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Abstract

Three dimensional printable formulation of self-standing and vascular-supportive structures using multi-
materials suitable for organ engineering is of great importance and highly challengeable, but, it could ad-
vance the 3D printing scenario from printable shape to functional unit of human body. In this study, the
authors report a 3D printable formulation of such self-standing and vascular-supportive structures using
an in-house formulated multi-material combination of albumen/alginate/gelatin (A-SA-Gel)-based hydrogel.
The rheological properties and relaxation behavior of hydrogels were analyzed prior to the printing process.
The suitability of the hydrogel in 3D printing of various customizable and self-standing structures, includ-
ing a human ear model, was examined by extrusion-based 3D printing. The structural, mechanical, and
physicochemical properties of the printed scaffolds were studied systematically. Results supported the 3D
printability of the formulated hydrogel with self-standing structures, which are customizable to a specific
need. In vitrocell experiment showed that the formulated hydrogel has excellent biocompatibility and vascu-
lar supportive behavior with the extent of endothelial sprout formation when tested with human umbilical
vein endothelial cells. In conclusion, the present study demonstrated the suitability of the extrusion-based
3D printing technique for manufacturing complex shapes and structures using multi-materials with high
fidelity, which have great potential in organ engineering.

Keywords: Multi-material hydrogel; extrusion-based 3D printing; self-standing structures; endothelial
sprouting; organ engineering.1. Introduction

The recent advances in 3D printing alias additive manufacturing technology opens tremendous possibilities of
engineering tissues and organs, which mimic native structure and function to some extent. The emerging 3D
printing technology enables even to fabricate anatomy-specific 3D shapes and structures suitable for organ
engineering[1] [2]. Although rapid progress has been witnessed in the past decade, there are limitations to
the existing printing technology. For instance, conventional 3D printing often employs bioinks made up of
single-phase biomaterial, which may not be sufficient to construct precise biomimetic architecture. Therefore,
there is a need to develop a 3D printing technology that utilize printing of multiple biomaterials to construct
a complex tissue architecture that could accommodate various cell types and biomolecules, required for
emulating physiologically relevant tissues or organs.

Biomimetic approach in 3D bioprinting often requires self-standing and vascular supportive multi-material
bioinks to realize the translational potential of 3D bioprinting towards clinical applications, from bench to
bedside. Atabak et al., proposed a method to develop alginate-based self-supportive scaffolds for creat-
ing tubular structures and employed a crosslinking strategy to strengthen the scaffolds [3]. However, the
application of this strategy was limited by the crosslinking agents and the precise regulation of degree of
crosslinking in each step. Alternatively, thermosensitive and photoactivated materials were applied to im-
prove the printability of large-size tissue-engineering structures. The self-supporting properties of the thermo-
/photo- activated materials, such as gelatin, poly(ethylene glycol), and gelatin methacryloyl, were improved
by controlling the temperature or light at the extrusion nozzle exit to modulate the bioink’s pre-crosslinking,
but, this strategy is limited by its versatility, such as the accurate control over the degree of crosslinking
and availability of thermo-/photo- activated materials [4]. Bin et al. utilized the alginate/gelatin-based
multi-material hydrogel formulation to improve the printing accuracy and biomechanics of printed struc-
tures; heterogeneous aortic valve conduits, for example [5]. Alexandra et al., demonstrated a multi-material
bioink-based printing method using polyethylene glycol crosslinking for expanding the biomaterial palette
required for bioprinting of customizable tissue and organ scaffolds [6]. The printed scaffolds facilitated high
cell viability during the course of the study. To obtain a mechanically and biologically enhanced cell-laden
structure, Yeo et al., employed a coaxial extrusion printing method using collagen-based bioink (core) and
pure alginate-based bioink (shell) to prepare cell-laden mesh structure [7]. The fabricated cell-laden 3D core-
shell structure exhibited excellent cell viability and efficient hepatogenic differentiation were observed. All
these experimental studies, and others, were clearly demonstrated the efficacy of multi-material formulation
strategy and it’s potential in creating complex shapes and structures suitable for tissue or organ engineering.



Among others, vascularization is one of the essential factors for organ engineering and therefore, the biomate-
rials that are used for 3D printing should have the ability to support and promote sufficient neovascularization
within the engineered tissue and organ. Several studies reported different strategies to facilitate vasculariza-
tion within the bioengineered constructs, including growth factor and co-culture strategy [8, 9]. The growth
factor strategy often causes atherosclerosis and abnormal blood vessels because the amount of growth factors
cannot be precisely controlled [10]. The co-culturing of different cells, such as endothelial cells, adipose stem
cells, mesenchymal stem cells, etc. were commonly used to study the self-promoted vascularization [11].
However, high operational difficulty, low cell viability, and high-cost are some of the common factors that
greatly influence the effectiveness of this method.

In a previous study, the authors were inspired by the processes of chicken eggs hatching; lots of angiogenesis
were formed in egg white, transfer nutrition in egg white to embryo. Then authors reported the 3D print-
ing ability of a novel multi-material formulation, based on albumen (egg white) and alginate, to promote
angiogenic sprouting and vascular network formation [12]. Though the albumen/alginate-based hydrogel
formulation has excellent 3D printability, it has its own limitations and challenges in printing large-scale
structures. The present research is therefore intended to improve the efficiency of the albumin-rich hydrogel
formulation with unique combination of A-SA-Gel, having self-standing and vascular-supportive properties
suitable of engineering complex shapes and structures with high fidelity.

2. Materials and method
2.1 Materials

The raw materials required to conduct the experiments are mentioned as follows. The chicken eggs were
purchased from a local farm less than 7 days after laying. The surface of the egg was washed in deionized
water and sterilized in ethanol (75%). Then, egg white (EW) was separated from the yolk, also called
as albumin, and used in the preparation of hydrogels without any further treatment. Sodium alginate
(SA), calcium chloride (CaCly) and gelatin (Gel) (type A from porcine skin, 300 blooms) were purchased
from Sigma-Aldrich (USA) and used in same condition as received. The HUVECs were obtained from
Zhonggiaoxinzhou Biotech (China).

2.2 Formulation of A-SA-Gel hydrogel

According to previous research [12], first, the 5% (w/v) SA and 10% (w/v) Gel solution was made in deionized
water followed by mixing both of them at the volume ratio of 1:1. Secondly, the albumin was added and
gently mixed with the SA/Gel solution at the volume ratio of 1:5 in order to get the A-SA-Gel hydrogel.
Finally, the hydrogel was stirred constantly until free from air bubbles and stored in refrigerator (4-10) for
further use.

2.3 Rheology of A-SA-Gel hydrogel

The rheological properties of the A-SA-Gel hydrogel were analyzed by using a rotational rheometer (DHR-3,
TA Instruments, USA). A cone plate geometry was adopted according to the manufacturer’s protocol, in
which the diameter and interpolate gap were 30 and 1 mm, respectively. The steady-shear rate sweeps were
conducted on the hydrogel sample, which was carefully loaded onto the plate fixture without the air bubbles
at room temperature. Before performing the shear test, all samples were held for 15 min to eliminate thermal
and shear histories. The storage and loss modulus of the hydrogel samples were measured as a function of
strain amplitude sweep test and frequency.

2.4 3D printing of A-SA-Gel hydrogel scaffolds

To fabricate the A-SA-Gel hydrogel scaffolds, an in-house built extrusion-based 3D printing system was
employed. The schematic representation of the material preparation and printing process is shown in Figure
1A. The system and solution parameters were optimized prior to 3D printing. Briefly, the printing system
was designed with a computer controlled automated X—Y-Z stage, a receiving platform, a nozzle mounting
block, a printer head (syringe needle), and a pneumatic (pressured-air) system, which consist of compressor,



air tube, and control valve. The syringe needle was directly connected with the pneumatic system through
air tubes. The pneumatic controller provided air pressure for extruding hydrogel material. The receiving
platform was mounted in the X-Y plane that was capable of printing with high precision; the syringe needle
mounted to a solo motorized linear Z-axis, and it can be controlled to move up and down. The prepared
A-SA-Gel hydrogel was gently added to a 50 ml syringe, and a 22G needle was used for extrusion printing.

In order to print a grid-structured scaffold, as a model scaffolding system, having the size 20 x20 x 5 mm
(LxWxH), and the following parameters were used. The interval of parallel-arranged filaments within the
grid structure was kept 0.6 = 0.1 mm in each layer, and adjacent layers were perpendicularly stacked to
construct the porous structure. During the printing process, the prepared A-SA-Gel hydrogel was extruded
from the syringe needle to generate continuous filament at room temperature, and the extruded filaments
deposited layer-by-layer to form the grid-structured A-SA-Gel hydrogel. A stable air pressure value of 2.8
4 0.1 Psi was applied to extrude hydrogel. After printing, the hydrogel was crosslinked with CaCly solution
(4%, w/v), followed by oven-dried for 3 h at 37 °C.

In addition, a thick scaffold structure (10(L)x10(W)x10(H) mm), blood vessel structure (12mm in diameter,
15mm in height), the abbreviations of Shanghai University (SHU) and Vellore Institute of Technology (VIT),
and human ear models were also printed under the optimal conditions, in order to further evaluate the
3D printability and self-standing ability of the A-SA-Gel hydrogel, in terms of various shapes, sizes and
structures.

2.5 Characterization of the A-SA-Gel hydrogel scaffolds
2. 5.1 Morphological analysis

The morphology of the various A-SA-Gel hydrogel printed samples was examined by using a scanning electron
microscope (SEM, HITACHI SU-1510, Japan). All the samples were coated with gold for 120 seconds using
a gold sputter coater and then the surface and cross-sectional views were analyzed under at an accelerating
voltage of 10 kV.

2.5.2 Chemical functional group analysis

In order to analyze the characteristic functional groups of the raw materials such as albumen, SA, gelatin, and
the formulated A-SA-Gel hydrogel, Fourier transform infrared spectroscopy (FTIR) technique was employed
using a Thermo Nicolet AVATAR 370 spectrometer. The spectra were recorded over the wave number range
of 4000-800 cm™ and the data were analyzed.

2.5.3 Swelling kinetics study

The swelling behavior of the control SA/Gel as well as the fabricated A-SA-Gel hydrogel samples was
analyzed by immersing the samples in Roswell Park Memorial Institute (RPMI) 1640 culture medium and
phosphate buffered saline (PBS) at pH 7.4 at 37 °C for 3 h. The swelling percent (%) was calculated according
to the following equation:

Swelling (%) = [(W, - W)/ W, ] x 100%

For which, the samples were dried at 37 °C and the dry weight (W, ) of the same was captured. Then, the
samples were immersed in culture medium and PBS. The swollen weight (W, ) of the samples was measured
every 15 min after removing excess solution from the surface of the samples with lint-free filter paper, until
no further change in weight. All samples were analyzed in triplicate.

2.5.4 Drying kinetics study

The drying kinetics of the control SA/Gel as well as the fabricated A-SA-Gel hydrogel samples was investi-
gated by weighing their weight loss at predetermined time intervals. In order to measure the drying kinetics
and water content of the A-SA-Gel hydrogel, three samples were fabricated and dried at 37 °C. The dry
weight (W, ) of samples were recorded. Then, the samples were immersed into PBS solution for 2 h at 37
°C, and the swollen weight (W, ) of samples was captured. Finally, the swollen samples were dried at 37 °C



and the dry weight (W; ) was measured every 15 min until no further change in the weight of the samples.
The drying percent (%) was calculated according to the following equation:

Drying (%) = [(Wi - Wo) / (Wi W, )] x 100%
2.5.5 Degradation study

The degradation behavior of the control SA/Gel and A-SA-Gel hydrogel samples was examined by immersing
them in SBF at pH 7.4 at 37 °C, simulating the degradation condition by hydrolysis. In this study, the samples
were weighed (dry mass M, ) and placed into a petri dish with PBS (pH 7.4) and RPMI 1640 culture medium,
separately. The samples were incubated at 37 °C for up to 5 days, and PBS and culture medium were replaced
every day. After the predetermined time intervals, the samples were wrapped with lint-free filter paper to
remove excess PBS or culture medium from the surface of the samples and then kept into a drying oven at
37 °C to dry. The final mass of dry samples was recorded (M; ). The percentage of weight loss was calculated
according to the following formula:

Weight loss (%) = [|M; — M,|/ M, ] x 100%

The morphology of the SA/Gel and A-SA-Gel hydrogel samples were also examined by using SEM (HITACHI
SU-1510, Japan) after degradation of 1, 3 and 5 days.

2.5.6 Mechanical properties

A uniaxial testing method was conducted to test the mechanical properties of the SA/Gel and A-SA-Gel
hydrogel samples. The compressive strength was determined with a WDW-1 universal testing machine with
a constant compression speed of 0.2 mm/min at room temperature. The testing dimensions of the samples
were of 20 +£ 0.5 mm x 20 £ 0.5 mm X 6 + 0.25 mm. Each experiment was performed in triplicate. The
stress-train curve of the samples were measured and plotted. In addition, the tensile strength of SA/Gel and
A-SA-Gel hydrogel samples were also tested according to the manufacturer’s instructions.

2.6 Cell culture study

The HUVECs were cultured as per the manufacturer’s procedure in RPMI 1640 cell culture medium,
which consisted of 10% fetal bovine serum, 0.292 mg/mL L-glutamine, 4.766 mg/mL HEPES, 0.85 mg/mL
NaHCO3, 1% penicillin (100 units/mL), and streptomycin (100 pg/mL). The cells were maintained at 37
°C in a humid atmosphere containing 5% COs. The culture medium was replaced every day, after cultured
for the first three days, and the cells then suspended in fresh medium. The final suspension density of 6 x
106 cells/mL was prepared. The samples of SA/Gel and A-SA-Gel hydrogel scaffolds were sterilized by 75%
ethanol for 6 h under UV light and then rinsed three times with sterilized PBS. Next, the scaffolds were
immersed in a fresh cell culture medium for 2 h before cell seeding. Finally, the cell suspension was lightly
inoculated on the treated A-SA-Gel hydrogel scaffold until the surface of the scaffold was fully covered. After
4 h of initial cell attachment, the culture medium was added gently until the whole scaffolds were completely
immersed. The experiments were conducted under static cell culture conditions and the cell culture medium
was changed every day. Moreover, the prepared SA/Gel scaffold without albumen as a control group.

2.7 Cell characterization

The viability of cells cultured on the SA/Gel and A-SA-Gel hydrogel samples was tested by Live/Dead
staining assay (Biovision Inc., USA) according to the manufacturer’s recommendations, after 4 days of
culture. The assay kit contains Calcein-AM, a cell-permeable green fluorescent dye (Ex = 490nm, Em =
515nm), to stain live cells, while the dead cells were stained by red fluorescent dye called propidium iodide
(PI). Briefly, the staining assay was prepared using a mixture of 1 pL of Calcein-AM and 5pL of PTin 1 mL of
staining buffer according to the manufacture’s protocol. The samples were removed from the culture medium
after culturing 4 days and gently washed with PBS. Then, the prepared staining assay was added directly
to the samples and incubated for 15 min at 37 °C. The stained samples were mounted on a microscope slide
for imaging under an inverse fluorescence microscope (Eclipse Ti-U, Nikon Instruments Inc. Japan).



In addition, the HUVECs culture on the SA/Gel and A-SA-Gel hydrogel samples were stained with 4’,6-
diamidino-2-phenylindole (DAPI) and tetramethylrhodamine (TRITC) phalloidin to visualize the cell nucleus
and cytoskeleton, respectively. Briefly, the cell cultured samples were rinsed 3 times in PBS, fixed in situ
with 4% paraformaldehyde for 10 min, permeabilized with 0.5% Triton X-100 for 5 min. Then, 100 yL of
TRITC-phalloidin was gently added to the samples until it covers completely, and then it was incubated in
a dark environment for 30 min at room temperature to stain the cell cytoskeleton. After that, the samples
were washed 3 times in PBS, and 100uL of DAPI solution was added to the samples for 30 s to stain the cell
nucleus. The fluorescence images were captured by a fluorescence microscope. Moreover, the cell adhesion
morphology on the surface of the A-SA-Gel hydrogel samples was observed by using SEM after culturing for
4 days. Briefly, the cell-laden scaffolds were removed from the culture medium and gently washed with PBS,
then immediately fixed with 4% paraformaldehyde for 1h, and washed with PBS three times. After that, the
samples were immersed in different concentrations of ethanol (25%, 50%, 75%, 85%, 95%, and 100%) for 5
min for dehydration. The samples were then immersed in the mixed solutions of the absolute ethyl alcohol
and hexamethyl disilylamine (3:1, 1:1, 1:3, and 0:1) for 10 min, followed by sputter coating with gold before
imaging.

The quantitative analysis of the cell viability /proliferation was performed using Cell Counting Kit-8 (CCK-8)
assay. CCK-8 allows sensitive colorimetric assay for the determination of the number of viable cells. Briefly,
the SA/Gel and A-SA-Gel hydrogel samples were sterilized by 75% ethanol and added to a standard Petri
dish (Corning, NY) with fresh culture medium for 2 h under the UV light. Then, the samples were added
to the wells of 96-well plates (50 uL per well, Corning, USA). The prepared cells suspension was added into
each well with printed samples at the density of 1x10° cells/mL. Three rows of the well of each plate were
covered in every group. The cells were incubated at 37 °C in a humid atmosphere with 5% CO,. After 1,
3, and 5 days of incubation, 10puL of CCK-8 solution was injected into each well and incubated for 2 h in a
COgy incubator at 37 °C. The absorbance of 450 nm was determined by using a microplate reader (Infinite
200Pro, Tecan Group Ltd., Switzerland). The SA/Gel hydrogel sample was also tested as a control group.
In addition, the cells suspension without a sample as a positive control group and only contain CCK-8 and
medium as a background group.

2.8 Statistical analyses

The data acquired in this study are represented as means + standard deviation (SD). The one-way analysis
of variance (ANOVA) is used to determine the statistical differences with Origin 2017 software and ap -value
< 0.05 was considered statistically significant.

3. Results
3.1 Rheological Testing of A-SA-Gel hydrogel

Viscoelasticity is one of the key features that determines the ability of a biomaterial to be suitable for 3D
printing application. The viscoelastic properties of the A-SA-Gel hydrogel are shown in Figure 2A, which
represents its shear thinning behavior. The results of steady-shear rate sweeps are plotted in Figure 2B,
which shows higher storage modulus and lower loss modulus of the crosslinked hydrogel. It is one of the
highly required behaviors of any biomaterial to be 3D printed into various structures with high fidelity.

3.2 3D printing of A-SA-Gel hydrogel scaffolds

The A-SA-Gel hydrogel scaffolds were fabricated by extrusion-based 3D printing technique followed by
crosslinking under the optimal conditions as described previously. The scaffolds were printed with eight
layers, having the final size of 20 x 20 x 5 mm (LxWxH). A representative gross view of the as-printed
scaffold is presented in Figure 2C and top-angle view of the same is shown in Figure 2D. The scaffold was
printed as per the pre-designed architecture without any deformation.

3.3 Morphological analysis
The SEM micrographs of a representative 3D printed A-SA-Gel hydrogel scaffolds are shown in Figure



2E-2M, where surface and cross-sectional morphologies of the scaffolds and filament structural features were
investigated. It was found that the mesh-like structural features were obvious and they are structurally intact
well. In addition, the SEM analysis revealed the porous nature of the printed scaffolds with rectangular
architecture (Figure 2E-2F). It is noteworthy that the intersections of adjacent layers of filaments were
tightly intact and connected (Figure 2G). In addition, the filaments of different layers were aligned, and the
interlayer structure is clearly visible (Figure 2H-2I). The uneven rough surface morphology was observed
(Figure 2J). The surface morphology of single filament was also analyzed and the results are shown in Figure
2K-2M. The wavy micro rough surfaces were noticed from the high-resolution images of the scaffold. The
average diameter of the filament was found to be 385um, which is distinctly smaller than the 22G nozzle’s
inner diameter of 410um.

To further verify the printability and self-standing ability of the A-SA-Gel hydrogel suitable to use as a
scaffolding system, various structures were printed out as a model and the results are presented in Figure 3.
A thick cube scaffold structure is shown Figure 3A. A blood vessel structure can be seen from Figure 3B.
The abbreviations of Shanghai University (SHU) and Vellore Institute of Technology (VIT) were printed out
as pictured in Figure 3C. Importantly, human ear-like structures were also fabricated without any noticeable
deformation and the results are presented in Figure 3D. All these are the experimental examples serve as
a proof that the multi-material hydrogel developed in this study can be utilized for 3D printing of various
structures and shapes with high fidelity.

3.4 Chemical functional group analysis

The chemical functional groups of the SA, albumen, Gel, and A-SA-Gel samples were studied by FTIR
spectroscopy and the results are depicted in Figure 4A. As seen from the FTIR spectra, the characteristic
peaks of SA appear at 1610, 1416, and 1042 cm™. The characteristic peaks of albumen appear at 1621, 1536,
and 1251 cm™'. For the Gel sample, the characteristic peaks were 1661, 1582, 1516, and 1252 cm™. As for
as the A-SA-Gel hydrogel sample, the most prominent peaks are appeared at 1650, 1546, 1455, 1241, and
1021 cm™! as seen from the spectrum

3.5 Swelling Analysis

The swelling data of the A-SA-Gel and SA/Gel hydrogel samples as a function of time in PBS and RPMI
1640 culture medium at 37 °C are presented in Figure 4B-4C. From the results, it was observed that the
swelling ratios of the SA/Gel sample were higher than that of A-SA-Gel sample. It can also be seen from the
graph that the similar results were observed for the study conducted in RPMI 1640 culture medium. The
swelling ratio of the SA/Gel sample was about twice as high as that of the A-SA-Gel sample. There was a
noticeable phenomenon that the swelling ratios of SA/Gel and A-SA-Gel samples increased fastest in the
first 15 min, and stabilized after 30 min.

3.6 Drying Kinetics Analysis

Figure 4D shows the time-dependent drying kinetics of the prepared SA/Gel and A-SA-Gel hydrogel samples
in the form of the (W,, - Wy ) / (W,, - W, ) curves versus time, at drying temperature of 37°C. The drying
curves showed that the drying ratio of all of groups increased with the increase of time, and become to steady
state after 130 min. The drying ratio of the SA/Gel sample was faster than that of the A-SA-Gel sample.
For example, the fraction of water removed from the SA/Gel sample during the first 15 min of drying period
was 35.22%, while this fraction for the A-SA-Gel sample was 26.06%.

3.7 Degradation Analysis

The degradation data of SA/Gel and A-SA-Gel samples were obtained from the experiments conducted in
RPMI 1640 culture medium at 37 °C is presented in Figure 5. To investigate further on how the degradation
influences the microstructural features of the samples, the morphological analysis was carried out for the
SA/Gel and A-SA-Gel samples after the degradation study conducted in RPMI 1640 culture medium for 1,
3 and 5 days. The SEM micrographs of A-SA-Gel (Figure 5 A-A2) and SA/Gel (Figure 5 B-B2) samples
showed that they lose their structural integrity and the scaffolds look fluffy over time period. The degradation



behavior of SA/Gel and A-SA-Gel samples in culture medium shown in Figure 5C indicated that the degree
of dissolution increased over the time period during the course of study. It was also noticed that the degree of
dissolution of A-SA-Gel sample was higher than that of SA/Gel sample. It can be seen from the graph that
nearly 50% of the A-SA-Gel sample is solved in the first three days, and then the rate of dissolution slowed
down after five days. The similar results were observed for the same samples but the experiments conducted
in PBS (Figure 5D). There was a noticeable difference that the degradation of the A-SA-Gel sample in PBS
was higher than in the culture medium after 5 days (Figure 5E).

3.8 Mechanical Properties

The mechanical properties, in particular compressive and tensile strength, are of great importance for the
scaffolds that are to be used in tissue or organ engineering applications, especially when dealing with load-
bearing structures. The compression and tension tests of the 3D printed SA/Gel and A-SA-Gel hydrogel
scaffolds. The stress-strain curve is shown in Figure 6. Interestingly, the strain of A-SA-Gel hydrogel scaffold
was higher than that of the SA/Gel scaffold. Moreover, the compressive strength of A-SA-Gel hydrogel
scaffold exceeded 6 MPa, and the strain of A-SA-Gel hydrogel scaffold more than 55% (Figure 6, left panel).
As for the tensile strength, the stress and strain of A-SA-Gel hydrogel scaffold were higher than that of
SA/Gel scaffold (Figure 6, right panel). The maximum value of tensile stress in A-SA-Gel hydrogel scaffold
was 0.221 MPa, while the SA/Gel scaffold was found to be 0.184 MPa. Also, the maximum strain of the
A-SA-Gel hydrogel scaffold was found to be more than 450 %, which was higher than the A-SA-Gel hydrogel
substrate.

3.9 In Vitro Cell Studies

To evaluate the cell compatibility and vascular potential of the 3D printed A-SA-Gel hydrogel scaffold,
HUVECs were cultured as a model cell type. The SA/Gel hydrogel scaffold served as a control group.
The morphology of cultured cells and detection of live/dead cells were performed to analyze the viability of
HUVECQCsS in 3D printed constructs after 4 days of culture (Figure 7). The microscopic images of cultured cells
(Figure 7A, 7D, and 7G) showed that the cells were evenly distributed and adhered well to the scaffolds. The
cells were maintained their normal cellular phenotypes. The cell density of the A-SA-Gel hydrogel scaffold
(Figure 7D) was higher than that of SA/Gel scaffold (Figure 7A). The live/dead cell staining images showed
that the majority of HUVECs in all groups were stained green (Figure 7B, 7E, and 7H), indicating the high
cellular viability. However, there few dead cells were also observed (Figure 7C, 7F, and 7I). Importantly, the
endothelial sprout formation and primitive microvascular networks were observed for the A-SA-Gel hydrogel
scaffold (Figure 7E and 7H) as compared to the SA /Gel scaffold (Figure 7B). To this end, more representative
fluorescence images of endothelial sprouts, vessel networks, and neovessels were captured at different A-SA-
Gel hydrogel scaffold areas, as shown in Figure 8, at higher magnification. The endothelial vascular network
formation due to endothelial cellular function was captured in Figure 8A, along with lacunae (micro-rings)
microstructures within the network. The diameter of the lacunae (micro-rings) of endothelial network was
measured (Figure 8G), and the average was found to be 31.25+0.58um. Figure 8B presented a microvessel of
endothelial cells like a bridge, interconnected between adjacent sides. Exhilaratingly, a branched microvessel
network was observed like a tree branch in Figure 8C. Moreover, several large neovessels with obvious open
lumen were captured in Figure 8D-8F, and the average diameter was more than 100um. To further analyze
vasculogenesis, the diameter of endothelial sprouting and sprouting length was measured (Figure 8H and 81).
The minimum diameter of endothelial sprouting was 8um, and the maximum diameter was about 112um.
For the sprouting length, the minimum sprouting length was 118um, the maximum length was 476pum, and
the average length was 289 um.

Additionally, fluorescent staining of the cell-cultured A-SA-Gel hydrogel scaffold was carried out to visualize
the cell nucleus and cytoskeleton after 4 days of culturing (Figure 9A-A2, 9B-B2, and 9C-C2). A homogeneous
distribution of cells on the surface of the scaffold was observed in the DAPI (cell nucleus) and TRITC-
phalloidin (cytoskeleton) stained images (Figure 9 A-A2). Similarly, the representative fluorescence images
of the endothelial sprouts and neovessels were also presented (Figure 9B-B2 and 9C-C2). Moreover, the SEM
photographs of HUVECs on the scaffold were shown in Figure 9D-9F. The SEM examination of the cells



confirmed good attachment and spreading of cells on the surface of the scaffold. These cells were observed
to be flat-shaped and stretch on the whole surface of scaffold structures.

3.10 CCK-8 Assay

In order to evaluate the proliferation of HUVECs cultured onto A-SA-Gel and SA/Gel hydrogel scaffolds,
CCK-8 assay test was performed on day 1, 3, and 5 after cell culture and the obtained data is shown in
Figure 9G. It was demonstrated that, compared with day 1, the OD values at a wavelength of 450 nm
increased by around 2 times in all groups after culturing for 3 days. The cell growth in all groups was seen
to be sharply improved on day 5, and the OD values of the A-SA-Gel group increased by about 6 times than
that of day 1. Moreover, the OD values of the A-SA-Gel group even more than the control and SA/Gel
groups. These results indicated that the cells can maintain their proliferation ability when cultured with the
fabricated A-SA-Gel hydrogel scaffolds. Due to their favorable characteristics, such as cell compatibility and
non-toxicity, the 3D printed A-SA-Gel hydrogel scaffolding system may find application in various tissue or
organ engineering.

4. Discussion

The identification and optimization of a suitable biomaterial that can have self-standing and vascular sup-
portive properties are of great importance and are in demand for organ 3D printing. Though some of the
single-phase biomaterials are being used in the preparation of bioinks, they often lack on the ability of
accommodating multiple cell types suitable for organ engineering. Therefore, it is essential to develop multi-
material-based bioinks in order to advance the field of 3D printing toward development of functional tissues
and organs.

Keeping these points in view, in this study, a newly formulated multi-material hydrogel, based on the
combination of A-SA-Gel, was developed and investigated their suitability in 3D printing of various simple
and complex engineered shapes and structures applicable for tissue and organ engineering. As far as to
our knowledge and through the literature surgery, this is the first study which explores the preparation and
3D printing of multi-material A-SA-Gel hydrogel using the combination of albumen, sodium alginate and
gelatin.

Alginate is an anionic and hydrophilic polysaccharide derived from seaweeds. SA is one of the commonly used
bioinks in 3D bioprinting due to its cell compatibility, and rapid and tunable gellation due to its excellent
crosslinkability in the presence of ionic calcium solution or other divalent cations [13]. Although SA has
excellent biocompatibility, it lacks bioactivity. Therefore, it is necessary to improve its bioactive functional
properties suitable for engineering tissues and organs. Gelatin is a highly cell compatible and biologically
active polymer derived from collagen by partial hydrolysis [14]. It is also widely used as a bioink either as
such or in combination with other polymers, including alginate. The combination of alginate and gelatin
often used as a bioink in 3D printing due to their enhanced functional properties as compared to their
individual component. However, their ability of neovascularation is not satisfactory. In order to enhance
their vascular supportive ability, the authors have introduced albumen, and its vascular supportive behavior
has already been demonstrated in their earlier study [12]. In this study, a unique combination of albumin,
SA, and gelatin has been developed in order to formulate a novel A-SA-Gel hydrogel to enhance their 3D
printability, self-standability, and vascular supportivity of their individual component.

The A-SA-Gel hydrogel was prepared under optimized experimental conditions, and it was thoroughly char-
acterized prior to printing. The current study employed an extrusion-based 3D printing. The hydrogel was
subjected to 3D printing under various system and solution parameters in order to optimizing the conditions
which could generate and extrude the continuous filaments, leading to various simple and complex engineered
shapes and structures through layer-by-layer. As soon as the scaffolds were printed, they were cross-linked by
means of chemical ions in order to further strengthen their structural and shape fidelity. The experimental
conditions were optimized so that the scaffold’s integrity could be intact and maintained for the initial days
during the course of study. The printed scaffolds exhibited high fidelity and robustness.



The viscoelastic properties of the A-SA-Gel hydrogel exhibited shear thinning behavior (Figure 2A), sim-
ilar to the other bioinks,such as cellulose nanofibers (CNFs) and methacrylated gelatin (GelMA) compos-
ite bioink[15] and vascular-tissue-derived decellularized extracellular matrix (VAECM) and alginate-based
bioink[16], which favor excellent printability and viability of the entrapped cells due to the alleviated shear
stress when passing through printing nozzles at a certain flow rate [17]. The shear stress sweep results showed
low loss modulus and high storage modulus of the crosslinked hydrogel (Figure 2B), which further confirms
the ability of the A-SA-Gel hydrogel to retain its shape and structure.

After the pre-printing optimization, the A-SA-Gel hydrogel was subjected to print in order to evaluate its
printing ability and integrity of the printed structure and shape fidelity. The printer head needle with 410
um internal diameter was used and 2.8 £ 0.1 Psi stable air pressure as applied for this case. The results of
the printed structures are shown in Figure 2C and 2D. It was quite interesting to observe the warping of
the scaffold (Figure 2D), due to dehydration. The SEM micrographs shown the surface and cross-sections
morphologies of the scaffolds (Figure 2E-2M), which revealed the integrity of mesh-like structure where the
adjacent layers were perpendicularly stacked to construct a rectangular porous structure. It is known that
the porous structure allows sufficient oxygen and nutrient mass transport into the scaffolding system that
contribute to excellent cell growth by preventing or minimizing core necrosis [18]. In addition, the intersections
of adjacent layers of the filaments were tightly connected with each other, which help increasing the strength
of the scaffolding system overall. It should also be noted that the current formulated hydrogel not only could
be used for 3D printing of simple scaffolding system as discussed here, but also could be used to engineer
complex structures. For example, various shapes and structures, including a prototype of human ear, were
printed out using the A-SA-Gel hydrogel as shown in Figure 3, which further demonstrate the feasibility and
printability of the hydrogel suitable for various tissue or organ engineering applications.

The chemical functional groups of albumen, SA, gelatin, and A-SA-Gel hydrogel samples were analyzed
using FTIR (see Figure 4A). As seen in the spectrum, all the major characteristic peaks were observed. The
FTIR spectrum of the A-SA-Gel hydrogel showed a combined the features of those of albumen, SA, and
gelatin. For instance, Amid I (related to C=0 stretching vibrations; the peak range of 1700-1600 cm™),
amide II (related to 60% N-H bending and 40% C-H stretching vibrations; the peak range of 1575-1480
cm™), and amide III (related to N-H bending and C-H stretching vibrations; the peak range of 1400-1200
cm™) regions were clearly appeared. Moreover, the absorption band at 1021 cm™ could be attributed to the
C-O stretching vibration of SA [19]. From the peaks of the A-SA-Gel spectrum, it could be concluded that
the mixture of albumen, SA, and gelatin did not cause any drastic alteration in the position of main peaks
associated with the secondary structure of the protein present in the individual components. Moreover, it
was obvious that there was no noticeable peak split was observed in the A-SA-Gel spectrum, indicating a
homogeneous dispersion of albumen, SA, and gelatin.

The swelling profile curves of the A-SA-Gel and SA/Gel samples in PBS and culture medium are presented
in Figure 4B and 4C, respectively. It can be seen from the graphs that the swelling patterns of all the samples
were identical irrespective of the medium where the swelling experiments were carried out, and their swelling
ratios increased over time during the course of the study. However,the swelling ratio of the SA/Gel sample
was found to be higher than that of the A-SA-Gel sample in PBS as well as in culture medium. It was
also noticed that the swelling ratio of SA/Gel and A-SA-Gel samples was rapidly increased in the first 15
minutes and then slowly stabilized. This trend indicates that the degree of deformation of the SA/Gel is
higher than A-SA-Gel hydrogel, and the degree of water loss of SA/Gel is relatively higher than that of
A-SA-Gel sample. Therefore, the time-dependent drying kinetics of the SA/Gel and A-SA-Gel samples were
studied and the results are plotted in Figure 4D. Interestingly, as seen from the graph, the drying ratio of
the SA/Gel was found to be faster than that of the A-SA-Gel. This can be attributed that the A-SA-Gel
hydrogel sample has not only good hydrophilicity but also high water content which is due to the albumen’s
high moisturizing functional property [20]. It is noteworthy to mention that the fabrication of scaffolds that
provides a moist environment is always preferable for wound healing application where it can also mainly
protect the wound against microorganisms as a kind of physical barrier [21].
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The results of the degradation profile of the SA/Gel and A-SA-Gel samples are given in Figure 5 along with
their morphological behavior. The results show that the dissolution rate of the A-SA-Gel sample is slightly
higher than that of SA/Gel. Also, it was noticed that the degradation rate of A-SA-Gel in PBS was higher
than in the culture medium (see Figure 5E). This is due to the fact that the albumen protein might be
involved to regulate the degradation characteristics of the A-SA-Gel hydrogel. It was also clearly noticed
from the series of SEM micrographs (see Figures 5A-5B) that the morphology of the A-SA-Gel hydrogel
scaffolding system became fluffy, rougher and swelling over time when compared to SA/Gel scaffolds. These
results are also in accordance with swelling measurement results (Figure 4B-4C).

The suitability of hydrogels as bioinks in tissue or organ engineering often depends on their mechanical
properties, and structural integrity and shape fidelity. Therefore, the mechanical properties of the formulated
hydrogels were thoroughly examined. The compressive strength and the strain of A-SA-Gel hydrogel sample
exceeded 6 MPa and 55%, respectively, and was higher than SA/Gel sample (see Figure 6). The data are
corroborated well in accordance with earlier studies [14, 22]. As for the tensile strength, the stress and strain
of A-SA-Gel hydrogel samples were higher than that of SA/Gel sample. These results clearly indicate that
the 3D printed A-SA-Gel hydrogel scaffolding systems have appropriate mechanical properties and they are
tunable suitable for tissue or organ-specific application.

Though the structural and mechanical properties of a scaffolding system is important for organ engineering,
the cellular compatibility is the most essential property because cells are the fundamental building blocks of
tissues and thus organs and they must grow well on the scaffolding system. Moreover, the scaffolds should
also support the vascularization process during the tissue organization [23]. Therefore, the cellular and
vascular-supportive potential of 3D printed A-SA-Gel hydrogel samples were investigated using HUVECs as
a model cell. The results of the in vitro cell culture study are given in Figures 7, 8 and 9. Figure 7 clearly
shows that the cells were well attached to the A-SA-Gel hydrogel substrate and were uniformly distributed
throughout the scaffolding system even after 4 days of culturing. In addition, there were endothelial sprouting
and the formation of branched vessel networks observed on the A-SA-Gel hydrogel scaffolds (see Figure 8),
which is a good sign that the scaffolds are vascular supportive in addition to mere cell compatible. The
robust neovessels were also formed; the maximum diameter and length of endothelial sprouting are found to
be 112um and 476um, respectively.

The fluorescent stained images showed dense endothelialized layer with sprouting on the surface of the A-
SA-Gel hydrogel substrate (Figure 9A-A2 and 9B-B2). In addition, the SEM micrographs also supported
the claim that the HUVECs were well attached on the hydrogel substrate and spread over it (Figure 9D-9F).
The CCK 8 assay data (Figure 9G) show that cells were well proliferated onto the A-SA-Gel hydrogel sample
as compared to SA/Gel and Petri dish.

All these results clearly demonstrated that the 3D printed A-SA-Gel hydrogel scaffolding systems are cell
compatible and vascular supportive with adequate and tunable mechanical properties. Though the SA and
Gel biomaterials were widely used as a tissue scaffolding system in our earlier study, and by other groups as
reported in the literature, the present study advanced the utilization of those biomaterials as self-standing
and vascular supportive in 3D printing of tissue/organ scaffolding systems. The further studies are necessary;
however, particularly on how the newly formulated A-SA-Gel hydrogel perform under in vivo conditions to
not only to validate its in vitro results and to further examine its efficacy in tissue regeneration which is
under progress and the results will be published elsewhere.

5. Conclusion

In this study, a new formulation of A-SA-Gel hydrogel was developed and tested as a self-standing and vas-
cular supportive biomaterial suitable for 3D printing. The experimental conditions necessary for extrusion-
based 3D printing of in-house formulated hydrogel with various simple to complex structures and shapes were
optimized by modulating system and solution parameters. Importantly, the complex engineered structure
includes a human ear model which is a realistic example of printability of our in-house formulated hydrogel.
The printed hydrogel scaffolds also supported the cell growth, that is, HUVECs in this case. The cells
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were proliferated well on the scaffolding system and extended to endothelial sprouting and microvascular
network formation through the scaffolds during the course of the cell culture study. In overall, the in-house
formulated new kind of A-SA-Gel hydrogel is a potential biomaterial that may be considered for 3D printing
of tissue or organ structures.
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Figure 1. (A) The schematic representation of formulation and 3D printing of A-SA-Gel hydrogel. (B) The

in-house built extrusion-based printing system that was employed for the 3D printing of various scaffolding
structures and shape from the hydrogel .
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Figure 2. Characteristics of the formulated A-SA-Gel hydrogel and the 3D printed scaffolds from the
hydrogel: (A) The viscosity of the hydrogel that has a shear thinning behavior. (B) The modulus of the
crosslinked hydrogel that has a higher storage modulus than that of loss modulus. (C-D) Photograph of the
3D printed hydrogel scaffold (top view) and its side view. (E) SEM micrographs of the top view of the printed
scaffold (white dotted line indicate the different layers of the scaffolding system, ogake Baps: 500 pup), (P-I')
soppeanovdvy payvigigatiov og * (osade Baps: P=500up, I'=250up), (H) tne prapevts ogp dippepevt Aapeps
09 The agappold (ogake Paps:2501p), (1) spooa-cestiovs popmnodoyh op the asappold (ogake Bapg:2501pL),
(©) a grooe 1w 0g uoprnoAoyp op TnE ogappPold (osade Baps:50u), avd (K-M) XEM 1uayes og tne ovppage
09 a owyke npwted prrapert (ocade Baps: K=250 up,A=100up,M=25uu).

Designed model Top view Front view

10.5+0.4mm

Top view 3D view

14.8+ 0.5mm

Pee.____ailt
112,34 0.5mm

3D view Top view

3D view

Top view

Front view Side view

Figure 3. 3D Printing of different structures and shapes using A-SA-Gel hydrogel: (A) 10x10x10 mm
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(LxWxH) thick scaffold structure; (B) blood vessel structure (12mm in diameter, 15mm in height); (C)

the abbreviations of Shanghai University (SHU) and Vellore Institute of Technology (VIT); (D) human ear
scaffold structure.
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Figure 4. (A) FTIR spectra of the SA sample, albumen sample, gelatin sample, and A-SA-Gel hydrogel

sample. (B) Mass swelling ratio of A-SA-Gel hydrogel and SA/Gel samples in PBS, and the same in RPMI
1640 medium (C); (D)

The time-dependent drying kinetics of the prepared A-SA-Gel hydrogel and SA/Gel samples at 37 °C.
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Figure 5. The degradation behavior and the morphology after degradation of A-SA-Gel and SA/Gel hydrogel
samples: (A-A2) the surface morphology of A-SA-Gel hydrogel sample after degradation of 1, 8 and 5 days;
(B-B2) the surface morphology of SA/Gel hydrogel sample after degradation of 1, 3 and 5 days; (C) weight
loss ratio of A-SA-Gel and SA/Gel hydrogel samples in RPMI 1640 culture medium; (D) weight loss ratio
of A-SA-Gel and SA/Gel hydrogel samples in PBS; (E) weight loss ratio of A-SA-Gel and SA/Gel hydrogel
samples in PBS and culture medium after degradation of 5 days.
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Figure 6. Mechanical properties of the 8D printed A-SA-Gel and SA/Gel hydrogel samples: compressive
strength (right) and tensile strength (left).
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SA/Gel scaffold

A-SA-Gel scaffold

Figure 7. Morphology and live/dead fluorescent images of the HUVECs cultured onto the SA/Gel and
A-SA-Gel hydrogel scaffolds (day 4): (A-C) the SA/Gel hydrogel scaffold and (D-I) the A-SA-Gel hydrogel
scaffold. White curves represent the boundaries of the filament of the scaffolding system.
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Figure 8. The observation of endothelial sprouting cultured on the 3D printed A-SA-Gel hydrogel scaf-
folds after 4 days; (A-F) Fluorescent microscope images of endothelial sprouting and sprouting of neovessels
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network: (A) the formation of microvascular network, (B) a microvessel of endothelial cells like a bridge, in-
terconnected between adjacent sides, (C) branched microvascular network, and (D-F) the formation of robust
neovessels with open lumen; (G) Quantitative analysis of the diameter of endothelial cells’ microvascular
network; (H) Quantitative analysis of the diameter of neovessels; (I) Quantitation of the sprout length.
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Figure 9. Fluorescent microscopic images of cell nuclei (A-C) and cytoskeleton (A1-C1) on the surface of
A-SA-Gel hydrogel scaffold after culturing 4 days; (A2-C2) the merge images of cell nuclei and cytoskeleton;
(D-F) the SEM micrographs of cells attachment on the surface of A-SA-Gel hydrogel scaffold after culturing 4
days; (F) CCK-8 assay data analysis after culturing 1, 3, and 5 days. The error bars represent the standard
deviation(n=6) and the value of *p [?] 0.05 was considered statistically significant.

19



