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Abstract
Light processable hydrogels were suc-

cessfully fabricated by utilizing maize
starch as raw material. Increasing the starch
content from 10 to 15 wt% increased the
compressive stiffness from 13 to 20 kPa,
which covers the stiffness of different body
tissues.

Introduction
Hydrogels are three-dimensional poly-

meric networks with the ability of retaining
large amount of water within their struc-
tures without dissolving. Thanks to their
hydrophilicity, hydrogels can be utilized in
a broad range of sectors including pharma-
ceutical and medical.1 Starch based hydro-
gels are gaining attractiveness due to their
renewability and degradability. Moreover,
starch-based hydrogels are partially able to
mimic the natural cells aqueous environ-
ment.2 Photocuring techniques are green
and highly efficient for crosslinking poly-
mer resin with photo-curable functional
groups. They have many advantages with
respect to the thermocuring processes such
as absence of Volatile Organic Compound
(VOC) emissions, high curing speed,
reduced energy consumption, and no heat
requirements.3 3D printing by digital light
processing has gained significant attention
as a tool for designing biomedical
scaffolds.4 In this context, functionalized-
starch able to photo-crosslink in water to be
exploited as photo-curable and 3D-printable
hydrogel precursor would be of high inter-
est. Therefore, starch was methacrylated
followed by evaluation of light processabil-
ity by photo-curing in a mould or by Digital
Light Processing (DLP) 3D printing.
Furthermore, the light processed hydrogels
were characterized for mechanical proper-
ties and cytotoxicity.

Materials and Methods
High-amylose Hylon VII maize starch

(70% amylose) was obtained from
Ingredion, Goole,

UK. Methacrylic anhydride (MA), tri-
ethylamine (TEA) (>99%), dimethyl sul-
foxide (DMSO) (ACS reagent P99.9%),
ethanol absolute, and bis(acyl)phosphane
oxi lithium phenyl-2,4,6-trimethylbenzoyl
phosphinate (LAP) were purchased from
Sigma Aldrich (Milan, Italy).

Results
Maize starch was methacrylated by a

simple reaction with methacrylic anhydride
in presence of triethylamine (nucleophilic
catalyst). A scheme of the reaction is report-
ed in the Figure 1. The success of the
methacrylation reaction was confirmed by
1H-NMR, 13C-NMR, and FTIR spec-
troscopy. The obtained degree of substitu-
tion (DOS) for the hydroxyl groups was
0.08 which can be translated into one
methacrylated alcohol-group in every
fourth glucose rings. Three different formu-
lations containing 5,10 and 15 wt% of
methacrylated starch (MA-Starch) in water
were photocured with 1phr of LAP. The
reactivity of those formulations was evalu-
ated by a photo-rheology test. Both the for-
mulations containing 10 and 15 wt% of
MA-Starch started reacting immediately
and reached a plateau after 90 seconds,
while the 5 wt% shows a delay in the curing
process and reached a plateau after 120 sec-
onds. This can be explained by the low
starch concentration in water, which in
combination with the overall low DOS
decreased the reaction velocity.

The mechanical properties of the hydro-
gels were investigated by a compression
test. The obtained Young’s modulus values
(Ec) are: 12 kPa for 10 wt% MA-Starch and

20 kPa for 15 wt% MA-Starch. The simple
increase of the MA-Starch concentration in
water increased the compressive stiffness of
the hydrogels. This range covers the stiff-
ness of different native body tissues, which
is promising for utilization of the hydrogels
in tissue engineering applications. 

Human fibroblast cells were cultured on
the supernatants from the three hydrogel
formulations. The cell viability was very
similar to the control, indicating no negative
effects from the methacrylation, photo-
crosslinking reaction and LAP photo-initia-
tor. The fast photo-curing reactivity of the
formulations and the obtained mechanical
properties indicated that the MA-Starch
could be suitable photo-curable resin for the
vat 3D printing technology. The 3D print-
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Figure 1. Schematic illustration of starch methacrylation.
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ability with DLP printing of 10 wt% MA-
Starch was also investigated since this con-
centration showed a compression Young
modulus close to the elasticity of muscle
tissue (12 kPa).5 A honeycomb structure
was designed and successfully printed using
a DMEM-starch solution instead of water-
starch solution showing that millimeter-
thick wall structures could be built from this
formulation (Figure 2).

Discussion and Conclusions
Methacrylated maize starch was suc-

cessfully light processed to hydrogels either
by photo-curing with UV-lamp or by DLP
3D-printing directly from aqueous solution.
First, starch was methacrylated and the
reaction was confirmed by 1H-NMR, 13C-
NMR, and FTIR spectroscopy. The
methacrylated starch was dispersed in water
at different concentration in the presence of
LAP photo-initiator. Photo-rheology con-
firmed rapid in-situ gel formation by fol-
lowing the evolution of elastic storage mod-

ulus G’ with time. The supernatants of the
methacrylated starch-based photo-
crosslinked hydrogels did not exhibit cyto-
toxicity against human BJ fibroblast cells in
any of the three tested hydrogel concentra-
tions. Finally, the 3D printability of 10 wt%
MA-Starch was successfully demonstrated.
These findings are promising for future
applications of light processed starch in tis-
sue engineering and as cell carriers.
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Figure 2. Left) 3D DLP printed hydrogels, right) complex flower geometry [24 mm x 24
mm x 4 mm].
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