Effects of Transglutaminase Cross-linking Process on Printability of Gelatin

Microgel-Gelatin Solution Composite Bioink
Kaidong Song', Bing Ren'!, Yingnan Zhai', Wenxuan Chai', Yong Huang'"
! Department of Mechanical and Aerospace Engineering, University of Florida, Gainesville,
Florida 32611, USA
2 Department of Biomedical Engineering, University of Florida, Gainesville, Florida 32611,
USA
* Corresponding author: Department of Mechanical and Aerospace Engineering, University of
Florida, Gainesville, FL 32611, USA, Phone: 001-352-392-5520, Fax: 001- 352-392-7303,

Email: yongh@ufl.edu

Abstract

Three-dimensional (3D) bioprinting has emerged as a powerful engineering approach for various
tissue engineering applications, particularly for the development of 3D cellular structures with
unique mechanical and/or biological properties. For the jammed gelatin microgel-gelatin solution
composite bioink, comprising a discrete phase of microgels (enzymatically gelled gelatin
microgels) and a cross-linkable continuous gelatin precursor solution-based phase containing
transglutaminase (TG), its rheology properties and printability change gradually due to the TG
enzyme-induced cross-linking process. The objective of this study is to establish a direct mapping
between the printability of the gelatin microgel-gelatin solution based cross-linkable composite
bioink and the TG concentration and cross-linking time, respectively. Due to the inclusion of TG
in the composite bioink, the bioink starts cross-linking once prepared and is usually prepared right

before a printing process. Herein, the bioink printability is evaluated based on the three metrics:
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injectability, feature formability, and process-induced cell injury. In this study, the rheology
properties such as the storage modulus and viscosity have been first systematically investigated
and predicted at different TG concentrations and times during the cross-linking process using the
first-order cross-linking kinetics model. The storage modulus and viscosity have been
satisfactorily modeled as exponential functions of the TG concentration and time with an
experimentally calibrated cross-linking kinetic rate constant. Furthermore, the injectability, feature
formability, and process-induced cell injury have been successfully correlated to the TG
concentration and cross-linking time via the storage modulus, viscosity, and/or process-induced
shear stress. By combing the good injectability, good feature formability, and satisfactory cell
viability zones, a good printability zone (1.65, 0.61, and 0.31 hours for the composite bioinks with
1.00, 2.00, and 4.00% w/v TG, respectively) has been established during the printing of mouse
fibroblast-based 2% gelatin B microgel-3% gelatin B solution composite bioink. This printability
zone approach can be extended to the use of other cross-linkable bioinks for bioprinting

applications.
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1. Introduction

Recently, three-dimensional (3D) bioprinting has emerged as a powerful engineering approach for
various tissue engineering applications, particularly for the development of 3D cellular constructs
with unique mechanical and/or biological properties [1-4]. During a typical 3D bioprinting process,
acellular or cellular bioinks are precisely deposited from a bioprinter as voxel or filament building

blocks, layer upon layer, during freeform manufacturing of various 3D constructs, which can be



represented through computer-aided design (CAD) models of tissues/organs to be replaced. The
bioink materials are comprised of various materials, including extracellular matrix materials, living
cells, and/or any other additives [5] alone or in combination. From an engineering perspective,
good bioink materials are expected to possess a repertoire of characteristics for bioprinting. First,
they should possess appropriate physiochemical properties, such as shear thinning, appropriate
viscosity, in addition to post-printing structural stability [6,7]. Second, they need to have the ability
to provide a biocompatible environment in which cellular activities (i.e., encapsulate, migrate,
proliferate, and differentiate) can be well developed and maintained [8]. Hydrogel materials such
as gelatin, collagen, hyaluronic acid, alginate, and chitosan are excellent bioink materials with a
broad range of applications due to their desirable capabilities in mimicking extracellular matrix

(ECM) with specific physical and chemical properties.

Of these hydrogel materials, gelatin, a product of denatured and partially hydrolyzed collagen, is
one of the most attractive bioink materials with biological cues containing the cell adhesion motif
(arginine-glycine-aspartic acid (RGD) sequences) [9] and widely utilized for tissue engineering
applications including bioprinting [ 10-12]. However, the 3D bioprinting of constructs using gelatin
or gelatin-based bioinks presents two key engineering challenges. First, gelatin deposition is
typically carried out by heating gelatin to be liquid above its normal physiological temperature,
followed by immediate delivery into a cold environment for gelation [13] for its thermoreversible
property. Such serve temperature conditions may cause some possible temperature-induced cell
damage [14] in addition to the effect of temperature drop on the increased ink viscosity. Second,
chemically modified gelatin bioinks (such as gelatin methacrylate, GeIMA) may require extra

chemical modification of native gelatin to introduce the functional groups for controlled physical



or chemical hydrogel formation, and the required cross-linking stimuli such as ultraviolet
irradiation might injure living cells [15-18]. To overcome these challenges and improve the gelatin
ink printability without sacrificing its biocompatibility, a jammed gelatin microgel-gelatin solution
composite bioink has been successfully proposed for bioprinting applications [19,20]. Such a
gelatin composite bioink is a yield-stress fluid, comprising a discrete phase of microgels
(enzymatically gelled gelatin microgels) and a cross-linkable continuous gelatin precursor
solution-based phase containing transglutaminase (TG). The continuous gelatin solution phase
may be cellular or acellular, depending on various applications. The jammed gelatin-based
microgels function as the rheology modifier for the gelatin solution to provide yield-stress and
shear-thinning characteristics. In a jammed microgel system, the microgels can flow and recover
(gel-sol and sol-gel transitions) by responding to applied stress without further solidification to
keep printed constructs in place. This attractive yield-stress fluid property of the jammed microgel-
based composite bioink can minimize the immediate need for any possible cytotoxic cross-linking
process during 3D printing, making it ideal for bioprinting applications, in particular, extrusion
bioprinting. To form gelatin-based constructs that are stable under physiological conditions, TG,
an enzyme with high activity under physiological conditions and catalyzing the formation of
covalent bonds between protein molecules, is selected to enzymatically cross-link the gelatin
precursor continuous phase of the composite bioink [13,21]. Indeed, enzymatic cross-linking also
provides several advantages, such as mild reaction conditions (e.g., neutral pH, aqueous medium,
and physiological temperature) and less likely to have unwanted side reactions and cytotoxicity as

for chemically modified gelatins (such as ultraviolet light-induced cell damage) [13,15,17].
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The objective of this study is to establish a direct mapping between the printability of a jammed
gelatin microgel-gelatin precursor solution-based cross-linkable composite bioink and the TG
concentration and cross-linking time, respectively, during extrusion bioprinting. For bioprinting
studies, rheological properties are usually used as the metrics to evaluate the printability of a bioink
due to their critical roles in achieving successful 3D printing processes [22]. Paxton et al. [23]
described a reproducible method for assessing the printability of bioinks through rheological
assessment in terms of the shear-thinning and yield-stress properties. Gao et al. [24] investigated
the influence of material storage (G') and loss (G") moduli and their respective ratio (tand) on the
printability of gelatin-alginate composite ink. Liu ef al. [25] presented a study to determine the
relationship between rheological properties (viscosity, shear moduli, and yield stress) and the 3D
printability in a carrageenan-xanthan-starch multi-component printing system. Diamantides ef al.
[26] studied the dependence of storage modulus on the cell density and reported that a higher cell
density might result in better printability. More recently, Tan et al. [27] evaluated the preheating
condition on the printability of gelatin-TG ink in terms of the ink shear moduli and viscosity.
However, such identified knowledge of the rheological property-dependent printability cannot be
readily applied to the study of the proposed TG-containing cross-linking composite bioink since
the TG enzyme-induced cross-linking process gradually affects the ink rheology properties [13,28].
For better use of the proposed cross-linking composite bioink, it is of great interest to develop a
direct methodology to evaluate the printability instead of its rheological properties, which is the

subject of this study.

Due to the inclusion of TG in the composite bioink, the bioink starts cross-linking once prepared

and is usually prepared right before a printing process. As such, the printing time is considered the



cross-linking time. For this work, bioink printability is evaluated based on the following three
metrics: injectability, feature formability, and process-induced cell injury. Particularly, the
injectability is estimated based on the pressure required for injection, the feature formability is
assessed based on the one-dimensional (1D) filament uniformity and 3D structure dimensional
fidelity, and the process-induced cell injury during printing is evaluated depending on the post-
printing cell viability. Furthermore, a bioink printing zone is identified as a function of the TG

concentration and printing time.

2. Materials and Methods

2.1 Ink Preparation

2.1.1 Gelatin microgel preparation

A complex coacervation process was performed to prepare small and uniform gelatin-based
microgels. Briefly, a 50% v/v ethanol solution was first prepared using 100% ethanol (Ethanol 200
Proof, Decon Labs, King of Prussia, PA) and deionized water (DI water). Then 2.0% w/v gelatin
(100 bloom type B, Fisher Scientific, Hampton, NH), 0.1% w/v gum Arabic (Acacia gum, Sigma-
Aldrich, St. Louis, MO), and 0.25% w/v Pluronic F127 (Sigma-Aldrich, St. Louis, MO) were
dissolved in the prepared 50% v/v ethanol solution at 50°C and modulated to 7.50 pH by adding
50% v/v sodium hydroxide (NaOH, Sigma-Aldrich, St. Louis, MO). The mixed solution was
placed under an overhead stirrer (Fisher Scientific, Hampton, NH) with a speed of 500 rpm to mix
overnight while sealed with parafilm to reduce evaporation. TG powders (Moo Gloo TI
Transglutaminase Formula, Modernist Pantry, York, ME) were wholly dissolved in deionized (DI)
water through a vortex mixer (Mini Vortexer, Fisher Scientific, Hampton, NH), followed by

warming in a 37°C bead bath for 30 minutes to yield a 20.0% w/v (TG) stock solution. The



resulting TG solution was added to the gelatin-based microgel slurry at a 1:19 solution/slurry ratio
to have a final TG concentration of 1.0% w/v for TG-based enzymatic cross-linking of the gelatin
microgels for one day using the overhead stirrer at 500 rpm. The produced slurry was collected
into a 50 mL conical tube and centrifuged at 1500 rpm for 5 minutes to compact the cross-linked
microgels and remove the supernatant using a centrifuge (5804 R, Eppendorf, Hamburg,
Germany). To inactivate TG in the prepared microgels, the 50 mL conical tube containing the
gelatin-based microgels was placed in boiling water at 100°C for 20 minutes. The microgels were
then resuspended in DI water to wash away Pluronic F127 and ethanol. The microgel slurry was
treated three times using a centrifuge at 1500 rpm for 5 minutes to remove excess water. The
compacted microgels were dispersed in an equal volume of phosphate-buffered saline (PBS) and
autoclaved at 121°C for 60 minutes. The sterilized microgels were centrifuged at 4200 rpm for 10

minutes to remove the supernatant and then stored at 4°C until use.

2.1.2 Gelatin composite bioink preparation

To prepare the gelatin composite bioink, the prepared gelatin microgels were mixed with gelatin
powders at 3% w/v as described in a previous study [19]. To investigate the influences of enzyme
concentration on the cross-linking speed, different concentrations (5.0, 10.0, 20.0, 40.0, and 80.0%
w/v) of the stocked TG solution were added to each composite bioink at a volumetric ratio of 1:19
as described in a previous study [19] to yield different final concentrations of TG (0.25, 0.50, 1.00,

2.00, and 4.00% w/v) right before each use.

2.1.3 Gelatin cellular composite bioink preparation



For determination of the relevance between the maximum extrusion-induced shear stress and cell
viability, each cellular bioink was prepared by suspending NIH 3T3 mouse fibroblasts (ATCC,
Rockville, MD) in the formulated gelatin composite bioink with a final concentration of 1x10°
cells/mL for fluorescent staining and 5x10° cells/mL for alamarBlue testing. The resuspended 3T3
mouse fibroblast cells were prepared as described in a previous study [19]. Then the different
concentrations (20.0, 40.0, and 80.0% w/v) of the stocked TG solutions were added into the
composite bioink at a volumetric ratio of 1:19 and mixed thoroughly with a glass rod for final TG

concentrations of 1.00, 2.00, and 4.00% w/v for comparison studies.

2.2 Rheology properties

To evaluate the change of rheology properties of the gelatin composite bioinks with different TG
concentrations (0.25, 0.50, 1.00, 2.00, and 4.00% w/v) during the cross-linking process,
rheological measurements were conducted using a rheometer (Anton Paar MCR 702, Ashland,
VA) with a cone-plate measuring geometry. Constant strain sweep tests (1% strain, 1 Hz
frequency) were conducted to record the relationship between the storage modulus G’ and cross-
linking time. To explore the viscosity variation during the cross-linking process, steady shear rate
sweeps (from 0.01 to 100 s™') were conducted every hour to reach a specified low strain (1%). The

measuring temperature was set the same as the printing temperature of 25°C for all tests.

2.3 Printing protocols
All printing work was completed through a ball screw-based extrusion printer (Engine SR,
Hyrel3D, Norcross, GA). To evaluate the single filament uniformity and dimensional fidelity of

3D tubular structures due to the cross-linking process during printing, the prepared composite



bioinks with different concentrations of the TG stock solution (0.25, 0.50, 1.00, 2.00, and 4.00%
w/v TG) were printed through a 19-gauge nozzle (0.686 mm inner diameter, EFD Nordson, Vilters,

Switzerland) at a speed of 1 mm/s at room temperature (approximately 25 °C).

The printing path code for the single 1D filament uniformity evaluation was manually generated
in custom G-code scripts. For the designed 3D tubular structure (4.12 mm height, 8.6 mm outer
diameter, and 6 mm inner diameter), the structure was first modeled using SolidWorks (Dassault
Systemes, Waltham, MA) and then saved as an STL file for uploading into the printer. The
experimental model contained in the STL file was sliced by the embedded slicer software of the
Hyrel 3D printer (Slic3r tools of the Repetrel control). Once slicing was completed, the G-code

was generated automatically by the printer.

2.4 Feature formability analysis

For 1D filament structures, a dimensionless number defined as uniformity ratio (Ur) was used to
quantify the morphology of printed 1D filaments by calculating the ratio of the pixel area of a
printed filament over the total pixel area of a perfectly deposited filament (that is, a rectangular
area). Photographic images of each printed filament were analyzed using ImageJ (NIH, Bethesda,
Maryland) to yield the values of pixel area to determine U:r. For the 3D tubular structures, the
dimensional fidelity was quantified by comparing the measured height and roundness to the

designed values using Imagel.

2.5 Cell viability



For determination of the relevance between the maximum extrusion-induced shear stress and cell
viability, the cellular composite bioinks were extruded into a 96-well plate at the following times:
0.0, 0.5, 1.0, 1.5, and 2.0 hours after the cross-linking process started (that is, after mixing) and
incubated for five days in a complete culture medium [Dulbecco’s modified Eagle’s medium
(Sigma-Aldrich, St. Louis, MO) supplemented with 10% w/v fetal bovine serum (HyClone, Logan,
UT)] in a humidified 5.0% COz2 incubator at 37°C. The cell culture medium was changed on the
third day.

The cell viability was quantified on Day 5 using the alamarBlue assay (ThermoFisher Scientific,
Waltham, MA), and the incubation time was extended to 12 hours as per the manufacturer's
protocol. The positive control was prepared by directly culturing the cellular composite bioink in
the 96-well plate, and the negative control was prepared by culturing the acellular composite bioink
in the 96-well plate. A fluorescence microplate reader (Synergy HT, Biotek, Winooski, VT) was
used to measure the fluorescence intensity, and the cell viability was calculated based on the
fluorescence intensity relative to the control as

— Fluorescence intensity of test sample— fluorescence intensity of negative control
Cell viabiliy = by of fest sample-Ji by of neg :

Fluorescence intensity of positive control — fluorescence intensity of negative control

Extruded cells using 1.00% w/v TG were also imaged using fluorescein diacetate (FDA) (Sigma
Aldrich, St. Louis, MO) (live, the green color) and Hoechst 33342 (Sigma Aldrich, St. Louis, MO)
(nuclei, the blue color) on Day 5. The fluorescent images were captured using a fluorescence
microscope (EVOS FL, ThermoFisher Scientific, Waltham, MA). The cell viability was further
calculated based on the fluorescent images by dividing the total number of the green-stained cells
with the summation of green-stained and blue-stained cells, which was used to compare with the

results from the alamarBlue assay.
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3. Effects of TG Cross-linking Kinetics on Shear Moduli and Viscosity

3.1 Gelatin cross-linking mechanism

Gelatin precursor can form hydrogel through physical interactions between the inner helical
regions of the protein. During cooling, physical cross-linking occurs through the transition from
disorder to order, as random coil gelatin molecules seek to return to an ordered triple helix structure
[29,30], as shown in Figure 1a(i). This gelatin hydrogel has a thermoreversible physically cross-
linked biopolymer network supported primarily by the hydrogen bonding zones. Many factors may
affect the gelatin hydrogel strength, such as the concentration and type of gelatin, and the
temperature/time history of the sample. For cytocompatibility and bond stability [13,21], TG was
used to create a more thermally stable hydrogel through catalyzing the formation of covalent N -
(Y-glutamyl) lysine amide bonds between single strands of gelatin proteins to form a permanent
TG-based enzymatically cross-linked network of polypeptides [31] as shown in Figure 1a(ii) and
1b. The functional independence of TG to calcium ions or proenzymes and its high level of activity
over a wide range of pH values (between 5 and 8§, max activity ~90%) and temperatures (0 to 60°C,
max activity at 50°C) make TG a good cross-linking material for various cell encapsulation and
gel formation applications including the gelatin solution [32-34], making it an ideal cross-linking

agent for gelatin composite bioink printing.
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Figure 1. Schematic of gelatin cross-linking processes. (a) (i) physical and (ii) enzymatic cross-

linking of gelatin. (b) TG-enabled covalent bond formation among protein molecules.

3.2 Determination of effects of TG cross-linking Kinetics on shear moduli and viscosity

To establish a relationship between the enzyme kinetics and printability during the printing of the
proposed composite bioink, the effect of enzyme kinetics on rheological properties is first modeled
using the Michaelis-Menten kinetics model. This model is utilized to capture the enzyme kinetics
involving the binding of enzyme £ (TG) to substrate S (gelatin protein) to develop a TG-based
enzymatically cross-linked product P (cross-linked gelatin proteins via N e-(Y-glutamyl) lysine

amide covalent bonds) [35] as follows:

k
E+SE2ES—=E+P 0

T

which can be simplified as [36]:

E+S—>E+P 2)
where kr (forward rate constant), k- (reverse rate constant), kcar (catalytic rate constant), and &

(cross-linking kinetic rate constant) represent the rate constants. It is a reversible process for
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enzyme-substrate binding, which is represented with double arrows between S (substrate) and ES

(enzyme-substrate composite). The single forward arrow indicates the P (product) formation.

According to the fractal kinetic model [37,38], the cross-linking reaction rate is assumed to be of
first order in nature [39]. If the concentrations of substrate and product are represented by Sc(?) and

Pc(1), respectively, their first-order rate equations can be formulated as a function of time ¢ with:

das (t
) _ ~kS,(t), and S.(0)=S, 3)
0 s, 0 @
dt
with
P(t)=5,-5.(1) ()

where Sy is the initial concentration of S. By solving Equations (3) and (4) and taking P.(0) = 0,

the dynamic product concentration Pc(?) can be determined using:

P(H)=P[1-¢"] (6)
where P.. is the equilibrium or final concentration of P. Given the storage modulus G'(?) is
proportional to Pc(t) [40], the dynamic storge modulus can be represented by:

G(0-G,'=(G,"-G,)N1-¢"] (7)

where G,' and G,,' are the initial and equilibrium values of the storage modulus, respectively.

By substituting the normalized storage modulus I [41] as defined by Equation (8) into Equation

(7), an exponential equation of I'" (Equation (9)) is obtained:
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G,-G,'

'

8)
[M'=1-¢" 9)
Given that the cross-linking process is known to have first-order kinetics [40,42], the normalized

viscosity uy [43] as defined by Equation (10) is simplified to follow an exponential equation of

the cross-linking time (Equation (11)) as experimentally observed:

y = : __’:j (10)
0 0
py =1-€" (11)

where u, g, and p__ are the instant, initial, and equilibrium values, respectively, of the composite

bioink viscosity.

Based on the average cross-linking kinetic rate constant k values for each TG concentration as
acquired based on Equations (9) and (11), a linear relationship between k and the TG concentration

(Yg/c) 1s established using the least squares error (LSE) method [41,44] and represented as:
k=aYy, (12)

where a is the constant to be determined. Once a is determined experimentally, the kinetic rate

constant k values can be predicted for a given TG concentration by using Equation (12), and the

corresponding shear moduli and viscosity can be further predicted as well based on Equations (9)

and (11).

3.3 Cross-linking model calibration
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Figure 2 depicts the flow chart of the steps to determine the storage modulus and viscosity models
of the gelatin composite bioink. For a given concentration TG composite bioink, rheology
measurements are first conducted to determine the storage modulus and viscosity values as a
function of time during the cross-linking process. By fitting the storage modulus and viscosity
values into Equations (9) and (11), respectively, the cross-linking kinetic rate constant & is
determined for each composite bioink with a different TG concentration. Then the resulting cross-

linking kinetic rate constants are fitted as a linear relationship with the TG concentration (Yg¢)

based on Equation (12). Finally, the k value is substituted back into Equations (9) and (11) to

determine the storage modulus and viscosity models, respectively.

Gelatin microgel composite
ink with different TG

concentrations
v

Rheology measurement

Storage modulus and

viscosity values (I and £y)
v

Determination the & value per the
first-order exponential equations
(Equations (9) and (11))

Determined k values

\ 4

Fitting of constant a based on k values
through LSE method (Equation (12))

I and £y models
(Equations (13) and (14)

Figure 2. Steps for the determination of shear modulus and viscosity models.

Figure 3a and 3b shows the normalized storage modulus I and viscosity uy as measured for the

gelatin composite bioink with different TG concentrations (0.25, 0.50, 1.00, 2.00, and 4.00% w/v)

15



at 25°C (room temperature and working temperature) It shows that with TG addition, the storage
modulus and viscosity of the composite bioink increase under the enzymatically cross-linking
effect, and this increase is dependent on the incubation time and TG enzyme concentration. A
plateau value may be reached if enough cross-linking time is given to build up the polypeptide
networks for a given TG concentration. Figure 3¢ shows the fitted £ values using Equations (9)
and (11) as seen from Figure 3a and 3b, which is further listed in Table 1. Then the cross-linking
kinetic rate constant k is further fitted as a linear function of TG concentrations (Yg,¢) based on
Equation (12), and the determined a value is 0.19. As such, the normalized storage modulus and

viscosity models are determined as follows:
=] (13)

1, =1- o 01zt (14)
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Figure 3. Rheological measurements. (a) Normalized storage modulus I'' and (b) normalized
viscosity uy under different TG concentrations during the cross-linking process. (c) Effect of the

TG concentration on the cross-linking kinetic rate constant.
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Table 1. Cross-linking kinetic rate constant k.

TG concentration (% w/v) Kinetic rate constant k Kinetic rate constant k
determined based on storage determined based on
modulus (#7) viscosity (471)
0.25 0.038 0.042
0.50 0.090 0.077
1.00 0.161 0.155
2.00 0.335 0.341
4.00 0.844 0.741

4. Effects of TG-dependent Rheological Properties on Printability
This section evaluates the printability of the designed gelatin composite bioink based on three
matrices: injectability, feature formability, and process-induced cell injury during extrusion

bioprinting.

4.1 Evaluation of Effects of TG concentration and printing time on injectability

Injectability is one of the important metrics for a successful extrusion bioprinting process and
refers to the capability of bioinks to be smoothly injected through a combination of syringe and
cannulated needle. For this study, the injectability is evaluated based on the pressure needed for
successful injection, which is largely dependent on the bioink viscosity as being related to the
resistance of fluid flow to an applied force [45]. The injection pressure can be calculated according

to the Hagen-Poiseuille equation [46,47]:
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p=—EE
wd

(15)

where P, is the pressure, H s the viscosity, L is the length of needle (25.7 mm), Q is the volume

flow rate (0.3694 mm?>/s), and d is the inner diameter of dispensing nozzle (0.686 mm). It is found
that a pressure higher than 440 kPa may cause unstable extrusion like an uncontrollable extrusion
volume and discontinuous filament, resulting in low-quality printing. As such, a bioink is rated as
injectable (high injectability zone) (0-440 kPa) or difficult to inject (low injectability zone) (> 440
kPa) per a similar injectability study [45] and this threshold pressure value may need to be adjusted

for different printers.

The proposed composite bioink is non-Newtonian [20]; for the modeling purpose, its viscosity at

a given cross-linking time is simply modeled using a power-law model [48,49]:

. n—1
pH=ky (16)
where ki is the flow consistency index, and 7 is the power-law index. By fitting the measurement
data into Equation (16), the power-law index n can be simplified as a constant (0.20), and the flow

consistency index can be determined as a function of Yz« and ¢ as follows:

kl,N — 1 _ 8*0419Y£/ct (17)
k. —k
k' — i i0 1
" kioo - kiO (1%

where k;y, ko, and k; , are the normalized, initial (330 Pa‘sn), and equilibrium values (1,955

Pa-sn), respectively, of the flow consistency index.
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The printing shear rate (y) of the composite bioink can be estimated as 11.66 s according to

Equation (19) [50,51]:

. 320
y_ﬂaﬁ

(19)

As seen from the rheology measurements (Figure 3b), the viscosity of the gelatin composite bioink
increases during the cross-linking process, and the viscosity at a given time can be estimated based
on Equation (14) and Equation (16) and other rheological properties such as the initial viscosity of

Uo= 47 Pa-s and equilibrium viscosity of u __= 274 Pa-s as obtained from the rheology test under

the shear rate of 11.66 s'. Then the injection pressure is shown in Figure 4 as a function of cross-
linking time for different TG concentrations. As expected, all composite bioinks are injectable
(high injectability zone) initially. As the cross-linking process progresses, the composite bioinks
gradually become difficult to inject as evaluated based on the required injection pressure. When
the printing time increases, the composite bioinks change from injectable to less injectable,
especially for higher TG concentration bioinks. Based on the pressure threshold of 440 kPa, a low
injectability zone is defined. As seen from Figure 4, the composite bioinks take 14.48, 6.58, and
3.03 hours to reach the low injectability zone for 1.00, 2.00, and 4.00% w/v TG, respectively,
while the composite bioinks with low TG concentrations (0.25 and 0.50% w/v) are always highly
injectable (high injectability zone) during the evaluation window due to their slow cross-linking
process. The injection pressure-based injectability zone can be further determined based on the
bioink viscosity as 250 Pa-s using Equation (15), which is equivalently 0.90 for the normalized
viscosity. As such, the high injectability zone can be determined by meeting the following

criterion:
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Figure 4. Injectability of the composite bioink as a function of printing time.

4.2 Evaluation of TG concentration and printing time on feature formability

Feature formability is used to describe the ability of a bioink to print in a way that produces the
desired print results, including the filament uniformity and structure dimensional fidelity, for a
particular application [52]. For the proposed gelatin composite bioink, its feature formability was
evaluated in terms of the 1D filament uniformity and the dimensional fidelity of 3D tubular

structures as a function of the cross-linking time, which is also the printing time.

4.2.1 1D filament uniformity analysis
As illustrated in Figure 5a and shown in Figure 5b, there are three types of filament morphology
due to the cross-linking process during printing. As the cross-linking time increases, the filament

morphology may change from well defined to irregular to broken eventually when printed at
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different cross-linking times. For the composite bioinks with high TG concentrations, the
experiments were stopped after a broken filament appeared. The area inside the dashed rectangle
designates a perfectly extruded uniform filament, which is utilized to calculate the uniformity ratio
(Ur) as previously described. Figure Sc shows the calculated U: values of the gelatin composite
bioink with different TG concentrations at different cross-linking times. With the decrease of the
Ur value, the printed filaments show more and more irregular morphologies. The Ur value above
0.9 is considered acceptable (marked as a shaded region) in this study since such a printed filament
shows a well-defined filament morphology. As such, the gelatin composite bioinks cross-linked
with 0.25 and 0.50% w/v TG show good feature formability during the 10-hour printing window
as investigated, while the other bioinks may not be good for printing after a certain cross-linking

time as seen from Figure Sc.
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Figure S. 1D feature formability as a function of cross-linking time. (a) Schematics of 1D filament
morphology as a function of the cross-linking time. (b) Different extruded 1D filaments (scale bars:

1 mm). (c) Filament uniformity ratio of the composite bioinks at different cross-linking times.

4.2.2 3D tubular structure dimensional fidelity analysis

Hollow tubular structures were further printed to investigate the effect of the cross-linking process
on the feature formability based on the structure dimensional fidelity. Figure 6a shows the front
and top views of the structures printed using the composite bioinks with different TG
concentrations at different cross-linking times. As expected from the 1D filament uniformity study,
the dimensional fidelity of the 3D tubes changes from well-defined to irregular to broken at
different times depending on the TG concentration. Figure 6b and 6¢c shows two dimensional
fidelity values, that is the normalized tube height (tube height value to designed value) and
roundness values, respectively. Similar to the 1D cases, the range of 0.9-1.1 for the normalized

tube height and the range of 0.9-1.0 for the normalized roundness are considered acceptable for
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the printed tubes. The two acceptable ranges define the corresponding permissible printing times

for each composite bioink.

4.2.3 Feature formability analysis

Prior work shows that the storage modulus is highly correlated with the feature formability [49] as
the storage modulus corresponds to the mechanical energy stored within a material, which
contributes to the stiffness of the material. As such, as the storage modulus increases, the behavior
of the composite bioink becomes more and more like a solid, adversely affecting both the filament
morphology and dimensional fidelity. As shown in Figures 5 and 6, the composite bioink with
1.00, 2.00, and 4.00% w/v TG can be successfully printed for 7, 4, and 1 hours, respectively, and
their normalized storage modulus (I ) values are 0.68, 0.63, and 0.59, respectively as seen from
Figure 3a. However, these composite bioinks cannot have good filament uniformity or
dimensional fidelity after a cross-linking time of 8, 5, and 2 hours, and their corresponding
normalized storage modulus (I'") values are 0.72, 0.73, and 0.80, respectively (Figure 3a). Based
on the above observations, a normalized storage modulus I value of 0.70 at a given cross-linking
time is selected as a threshold to determine whether good feature formability can be achieved.
Based on this threshold value and Equation (13), the good feature formability zone can be
determined by meeting the following criterion:

e e 2030 @
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4.3 Evaluation of TG concentration and printing time on process-induced cell injury

Figure 7a shows the fluorescent images of the cells printed using the 1.00% w/v TG-based cellular
composite bioink after different cross-linking times (0, 0.5, 1.0, 1.5, and 2.0 hours) and further
incubated for five days. Since its cell viability values determined using fluorescent staining are
very close to the results from the alamarBlue test as seen from Figure 7b, the cell viability values
after five-day incubation are all reported by the alamarBlue test for the sake of simplicity and
shown in Figure 7b. In general, the cell viability decreases significantly when the cellular
composite bioink is printed after different cross-linking times (0, 0.5, 1.0, 1.5, and 2.0 hours), and
this dependence is further related to the shear stress needed for extrusion printing using the
composite bioink at cross-linking stages. Since the 0.25 and 0.50% w/v TG-based cellular
composite bioinks may have a too long cross-linking time and are not practical for bioprinting

applications, they were not investigated herein.

Generally, mechanical loading, especially the mechanical shear stress, which causes the material
or bioink to deform parallelly to the direction of shear stress, is considered to be a major cause of
cell damage/death during bioprinting (including extrusion bioprinting herein) [4,53-58]. The shear
stress during the extrusion process changes due to the gradual cross-linking process of the
composite bioink in this study. The shear stress (7) can be computed as the product of viscosity (u)

and shear rate (y) and simplified as follows based on Equation (16):

(22)

26



By assuming a laminar flow during extrusion bioprinting, the velocity profile of the non-
Newtonian shear-thinning composite bioink can be estimated quantitatively by the following

equation [59]:

v=—=
7R° n

0 3n+l1 1_(1]*1 (23)

where R = % is the nozzle radius, and the coordinate r is the radial position and r = 0 denoting the

center of the dispensing nozzle. The shear rate y(r) can be determined by the gradient of the

velocity as:

& —7'(r):i(3+1j - 24)
n

When r = R, the maximum shear rate y,,,, = Y(R) can be calculated at the wall of the nozzle as:

.o _ Q9 (5.1
7max_(drjr_R 7R’ [3+nJ 25)

By inserting the maximum shear rate in ¥,,,, Equation (22), the maximum shear stress can be

1 n
T = K; [%(3 +;jj (26)

and the flow rate Q herein is calculated based on the nozzle dimeter of 0.686 mm (R) and printing

obtained:

speed of 1mm/s. This can be further represented as follows based on Equation (17) and the power-

law index n as 0.2:
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Furthermore, the maximum shear stress can be estimated accordingly for the composite bioinks at
the different cross-linking times as shown in Figure 7¢. Figure 7d shows the cell viability as
function of maximum shear stress based on the alamarBlue testing results. If the cell viability
higher than 80% [60,61] is used to define the printability zone, the composite bioink must be
printed by 1.65, 0.61, and 0.31 hours for the composite bioink with 1.00, 2.00, and 4.00% w/v TG,
respectively, for these composite bioinks to have their maximum shear stress less than 1,275 Pa

-5.7x107 ¢

max

based on an exponentially fitted relationship (1.17e ) for 3T3 cells as seen from Figure
7d. Accordingly, the printability zone for satisfactory cell viability can be determined by meeting

the following criterion:

e "% > 078 (28)
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Figure 7. Cell viability evaluation. (a) Representative live/dead images of the cellular gelatin
composite bioink with 1.00% w/v TG printed at different cross-linking times (green (live cells)
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and blue (nuclei)) (scale bars: 500 um). (b) Cell viability and (c) maximum shear stress as a
function of cross-linking time. (d) The relationship between the cell viability and maximum shear

stress.

5. Determination of TG-dependent Printability Zone

As proposed, the printability of the proposed gelatin microgel-gelatin solution composite bioink is
evaluated based on the injectability, feature formability, and cell viability, which are all influenced
by the TG concentration and its cross-linking time should be all considered as shown in Figure
8a. Based on the developed criteria (Equations (20), (21), and (28)), the printability zone per each
criterion is shown in different colors (red, green, and yellow, respectively) in Figure 8b, and their
overlapping region is the overall printability zone, which provides a guideline in selecting the
printing time for a given TG concentration composite bioink. Within this overlapped printability

zone, a successful and safe bioprinting process is expected.
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Figure 8. (a) Printability zone evaluation protocol and (b) the resultant printability zone based on

the injectability (red area), feature formability (green area), and cell viability (yellow area).

6. Conclusions and Future Work

A composite bioink made of the discrete jammed gelatin microgel phase and the continuous TG
cross-linkable gelatin precursor phase has been proved as a good bioink for bioprinting
applications. Due to the inclusion of TG in the composite bioink, its rheological behavior varies
over the time after the bioink is prepared, which is usually prepared right before a printing process.
As such, the printing time is also the cross-linking time for the composite bioink. This work has
systematically studied the printability of the gelatin microgel-gelatin solution composite bioink as
functions of the TG concentration and cross-linking time, respectively, during extrusion
bioprinting. To investigate the time-dependent rheological behavior of the gelatin composite
bioink, the first-order kinetics of cross-linking processes has been utilized to model the rheology

properties such as the storage modulus and viscosity as exponential functions of TG concentration
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and cross-linking time. The bioink printability has been evaluated based on the following three
metrics: injectability, feature formability, and process-induced cell injury, and each of them has
been correlated to the determined rheological properties such as the storage modulus and/or
viscosity as well as the rheological property-dependent shear stress. For a given corresponding
threshold value, the good injectability zone, the good feature formability zone, and the satisfactory
cell viability zone can be defined by exponential functions of TG concentration and cross-linking
time, respectively. The overall printability zone can be identified by picking the overlapping zone
of the injectability, feature formability, cell viability zones, providing a guideline for bioprinting

process planning when the proposed gelatin microgel-gelatin solution composite bioink is used.

Future work may include the design and printing of gelatin composite constructs based on the
identified printability zone and the identification of quantification approaches to determining the

cross-linking degree of printed structures.
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