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Abstract

Three-dimensional bio-printing is a rapidly growing field attempting to recreate functional tissues for medical and
pharmaceutical purposes. Development of functional tissues and organs requires the ability to achieve large full-scale
scaffolds that mimic human organs. It is difficult to achieve large scaffolds that can support themselves without
damaging printed cells in the process. The high viscosity needed to support large prints requires high amounts of
pressure that diminishes cell viability and proliferation. By working with the rheological, mechanical, and
microstructural properties of different compositions, a set of biomaterial compositions was identified to have high
structural integrity and shape fidelity without needing a harmful amount of pressure to extrude. Various large scale-
scaffolds were fabricated (up to 3.0 cm, 74 layers) using those hybrid hydrogels ensuring geometric fidelity. This
effort can ensure to fabricate large scaffolds using 3D bio-printing processes ensuring proper internal and external
geometries
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1. Introduction

Due to the advancement of 3D bio-printing and bio-compatible materials, the field of tissue engineering and
regenerative medicine (TERM) has been growing exponentially in recent years. 3D bio-printing is an innovative
technology for fabricating functional tissue, and its growing capabilities along with the increasing availability of
compatible materials has helped with its rapid expanse [1]. For attaining the design specific 3D tissue scaffolds, spatial
control and repeatability of material deposition are crucial. There are three 3D bio-printing processes such as
extrusion-based [2-4], inkjet [5, 6], and laser-assisted [7, 8] bioprinting that achieve these requirements. The extrusion-
based bioprinting process has gained comparatively more attraction among them because it is capability of printing a
diverse range of materials while allowing higher cell density [9]. Highly porous 3D constructs that serve as a temporary
structural support for the growth of isolated cells are often fabricated using naturally growing polymeric materials and
hydrogels [10]. Although hydrogels have many benefits such as high water content, biocompatibility, and
biodegradability, [11-13], one of the biggest challenges with hydrogels is achieving controlled spatiality of the
fabricated 3D scaffold [14]. In order to achieve the desired properties of a particular bio-ink and final structure,
different hydrogel materials are mixed to prepare a hybrid hydrogel [15, 16]. Yield strength is one example of a
mechanical property that must be correct in order to maintain the dimensional accuracy of the scaffold after the
material is extruded from the nozzle [17]. Methods of controlling the yield strength of hydrogel materials include
using viscosity modifiers [ 18-20], changing temperature [21-23], using an external cross-linker [24, 25], incorporating
sacrificial materials [26], and controlling intrinsic rheological properties of the hydrogels [27, 28].

Various bi- and tri-valent cations such as Ca®" [25, 29], Ba** [30], Ga**[31], and AI’*[32] have been used as physical
crosslinkers. Among them, CaCl, and CaSO4 are most common [33]. Pre-crosslinking hydrogels is an approach in
which the physical crosslinkers are included when mixing the hydrogel materials before the printing process [34]. In
this paper we used both viscosity enhancer and pre-crosslinkers (CaCl, and CaSOs) to ensure better shape fidelity of
hybrid hydrogels, improve mechanical properties and achieve a full scaled (in cm scale) printed scaffold. We used
alginate and Carboxymethyl Cellulose (CMC) maintaining < 8% solid content as the base hydrogel materials. As pre-
crosslinkers, CaCl, and CaSO4 were used. The effects of the viscosity enhancer and pre-crosslinker were characterized
by a set of tests including flow analysis and geometric fidelity tests. Finally, two candidate materials were used to
fabricate a large-scale freeform scaffold.
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Table 1: (a) Various Composition prepared with different weight percentages of alginate and CMC and (b) An
overview of all rheological tests.
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2. Hybrid hydrogel preparation

A set of hybrid hydrogels were prepared using alginate and carboxymethyl cellulose and all the compositions were
pre-crosslinked with CaCl, and CaSOs respectively. As candidate material, medium (viscosity >2000 cps of 2% in
water) viscous Alginate (A) (alginic acid sodium salt from brown algae) and carboxymethyl cellulose (CMC) (pH:
6.80) (Sigma-Aldrich, St. Louis, MO, USA) were used. Alginate is the most commonly biopolymer, composed with
(1-4)-linked B-Dmannuronic (M) and a-Lguluronic acids (G). Carboxymethylcellulose (CMC) is an anionic water-
soluble biopolymer which is composed with B-D-glucose and B-D-glucopyranose-2-O-(carboxymethyl)-mono-
sodium salt. Both of them are connected via B-1,4-glucosidic bonds [35]. Three hybrid hydrogels composed with
various weight percentages of alginate and CMC were pre-crosslinked separately with 0.5% (w/v) calcium chloride
(CaCly, CL) and 0.5% (w/v) calcium sulphate (CaSOj4, CS) (Sigma-Aldrich, St. Louis, MO, USA) which resulted total
six compositions in this paper. We maintained a constant 8% (w/v) solid content of alginate and CMC as shown in
Table 1 (a). Food colors are used to differentiate the compositions as shown in Table 1 (a). The extruded filament
should demonstrate a consistent surface and constant width which will subsequently create regular grids, square holes,
and proper layer height. However, hydrogel with more liquid-like state may fuse the released filament, create circular
holes for bi-layer geometry, and eventually close the pore. Therefore, the printability (Pr) [21] of the hydrogel is
defined using the following Equation:

(b)

w1 L?
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Where, L and A, are the perimeter and actual area of the pore. The under gelation (Pr < 1), ideal gelation (Pr=1), and
over gelation (Pr > 1) can be defined using the P, value. To determine the printability, various scaffolds having 2.5
mm raster width (filament to filament distance) were fabricated with a zig-zag pattern using all compositions. The
objective to determining the printability is to identify the shape-holding capacity of the deposited material. Pore
closure or the diffusion rate was determined using the equation (2). Pore images were captured using the CK Olympus
bright field microscope (Tokyo, Japan) and analyzed using ImageJ software.
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3. Yield and flow stress

Rheological measurements were performed using a rotational rheometer (MCR 102, Anton Paar, Graz, Austria) with
parallel plate geometry (25.0 mm flat plate). All measurements were recorded with a 1.0 mm plate-plate gap width at
room temperature (25°C). We conducted the rheological measurement at room temperature because our extrusion
process was performed at room temperature which also facilitated the quick gelation of the deposited filament [36].
A set of rheological tests such as steady rate sweep test, amplitude test, and three-point interval thixotropic test were
done. An overview of those tests is shown Table 1(b).

We performed an amplitude sweep test with a constant frequency of 1 Hz for all compositions to determine the yield
and flow stress as shown in Figure 1 (pre-crosslinked with CaSO,) and Figure 2 (pre-crosslinked with CaCly). This
test defines the linear region of the material under a subsequent frequency sweep. The shear stress or deformation
amplitude is varied while the frequency is kept constant during the test. Storage modulus (G, solid-like) and loss (G,
liquid-like) modulus were resulted from this experiment that can basically identify the complex modulus (G* = G’ +
iG"). Figures 1 and 2 demonstrate that the solid-like state dominated the liquid-like state at lower shear rate for all
compositions. This phenomenon continued until a certain level where both moduli started getting reduced i.e.,
permanent deformation of internal bonds. This linear viscoelastic range (LVR) indicates the range at which the
extrusion can happen without deforming the internal structure of the sample i.e., suspension, preserves the
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sedimentation without permanent deformation. The strain rate at the LVR and corresponding G'which is also known
as yield stress is shown in Figure 3(a).
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Figure 1: The storage and loss modulus, the linear viscosity range, and gel-point for AsC», A4Cs and A,Cs
compositions pre-crosslinked with 0.5% CaSOa.
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Figure 2: The storage and loss modulus, the linear viscosity range, and gel-point for AsC», A4Cs and A,Cs
compositions pre-crosslinked with 0.5% CaCl..
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Figure 3: (a) Yield point, corresponding yield stress, and flow-point, corresponding flow stress for A¢C», A4Cs, and
A»Cg compositions pre-crosslinked with 0.5% CaSO4 (CS) and CaCl, (CL) and (b) Comparison of yield stress FOR
AsCo, ACa, AsCs, ArCs, AND AoCs compositions pre-crosslinked with 0.5% CaSO4 and CaCl,.

It is clear from Figure 3(a) that all compositions pre-crosslinked with CaSO4 showed comparatively less yield stress
than pre-crosslinked with CaCl,. Due to the molecular structure of CaCl,, it is readily soluble in water which often
leads to an uncontrolled release of Ca?" ion and therefore results more crosslinking rate compared to compositions
crosslinked with CaSO4. Alginate is a negatively charged linear copolymer (M and G blocks) which contains
abundance amount of carboxylate ion (-COO-), soluble in the water. The G-block of this material creates bonds to
form gels and GM and M blocks increase the flexibility. More number of carboxylate ion (-COO-) facilitates the
attraction with Ca®"ion, creates physical bonding, and results higher rate of cross-linking. Therefore, A¢Ca, A4Cs and
A,Cs compositions pre-crosslinked with 0.5% CaCl, showed 41%, 32%, and 28% higher yield stress respectively
compared to the same compositions pre-crosslinked with 0.5% CaSOs.
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At the LVR region, the storage modulus dictated (G’ > G") for all compositions which indicates a ‘gel structure’.
There was an intersection point for A4C,4 and A2Cs compositions pre-crosslinked with 0.5% CaSO4 which is known as
the gel-point. Because of high cross-linking rate, A¢Cs pre-crosslinked with 0.5% CaCl, and 0.5% CaSOs did not show
any gel-point within the considered shear rate. When shear strain exceeded the intersection point (which is called the
flow point), liquid-like phase started dominating solid-like phase and caused the material to flow. This flow stress
value is helpful to understand the relationship between extrusion pressure and material flow. Applied pressure must
exceed this LVR strain rate to successfully flow the material through the nozzle. The continuous drop of G'after the
LVR indicates a gradual breakdown of the internal bonds for all the compositions.

4. Geometric analysis and full-scale scaffold fabrication
Acellular bi-layer scaffolds having dimension of 20mm % 20 mm were fabricated with the compositions of AsCo,
A6Co, AsCy, AxCs,and A¢Cs pre-crosslinked with CaCl, and CaSOy for inspecting their manufacturability or printability
as shm:vg in Figure 4.
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Figure 4: (a) Bi-layer scaffolds, (b) Probability and diffusion rate, and (c) Large scale freeform scaffolds fabricated
with the compositions of A¢Cs, A4Cs, and A,Cs compositions pre-crosslinked with 0.5% casos and cacly. The length of
black bar is 10 mm.

Even various compositions showed various amount of pore closure or diffusion rate, all of them showed a decent
amount of printability having a range of 0.86-1.01 as shown in Figure 4(a). All the scaffolds fabricated with CaSQO4
pre-crosslinked compositions were extruded using 29 psi air pressure. Since, the yield stresses of those compositions
were decreasing with increasing the weight percent of alginate, the pore size of the scaffolds fabricated with AsCs,
A4C4, and A,Cq compositions were getting reduced. Eventually, the diffusion rate followed an increasing trend from
11% to 51% as shown in Figure 4(b). In case of compositions A¢C; pre-crosslinked with CaCl,, we needed to increase
the air pressure up to 45 psi to surpass the yield point and create flow of those compositions. This resulted uncontrolled
extrusion, more material release, and eventually more diffusion rate (56% and 39% respectively) as shown in Figure
4(b). To demonstrate the capability of fabricating full-size scaffold, as a candidate composition, we chose AsC pre-
crosslinked with CaCl, and CaSOs, because of its good printability (0.96 and 0.98 respectively). A freeform liver
model with a bounding box dimension and volume of 3.7x1x1.7 (cm?) was used to fabricate as shown in Figure 4(c).
No support structure was used to fabricate this scaffold which indicates the capability to fabricate full-scale freeform
scaffold without sacrificing its geometric fidelity.

5. Discussion

A set of hybrid hydrogels such as AsC», A4Cs, and A>Cs was pre-crosslinked with 0.5% CaCl, and 0.5% CaS04. All
pre-crosslinked hydrogels showed shear thinning behavior i.e., storage and loss modulus reduced with increasing the
shear strain rate. Flow analysis showed that yield stress was percentage of alginate dependent. For same combination
of alginate-CMC, higher yield and flow stresses were resulted pre-crosslinked with CaCl,. Therefore, A¢Co pre-
crosslinked with 0.5% CaCl, showed the highest yield stress. However, we did not get any flow point and
corresponding flow stress within the considered limit of shear strain (0.01 to 100%). We could identify the flow point
by increasing shear strain limit (> 100%). High yield stress requires greater applied force to surpass LVR region and
make a smooth flow of material through the nozzle. It is well established that high applied pressure generates more
shear stress and high cell death as a consequence [37]. Therefore, we can assume pre-crosslinked A¢C, will highly
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affect the encapsulated cell where A;Cg will do minimally after extruding. However, we will choose compositions
prepared with a certain portion of alginate for 3D bio-printing that it can help quick post-crosslinking and more reliable
scaffold geometry during incubation period. The comparative study of the cell viability encapsulated in all pre-
crosslinked compositions is a future direction of this research.

Analysis on bilayer 3D printed scaffolds revealed a good printability and shape holding capability of all pre-
crosslinked compositions. However, A¢C, pre-crosslinked with CaCl, required a substantial amount of applied
pressure where same compositions pre-crosslinked with CaSO, required 35% less applied pressure. Therefore, to
fabricate a full scaffold ensuring good geometric fidelity and cell viability, compositions pre-crosslinked with CaSO4
can be good candidates. We considered composition AsC, pre-crosslinked with both 0.5% CaCl, and 0.5% CaS04
respectively to fabricate a large structure without any support structure where we found morphologically a minimal
geometric difference between them. In future, we will use all the compositions to fabricate the same sample and find
out the geometric difference among them.

6. Conclusion

Pre-crosslinked hydrogels with viscosity enhancer demonstrated an intriguing alternative for 3D bioprinting material
for full-scale scaffold fabrication in this paper. From the applied pressure stand point, to fabricate a full-scaffold
ensuring good geometric fidelity and cell viability, compositions pre-crosslinked with CaSO4 can be good candidates.
We believe, this pre-crosslinking-based physical and mechanical properties controlling technique can open a new
avenue for 3D bio-fabrication of scaffold ensuring proper geometry.
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