupling agents
consist of polysiloxanes and acetoxysilanes (E-type) or
siloxysilanes (S-type).

E-type bioelastomers were characterized by ATR-FTIR
measurements as shown in Figure 3a. Acetoxy cross-linked
PDMS network films not containing any starch granules
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Figure 4. (a) Stress—strain measurement results for acetoxy-PDMS and E-type bioelastomers. The notations E30, ESO, E70 and E80 stand for
bioelastomers containing 30, 50, 70, and 80% unmodified starch granules, respectively. (b) Calculated mechanical energy dissipation factors obtained
from 30 cyclic stress—strain experiments. (c) Stress relaxation results obtained from the same cyclic stress—strain tests for bioelastomers containing

30, 50, and 70 unmodified starch.

displayed characteristic peaks at 2963 and 2905 cm™', which
can be assigned to CHj; asymmetric and symmetric stretching,
respectively. The peak appearing at 1260 cm™ is assigned to
CH; symmetric bond bending, and the peaks at 1063 and 1009
cm™" are assigned to Si—O—Si symmetric and asymmetric band
stretching, respectively. Finally, the peak at 796 cm™' is
assigned to CH; band rocking.® Conversely, the main bands
due to the corn starch spectrum are O—H stretching at 3313
cm™" and asymmetric and symmetric stretching of C—H and
CH, bands at 2932 and 2889 cm™’, respectively. The adsorbed
water band appears at 1645 cm™'. C—O and C—C stretching
modes with different degrees of interaction with water appear at
1150 and 1001 cm™'. A C—O—H bending signal is found at
1078 4c0m4_21, and the C—O—C glycosidic bond appears at 928
em™1*07

FTIR spectra of the E-type bioelastomers did not exhibit the
formation or disappearance of new or existing chemical bands
relative to those of the pure components (Figure 3a). However,
two significant shifts related to the positioning of the O—H
stretching of starch and the CHj rocking of PDMS were
observed as shown in Figure 3b. The position of the O—H
stretching band of starch within the elastomers was shifted to a
lower wavenumber, from 3359 cm™! at a starch concentration
of 30% (E30) to 3296 cm™" for 80% starch (E80), indicating a
shift of 63 cm™". Usually, this size of effect is related to bonding
interactions via hydrogen bond bridges.*> Moreover, the CH,
rocking vibration of PDMS is shifted to a somewhat higher

3747

wavenumber as the starch concentration was increased from
787 cm™" for 0% starch to 797 cm™" for 80% starch. Such a shift
in this band pertaining to methyl groups has been related to
changes in the electronegativity and modification of atomic
distances along the bond.** These changes are known to
originate from the formation of new hydrogen bonds in
interacting systems. In this case, for instance, new hydrogen
bonds are formed between the hydroxyl groups of starch and
the oxygen of the siloxane groups of the cross-linked PDMS
network, as schematically shown in Figure 3c. This inductive
interaction is expected to get more intense with increasing
concentrations of starch that modify not only the Si—O-Si
bond via hydrogen bonding but also the apparent electro-
negativity of the Si atoms and the distance between the silicon
and methyl groups (Si—CH,) along the PDMS chains. All of
these modifications can in turn significantly alter the ordering
of the PDMS segments within the bioelastomers. Molecular
dynamics simulations showed that such alterations significantly
affect the transport (heat, mechanical energy, and electrical)
and interfacial properties of PDMS networks.” Similar
interactions have been measured between starch and the
siloxy-PDMS network.

Mechanical Characterization. The stress—strain charac-
teristics of the E-type bioelastomers are shown in Figure 4a.
Because of the different modes of cross-linking possibilities, the
mechanical properties of PDMS elastomers can span from soft
gels to stiff elastomers.*® The nonlinear stress—strain behavior
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Table 1. Summary of Mechanical, Surface Wetting, and Friction Properties of the Bioelastomers

bulk mechanical properties (E materials)

surface (S) properties

sample starch (wt %—vol %) E (MPa) elongation at break (%)
PDMS 0-0 0.87 + 0.06 885 + 91
E30/S30 30—46 1.08 + 0.04 500 + 19
ES0/S50 50—-66 7.54 + 3.33 132 + 69
E70/S70 70—-82 8.62 + 0.38 S3+2

E80 80—89 6.25 + 0.14 90 + 77

UTS (MPa) dissipation factor #  contact angle (deg) friction coefficient y
4.68 + 0.57 0.020 + 0.05 120 0.72 + 0.01
4.69 + 0.11 0.062 + 0.001 122 0.35 + 0.01
2.54 + 0.38 0.086 + 0.001 124 0.39 + 0.01
1.80 + 0.15 0.185 + 0.001 141 0.45 + 0.01
1.20 + 0.10

of the acetoxy-PDMS cross-linked network (0% starch
concentration) shows a brief linear elastic region up to a strain
level of 0.5 (50% elongation). This region is marked by a
rectangle in Figure 4a, which is expanded in the inset. A recent
study by Palchesko et al.** showed that the Young’s modulus of
various types of PDMS elastomers can be extracted from this
initial strain region on the basis of the strong nonlinear
elongation properties of silicone rubbers. Beyond this region,
nonlinear elastic stretching occurs with increasing elastic
constant. This stress—strain region up a strain level of $
(500%) has the highest nonlinearity, which can be attributed to
the stretching-induced alignment of entangled, cross-linked
siloxane units along the direction of stretching, and is followed
by more linear behavior that can possibly be attributed to
collectively aligned chain extension until the rubber finally
ruptures at a strain level of ~8.85 (885%). Note that
deformation of the acetoxy-PDMS cross-linked network
resembles biological soft tissues such as skin,**~* which have
J-shaped stress—strain curves. Although the unfilled acetoxy-
PDMS elastomer has a stress-stain curve that appears to be
somewhat J-shaped, elastomers that have been developed to
simulate soft tissues produce an almost constant (slightly
increasing) tensile stress response until a certain stress level is
reached, which is known as the typical J-shape.”® It is not
possible to describe such soft elastic materials with a single
Young’s modulus. Attempts to model J-shaped elastic stretching
of soft materials using Neo-Hooke models have been reported,
but they are beyond the scope of this work. However, the
Young’s modulus can generally be used as an indicator when it
corresponds to the low strain region .** For the bioelastomers
containing 30% unmodified starch granules, stretching
characteristics that are due to the acetoxy-PDMS network no
longer prevail, and the final rupture strain value declines to 5
(500%). The material displays an almost Hookean stress—strain
behavior with slight nonlinearity, which is possibly due to
limited alignment of free entangled units along the direction of
stretching.

Increasing the starch granule concentrations further results in
strain rupture values at and below 1.25 (125%) that closely
resemble rigid (Hookean) solids. In other words, as shown in
Figure 4a, increasing starch content results in decreased
elongation at break because the rigidity of starch becomes
much higher than that of the PDMS chains, leading to
disappearance of the J-shape. In fact, when the starch content is
higher than 50%, it does not look like an elastomer but rather
looks more like a linear elastic. This observation should be
clarified. The Young’s modulus of the elastomers increases as a
function of increased starch granule concentration from 0.87
MPa (corresponding to the low strain zone for acetoxy-PDMS)
to 8.6 MPa, which is increased almost ten times for the
bioelastomers containing 70% starch granules as shown in
Table 1. At the same time, the ultimate tensile strength (UTS)
of the bioelastomers decreases as a function of increasing starch
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concentration from nearly 9 to 0.5, corresponding to unfilled
acetoxy-PDMS and 70% starch concentration (see Table 1).
Above 70% starch concentration, a slight decrease in the
Young’s modulus was measured, which can be attributed to
onset of the loss of binding and encapsulating ability of the
cross-linked PDMS polymer network over each and every
corresponding starch granule because of the high volume of the
granules with respect to siloxanes. Electron microscopy images
of the newly exposed surfaces from the ruptured samples (see
Figure 2) showed that failure, especially at starch concen-
trations <30%, involves rupture of the PDMS matrix with
negligible fracture points on the starch particles or delamination
or separation of the starch/PDMS interface. This confirms the
existence of a good degree of physicochemical compatibility
and miscibility between the cross-linked matrix and the starch
granules.

Despite differences in the stress—strain behavior and the
elastic response as a function of starch concentration, E-type
bioelastomers were found to have high elastic recovery rates
and low loss of mechanical properties (i, low degree of
irreversible viscous deformations as evidenced by the cyclic
stress relaxation measurements shown in Figure 4c). Compared
to pure acetoxy-PDMS elastomers, starch-containing elasto-
mers displayed higher initial relaxation rates based on the slopes
fitted to early cycle relaxation data, which was followed by
stabilization after ~20 cycles in constrast to the acetoxy-PDMS
elastomers, which did not reach a stable value by the end of the
test (30 cycles). This suggests a potential reduction in the
mobility of the PDMS segments in the interfacial regions of
starch granules and the PDMS network, which consecutively
reduces the overall agility of the cross-linked network to
effectively cause “stiffening” of the polymer matrix. This
phenomenon is quite common for nanosilica-filled PDMS
composites."** In such a dynamic system under cyclic stress
conditions, dispersed starch granules can act as anchor points
for the recovery of polymer chain deformations because the
PDMS chains are not completely free due to hydrogen bonding
interactions with the starch granules (see Figure 3c). Energy
dissipation in the bioelastomers (expressed as a dissipation
factor) obtained from the same cyclic tests was higher than for
the unfilled acetoxy-PDMS network under the strain rates
studied (0.1 to 0.4—0.8). Hence, the measured dissipation
factors, as shown in Figure 4, increased as a function of starch
granule concentration to a level of 0.2 for the bioelastomers
containing 70% starch. This is quite noteworthy as green
materials with relatively high modulus and high strain energy
dissipation properties are continuously being sought for many
industrial applications, including use as shock absorbers in
machinery, protection of electronic equipment, and general
purpose packaging. To date, only aligned-carbon nanotubes and
orderly packed small metal balls embedded in PDMS networks
have been shown to be efficient strain energy dissipation
materials.*”*® In summary, the semi-rigid starch particles
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Figure S. (a) Static water contact angle measurements obtained from 20 different random surface locations on the S-type bioelastomers as a function
of starch content. (b) Representation of the wetting measurements as a function of surface roughness plotted using eq 3. Deviation from the Wenzel
wetting mode is observed when the starch concentration is 70% by weight. (c) Water uptake measurements for the S-type elastomers immersed in

water for two weeks.

dispersed in such polysiloxanes can serve as physical cross-
linking points to provide certain observed properties, such as
tunable elasticity and lowered friction coefficients.

Water Interaction and Low Friction. As mentioned
earlier, unmodified starch particles also display excellent
compatibility with vinyl-terminated polysiloxanes and silox-
ysilanes that form PDMS networks via addition cross-linking
reactions. Siloxy-PDMS networks are not as elastic as acetoxy-
PDMS networks, but they are used extensively in micro-
fabrication and microfluidics due to their acetic acid-free cross-
linking. Therefore, wetting studies and surface tribology
measurements are presented for S-type bioelastomers. Note
that identical wetting characteristics were measured for the E-
type bioelastomers but are not shown here for brevity. Static
water contact angle measurements are shown in Figure Sa.
Twenty random measurements were made on each sample
surface to gauge the uniformity of the wetting properties. The
calculated standard deviations for siloxy-PDMS and 30, 50, and
70% starch-containing surfaces were 1.69, 0.94, 0.92, and 2.23°,
respectively, indicating coherent surface chemistry and wetting
properties. The average static contact angles for each surface
are reported in Table 1. Even though starch is hydrophilic and
highly prone to surface water adsorption, the bioelastomers
became more hydrophobic as the unmodified starch concen-
tration was increased. This intrinsically suggests that regardless
of the starch granule concentration the granule surfaces are
effectively coupled and encapsulated by the cross-linked PDMS
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network, leaving no exposed starch at the elastomer surface,
which would be reflected by much larger standard deviations in
the contact angle measurements. Moreover, the surface
roughness measurements indicated that starch granules
increased the surface roughness of the PDMS network
considerably. The surface RMS (root-mean-square) roughness
of the unfilled PDMS network was measured to be 30 nm,
whereas the surface roughnesses of the 30, 50, and 70%
bioelastomers were measured to be much larger, namely, 1.58,
1.65, and 1.75 um, respectively. The relationship between the
measured contact angle on a rough surface (6*) compared to
its smooth counterpart (@) is given by the classical Cassie—
Baxter equation51

cos O*

rfcos @+ f— 1 (3)
where f represents the fraction of the area that is wetted by the
liquid and r; (roughness ratio) is the ratio between the true area
of the solid surface to the apparent wetted area. When f = 1, the
drop wets all of the surface asperities, and the dashed line in
Figure Sb shows the wetting trend following eq 3 when f = 1,
which represents the Wenzel model.’> The contact angle data
clusters very close to this dashed line following the Wenzel
mode of wetting. Note that bioelastomers with starch content
less than 70% follow the Wenzel wetting mode as shown in
Figure Sb, whereas the average static contact angle measured
for the 70% starch bioelastomer does not fall on the Wenzel
line but rather can be approximated by the Cassie—Baxter
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wetting mode with f & 0.77 and is close to 150°, which is
regarded as the onset of superhydrophobicity. Starch-based
biopolymers are prone to high levels of water uptake.
Therefore, it is of interest to evaluate the water uptake
characteristics of the bioelastomers developed in this study.
Figure Sc shows the water uptake measurements of E-type
bioelastomers that were observed continuously under water for
up to 2 weeks. The unfilled acetoxy-PDMS network shows
negligible water uptake, whereas 30 and 50% starch-containing
elastomers saturate at approximately 8 and 12% water uptake
levels, respectively. These levels are considered quite
satisfactory because they are less than half the water uptake
levels of TPS**** over a similar time period. Water uptake
values for bioelastomers with 70 and 80% unmodified starch
concentrations saturate at approximately 22 and 24%,
respectively, which are levels that are still less than TPS. It is
worth mentioning that the time needed to reach steady state
water uptake levels, ~2 weeks, is also longer than the values
reported in most studies concerning TPS,>>~>° which range
from 3 to 8 days.

Surprisingly, starch granules were found to lower the friction
coefficient of the siloxy-PDMS network considerably as shown
in Figure 6. Lowering of the PDMS surface friction coefficient
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Figure 6. Comparison of friction coefficient values as a function of
horizontal displacement obtained under a 200 mN load for
bioelastomers containing 0% (PDMS), 30% (S30), 50% (S50), and
70% (S70) unmodified starch granules embedded in the siloxy-PDMS
network.

is extremely important, particularly for biomedical applica-
tions.>® Until recently, friction was considered to be controlled
by only surface chemistry and structure. However, this was
shown not to be true for soft materials, such as rubbers and
gels, where the friction of the soft matter involves the bulk
effects.’”® Viscoelastic deformation of soft materials can be the
major result of energy dissipation associated with friction. It
naturally follows that enhanced surface hydrophobicity and
roughness should reduce the friction coefficient because of
fewer chemical interactions as well as reduced solid—solid
contact frequency. However, friction between solid surfaces is a
direct result of how contact-generated shear stresses are
distributed and dissipated along the surface. As shown in
Figure 4b, the bioelastomers have good bulk stress relaxation
behavior. This inherent property can also take place as surface
stress relaxations generated due to friction and enhanced
surface hydrophobicity can collectively reduce the friction
coeflicient when starch granules are introduced into the siloxy-
PDMS network. As such, the bioelastomers display friction
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coefficient values (see Figure 6) that are much lower than those
of commercial rubbery materials such as acrylonitrile—
butadiene rubbers®”*” and are comparable to those of
lubricated, microtextured PDMS surfaces*®~*° without requir-
ing a lubricant.

Biodegradation and Biocompatibility. Figure 7 shows
biochemical oxygen demand (BODg,) measurements for E-
type bioelastomers containing 30% (Figure 7a) and 70% starch
(Figure 7b) immersed in bottles containing seawater for 60
days. In the first 10 days, the oxygen gas consumption for both
samples was negligible compared to that of the control bottles
containing only seawater. After this period, however, the
amount of oxygen consumed (in mg) for both samples started
and continued to increase until the end of the two month trial.
The bioelastomer with the 30% starch concentration had an
increase in oxygen consumption that resembled an exponential
rise (a red line is included as a guide), whereas the oxygen
consumption of the bioelastomer with 70% starch concen-
tration increased in a linear fashion. At the end of the 60 days,
the bioelastomer with 70% starch concentration consumed
approximately three times more oxygen, indicating faster
biodegradation kinetics. The insets in Figure 7 show the
fluctuating oxygen consumption data for unfilled acetoxy-
PDMS matrices that averaged around 0.5 mg between 30 and
60 days and can be considered as negligible compared to the
bioelastomers. At the end of the test, the BODg,s of the
bioelastomers with 30 and 70% starch concentrations were
0.027 and 0.051 mg oxygen per mg of starch, respectively. Note
that both values are calculated by subtracting the baseline
measurements of oxygen consumption in the seawater-alone
control experiment. Once the concentration of oxygen
consumed is determined experimentally, it can be converted
to moles of oxygen consumed. Then, using the model oxidation
reaction given by eq 2, the corresponding number of moles of
degraded starch can be estimated. For the specific test
conditions studied herein, only 2.5 and 5% of the initial
volume of bioelastomers was degraded in the seawater for the
samples containing 30 and 70% starch, respectively, after 60
days. Although degradation kinetics are strongly aftected by the
bacterial and enzymatic conditions of the degradation medium,
based on the present measurements made on pulverized
samples in the dark, we project that it would take approximately
3—6 years for the bioelastomers to completely degrade in
Mediterranean seawater without accounting for acetoxy-PDMS
degradation dynamics.

The bioelastomers were also found to be thoroughly
biocompatible, rendering them suitable for various biomedical
applications. Figure 8 shows the interaction of human
osteosarcoma cells with the S-type bioelastomer surfaces,
including the unfilled control PDMS sample after 7 days in
culture. Cell nuclei are stained blue with DAPI, whereas the cell
cytoskeletons are stained green with FITC—Phalloidin. The
cells were observed to be proliferating, have a healthy
appearance, and have a good degree of cytoplasmic extension
in all of the samples studies. Future work will include more
detailed and statistical analyses of different cell cultures. Note
that starch autofluorescence is increasingly noticeable in the
microscopy images as the starch concentration increases
(Figure 8).

B CONCLUSIONS

We present a facile method to fabricate mechanically robust
bioelastomers from unmodified corn starch granules by
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Figure 7. (a) Oxygen consumption data for E-type bioelastomers with 30% starch content immersed in Mediterranean seawater maintained in the
dark for 60 days. (b) Oxygen consumption data for E-type bioelastomers with 70% starch content immersed in Mediterranean seawater maintained
in the dark for 60 days. (insets) Oxygen consumption of acetoxy-PDMS with no starch as control. Within the first 10—12 day period, no measurable

consumption of oxygen gas was detected.
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Figure 8. Human osteosarcoma (HOS) cells on (A) PDMS, (B) S30,
(C) 850, and (D) S70 after 7 days in culture. Cell nuclei (blue) are
marked with DAPI, and the cell cytoskeleton (green) with FITC—
Phalloidin. Scale bars represent S0 ym. Cell proliferation was observed
in all samples. The increasingly saturated background is attributed to
starch autofluorescence.

dispersing them in common acetoxy- and siloxy-cured
polysiloxane resins under ambient conditions. The mechanical
properties of the bioelastomers can be tuned from rigid to soft
and stretchable by carefully adjusting the concentration of the
starch granules. The degree of dispersion of starch granules
within the polysiloxane networks was excellent and was
maintained by simple mixing even with starch loading
exceeding 70% by weight. This is attributed to starch particle
surface functionalization by polysiloxanes and silanes before
and during the cross-linking reactions. Bioelastomers displayed
excellent mechanical stress relaxation and energy dissipation
properties compared to unfilled PDMS networks, suggesting
that they are sustainable substitutes for mechanical energy
dampeners. Their surfaces were found to be hydrophobic, and
the hydrophobicity was enhanced by increasing the starch
granule concentrations. Starch also decreased surface friction
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coeficients that were correlated to the collective effects of good
bulk stress damping properties, enhanced surface hydro-
phobicity, and roughness. Compared to thermoplastic starch,
the bioelastomers displayed water uptake values that were
much lower with longer immersion times under water.
Experiments conducted in Mediterranean seawater enabled
estimation of biodegradation times ranging from 3 to 6 years
depending on the percentage of starch content. The use of
nanosized starch particles will be considered in future studies.
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