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Abstract

Bioprinting within support media has emerged as the superior alternative to conventional extrusion
printing. Not only because it allows for more freedom over the shapes that can be printed, but also
because it allows for the printing of inks that would not retain shape fidelity in freeform deposition
such as watery liquids. Apart from functioning as mechanical support during embedded printing,
hydrogel microparticle support media can provide the unique advantage of offering distinct
chemotactic cues to cells printed in the baths by varying the composition of the hydrogel
microparticles. There is great potential in compartmentalized granular baths consisting of different
hydrogel particle materials in the field of tissue engineering, as these allow for the local inclusion of
properties or cues to guide tissue development. In this work, we present a method to create
compartmentalized embedding baths by printing multiple granular hydrogel materials that are widely
used in tissue engineering. After adapting the volume fraction (¢;) of the particles in the bath, we print
within them using both inks composed of hydrogel or of cells and other particles suspended in watery
liquid. Our process consists of three steps: First the hydrogel microparticles are packed at a ¢, that
allows them to be extruded while being reversibly jammed, facilitating the localized deposition of the
granular media to form a compartmentalized bath. Then, each granular media is deposited in
succession to create a packed suspension compartment, and by adding liquid post deposition, ¢, is
reduced to allow for embedded printing. Finally, we demonstrate the printing of multiple inks within
the compartmentalized embedding bath, and highlight the distinct differences between using inks
composed of hydrogels or inks composed of particles suspended in watery liquid. This approach
combines the advantages of embedded printing through the use of granular media with the added
ability to pattern multiple bioactive granular materials to locally affect the behaviour of cells printed
within the bath. We expect that this workflow will allow researchers to create spatially
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compartmentalized, customized bioactive embedding baths, that allow for the embedded printing of
inks composed of hydrogels, cells and other particles adapted to their need.

Impact Statement:

While single phase embedding baths allow for the 3D printing of low viscosity inks and particle
suspensions, the inability to compartmentalize them is an obstacle in creating a tissue-like spatial
hierarchy. Current approaches based on hydrogel microparticles in the context of 3D printing either
use a high particle fraction to create granular inks, that cannot function as embedding baths, or too
low particle fraction where they function as granular baths but do not retain shape fidelity and are
thus not printable. We present a process of particle suspensions that allows both for creating
compartments and printing within them, creating multi-material regions with similar embedding
properties. Therefore, future embedded granular printing approaches can achieve higher spatial
chemotactic complexity and control.

1. Introduction:

Additive manufacturing offers the potential for scalable, automated and standardized production of
tissues for medical applications®. Although different bioprinting methods have been developed such
as vat polymerization (also known as Stereolithography (SLA))? and inkjet bioprinting?, extrusion
bioprinting® has been amongst the most popular techniques due to the broad variety of available inks
and the relatively low costs of the equipment®. 3D bioprinting within support media, commonly known
as embedded printing, has triggered a paradigm shift in conventional extrusion 3D bioprinting®. This is
due to the unprecedented freedom of design that is offered in embedded printing, compared to
standard Layer-by-Layer fabrication.

Embedding baths can be distinguished between 1) shear thinning bulk hydrogels”® such as xanthan
gum, 2) highly viscous yield stress fluids such as silicone elastomers®, and 3) granular media that
comprise of individual particles within a liquid phase at a high particle volume fraction(d,)'® with
materials such as gelatin'?, carbopol*? and agar microgels®. The first demonstration of writing within
a granular media, utilized Carbomer microgels as the particle phase of the embedding bath. These
were suspended in water in order to achieve the shear thinning properties necessary for the
suspension to function as an embedding bath'®. There have since been reports of different materials
used as granular baths, ranging in shape from amorphous!* to spherical®®, and consisting of different
compositions®?’,

Hydrogel microparticles have shown great potential in biomedical applications!®, whether they
function as cell carriers, controlled drug delivery moieties, chemotactic stimulators or cell capsules?®.
Through microfluidic production, hydrogel particles can be tailored to imitate specific tissue
environments in terms of mechanical and chemotactic cues®. Scalable fabrication of hydrogel
microparticles has already been demonstrated with a variety of methods?'2?*, and therefore
applications that demand high volumes, such as granular 3D printing inks*>%°, or granular embedding

baths!®141530 gre achievable for industrial scale applications.

A necessary property for a support material to function as an embedding bath is the capacity to thin
when sheared, but thicken when shear is removed. These shear thinning and shear recovery properties
are termed as thixotropy?L. It is important to highlight that it is the gradual change of viscosity under
shear that distinguishes thixotropic behavior compared to a sudden viscosity change due to irreversible
jamming or unjamming3l. A homogenous suspension of spherical particles, with no significant
repulsive or attractive particle to particle interaction, can demonstrate thixotropic properties between
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0.5<¢p<~0.8, which are a prerequisite for both granular inks and granular embedding baths32. Both
particle composition and interstitial liquid composition can change particle to particle interactions, and
can therefore affect the jamming and unjamming transition of the suspension33*. However, the shear
thinning and shear recovery of a particle suspension remains greatly determined by the volume
fraction approximating the jamming regime32. So far, the processing of hydrogel granular media for
embedded printing applications involves pouring the particle suspension into a container, and
removing the water after sedimentation or centrifugation to attain the proper ¢, before performing
embedded printing®131535,

In a separate development, hydrogel microparticles have been used to prepare granular inks for
extrusion printing. In this case, the microgels are generally jammed at a very high ¢, using vacuum
filtration?>2>3540 centrifugation®, solvent evaporation*?, or a combination of the aforementioned.
Resuspending such a granular ink results in particle agglomerates as shown in 2>3¢, unless the hydrogel
microparticles are annealed and thus the ink retains its fidelity?>. Packing particles at a high ¢» as an
injectable slurry which undergoes a secondary covalent inter-particle crosslinking step to form a
structurally stable scaffold with interconnected porosity resulting from imperfect packing of spherical
microgel, has been termed as a Microporous Annealed Particle Scaffold (MAPS)?. There are reports of
MAPS that accelerate wound healing and tissue formation?”*%, modulate cell activity**,and when
combined with spatial control, cells can respond to the different chemotactic cues presented by both
the particles and the interstitial material*%.

Printing of granular inks allows for the spatial design of jammed hydrogel microparticle suspensions.
While initially ¢dp was not investigated, it has become increasingly clear that accurately determining
the ¢p*’, and most importantly handling the hydrogel microparticles in a manner that is reproducible?®,
determines whether the particle suspension will behave as an ink, an embedding bath or an
intermediate phase. Here we present a method where we carefully control ¢, of hydrogel
microparticle formulations so that they can function both as an extrudable material, and as an
embedding bath. We extrude reversibly jammed particles at an ink ¢, in a petri dish, dilute them via
medium addition to a ¢, that allows functioning as an embedding bath, and then print cell suspensions
within them. With the method presented, it is possible to utilize within a single system injectability and
embedding bath properties, by manipulating the volume fraction.

2. Methods
2.1 Dry particle suspensions preparation

Corning® Collagen Coated Microcarriers (Corning) were used as the solid cell carriers for the bioactive
granular inks and bath experiments. The dry particle powder was weighted and placed into a 50ml
falcon tube. Then water, or MSC medium in the case of cell culture, was added supplemented with a
final concentration of 12%v/v lodixanol (STEMCELL technologies).

2.2 Hydrogel particles preparation

Alginate particles were fabricated using in-air microfluidics as described previously??. Briefly low
viscosity 80-120cP sodium Alginate (WAKO PURE) was dispersed in water at a 1% w/v concentration
under continuous stirring until dissolution and was used as the droplet train polymer jet. As a
crosslinker jet an aqueous solution of 0.2M CaCl 10% EtOH was used. Both solutions were jetted
through 75 and 100micron nozzles, and the alginate solution was vibrated to achieve controlled
breakup. This resulted in particles with a diameter of 100 and 150um for each nozzle. All the ejected
material was collected in a 50ml falcon tube, resulting in a dilute alginate particle suspension. For the
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alginate particle suspensions, alginate particles were washed 3 times with water and resuspended in
medium for cell culture (or water for non cell experiments) with the addition of lodixanol at 12% v/v
concentration in order to have a density matched suspension. As hydrogel cell carriers, alginate
particles with a gelatin coating were used, provided generously by lamFluidics B.V.

2.3 Preparation of particle suspension baths for bioprinting.

The hydrogel particles of experimental section 2.2 were immersed in 70% ethanol for 30 minutes, and
then suspended in PBS while being exposed to UV light overnight for sterilization. The particles were
left to sediment overnight in 50ml falcon tubes, after which the PBS supernatant was removed. Before
extrusion, all hydrogel and solid particles were resuspended in MSC medium supplemented with 12%
iodixanol and then strained with a 70 micron Cell strainer (Greiner) via sedimentation. After ensuring
that there was no more droplet formation at the bottom of the cell strainer, the suspension was
considered closely packed ($~0.74). Then it was scooped with a stainless steel spatula into a 30ml luer
lock syringe barrel (BD PLASTIPAK), where the plunger had been removed, as illustrated in Figure 1B.
To prevent loss of material and simplify workflow, a luer lock red cap (BRAUN) was attached on the
syringe after removing the plunger. After transferring of the suspension, the plunger was reattached
and the syringe was gently tapped to bring the particle suspension closer to the plunger. In order to
ensure adequate packing of the particles, the syringe was placed on a vortex up-side down to
mechanically pack the particles at the plunger side. Finally, the luer cap was removed and the printing
needle was attached. In the case of a smaller printer syringe module, a female/female luer lock adapter
(CELLINK) can be used to transfer the suspension.

2.4 Cell culture and preparation of cell suspension inks.

GFP-Expressing Human Bone Marrow-Derived Mesenchymal Stromal Cells (GFP-MSCs; Angio-
Proteomie, cAP-0050GFP) were used. These were seeded in a standard culture flask at a density of
5000-10000 cells/cm? and cultured in Dulbecco's Modified Eagle Medium supplemented with 10% FBS
and 1% Pen/Strep (MSC medium). When the cells reached ~80% confluence, trypsin/EDTA was used
to detach the cells. Detached cells were resuspended and transferred to a 50 mL tube which was
centrifuged at 300G for three minutes. The supernatant was aspirated and one mL of corresponding
medium was added. Finally, the cells were counted using a counting chamber and were resuspended
in MSC medium containing 12% Optiprep at a cell concentration of 2*10° cells/ml. A 1 mL syringe (Luer-
lock Plastipak, BD) was loaded with the cell suspension and used for 3D printing. The syringe was
loaded using a 18G sterile nozzle to aspirate the cell suspension ink.

2.5 Hydrogel ink

For the hydrogel ink, Xanthan gum powder (11138-66-2, Sigma) at 3% w/v concentration and
fluorescent pink acrylic paint (22.934, Acrylics Vallejo) at 1% v/v were dispersed in water overnight,
under constant stirring.

2.6 Particle suspension inks

For the emulsion ink, fluorescent pink acrylic paint (22.934, Acrylics Vallejo) at 10% v/v was dispersed
in hot water and mixed overnight under constant stirring. For the iron suspension, iron (ll) oxide (FeO)
powder (400866, Sigma Aldrich) was dispersed in 12% lodixanol solution (OptiPrep™, STEMCELL
TECHNOLOGIES) in order to extend sedimentation time and allow for extrusion.
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2.7 3D printing

The g-code was programmed in-house and optimized for the 3D printer that was used in this study
(DR.INVIVO; ROKIT Healthcare). All g-codes were executed with 20mm/s speed. For suspension inks
the E value (distance traversed by plunger) of the g-code was calculated using the formula
Vobject=Vdispensed Where Vopject=lobject Ttron? and Vaispensed=ETtpiunger SOIVing for E. This value is used as 100%
fill volume of the cavity opened by the nozzle in the granular medium, and E150, E200 are those values
multiplied by 1.5 and 2, respectively. For hydrogel inks, the inner diameter of the nozzle was used as
the radius of the object to be printed.

2.8 Imaging

Microscopy images were taken using an EVOS FL (ThermoFisher Scientific) using brightfield microscopy
and a GFP filter. Macroscopic pictures were taken using a DSLR camera in a photo booth illuminated
with UV led light strips.

2.9 Statistical analysis

Analysis of variance (ANOVA) one way and post hoc Tukey’s test with honestly significant difference
(HSD) was performed on the raw date to determine the significance of differences between the
resolution of hydrogel inks (3.1) and suspension in aqueous viscosity inks (3.2) . The denotation of
***p<0.001 was used to indicate the significance level where it was applicable. Two way ANOVA and
Tukey test with honest significant difference (HST) was performed for the violin plot of section 3.2,
corresponding to table 1. Statistical analysis of section 3.2 was not integrated into the plot, since it
would negatively impact readability.

A. Spherical microgels B. Tuning the fraction to ¢,~0.74

C. Bath Injection D. Resuspension E.Embedded printing .
to ¢,~0.64 Hydrogels Suspensnons

" During print

Figure 1: Schematic summary of processing particle suspensions as injectables and 3D printing
embedding baths. (A) Uniform spherical microgel suspensions of different sizes and compositions in
water are produced using microfluidic production methods. (B) The particle dilute suspension is
transferred onto a cell strainer with a mesh diameter smaller than the particle diameter. Thus the @,
of the suspension is increased to ~0.74 (close packing) without compromising the hydrogel particles
through vacuum or centrifuging. When there is no more liquid dripping from the cell strainer, the
suspensions are transferred into a syringe container compatible with the 3D printing apparatus in such
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a way that volume fraction remains constant. For this, suspensions are scooped into a large syringe
and the syringe is subsequently vibrated to force the suspension on the plunger of the syringe. Then the
air is removed from the syringe by moving the plunger and the suspension is transferred to the printing
syringe using a female to female Luer lock connector. (C) The granular inks are subsequently injected
into a petri dish, where multiple granular inks can be combined for the creation of compartments. (D)
Then, a controlled amount of cell medium is added (10% of the total volume of particle suspension
injected in the petri dish) in order to lower the particles ¢, to ~0.64 and gain embedding bath
properties. (E) Hydrogel inks and particle suspensions can now be printed within the
compartmentalized embedding bath.

3. Experiment

3.1 Assessment and comparison of Alginate particles, Gelatin-coated Alginate particles, and
collagen coated solid particles in terms of printability and embedding bath potential for the 3D
printing of hydrogel inks.

4ml of each particle type were packed at ~0.74 ¢p as described in the methods section and Figure 1B
and were injected onto a petri dish and 400l of water was added gently on top to reach a ¢,~0.64.
Hydrogel particles were able to extrude, however solid carriers jammed irreversibly and could thus not
be extruded. Therefore, the solid cell carriers were scooped with a spatula after packing. Xanthan
hydrogel ink could be printed without a support bath, but this resulted in a poor printing resolution of
653 + 28um as the material spread out after extrusion due to its liquid behaviour. Apart from a poor
resolution, this also resulted in poor shape fidelity due to the merging of subsequent lines in the
corners (Figure 2.C. i and ii). Extrusion in the three different bath materials resulted in a better
resolution of 545+ 72um, 522 + 42um and 493 + 46um respectively, as shown in Figure 2.B using violin
plots. Shape fidelity was also better preserved due to the stabilizing effect of the bath as shown In
Figure 2.C macroscopically and microscopically, and as shown in Figure S3 for a large 3D print with a
complex shape. The microscopy images were used to assess the fidelity of the 3D print in each
condition. In all cases, printing within the bath improved the fidelity of the ink. The particle opacity is
another significant parameter as seen when the gelatin coated and uncoated alginate hydrogel
particles are compared to the collagen coated solid particles (Figure 2.C (i-viii). Imaging both
macroscopically and microscopically was significantly more challenging in the case of solid particles.

3.2 Printing and assessment of iron particle, pigment emulsion and MSC cell suspension inks in
granular suspensions of Alginate hydrogel microparticles with different infill (E) values
highlighting the impact of nozzle choice.

4ml of alginate hydrogel microparticle suspensions were injected in 35mm petri dishes and 400uL of
water was added to the suspension to reach a ¢$,~0.64 to enable embedded printing. Suspension inks
of iron particles, GFP-MSC cells and pigment emulsion were printed with a 22G straight needle.
Immediately after print, the printed lines were visible, especially in the case of the emulsion pigment
(Figure 3.A.i), but they rapidly diffused to the surrounding area resulting in an amorphous mix (Figure
3.A.ii). This result occurred in all cases of particle suspension inks and was validated microscopically
(Figure 3.A.iii-iv). Notably when a 90° bent needle was used, the printed lines retained their shape and
size (Figure 3.B.i). Then in order to validate that this is a controlled process, the E value was increased
in 50% intervals, resulting in a proportional increase of feature diameter, while retaining the overall
shape (Figure 3.B.ii-x) for all variations of suspension inks. In order to validate that the particles are
indeed suspended, different height focus points on the z axis of the same spot were imaged and
contrast enhanced (Figure 3.C.i-vi). It is shown that the particles were trapped within the interstitial
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space of the hydrogel particles in 3C. The feature diameter was quantified for each type of suspension
ink, and all suspension inks showed similar resolution at E-value equal to 100% of the nozzle OD. The
iron particles showed a significant increase in diameter of print when the flow rate was increased. They
are notably smaller than the other two suspension ink particles, and thus this observed diameter
increase can be correlated.

Table 1. Two-Way ANOVA for figure 3.C with Tukey’s test

Overall ANOVA DF Sum of Squares Mean Square F Value p Value
Ink type 2 2.9149E7 1.45745E7 556.64793 <0.0001
E-value 2 1.83062E7 9153094.35689 349.58692 <0.0001
Interaction 4 8342163.19858 2085540.79964 79.65369 <0.0001
Model 8 5.57973E7 6974666.50454 266.38556 <0.0001
Error 108 2827720.77216 26182.59974

Corrected total 116 5.86251E7

Ink type MeanDiff SEM q Value Prob Alpha  Sig LCL UCL
Iron powder red emulsion 1010.20631 36.64284 38.98845 <0.0001 0.05 1 923.12614 1097.28648
GFP cells red emulsion -91.32541 36.64284  3.52466  0.03751  0.05 1 —178.40558 —4.24524
GFP cells iron powder —1101.53172  36.64284 4251311 <0.0001 0.05 I —1188.61189 —1014.45155
E-value MeanDiff SEM q Value Prob Alpha Sig LCL UCL
150 100 545.58105 36.64284 21.05645 <0.0001 0.05 1 458.50088 632.66122
200 100 966.21692 36.64284 37.2907 <0.0001 0.05 1 879.13675 1053.29709
200 150 420.63587 36.64284 16.23425 <0.0001 0.05 1 383.:5557 507.71604

At the 0.05 level, the population means of Ink type are significantly different. At the 0.05 level, the
population means of E-value are significantly different. At the 0.05 level, the interaction between Ink
type and E-value are significantly different.

3.3 Demonstration of cell suspension ink printing in a printed, compartmentalized bath of
alginate particles combined with alginate-gelatin coated particles.

2ml of Alginate particles and 2 ml of Gelatin coated Alginate hydrogel particles were printed opposite
to each other in a 35mm petri dish in order to create a compartmentalized suspension and 400pL of
MSC medium was added to reach a ¢,~ 64(Figure 4.A.i-ii). Then GFP-MSC cell suspension inks were
printed across the compartmentalized embedding bath with a 90° bent 27G needle, spanning both
regions of the bath at different E-values. In all cases the cells are trapped in the interstitial space
between the particles in a linear format, and increasing the E-value increased both the number of the
cells and the diameter of the line (Figure 4.B.i-ix). Due to the difference in the optical index of the
Gelatin coated particles, the compartment borders are clearly visible (Figure 4.B.ii,v,ix). A few Gelatin
coated alginate particles can be observed to be dragged along in the alginate particle area from the
nozzle, but without disturbing the overall compartmentalization of the embedding bath and still
retaining print fidelity (Figure 4.B.iii,vi,ix). As the alginate-gelatin coated particles allow for cell
attachment and the alginate particles do not, the printed cells can potentially behave differently in the
two compartments. Although this was not seen upon culture in this experiment, potentially due to
the relatively low cell density after printing, a different proof-of-principle experiment where an ink
consisting of cells suspended in 8 mg/ml fibrinogen was printed in a compartmentalized bath consisting
of alginate particles combined with coated alginate particles did show a clear difference in behaviour
of the cells within the two compartments (Figure S2).
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Discussion

Embedding baths have enabled unprecedented control over the designs that can be 3D printed via
extrusion bioprinting®. Due to the early stage development of the method, having its debut in 2015%°
the principal mechanisms and classifications that are necessary to be considered in order to ensure
reproducibility are not yet elucidated. A first level of distinction is necessary when embedded printing
is conducted regarding the ink type that is extruded within the bath as we showed in this study;
whether the ink is a particle suspension such as cells in medium or a Newtonian fluid phase®*, a cell
laden hydrogel that exhibits thixotropic properties such as GelMA®°, or an in-situ crosslinking material
which would fall somewhere in between>>! (Figure S.2).
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Figure 2: Assessment of embedding bath potential for Alginate particles, Gelatin coated alginate
hydrogel particles, and collagen coated solid carriers. (A) Workflow illustration for the loading of
particles in the container, resuspension and 3D printing within it. Collagen coated solid carriers could
not be printed, so they were scooped into the container. (B) Quantification of print resolution for the
xanthan hydrogel ink, without a bath and in different embedding baths. Fidelity of shape increases by
using a support bath in all cases compared to the control with a significant difference of p<0.001 (***)
but no statistical significance compared between different baths. (C) i,iii,v,vii macroscopic images of
the 3D printed ink within the bath. The opaque nature of the gelatin coated carriers makes imaging
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difficult. ii,iv,vi,viii microscopic imaging of the xanthan ink, fidelity is visibly better when baths are used,
both in resolution diameter but also in feature fidelity as noted in the sharp turns of the snake design.
White scale bar=1mm Red scale bar=5mm.

The second level of distinction is whether the printing of the ink of choice occurs in continuous
viscoelastic hydrogel baths”® or granular medial®*2, When focused on granular media, the key
parameters seem to be the particle size, particle type, particle to particle interaction, particle volume
fraction and interstitial liquid phase. This can be observed in the vastly different results when carbopol
EDT2020, a micelle particle <1 micron®? is used. This embedding bath material allows for high fidelity
printing with a straight needle, but does not allow the cell takeover of the interstitial space as can be
observed in the literature3%4, In contrast, when microparticles of several tens of microns(>80um) are
used as an embedding bath, and thixotropic ink or in situ-crosslinking print fidelity is achieved, the
embedding bath acts only as a mechanical support and patterning moiety, and the key interplay is
between the cells and the ink used®’. In order to combine the chemotactic potential of hydrogel
microparticles, the desired outcome would be to allow the cells to directly interact with the particles
of the embedding bath suspension.

We also demonstrated in our work that the embedded printing of particle suspension inks (including
cell inks as they have been termed), is not possible with a straight nozzle when using embedding baths
consisting of particles of >80um suspended in water or medium. Modifying the interstitial liquid phase
with a viscous polymer has been employed in order to assist fidelity®?, but then the problem of not
allowing the cells to directly interact with the particle suspension reemerges and the particle
suspension again mainly operates as a porogen and mechanical support. Moreover, modifying the
interstitial phase of the embedding bath particle suspension creates a cascade of interactions for the
mechanics of the particle suspension, which leads to a case by case workflow®>. Our work
demonstrates how to print suspension inks without altering the composition of the embedding bath,
but rather alter the nozzle architecture to fit the ink behavior. The aforementioned parameters also
apply to the injectability of the particle suspensions, since modifying the interstitial phase> or the
particle shape and size®®, leads to a different rheological behavior.

Volume fraction has been identified as an important parameter®® for the behavior of embedding baths,
but itis in no case the only one. In our work we demonstrate that controlling the volume fraction, with
uniform hydrogel particles with a size of 100 and 150um, and an interstitial phase of water or cell
medium, the particles can be injected into a container, and by adding liquid we can turn a granular ink
into a granular embedding bath. We also demonstrate that a solid particle suspension at a similar
particle fraction, simply does not work the same (Figure 2) thus highlighting the importance of particle
type for this approach.
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Figure 3: Assessment of printing potential of suspension inks within granular embedding baths. (A)
Using a straight nozzle for suspension inks results in loss of features after a few seconds of deposition
(i,ii) and the result was consistent in every type of particle ink, as it was observed with emulsion pigment
(i), iron particles (ii) and GFP-MSCs (iii). (B) Using a 27G 90° bent nozzle the feature is retained (i) and
the diameter of features increases proportionately, to the E value for the emulsion ink (i-iii), the iron
particle ink (iv-vi) and the cell suspension ink (viii-x). Both the E value and the type of ink differ in a
statistically significant manner, as shown in Table 1. (C) The particles are suspended in 3D, throughout
the embedding bath interstitial space as it was observed at different z levels (i,iii,v) and made clear
when the contrast was enhanced (ii,iv,vi) (D) The printed lines of all suspension inks was quantified
and compared across E value and particle ink type. Black scalebar 5mm, white scale bar=1mm
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Then we perform embedded printing and demonstrate the improvement in fidelity of a xanthan gum
ink, while also highlighting the effect of particle opacity for imaging the target print. Even with a
fluorescent pigment color the particle suspension hinders precise visualization with microscopy as
shown in Figure 2C. Removing the suspension for imaging via dilution is possible, but then the structure
will be subjected to perturbations and in the case of fragile structures, it will result in deformation.
Matching the optical index of the particles with the interstitial fluid can be a solution but caution must
be exercised in to not affect the rheological or chemotactic properties of the particle suspension.

The limitations in our study are present in four key areas. The first is that this workflow is reproducible
for uniform, spherical, hydrogel particles. The uniformity of shape and size aspect is a prerequisite
since that is how the ¢, can be estimated reproducibly for different materials®’. Different shapes of
particles result in different packing fractions®® with the same methodology and thus will yield different
results. Particle size is also directly correlated with the interstitial volume, and thus if the embedding
bath particles are too large relatively to the ink particles, the suspension ink particles will flow through
the gaps.

The second limitation is regarding the extrusion of the embedding bath particle suspension as inks. In
our work, the flow of the particle suspension during injection is continuous but inconsistent, in the
sense that due to pressure build up in the syringe, the particle suspension flows initially as more liquid
like, and gradually a more jammed suspension exits the nozzle. Since the hydrogel particles during the
injection phase have not deformed and agglomerated from the process, after complete extrusion of
the particle suspension, the final ¢, will be the same as the ¢, in the syringe. To completely control
the compartmentalization of the embedding baths, a controlled flow of reversibly jammed particles
would be ideal but this has not been demonstrated in the literature so far. Thus, to the best of our
knowledge we have not yet encountered 3D printing of granular suspensions and we hypothesize that
this inconsistent flow has been encountered in literature when dense particle suspensions are
extruded. Studies that do report granular hydrogel inks utilize “overjamming” via vacuuming?, which
might lead to a consistent flow of particles, but results in irreversibly jammed particles that cannot be
resuspended to an embedding bath ¢p by just adding liquid.

The third limitation is present in the printing of suspension inks. In this study, the particles within
the suspension inks are smaller than the particles that constitute the embedding bath. This makes
it possible for the particles within the ink to flow through the interstitial spaces between the
embedding bath particles when a standard nozzle is used. Our hypothesis for the fact that a 90°
bent nozzle allows the printing of suspension inks, is that a granular diffusion packing, similar to
diffusion packing occurs®. The direction of the particle velocity and the direction of the embedding
bath disturbance from the nozzle architecture combined is a determining condition for successful
printing. This indicates that sheet shaped prints or volume shapes will be difficult or impossible to
print with current approaches, regardless of whether a straight or a bent nozzle is used.
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Figure 4: Printing cell suspensions in compartmentalized baths. (A) Injection of Alginate hydrogel
particles (i) and injection of Gelatin coated particles and resuspension with medium (ii) to prepare
the compartmentalized embedding bath. (B) After GFP-MSCs suspension ink printing using a 27G
90° bent nozzle with different E values in the gelatin coated alginate particle side (i,iv,vii), across
the interface (ii,v,viii) and into the alginate particle side iii,vi,ix. Black scale bar 5mm, white scale
bar Imm.

The final limitation is present in the medium change, fixation and staining processing that is
necessary in most tissue engineering protocols. By definition, a particle suspension is dynamic and
sensitive to the addition or subtraction of liquid volume. While we offer solutions for medium

Embedded printing of hydrogels and watery suspensions of cells in patterned granular baths
VD Trikalitis, J Perea Paizal, V Rangel, F Stein, ] Rouwkema
2024, Tissue Engineering Part C: Methods



change aimed for cell and tissue culture (S.1.), fixating and staining, which usually requires
extensive washing steps, would necessitate that the printed tissue or structure would be robust
enough to withstand the process. Simply put, if the tissue is too fragile to be removed from the
suspension, it will be also fragile to be fixated, and stained (S.1). Thus, our method is useful for
matured tissues and robust structures but would probably fall short for frangible assemblies.

Conclusions

Implementing the practice of a controlled volume fraction, Alginate and Gelatin coated Alginate
hydrogel particles could be reversibly jammed and used as an extrudable ink to form embedding baths.
Solid cell carriers could not be extruded due to clogging, but could still be used to form embedding
baths. After marginally lowering the particle volume fraction to attain embedding bath properties, all
investigated granular embedding bath materials allowed for reproducible embedded 3D printing of
hydrogel inks and suspensions of cells or particles in watery liquid.. For suspension inks such as cell
suspensions, iron powder suspensions or emulsions, for which the size of the particles in the ink was
more than 10 times smaller than the size of the particles composing the embedding bath, a 90° bent
nozzle had to be used in order to achieve feature fidelity. The resolution of the printed lines was
dependent on the outer diameter of the nozzle, but mainly on the amount of extruded ink which is
connected to the infill volume or the E-value in the G-code of the printer. Notably, the embedding
baths can become compartmentalized by printing the different bath particles at different positions.
This allowed for the printing of cell suspensions spanning both compartments, thus offering spatial
variations in the chemotactic cues that the printed cells experience. The proposed framework offers
the potential to print suspension inks and hydrogel inks within compartmentalized embedding baths
that can provide local chemotactic cues based on the bath design, which has the potential to locally
control cell behaviour when printed cells are cultured within the embedding bath.
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Supplementary Figure 1: Methods to change media without disturbing the suspension. The surface
area of the particle suspensions is notably high, and thus evaporation is prominent. (A) When
incubated, the suspension dries and needs daily medium change, which for a 35mm dish it was found



to be empirically to be 200l per day for 4ml of dense particle suspension, which attributes for %5
loss of liquid volume. On the second day of incubation without medium addition, the particle
the case of a petri dish, daily medium supplementation is necessary and it must be done gently by
additing the medium on the sides of the dish, in order to not disturb the suspension (B.i). If the
medium is pipetted rapidly and on top of the suspension, it will disturb the suspension and result in
deformation of printed features and suspension compartments (B.ii). (C) Perfusable chambers are a
potential solution for long term incubation of granular suspensions, since the inflow and outflow can
remain stable while evaporation can be prevented by not leaving an exposed surface, after injection
and printing.
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Supplementary Figure 2: Printing in-situ crosslinking inks comprising of cells suspended in 8 mg/ml
fibrinogen with a straight nozzle, within a compartmentalized granular bath of agarose-collagen
(AgColl) and agarose (Ag) particles, that contains 10U/ml thrombin in the interstitial liquid phase.
Using in situ crosslinking for cell suspension inks with a straight nozzle demonstrated mixed
results. In the AgColl compartment, the cells spread through the suspension resulting in a loss of
feature, while in the Ag phase the cells agglomerate in the fibrin area. The fidelity of the prints is
also of low quality since it was demonstrated in Figure 3 that cell suspension inks can be printed
with a 90 bent nozzle, and the in situ crosslinking necessitates extensive optimization to mimic
hydrogel ink printing. In both print 1 (250um needle ID) and print 2 (450um needle ID) the
compartments trigger a different behavior to the cells (Print 1 b.,c.,d., compared to Print 2.b.,c.)
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Supplementary Figure 3: Heart shape printed using a 3% xanthan ink with red carmine pigment 1%
w/v for visualization. (A) A model of a simple heart shape as seen from the front (i) and side (ii)
cannot be printed without support as shown in the control print (iii). Using a carbopol EDT2020
granular support, the fidelity is drastically improved compared to the no-bath control and the
printed heart is clearly visible from both the front (lv) and the side (v). Using Alginate 1% microgels
of 150um, the print fidelity is also drastically improved compared to the no-bath control. However,
the slight mismatch between the optical index of the water medium and the alginate particles
causes a blur that makes large constructs harder to visualize.
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