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Abstract

The promising success of 3D printing technique with synthetic polymers like nylon, ABS, PLA and epoxy motivates
the researchers to put efforts into fabricating constructs with biocompatible natural polymers. The efforts have been
broadened into various fields such as bioengineering, manufacturing, and regenerative medicine. Additive
biomanufacturing commonly known as 3D bioprinting shows a lot of potential in tissue engineering with those natural
polymers. Some challenges such as achieving printability, maintaining geometry in post printing stage, comforting
encapsulated cells, and ensuring high proliferation are to be resolved to turn this process into a successful trial.
Appropriate design of experiments with a detail rheological investigation can identify useful mechanical properties
which is directly related to shape fidelity of 3D bio-printed scaffolds. As candidate natural polymers, Alginate-low
viscous Carboxymethyl Cellulose (CMC) was used restricting the solid content 8% (w/v). Various rheological tests,
such as the Steady Rate Sweep Test, Thixotropic (3ITT), Amplitude, and Frequency test were performed. The result
indicated that rheological properties are CMC dependent. Printability and shape fidelity were analyzed of the filaments
and scaffolds fabricated with all the combinations. The rheological results were co-related with the printability and
shape fidelity result.
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1. Introduction

3D bio-printing is an emerging cell encapsulated biomaterial i.e. bio-ink depositing technique that uses a computer-
controlled 3D printer to extrude material in a layer-upon-layer fashion [1, 2]. Due to its inherent controllability, bio-
ink can be deposited in specific location to achieve the defined geometry and porosity of the fabricated scaffolds.
Extrusion-based bio-printing allows among various existing 3D bio-printing techniques the usage of a diverse range
of materials and compositions including heterogeneous bio-ink [3]. Hydrogels are demanding candidates for bio-
printing because of its bio-compatibility and capacity to arrange 3D environment with a high water content [4].

Flowability through a small nozzle orifice and resisting deformation after releasing hydrogel from the nozzle [5] are
important to have a successful extrusion process. By developing enough yield strength through quick gelation,
immediate deformation after the release of the material with low viscosity can be restricted. Some factors such as by
adding a viscosity modifier [6, 7], changing temperature [8], using an external cross-linker [9, 10], and controlling
intrinsic rheological properties of the hydrogels [11], the rate of gelation can be controlled. Normally, in extrusion-
based bio-printing, the material is cross-linked after deposition depending on the charges of the scaffold material [12].
Fabricating 3D structure with hydrogel materials ensuring the defined spatiality is challenging [12]. To facilitate this,
various hydrogel materials are mixed to prepare a hybrid hydrogel [13]. Mixing of multiple hydrogel materials also
helps to achieve the required rheological properties to maintain the filament geometry and eventually the scaffold
geometry i.e., the shape fidelity. To achieve the required mechanical strength, one of the rheological properties such
as viscosity of the hydrogel materials plays an important role [14, 15]. It becomes a conflicting choice when a hydrogel
needs to create a suitable habitat for encapsulated cells during extrusion, and it needs to be high-viscous to maintain
the post-printing shape fidelity [16]. Hydrogel precursors having less viscosity such as less than 300 centipoise (cps)
limits the mechanically stable structure [17]. On the other hand, increasing the viscosity of the hydrogel (< 100000
cps) reduces the cell viability and proliferation but increases the mechanical integrity [18]. Sometimes viscosity is
interchangeably used as the rheological properties of hydrogel materials, however, it solely cannot represent the
complex rheological behavior of hydrogel materials [19, 20]. In addition to viscosity, two dynamic moduli such as
storage modulus (G”) and loss modulus (G”) are critical [20]. Storage modulus (G’) and loss modulus (G”) indicate
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the solid-like and liquid-like characteristics of the hydrogel material, respectively. The gelation (G’=G”) point and the
viscosity information can help identify the appropriate bio-ink ingredients. To ensure the shape fidelity of the
fabricated scaffold at post-printing stage, identifying the recovery rate of the released hydrogel is important [21].

CMC is a water-soluble polysaccharide used for thickener or viscosity modifier. It has been reported that addition of
CMC’s matrix protein can help migrate and attach cell [23]. It has also been used for various drug delivery experiments
[24]. In our earlier work, the effect of high viscous CMC was analyzed in bio-printing process [22]. However, to our
best knowledge, the effect of low viscous CMC on bio-printing process is not reported. In this paper, we will prepare
a hybrid hydrogel mixing carboxymethyl cellulose (lower molecular weight) with low viscosity at different weight
percentages with alginate maintaining a constant total solid content 8% (w/v) limiting the viscosity range to 300-
100000 cps. A set of rheological tests enlisted in Table 1 (b) will be conducted to determine the effect of viscosity
modifier on the rheological behavior. Then, the effect of rheological behavior on the printability of the hydrogel
materials will be analyzed. Finally, the effect of rheological behavior will be analyzed to determine the shape fidelity
of the fabricated scaffold.

Table 1: (a) Various Composition prepared with different weight percentages of alginate and CMC and (b) An
overview of all rheological tests.

Sample Alginate CMC  Alginate/ : Rheological tests Variables Outcome
(A)(@® (©)(g) CMC (%) 1 Steady rate sweep | Shearrate 0.1 to 100 | Flow curve, viscosity, shear

ACy 0 8 0/100 1 (sh stress, shear-thinning behavior

A)Cq 2 6 25/75 : Amplitude sweep Sh Storage modulus (G’) and loss

A4C, 4 4 50/50 1 ear 0.1 to 100 | modulus (G”), loss tangent

A¢Cy 6 2 7525y strain (%) (tand)

Ay 8 @ 0 1000 : 3iTT Time 0-60/1 Recovery rate of the hydrogel
| (s)/Shear  61-65/100
1 rate (s1)  66-185/1 (b)
1

2. Hybrid hydrogel preparation

Alginate (alginic acid sodium salt from brown algae) and low viscous carboxymethyl cellulose (CMC) (pH: 6.80)
(Sigma-Aldrich, St. Louis, MO, USA) were used as biomaterials to prepare the bio-ink. The chemical formula of those
biomaterials is shown in Figure 1. Alginate is a common biopolymer, composed of (1-4)-linked B-Dmannuronic (M)
and a-Lguluronic acids (G). Alginate is a negatively charged linear copolymer (M and G blocks) which is soluble in
the water and supports cell growth and exhibits high biocompatibility. The G-block of this material creates bonds to
form gels and GM and M blocks increase the flexibility. Carboxymethylcellulose (CMC) is another naturally or
chemically derived anionic water-soluble biopolymer. CMC is a copolymer of B-D-glucose and -D-glucopyranose-
2-0-(carboxymethyl)-mono-sodium salt which are connected via B-1,4-glucosidic bonds [25]. This material is widely
used as thickener [26] which is also non-toxic and non-allergenic in nature. Each glucose monomer has three hydroxyl
groups which can be substituted by a carboxyl group. More substitution of the hydroxyl group by a carboxyl group
makes the cellulose more soluble, thicken and stable [25]. Various weight percentages of alginate and CMC are used
to prepare five different hybrid hydrogel samples (three replicates of each composition) maintaining the total solid
content 8% (w/v) shown in Table 1(a). Food colors are used to differential the compositions. The overall preparation
procedure of hybrid hydrogel is shown in Figure 1.

G-block o COO Na' CH,OCH,COO Na'
CH,OCH,COO Na’
. [ I
Alginate G(c,)_a(-4) G(‘C;)b]ock Mic) LU= p(c, )b]ock G- M block

_____________________________

Figure 1: Preparation of hybrld hydrogel.
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3. Rheological tests

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 [16].
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).

3.1. Shear thinning behavior

Shear-thinning behavior i.e. reduction of the viscosity with increasing the shear strain rate on hydrogels is crucial for
extruding material through a micron-level nozzle [27]. Hydrogel with higher viscosity experiences higher shear stress
during extrusion through a nozzle, which adversely affects the encapsulated cell. Therefore, shear thinning behavior
of the hydrogel can help create a protective environment for encapsulated cell in extrusion-based 3D bioprinting
technique.

Figure 2(a) shows the log-log plot of viscosity and shear stress vs shear strain rate respectively. Viscosity decreases
with increasing the shear rate for all considered compositions. This phenomenon demonstrates the shear thinning
behavior. Pure 8% alginate shows the lowest viscosity. The viscosity increases with increasing the percentage of CMC
into the composition. However, at shear strain rate of 1.0 s™!, A2Cgs shows the highest viscosity. This composition may
create the highest number of hydrogen and polar bond due to more easily accessible bond sites of polar carbonyl
groups (C* = 0%~) which drives toward a high rate of cross-linking.
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Figure 2: (a) Shear thinning behavior, (b) Storage modulus, and (c) Loss modulus.

3.2. Storage modulus and loss modulus
Complex shear modulus (G*) is one of the factors for viscoelastic suspension, is expressed by the following equation:
G*=G"+iG" @)
Where, G' is the elastic (or storage) modulus, the real component and G" viscous (or loss) modulus, the imaginary
component. The amplitude test for various compositions of the hydrogels at 1 Hz represented the outcome of G’ and
G" vs shear strain (%) in Figures 2 (b, ¢) which demonstrate that with increasing the percentage of CMC into the
alginate suspension, the physical state of the hydrogel is approaching from liquid-like to solid-like state. The liquid-
like state was persisted for all compositions due to domination of the loss modulus over the storage modulus in all
compositions. Loss tangent (tand = G"/G") value smaller than 1 predominantly reflects the elastic behavior, and
greater than 1 predominantly indicates viscous behavior. Figures 2 (b, c) indicate that the difference between G” and
G’ was reduced with increasing the weight percentage of CMC in the composition. The tand value increased with
increasing the shear strain, which indicates the dominance of liquid-like state over solid-state. Therefore, we can
conclude that with less shear strain, G’ may dominant which will help to maintain the shape fidelity of the fabricated
scaffold with compositions having more content weight of CMC. Fabricating cell encapsulated scaffolds with less
applied pressure will also minimize the cell death in post-printing period and eventually will increase cell viability in
long incubation period [28].

3.3. Hydrogel recovery rate

To determine the recovery rate after extrusion, a three point-interval-thixotropy-test was conducted on all the
compositions which is directly related to the shape fidelity of the filament. The first interval of the test imitates the
at-rest state of sample, the second interval resembles the hydrogel decomposition under high shear, and third interval
reflects the structure retention after hydrogel extrusion as shown in Figure 3(a).
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A shear rate of 1.0 s™! was applied for 60 seconds at first. Then, the shear rate was increased to 100 s! for 5 seconds.
Finally, shear rate was reduced to 1.0 s™' and held for 120 seconds. Figure 3(a) shows that the recovery rate of A>Cs
was 87% of its viscosity after 60 seconds where the recovery rate increased to 90% after 120 seconds. Therefore, it is
a good indication that the deposited filament will hold the shape to maintain the geometric fidelity. The recovery rates
of AoCs, A4C4, AsC,, and AoCs after 60s and 120s are shown in Figure 3(b). Even though A¢C, and A¢Cs were showing
very promising recovery rate, there is a high chance these combinations will demonstrate over-deposition and
eventually poor shape fidelity due to lower initial viscosity than other considered compositions. In terms of recovery
rate and initial viscosity, A>Cs and A4Cs4 can be good candidates for 3D bio-printing.
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Figure 3: (a) Three-point thixotropic test and (b) Recovery rate of various compositions at 60s and 120s.

4. 3D scaffold fabrication

BioX (CELLINK, Boston, MA), a three-axis 3D bioprinter, is used to fabricate the scaffold. A set of 3D scaffolds
were fabricated by extruding all compositions pneumatically on a stationary build plane. The printing parameters we
used to fabricate the scaffolds were a nozzle diameter of 410 pum, print speed of 10 mm/s, air pressure of 50 kPa, and
print distance of 0.405mm. A Computer-Aided Design (CAD) software called Rhino 6.0 (https://www.rhino3d.com)
was used to design and define the vectorized toolpath of a scaffold. A G-code generator software named Slicer
(https://www.slicer.org) was used to generate a Bio-X compatible file including the toolpath coordinates and all
process parameters to fabricate the scaffold. A layer-upon-layer fashion was followed to deposit materials. As a
physical crosslinked, 4% (w/v) CaCl, was used after the scaffold fabrication. An overview of scaffold fabrication
process is schematically shown in Figure 4.

Filaments without encapsulating any cell i.e. acellular were deposited with the compositions of AOCS, A2C6, A4C4,
A6C2, and A8CO for investigating their printability. The images of fabricated filaments are captured using the CK
Olympus bright field microscope (Tokyo, Japan). The width of the filament is determined using ImageJ. Fabricated
scaffolds and corresponding filaments with their width are shown Figure 5. This figure indicates that with increasing
the solid content of CMC into the composition, the diffusion of the filament decreased, i.e. properly holding the
geometry of the filament, which eventually will improve the overall shape fidelity of the fabricated scaffold.
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Figure 4: Preparing machine-readable file and execution of 3D fabrication.

Filament fabricated with the composition of A>Cs showed better shape holding ability. Filaments fabricated with
AoCs, A4Cs, A¢Cs, and AsCo showed 17%, 48%, 77% and 94% more diffusion than filament fabricated with A,Cs.
Figure 5(a) also represents the crosslinked scaffolds and filaments. Scaffold fabricated with AoCs composition almost
dissolved into CaCl, due to the absence of alginate.
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Figure 5: (a) Scaffolds and filaments fabricated with various compositions and (b) Filament width.

5. Discussion

Various efforts have been reported to prepare hybrid hydrogels to achieve the proper rheological properties to help
print the scaffolds to maintain the shape fidelity [29]. In our earlier work, we used high viscous CMC into alginate to
analyze printability, shape fidelity and cell viability [22]. To our best knowledge, the effect of low viscous CMC on
bio-printing process is not reported. In this paper, a hybrid hydrogel was prepared mixing carboxymethyl cellulose
(lower molecular weight) with low viscosity at different weight percentages with alginate with an overall 8% (w/v)
total solid content. A,Cs shows highest viscosity (37633 cps) which is within the limit of 300-100000 cps as shown in
Figure 2. Various rheological tests were conducted to determine the effect of low viscous CMC on the hybrid hydrogels
in term of viscosity, shear stress, storage modulus, loss modulus, and recovery rate. The relationship between the
printability and rheological properties of the compositions were identified. Results showed compositions A>Cs and
A4C4 having higher viscosity at lower shear rate and higher post-printing recovery rate can create filament with proper
shape fidelity. Since, hydrogel with lower viscosity can better assist the cell proliferation [18], we can expect that this
composition will show better cell viability in incubation period. Therefore, the future direction of this research is to
identify the maximum height of the scaffolds, A>,C and A4Cs compositions can fabricate ensuring shape fidelity.
Moreover, the scaffolds will be fabricated with A>,Cs and A4C4 compositions encapsulating cell and analyzed the cell
viability and proliferation.

6. Conclusion

This research identified a rheological analysis of various compositions prepared with alginate and low viscous
CMC maintaining a solid content of 8%. The effect of low viscous CMC on the hybrid hydrogels was determined in
terms of viscosity, shear stress, storage modulus, loss modulus, and recovery rate. The relationship between the
printability and rheological properties of the compositions were demonstrated. The illustrated rheological tests and
corresponding printability of those compositions can direct the 3D bio-fabrication of the tailored anisotropic scaffolds,
which will assist in future efforts to fabricate functional tissues.
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