Chapter 3 Naringin: a naturally occurring flavonoid as a
photoinitiator for 3D printed electro-active actuator

3.1 Preface

Thanks to their versatile photoinitiation abilities, natural flavone derivatives (i.e., quercetin and
morin) based photoinitiating systems have potential for diverse materials in industries, for
example, Bis-GMA/TEGDMA blend for dental restoration, etc.! However, the used monomer
systems are all hydrophobic. In contrast, hydrophilic hydrogels have been widely employed in
advanced applications, for example, cell scaffolds, actuators, etc.? 2 Additionally, considering
the light intensity of the used LEDs (80-110 mW cm?) for quercetin and morin, their
photoinitiation abilities are insufficient to be employed in 3D resins for DLP 3D printing.
Therefore, to be involved in water-favorable 3D resins, hydrophilic natural photoinitiators are
imperative. The deprotonated hydroxyl group exhibited great water solubilities; therefore,
natural multi-hydroxyl substituted flavones are promising photoinitiator candidates for water-
favorable resins. In the present chapter, a multi-hydroxyl substituted flavone derivative,
naringin extracted from citrus, has been comprehensively investigated are water-favorable
formulas under the irradiation of visible light. This chapter aims to: a) validate its photoinitiation
abilities in water-favorable resins (i.e., poly(ethylene glycol) diacrylate resins); b) demonstrate
the composition of the naringin based 3D resins for high-fidelity 3D printing; ¢) optimize the
naringin based 3D resin composition to achieve a 3D printed soft robotics actuated by an

electric field.

3.2 Abstract

The utilization of actuator in soft robotics has attracted significant attention. Nonetheless, the
manufacture of these actuators heavily relies on a modelling process, limiting their
customization potential. Photopolymerization-based 3D printing has emerged as a promising
solution to address this limitation. However, challenges persist with the commonly used
photoinitiators in 3D resins, encompassing environmental concerns, sensitivity to visible light,
and water solubility. Herein, we present a novel approach utilizing a naturally occurring plant
ex tract, naringin, known for its safety profile and sensitivity to visible light. We develop an
exceptional photoinitiating system based on naringin, showcasing remarkable abilities in
initiating free radical photopolymerization. Leveraging this advancement, we successfully 3D
printed a figurine with precise surface texture. Furthermore, we optimize the 3D resin formula
by introducing an electro-sensitive component, sodium acrylate, aiming to create electro-

stimulated actuators. Beyond its electro-sensitivity, the incorporation of sodium acrylate
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significantly influences the photopolymerization performance and polymer deformation.
Through meticulous formulation, we successfully fabricate actuators that display actuation
behavior when subjected to an applied electric field. This study demonstrates a novel pathway
for developing customizable actuators in soft robotics, addressing key challenges in their
production while showcasing potential applications in responsive and adaptable systems.

3.3 Introduction

Actuators have gained great interest due to their response to environmental stimuli, enabling
programmed physical movement upon activation.* ®> With carefully designed configurations,
diverse shape transformations to actuators, for instance, roll, wave, helix, etc., could be
achieved.® As their development has progressed, these actuators have been tailored to
respond to specific stimuli like moisture, heat, light, and electricity, leading to a broad spectrum
of applications.®> 22 For instance, drawing inspiration from soft-bodied organisms, a fast-
moving fish robotic device with an actuator was engineered to swim at 13.5 cm s upon
electrostimulation (10 kV and 5 Hz).% . Thanks to its response to electricity, fabricated actuator
can operate in harsh environments. However, the actuator was produced via a molding
process. Even though molding is a fast and cost-effective method, it cannot afford multi-
material products and flexible production.? In contrast, photopolymerization-based 3D printing
offers superior precision in creating intricate structures,? as seen in successfully 3D printing
artificial cilia with robust actuation under UV irradiation.?? Despite the advantages of light-
based 3D printing,?* ongoing development of 3D resin remains crucial to mitigate potential

safety and environmental concerns associated with photoinitiator migration.

Photopolymerization is the fundamental technology for 3D printing with light, and various 3D
resins have been developed.?® However, few of the developed photocurable formulas meet
stringent safety and environmental protection standards. To address these challenges,
considerable inherently biocompatible materials (e.g., poly(vinyl alcohol) (PVA), poly(ethylene
glycol) (PEG), etc.) have been modified with photocurable functional groups (e.g.,
methacrylate or acrylate), and the developed photocurable polymers have been employed to
safety-dependent photopolymer based applications such as bioprinting.?®¢ However, the safety
of the photoinitiators used in these formulas remained uncertain, evident in cytotoxicity
displayed by certain photoinitiators like phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide
(BAPO) used in the as aforementioned artificial cilia.?* 2” Even though only a trace amount of
photoinitiators exist in 3D resin, their safety should still be considered. In contrast, the
photoinitiators,  2-hydroxy-1-(4-(2-hydroxyethoxy)phenyl)-2-methyl-1-propanone  (Irgacure
2959) and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), involved in the fabrication
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of biomaterials demonstrated both excellent biocompatibilities and water solubilities.?®
However, Irgacure 2959 cannot be included in 3D resins as it has little light absorption at
wavelengths longer than 370 nm.?® Unlike Irgacure 2959, LAP can afford a successful
photopolymerization-based 3D printing, thanks to its good absorption at 365 nm and 405 nm.
Typically, LAP has been employed in a high-resolution 3D bioprinting of a 50-um scaffold
seeded high density cells which mostly impeded the 3D printing resolution.?® This state-of-the-
art facilitates the development of a vascularized fully-functioned tissues or organs via 3D
bioprinting. However, both Irgacure 2959 and LAP are synthetic photoinitiators, and their
synthesis process may produce chemical pollutant. Therefore, a reliable source of
photoinitiators is essential to prevent potential environmental concerns. Nature offers a
repertoire of biocompatible photoinitiators® such as flavone derivatives, curcumin, chlorophyll
a, riboflavin, beta-carotene, etc. demonstrating efficient photoinitiation abilities 3'-%¢ under
diverse irradiation from UV to red lights. Furthermore, most of them have been involved in
safety-dependent applications (e.g., microneedles, antibacterials coatings, bone regeneration,
etc.).3 3738 Beta-carotene photoinitiated antibacterial coatings are of low water solubility. With
the help of eugenol, the resulting beta-carotene photoinitiated hydrophobic antibacterial
coating exhibited an 80% reduction in E. coli count.® In contrast, riboflavin photoinitiated
microneedles and scaffold are water-rich hydrogels. Specifically, the riboflavin photoinitiated
microneedles demonstrated evident transdermal drug delivery, and the 3D printed scaffold
undertook active cell proliferation and resulted in complete biodegradation in 75 days.3" 38 As
a result, riboflavin is favorable as a photoinitiator, as its migration would cause neither
environmental nor health impact. However, the demands of either high light intensity (2100
mW cm) or additional post thermal curing (80 °C) for riboflavin photoinitiation significantly
compromised its application scope. Therefore, it is desirable to further explore highly efficient
naturally occurring photoinitiators with biocompatibility, excellent photoinitiation ability, and
water solubility.

The present work introduced a plant extract, naringin, which can meet the abovementioned
requirements as a favorable photoinitiator. Naringin is extracted from citrus fruits (e.g.,
grapefruit, etc.) and demonstrates strong anti-inflammatory and antioxidant activities.3%4!
Given its natural and edible origin, naringin emerges as a safe and non-toxic photoinitiator
candidate. Owing to its multiple hydroxyl groups, naringin is a water-favorable compound, and
the addition of alkali could facilitate its water solubility via the dissociation of hydrogen.
Therefore, the concentration of alkali was investigated to achieve the augmented
photoinitiation ability of naringin. The photoinitiation abilities were evaluated using a real-time

Fourier-transform infrared spectroscopy (RT-FTIR). The mechanism during the photoreaction
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of the developed photoinitiating system was studied by light absorption property and steady-
state photolysis using an ultraviolet-visible (UV-vis) spectrophotometer, as well as the
characterization of the generated free radicals using electron paramagnetic resonance spin
trapping (EPR-ST) technique. To successfully fabricate a functional electro-stimulated
actuator, the electro-active monomer, sodium acrylate (SA), was included for the production
of the photopolymer, and the in-situ photorheology experiments and three-point bending tests
were carried out with corresponding formulas. Thanks to the negatively charged carboxyl
groups of SA, the produced photopolymer could move in line with the electricity flow. This
conceptual design was validated in a continuous electric field. Consequently, a hand-like tool
and a hook-like tool were successfully 3D printed, and the relevant electro-stimulated actuation
behavior was observed.

3.4 Experimental
3.4.1 Materials

Naringin, diphenyliodonium hexafluorophosphate (lod), (4-tert-butylphenyl)diphenylsulfonium
triflate (SFO), poly(ethylene glycol) diacrylate (PEGDA) M, 700 (p = 1.12 g mL-1), sodium
acrylate (SA), and phenyl-N-tert-butylnitrone (PBN) were obtained from Sigma-Aldrich and
used as delivered. The chemical structures of mentioned compounds are summarized in
Scheme 3.1.
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Scheme 3.1. Chemical structures of naringin, additives (SFO and lod) of photoinitiating
systems, and monomer/oligomers (PEGDA and SA).

3.4.2 Steady-state photolysis

The ultraviolet-visible light (UV-vis) absorption of naringin dissolved in deionized (DI) water or

diverse concentrations of aqueous solutions of NaOH were measured on Varian Cary 50 Bio
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UV-visible (UV-vis) spectrophotometer (Agilent Technologies). As to the steady-state
photolysis experiment, the solution of naringin in aqueous 500 mM NaOH in the presence of
lod was irradiated using the LED@400 nm (6.4 mW cm?). The light absorption profiles were
recorded by the UV-vis spectrophotometer at different exposure time.

3.4.3 Electron Paramagnetic Resonance Spin Trapping (EPR-ST)

EPR-ST experiments were carried out in ambient condition on a Bruker E500 spectrometer
equipped with a Bruker ER4122 SHQ resonator, as previously reported.®! Briefly, the tert-
butylbenzene solution of naringin/lod was loaded into standard X-band EPR tubes of 2.8 mm
i.d.. The radicals were generated in a nitrogen atmosphere upon exposure to LED@400 nm
and trapped by phenyl-N-tert-butylnitrone (PBN). The PBN/radical adducts were characterized

by hyperfine splitting constants. The simulation was processed via the WINSIM application.

3.4.4 Photopolymerization kinetics

The photoinitiation ability of naringin was investigated using INVENIO®R, Fourier-transform
infrared spectroscopy (FTIR) from Bruker, as previously reported.*? Briefly, to monitor the
progress of the photopolymerization under the light irradiation, the samples were placed

between two polypropylene films, avoiding oxygen diffusion. The double bond conversions of

J0.DdV |

PEGDA/DI water blends were calculated by D.C.=(1—IODW|
D.aVit=o

)x 100% . (O.D.:

absorbance; 7: wavenumber.), following the decrease of the acrylate C-H bond in-plane

bending absorbance at 1414 cm™.4345

3.4.5 Crosslinking network characteristics

The swelling behavior of the crosslinked polymeric materials were estimated via Flory-Rehner
theory as the function of weight of relaxed (Mreiaxed), swollen (Mswolien), @and dry (Mary).*6%° From
the variables, the mesh sizes were quantified as the characteristic ratio of polymer (Cy = 4),

the molecular weight of the repeat units (M, = 44), the polymer volume fraction in swelling
state (v, ),the molecular weight between the crosslinks (M.), and the bond length of the

polymer backbone (I = 1.54 A).

1/2

2CyM,
_ ..—-1/3 N*H*ic
2,8 Mr

The equilibrium swelling equation was used to determine the M,
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where the My is the number average molecular weight of PEGDA (My = 700), V1 is the molar

1
Mc

volume of water (V1 = 18 mL mol?), v is the specific volume of PEG (v = pi: 0.893 cm® g?),
P

and y; is the Flory PEG-water interaction parameter (y; = 0.426). The terms v, and v, ,. are
the volume fraction of polymers in the swelling states or relaxed states, respectively. Before
measurements, the unbonded water was removed from the sample. All above constants are

obtained from ref. 46 An example was calculated in detail in Supporting Information.

3.4.6 Photorheology

In situ photorheology was carried out using an Anton Paar MCR 702 multidrive rheometer, as
previously reported.*? Briefly, the sample was placed under the parallel plate (PP25) at a gap
of 0.3 mm. The constant temperature (25 °C), normal force (0 N), shear strain (0.1%), and
frequency (1 Hz) were applied. The LED placed under the lower glass plate was switched upon
system stabilization. The dependent changes in the moduli of the investigated formulas during

photopolymerization were measured as a function of exposure time.

3.4.7 Three-point bending tests

Three-point bending tests were carried out to measure the shape deformation of the polymeric
materials. The measurements were conducted using Imada digital force gauge (ZTA-50N),
with support pins placed 8.2 mm apart and a compression rate of 0.5 mm/min. The identical

dimensions of the specimen were 20 mm x 3 mm x 2 mm (L x W x H).

3.4.8 3D printing

The digital light processing (DLP) 3D printer (MAKEX) equipped with a LED@405 nm (3 mW
cm?) was used for the 3D printing experiments. The layer thickness was 20 nm, and the

layered exposure time was 10 seconds.

3.4.9 Electro-mechanical actuation

The electro-mechanical characterization of actuation was conducted as previously published.®!

Briefly, the polymer strips were hanged and immersed in electric field. The electro stimulation
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was applied by a power supply (PS-3005D). The tip displacements were recorded for the

evaluation of actuation.

3.5 Results and discussion

3.5.1 Photophysical and photochemical characterization of naringin

Naringin demonstrated pH-mediated light absorption abilities, attributed to the hydroxyl groups
on its chemical structure (Scheme 3.1). Confirmed by UV-vis spectra, the addition of NaOH
induced red-shifted light absorption of naringin tailing to 525 nm (Figure 3.1), and the light
absorption properties at the emission wavelength of the employed LED (400 nm) were
improved. Specifically, in a neutral solution, naringin exhibited no absorption at 400 nm, but
the light absorption was drastically increased to 16,200 M-1 cm-1 and 19,900 M-1 cm-1 in the
presence of 100 mM and 500 mM NaOH, respectively (Table S3.1). Furthermore, compared
to naringin in a neutral solution, the naringin solutions with the introduction of NaOH led to the
appearance of new absorption peaks centered between 350 nm and 370 nm, assigned to the
ionization and isomerization of chalcone-formed naringin. This trend aligned with the results
reported previously.>? ®* Specifically, under basic conditions, the flavone-formed naringin was
initially ionized forming corresponding primary and secondary conjugated bases with the
increase of characterized light absorption at 280 nm (Scheme S3.1: step 1) in order at pHs <
12 (0.01 mM NaOH).%* Subsequently, further alkali induced the formation of carbanions
characterized by the presence of light absorption peak at 240 nm (Scheme S3.1: step 2).53
Thereafter, with the continuous addition of NaOH, the ionized naringin and carbanion were
increasingly produced, and the growing carbanion thus transformed slowly to chalcone formed
naringin exhibited broad light absorption between 300 nm and 500 nm. (Scheme S3.1: step
3).%® Chalcone-derived compounds have been widely explored as efficient photoinitiators
under visible light.>>*" Therefore, the chalcone-formed naringin is a highly promising

photoinitiator candidate.
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Figure 3.1. The UV-vis absorption of naringin in the agueous media at diverse [NaOH].

To preliminarily assess the potential photoinitiation ability of naringin, steady-state photolysis
in the presence of a coinitiator, iodonium salt (lod), was carried out under the irradiation of
LED@400 nm (Figure 3.2a). Upon the light irradiation, chalcone-formed naringin was excited,
and an obvious decrease of light absorption at 370 nm was observed after a 10-second
exposure. In addition, further photolysis occurred with additional irradiation time (Figure 3.2a).
With the understanding of the photolysis that occurred between naringin and lod, the formed
active radical was characterized using the EPR-ST technique (Figure 3.2b). The free radical
was identified as phenyl radical in line with the hyperfine splitting constants (an = 14.3 G, an =
2.2 G).%8 The generated phenyl radicals (Scheme 3.2) were the active species to initiate the

following polymerization, followed by further propagation.
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Figure 3.2. The interaction between naringin and lod: (a) the steady-state photolysis of
naringin/lod in aq. NaOH upon exposure to LED@400 nm; UV-vis spectra were recorded at
different irradiation time. ([NaOH] = 100 mM; [lod] = 4.4 mM) and (b) EPR spectra of the
radicals generated in naringin/lod combination upon exposure to LED@400 nm and trapped
by PBN in tert-butylbenzene: PBN/phenyl radical adducts formed in naringin/lod system: an =
143G,an=22G.*®
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Scheme 3.2. The proposed photochemical mechanism on the generation of free radicals in
naringin/lod combination.52 53 59. €0

*Naringin(CH): chalcone-formed naringin
3.5.2 Photoinitiation ability of naringin in alkane formulas

To evaluate the photoinitiation ability of naringin, a system of compositions was developed.
Specifically, naringin and lod were employed as photoinitiator and coinitiator, respectively, and
PEGDA was introduced as a hydrophilic photocurable oligomer. Under the irradiation of
LED@400 nm, the photopolymerization of PEGDA/DI water (8/2, w/w) blend was observed in
the presence of naringin, lod, and NaOH (Figure 3.3a). With the increasing concentrations of
NaOH, the final double bond conversions of PEGDA were improved correspondingly, and
consequently, the highest conversion was observed in the presence of 100 mM NaOH. As
aforementioned, the presence of NaOH could induce ionization and isomerization, producing
chalcone-formed naringin. 100 mM NaOH drastically accelerated the rate of polymerization
compared to the formulas in the presence of 10 - 60 mM NaOH, in line with the excellent

photoinitiation abilities of chalcone derivatives.>>*’

Moreover, the NaOH-mediated photoinitiation ability of naringin indirectly affected mesh sizes
and curing depths. Owing to its different crosslinking degrees, the inner mesh sizes of the
network vary (Figure 3.3b). Specifically, the mesh sizes of crosslinking networks varied from
15 A to 23 A for the formula with 30 - 100 mM NaOH correspondingly (Figure 3.3b and Figure
S3.1). Briefly, the higher final double bond conversion corresponded to the lower mesh size
for the same photocurable resin mixture. As reported,*® ¢ the mesh size determines the water
uptake of hydrogels. In addition, the concentrations of NaOH also impacted the curing depth
(Figure S3.1). As 100 mM NaOH accelerated and improved the polymerization of PEGDA
photoinitiated by naringin, the rapid photopolymerization of PEGDA was observed, hence

inducing further photopolymerization at the next sample layer. Therefore, at 100 mM NaOH,
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with the most efficient photoinitiation ability, the deepest curing with 1.7-mm thickness was
observed among the three investigated formulas (30 — 100 mM NaOH). In short, the
concentration of NaOH could mediate mesh size of network and curing depth, which impacted

the formula of 3D resin for actuator.
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Figure 3.3. (a) Photopolymerization profiles (double bond conversions vs time) of PEGDA/DI
water (8/2, w/w) in laminate in the presence of naringin/lod (0.5%/2%, wt) with diverse [NaOH]
upon the exposure to LED@400 nm (6.4 mW cm2) and (b) mesh sizes of the corresponding
polymerized hydrogels.46-%°

With the understanding of NaOH enhancement, further investigation on the effect of cation and
anion was investigated. KOH and NaCl were employed in the photo-resin respectively with
NaOH (Figure S3.2). In the event of identical hydroxide concentration, the photopolymerization
profiles of PEGDA were comparable (Figure S3.2a). Typically, the final double bond
conversions of PEGDA were > 95% in diverse ratios of NaOH/KOH, thus indicating cations
exhibited little effect on the photoinitiation ability of naringin. Contrarily, the hydroxide
concentration dominated the photoinitiation ability of naringin. Specifically, with the reduction
of hydroxide concentration, the photopolymerization of PEGDA was drastically reduced. Only
42% acrylate conversion was observed for the formula with 10 mM NaOH (Figure S3.2b).
Furthermore, with the addition of NaCl, the photopolymerization of the PEGDA profile almost
overlapped with the one without NaCl in terms of both final double bond conversion and rate
of polymerization (Figure S3.2b). The same photoinitiation behavior of naringin in NaOH (10
mM) and NaOH/NaCl (10 mM/90 mM) formulas suggested no effect of sodium and chloride
ions on the photoinitiation ability of naringin. Therefore, OH" is the only component able to
improve the photoinitiation ability of naringin. Consequently, 100 mM NaOH was confirmed as
a component in the resulting formula. Additionally, to confirm the effect of the coinitiator
chemical structure, another onium salt, sulfonium (Scheme 3.1: SFO), was employed. In the

identical conditions, the SFO extensively impeded the photopolymerization of PEGDA,
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compared to the lod-involved formula (Figure S3.3). Therefore, lod was selected as a

coinitiator for the following studies.

3.5.3 Development of naringin-based photoinitiating system for 3D printing of
electro-active actuator

Considering the emission wavelength of the irradiation source in the digital light processing
(DLP) 3D printer centered at 405 nm, the excellent photoinitiation ability of a naringin-based
photoinitiating system under irradiation of LED@400 nm with low light intensity (6.4 mW cm)
as studied above can endow the developed prepolymer with high potential of 3D printability.
However, the overloaded photoinitiator may inhibit photoinitiating system dissolution and light
penetration, thus impeding photopolymerization, as previously reported.*> Therefore, the
optimum concentration of naringin should be determined (Figure 3.4a). Upon exposure to
LED@400 nm, the increasing amount of naringin improved the final acrylate conversion of
PEGDA in the formula of PEGDA/DI water (8/2, w/w) in the presence of 100 mM NaOH.
Typically, 0.1 wt% naringin (Figure 3.4a) reached over the critical concentration of naringin for
photopolymerization of PEGDA under irradiation of LED@400 nm, and 33% of conversion was
achieved (Table S3.2). With the accumulated concentration of naringin, the conversion of
PEGDA reached 93% until 0.5 wt% naringin (Figure 3.4a and Table S3.2).

Additionally, for electro-active devices, a conductive component is essential, for example,
charged/ionic components.!® 6265 Specifically, the mobile ions migrate to the corresponding
electrode (i.e., cathode/anode), and the polyions tend to their counterions direction. Due to the
repulsion effect among the polyions, the equilibrium water content would be increased at the
polyion aggregations side.®? In this regard, the negatively charged sodium acrylate (Scheme
3.1) was employed in the 3D resin formula. The introduction of sodium acrylate demanded
additional water content in formulas for its sufficient dissolution, therefore, water content effect
on the photopolymerization of PEGDA/DI water was investigated first. Compared to PEGDA/DI
water (8/2, wiw), the PEGDA/DI water (6/4, wt) in the presence of the identical photoinitiating
system afforded only 62% double bond conversion (Figure 3.4b and Table S3.3). Furthermore,
the addition of water content also drastically affected the stability of the developed formulas.
Specifically, the formulas of PEGDA/DI water (8/2, w/w) demonstrated fair stability after 5-min
storage in ambient conditions, and the conversion differences were less than 5%, irrelative to
naringin concentrations (Table S3.2). However, the additional 20 wt% water (PEDGA/DI water
(6/4, wiw)) resulted in undesirable instability. Specifically, the conversion was reduced by 14%
after 5 min (Table S3.3). Furthermore, the photoinitiation ability of naringin vanished in the

water overloaded formula (PEGDA/DI water (4/6, w/w)) (Table S3.3). Before moving forward
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on the determination of sodium acrylate amount, the 3D printability of water-borne formula has
to be confirmed. With the abovementioned results, the PEGDA/DI water (8/2, w/w) in the

presence of naringin/lod (0.5%/2%, wt) was employed to the studies of 3D printability.
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Figure 3.4. Photopolymerization profiles (double bond conversions vs time) of (a) PEGDA/DI
water (8/2, w/iw) blend in the presence of naringin/2 wt% lod, (b) PEGDA/DI water in the
presence of naringin/lod (0.5%/2%, wt), and (c) PEGDA/DI water in the presence of
naringin/lod (0.5%/2%, wt) and sodium acrylate, with 100 mM NaOH in laminate upon
exposure to the LED@400 nm (6.4 mW cm?).

With the optimized prepolymer, a transparent yellow figurine of the Groot model was
successfully 3D printed in ambient conditions (Figure 3.5). Specifically, the dimensions of this
3D printed figurine were 40 x 23 x 33 mm, L x W x H (Figure 3.5). Furthermore, the details of
surface texture of 3D printed Groot were observed as well. Particularly, its eyes and smile on
the 3D-printed figurine were obvious and evident. With the favorable 3D printability, the

developed 3D resin could be involved in customized actuators with optimization.
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33 mm

23 mm

40 mm

Figure 3.5. The front view of the STL model file and the Groot 3D printed using the PEGDA/DI
water (8/2, wiw) in the presence of naringin/lod (0.5%/2%, wt) and 100 mM NaOH. (40 x 23 x
33 mm, L x W x H; layered exposure time: 10 s)

Furthermore, as aforementioned, sodium acrylate is the conductive component for the
designed formula of actuator 3D resins. In this regard, the real-time FTIR and in situ
photorheology studies were carried out to evaluate the effect of the introduction of sodium
acrylate on the photopolymerization of the developed 3D resin (Figure 3.4c). Typically, the
addition of sodium acrylate rarely impacted the final conversion of PEGDA polymerization. The
addition of 2 wt% sodium acrylate led to the difference of conversions by ~5% for the formulas
of PEGDA/DI water (8/2, w/w) blend and PEGDA/DI water (6/4, w/w) blend (Table S3.3and
Table S3.4). Additionally, as expected, the additional 20 wt% water led to a vanished
photoinitiation ability of the developed naringin-based photoinitiating system. However, the
PEDGA/DI water (4/6, w/w) was successfully photocured with the addition of 4 wt% sodium
acrylate (Table S3.4). Interestingly, the introduction of sodium acrylate improved the stability
of the formulas, and the conversions reduced by only 9% after 5 min for PEDGA/DI water (6/4,
w/w), compared to 14% conversion difference for the formula in the absence of sodium
acrylate. To confirm the effectiveness of employed sodium acrylate, the electro-active

actuation behavior was evaluated thereafter.

3.5.4 3D-printed actuator

With the developed 3D resin for electro-active actuators, the electro-sensitivities of the most
stable formulas were evaluated by the displacement of the polymer strip tip (Scheme S3.2). In
an applied electric field at the voltage of 30 V, the polymer strip without sodium acrylate
exhibited a latent response (Figure 3.6a and S4a). The little displacement could be attributed
to the electrocatalytic reaction driven fluid flow. Specifically, in the presence of electric field,

the electrolysis of water occurred,®® and ion flux resulted in concentration gradient, thus
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forming fluid flow.%” In the presence of sodium acrylate, obvious displacement was observed
(Figure S3.4b1). Typically, with an electric field applied, the mobile cations and anions move
to the cathode and anode, respectively. Therefore, the polyions (i.e., carboxyl anions) and
mobile anions repel each other, thus forming a concentration gradient of the polyions in
polymer networks. The equilibrium water content was therefore increased gradually in the
direction from cathode to anode (Figure S3.4bl). Specifically, the anode side polymer
exhibited swelling behavior, and the cathode side polymer exhibited shrink behavior.®?
Furthermore, for the polymer in the presence of 4 wt% sodium acrylate, its displacement in the
applied electric field reached its extent of 4 mm after only 3 min (Figure 3.6a). Interestingly,
swapping the placement of the electrodes induced the strip movement towards the other
direction (Figure 3.6b and Figure S3.4b2). Specifically, the movement of the polymeric strips
was all towards the cathode regardless of the electrode position. Therefore, the electric field

demonstrated its indispensable effect on the movement of the designed actuators.
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Figure 3.6. The actuation distance (distance vs time) of the electro-stimulated strips fabricated
by (a) PEGDA/DI water (8/2, w/w) (red) and PEGDA/DI water (4/6, w/w) in the presence of 4
wt% sodium acrylate (blue), with 200 mM NaOH in an electric field (30 V) and (b) PEGDA/DI
water (4/6, w/w) in the presence of 4 wt% sodium acrylate with 100 mM NaOH at set and
reverse directions of the electric field.

Considering the electric field-induced polymer deformation (Figure S3.4), the mechanical
strengths of the fabricated polymers were evaluated by three-point bending tests (Figure S3.5).
With identical polymer dimensions, the increase of water content in the polymers in the
absence of sodium acrylate dropped the mechanical strength from 1.6 N to 1.1 N. The same
trend was observed in the polymers in the presence of sodium acrylate. In addition, with the
introduction of sodium acrylate, the mechanical strengths were also reduced (Figure S3.5).

These could be ascribed to the decreased double bond conversions (Figure 3.4b and c). As
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the formula of PEGDA/DI water (4/6, w/w) in the presence of naringin/lod (0.5%/2%. wt) and
100 mM NaOH can only be photocured with the addition of 4 wt% SA (Table S3.3 and Table
S3.4), it was then involved in three-point bending test additionally. As predicted, the additional
water content and SA synergistically resulted in a lowest mechanical strength of PEGDA/DI
water (4/6, w/w) in the presence of 4 wt% sodium acrylate among all the samples (Figure
S3.5). However, the formula in the presence of 4 wt% sodium acrylate exhibited higher double
bond conversion (Figure 3.4c: 68%) compared with the one in the presence of 2 wt% sodium
acrylate. Therefore, the reduction of mechanical strength of this formula could be mainly
ascribed to the difference of water content caused diluted crosslinking densities. Typically,
higher crosslinking density results in higher mechanical strength.®¢ Comprehensively, the 2
wt% sodium acrylate in the formula of PEGDA/DI water (6/4, w/w) could be responsible for
both the electro-sensitivity and flexibility of formed actuator.

With the determined naringin employed formula, two actuators were successfully 3D printed
(Figure 3.7). Specifically, a hand-like model was successfully 3D printed (Figure 3.7a). At the
beginning of the electric field applied, the hand-like object was planar (Figure 3.7al).
Thereafter, upon the electric field applied, the hand-like object was motivated to deform
towards the cathode direction (Figure 3.7a2). With this concept, the design of actuators can
therefore meet different requirements in diverse scenarios. For instance, a hook-like object
was also successfully 3D printed using 0.3 mL (~0.3 g) resin in the same condition (Figure
3.7b). The planar hook was placed under water (Figure 3.7b1). Subsequently, upon electric
field appearance, the planar object was transformed into a hook (Figure 3.7b2). Subsequently,
the transformed hook successfully hooked the loads (Figure 3.7b3: 2.2 g). Furthermore, given
that 6.6-g weight can be loaded on all three arms (Figure 3.7b4), indicating the strength to
weight ratio was ~22. Consequently, its functionality for its underwater activities was
successfully demonstrated. Therefore, with an appropriate design of a more dedicated
structure and programmed electric field, the 3D printed actuator using the naringin employed
formula can promisingly achieve complex geometry transformation and desired activities in

water environment.
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" Electro-activate - Functional hook

Figure 3.7. 3D printed electro-activated (a) hand-like actuators: (al) before and (a2) after
electro-stimulation; and (b) hook (PEGDA/DI water (6/4, w/w) in the presence of 2 wt% sodium
acrylate with 100 mM NaOH): (b1) before, (b2) after electro-stimulation in an electric field
(voltage = 30 V), and their loading of (b3) 2.2 g and (b4) 6.6 g.

3.6 Conclusion

In the present work, we have demonstrated the remarkable photoinitiation ability of naringin
for DLP 3D printing. Specifically, our exploration revealed that the introduction of Na* rather
than OH" significantly enhanced naringin’s photoinitiation ability, leading to rapid
photopolymerization of PEGDA at a concentration of 100 mM NaOH. Utilizing this initial
formula, a high-fidelity Groot figurine with detailed surface texture was successfully 3D printed.
In addition, by incorporating sodium acrylate, we observed electro-active actuation behavior
under an applied electric field. However, it became evident that while sodium acrylate
contributed to electro-sensitivity, it also compromised the mechanical strength of the material.
Consequently, after meticulous experimentation, we determined an optimal concentration of
sodium acrylate (2 wt%) for the 3D resin used in actuator production. Employing this optimized
formula, a hand-like and a hook-like hydrogel devices were fabricated using the 3D printing
technique. The hand-like hydrogel device exhibited actuation behavior akin to human grasping
movements, while the hook-like hydrogel device showcased its ability to transform from a
planar status under an electric field, affirming its loads-bearing ability. Given its excellent 3D
printability, the developed 3D resin exhibited the capability to fabricate intricate structures. By
combining tailored designs and programmed electric field, 3D printed actuators using the
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naringin-based resin hold promise for fulfilling proposed functions in agueous environments
like tissue fluid. This breakthrough significantly broadens its potential applications in

bioengineering.
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3.8 Supporting Information

Mesh size calculation example

Formula of naringin: 0.5 wt%,; lod: 2 wt%; [NaOH] = 100 mM; PEGDA/water = 8/2, w/w
Number average molecular weight (M_N) of PEGDA:

My = 700 gmol~!
Weight of relaxed (Mrelaxed), swollen (Mswolien), and dry (Mary) example polymer:

M e1gxea = 0.1866 g

Msworien = 0.2809 g

Mgry = 0.0694 g

Polymer mass percentage of relaxed (Mrelaxed) and swollen (Mswollen) €xample polymer:

Mdr
— y —
Myelaxed = M = 0.372
relaxed
Mdr
— Yy _
Mgwollen = M = 0.247
swollen

Density of PEGDA 700 (pp) and water (p,,):
pp = 1.12gmL™?!
pw = 1gmL™?!
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Volume fraction of polymer in relaxed (v, ,.) and swollen states (v, ;):

Myeiaxed /p
P

V,, = = 0.346
2r Myeigxed + (1_mrelaxed)

Pp Pw
Mgyollen /p
P

Uzs = = 0.226

Mswolien + (1 — mswollen)
Pp Pw

Specific volume of polymer:

1
U=—=0.893cm3g!
Pp
Flory polymer-solvent interaction parameter for PEG-water:y; = 0.426

Molar volume of water:
V, = 18 mL mol™?
All abovementioned values were substituted into the following equation:

12 (©/V)[In(1 = vy5) + Vo5 + X103 ]

—_— T 1/3
MC MN UZ,S / UZ,S
Vzr [\ ~2v
2,r 2,r

then,
Mc = 196.47 g mol™?
Bond length of the polymer backbone:
[ = 1544
Characteristic ratio for PEG:
Cy = 4
Molecular weight of the repeat units:
M, = 44.05 g mol™?

M_C, [, Cn, and was then substituted into the following Flory-Rehner equation:
— 1/2

2C\M
-1/3 N™c
E=v,. <_>
2 M,

£ =154

Consequently, the mesh size:

Table S3.1. Light absorption properties of naringin in diverse [NaOH]aq: maximum absorption
wavelengths Amax, €xtinction coefficients at Amax and at the maximum emission wavelengths of
the investigated LED@400 nm.
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[NaOH]aq Amax Emax €400 nm
(mM) (nm)  (Mtcm?)  (Mtcml)
0 280 2400 0
0.01 280 11,900 0
285 23,400
1 355 9200 2500
285 24,500
10 365 14,200 10,200
285 17,100
100 370 22,500 16,200
285 15,000
500 370 29,400 19,900

HO., OH HO.,
OH
o~ "o

OH
OH
0”0
Ho:é,‘\o o Stop 1 Ho:é,‘\o
HO” >y © Ho” > ©
HO

P OH O /

Step 2

Scheme S3.1. The mechanism of ionization and isomerization of naringin.53
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Figure S3.1. The relationships between mesh sizes, curing thicknesses, and C=C conversions
of polymerized PEDGA 700/DI water (8/2, w/w) in the presence of naringin/lod (0.5%/2%, wt)
with diverse [NaOH] upon exposure of LED@400 nm (6.4 mW cm?).

100 100 ( b)
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'E =50 mM NaOH/50 mM KOH 'E
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Figure S3.2. Photopolymerization profiles (double bond conversions vs time) of PEGDA 700/DI
water (8/2, wiw) blends in the presence of naringin/lod (0.5%/2%, wt) in laminate with diverse
ratio of (a) NaOH/KOH and (b) NaOH/NaCl upon exposure to LED@400 nm (6.4 mW cm-2).
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Figure S3.3. Photopolymerization profiles (double bond conversions vs time) of PEGDA 700/DI
water (8/2, w/w) blends in the presence of naringin/lod (0.5%/2%, wt) or naringin/SFO
(0.5%/2%, wt) with 2100 mM NaOH in laminate upon exposure to LED@400 nm (6.4 mW cm”

2),

Table S3.2. The stability of developed formulations in the presence of diverse naringin
concentrations. (lod: 2 wt%; PEGDA/DI water: 8/2, w/w; [NaOH] = 100 mM)

Double bond conversions (%)

0 min 5 min
0.1 wt% naringin 33 29
0.3 wt% naringin 84 79
0.5 wt% naringin 93 90
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Table S3.3. The stability of developed formulations in the presence of diverse PEGDA 700/DI
water ratios. (Naringin: 0.5 wt%; lod: 2 wt%; [NaOH] = 100 mM)

Double bond conversions (%)

0 min 5 min
PEGDA 700/DI water (8/2, w/w) 93 90
PEGDA 700/DI water (6/4, w/w) 62 48
PEGDA 700/DI water (4/6, w/w) 0 0

Table S3.4. The stability of developed formulations in the presence of diverse sodium acrylate
concentrations. (Naringin: 0.5 wt%; lod: 2 wt%; [NaOH] = 100 mM)

Double bond conversions (%)

0 min 5 min
2 wt% sodium acrylate in PEGDA 700/DI water (8/2, w/w) 88 87
2 wt% sodium acrylate in PEGDA 700/DI water (6/4, w/w) 58 49
2 wt% sodium acrylate in PEGDA 700/DI water (4/6, w/w) 0 0
4 wt% sodium acrylate in PEGDA 700/DI water (4/6, w/w) 68 68

ﬁ.
Displacement

Scheme S3.2. The displacement measurement of the photopolymerized strip under the
electro-stimulated actuation.
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Figure S3.4. Electro-stimulated actuation of the strips (40 x 10 x 2 mm) fabricated by (a)
PEGDA 700/DI water (8/2, w/w) and (b) PEGDA 700/DI water (4/6, w/w) in the presence of 4
wt% sodium acrylate, with 100 mM NaOH under irradiation of LED@400 nm; (a, b1) in the set
electric field direction (anode - cathode: left - right), and (b2) in the reversed electric field
direction (cathode—> anode: left - right). (Voltage = 30 V); (naringin: 0.5 wt%; lod: 2 wt%)
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Figure S3.5. Three-point-bend test loading results of a strip structure (20 mm x 3 mm x 2 mm,
L x W x H): PEGDA 700/DI water (8/2, wiw), PEGDA 700/DI water (8/2, w/w) in the presence
of 2 wt% sodium acrylate, PEGDA 700/DI water (6/4, w/w) in the absence and the presence
of 2 wt% sodium acrylate, and PEGDA 700/DI water (4/6, w/w) in the presence of 4 wt%
sodium acrylate with 100 mM NaOH.
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Chapter 4 Ellagic acid: a natural photoinitiator
extracted from pomegranate for the 3D printing
application of smart switch

4.1 Preface

Flavone derivatives have been investigated as photoinitiators for both hydrophobic and
hydrophilic light-sensitive formulations in the previous chapters. Alternatively, this chapter
introduces a natural polyphenol, ellagic acid, to expand the scope of natural photoinitiators.
Ellagic acid is abundant in pomegranate, nuts, etc.! and has add-on effects on several
diseases.! With the knowledge of its therapeutic properties, ellagic acid is biocompatible. In
the present chapter, to achieve the aforementioned objectives in introduction chapter, the
photophysical properties of ellagic acid and the photochemical reactions between ellagic acid
and a selected coinitiator have been unraveled. Meanwhile, its photoinitiation ability under
visible-light irradiation has been evaluated in PEGDA formulations under mild LED@400 nm.
Furthermore, its potential for 3D resin has been validated by a successful 3D printed figurine,
and an advanced application, smart switch, has been fabricated using ellagic acid-based 3D
resin and achieved upon the contact of water.

4.2 Abstract

Hydrogel devices have been emerging in recent years due to their ability to undergo significant
volumetric change in response to environmental conditions. However, the conventional
manufacturing methods confine the possibility of highly customized hydrogel devices on
request. In this regard, photopolymerization-based 3D printing technique can meet the
requirements thanks to its temporospatial control capability. Nevertheless, the active
component in 3D ink, photoinitiator, lacks safety assessment that can minimize environmental
and health concerns. To address this issue, we develop a pomegranate-extracted polyphenol,
ellagic acid, as a biocompatible photoinitiator for free radical photopolymerization of
poly(ethylene glycol) diacrylate. As evidence of 3D printability, a high-fidelity 3D printed
Gandalf figurine is obtained with detailed facial textures. Additionally, based on the conceptual
model of a bilayer hydrogel, two ellagic acid-based 3D inks are involved in a multi-material 3D
printing process. The fabricated bilayer hydrogel demonstrates its water-sensitive curling
behavior and the airdrying induced reverse recovery. Furthermore, a bilayer smart switch is
assembled with an origami room and door. The 3D-printed smart switch is altered to an “open”

state upon water contact.
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4.3 Introduction

With the increasing demands for lifestyle regulation and fitness records, a growing market for
smart devices has emerged and evolved in recent years.?’ For instance, smart thermometers,
barometers, humidity meters, smart appliances, and wearable medical devices, etc.®®®
However, unexpected circumstances, for instance, flooding, may temporarily disable or
permanently damage those devices and obtain unreliable data. Therefore, smart devices must
initiate self-protection processes upon the contact of water to avoid potential damage. In this
regard, as previously reported,**® with the help of responsive polymers, the self-protection
could be achieved upon corresponding stimuli such as water. Specifically, when a water-
stimulated shape memory polymer was integrated in an electricity circuit,® the introduction of
water can initiate shape transformation, thus manipulating on-off states of the circuit. Typically,
upon the contact of water, the polymer bent and induced an open-circuit state, i.e., power cut.
Conversely, with the decreased water content, the polymer straightened up again and induced
a closed-circuit state. In another scenario, greenhouse water collection systems may also
require a smart switch during rainfall. Based on the structure of the water collection module,*®
the additional cap integrated with a smart switch can facilitate the warm-up of the inner
temperature without undesired heat exchange. Upon rainfall, the intelligent switch can open

the cap, enabling rainwater to flow through the water collector.

Considering the prerequisite size and accurate manufacturing of desirable water-driven
switches in precision instruments, controlled manufacture of the resulting parts is crucial.
Thanks to the intrinsic capabilities of temporal and spatial control abilities and manufacturing
versatile and multi-functional products,?° photopolymerization is a promising technology for the
production of smart fine parts.?® For instance, using photopolymerization technology, a
humidity-responsive biomimetic smart material has been developed and produced recently.??
This earthworm-inspired smart material can loosen soil in rainy conditions, improving rain
diffusion. Furthermore, incorporating 3D printing technology, photopolymerization could afford
well designed production. However, even though the organic solvent impact on environment
and health®* was eliminated owing to the inherent non-solvent conditions of
photopolymerization,®* the wused photoinitiator in the study was 2-hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959), of which the migration delivers itself
from terrestrial and aquatic compartments due to its water solubility, causing environmental
concerns. Specifically, the migrated Irgacure 2595 demonstrates moderate ecotoxicity to
algae.® Similarly, 3D printed smart switches and greenhouse water collectors using

photocurable 3D resins either directly or indirectly impact the environment and human health.
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Specifically, solvent-soaked humidity-responsive smart switches accelerate the soluble small
molecules (i.e., photoinitiators) migration; the watering rains that pass through the greenhouse
water collector may extract undesired components on or from collector parts, bringing them
into soil planting edible vegetables. Because the migrated commercial photoinitiator
notifications have been issued by Rapid Alert System for Food and Feed since 2000,% it is
therefore the biocompatibility and environmental impact of photoinitiators should be carefully
considered when developing a photoinitiator for smart switches, despite its catalytic amount.

To develop favorable photoinitiators, the exploration and the development of natural
candidates are imperative. Many naturally occurring compounds have been investigated as
efficient alternatives such as riboflavin, curcumin, flavones, chlorophyll, etc.?’** Because of
their natural origins, they exhibited no harm to the environment. Meanwhile, the
abovementioned natural photoinitiators demonstrated excellent biocompatibilities and fair
photoinitiation abilities. For example, riboflavin can initiate photopolymerization for the
fabrication of bone regeneration scaffold under irradiation of violet-blue light.3* The resultant
scaffold demonstrated exceptional biocompatibility in terms of cell viability and cell
proliferation, etc.3* However, the used light intensity was extremely high (2100 mW cm?), thus
leading to unfavorable energy efficiency. Besides, the intense light is also harmful to retina.*
38 |n addition, the photoinitiation ability under only intense light limits its application to desktop
digital light processing (DLP) 3D printers, as the light intensity of the integrated projector is
usually less than 20 mW cm2.3%%4 As smart switches should be aligned with the designed
structure of target objects with the help of photopolymerization-based 3D printing technique,
the 3D printability of photocurable resins must be considered. Therefore, a naturally occurring
compound exhibiting excellent photoinitiation ability under mild irradiation is anticipated. In this
regard, indigo carmine, a plant extract, meets the abovementioned requirements.*° Indigo
carmine contained 3D resin afforded a 2D-3D reversible hydrogel via photopolymerization-
based 3D printing. However, even though indigo carmine is originally a natural dye, it is
synthetic in recent decades.* The synthetic process would produce hazard substances to
environment. Therefore, the exploration of another naturally occurring photoinitiator candidate
draws extensive interest. Moreover, the shape morphing hydrogel was fabricated by a single
material and programmed by solely the design of 3D model in the study on the indigo carmine
based photoinitiating system.*® Contrarily, with the multi-material instead of single material
system, the smart hydrogels are expected to be delicately programmed. Therefore, the multi-
material 3D resins for programmed smart switches are desirable to expand the application

scope of the 3D printed materials.
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The present work, therefore, introduces a pomegranate extract, ellagic acid, exhibiting
bioactivities thanks to its polyphenol structure (Scheme 4.1).% “¢ Due to its neuroprotective
activity and natural origin, ellagic acid is a promising safe and environmentally friendly
photoinitiator candidate. With the involvement of ellagic acid, the fabrication of hydrogels has
the potential for safety-required applications. Furthermore, thanks to the inherent water uptake
capabilities of hydrogel, water-stimulated shape morphing was achieved for the development
of a water-responsive smart switch. With the existence of water, the water solubility of
photoinitiator candidates must be considered. Considering the trivial water solubility and the
multi-phenol-hydroxyl groups of ellagic acid, the addition of alkali can improve its water
solubility. To investigate its potential as a photoinitiator, its light absorption, steady-state
photolysis, and generated radicals were investigated. Thereafter, the formula screening and
optimization in terms of their double bond conversions and rates of photopolymerization were
conducted. A figurine was then 3D printed to confirm the 3D printability of the developed
formula. Furthermore, to program the shape morphing, a multi-material bilayer 3D-printed
switch was designed and successfully fabricated. Its function as a smart switch in a water-rich

environment was also demonstrated.

4.4 Experimental
4.4.1 Materials

Ellagic acid, diphenyliodonium hexafluorophosphate (lod), poly(ethylene glycol) diacrylate
(PEGDA) M, 700 and M, 575, and phenyl-N-tert-butylnitrone (PBN) were obtained from Sigma
Aldrich and used as delivered. The chemical structures of ellagic acid, lod, and PEGDA were

summarized in Scheme 4.1.

o)

Ellagic acid lod PEGDA

Scheme 4.1. Chemical structures of ellagic acid, lod, and PEGDA.

4.4.2 Light absorption and steady-state photolysis

The ultraviolet-visible light (UV-vis) absorption properties of ellagic acid in aqueous solutions
of NaOH were measured using Varian Cary 50 Bio UV-visible (UV-vis) spectrophotometer from

Agilent Technologies. The steady-state photolysis experiments of aqueous solutions of ellagic
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acid in the presence of NaOH under irradiation of LED@400 nm (6.4 mW cm) in the presence

of lod were recorded using the UV-vis spectrophotometer at different irradiation time.

4.4.3 Electron paramagnetic resonance spin trapping (EPR-ST) technique

The free radicals generated from photoreaction between ellagic acid and lod were
characterized by electron paramagnetic resonance spin trapping (EPR-ST) experiments using
Bruker E500 spectrometer equipped with a Bruker ER4122 SHQ resonator, as previously
reported.*° Briefly, standard X-band EPR tubes of 2.8 mm i.d. containing tert-butylbenzene
solution of ellagic acid/lod was irradiated by LED@400 nm (6.4 mW cm). The radicals were
generated in a nitrogen atmosphere under irradiation and trapped by phenyl-N-tert-butylnitrone
(PBN) forming PBN/radical adducts, the unique hyperfine splitting constants of which can

characterize the trapped radicals. The simulation was processed via the WINSIM application.

4.4.4 Photopolymerization kinetics

The photoinitiation ability of ellagic acid was evaluated via photopolymerization of PEGDA, as
previously reported.*® Briefly, photopolymerization was monitored using INVENIO®R, Fourier-
transform infrared spectroscopy (FTIR) from Bruker. The evenly spread samples between two

polypropylene films were placed in FTIR under irradiation of LED@400 nm (6.4 mW cm?). The
conversions of PEGDA/water blends were calculated by D.C.= (1— %) = (1 -
—Llit=0

[0.DAV|¢=¢

Topa] )x 100%. (O.D.: absorbance; ¥: wavenumber.), following the decrease of the C-H
-D. t=0

bond in-plane bending absorbance at 1414 cm™.#"- 4 The maximum rates of polymerization

(

double bond conversions versus time curves during photopolymerization. It is important to note

dD.C.>< 100 —_ _ 1 d[C=C]t=t

pm = o < 100, s?) follows the maximum of the first derivative of the
—tlt=0

that heat release may occur during the sample preparation process, and spontaneous curing
may be observed in this rapid formulation. Therefore, it is crucial to add components slowly

and carefully.

4.4.5 Swelling kinetics

The cylindrical specimens were produced using a 12 mm diameter and 2 mm height mold and
the prepolymers were cured with LED@400 nm irradiation. The weights of the specimens were
recorded before they were fully soaked in deionized water. The swollen weights were recorded
at 10 min, 20 min, 30 min, 1 hr, 2 hrs, 3 hrs, 4 hrs, and 5 hrs. The swelling uptake (%) was

calculated as previously reported*® using the following equation:
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_ m; — mg
Swelling uptake (%) = — X 100%
0

4.4.6 Photorheology

In situ photorheology was carried out using an Anton Paar MCR 702 multidrive rheometer, as
previously reported.*? Briefly, the sample was set in parallel plate mode (PP25) at a gap of 0.3
mm. The experiment was carried out at constant temperature (25 °C), normal force (0 N),
shear strain (0.1%), and frequency (1 Hz). The LED@400 nm (6.4 mW cm) placed under the
sample was switched on after system stabilization. The changes in the moduli of the
investigated formulas during photopolymerization were measured as a function of irradiation

time.

4.4.7 Three-point bending tests

Measurements of deformation were carried out with an Imada digital force gauge (ZTA-50N).
The compression speed was 0.5 mm/min. The specimen was 20 mm x 3 mm x 2 mm (L x W

x H) in dimensions, and the distance between contact points was 8.2 mm.

4.4.8 3D printing

The 3D printer (MAKEX) with a LED@405 nm (3 mW cm?) was used for the 3D printing
experiments. The 3D resin was premixed thoroughly affording a homogeneous solution under

ambient conditions before being loaded into the printer vat.

45 Results and Discussion

4.5.1 Photophysical properties and photochemical reactions

Ellagic acid in alkaline solutions demonstrated its visible light absorption from violet to blue-
green light, specifically from 400 nm to 500 nm in aqueous solution of sufficient NaOH (Figure
4.1a). Specifically, in the presence of 1 mM NaOH, ellagic acid demonstrated little visible light
absorption in visible light range. With the addition of NaOH, the light absorption of ellagic acid
at 400 nm increased until the concentration of NaOH reached 100 mM, suggesting the
potential of ellagic acid for commercial digital light processing (DLP) 3D printing because most
integrated projectors emit light centered at 405 nm. Meanwhile, the maximum absorption of
ellagic acid in 100 mM and 500 mM exhibited at 425 nm (Figure 4.1a). The light absorption at
425 nm is assigned to the ring-opened lactone product following deprotonation due to the
introduction of NaOH.*® °! Therefore, it was assumed that with the further increase

concentration of NaOH, the ring-opening product of ellagic acid was decomposed, resulting in
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the decrease of light absorption at 425 nm in 500 mM aq. NaOH. Furthermore, its absorption
at 425 nm was an indicative peak for the following studies of its steady-state photolysis in 100
mM and 500 mM ag. NaOH, while 355 nm and 420 nm were the indicative absorption for
ellagic acid in 1 mM and 10 mM ag. NaOH respectively (Figure S4.1). With the presence of
diphenyliodonium hexafluorophosphate (lod), the absorption decreases were observed at its
light absorption maxima (Figure S4.1). An isosbestic point appeared only in 1 mM ag. NaOH,
suggesting single-step photoreactions between ellagic acid and lod occurred because only
starting material and product absorbing species were observed Figure S4.1a).52 However, in
more concentrated ag. NaOH (more than 10 mM), multi-step photoreactions happened
between ellagic acid and lod (Figures S1b-d).5? In addition, at the abovementioned indicative
peaks at 355 nm, 420 nm, and 425 nm, their light absorption decreases under irradiation of
LED@400 nm were recorded and grouped (Figure 4.1b). The ellagic acid/lod combination
demonstrated the similar and rapidest photolysis in 100 mM and 500 mM ag. NaOH,
suggesting that the further addition of NaOH over 100 mM exhibited limited effect on the
photoreaction between ellagic acid and lod. Consequently, 100 mM was selected as the
concentration of NaOH in the following composition of 3D resins, considering its effect and
cost-efficiency. With the abovementioned results, a mechanism of photoreactions between
ellagic acid and lod in 200 mM aqg. NaOH was proposed. Specifically, upon excitation (Reaction
4.1), the excited ellagic acid interacted with the oxidant, lod, and a photoproduct was
generated from the electron transfer process (Reaction 4.2). To characterize the active
photoproducts for the following photoinitiation, an electron paramagnetic resonance spin
trapping (EPR-ST) experiment was carried out under irradiation of LED@400 nm (Figure 4.1c).
The simulated hyperfine splitting constants (an = 14.3; an = 2.2) were assigned to phenyl
radical.>® The phenyl radical is the active species that could further initiate free radical
photopolymerization of acrylate or methacrylate (Reaction 4.3, Reaction 4.4, and Reaction
4.5).%* Therefore, ellagic acid based photoinitiating system has potential for photoinitiation,
and its photoinitiation abilities in the formulas of PEGDA 575 and PEGDA 700 were

investigated and discussed in the following section.
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Figure 4.1. (a) UV-vis absorption profiles of ellagic acid in ag. NaOH; (b) O.D. decreases of
ellagic acid/lod (AO.D. vs time) at 355 nm in 1 mM aq. NaOH; at 420 nm in 10 mM aq. NaOH;
at 425 nm in 100 mM and 500 mM ag. NaOH under irradiation of LED@400 nm; and (c) EPR-
ST spectra of the radicals generated in ellagic acid/lod combination upon exposure to
LED@400 nm and trapped by PBN in tert-butylbenzene: PBN/phenyl radical adducts formed
in ellagic acid/lod system: an = 14.3 G, a4 = 2.2 G.53

Ellagic acid it Ellagic acid* Reaction 4.1

Ellagic acid* + lod —»— Ellagic acid* + Phl + Ph’ Reaction 4.2
Ph+M -> M Reaction 4.3

M+M - P,y Reaction 4.4

Ppy+M - P Reaction 4.5

4.5.2 Photoinitiation ability of ellagic acid and the potential for 3D printing

The study of ellagic acid photoinitiation ability was indispensable for the development of
functional 3D resins, and 100 mM was selected as the concentration of NaOH in formulas as
aforementioned.  Ellagic acid demonstrated excellent photoinitiation abilities for the
photopolymerization of poly(ethylene glycol) diacrylate M, 700 (PEGDA 700) in the presence
of 100 mM NaOH under irradiation of LED@400 (Figure 4.2). Specifically, photopolymerization
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can occur in the presence of 0.1 wt% ellagic acid (when combined with 2 wt% lod) which was
less than typical concentration of photoinitiators used for photopolymerization (0.5 wt%),%* and
the final double bond conversion of 45% was observed after 5-min irradiation (Figure 4.2a).
With the addition of an extra 0.2 wt% ellagic acid (0.3 wt% in total), the photopolymerization of
PEGDA 700 was significantly improved in terms of final double bond conversion (78%). In this
regard, the concentration of ellagic acid dominated the manifested photoinitiation ability.
However, when the concentration of ellagic acid was increased to 0.5 wt%, the
photopolymerization of PEGDA 700 was compromised to the conversion of 59%. The
excessive ellagic acid is a likely cause of prevention of light penetration, similar to a previously
reported photoinitiator indigo carmine demonstrating bright dye color.*° Briefly, the
photoinitiation ability was hampered by the excessive indigo carmine which caused a
translucent or even opaque formula and thus reduction of light penetration. Likewise, in the
studied formula, the dark appearance of resins caused by overloaded colored ellagic acid
impeded light penetration, thus preventing the excitation of ellagic acid (Reaction 4.1).
Subsequently, decelerated electron transfer occurred, thus reducing the generation of active
species, i.e., phenyl radicals (Reaction 4.2). Consequently, the photoinitiation was adversely
affected due to accumulated abovementioned effect (Reaction 4.3). In addition, with the
increase of ellagic acid, the maximum rate of polymerization was accelerated (Figure 4.2b),
reaching its plateau at 0.3 wt% ellagic acid. Specifically, the maximum rates of
photopolymerization in the presence of 0.3 wt% or 0.5 wt% were 2.0 s, while it was only 1.3
s in the formula containing 0.1 wt% ellagic acid. Therefore, 0.3 wt% was selected as the
concentration of ellagic acid in formulas for the subsequent studies, considering the resulting

double bond conversion and maximum rate of photopolymerization.

80- —~ 20
(a) 2 (b)
70+ =
.
< 604 o 1.5
.5 50 - E
g 401 ——0.1 wtt =) 1.0
2 30 — 4 2
©
O 20 hotopolymerization of PEGDA700/water o 0.5
(8/2, wiw) in laminate in the presence of ellagic ©
10+ acid (0.1 - 0.5 wt%), 2 wt% lod and 100 mM NaOH; %
o/ _LED@400nm : : . S 0.0
0 50 100 150 200 250 300 0.1 wt% 0.3 wt% 0.5 wt%
Time (s) [Ellagic acid]

Figure 4.2. (a) Photopolymerization profiles (double bond conversions vs time) of PEGDA
700/water (8/2, wiw) and (b) their maximum rates in laminate in the presence of different
concentrations of ellagic acid, 2 wt% lod, and 100 mM NaOH upon exposure to LED@400 nm
(6.4 mW cm).
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In addition, water plays an important role in the investigated formulation, as it is indispensable
for the formation of hydrogel, and it determines the maximum amount of dissolved ellagic acid.
As further increase of water content compromised the photopolymerization of PEGDA
700/water as previously reported,* the reduced water content was subsequently investigated
in terms of final double conversion of PEGDA 700/water blends (Figure 4.3a). The final double
conversions of the investigated PEGDA 700/water ratios were observed from 74% to 82%,
suggesting the limited effect of water on the photopolymerization of PEGDA 700/water.
However, the polymerization of PEGDA 700/water (8/0.5, wt) cannot occur using ellagic
acid/lod (0.3%/2%, wt) under irradiation of LED@400 nm due to insufficient water to fully
dissolve ellagic acid. The dissolved ellagic acid would be inadequate for photoinitiation, and
its excessively suspended particles caused light scattering simultaneously. Furthermore, the
reduced conversion of PEGDA with addition of water in PEGDA 700/water (8/2, w/w) blend
can be ascribed to the dilution of PEGDA in the whole formula. Despite the superior
photopolymerization performance of the PEGDA 700/water (8/1.5, wt) observed in the
presence of ellagic acid/lod (0.3%/2%, wt), the water content had to be further evaluated to
optimize the formulation for 3D printing. Specifically, as the introduction of water can also affect
the mechanical properties of the resulting polymer, the PEGDA 700/water ratio was further
optimized to fulfill the shear storage modulus requirement, ensuring integrity of 3D printed
objects during the 3D printing pull-up process.>® The in-situ shear storage moduli of the three
investigated formulas were recorded (Figure 4.3b). Despite the same storage moduli were
observed at the end of photopolymerization, the PEGDA 700/water (8/1, w/w) demonstrated
the rapidest ascending storage modulus. Because water is a viscous Newtonian liquid,®® the
increasing water content led to the increase of viscous portion, thus resulting in latent
accumulation of storage moduli (Figure 4.3b). Rapidly ascending shear storage modulus has
potential to satisfy interfacial shear strength in a short time, thus shortening printing time.
Comprehensively considering the photopolymerization and shear stiffness of the investigated
PEGDA 700/water ratios, PEGDA 700/water (8/1, w/w) was selected for the following 3D
printing study.
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Figure 4.3. (a) Photopolymerization profiles of (double bond conversions vs time) of PEGDA
700/water in diverse ratios and (b) the corresponding in-situ photorheological profiles in the
presence of ellagic acid/lod (0.3%/2%, wt) and 100 mM NaOH upon exposure to LED@400
nm (6.4 mW cm3).

With the optimized composition of 3D resin, a Gandalf figurine was 3D printed (9 x 10 x 13
mm, L x W x H) using a commercial DLP 3D printer (Figure 4.4). The 3D-printed Gandalf
figurine suggested an exceptional 3D printing ability of the designed ellagic acid-employed
formula. Specifically, ellagic acid as a photoinitiator afforded detailed facial textures on the 3D-
printed Gandalf figurine (Figure 4.4). In contrast, a commercial photoinitiator, phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO), induced undesired overcuring during the 3D
printing process, thus damaging the 3D printed object, as previously reported.®” The overcuring
is attributed to the overqualified photoinitiation ability of BAPO and its transparent appearance
in the prepared 3D resin which allows maximum light penetration. Thanks to the dark
appearance of the ellagic acid-based 3D resin, the effect of light divergence was minimized,
and high-fidelity 3D printing was thus observed. Comprehensively, ellagic acid demonstrated
its dual roles as a photoinitiator and a photoabsorber for 3D printing simultaneously. Its dual
roles can endow ellagic acid-based 3D resins with remarkable 3D printability. Furthermore, the
layered curing time of the 3D printing was 10 seconds, thanks to the rapidly ascending shear
storage modulus (Figure 4.3b). With high-fidelity and rapid 3D printing, the developed 3D resin

had the potential for rapid manufacturing of fine parts via multi-material 3D printing technique.
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Figure 4.4. The 3D printed Gandalf figurine using the PEGDA 700/water (8/1, w/w) in the
presence of ellagic acid/lod (0.3%/2%, wt) and 100 mM NaOH. (9 x 10 x 13 mm, L x W x H;
layered exposure time: 10 s)

4.5.3 Development of a smart switch

With the emergence and evolution of smart devices, the smart component has garnered
significant interest due to its ability to respond immediately to changes in the external
environment. For instance, upon appearance of water in the form of flood, rain, and so forth, a
smart switch involved in smart devices is responsible for on-off or open-close state
transformation to minimize the compromising effects of such unforeseen environmental
changes. In this regard, a switch should run an immediate response (e.g., shape
transformation) upon water. To fulfill the requirements of switch deformation, the diverse
swelling abilities are essential for a bilayer polymeric switch.*3 %8 5% Specifically, as the two
layers attach to each other, the lower-swelling-ratio layer confines the volume change at the
interface, thus inducing a passive bending towards the lower-swelling-ratio layer (Figure 4.5a).
To form the difference of swelling ratios, an additional photocurable polymer should be
employed as the secondary 3D resin. Considering the excellent photoinitiation performance of
the developed ellagic acid-based photoinitiating system in PEGDA 700, a shorter-chain
PEGDA was involved as the secondary material candidate. Different chain lengths could result
in varying mesh sizes, which can affect the water uptake capacity. As proposed, the swelling
behaviors of resultant polymers of PEGDA 700 and PEGDA 575 were distinctive (Figure 4.5b).
Specifically, throughout the entire water uptake process (Figure 4.5b), the swelling of PEGDA
700 hydrogel was higher than that of PEGDA 575 hydrogel. Typically, the equilibrium swelling
ratio of the polymeric PEGDA 700 (55%) was more than that of polymeric PEGDA 575 (34%)
(Figure 4.5b). With the significant difference of equilibrium swelling ratios of polymeric PEGDA
700 and polymeric PEGDA 575, the PEGDA 700 hydrogel layer would result in more
volumetric increase, potentially causing obvious bending behavior of multi-material bilayer

hydrogel due to the anisotropic swelling behavior at the interface (Figure 4.5a). Ideally, the
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bending extent of the polymeric PEGDA 700 layer should be greater than that of the polymeric
PEGDA 575 layer to support larger deformation of the former, thus the bilayer made of PEGDA
700 and PEGDA 575 could afford a programmed bending behavior as proposed (Figure 4.5a).
Therefore, we proposed a bilayer model with PEGDA 700 and PEGDA 575 utilizing the 3D
printing technique (Figure 4.5c). With a designed 3D model, the two separate 3D resins were
introduced into the 3D printer tank in order. Therefore, a bilayer polymer would then be
fabricated (Figure 4.5c).
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Figure 4.5. (a) Simulated smart hydrogel; (b) swelling kinetics (swelling uptake vs time) of the
resultant polymers of PEGDA/water (8/1, w/w) blends in the presence of ellagic acid/lod
(0.3%/2%, wt) and 100 mM NaOH upon exposure to the LED@400 nm (6.4 mW cm2); and (c)
the proposed process of 3D printing.

To validate the abovementioned proposal, additional experiments were involved thereafter
using either PEGDA 700/water or PEGDA 575/water blends in the presence of ellagic acid/lod
(0.3%/2%, wt) and 100 mM NaOH. As the interfacial shear storage modulus determines the
success of a bottom-up 3D printing, the in situ photorheology study for PEGDA 575/water (8/1,
w/w) was performed and compared with PEGDA 700/water (8/1, w/w) (Figure 4.6a). Initially,
the higher shear storage modulus of the resin of PEGDA 575/water (8/1, w/w) was observed.
This could be ascribed to the suspended particles of residual undissolved ellagic acid,
contributing to the elastic modulus, and a similar result was observed previously in a indigo

carmine-based photocurable resin.*° The two abovementioned polymers of PEGDA 700/water
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(8/1 wiw) and PEGDA 575/water (8/1 w/w) were at the same magnitude of final shear storage
moduli. The comparable shear storage moduli of the bilayer polymer suggested a uniform in
terms of shear stiffness, thus ensuring the integrity of 3D printing. In addition, to estimate the
feasibility of the smart hydrogel production, the mechanical strengths in terms of bending were
thereafter evaluated to confirm the shape transformation capability, and the results were in line
with the proposed bending extents (Figure 4.6b). Specifically, the displacement of PEGDA 700
hydrogel reached 1.7 mm, while that of PEGDA 575 hydrogel was only 1.3 mm (Figure 4.6b).
Meanwhile, the polymerized PEGDA 700 could bear larger fracture stress compared to
polymerized PEGDA 575 (Figure 4.6b), which supported more water uptake in polymerized
PEGDA 700. Comprehensively, the abovementioned results validated the feasibility of the
proposed bilayer hydrogel model (Figure 4.5a), and bilayer hydrogel would bend towards
polymerized PEGDA 575 in the presence of a water-rich environment because of the larger
volume change occurring to polymerized PEGDA 700. Therefore, a multi-material 3D printed

smart switch could be achieved.
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Figure 4.6. (a) In situ photorheology profiles (storage moduli (G’) vs time) of PEGDA/water
(8/1, w/w) in laminate in the presence of ellagic acid/lod (0.3%/2%, wt) and 100 mM NaOH
upon exposure to the LED@400 nm (6.4 mW cm) and (b) three-point bending tests (force vs
centered displacement) of the corresponding resultant polymers.

Before the fabrication of the 3D-printed switch, the bending behavior of the produced bilayer
hydrogel was confirmed by a simplified model (Figure 4.7A). A planar leaf was 3D printed using
PEGDA 700/water (8/1, w/w) (25 layers, 0.5 mm) and PEGDA575/water (8/1, w/w) (25 layers,
0.5 mm) in the presence of ellagic acid/lod (0.3%/2%, wt) and 100 mM NaOH in order (Figure
4.7A-a). Upon immersion in water, the 3D-printed bilayer leaf immediately curled towards the
direction of the polymerized PEGDA 575 layer (Figure 4.7A-b). From both the front (Figure
4.7A-bl) and back (Figure 4.7A-b2) sides, the obvious shadow of the 3D structure was

observed, suggesting a “V” shape was formed. The shape transforming behavior suggested a
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potential successful smart switch effective upon water contact. Interestingly, under air drying,
the curled bilayer hydrogel gradually recovered to its initial state. This phenomenon
encouraged the advanced application of the proposed smart switch sensitive to water, and the

recovery of the 3D printed leaf indicated the potential recoverability of smart switches.

With the confirmation of the bending behavior occurred to the designed bilayer hydrogel, a
smart switch was designed specifically for an origami room. Subsequently, it was successfully
3D printed and assembled as a hinge using PEGDA 700/water (8/1, w/w) (30 layers, 0.6 mm)
and PEGDA575/water (8/1, w/w) (30 layers, 0.6 mm), and its transformational response was
observed. Initially, the origami door was closed as designed (Figure 4.7B-a). Upon contact with
water, the door was opened by the force from the 3D-printed smart switch instantly (Figure
4.7B-b). With 3D printing, we can also design a smart switch specific to desired devices and
control the on-off states or open-close states based on assembly directions. With the
conceptual design and these results, the developed ellagic acid-based 3D inks were potential
for the further smart hydrogel devices in the field of tissue engineering besides smart devices

by incorporating selected cells.*?

(A)

Front Back

Before

Figure 4.7. (A) The water-driven self-folding assembly process of 3D printed leaves (a) before
and (b) after immersion in deionized water for 5 min at ambient temperature at its (1) front and
(2) back views; (B) 3D printed water-sensitive smart switch (a) before and (b) after stimulated
by deionized water.

107



Chapter 4

4.6 Conclusion

Ellagic acid has demonstrated its excellent photoinitiation ability for PEGDA in the presence of
NaOH under a mild LED irradiation, and the preliminary photoreaction mechanism confirmed
that the phenyl radical was the active species for the free radical photopolymerization. The
effect of the amount of ellagic acid was firstly positive and subsequently negative due to its
dark appearance, demonstrating its second role as a photoabsorber for 3D printing.
Meanwhile, the optimized water content ensured adequate shear stiffness for the integrity of
bottom-up 3D printing. Therefore, with the developed ellagic acid 3D resin, a high-fidelity
Gandalf figurine was successfully 3D printed, suggesting the excellent 3D printing ability of the
developed 3D resin for further applications. Subsequently, two bilayer polymeric materials
were designed and successfully fabricated. Owing to the distinctive swelling ratios and
resulting shape transformation capabilities of the two layers, the bilayer polymers
demonstrated their programmed responses upon external stimulation of water. In addition, the
curled hydrogel can be recovered following an air-drying process. Furthermore, the designed
smart switch specifically for an origami room door demonstrated its sensitivity to water and the
feasibility of a smart switch. Besides the demonstrated applications, considering the inherent
bioactivities, ellagic acid endowed the developed 3D resins with the potential for biomaterials.
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Figure S4.1. The steady-state photolysis of ellagic acid/lod in (a) 1 mM, (b) 10 mM, (c) 100
mM, and (d) 500 mM ag. NaOH upon exposure to LED@400 nm; UV-vis spectra were
recorded at different irradiation times. ([lod] = 4.7 mM)
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