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ARTICLE INFO ABSTRACT

Keywords: Magnetic-stimuli responsive hydrogels are quickly becoming a promising class of materials across
Super paramagnetic iron oxide nanoparticles numerous fields, including biomedical devices, soft robotic actuators, and wearable electronics.
(SPIONSs)

Hydrogels are commonly fabricated by conventional methods that limit the potential for complex
architectures normally required for rapidly changing custom configurations. Rapid prototyping
Hydrogels using 3D printing provides a solution for this. Previous work has shown successful extrusion 3D
Magnetic stimuli printing of magnetic hydrogels; however, extrusion-based printing is limited by nozzle resolution
VAT photopolymerization and ink viscosity. VAT photopolymerization offers a higher control over resolution and build-
architecture. Liquid photo-resins with magnetic nanocomposites normally suffer from nano-
particle agglomeration due to local magnetic fields. In this work, we develop an optimised
method for homogenously infusing up to 2 wt % superparamagnetic iron oxide nanoparticles
(SPIONSs) with a 10 nm diameter into a photo-resin composed of water, acrylamide and PEGDA,
with improved nanoparticle homogeneity and reduced agglomeration during printing. The 3D
printed starfish hydrogels exhibited high mechanical stability and robust mechanical properties
with a maximum Youngs modulus of 1.8 MPa and limited shape deformation of 10% when
swollen. Each individual arm of the starfish could be magnetically actuated when a remote
magnetic field is applied. The starfish could grab onto a magnet with all arms when a central
magnetic field was applied. Ultimately, these hydrogels retained their shape post-printing and
returned to their original formation once the magnetic field had been removed. These hydrogels
can be used across a wide range of applications, including soft robotics and magnetically stim-
ulated actuators.

3D printing
Additive manufacturing

1. Introduction

Hydrogels possess unique mechanical, chemical and biological properties that have found applications across various research
fields, such as soft actuators [1], bioelectronics and electronic skin [2,3], magnetic hydrogels for hyperthermia [4], amongst others.
Hydrogels are hydrophilic materials composed of 3D polymeric networks capable of holding large amounts of water without breaking
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or rupturing. A wide range of polymers can be used to create hydrogels, allowing for custom functionalisation of the materials
properties, such as the ability to respond to stimuli such as pH, temperature, light, electrical or magnetic fields [5]. However, their
potential has largely been limited due to both their brittle nature and conventional fabrication techniques that limit the generation of
prototypes with complex geometries for specific applications.

With recent advancements in technology and applied chemistry, hydrogels have become a popular material for additive
manufacturing (AM) [6]. Zheng et al. used an extrusion-based printers to print an actuator composed of two layers of different tough
physical hydrogels using multiple nozzles [7]. The programmed response of a dual-layered hydrogel in a solution with different ion
concentrations provided the driving force for movement, offering a creative way of controlling soft robotic actuators. Similarly,
Podstawczyk et al. prepared a 3D printing bio-nanocomposite ink composed of alginate, methylcellulose and magnetic nanoparticles
(MNPs) for extrusion printing of remotely actuated hydrogels via a magnetic field [8]. Hydrogels play an important role in biomedical
applications [9], drug delivery [10], tissue engineering [11-13], and wearable devices [14,15] for their ability to hold high water
content [16], tuneable biodegradability [17-20], and biocompatibility [21]. These properties have resulted in a shift in attention
towards hydrogels as a popular material for AM. Hydrogel networks are made of long hydrophilic polymer chains that are either
physically, ionically or covalently crosslinked [21]. Among various polymerisation methods, photopolymerization provides more
flexibility and ease for controlling the final 3D-printed product properties, reaching high pattern resolution and structural complexity
with a fast-printing process [22,23]. Two commonly used photopolymerization-based 3D printing technologies are VAT photo-
polymerization, also known as stereolithography (SLA) and digital light processing (DLP). They use the same principle but control the
light sources in different ways. In SLA, a focused laser beam moves and scans the photo-resin point-by-point to initiate photo-
polymerization, a vector scanning-based process. With DLP, a digital micromirror device is used to project a light mask and cure a
whole layer of photo-resin all at once in several seconds (mask projection-based process) [24], accomplishing printing at a faster speed.
When compared with SLA, DLP is faster but produces a less fine pattern-resolution. In SLA, resolution is based on a gaussian, laser
point, with a fixed resolution that remains constant regardless of increased image size. With rapid development, the resolution of many
commercial SLA printers in x, y, and z-axes can reach 20 pm for a cubic object [25], making them suitable for medical device
manufacturing [26].

Due to the rapid advancement of nano scale engineering, various types of nanoparticles have been combined with different
traditional materials for a range of applications. A previous study added cellulose nanocrystals (CNC) into a photo-resin for 3D printing
in SLA, leading to an enhancement in mechanical properties with structural complexity [27]. Another example are 3D printed lattice
cells by Wang et al. which exhibited negative thermal expansion, composed of PEGDA beams reinforced by copper nanoparticles [28].
Also, silica nanoparticles were used as fillers after surface modification to create electrolyte printable Li-ion batteries without
decreasing the ionic conductivity [29]. The advantages of improved mechanical strength, flexibility and conductivity are also met with
limitations during 3D printing. Some of these limitations include nanoparticle aggregation due to surface charges [30], sedimentation
due to size or photo-resin viscosity [31], and reduced print accuracy due to light-scattering induced by nanoparticles [32,33]. Across
the various types of nanoparticles, magnetic nanoparticles have a significant range of applications due to their magnetic properties,
including many metals (Fe, Ni, Gd, Zn, Co, Mg) and their oxides, alloys (ZnFe;O4, MnFe;04, NiFes04) [4]. Superparamagnetic
nanoparticles (SPIONs) are a specific category of magnetic nanoparticles, containing Fe304, MnFe304, Fe2Os3, FeCo, etc, which can be
controlled temporally and spatially by external magnetic fields. SPIONs have been used in different biomedical applications, such as
drug delivery [34], targeted therapeutics [35] and medical imaging [36]. When the external magnetic field is removed, all the
magnetic interactions of the nanoparticles disappear with the average net magnetization returning to zero. Studies have shown it is
possible to infuse SPIONs into hydrogel inks for extrusion 3D printing to be used for magnetic actuation [37] and self-healing tissue
scaffolds [38]. Another study has shown SPIONs could be formulated into photopolymerizable ink for 3D printing of magnetic
micro-swimmers through two-photon polymerisation (2 P P), resulting in magnetic actuation, control and navigation [39]. However,
due to the natural agglomeration and sedimentation of SPIONs in low viscosity photo-resins, resulting in inhomogeneous distribution,
limitations arise when using DLP and SLA type printing.

There have been several methods to combine magnetic nanoparticles with 3D printing of hydrogels. The simplest is to create a
mixture of SPIONs with photocurable monomers, crosslinkers and photoinitiators as photo-resin for printing. To achieve functional-
and stimuli-response 3D printed hydrogels, the SPIONs must first be homogenously dispersed within the photo-resin prior to printing.
Physical mixing and ultrasonication can be used for good dispersion and to prevent agglomeration of the SPIONs [32]. Surface
modification methods such as coating [40,41] and grafting [42,43] of nanoparticles are also popular methods to achieve a homo-
geneously mixed photo-resin. Another method includes grafting polymer chains onto the surface of nanoparticles to increase the
distance between surrounding nanoparticles. This can provide repulsion forces when nanoparticles are in proximity, reducing the
effects of agglomeration. Increasing the viscosity of the photo-resin will also prevent nanoparticles sedimentation during printing.
Koboyashi et al. added a reagent to increase the viscosity of a magnetic photo-resin, resulting in a more stable and well dispersed
mixture with effects lasting for ten days [44]. Xiong et al. used r-ascorbic acid as both a reducing and capping agent to prepare highly
stable copper nanoparticles without agglomeration [45]. This was achieved by manipulating the zeta potential on the surface of the
nanoparticles. Nanoparticles with high zeta potential (absolute value) show greater repulsion interaction between each other, leading
to less aggregation and better stability in suspension [46]. Tang et al. infused hard NdFeB magnetic particles and milled freeze-dried
microgels into a hydrogel precursor ink, resulting in a magnetic hydrogel with excellent mechanical properties and programmable
actuation under an external magnetic field [47]. Additionally, controlling the alignment of magnetic nanoparticles during printing can
enhance the hydrogels mechanical properties [48], energy landscape [49], response rate [50] and electrical properties. In one study,
an external magnetic field was used to control the direction of magnetic nanoparticles within their magnetic alginate methylcellulose
ink whilst printing hydrogel actuators [8]. This resulted in aligned orientation of pores and enhanced mechanical properties of their
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actuators whilst remaining responsive to magnetic stimuli [8].

In this work, we aimed to develop a photo-resin that is homogeneously infused with SPIONs with reduced agglomeration during
printing in order to print magnetically actuated hydrogels. The photo-resin is composed of acrylamide (AAm), polyethylene glycol
diacrylate (PEGDA) and sodium r-ascorbate and is optimised for SLA. The resulting 3D printed starfish-shaped hydrogels exhibit strong
superparamagnetic properties enabling them to respond to external magnetic stimuli and revert to their original shape once the stimuli
are removed. The 3D printed hydrogels overcome the limitations of using traditional extrusion printing to print magnetic hydrogels,
enabling more complex and delicate structures [22]. The printed hydrogels are soft and flexible, making them a promising material for
a range of cutting-edge applications, ranging from soft robotic actuators and robotic swimmers to aquatic grabbers.

2. Materials and methods
2.1. Materials

Anhydrous iron (III) chloride (98% purity), iron (II) chloride tetrahydrate (98% purity), sodium hydroxide aqueous solution (1 M),
hydrochloric acid aqueous solution (1 M), acrylamide (Aam, average M,, = 71.08, purity>99%), Poly (ethylene glycol) diacrylate
(PEGDA) (My~700, purity>99%), lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) (>95%), citric acid and sodium tr-
ascorbate were all purchased from Sigma-Aldrich (Dorset, UK).

2.2. Synthesis of superparamagnetic iron oxide nanoparticles (SPIONs)

50 mL of deionized water (DW) was mixed with 10 mL of 1 M HCIL. Soon after, 3.25 g FeCls and 2 g FeCly-4H>0 powders were
dissolved in the acidic solution under vigorous stirring. The resulted iron ions solution was added dropwise into 100 mL of 1 M NaOH
solution under continuous vigorous stirring while degassing the system with high purity argon gas (99.9%) [51]. The solution was kept
under stirring for 30 min. The obtained black precipitate was washed 5 times with 50 mL deionized water to ensure all the unreacted
reagents were removed. Then the prepared SPIONs were stored in DW solution (1400 pS/cm, at 25 °C) at concentration of 0.03 g mL ™",

2.3. Characterization of SPIONs

SPIONs were analyzed using Fourier Transform-Infrared Spectroscopy (FTIR, Thermo scientific) to confirm their chemical
composition. UV-visible spectroscopy (Lambda 25) was used to obtain the adsorption spectrum. The crystal structure was detected
using an X-ray diffractometer (XRD, Bruker D2 Phaser instrument) with a copper X-ray tube at a power of 30 kV and 10 mA generator
while A = 1.5418 A. XRD patterns were recorded in 20 ranging from 20° to 80° with a step size of 0.034. X-ray photoelectron spec-
troscopy (XPS) was used to analyse the different oxidation states of iron in the SPIONs. The morphology and size of the SPIONs was
examined using transmission electron microscopy (TEM, Jeol JEM-2100 F) and dynamic light scattering (DLS, Zetasizer NANO). The
average size of the SPIONs was also determined by measuring the diameter of 100 nanoparticles TEM images using ImageJ software.
The samples used in FTIR, XRD and XPS were in dried powder form. For UV-vis and DLS, small amounts of SPION powder were
dissolved in distilled water and ultrasonicated for 20 min until a transparent solution was achieved. For TEM, 20 mg of SPION powder
was mixed with ethanol and ultrasonicated to break up agglomerates, and then droplets were placed onto a TEM grid. Dried SPION
powder was sealed in a polycarbonate capsule with wool for testing using the Superconducting Quantum Interference Device (SQUID).

2.4. Preparation of SPION-infused photo-resin and 3D printed starfish

1 M stock solution was prepared by adding 4.95 g sodium r-ascorbate and 5.25 g citric acid to 25 mL distilled water. Citric acid and
sodium L-ascorbate amounts were calculated based on total weight of monomers and crosslinkers. The calculated amount of acryl-
amide, PEGDA, lithium phenyl-2,4,6-trimethylbenzoylphosphinate, distilled water and citric acid solution/sodium r-ascorbate solu-
tion were added to a pot and stirred for 5 min (Table 1). A total of 50 g of photo-resin per formulation was made. The magnetic stirrer
was taken out and the SPION solution was added. SPION concentration was calculated relative to the total mass of monomers and
crosslinkers. The photo-resin mixture was put into ultrasonic bath for 20 min before being poured into a Formlabs Form 2 SLA printer
(405 nm, 250 mW light source) tank to print under ‘Open Mode’ using ‘Clear Resin’ settings and 100 pm layer height. The CAD models
were uploaded using Preform and the print was started immediately.

Table 1

Trial formulations of 3D printing photo-resin for optimization. 1 M of Citric acid and Sodium 1-ascorbate was used, calculated in terms of total mass of
monomers and crosslinkers. The photoinitiator LAP, and SPIONs was calculated in terms of total mass of the monomers and crosslinkers. Each
formulation was made up to a total mass of 50 g.

Formulation Acrylamide wt% PEGDA wt% LAP wt% Water wt% SPIONs wt% Citric acid solution % Sodium t-ascorbate solution %

1 15 5 1 80 0.1 1 0
2 15 5 1 80 0.1 0 1
3 15 5 1 80 0.1 0.5 0.5
4 20 10 1 70 0.1 0.7 0




A.A. Mohammed et al. Heliyon 9 (2023) 14682

In the process of printing (Fig. 1), the photo-resin was mixed manually every 5 layers to avoid bubbles caused by the build platform
and any potential agglomeration or sedimentation of SPIONs in the resin tank. Bubbles were not noticeable after the first 10 layers and
sedimentation was minimal. When printing was completed, the build-platform was detached from printer and residual photo-resin was
carefully washed off using distilled water. The printed hydrogels were removed from platform using a thin string while continuously
being rinsed lightly with distilled water. Once detached, the hydrogels were put into a container of water and post-cured using a
Formlabs Form Cure for 10 min at room temperature.

2.5. Characterization of 3D printed starfish

The chemical bonds of the 3D printed SPION-infused hydrogels were detected through FTIR spectroscopy. The morphology of the
hydrogels was imaged using SEM (Joel JSSM-6010PLUS/LA) with WD = 7-8 mm under 20 kV voltage.

For FTIR, 3D printed hydrogels were cut into small pieces and dried at 60 °C overnight to remove water. Prior to SEM imaging, 3D
printed hydrogels were cut into cross sections and freeze dried for 48 h. Freeze dried samples were then mounted on SEM holders with
sample cross-section facing up and sputter coated with a thin layer of gold. Cylindrical SPION-infused hydrogels with 12 mm diameter
and 10 mm height were 3D printed for compression tests. The diameter and height of each cylinder was measured before being
subjected to compression testing. Compression tests were conducted using a Zwick Roell Z010 machine with 10 kN load cell at a speed
of 1.5 mm min . The force was applied perpendicular to the sample. The test was stopped at the first appearance of a steep reduction
in force, indicating mechanical failure of the hydrogel. The displacement-load curves were plotted to determine the compression
strength and Youngs Modulus. 3D printed cylindrical hydrogels with 0.5 wt% and 1 wt % were swollen for 48 h until they reached a
plateau in weight prior to mechanical testing. For swelling measurements, 3D printed cylindrical hydrogels with 12 mm diameters and
10 mm heights were measured in weight before and after being submerged in distilled water for 72 h in sealed containers. Excess water
was removed before weighing. The swelling degree (SD) by weight can be calculated as Eq. (1).

swelling degree = Movet = Mary x 100% (€8}

Mary

Where my is the weight of hydrogel after swelling and mg,y is the weight of hydrogel before swelling. The swelling degree of volume
is calculated in the same manner.

3. Results and discussion
3.1. SPIONs

The SPIONs were synthesized by following a co-precipitation of ferrous and ferric ions in a basic solution. TEM images in Fig. 2a
show the morphology of synthesized SPIONs. Images indicate that SPIONs tend to form clusters with particles ranging in size from
approximately 18 nm to less than 10 nm, with an average diameter of 11 &+ 3.5 nm (n = 100). The SPIONs aggregation phenomenon

could be explained by their average hydrodynamic size in water at pH 8.63 (Fig. 2¢). Their polydispersity index (PDI) of 0.342 in-
dicates moderate polydispersity. The DLS curves show two significant peaks at 67 nm and 260 nm indicating single or small clusters of
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Fig. 1. Schematic figure of the 3D printing procedure of SPION-infused hydrogels.
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Fig. 2. Characterization of synthesized SPIONs showing morphology and size distribution, chemical makeup and superparamagnetic properties of
the SPIONSs, by: A) TEM; B) EDX elemental analysis; C) DLS size distribution curves by number percentage and average size values in table after
three runs under the same condition. The arrows indicate the regions of Peak 1 and Peak 2 for each run; D) Room temperature SQUID.

SPIONSs, as well as larger clusters, respectively, highlighted with arrows indicating Peak 1 and Peak 2 in Fig. 2c. Moreover, a zeta
potential value of —8.07 mV indicates that the SPIONs lacked enough surface charge to prevent agglomeration in water and had low
colloidal stability. The energy dispersive spectroscopy (EDS) spectrum in Fig. 2b shows the elemental composition of SPIONs, con-
firming the presence of iron and oxygen. The absence of sodium and chlorine indicates a high purity, with no reagent residue. The
copper peak is due to the grid composition. The strong superparamagnetic property of SPIONs is reported in Fig. 2d. The hysteresis
curve shows symmetry in terms of zero axes, depicting typical superparamagnetic behaviour [52]. At room temperature, the curve is
entirely reversible and without any hysteresis. The saturation magnetization of synthesized SPIONs is 67 emu g~ according to this
curve, which shows a super strong signal. The SPIONs composition was also investigated by FTIR spectroscopy. Fig. 3a shows the
SPIONSs with a broad adsorption band exists at 3400-3500 cm™?, corresponding to the presence of surface hydroxyl groups (Fe-OH)
[53]. The presence of Fe-OH on the SPION surface is due to a spontaneously proton transfer from the aqueous phase to the SPION
surface [54]. The two strong adsorption at around 615 cm ™! and 536 cm ™! can be assigned to maghemite, indicating that maghemite
existed in synthesized iron oxides mixture [55]. The UV-vis spectrum of SPIONs in Supplementary information (Fig. S1) show two
peaks at 327 nm and 384 nm, which are characteristic features of two crystalline structures in iron oxides with different oxidation
states of iron. To further investigate SPIONs composition, XRD and XPS were performed. Fig. 3b shows the XRD pattern of the SPIONs
with characteristic peaks assigned to (220), (311), (400), (422), (511), and (440) planes respectively, all of which attributed to both
Fe304 and y-FepO3 [51]. The calculated composition by weight is 72.36% iron and 27.64% oxygen, indicating that magnetite dom-
inates the mixture. According to the Debye Scherrer equation Eq. (2) [56].
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Fig. 3. Characterization of synthesized SPIONs: A) FTIR spectrum; B) XRD diffraction pattern; C) XPS survey spectrum; D) XPS Fe2p scan spectrum.

kA

b= pcos @ @
Where k is the Scherrer constant which is usually taken as 0.9 [57], A is the wavelength of the X-ray beam in the machine (1.541 A), Bis
the Full width at half maximum (FWHM) of the peak and 6 is the Bragg angle of the determined peak, the calculated average particle of
SPIONSs based on two strong peaks (311) and (220) was 14.6 nm. This result is in accordance with the calculated SPIONs size measured
by TEM. The presence of both magnetite and maghemite in the SPIONs was confirmed by detecting the two different oxidation states of
iron oxide. The X-ray photoelectron spectrum in Fig. 3c shows sharp and strong peak at 530 eV which belongs to oxygen, while two
series of peaks from 825 eV to 700 eV and 110 to 45 eV correspond to the different binding energy in Fe on the surface of sample. From
the Fe2p scan spectrum in Fig. 3d, it is noted that a small peak at 709 eV which belongs to Fe2"2p3/2, overlaps with the high peak of
Fe3'2p3/2 at 711 eV. When comparing the similar standard Fe2p spectrums of magnetite and maghemite, one small characteristic
band ranging from 721 eV to 717 eV appears in the maghemite spectrum only, which can be used to distinguish them [58]. The
presence of this small band in Fig. 3d (red circle) confirms the existence of maghemite in synthesized SPIONs mixture. According to the
peak analysis in XPS, the atomic composition percentage was 46.37% iron and 49.47% oxygen. The atomic percentage in Fe;O3 should
be 42.9% Fe and 57.1% O while 40% Fe and 60% O exist in Fe3Oy4. The slightly higher atomic ratio that Fe element shared in XPS
samples may be attributed to the existence of FeOH on the SPIONs surface.

3.2. Photo-resin optimization and 3D printed starfish

Photo-resin formulations were optimised to achieve optimal hydrogel homogeneity and mechanical stability after swelling in
water, and the ability to return to their original shape once the magnetic stimuli was removed. The base composition of the photo-resin
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was 15 wt% acrylamide (monomer); 5 wt% PEGDA (crosslinker), 1 wt% LAP (photoinitiator) and 80 wt% water. Varying amounts of
SPIONS solution were added directly to the photo-resin. However, SPIONs began to agglomerate due to local magnetic fields in the
printer caused by magnets in the corners of lid that help ensure the printer is sealed during printing. This resulted in nanoparticle
interactions and sedimentation during printing. This caused a poor distribution of SPIONs during initial trials (Fig. S2 in Supple-
mentary information). Maghemite and magnetite have different oxidation states of Fe ion. The amount of Fe ions with different charges
on the surface of SPIONs may influence the zeta potential to a large degree [59]. Previous work has shown a one-step precipitation
method using citric acid can increase the zeta potential and hydrophilicity of the SPIONs surface [60]. Therefore, citric acid and
sodium r-ascorbate were trialled in this work to improve SPION dispersion within the photo-resins (Table 1). Bulk samples were
prepared in moulds during the optimization process until a final formulation with homogenous SPIONs distribution was achieved
(Fig. 3a SI). Bulk hydrogels with the addition of citric acid (Table 1, formulation 1) exhibited the optimal SPION homogeneity.
However, incomplete photo-curing was exhibited in the inner bulk of formulation 1. Thus, the crosslinker ratio was increased (Table 1,
Formulation 4) to ensure complete crosslinking and physically stable mechanical properties. The final three photo-resin formulations
shown in Table 2 with 0.5 wt%, 1 wt% and 2 wt% SPIONSs respectively exhibited the best performance during printing and were used in
this study. Reduced print duration resulted in improved homogeneity of the hydrogel as the probability of sedimentation increases
with time. Thinner hydrogels require lower print durations and can react faster with more precise control under a magnetic field. For
these reasons, two starfish models were designed with thicknesses of 3.8 mm and 2 mm each. Fig. 4a—d shows the CAD designs and
images of the 3D printed hydrogel starfish on the build platform. The two different CAD models shown in Fig. 4a featured spaces
between each segment of the arms to allow more flexible movement during magnetic actuation. However, due to overcuring caused by
potential light-scattering from the SPIONS, refraction at early print layers off the platform, and without the addition of a light-absorber
[61-63], those features were not completely achieved. The increase in light scattering causes more photo-resin around the laser beam
to cure, therefore, the curing width is increased, leading to the limited print resolution. Future mitigation is needed to counter these
effects, such as photo-absorbers [33].

The chemical composition of the 3D printed hydrogels with 0.5 wt%, 1 wt% and 2 wt% SPIONs was examined using FTIR (Fig. 4e).
The strong band at 472 cm ™! represents the Fe-O bond in magnetite and maghemite, showing a slight shift to smaller wavenumbers as
compared to the spectrum of SPIONSs in Fig. 2a, which is attributed to the combination of acrylamide-PEGDA network and SPIONs. The
N-H stretching at 3337 cm ™, the C=0 at 1650 cm ™! and the NH, 1091 cm™! are assigned to the PEGDA-acrylamide hydrogel
chemical network. It is noted that FTIR bands of polymer hydrogel matrix with three SPIONs concentrations exhibited a good
agreement, indicating that the chemical structure of the hydrogel phase was not impacted by the increase of SPIONs concentration.

The structure of 3D printed hydrogels is shown in the SEM images in Fig. 5a—c. All samples show the commonly exhibited char-
acteristic porous walls of freeze-dried hydrogels [11,12,16]s. Due to the layer-by-layer build, the resulting hydrogels exhibit a laminar
structure in their cross-section. By comparing Fig. 5a, b and ¢, it is evident that increasing the SPION concentration results in more
densely packed polymer networks. Samples with 2 wt% SPIONs have more noticeable agglomeration within the polymer strands
(Fig. 5¢). However, this agglomeration did not impact the hydrogels’ ability to respond to a magnetic field and response to stimuli
across the starfish arms was visibly uniform [64to67].

The application of magnetic hydrogels in soft robotic actuators requires stable mechanical deformation during swelling, before and
after magnetic actuation, and robust mechanical properties must be achieved to extend product service life and avoid breakage [68].
Compression tests were carried out on cylinder samples with 0.5 wt% and 1 wt% SPIONs to study the impact of the nanocomposite
structure on mechanical properties. Hydrogels with 2 wt% SPIONs did not yield sufficient print samples for testing due to rapid
agglomeration during the printing process. Compression curves are shown in Fig. 5d and e. For each curve, the compression strength
and final deformation values were taken from the highest point before samples exhibited a rapid decline in stress indicating failure.
Fig. 5f shows similar average deformation values for 0.5 wt% and 1 wt% SPION-infused hydrogels of ~29%. The average compression
strength of 0.5 wt% SPIONs hydrogel was 577 + 96 kPa, more than twice the value for 1 wt% hydrogels at 255 + 35 kPa. The Youngs
modulus reflected a similar trend, 1838 + 420 kPa for 0.5 wt% SPIONs hydrogel and 834 + 46 kPa for 1 wt% samples. The mechanical
performance of hydrogels with 0.5 wt % SPIONSs is comparable to a previously reported alginate hydrogel composite embedded with
Fe304 nanoparticles, showing a relatively higher compression stress but lower Youngs modulus [8]. Higher concentration of SPIONs
results in fewer crosslinking points within the polymer network, preventing the formation of longer polymer chains and decreased
crystallinity [67]. Additionally, more agglomeration occurs at higher concentrations of SPIONs that can result in poor homogeneity of
the hydrogels, contributing to a reduced load-bearing capacity.

Among the various applications of soft actuators, soft robotics are increasingly utilised in aquatic environments [69]. Therefore, to
carry out tasks successfully under water, such as transport of small cargo, or micro robotics for vascular operations [70], the hydrogel
must exhibit swelling behaviour that maintains the materials structural integrity and limits size deformation, as well as respond to
stimuli in water or aqueous solutions. Fig. 6d shows the swelling degree by weight and by change of dimensions of the printed

Table 2
Optimised photo-resin formulations. 1 M of Citric acid was used, calculated in terms of total mass of monomers and crosslinkers. The photoinitiator
LAP was calculated in terms of total mass of the monomers and crosslinkers. Each formulation was made up to a total mass of 50 g.

Formulation Acrylamide wt% PEGDA wt% LAP wt% Water wt% SPIONs wt% Citric acid solution %
5 20 10 1 70 0.5 wt 0.88
6 20 10 1 70 1wt 1.76
7 20 10 1 70 2wt 3.53
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Fig. 4. A) Starfish CAD used for 3D printing; b-d) 3D printed starfish with varying SPION concentrations; e) FTIR spectra of 3D printed hydrogels
with varying SPION concentrations.

cylindrical hydrogels after being submerged in distilled water for 72 h. The images of the hydrogel before and after swelling are
compared in Fig. 6a and b. The CAD model used to 3D print the hydrogels is shown in Fig. 6¢. Overall, the hydrogels with 0.5 wt%
SPIONs possess a better capacity of up taking water than 1 wt% samples whilst their swelling degree by weight is higher than the
swelling degree by volume for each concentration. The swelling degrees by weight of both concentrations are much lower than thatin a
previous study on a similar hydrogel composite containing Fe3O4 nanoparticles in polyacrylamide network [71], which reached 12,9%
swelling capacity at its highest. This is probably a result of the addition of other hydrophilic components such as hydroxypropyl
methylcellulose into the hydrogel network which can absorb more water, relatively. Hydrogels in this study are more stable than
previously reported hydrogels [71], and have better control over water uptake, resulting in low deformation when swelling. As
previously discussed, higher concentration of SPIONs inhibit the formation of long polymer chains. The obtained rigid and dense
hydrogel network prevents water molecules to diffuse into the internal part. On the contrary, polymer networks composed of longer
chains are susceptible to water absorption. Mechanical parameters and swelling degrees of hydrogels with 0.5 wt% and 1 wt% SPIONs
are reported in Table 3.

To demonstrate the response of the 3D printed starfish under a magnetic field, a N42 magnet was used to induce movement. Stimuli
response tests were conducted in water and recorded. As seen in Fig. 7a, the printed arms of hydrogel starfish with 1 wt% SPIONs were
very flexible, swinging towards the magnet one by one and lifting itself up to attach to the magnet in a vertical response. Fig. 7b shows
the horizontal response of the starfish to the magnet across the water bath. The starfish reacted quickly to the magnetic stimuli when
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Fig. 5. Characterization of 3D printed starfish: a-c) SEM images of hydrogel with different SPIONs concentrations and at different magnifications; d)

& e) 5 times deformation-load curves of printed cylindrical hydrogel with different SPIONs concentration; f) Average compression strength and
relative % deformation.

the magnet was pressed against the outside of the glass walls of the water bath. Once the magnet was removed away from the water
bath, the starfish returned to its original physical state. This is a representation of the inherit superparamagnetic behaviour of the
SPION-infused 3D printed hydrogels, which show great potential for real-time control using external magnetic field. It is important to
highlight that due to the superparamagnetic properties, the starfish were able to return to their original physically and old fold when in
contact with a magnetic stimulus. Importantly, this allows a ‘hold and release’ action when used in direct applications such as micro
cargo carriers or microgrippers. Further, the change in physical formation of the starfish did not result in any visible breakage, tearing
or cracks before and after stimulation. The tested starfish model had a thickness of 3.8 mm. Test samples with 0.5 mm thickness using
the same printing design model presented faster actuation and more precise spatial control in response to the magnet, which can be
seen in Video 1 and Video 2 in the Supplementary Information.

4. Conclusions

This work has demonstrated the successful use of VAT polymerisation to achieve flexible, magnetic stimuli responsive starfish-
shaped hydrogels as opposed to conventional extrusion-based printing techniques. A mixture of magnetite and maghemite nano-
particles were successfully synthesized using a co-precipitation method resulting in superparamagnetic properties, with a saturation
magnetization of 67 emu g-1. Achieving good dispersion and homogeneity of SPIONs in photo-resins can be challenging. This can be
due to interactions between the particles and photo-resin because of surface charges that can result in sedimentation and/or
agglomeration during 3D printing. In this study, these effects have successfully been reduced.

e Citric acid was used as a stabilising agent to reduce SPION agglomeration, as well as sedimentation, and improve homogeneity
within the photo-resin. This resulted in better dispersed SPIONs in the final 3D printed structures.

e Photo-resin formulations containing 0.5 wt%, 1 wt% and 2 wt% SPIONs were achieved, with 0.5 wt % and 1 wt% as the optimal
working concentrations for 3D printing. These two concentrations were used to 3D print starfish and cylinders, whereas 2 wt%
SPION concentrations were limited to starfish due to increased agglomeration.
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Fig. 6. A-b) 3D printed cylindrical SPION-infused hydrogels with 0.5 wt% and 1 wt% SPIONs before and after swelling; ¢) CAD models used for
printing; d) Swelling degrees by weight and volume of printed cylindrical hydrogel composite.

Table 3
Comparison of mechanical properties and swelling properties between 3D printed hydrogel composites containing 0.5 wt% and 1 wt% SPIONs.
SPIONs Compression strength Deformation under stress Youngs modulus Swelling degree by weight Swelling degree by volume
(kPa) (%) (kPa) (%) (%)
0.5 wt% 577 + 96 28 £2 1838 + 42 93+21 9.2+2
1 wt% 255 + 35 29+3 834 + 46 6+1.9 42+1.9

e Mechanical properties showed a decreasing trend with increased SPION concentration, with approximately 600 kPa compression
stress for 0.5 wt% SPIONs hydrogel and 250 kPa for 1 wt% likely due to a disruption of the polymer network.

e The 3D printed starfish shaped hydrogels exhibited fast magnetic responsivity and flexible actuation, with original-shape retention
and material stability once the external stimulus was removed.

o Ultimately, citric acid helped reduce agglomeration for the lower SPION concentrations, however, further work is required to
increase the stability of a monodisperse solution including other trials with other capping agents such as oleic acid, or the addition
of capping agents during SPION synthesis.

The use of this optimised procedure for VAT polymerisation will result in great opportunities in soft robotics and bioengineering,
particularly with the benefits of superparamagnetic properties and high-resolution printing of small-scale structures. Specific appli-
cations requiring such systems include small cargo transport in aquatic environments, grabbing and manipulation in soft robotics, and
in vivo applications such as targeted therapeutics and minimally invasive interventional microsurgery. The SPION-infused hydrogels
reported here may be extended to other types of magnetic nanoparticles and hydrogels formulations, as well as other micro grabber
designs. Finally, the methodology in this work can be applied to other types of nanoparticles for optimising the homogeneity and
dispersion in water-based photo-resins.
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