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Additive manufacturing technology is a growing field, which demands advanced chemistry and fabrication
process if smart-materials are desired. Herein, the concept of jammed microgels designed with a new crosslinking
method is introduced to be used in 3D-printing applications. Jammed microgels decorated with superficial hy-
drophobic segments and pure thermo-sensitive gelatin are applied as inks and exhibit shear-induced transition
and fast recoverability, which are important for 3D-printing. The interaction of microgels within the as-extruded
filaments and with the adjacent deposited layers guarantees shape-fidelity. After printing, a deep eutectic solvent
(DES) formed from Arginine and Glycerol ([DES]arg/cly) is applied over the construct to trigger a chemical
crosslinking reaction between epoxy and amine groups. The introduced [DES] arg/cly can play simultaneously two
roles: (1) activator of covalent bond formation and (2) conducting agent. Generally, a variety of features
including printability, rheological properties and shape-retention are dependent on the fraction of hydrophobic
segments and the applied [DES]arg/Gly concentration. Further, the main network percolation reaction follows a
different strategy to achieve a sustainable printable system with biological, mechanical and physiological sus-
tainability of the construct. These results open new possibilities to fabricate a wide range of adaptive platforms of

smart materials with ease.

1. Introduction

Three-dimensional (3D) printing has been adopted by different
research groups and industries due to its potential to fabricate complex
constructs with desired dimensions, geometry, and architecture [1].
Among different fabrication strategies, extrusion-based 3D printing has
been the most attractive due to their feasibility and affordability [2,3].
The configuration of these systems consists of several cartridges through
which the ink is ejected as a filament, typically by applying pressure.
Selecting a material as the biomaterial ink is key and restrictive factor to
achieve an ideal construct, because a demanding set of requirements are
connected directly to the type and properties of precursors and chemical
reactions [4-6]. In addition, from the point of view of biological appli-
cations, the ink must meet the criteria of cellular responsiveness to
achieve a versatile platform [7]. A great effort is currently being made to
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optimize the chemistry of materials to provide: (i) processability and
printability, (ii) high fidelity and (iii) network formation through a re-
action with adequate biocompatibility [8-10].

Recent studies have assessed the relationship between printability
and rheology of long polymer chains either by mathematical models or
by analyzing the physical appearance of ejected filaments [11,12].
Although the found property—function relationships enable a more
rational approach optimizing the material’s printability and resolution,
when cell-laden hydrogels are used the shear stress experienced by the
cells during extrusion could affect cell activity, resulting in poor cell
viability. To tackle this problem, manipulating the ink composition or
modification of the polymer backbone are common methodologies to
provide a fast break-recovery characteristic [13]. The development of
the inks based on jammed particles is a novel and motivating approach
to control the printability of the components and modulate desired
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physico-chemical characteristics of the resulting constructs more effi-
ciently [14-16]. Moreover, jammed structures not only provide
micron-size pores for cellular infiltration to enhance cell viability,
attachment and migration, but also can improve extrudability due to the
physical nature of aggregation and the shear thinning behavior of ag-
gregates. Microgels in a jammed state are absorbed by adjacent particles
through secondary interactions and exhibit a solid-like behavior until
the applied stress overloads the yield stress [17]. Such interactions can
provide shear thinning and shear recovery properties, a major advan-
tage compared to the bulk liquid inks. These interactions should be
tailored to meet the flow and recovery demands. Otherwise, either the
ink cannot be printed or the needed flow properties and construct fi-
delity are compromised. Till now, several (jammed) ink precursors have
been introduced that solidify using either photo illumination (covalent
crosslinking) or formation of secondary interactions [18-20]. The first
suffers from the occurrence of cell death upon exposure to high-energy
rays. To form secondary and transient interactions, different strategies
like light polymerization, coordination chemistry [21,22], thiol- ene
crosslinking [23,24], supramolecular interactions [25], and dynamic
covalent chemistry [26] are adopted to accelerate network formation.
Depending on the nature of the interactions, these strategies present
various limitations such as mechanical weakness, needing for long time
recovery after break, degradation in the culture media, diffusibility,
expandability, and problems associated with creep phenomenon, all
highly timescale dependent [26,27].

In this study, we introduced the new concept of jammed microgels
aggregated via a novel crosslinking system. Aimed at this, gelatin
microgels (Mgels) comprising superficial hydrophobic interactions were
recruited, which provide self-supporting filaments due to the presence of
satisfactory interactions between the extruded microgels [28]. A
mixture (G-gel) of Mgels with pure thermo-sensitive gelatin molecules
can present stable filaments with self-supporting characteristics and
high fidelity after deposition. To chemical crosslink the 3D printed
constructs, the application of deep eutectic solvents (DESs) is introduced
to trigger covalent bond formation. DESs are a class of polar materials
obtained by the interaction of two or more compounds with hydrogen
bonding donor (HBD) and hydrogen bonding acceptor (HBA) charac-
teristics and are considered as promising materials because of their su-
perior properties and functionalities and can be applied as high-efficient
catalysts, solvents, precursor or conducting agents [29-31]. According
to our recent report, DESs based on aminoacids and 1,2-diols are highly
efficient to make epoxy functional groups susceptible for nucleophilic
reactions [32]. The introduced DES in the present study is based on
L-arginine and glycerol, namely ([DES]arg/Gly), which performs as a
catalyst to trigger fast chemical crosslinking at ambient conditions, and
as a conductive agent to fabricate electrically conductive 3D printed soft
materials as well. Conductive hydrogels have attracted special attention
due to their broad range of applications including electrical stimulation
of cells [33], in nerve [34], muscle [35] and cardiovascular [36] tissue
engineering. Conducting polymers such as polypyrrole, polyaniline and
polythiophene are widely used biomaterials in tissue engineering ap-
plications due to their electrical properties. However, they suffer from
weak mechanical properties and poor biocompatibility and process-
ability [37,38]. Incorporation of metal nanoparticles and carbon-based
materials has emerged as an alternative approach, but the conductiv-
ity of the material compromised by random distribution of nano-
materials or coagulation of particles [37,39]. Therefore, the unique
properties of DESs make them interesting substances for the fabrication
of smart materials for tissue engineering applications. Hence, the find-
ings of this work open an interesting and promising new method to
fabricate 3D printed constructs with ease and in an adjustable manner.
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2. Experimental section
2.1. Materials

Gelatin powder (bovine gelatin), acrylic acid and ammonium per-
oxodisulfate were provided from Merck (Germany). L-arginine (>98%)
(Arg), glycidyl methacrylate (GMA), emulsifier span 60 and 4',6-dia-
midino-2- phenylindole (DAPI) were obtained from Sigma-Aldrich used
without purification. Glycerol (Gly) was also supplied from Merck and
dried under vacuum at the temperature of 70 °C before use in the DES
synthesis reaction.

2.2. Preparation of microgels Mgel ;, Mgel 1, Mgel j; and Ink

The microgels are prepared according to our previous work [28]. In
brief, for preparation of Mgel ;; and Mgel p, a reverse emulsion poly-
merization protocol was performed by dropping an aqueous solution
containing vinyl-functionalized gelatin, acrylic acid and an initiator
(ammonium persulfate) into an oil phase containing water-insoluble
glycidyl methacrylate monomer. Mgel ; was synthesized by the same
procedure except that the continuous phase was free of GMA monomer;
thus, Mgel | does not contain hydrophobic PGMA chains, but Mgel ;; and
Mgel py carry these segments with the difference that the segments are
longer in the case of Mgel ;. The length of the PGMA segment was
controlled via concentration of glycidyl methacrylate monomer used in
the oil phase of the emulsion reaction. Determination of the epoxide
value confirmed the presence of longer segments of Mgel 1 compared to
Mgel 5 as detailed in literature [28]. Finally, the microgels were
centrifuged and then washed 2 times with distilled water, 5 times with
ethanol: distilled water (40:60 v/v) solution, and again 2 times with
distilled water. The sequence and volume of ethanol should be precisely
controlled as the coagulation of microgels will occur, especially if the
volume of ethanol exceeds this ratio.

For preparation of material inks, the microgels were kept at the 50 °C
to decrease the water content up to 1400% w/w of the particles. Then,
the ink was prepared following dissolving pure gelatin (20% w/w) at 40
°C with the obtained microgels. The samples are coded as G-gel |, G-gel ;1
and G-gel 11, prepared based on microgels Mgel I to III, respectively.

2.3. Synthesis of DES [DES]arg/Gly

The deep eutectic solvent was formed by mixing Arg and Gly at
different molar ratios 1:0.5, 1:1, 1:2, 1:3, 1:4, and 1:5, and heating the
mixtures at 120 °C to obtain a homogeneous yellowish-brown liquid.
Next, the temperature was decreased to 50 °C and the mixture was
continued to be mixed for 20 min. Fresh mixtures were characterized to
determine proper molar ratios to achieve an eutectic mixture. The as-
prepared DES was applied in the crosslinking reaction, since the activ-
ity of DES diminishes after few hours (15-16 h) of preparation.

2.4. Printing system and printing condition

Additive manufacturing of the microgels was carried out by a
homemade extrusion printer. The ink was transferred into the cartridge
assembled with the heated printhead at the temperature of 48 °C. The
prepared ink was extruded from a 18 gauge nozzle through a pressure
driven piston. Printing was performed on a glass substrate using a tip
travel speed of 2 mm/s. After printing, the construct was exposed to
fresh pure [DES]arg/Gly Or [DES]arg/ly aqueous solution (50:50 v/v) for
chemical crosslinking, and a stable structure was obtained after 2-3 min

2.5. Rheological characterization
Rheological properties were characterized using a rheometer with

8 mm diameter parallel plate steel geometry. The gap was 1 mm and the
measurements were performed at 25 °C. To explore shear-thinning
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Fig. 1. (a) Scheme of 3D printing process based on jammed microgels, its
extrusion and chemical crosslinking. Particle jamming occurs when the water
content in the system decreases below a critical point in which the PGMA
segments over the particles provide contact forces between the neighboring
microgels. After extrusion, gelatin molecules (blue lines) convert to gel state
and the strength of the material is increased. In the next step, [DES]arg/cly can
be applied either in pure state or spraying aqueous solution to trigger chemical
crosslinking reaction. (b) The images of the extruded ink under an optical mi-
croscope in three common positions used in additive manufacturing process.
Scale bar is 200 ym.

properties, the viscosity was measured at shear rates 0.1-100 s and
strain sweep in the range 1-100% was performed at an angular fre-
quency of 10 rad/s. Self-healing measurements were performed at four
cycles 10 rad/s, including 200 and 400 s at 0.1% strain with 5 s at rest
(0% strain) between each step. To explore the stability of printed con-
structs and sol-gel transition behavior, a temperature sweep was per-
formed at a temperature of 25-50 °C, a strain of 1% and a frequency of
1 Hz. Creep experiments were carried out by applying a constant stress
(t = 50 Pa) for 1200 s at the temperature of 25 °C and the corresponding
strain was measured. Kinetic investigation was performed at a strain
amplitude of 10% and a frequency of 1 Hz. In order to investigate the
viscoelastic properties of the chemically crosslinked samples, G* and G’
were recorded as a function of frequency over the range 0.1-100 Hz at
0.5% strain.

2.6. Measurements of mechanical properties

Compression tests were performed on a Santam 5567 electronic
universal testing machine. For this, cylindrical specimens with 10 mm
height and 18 mm diameter were subjected to compression test and the
corresponding force was measured. The experiments (n = 3) were car-
ried out at room temperature using a machine equipped with a 500 N
load cell at a rate of 1.0 mm/min. Specimens were preloaded to ensure
proper seating of the plate on the specimen surface. The uniaxial elon-
gation properties were measured using Zwick 1446 (Germany). The
procedure was as follows: in a rectangular-shaped mold with a dimen-
sion of 80 mm x 30 mm x 3 mm, the filaments were deposited once
along the length of the mold (for samples where the orientation of the
filaments is parallel to the direction of tensile stress) and along the width
of the rectangle (for samples where the orientation of the filaments is
perpendicular to the direction of tensile stress). Hydrogels were cut in a
dumbbell shape with a 75 mm length, 25 mm gauge length, 3 mm width
and tests were conducted at cross-head speed of 10 mm/min.
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2.7. Structure characterization

2.7.1. Fourier transform infrared spectroscopy (FT-IR) and nuclear
magnetic resonance spectroscopy ( 1H NMR)

Infrared spectra were obtained on FT-IR 0066 Spectrophotometer,
Jasco (Japan), in the range of 4000-400 cm™. The samples were sup-
ported on transparent KBr films to obtain the spectra. For kinetic mea-
surements, the scan was recorded immediately after mixing the reaction
precursors. For 'H NMR measurements, the synthesized DES and
mixture of DES components were dissolved separately in DO and the
spectra were obtained using a Bruker (Germany) Advance 400 MHz
spectrometer.

2.7.2. Scanning electron microscopy (SEM)

In order to observe morphology and porosity of the 3D printed
constructs, the samples were immersed in water to reach equilibrium
and then lyophilized and cut in liquid nitrogen. Next, the cross section of
specimens was sputter-coated with gold (30 mA, 20 s) using an auto
sputter-coater (Cressington 108) and then inspected by means of a
Hitachi S4700 SEM at an accelerating voltage of 20 kV.

2.8. Swelling ratio

For the swelling evaluation, the samples were immersed in distilled
water at room temperature for 24 h. Then, the sample were weighed in
wet condition (Wy,) and let it to dry until a constant weight was reached
(Wq). A swelling ratio was calculated as Eq. (1):

100 X (Wy—Wq)/ Wy €})

The measurements were repeated three times to calculate the
average and standard deviation.

2.9. Biodegradability

The degradation profile of 3D printed constructs crosslinked with
two concentrations of [DES]arg/cly was evaluated by immersing the
specimens in phosphate-buffered saline at 37 °C. The percentage of
weight loss was measured at different time points according to the
procedure reported in literature [40].

2.10. Cell viability

The murine fibroblast cell line L929 was obtained from the Pasteur
institute cell bank (Tehran, Iran); COCA, a murine epidermal cell line,
was developed by serially passaging of the keratinocytes from the back
skin of adult C57BL/DBA mice. The Institutional Ethics Committee of
University of Isfahan approved the informed consent for animals and the
study. The cells were cultured in supplemented Dulbecco’s minimal
Eagle medium (DMEM F12), 10% fetal bovine serum (FBS; Gibco), 1%
penicillin-streptomycin (Bioidea, Iran) at 37 °C in a humidified atmo-
sphere containing 95% air and 5% COz. The relative viability of
encapsulated Fibroblast and Keratinocyte cells (1 x10* cells/sample)
were evaluated by the 3-(4, 5-Dimethyl-2-thiazolyl)— 2, 5-diphenyl-
2 H-tetrazolium bromide (MTT, Sigma) assay at day 7 of the culture. For
this, the cells were resuspended in culture media (cell density, 2 x10°
cells/mL) and mixed with G-gel 7 (0.05 mL cell suspension/1 g G-gel
m)- The resulted bioink was transferred into a syringe and extruded via a
16 gauge nozzle by applying pressure. Following extrusion, 1% w/w
[DES]arg/Gly was poured on the sample. Finally, the MTT assay was
performed according to the previous study and the optical density (OD)
was measured at 490 nm using a plate reader (Hyperion MPR4) [28].

2.11. Electrical stimulation experiment

A simple homemade electric field setup was built on the Petri dish in
order to evaluate the performance of DES as a green conducting agent to
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produce conducting scaffolds for electrical stimulation experiment. For
this, fibroblast and keratinocyte cells were separately mixed with as-
prepared ink (1 x10° cells/5 mL ink) and 0.5 mL of bioink was injec-
ted into a plate using a syringe from a 16 gauge nozzle. A current of
0.1 A (10 min/day) was applied via dipping the gold electrode into the
sample to perform electrical stimulation. The proliferation was explored
by DAPI staining [28]. Adobe Photoshop CC 2015 software was used to
remove the undesired background in a way that the cell numbers and
shapes remained unaltered. For this, a black layer was applied on the
as-obtained image, the cells image was separated from the original
image and exhibited on the black layer at their original positions and
shapes [28].

2.12. Statistical analysis

The SPSS Statistics software version 22 and Microsoft Office Excel
2013 were used for statistical analysis of data. Swelling ratio, force,
stress and module were represented as means + standard deviations.
Paired samples t-Test was used to determine possible significant differ-
ences between dependent and independent paired samples. A p-value
< 0.05 was considered to be statistically significant (*, for p < 0.05; **,
for p < 0.01 and ***, for p < 0.001).

30

3540 45 50

Temperature ("C)

3. Results and discussion
3.1. Microgel ink design and work scheme

The stability and resolution of the 3D printed hydrogels as well as
biocompatibility of both materials used and manufacturing process are
crucial factors that are entirely related to the sustainability of the pro-
cess and chemistry of construct formation. Crosslinking is one of the
most important processing aspect that needs to be considered, because it
affects mechanical stability of the printed construct. Although physical
crosslinking pathways can provide a more cell-friendly environment,
chemical crosslinking is a requisite to obtain shape stability of the
construct. For this purpose, different strategies, such as using Schiff-base
compounds [41], coupling and cycloaddition reactions [42,43], hydra-
zide-aldehyde reactions [44], enzymatic crosslinking [45], among
others [46-48] are applied. These methods aren’t considered as
completely sustainable procedures since they have some drawbacks
including oxygen inhibition, shrinkage of printed structures, leakage of
the unreacted functional groups, and the generation of inhomogeneities
in the network of 3D printed constructs [26]. On the other hand, the
printability might be affected negatively if the time and place of cross-
linking are not controlled. To address this challenge, we attempted to
disclose a fundamentally different method based on applying highly
efficient [DES]arg/Gly through which the network formation occurs fast
at ambient environmental conditions. This type of DES is homogeneous
and water-soluble, which exhibits high efficiency and selectivity for
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Fig. 3. (a) Stability of the G-gel 1 filament after extrusion which keeps its own weight without failure. (b) Creep behavior of G-gel ;; and G-gel ;; measured at 25 °C
under 50 Pa shear stress. G-gel i displays a slower strain evolution. (¢) Gelation of gelatin molecules occurs after few min of ejection. Before gelation, the microgels
(M-gel 1)) make the extruded filament to retain its shape without mechanical weakness or collapsing.

epoxy-amine reaction under hydrated conditions. The desired reaction is
based on combining amine groups of gelatin with epoxy groups of hy-
drophobic PGMA segments, which is accomplished in few seconds in the
presence of [DES]arg/qly. Prior to investigate the chemical crosslinking,
the inks must fulfill the printability requirements to achieve desirable
printed structures. For this, we used the combination of
hydrophobic-assisted jammed microgels and pure gelatin as a ther-
moreversible material as ink precursors through which the interaction of
microgels provides a self-supporting nature, and consequently the
shape-retaining capability is enhanced. The attraction of microgels is
dependent on the fraction of hydrophobic segments, and jammed Mgel
m presented a stronger attraction at the same water content (Movie S-1,
Supplementary Information). The process progresses in a way that the
ink converts from a low viscose fluid (inside a cartridge) to a physically
crosslinked system after extrusion (on a substrate outside the dispensing
tip). During extrusion, the microgels attached to each other via hydro-
phobic interactions, exhibiting a gel to sol transition as the shear stress
overcomes the corresponding yield stress and reattach after removing
the stress, as shown in Fig. 1. Subsequently, additional crosslinking
within the system occurred by physically crosslinking of the gelatin
random coils to enhance the mechanical strength. Although the obtained
3D printed construct is tough and strong enough to be removed from the
substrate and transported, it needs chemical crosslinking for further
practical applications. Thus, in the final step, [DES]arg/qly is applied on
the printed construct to trigger the chemical crosslinking and stabilizing
the final structure.

This shear-thinning behavior is considered as a prerequisite and
depends strongly on the fraction of hydrophobic interactions within the

structure, as demonstrated by oscillatory rheology measurement (Fig. 2-
a). The viscosity-shear rate relationship of the jammed microgels shows
a decreasing trend in viscosity with shear rate due to the separation of
jammed particles under the applied stress. Therefore, the particles are
susceptible to pass through the extrusion tip with ease due to shear-
thinning behavior. It was observed that the viscosity value for G-gel 1.
1 increased from 12 to 78 and 101 Pa.s at a shear rate of 55 as the
fraction of hydrophobic segments increased over the microgels. Indeed,
with the presence and increasing the fraction of hydrophobic segments,
the adhesion between particles was consequently increased. Moreover, a
low flow point of G-gel ; and G-gel 1 during the strain sweep from
0.01% to 100% was observed, as shown in Fig. 2-b (in terms of the
corresponding stress values). The storage modulus was unchanged at a
relatively low stresses, but then dropped abruptly when the shear
exceeded a critical value, indicating an unjamming state of the particles.
The yield strength was around 4 and 8.2 kPa for G-gel ;; and G-gel y,
respectively, and the solid-liked sample presented fluid properties under
the critical stress applied. For G-gel |, the modulus remained constant to
the end without experiencing the yield point, which might be attributed
to the irreversible tangled cluster formation.

After being extruded, the viscous fluid ink must undergo rapid
transition to a solid-like material to achieve a good printing resolution
and shape fidelity. This can be realized if the ink stabilizes after extru-
sion and provides a fast stress healing property. For the developed sys-
tem, the unjammed microgels recovered almost immediately after
removing the shear and switched to the original viscoelastic state from
an as-prepared fluid in a short time (5s, Fig. 2-c). For G-gel j, the
modulus exhibited a decreasing trend from cycle 1 to cycle 4 with a
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properties of inks as they reach to a glass substrate. Scale bar is 10 mm. (c) The effect of printing direction on tensile properties of G-gel 1.

significant decrease after cycle 3. However, G-gel ;; and G-gel p dis-
played a reproducible and stable characteristic during four stress-
relaxation cycles indicating the performance of rupture and reforma-
tion of superficial hydrophobic interactions during the process. We
concluded that the attraction of particles enhances the fast recover-
ability of viscoelastic properties. The sliding of particles and reformation

of interactions within the structure has provided a dissipating
morphology, and consequently a tough and fast recoverable material
was obtained.

For pure gelatin hydrogel, it has been accepted that the formed
network (helical molecules) liquefies at around 30-35 °C and converts to
random coils when the temperature exceeds the UCST. To test the effect
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Fig. 5. (a) Printability chart of G-gel j; in terms of microgel water content and gelatin fraction. Over gelation or spreading occur if the gelatin is used at higher and
lower critical concentration. (b) Designed tubular shape printed by ink G-gel ;. (G16 nozzle). The construct is strong due to the attraction among particles and
gelation of gelatin, and can be chemically crosslinked when is exposed to the eutectic mixture.

of gelatin network transition as one of the two main components of the
prepared ink, a temperature sweep rheometery was performed at 25-55
°C. It was observed that the storage modulus was still higher than loss
modulus, and therefore the filaments could preserve their strength
despite the transition of gelatin at 32 °C (Movie S-2, supplementary
information). Indeed, the attraction of microgels prevents the collapsing
of construct and guarantees the stability of the extruded filaments.

Shear-thinning behavior contributes to printability, but may be un-
desirable for shape fidelity after extrusion. Shear thinning hydrogels
may have poor recoverability, so that the ink will spread as it reaches the
substrate preventing fast recoverability. Generally, the fidelity of inks
can be evaluated by their capability to produce filaments stable against
their own weight (Fig. 3-a) [6]. The extruded filaments may creep or
collapse by their own weight. To quantify the ability of our ink to
self-support under applied stress, a creep test was performed on the
G-gel ;1 and G-gel 1. A constant stress was applied and the strain was
continuously recorded over time. The microgels with different length of
hydrophobic PGMA segments underwent different rates of strain evo-
lution, as shown in Fig. 3-b. G-gel pj; exhibited 0.21% deformation in
about 60 s, while G-gel j; underwent 0.62% deformation at the same
time. Indeed, G-gel y; has shown better self-supporting property and
resistance against the constant stress. This indicates clearly the visco-
elastic character of the samples, i.e. the elasticity increases with
increasing in length of hydrophobic segment. Movies S-3 to S-5 (Sup-
plementary Information) present the self-supporting and fast recovery
nature of these gels, which are critical parameter for the shape fidelity of
printed constructs. After minutes, the strain evolution began a
decreasing trend when the gelation of gelatin molecules was
commenced (Fig. 3-b). This phenomenon was also apparent in strain
variation of single filament after few minutes, as shown in Fig. 3-c. It
should be added that water evaporation had also additional impact on
shape changes of a single filament, otherwise the shown changes in
Fig. 3-c was in contrast with shape fidelity.

Another challenge related to shape fidelity, especially if the construct
is composed of more than a few layers, is the weakness of the structure to
withstand multiple layers on top of each other and sustain the formation
of a bulk volumetric construct. This is because of the intrinsic layer-by-
layer fabrication process, such that the weak bond strength between the
printed layers results in delamination and poor mechanical properties.
Depending on the gelation mechanism, interfaces may form between
layers located on top and adjacent of the previously deposited line
instead of homogeneous coalescence, leading to the formation of an
anisotropic morphology [49]. These interfaces result in structural de-
fects and pulling the layers apart when the 3D printed construct is under
loading of the upper layers. The methodology proposed in this study
follows a process through which the newly depositing layer adheres to
the adjacent lines with insignificant interface formation. To test whether
hydrophobic segments of the previously deposited layer are able to
associate with adjacent segments, the stiffness of the casted and the
printed cylindrical specimens were measured using compression testing.
The compression strength of the printed samples was determined as 0.06
and 0.21 MPa for G-gel jj and G-gel yy;, respectively, lower than that of
corresponding casted samples (0.17 and 0.26 MPa for G-gel ;; and G-gel
m, respectively) (Fig. 4-a). For G-gel pj, the obtained compression
stress-strain curves showed more similar mechanical properties, with
stress and modulus difference for casted and printed G-gel jj; samples
lower than those of G-gel jj, indicating better coalescence of the adjacent
lines and better adhesion than G-gel j; printed layers. In brief, although
the mechanical properties of printed samples were weaker compared to
the corresponding casted (bulk) counterparts, the modulus and strength
of printed G-gel jj; were closer to casted samples. Moreover, when the ink
reached the substrate, spreading was affected by both the interfacial
tension between ink material and the substrate, as well as the tension
within the material. The images in Fig. 4-b show the behavior of G-gel 1,
n, m as they get in contact with the substrate. Among three applied
microgels, the biomaterial ink based on M-gel | exhibited good
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Fig. 6. (a) Photograph of printed jammed microgels extruded from a 18 G nozzle and a travel speed of 2 mm/s. The constructs composed of large number of layer (57
layer in the case of a cylinder for instance) display mechanical integrity after deposition of nearly 12 mL of ink. (b) The influence of processing conditions including
(i) different size needles (flow rat multiplier: 0.04 and strand distance: 1 mm), (ii) strand distance (nozzle type: 18 G and flow rate multiplier: 0.04) and (iii) extrusion
rates (nozzle type: 18 G and strand distance: 1 mm) on the cross-sectional diameters of deposited filaments on glass.

shape-retaining properties when printed on a glass platform, indicating
the presence of sufficient inter-particle attractions. Mechanical proper-
ties of the G-gel j; were investigated after depositing of filaments in two
perpendicular and parallel directions relative to the applied tensile
stress. Tensile strength of the sample oriented vertically (6.50 + 2.50
kPa) was lower compared to the structure in which the orientation was
parallel to the stress (20.63 + 3.06 kPa), which is consistent with me-
chanical properties of gelatin-based hydrogels [15]. This indicates that
although G-gel yj; possesses required adhesion between the particles, this
amount of adhesion is not as strong as covalent interactions, but is
enough to keep the as-etruded particles on the previous layers.

Microgel water content (MWC) is a critical parameter for the possi-
bility of formation of hydrophobic interactions [28]. To achieve a strong
and self-supporting 3D printed construct, water content and gelatin
concentration must be optimized depending on MWC. G-gel ; was
selected for this investigation and it was found that the concentration of
gelatin could be reduced to 10% w/w by decreasing MWC to 1200%
(Fig. 5-a). Particularly, when MWC reached 1800% w/w, the ink
exhibited a liquid state whereas the other inks with MWC= 1000% w/w
were transferred into a gel state before extrusion. Fig. 5-b-i show a
tubular structure manufactured by mixing microgels with
MWC= 1400% w/w with 20% w/w of gelatin. The obtained construct
was strong, could be removed from the surface and handled without any
additional crosslinking step (Fig. 5-bii).

To explore the performance of the developed ink for printing appli-
cations, the resulted ink containing microgels and pure gelatin was

extruded through a G18 nozzle to fabricate structures composed of
numerous layers of filaments and several complexities, such as sharp
corners and curves (Fig. 6-a). Due to desired strength and shape
retaining properties of the ink, the extruded material could adhere to
previously deposited layers with retaining the feature sharpness in the
corners. No support material or post-crosslinking were required to apply
and keep the construct strength against bending, or collapsing after
extrusion, resulting in structural fidelity after deposition of a large
number of layers. 3D printed hydrogels with large aspect ratio are
usually collapsed if they are not crosslinked efficiently by UV-
illumination or other methods, but jammed microgels could remain
stable after being printed into at least 57-layer cylinders with the height
of 54 mm. However, it should be stated that narrower nozzles could not
be used for this range of microgel size. For specific applications, using
microgels with smaller size would be applicable to increase the resolu-
tion of the printed constructs.

The influence of printing parameters, including needle sizes, extru-
sion rates, and strand distance were investigated on the diameters of
extruded filaments. G18 and G16 nozzles were applied to investigate the
effect of the size of nozzle on filament diameter. The diameters of the
extruded filaments were increased from 1.94 + 0.03 mm to 2.42 +
0.02 mm when the G18 and G16 nozzles were applied, respectively.

To explore the effect of strand distance, the distance of tip to glass
substrate was adjusted between 1 and 3 mm and filament extruded
through a G18 nozzle. It was observed that the filament diameter
decreased from 1.9 mm to 1.6 mm when the distance between the
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the samples.

needle and printing bed increased to 2 mm. Afterwards, the filament
diameter remained constant when the distance increased to 2.5 mm and
3 mm. Based on the observation, it can be concluded that a 2 mm dis-
tance is enough for the microgels to aggregate and create the possible
narrowest diameter (Fig. 6-b-ii).

The flow rate of the extrusion is also a critical feature on the size of
extruded filaments, since higher extrusion rates limit the required time
for the ink components to interact. The results regarding the optimiza-
tion of the flow rate exhibited that a flow rate multiplier of 0.04 led into
narrower filaments, and the diameter was increased with the increase of
flow rate multiplier (Fig. 6-b-iii).

3.2. Synthesis of [DES] arg/Gly for chemical crosslinking

[DES] arg/Gly was obtained by interaction of Arg with ~OH groups of
glycerol under atmospheric pressure conditions, 120 °C for 25 min,
which resulted in a brown viscous liquid. Fig. S1 shows the structure and
synthesis path of [DES]arg/cly formation. From the point of view of
hydrogen bond formation, glycerol carries three close —OH groups
through which the intermolecular ionic interactions within the arginine
can be easily interrupted. The raw materials were mixed at different
molar ratios and their physical properties were assessed to obtain the
eutectic point. Using Arg:Gly at 1:0.5 molar ratio, even at longer reac-
tion times, a dark pasty-like solid was obtained and discarded from
subsequent evaluation. The other mixtures provided a room tempera-
ture stable liquid and were assessed by density and viscosity measure-
ments to confirm the eutectic point. The lowest density and viscosity
were 1.33 g/cm® and 1200 cP, respectively in 1:2 molar ratio, as shown
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in Fig. S2-a. These data suggest the formation of a 1:2 complex between
parts of amino acid molecules and -OH groups of Gly molecules
(Fig. S1), which is a common behavior in the formation of eutectic
mixtures [29,32]. It should be noted that the viscosity value keeps a
decreasing trend up to 1:4 molar ratios, which is due to the dissolution of
eutectic mixture in excess glycerol.

A 1:2 molar ratio was selected as the eutectic mixture and FT-IR and
'H NMR spectroscopies were used to characterize the interaction be-
tween DES components and the appearance of new interactions. For Gly,
the —O-H stretching characteristic peak appeared at 3367 cm™, which
shifted to 3355 cm™ in the formed DES, indicating the formation of
hydrogen bonds between the components (Fig. S2-b). The vibration for
—N-H at 1678 cm! in the Arg showed a red shift to 1671 cm™ in the
[DES]arg/cly- These results confirmed the formation of intermolecular
interactions between Arg and Gly, which was necessary for the forma-
tion of the eutectic mixture.

'H NMR was used to follow the changes in interactions during
eutectic formation. [DES]asg/Gly was diluted in D,O and the obtained
spectrum was compared with the primary mixture (a mixture of 1:2 ratio
of feed components without eutectic formation) with the same molar
ratio and concentration. The integral of the appeared signals in the
[DES]arg/cly was almost the same with the primary mixture and was
equal to the utilized 1:2 molar ratio. It could be deduced that a complex
eutectic structure was formed by intermolecular physical interactions
without degradation of feed components or formation of possible ester
groups.
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Fig. 10. The relative viability of Fibroblast and Keratinocyte cells compared to the control assessed by the direct contact of cells within the network by MTT assay

after 1 and 7 days (n = 3).

3.3. Catalytic efficiency of [DES]arg/cly to trigger chemical crosslinking

To assess the importance of chemical crosslinking as well as catalytic
efficiency of [DES]arg/qly to trigger chemical crosslinking, two pieces of
3D printed cubic G-gel ;j; samples were immersed in culture medium, in
which one piece has been previously crosslinked by applying [DES]arg/
Gly over the construct. The chemically crosslinked construct retained its
shape and integrity even if the temperature increased up to 45 °C, but
the specimen formed with only physical interactions fragmented within
30 min at the same condition, as shown in Fig. 7-a. This confirmed the
formation of chemical crosslinks in the presence of [DES]arg/qly, and
also demonstrated that the chemical junctions prevented dissolving of
the construct and enhanced shape stability.

In-situ FT-IR spectroscopy and time-sweep rheometery were used to
investigate the kinetic of crosslinking reaction in the presence of
[DES]arg/cly- To observe the variation of characteristic peaks during
crosslinking, a thin layer of ink material was placed on a KBr disc and the
first scan was immediately performed after [DES]arg/Gly Was added. The
subsequent scans were performed at different times as shown in Fig. 7-b
(10 s is the time needed to run the device). A remarkable difference was
observed for the intensity of -NH stretching peaks around 3375 cm’l.
This significant decrease was due to the consumption of gelatin amine
groups by the reaction with the microgel epoxy groups. Moreover,
comparing the second scan (40 s) with the first (10 s) and third (90 s)
scans, indicated that the majority of crosslinking reaction was per-
formed within 30-40 s after [DES]ag/Gly was applied. It was deduced
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that the degree of reaction reaches to maximum accessible level after
90 s, since no specific changes were observed afterwards. Currently, the
reaction of amine with epoxy groups has not been reported at ambient
conditions with such a fast rate. The obtained results indicate that the
developed [DES]arg/Gly can be considered as an efficient catalyst to
trigger the reaction of -NHy nucleophile group with epoxide ring, the
reaction desired for chemical crosslinking of microgels.

To get deeper insight into the role of [DES]arg/cly on the rate of
crosslinking reaction, [DES]arg/Gly aqueous solution (50/50 v/v) was
used at two typical concentrations (1% and 2% w/w with respect to ink)
and time sweep rheometery was run to follow the evolution of the
viscoelastic parameters. As depicted in Fig. 8-a, G and G” were
measured for 20 min at 25 °C. Under these conditions, both systems
showed an increase in G’ value as the reaction progressed, indicating
that the crosslinking occurred. For the sample with 1% w/w [DES]arg/
Gly, the slope of the graph exhibited a significant sharpness in the initial
reaction times (~ min), decreasing thereafter over time. This suggests
that the rate of the crosslinking reaction is much higher than that of the
sample with doubled [DES]arg/Gly concentration, which displayed a
uniform trend in the first 20 min time period. After 20 min of reaction,
the sample with 1% w/w [DES]a.g/Gly reached a storage modulus of 60
kPa, while the latter reached a storage modulus of 5 kPa. Fig. 8-b pre-
sents the plot of G’ versus the oscillatory frequency and the obtained
data revealed a significant difference between these two samples. With
1% w/w [DES]arg/cly, the storage modulus exhibited a plateau in the
0.1-100 Hz, which was indicative of a stable cross-linked network [50].
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Fig. 11. The images of DAPI staining of Fibroblast and Keratinocyte cells with and without ES (10 min/day) after 7 days (n = 3).

This frequency-independent feature also indicated a solid-like behavior
in the cured systems. Although both samples had elasticity dominated
properties up to higher frequencies, the sample with 2% w/w
[DES] arg/cly showed a decreasing trend when the frequency increased.
These results were in contrast with our expectation, since the higher
loading of catalyst was expected to result in a higher degree of cross-
linking and subsequent higher strength. It was believed that the water
molecules in [DES]arg/Gly solution interrupted the attraction of micro-
gels and weakened the formed network. To test our hypothesis, we
prepared bulk samples by mixing pure [DES]arg/cly (with the same
equivalents) with ink material instead of using [DES]arg/cly aqueous
solution, and did compression test (Fig. 8-c). A higher loading of
[DES] arg/cly resulted in a higher strength (9.1 N) and toughness than the
latter, whose strength was only 5.6 N. These superior mechanical
properties were likely related to a higher degree of crosslinking offered
by the catalytic efficiency of pure [DES]arg/Gly and proved our hypoth-
eses that water molecules affected the mechanical properties. The tensile
properties of chemically crosslinked structures were compared with
those before applying [DES]arg/cly. It was observed that the tensile
strength of samples increased from 6.50 + 2.50 kPa to 10.25 + 3.85 kPa
(Fig. 8-d).

In addition to the crosslinking rate, the physiochemical properties
and microstructure of the final hydrogels are critical parameters, which
are affected by [DES]arg/Gly concentration since crosslinking density
depends on the number of formed covalent bonds. Different swelling
behavior, morphology and degradability rate were observed depending
on [DES]arg/Gly concentration (Fig. 9). The maximum amount of water
uptake was measured as 886% and 794% for the networks crosslinked
with 1% and 2% w/w [DES]arg/Gly, respectively. SEM images confirmed
the effect of [DES]arg/Gly loading concentration on the microstructure of
the network (Fig. 9-b). A relatively denser morphology was found for the
samples obtained by 2% w/w [DES]arg/Gly- Indeed, the swelling ratio
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was affected by porosity, and the porosity was dependent on [DES]arg/
Gly concentration. Moreover, the degradation rate is also important for
tissue engineering scaffolds, which depends on the degree of cross-
linking. Degradation results of the hydrogels indicated a faster degra-
dation rate for the samples with lower crosslinking density (Fig. 9-c).
Indeed, the degradation rate of the 3D printed objects could be adjusted
by the amount of [DES]arg/Gly applied. According to these findings, the
performance of [DES]arg/Gly was affected by the applied concentration
and crosslinking conditions such as using pure [DES]arg/Gly or its
aqueous solution. In this work, the applied concentrations of [DES]rg/
cly solution were only for evaluating and demonstrating the efficiency,
performance and effect of [DES]ar¢/Gly on the properties of 3D printed
construct. Therefore, it is suggested that for 3D printing of objects with
different dimensions and geometries, [DES]arg/Gly application must be
considered and optimized accordingly to obtain practical additive
manufactured structures.

3.4. Viability and in vitro cellular stimulation

Conductive biomaterials are considered as attractive materials, have
gained increasing interest since they provide a cell-effective environ-
ment, and can mimic the natural electrical and biological characteristics
of the tissues [51,52]. Many relevant studies have designed conductive
platforms that are useful to promote the formation of functional tissues.
As the cell signaling pathways can be regulated via biological electrical
signals, myotube formation and cell proliferation are affected in the
presence of electrical stimulation (ES) [53,54]. In vitro investigations
have proved that ES can enhance migration and proliferation of cells and
secretion of more extracellular matrix for tissue regeneration [55].
Although DESs were initially introduced as high-potential candidates in
the preparation of innovative materials, their use in the preparation of
ionic soft materials can be considered as a new research topic. It was
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believed the incorporation of [DES]arg/cly could provide a conductive
platform, and subsequently stimulate the cells if electrical pulses were
applied. To evaluate this, the viability of fibroblasts and keratinocytes
was first examined. As shown in Fig. 10, cell viability decreased after
1 day of mixing the ink precursor with both cells. This might be attrib-
uted to different reasons, such as cell death during extrusion through
nozzle and higher polarity of the eutectic mixture; however, direct
contact between cells and hydrogels after 7 days did not significantly
alter cellular activity. We conducted a further in vitro assay to electri-
cally stimulate fibroblasts and keratinocytes proliferation (Fig. 11). The
electrodes were in direct contact with the culture medium during ES
application and were removed after application. An accelerated prolif-
eration of fibroblasts and keratinocytes was observed after the appli-
cation of ES for 7 days, for 10 min/day. DAPI staining confirmed that ES
could significantly increase cell proliferation in the stimulated group
compared to the non-stimulated condition. Cell counting showed that
the proliferation rate of keratinocytes was higher than fibroblasts at the
same time and stimulation conditions. It could be concluded that the
presence of [DES] rg,/ly and application of electrical pulses enhance cell
proliferation indicating the important role of hydrogel conductivity to
stimulate cells. These results confirm previous reports indicating that
the cellular metabolic activity of fibroblasts is enhanced by ES appli-
cation [55,56].

4. Conclusion

The concept of using the jammed state of decorated microgels is
introduced, which results in a self-supporting structure and improves
shape fidelity of 3D printed structures. This is associated to a continuous
and steady flow of the jammed microgels, and a rapid recovery/setting.
3D printed constructs are initially composed of physical crosslinking,
which are formed immediately after the extruding process, followed by a
chemical crosslinking. The presence of hydrophobic segments over the
microgels enhances the attraction of particles, and consequently the
rheological properties and printability of the prepared ink are affected.
For chemical crosslinking, a new approach is provided by applying
[DES] arg/cly to trigger fast covalent network formation. Importantly, the
applied eutectic mixture provides control and versatility on crosslinking
kinetic, mechanical and physiochemical properties, and microstructure
of network depending on [DES]lasg/Gly concentration. With this flexi-
bility, it is possible to control the properties of 3D printed constructs.
Finally, the presence of [DES]arg/Gly opens up new possibilities to design
conductive soft materials, which are promising method to fabricate the
materials with various functionalities.
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