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The Manufacture and Application of Joint-on-a-Chip via 3D Bioprinting

Abstract

Osteoarthritis (OA), the commonest joint disorder, is a primary cause of chronic disability and
pain in the elderly. OA affects over 500 million people worldwide; unluckily, there is no cure for OA
till now. With the development of tissue engineering technology, in vitro three-dimensional (3D) model
provides a new approach for understanding of OA pathology and paves a road for drug discovery.
Among these 3D tissue model, organ-on-a-chip attracts lots of research interest due to its high-
throughput and reproducible characters. However, pre-existing joint-on-a-chip systems are lacking a
circulation system comprising of a blood flow circulation system (nutrient transportation for bone) and
a synovial flow circulation system (nutrient transportation for cartilage).

Herein, we design and bio-fabricate a novel prototype of double-circulation joint-on-a-chip via
3D bioprinting. To set up this joint-on-a-chip device, we purposely design and synthesize two kinds of
bioinks, these are bone/cartilage bioink [methacrylated Alg (AlgMA)/methacrylated e-polylysine (e-
PLMA)] and blood vessel bioink [granular methacrylated gelatin (G-GelMA)].

1) Bone/cartilage bioink:

The incorporation of e-PLMA in AIgMA bioinks enhances their operability and stability
because of the covalent bonding and electrostatic interaction link between the two
components. This improvement surpasses the performance of using single molecular Ca**
or large molecular methacrylated gelatin as a pre-crosslinker. Moreover, the AIlgMA/PLMA

constructs regulate a charged microenvironment (from -345.25 mV to 121.55 mV) and



exhibit enhanced hydrophilicity (26.64° to 52.00°). As a result, cells within the plotted
AlgMA/PLMA structures demonstrate enhanced viability and vitality.

2) Blood vessel bioink:

Due to the intermolecular bridge force between each independent microgel, the G-GeIMA
gain a great rheological property which significantly improve its printability. Furthermore,
this physical modification does not change the chemical structure of the polymer chain. In
other words, it remains the high biocompatibility of gelatin to provide a cell benefit
environment.

After the design of bioink system, we use Rhinoceros to establish the 3D model and related G-
code of this joint-on-a-chip. We put bone/cartilage bioink and blood vessel bioink into single-nozzle
channel and coaxial-nozzle channel, respectively. Controlled by a computer, the bioprinter process the
movement and the pressure on/off to fabricate this chip layer by layer according to the G-code. To
support the joint tissue and provide a seamless perfusable chip system, we further design a flow
chamber for long-time culture. Finally, through using multichannel bioprinting and coaxial bioprinting
techniques, we successfully set up this joint tissue system and correlated flow chamber in vitro.

In the future, we will use this joint-on-a-chip system to discover the relationship between
endothelial dysfunction and OA pathophysiology. Furthermore, we will conduct drug screening test
for potential compounds. We believed that this joint model is a promising start for joint disease study

and could be used as a high throughput drug screening platform in future.
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Chapter 1: Introduction

Bone and joint pathology attract lots of research interest, such as osteoarthritis (OA) and
rheumatism (RA). OA is among the most usual diseases causing chronic ache and disability, and
there is currently no cure. It has been all along defined as a wear-and-tear disorder, but now is
recognized to own a complicated pathophysiology influencing multiple joint structures.

In vitro three-dimensional (3D) organ models have received widespread attention for it can
significantly reduce costs and shorten preclinical research time on drug screening and biological
mechanisms. The Food and Drug Administration (FDA) of U.S. included organ-on-a-chip as a
“non-animal” verification method into the relevant legislation of the independent non-clinical
evaluation system of drugs in June 2022. Aiming to provide new strategies for OA’s treatment, in
recent years, researchers have begun to study the disease mechanism of OA in in vitro 3D joint
models. Due to the complexity and diversity of joint tissues, there is still a big gap between the
current joint organ model and its real microenvironment. Key scientific issue that needs to be solved

is how to construct a highly bionic 3D joint models with dual circulation system, that are blood

and synovial flow from two dimensions: structure and mechanics.

For the construction of a highly bionic 3D joint model, reproduction of the complex joint
microphysiological environment through appropriate technology is a major challenge. There are
many types of in vitro models used in biomedical research, such as microfluidic-based organ-on-
a-chip (2D), organoids (2.5D), and bioprinted tissue (3D). However, neither microfluidic chips nor
organoids can be extended to 3D microenvironments and lack fluid mechanics stimulation, making

them unable to be used for large-scale organ simulation of complex cellular microenvironments.



At present, the rapidly developing 3D bioprinting technology can realize the spatial
distribution of multi-cells, providing new technical support for the construction of highly bionic in
vitro 3D organ models. However, there are still huge challenges in how to use 3D bioprinting

technology to build a highly bionic joint-on-a-chip (JOC) with dual circulation systems of blood

and synovial flow. The key lies in how to efficiently establish these two circulation systems and

rationally plan independent zone and substance exchanging zone. Blood and synovial fluid are

efficient pathways for connecting bone tissues and cartilage tissues for JOC: On the one hand,
vascular channels and synovial fluid chambers are the main nutrient supply pathways for bone
tissue and cartilage tissue, respectively. Among them, compared with the penetration of nutrients
from the blood vessels of the subchondral bone, the cartilage’s direct nutrition from the synovial
fluid is also very important. On the other hand, during the occurrence and development of OA,
blood and synovial flow not only exchange nutrients and waste products through the synovial
membrane, but also exchange biological signals.

In this thesis, we described a 3D bioprinted JOC system in vitro which could overcome key
technical problems that we mentioned. First, we designed two kinds of bioinks for bone/cartilage
tissue and blood vessel reconstruction. Second, we designed a JOC model with double flow system
- blood flow and synovial flow. Third, we set up a multi-channel 3D printing system with multi-
nozzle for bone/cartilage tissue and co-axial nozzle for vessel channel. In the future, this JOC model

could be used for disease pathology research and drug screening applications.



1.1 Current Understanding of Osteoarthritis

Bone and joint disease pathology attracts lots of research interest, such as osteoarthritis (OA)
and rheumatism (RA). OA is the most well-known joint disorder, plaguing appropriate more than
240 million individuals all over the world.[1] Not until the end of 18™ century, OA was recognized
as a new joint disease other than RA.[2] Now, OA has been recognized as a wear-and-tear disorder
for a long time, but now is recognized to own a complicated pathophysiology influencing multiple
joint structures [3] (Figure 1-1A), as concluded by the Osteoarthritis Research Society
International definition of OA: “The disease manifests first as a molecular derangement (abnormal
joint tissue metabolism) followed by anatomic, and/or physiologic derangements (characterized by
cartilage degradation, bone remodelling, osteophyte formation, joint inflammation and loss of
normal joint function), that can culminate in illness.”[4]

In summary, OA has been defined focusing on not only the changes in the articular cartilage,
but also the alterations on subchondral bone/meniscus and osteophyte formation.[5] Development
of OA is always slow and may take few years to form sensible pain. Therefore, the understanding

of risk factors for OA and related prevention is important.
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Figure 1-1. Health and OA Knee Joints. A) Schematic structure of the joint. B)
Schematic view of articular surface cross-section. C) Histopathological view of a health
articular surface’s cross-section. D) Histopathological view of a OA articular surface’s
cross-section. Adapted with permission from reference [2].

1.1.1 Risk Factors of OA

Obesity: Fat is a well-known risk factor. For example, each individual having a body mass
index (BMI) over 25 kg-m™ may have a high risk ratio on hand OA, that is 1.9.[6] For a long time,
the connection between obesity and OA has been seen as excessive joint bearing, especially for
knee. In contrast, this can’t explain the OA developing with non-weight-loading joints. For weight-

loading joints, e.g., knee, the body fat has already been seen as a useful forecaster of alteration of



cartilage.[7] Furthermore, according to epidemiological analysis, individuals with higher BMI
have a threefold to fourfold higher risk on knee and hip joint replacement.|[8]

Physical Activity: Physical activity has been seen as a burden for weight-loading joints
historically. However, more evidence has shown that the physical activity, particularly joint
involving, plays a significant role on maintaining and developing healthy knee joints. For instance,
a study showed that the physically active children had a larger cartilage volume than sedentary
children.[9] In addition, the rapid loss of cartilage volume was investigated among adults with
immobility.[ 10] Both of them show that moderate physical activity is good for joint.

It remains unclear that whether physical activity is bad or good for adults’ joint. This is
because current evidence from adults is conflicting, e.g., vigorous physical activities not only
increase knee OA risk for patients with established OA, but also have a positive effect on knee
articular cartilage in healthy people.[11, 12] Moreover, people with different baseline cartilage
volume have different feedback under heavy physical activity. Individuals with higher baseline
cartilage volume can slow the rate of their cartilage loss, while individuals with lower baseline
cartilage volume may expedite their cartilage loss.[13]

Structural Factors: Structural abnormalities of hip bones are commonly found in OA
patients. This abnormality is also grouped into hip dysplasia and femoroacetabular impingement
which may cause a concentration of weight-bearing area.[14, 15] Not only the obvious dysplasia
is a common recognized risk factor, even subtle degree of dysplasia may increase the risk of hip
OA.

Besides the congenital structural abnormalities, structural joint damage by modifiable

developmental exposure can also increase the risk of OA.[16] Clinical reports have shown that



over-sporting before the close of growth plates would highly increase the risk of femoroacetabular
impingement which may leads to hip OA.[17-19] A theory has been developed for this phenomenon
that repetitive joint loading on bones may cause rapid growth leading to a joint structural
modification.[20] However, some research also showed that the importance of early occupational
exposure. In a study, fewer structural changes of hip joint were observed in their late life, if they
involved in heavy lifting when that are 18-30 years old.[21]

Genetics: For hand and spinal OA, strong evidence of genetic factors involving has been
found [22, 23], while the evidence has not been found for knee OA.[24, 25] These classic twin
studies and familial aggregation research indicated that, by controlling most common risk factors,
the genetic susceptibility of structural OA is located between 40% and 65%.[24, 25] Recently,
Genetic, epidemiological and genome-wide association studies have assisted us on identifying
several genetic variants associated with hip or knee OA. These identified genes have been seen as

an important role involving in molecular mechanisms of OA pathogenesis.

1.1.2 Pathophysiology of OA

Cartilage development and Degeneration: There is no proliferation for chondrocyte under
a normal physiological period of an adult. The most important role of chondrocyte is to refresh the
hydrophilic glycosaminoglycan (GAG) which could provide tensile strength.[26, 27] Chondrocytes
are embedded in a mixture of matrix, e.g., type VI collagen, which could help them stay in a low-
turnover state.[28-30] During the development of OA, the composition and structure of the matrix
changes a lot. Starting from the appearance of surface fibrillations, the matrix breaks to show deep

fissures and expose the underlying cartilage and subchondral bone.[31-33] Then, vascularization



happens in osteochondral interface, vascular network generate from bone marrow and pass through
subchondral bone and invade into calcified cartilage.[32] This vascularization in cartilage will
promote endochondral bone formation.[34, 35] To stop this degeneration progress, chondrocytes
will increase its synthetic activity at early stage of OA.[36] However, the exposure of the
chondrocyte to the deep-side matrix will deregulate the function of chondrocyte.[30] With the
development of this disease, the collagen network is eroded and the whole disease get into an
irreversible stage. This progress is associated with several kinds of enzyme [37, 38] and their
related inflammatory pathways.[39, 40] After that, many senescent chondrocytes will increase the
secretion of pro-inflammatory products, e.g., reactive oxygen species.[41] In the end, most of the
chondrocytes will show characters related to hypertrophy.[42] These inflammatory factors will
continuously stimulate other tissue zone in joint and form an OA physiological environment.

Subchondral Bone Homeostasis and Disorder: The structure and composition of bone
maintain a balance throughout an individual’s life by controlling two kinds of osteocytes, that are
osteoblasts and osteoclast. Osteoblasts normally produce new bone, while osteoclasts absorb bone
in reaction to biomechanical and biochemical factors in joint environment.[43-45] When OA
happens, the volume of the cortical plate increases, and bone mineralization occurs.[46-48]
Moreover, bone could be directly damaged from physical factors, and form microcracks which may
enhance the process of OA.

It worth to note that evidence of anatomical relationship between bone changes and the
development of cartilage OA has been found, mechanical and structural changes for both bone and
cartilage are harmful.[49-51] For example, Radin et al. and Brown et al. proposed that the stiffness

of subchondral bone acts an important role in the OA development.[51, 52] However, Day et al.



argued that owning to the lower bone mineral density, the stiffness of subchondral bone decreases
instead of increasing.[53, 54] Their speculation is the reduction of bone modulus cause a cartilage
deformation, contributing directly to the development of OA pathophysiology. This argument
indicated that the complexity of their relationship, which are still an unclear question now.

Synovial Membrane/Fluid and Inflammation: The synovial membrane is a thin but
compact cellular layer used to form a seamless and on-demand molecular joint environment.
Cartilage gets nutrient and lubricant factors from synovial fluid through synovial membrane. One
of OA common features is synovitis which is associated with diffusion and perivascular infiltration
of T and B lymphocytes.[55] A positive correlation between synovitis and OA risk has been set up
by using imaging studies based on MRI.[56-59]

The damage of cartilage has a close relation with the development of synovitis. As I just
mentioned in previous section, the cartilage degradation products promote the production of pro-
inflammatory molecules.[60] OA patients’ protein and gene analysis indicated the upregulated
expression of molecule associated with angiogenesis and inflammation. The Toll-like receptors
(TLRs) are responsible for the immune system activation.[61] Inflammatory related proteins and
cytokines could be found from synovial fluid, synovial membranes and cartilage in OA patients’
tissue.[62, 63] Some marker, e.g., interleukin (IL) family and tumour necrosis factor (TNF), has
been identified a increasing in synovial fluid and joint tissue from OA patients.[64] For instance,
IL-8 which has a lot of receptors on chondrocytes is widely detected in OA patients’ synovial
fluid.[65-67] This implicates a potential relation between OA pathogenesis and synovial
inflammation.

Adiposity and Inflammation: There is a speculation that adipokines induce pro-



inflammatory cytokines in synovial membrane and cartilage tissue. As we mentioned before, such
pro-inflammation will lead to a cartilage damage and subchondral bone remodelling.[68] Studies
have been conducted to support this hypothesis, increased injection of adipokines are associated
with the cartilage loss.[69, 70] Besides the systemic effects, local effects of adiposity were also
observed, such as the increased fat caused a strong knee cartilage loss.[71, 72]

Vascular Aetiology Hypothesis: Similar with the risk factor — mechanical loading,
hypertension also contributes to the development of the OA pathogenesis.[73] Vascular network
works as a transportation system in human body, the hypertension can break the homeostasis in
joint environment (Figure 1-2). Hypertension may affect the perfusion of subchondral bone by
increasing the intraosseous pressure which is negatively correlated with intraosseous blood
flow.[74-76] The disruption of blood flow can also trigger hypoxia and nutrient deprivation which
may affect the metabolic homeostasis of bone and cartilage.[77] Then irreversible damage will
happen on bone and cartilage, such as osteonecrosis [78], bone marrow oedema [79], bone sclerosis
[80], osteochondral junction modification [48, 81] and joint effusion [82]. Moreover, hypertension
and OA shared some molecular pathways, such as Wnt—3-catenin signalling [83, 84]. The activation
of Renin—angiotensin system [85, 86] and endothelin system [87] can potentially control the

development of OA.
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Figure 1-2. Vascular Aetiology Hypothesis: The Changing of Vasculature and
Knee Osteoarthritis. Adapted with permission from reference [73].

1.2 Joint-on-a-Chip and Biofabrication Technology

To understand the pathology and find possible treatment, scientists start to study such
disease in three-dimensional (3D) model. There are many types of 3D model for biomedical
research, such as organ on a chip (based on microfluidics), organoid and so on.[88-94] However,
for both organ on a chip and organoid, they both have weakness that could be not be used in large
tissue mimicking which needs complex cell microenvironment.[95] For instance, the joint has a
very complex cell distribution in microscale. Usually, the cartilage zone does not have blood vessels
for nutrients, it gets nutrient from synovial flow for instead. To mimic the joint microenvironment,

scientists should combine both synovial flow and blood flow simultaneously. This is impossible
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for organoid which is basically a cell aggregate that is hard to introduce two external flows into it.
And the lack of internal vascular network will also prevent the cell aggregate from growing
bigger.[94, 96] Although for the organ on a chip which is based on microfluidics, the external flow
could be easy to add. However, the cells in these chips are always located in 2D pattern which is
quite different with the cells circumstance in vivo.[90, 91, 97] For example, the cartilage has three
different zones, and each zone has their different cell distribution as shown in Figure 1B.

Recent years, 3D bioprinting, as one of the important branches of additive manufacturing
technology, has made great achievements in the field of functional tissue/organ biological
manufacturing (Figure 1C). 3D bioprinting is to use bio-ink composed of biomaterials, cells and
biological factors to accurately control the spatial distribution of bio-ink through computers, aiming
to print artificial tissues/organs with personalized macro and micro 3D structures and specific
biological functions. It is a new field of interdisciplinary integration of life science, material science,
manufacturing science and other disciplines, and has significant advantages in the manufacturing
of tissues and organs.

For biomanufacturing organ in vitro, it is vitally important to mimic the vascular channel
structure to enable its internal material transmission, maintain cell survival and function, and thus
form tissue/organ function.[98] In the past decade, researchers have invent several methods to build
the shape of blood vessel network for bioprinting, such as extrusion 3D printing[99-101], printing
vascular frame injection mold[102, 103], light curing technology (stereolithography and laser
ablation)[104-106], post processing of printing template[107], writing in support bath[108-112],
coaxial extrusion printing[113] and so on.

Among them, light curing technology has the characteristics of high precision, and has
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shown great potential in building micro sized complex organ structures.[114] However, due to the
scattering of light and the diffusion effect of free radicals, it is necessary to slice the model into
"ultra-thin" slices to eliminate the lamination in the manufacturing of irregular structures.[104] Not
only that, due to the limitation of printing mode, “lift clean peel” and other repeated operations
should be carried out after each layer is built, which often takes ten hours or more to manufacture
large-size structures. When multi-component printing is involved, in addition to the above steps,
each material of each layer needs to be cleaned and replaced with the next material after
construction.[115] This will make the construction of multi-component structures take more time,
which is often unacceptable in biological printing containing cells. In contrast, extrusion 3D
printing technology has more advantages in the construction of large-scale biological
manufacturing system composed of multi cells and multi materials, such as convenience, time-
saving and space limitation. In the process of extrusion 3D printing, the layer height depends on
the needle diameter and moving speed, and the next layer can be directly manufactured after one
layer is built. Multi material printing can also be realized by quickly changing the printing channel,
which greatly saves the manufacturing time. Prof. Jennifer A. Lewis of Harvard University
proposed multi-material multi-nozzle 3D (MM3D) printing, which shows its ability to conduct
multi-component 3D construction through MM3D printing heads with high switching frequency.
The printing efficiency is improved by arraying needles, which further improves the efficiency of
extrusion 3D printing. This printing technology can build a soft robot “millipede walker” in 17
minutes, but the possibility of biological printing still needs to be verified.[99]

Obviously, additive manufacturing based on traditional extrusion 3D printing can meet the

needs of multi-component complex structure. However, when printing the radial multilayer
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structure, it is necessary to frequently replace the material channel for filament deposit of different
components, which will waste a lot of time and greatly reduce the viability of cells.[116] Therefore,
the researchers further introduced the coaxial printing nozzle and proposed the extrusion coaxial
printing method to construct the core-shell vascular like structure. Prof. He Yong's team from
Zhejiang University constructed a stable scaffold with tubular structure connected through coaxial
bioprinting technology.[117] By introducing a needle inside the existing needle, the coaxial form
with two needle axes coincident is formed. From the cross-sectional view, the inner circular
structure is added with a layer of ring structure around it, which naturally forms a "core-shell"
structure in the extrusion process.

Here, in this research, we report a prototype of joint-on-a-chip via 3D bioprinting. We
integrate both blood flow and synovial flow into this chip. Due to the use of coaxial 3D printing
technology, we could establish the crosstalk between blood and synovial flow. This new type of

joint on a chip could provide a new approach for joint disease research.
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Figure 1-3. The Research Background of This Project. A) The traditional
technology for manufacture 2D model of joint in vitro. B) The new technology for
manufacture 3D model of joint in vitro. C) Current Milestone related to Joint-on-a-Chip.
Adapted with permission from references [95] and [118-121].
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Table 1. Current Milestone related to Joint-on-a-Chip.

Institute Milestone References

2D “cell level” single circulation
University of Basel [118]
system

2D “tissue level” double circulation
IRCCS Istituto Ortopedico Galeazzi [120]
system

2.5D “cell level” single circulation
Georgia Institute of Technology [119]
system

2.5D “tissue level” single circulation
University of Pittsburgh [121]
system
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Chapter 2: Design of Joint-on-a-Chip

2.1 Introduction

The 3D structure of the chip was designed through software. Normally, the design and
arrangement of joint-on-a-chip starts from a single 2D pattern. After enough checking, the scheme

of the joint-on-a-chip will be prompt into a detailed 3D structure with specific parameters.

2.2 Materials and Methods

In order to build up such a 3D printed chip model. First, we decided the Length, width and
hight of the join-on-a-chip through the actual size parameter from human or experimental animals
(Figure 2). Second, we chose the appropriate radius of the bone and cartilage zone (Figure 2).
Third, we decided the diameter of the blood vessel channel. This step has a high related relationship
with Flow Dynamic Analysis part in following research. Flow Dynamic Analysis part plays a
feedback role in the chip design, if the diameter of the blood vessel is not appropriate, a new
parameter will be generated until a suitable one is selected. The general method is shown as follow,
based on the multi physical field simulation software COMSOL, the fluid flow simulation of the
blood vessel channel model was carried out: first, the 3D chip model was imported into COMSOL
software as an STL file, and then the model was meshed. Then, the fluid flow mode was set as
laminar flow, and the input and output ends of the vascular model were set respectively. Finally,
the fluid flow simulation calculation of the model was completed; Through the simulation results,

the overall and local flow effects of the vascular model were evaluated. Finally, the optimized
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vascular network model was imported into the parametric design software Rhino, and the G-codes

Chip design

Lcmp' Wcmp’ HChip i K - RCam\agev RBonev and RBIood vessel L DFHamenl and NGEP

Y

Obtaining G-code (*.nc) based on the joint-on-a-chip model and
the setup parameters

‘Mass transfer analysws§

B e @ % i

code is obtained for the construction of the joint on a chip.

Figure 2. The Design Protocol of the Joint-on-a-Chip.

2.3 Results and Discussion

2.3.1 Structure of Joint-on-a-Chip

To mimic the structure of the joint, we design a symmetrical chip as follow (Figure 3A).
First, it has double circulation system, those are blood circulation system and synovial circulation
system, for nutrient supply and providing shear force effect. The nutrient could diffuse from blood
vessel and synovial flow to bone structure and cartilage structure, respectively. In addition, this
double circulation system has a direct connection in the chip, which could mimic the mass
transition (this zone is also called as “Matter Exchange Zone”) in the synovial membrane between
blood vessel and synovial flow (Figure 3A).

In order to avoid the direct connection between cartilage and blood vessel, we embedded

17



the blood vessel channel into the bone zone (this zone is also called as “Independent Zone”). In
this situation, the cartilage zone could get most of its nutrient from synovial flow and few from the
diffusion of blood vessel. And this is what real joint environment like.

After printing, this chip will be moved into a chamber which is link to a perfusion system.
This chip will be cultured in the incubator for future experiment (see Figure 3B).

In addition, to mimic the structure of the cartilage [122], we design a three-zone printing

area as shown in Figure 3C. Through using the extrusion-based printing technology, two parallel

curvy filaments and a series of radial filaments could be deposited on the printing platform.

D Synovial fluid |:| Cartilage O\ Chondrocytes Synovial Flow

- Blood fluid - Bone ~® Mesenchymal Stem Cells Blood Flow

Figure 3. The Design of the Joint-on-a-Chip. A) The diagram of joint-on-a-chip.
B) The different zones of this joint-on-a-chip (in a perfusable chamber). C) The three
zones of Chondrocytes’ distribution.
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2.3.2 Flow status in Chip

Through using COMSOL Multiphysics, we analysed the flow condition of blood vessel
channel and synovial flow chamber (Figure 4). The flow velocity in the blood vessel channel was
stable and present laminar flow (Figure 4A). The flow distribution in synovial chamber were more
complex. The flow velocity in the narrow gap between two cartilage zone was higher than the
cartilage of other side. This could mimic the high shear force in the junction of femur bone and

tibial bone (Figure 4B).
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Figure 4. The Flow Simulation of Joint-on-a-Chip. A) Vessel channel flow
simulation. B) Synovial chamber flow simulation.
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Chapter 3: Biofabrication of Joint-on-Chip

3.1 Introduction

When it comes to biological additive manufacturing, the widely preferred method is
extrusion-based bioprinting, primarily because of its ability to efficiently produce large-scale
structures and quickly construct objects using multiple materials [99, 114, 123-125]. Printability
and biocompatibility are considered the two crucial qualities of bioink, as it serves as a carrier and
creates a biocompatible microenvironment for cells immediately post-plotting. Due to its good
biocompatibility, hydrogel is a common ink material in bioprinting.[125] Moreover, most of the
non-chemically crosslinked hydrogel precursors have the rheological properties required in
extrusion 3D printing: shear thinning and self-healing properties. In this research, we designed two
kinds of bioink for cartilage/zone part and blood vessel part, respectively. [Alginate (Alg) based
bioink: Methacrylated Alg and methacrylated e-polylysine (e-PLMA) blend bioink; Gelatin (Gel)
based bioink: Granular Methacrylated gelatin (G-GelMA) bioink.]

In the second part of this chapter, we described detailed protocol for bioprinting each part
of the tissue zone. As we mentioned before, the vascular circulation system is constructed through
coaxial bioprinting, and the joint synovial fluid circulation system is constructed through chip
encapsulation. A sample was constructed for testing to verify the consistency between the double-
circulation system. Through testing, it is confirmed whether the chip structure’s material
transmission capacity, mechanical response and other parameters are in line with expectations, and
feedback is given to the design end for structural adjustment. Through multiple feedback
adjustments and verifications, the bone joint chip construction of the dual circulation system is
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realized and meets the needs of “Independent Zone” and “Matter Exchange Zone”.

3.1.1 Bone and Cartilage Bioink

Thanks to their similar character to extracellular matrix (ECM), natural-sourced hydrogels,
from plant or animal resources [e.g., alginate (Alg), silk, and gelatin (Gel)], are widely used as
bone bioinks. Among them, Alg is widely used for its excellent mechanical properties and low price.
Human bone marrow mesenchymal stem cells (hBMSCs) were encapsulated into Na-alginate ink
by Fedorovich et al. [126], and the cell viability in the extrusion-bioprinted scaffolds can achieve
more than 90%. To further expand the potential of using, Jeon et al. [127] cryopreserved hBMSCs
by Alg microgel bioink. The freezing process did not affect the bioactivity and differentiation
potential of hBMSCs after recovery. This means that the bioink does not need to be prepared and
used straight away, realizing the need of long-period biological storing and bioink utility according
to demand. Moreover, alginate has been selected to work as a thickening content in mixed bioink
for its high printability. For example, Zhang et al. [128] bioprinted sodium alginate-based bioink
which has human umbilical vein smooth muscle cells, and fabricated vasculature catheters via
coaxial nozzles extrusion plotting. However, Alg-based bioinks’ original bio-inertness inhibits
cellular interactions in the bioprinted scaffolds [129].

To address these limitations, researchers have developed two types of approaches:
incorporating bioactive units into the material through modification [130], and blending bioactive
components [131-134]. The most commonly used method for bioactive modification is RGD-
grafting, which effectively promotes cell adhesion and can selectively target specific cell lines,

eliciting desired cell responses [135]. However, modifying RGD peptides does not alter the
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rheological properties of alginate, which necessitates using high concentrations as bioink.
Additionally, the low stability of Ca*'-crosslinking over extended culture periods hinders the
advancement of Alg-based bioinks. To overcome these challenges, researchers have explored
blending bioactive pre-crosslinkers with alginate, with methacrylated gelatin (GeIMA) being the
most prevalent option. GeIMA, a large molecule with bioactive sites like the RGD group, forms
electrostatic forces and interpenetrating double networks with Alg, significantly enhancing the
printability and mechanical properties of the bioink [136, 137]. However, the blending process
requires an extended stirring time to achieve uniform cell distribution and prevent blockages in the
nozzle due to the two large molecule polymers. Unfortunately, prolonged exposure to shear stress
during this process inevitably reduces cell vitality and viability [138]. Consequently, the ability to
fabricate large-scale structures is restricted by the production of a substantial volume of bioink in
a single operation.

Recently, there is a hot focus on polyelectrolyte-based pre-crosslinking materials in the field
of 3D bioprinting research. These materials involve the combination of cationic (+) and anionic (-)
inks, allowing for the tuning of the polyelectrolyte ink's synergistic properties [ 139]. By adjusting
the ratio of cationic and anionic components, the charges of the polyelectrolyte ink can be modified,
creating a biologically friendly microenvironment. This is particularly promising for 3D
bioprinting applications since many human organs and tissues, such as the skin, blood vessels, heart,
and nerves, exhibit electrical sensitivity. For instance, Wang et al. [140] successfully created
biodegradable and injectable hydrogel by blending opposite charged gelatin nanospheres. Inspired
by this approach, our research group developed a polyelectrolyte ink using alginate and &-

polylysine (e-PL) [141]. Through electrostatic interactions, the polyelectrolyte ink can be used to
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fabricate huge self-supportable constructs at room temperature. Furthermore, the surface of the
scaffold can be further enhanced by applying a coating of e-PL which would improve cell adhesion.
Alternatively, it is important to note that cells cannot be added within this polyelectrolyte bioink
for its bio-toxic post-crosslinking process involving N-hydroxy-succinimide (NHS) and 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC) treatments.

In this thesis, I have developed a bioink based on a photocrosslinkable polyelectrolytic
methacrylated Alg (AlgMA), and I have introduced methacrylated e-PL (e-PLMA) as a
polycationic small molecular crosslinker (Figure 6A). The use of photo-crosslinking enables
precise control over the material's reaction behavior in both space and time, which is advantageous
for fabricating 3D structures [142]. Additionally, light-based chemistries are known for their high
efficiency and minimal byproduct formation, making them well-suited for fabricating
biocompatible structures that contain alive cells [ 142]. The incorporation of e-PLMA, with its small
molecular weight and extremely good water solubility, allows for the preparation of the bioink with
a fast stirring of no more than 10 seconds. Moreover, this bioink exhibits improved printability
(Figure 6B) for the electrostatic correlation between e-PLMA and AIgMA. After the bioink was
printed, the cell-laden scaffolds could be reinforced through photo-crosslinking, resulting in
enhanced shape stability compared to scaffolds crosslinked through ionic interactions.
Subsequently, we systematically evaluated the AIgMA to e-PLMA ratio based on electrical
properties, mechanical properties, rheological properties, and most importantly, cytocompatibility.

This comprehensive screening process led to the identification of the optimal formulation.

3.1.2 Vessel Bioink
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For vessel bioprinting, the biomaterials’ biocompatibility is very significant. Due to the high
biocompatibility of natural sourced hydrogel, alginate/gelatin-based biomaterials are commonly
used in vessel fabrication.[143-145] However, the low biocompatibility of alginate and low
printability of gelatin makes it difficult to get a cell-laden hydrogel tube with high strength.[146]
Blend bioink were carried out to solve the problem, for instance, Pi et al. used a blend bioink
consisted of GeIMA, alginate and poly(ethylene glycol) (PEG) acrylate with tripentaerythritol core
(PEGOA) to build up a tough hydrogel tube.[143] However, the over-use of high concentration
hydrogel will cause a high density of polymer network.[147] As a result, the transportation
efficiency of nutrient and waste was limited by the compact hydrogel wall. Recently, granular
materials attracted a lot of attention for its unique rheological behavior and high permeability.
Granular gelatin-based bioink has been introduced and showed great increase on viscosity and
shear-thinning behavior.[148] However, the lack of inner-crosslinking between different microgel
affects the mechanical properties of this kind of bioink.[148]

Herein, we designed a new kind of granular GeIMA (G-GelMA) bioink which has an
excellent printability and high biocompatibility. GeIMA microgel was dissolved into GeIMA
solution to form this granular bioink. The rheological test and mechanical test were performed to
show the physical properties of this materials. Finally, we also reported the printability and

biocompatibility on coaxial bioprinting of G-GelMA.

3.2 Materials and Methods

3.2.1 Synthesis of Bone/Cartilage and Vessel Biomaterials

Synthesis of AIgMA: Begin by dissolving Alg (from Sigma-Aldrich, Inc.) in phosphate
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buffered saline (PBS). Next, while keeping the mixture in an ice bath, gradually add the MA
solution to the Alg solution, ensuring the addition is done drop by drop, and allow the mixture to
react in darkness for 48 hours. Throughout this reaction, maintain the pH value between 7 and 8
through carefully dropping NaOH solution. Upon completion of the mediation, introduce absolute
ethanol to the mixture to cause the AIgMA to precipitate. Subsequently, collect the AlgMA through
centrifugation, and redissolve it in double distilled water (ddH20). Transfer the AlgMA solution
into a dialysis bag and subject it to dialysis for 72 hours. Following dialysis, freeze the AIgMA
solution by placing it in an ultra-low temperature freezer for 12 hours. To finalize the process,
lyophilize the solid AlgMA for 72 hours to acquire the final product — AlgMA.

Synthesis of e-PLMA: Begin by preparing a solution of e-PL (from Macklin, Inc.) in PBS.
Next, while keeping the mixture in an ice bath, slowly add a solution of methacrylic anhydride
(MA, from Sigma, Inc.) to the &-PL solution, ensuring that the addition is done dropwise. Allow
the mixture to react in the dark for 6 hours, maintaining a pH value between 7 and 8 throughout the
reaction. Once the reaction is complete, centrifuge the solution to remove any precipitate formed.
Transfer the clear reaction solution into a dialysis bag and subject it to dialysis for 72 hours. After
dialysis, freeze the solution in a -80 °C freezer for 12 hours. Lastly, lyophilize the frozen solution
for 72 hours to yield the final product, e-PLMA.

Synthesis of GelMA: GelMA synthesis was conducted according to the procedures outlined
in the referenced article [149]. In summary, porcine skin gelatin (type A) was dissolved at a
concentration of 10% (w/v) with PBS and stirred at 50 °C until completely dissolved. After that, 8
mL (v/v) of methacrylic anhydride was gradually dropped to gelatin solution, and the reaction took

place at 50 °C for 3 hours. The resulting solution was subsequently diluted and dialyzed against
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distilled water using dialysis tubing with a cutoff of 12~14 kDa, at 40 °C for one week. Finally, the
gel solution was freeze-dried for 4 days, resulting in white porous foam GelMA. The synthesized
GelMA was stored at -80 °C for experimental purposes. The characterization of GelMA followed
the same methodology as described in the previous study.

Synthesis of G-GelMA: GelMA was dissolved as 10% (w/v) into ddH20 at 50 °C and stirred
until it was completely dissolved. Then 0.3% (w/v) photoinitiator Lithium Phenyl (2,4,6-
trimethylbenzoyl) phosphinate (TCI, Inc.) was added into the solution for inducing photo-
crosslinking. Oil phase was preparing by stirring 300 ml dimethyl-silicone oil (Aladdin, Inc.) and
3.6 ml emulsifier (Span 80 : Tween 20 = 3 : 1, v/v) at 50 °C for 20 minutes. Then, the GeIMA
solution was dripped into the oil phase by syringes within 5 minutes. The water-in-oil mixture was
stirred for 8 hours and poured into a dish for UV-crosslinking 13 minutes to transform into chemical
cross-linked GelMA beads (B-GelMA). The mixture was then poured into ice acetone for
separating G-GelMA and oil. G-GeIMA are then dried in sand core funnel through vacuum
filtration. The dried G-GelMA were washed by distilled water for five times and mixed into slurry.
The slurry was eventually lyophilized for 4 days to generate G-GeIMA in white porous foam. The

made G-GelMA was kept at room temperature for further experimental use.

3.2.2 Characterization of Biomaterials

Water Contact Angle: The prepared hydrogel series inks were tested with a contact angle
measuring instrument to analyze the surface hydrophilicity of the cell scaffolds. Prepare the sample
into a film with a thickness of 1 mm, and it is completely crosslinked with an ultraviolet flashlight

to obtain a hydrogel film, for testing. Test procedure: Under ambient temperature, water is used as
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the detection liquid, and the hydrogel film is tested by the protractor method. Each group of
hydrogel membranes was tested 3 times at different locations, and the results obtained were

averaged.

Water Absorption (WA) test: Using the weighing method, the quality of the prepared
hydrogel series materials was weighed by a precision analytical balance, and the water absorption
and swelling properties of the cell scaffolds were analyzed. First cut the series hydrogel into a size
of 8 x 8 x 8 mm (length x width % height), and place it in a 10 mL centrifuge tube; then, add 5 mL
of PBS solution to make the solution completely cover the hydrogel block; finally, place the
centrifuge tube on a shaker with 37 °C (60 r/min, and soak for 48 hours). Water absorption ratio
data analysis: Weigh the initial stent with a precision analytical balance (ME204, China) to obtain
the initial weight Wo of the stent; On 1 h, 2 h,3 h, 4 h, 8 h, 12 h, 24 h, 36 h, and 48 h, the bulk was
taken out and the moisture on the surface of it was carefully wiped dry with filter paper, and then
the weight Wn was obtained by weighing the hydrogel block. For each sample, 4 parallel samples
are taken as a group, and the data obtained are averaged; and the sample’s water absorption rate

(WA) was analysed by the Equation 1:

_ Wp—-Wo
Wo

WA L (1)

,wheren=1,2,3,4, ...... , 0, reflecting the time point of test.

Degradation Test: The quality of the prepared hydrogel series rubber blocks was weighed
by a precision analytical balance by weighing method, and the degradation performance of

biomaterials was analyzed. First, make hydrogel into a size of 8 x 8 x 8 mm (length x width x
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height), freeze-dry and place in a 10 mL centrifuge tube; then, add 5 mL of PBS solution to make
the solution completely cover the scaffold; Finally, place the centrifuge tube on a shaker with 37 °C
(60 1/min, and soak for 7 days). Mass Remaining Ratio (MR) data analysis: Weigh the freeze-dried
initial scaffold with a precision analytical balance (ME204, China) to obtain the initial weight Mo
of the scaffold; and during soaking, according to the predetermined time point, the 1 d, 2 d, 4 d,
and 7 d after soaking, the scaffolds were taken out and freeze-dried, and then these scaffolds were
weighed to obtain the weight Mn. For each sample, 4 parallel samples are taken as a group, and the
obtained data results are averaged; and the sample’s mass residual ratio (MR) was calculated

according to the Equation 2:

—Mn
MR = ", (2)
,wheren=1,2,3,4, ...... , n, reflecting the time point of test.

Kelvin Probe Force Microscopy (KPFM): By using the Kelvin probe on the atomic force
microscope, and the surface potential and roughness of the hydrogel series scaffolds were analysed.
The hydrogel series bioinks are spread into a film with a thickness of 1 mm, and it is fully photo-
crosslinked with a UV flashlight; Then, the hydrogel films were freeze-dried, and a film with a size
of 8 x 8 x 1 mm (length x width % height) was cut with a knife, and it was pasted on the sample
stage with conductive adhesive for testing. The surface roughness of the material is tested first.
Through the test, it is found that the surface roughness of different groups of materials is similar,
and the subsequent surface potential test can be selected here, so that the influence of the difference
in surface roughness on the surface potential result can be ruled out. For example, the test area

selected in this paper is the material area with the surface roughness ranging from -80 to +80 nm.
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Mechanical Compression Test: A mechanical testing machine was used to carry out
mechanical compression tests on the prepared a series of ahydrogel materials to analyze the
mechanical properties of the cell-laden hydrogel scaffolds. The hydrogel series bioinks were
poured into an 8 X 8§ mm (diameter x height) cylinder. Put it in a transparent cylindrical mold, and
use a UV flashlight to make it fully photo-crosslinked to obtain a series of hydrogel block; then put
the hydrogel block into dd H20, and take it out after reaching an equilibrium swelling state for
testing. Test procedure for mechanical compression: Set the compression speed to 5 mm/min, and
perform a compression test on the series hydrogel block until cracks appear in the hydrogel block.
Each sample was taken as a group of 4 parallel samples, and the data obtained were averaged. The
stress-strain curve of the material is analyzed by OriginPro software, and the compressive modulus

of the sample is obtained according to the slope of the curve.

Scanning Electron Microscopy (SEM) analysis: The SEM test of the prepared hydrogel
scaffold was carried out by field emission scanning electron microscope. The preparation steps of
the SEM sample: The cell scaffold constructed into a large size and complex shape was first
cultured to the 4th day, and after taking it out, the cell scaffold was dehydrated with ethanol gradient,
and then freeze-dried. Finally, paste the dried cell scaffold on the sample stage with conductive

glue, and spray gold for 30 s, ready for testing.

3.2.3 Preparation of Bone/Cartilage and Vessel Bioinks

The specific contents of different groups of inks are given a name, for example, an ink
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containing 8 % AlgMA and 0 % &-PLMA is named AIgMAS bioink.

Preparation of AIgMA/PLMA Bioink: First, in a disposable centrifuge tube, 1% double-
antibody penicillin-streptomycin (Penicillin-Streptomycin, P/S), 10% Australian fetal bovine
serum (Fatal Bovine Serum, FBS), 89% o-MEM Culture media were mixed to prepare serum-
containing o-MEM culture medium, hereinafter referred to as MEM culture medium. Next,
dissolve the AlgMA and e-PLMA sample into MEM culture solution containing 0.1% LAP photo-
initiator.

Preparation of GelMA Bioink: First, GeIMA sample was dissolved into MEM culture

medium with 0.1% LAP. Next, dissolve the G-GeIMA sample in the GeIMA solution.

3.2.4 Printability and Rheological Properties of Bioinks

The prepared series of bioinks are tested by rotational rheometer, from viscosity-shear rate,
modulus-strain, modulus-frequency, modulus-temperature, UV curing and cycling oscillation to
comprehensively analyze their rheological properties. All tests are performed with a 25 mm flat
plate (PP 25) and each group repeated at least three valid samples independently. All the test gap is
0.2 mm and the test temperature is 37 °C.

“Viscosity - Shear rate” Test: The shear rates were set to vary from 0.1 to 100 s™! according
to the logarithmic law, and a total of 46 data points are taken.

“Modulus - Strain” Test: The angular frequency (o) is set at a constant value of 10 s™!, and
the shear strain varies from 0.01 to 1000 % according to the logarithmic law. A total of 41 data
points is taken.

“Modulus - Frequency” Test: The shear strain is set to keep a constant value of 1%, the
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frequency changes from 0.1 to 100 Hz according to the logarithmic law, and a total of 31 data points
are taken.

“Modulus - Temperature” Test: The shear strain and frequency are set to keep a constant
value of 1% and 1 Hz, the temperature changes from 4 to 40 °C, and a total of 41 data points are
taken.

“Modulus — Photo-crosslinking Time” Test: Set the shear strain and frequency to be kept
constant at 0.1% and 10 Hz, respectively. The first stage starts from the 10th second (s), the UV
lamp is not turned on, the test duration is 40 s, and one point is taken every 2 s; in the second stage,
the UV light is turned on for 100 s, and 128 points are taken according to the logarithmic law
individual.

“Cyclic Oscillation” Test: In the first stage, the shear strain and frequency are set to keep a
constant value of 1% and 1 Hz, respectively, and a total of 120 data points are taken; in the second
stage, the shear strain and frequency are set to a constant value of 500% and 1 Hz, respectively,
and a total of 180 data points are taken. Each cycle consists of Phase 1 and Phase 2 for total of 6
cycles, and ending with Phase 1.

Extrusion Properties: A transparent plastic printing syringe filled with series bioinks was
installed on an extrusion 3D printer, driven by a pneumatic pump, and the state of the line when
the ink passed through a 22-gauge (G) plastic needle was recorded.

Evaluation of Extrusion Pressure: By taking a reading on a computer connected to an
extrusion 3D printer, the printing extrusion pressure required to just squeeze the different series
bioinks out of the needle was recorded.

Evaluation of Photo-crosslinking Time: Pour series bioink into a transparent cylinder mold
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with a size of 8 x 40 mm (diameter % height), irradiate UV light from bottom to top, and record the
time used for curing the top of different cylinder samples duration.

Evaluation of Printed Filaments: A stereo microscope was used to evaluate the shape and
structure of the printed hydrogel scaffold. First, use 3Ds max software to design a cube 3D bracket
model, and import the model into the extrusion 3D printer. Then, the series bioink was extruded
through the extrusion 3D printer to fabricate a cross-structured hydrogel scaffold, and each scaffold
was printed with 3 layers. Finally, crosslink and soak the scaffolds in PBS solution for testing.

Preparation and Printing of Bioink: To create cell-laden bioink, a suspension of hBMSCs
or RSCs was thoroughly mixed and incorporated. Each of the resulting bioink was loaded into a
transparent plastic syringe, and a designed 3D scaffold model in the form of a cube was imported
into an extrusion 3D bioprinter. Using a pneumatic pump, each of the ink was extruded through a
40# (400 pm) tapered nozzle into a Petri dish. The scaffold lines of each layer were printed with a
90° rotation to the adjacent layers, depositing the lines one layer at a time to construct a cellular
scaffold. Subsequently, a UV light was employed to irradiate the printed cell-laden scaffolds,
inducing UV-crosslinking and forming stable constructs. This process yielded a series of cell-laden
scaffolds. Finally, each of the scaffold was put into a 12-well plate, and a suitable volume of
medium was used to ensure the scaffold was adequately covered. The plate was then transferred to
an incubator and maintained for seven days at 37 °C with a CO2 concentration of 5%. The culture
solution was refreshed per 2 days during this period.

Evaluation of Printability of Bionks: The structure and shape of those four bioprinted
scaffolds were characterized via a high-definition camera.

1) Mesh size (MS) Analysis: The printed scaffolds were captured and documented using a
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camera at three time points: 0 seconds (immediately after printing), 10 seconds, and 5 minutes,
prior to their crosslinking. To calculate the Mesh Spacing (MS), the software ImageJ was utilized,
in which the size of thirty-six meshes in the central region of each scaffold was labelled and
measured.

2) Printability (Pr.) Analysis: Under ideal gelation conditions, the extruded filament of the
bioink exhibits a distinct morphology characterized by a smooth surface and consistent width. As
a result, the fabricated constructs feature regular square meshes [150]. However, when the bioink
experiences insufficient gelation, the printed filaments assume a more fluid-like status.
Consequently, the higher layer tends to merge or fuse with the lower layer, leading to the creation
of approximately circular meshes within the constructs [150].

Circularity (C) of a mesh pole was defined through Equation 3:

_4amA

c=22.03)

And referring to Ouyang ef al., Pr. was evaluated through Equation 4:

where, L represents perimeter and A represents area. It is well-known that circles own a
highest circularity (C) as 1. When the C value is near to 1, the shape of the mesh is closer to a circle.

3) Shape Maintenance (SM) Analysis: To determine Strain Maintenance (SM) at ten
seconds and five minutes, the Mesh Size (MS) at these time points was divided by MS at zero
seconds. The calculation for the SM at 10 seconds involved dividing the MS at 10 seconds by the
MS at 0 seconds. Similarly, the SM at 5 minutes was calculated by dividing the MS at five minutes
via MS at zero seconds. The sample’s SM was computed using Equation 5, where ‘n’ represents

the time elapsed post-printing:
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_ MS,

SMy = 122, (5)

, where n = 10 s, 5 min, meaning the interval time point of this test.

4) Printing Stability (PS) Analysis: The PS was determined by analysing a minimum of
three scaffolds, each containing 36 meshes. In an ideal scenario with excellent printing stability,
the mesh size within a single scaffold would be steady. However, if the bioink exhibited poor PS,
there could be a significant variation in mesh sizes within a single scaffold. To evaluate the PS,
both the Average Mesh Size (Awms) and the Standard Deviation of the Average Mesh Size (Swms)
need to be measured. Ams will be calculated through Equation 6:

Aws = E2LL(6)

And Swms can be calculated as Equation 7:

Smus = \/— W . (7)

,wheren=1,2,3,4, ...... , n, reflecting the number of meshes.

And PS was calculated through the division of Ams to Sms, which could be defined as
Equation 8:

PS =31 (8)

Evaluation of Crosslinking Stability of Alg-based Inks: Similar to section 4.7.2, the printed
scaffolds underwent immediate crosslinking. They were placed in 6-well plates on a shaker at 37 °C
(60 r/min) and soaked for 28 days. A high-resolution camera was utilized to assess the structure
and shape of these four types of scaffolds at various time points: 0 days (immediately after
crosslinking), 1 day, 7 days, 14 days, and 28 days. To evaluate the crosslinking stability (CS), the

size of the scaffolds (SS) was measured. The CS at 7 days was determined by dividing the SS at 7
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days by the initial scaffold size (SSo). The changing of scaffold size (CSS) can be calculated as
Equation 9:
CSS,, = % . (9)
And CS can be defined through Equation 10:
CS, =InCSS, , (10)
, where n =1, 7, 14, 28, reflecting the interval time point of this test.

The highest CS is zero. Shrink or swell of scaffolds reflects on an either negative or positive

value.

3.2.5 Biocompatibility of Bioinks

To create a cell-laden bioink, a suspension of hBMSCs at a density of 1x10%mL was added
and thoroughly mixed. The resulting bioink was then loaded to a plastic syringe. Next, a designed
cube 3D model was input to an extrusion 3D bioprinter. With the assistance of a pneumatic pump,
the bioink was extruded through a 22 G plastic needle into a Petri dish. The scaffold lines of each
layer were printed with a 90° rotation to the adjacent layers, gradually depositing the lines layer by
layer and forming a cellular bio-scaffold. Subsequently, a UV torch was used to irradiate the
fabricated bio-scaffold, inducing UV-crosslinking and enabling the formation of a stable structure.
This process results in the creation of the cell scaffold. Finally, the scaffold was put in a 12-well
plate, and a suitable volume of medium was introduced to ensure the scaffold was adequately
covered. The plate was then transferred to a cell culture incubator and maintained for seven days
at 37 °C with a COz concentration of 5%. During this period, the MEM culture solution was

refreshed every 2 days.
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Live/Dead Test: After the completion of printing, the 12-well plate containing the cultivated
bio-scaffold was taken out. The medium in each 12-well plate was refreshed, and scaffolds were
immersed with PBS for three times, and each time is 5 mins. Subsequently, at ambient temperature,
2 mL of the prepared PI-FDA dual pigments were introduced to each well plate, ensuring the dye
fully covered the scaffold, and the staining was conducted in darkness for 20 minutes. Following
the staining process, scaffolds were moved out and rinsed with PBS to eliminate any extra pigment.
Finally, the set of bio-scaffolds were positioned on glass slides and detected under the fluorescent
upright microscope, and photographed for documentation purposes.

In order to investigate the impact of extrusion pressure on cell viability during printing, the
following steps were carried out: Bioink was printed using extrusion pressures of 60, 80, and 100
kPa to produce cell scaffolds. After a period of 4 hours from the completion of printing, the bio-
scaffolds were subjected to cyto-live/dead staining to assess their cellular viability.

CCK-8 Test: The cell proliferation/toxicity kit was used to detect CCK-8 on the prepared
series of cell scaffolds, and the cell proliferation ability of the cell scaffolds was analysed by a full-
wavelength microplate reader. Before each CCK-8 test experiment, drip 1 mL of CCK-8 stock
solution to 10 mL of a-MEM medium to prepare CCK-8 working solution, store it in the dark, and
prepare it for immediate use.

At4h,1d,4d, and 7 d after cell printing, take out the cell culture well plate for culturing
series of cell scaffolds, discard the MEM culture medium in 12-well plate, and replace it with PBS
solution. Dip the scaffolds 3 times, and each time is 5 mins. Then, drip 2 mL of prepared CCK-8
working solution to each well of the plate, so that the dye has covered the sample; each sample is

used as a group of 3 parallel samples, and a set of blanks with cell-free scaffolds sample. Then,
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place the well plate with the scaffolds into the incubator and maintain 37 °C and 5% CO:2
environment for two hours in the dark. After the incubation, each sample was pipetted into a 96-
well plate with 100 pL of liquid per well. Finally, put the 96-well plate containing the solution into
a full-wavelength microplate reader for testing at a wavelength of 450 nm. Absorbance value
(Optical Density, OD) data analysis: Set 5 holes for each parallel sample, and take the average
value of the obtained data results; read the absorbance En of the sample and the absorbance Eo of
the blank group, and calculate the internal density of the sample according to the Equation 11:
0D value = E, — E, , (11)

OD value is the optical density value of cells, wheren=1,2,3, ...... , h, meaning the interval
time point of this test.

DAPI/F-actin Staining: Immunofluorescence staining was used to observe the fibrous actin
and nuclei of the cells inside the prepared series of cell scaffolds, and the morphology of the cells
inside the cell scaffolds was observed by laser confocal microscopy.

After bioprinting of 4 days, the 12-well plate was taken out, and the MEM medium was
removed; and bio-scaffolds were soaked in PBS for 3 times, and each time is 5 mins. After that,
add 2 mL of immunostaining fixative to each well, fix the condition at 4 °C for 30 min, and then
discard; and wash the scaffold with PBS solution. Subsequently, 0.25% Trition X-100 solution was
added to submerge scaffolds to permeabilize the cell membrane, treated at room temperature for
10 min, then suck the solution out and wash them with PBS solution. Next, block the scaffolds with
5% goat serum at room temperature for 2 h and then discard; add the primary antibody-Anti-
Collagen II antibody working solution to soak the scaffolds, and suck the solution away after

overnight at 4°C; and wash the scaffolds with PBS solution at ambient temperature. Afterwards,
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the secondary antibody—goat anti-rabbit [gG H&L working solution was added to immerse the
scaffolds, and they were treated at room temperature in the dark for 2 hours, and then suck the
solution out; then, scaffolds were washed with PBS solution. Next, add the phalloidin dye working
solution to soak the stents, treat them at ambient temperature in the darkness for 30 min, and then
suck the solution out; then wash the stents with PBS solution. Then, add DAPI solution to soak the
stent, treat it at ambient temperature in the darkness for 10 min, and then suck the working solution
out; then wash the stents with PBS solution. Finally, the stained cell scaffolds were placed in a
confocal special culture dish, observed and recorded via a confocal laser microscope. The

excitation wavelengths are 488 nm and 594 nm.

3.2.6 Design of the G-code and Printing Process

According to the previous description, we first constructed the 3D model in rhino and wrote
the G-code for controlling the movement of the printer, e.g., nozzle movement and pressure channel
on/off.

To build up this joint on a chip, we chose four channels to fabricate the chip, as shown in
Figure 5A:

a) Channel 1: Bioink (AlgMA/PLMA) with hBMSCs.

b) Channel 2: Bioink (AlgMA/PLMA) with hBMSCs.

¢) Channel 3: Supporting ink with GeIMA and Nano-clay (thickening agent).

d) Channel 4: Co-axial printing with core channel (supporting ink: sacrificial material)

and shell channel (bioink: G-GelMA).
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Channel 1:
Bioink 1
+
Chondrocytes

Channel 3:

GelMA
+
Nano-clay

Channel 2:
Bioink 1
+
MSCs
Channel 4:

Sacrificial
Materials
Bioink 2

Cartilage Filament

Bone Filament

Blood Channel

F* Supporting Filament

4 Synovial Chamber

Figure 5. The Manufacture of the Joint-on-a-Chip. A) Different bio-inks from
different printing channels used in this joint-on-a-chip. B) The rendered structure of printed
structure. C) The logic order of steps used in the chip manufacture.

The chip has six-layer filaments and a core-shell perfusable channel. It will be printed on a
piece of glass (printing platform), and then be put into a mode and sealed for perfusable culture
(Figure 5B).

In addition, in order to realize the cell distribution in cartilage zone. We specially designed
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the filling topology in the cartilage zone. As shown in Figure 5C, this six-layer structure will be
fabricated in 6 steps.

a) Step 1: Bone and cartilage manufacture. The bone structure was printed with parallel
filament and the cartilage structure was printed in two directions. The outside and inside curvy
filaments are parallel, while the middle part is radial pattern. In this way, the Chondrocytes were
distributed like the cells in Figure 1B.

b) Step 2: Supporting structure manufacture. In order to fabricate the blood vessel in
second layer, a supporting layer (blue part) should be printed in the first layer.

¢) Step 3: Bone and cartilage manufacture. The second bone pattern is similar to the first
layer with a 90° rotation and the third layer is same as the first layer. The second and third cartilage
pattern is same as the first layer.

d) Step 4: Blood vessel manufacture. This tubular structure was printed by a coaxial
nozzle which had a sacrificial core and a hydrogel wall. This filament was printed through the bone
filaments and on the supporting filaments.

e) Step 5: Bone and cartilage manufacture. The bone pattern is similar to the first layer
with a 90° rotation. The cartilage pattern is same as the first layer.

f) Step 6: Bone and cartilage cap manufacture. The bone and cartilage pattern are parallel
tightly stacked to seal the bone part avoiding the fluid directly leaking into the cartilage and

synovial part.

3.2.7 Statistical Analysis

All data were visualized through software - Origin Pro, and the data were expressed as mean
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+ SD; CCK-8 data and some data were analysed via one-way analysis of variance using Tukey’s
post hoc test, and P values for significant differences were *P < 0.05, **P < 0.01, ***P < 0.001,
where *P represents significant difference in data, **P and ***P represent extremely significant

difference.

3.3 Results and Discussion

3.3.1 Bone/Cartilage Bioink — AIgMA/PLMA

By comparing the findings with previously published studies [151, 152], successful
synthesis of AlgMA (Figure S1) and e-PLMA (Figure S2) was achieved. Figure S1A and S2A
demonstrated the light-crosslinking characters of AlgMA and e-PLMA, respectively. As illustrated
in Figure S1B-E and Figure S2B-D, the methylacrylation of alginate and e-Polylysine was
measured as degree of substitutions (DS) of 28.2 + 0.6% and 30.7 + 1.4% (calculated by Equation
S1 and S2), respectively. The number average molecular weight (Mn) of AlgMA and e-PLMA is
273 kDa and 0.8 kDa, respectively (Equation S3, Figure S1F, and S2E). According to previous
report from Tabriz et al., used 8% (w/v) Alg bioink to bioprint large-scale constructs [153]. To
confirm a appropriate printing window for the mixed AlgMA/PLMA bioink [154], a set of ratio on
solid contents of these two materials were evaluated (Figure S3). The results suggested that a
minimum of 8% (w/v) AIgMA is necessary for extrusion and AlgMA/e-PLMA ratio should below
1:2 (Figure S3). Consequently, in further observation, sets of polyelectrolytes AlgMA/PLMA
bioinks through fixing AlgMA concentration to 8% (w/v) while improving e-PLMA concentration
from 0% (w/v) to 16% (w/v) were carried out. After that, the mixture of these two kinds of

hydrogels were tested to confirm their stability which ensures no basic characters change within
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them during the mixture of the bioink. According to the analysis of thermogravimetric (TGA) and
X-ray diffraction (XRD), no crystal structure changing was found after the modification (Figure
S4A-D), also confirming their steady chemical/physical characters during synthesis procedure.
Moreover, these results from FTIR spectra analysis (Figure S4E), TGA analysis (Figure S4F), and
XRD analysis (Figure S4G) proved that the blending behavior did not cause changes on crystal
structure.

In Figure 6, we present a comparison between our proposed AIgMA/PLMA bioink, and
other three traditional Alg-based bioinks to highlight its advantages. The three bioinks selected for
comparison are as follows: Alg/Ca", which consists of pure alginate crosslinked via Ca*" (single
molecule) after printing; AlgMA/Ca**, which involves AIlgMA post-crosslinked via UV and Ca**;
and AIgMA/GelMA, which is a mixture of AlgMA and larger molecular pre-crosslinker GeIMA
via electrostatic interaction before printing and further post-crosslinked via light stimuli. In
previous reports, the operability of blend bioinks during the preparation process has often been
overlooked, despite its importance. Therefore, achieving a stable printing state by using an even
blend bioink was prioritized. To contrast the capacity of homogenization and preparation efficiency
of the bioink, a blending-time test was initially conducted. In the case of AlgMA/GelMA bioink,
the entanglement of long chains of AlgMA and GelMA resulted in a longer homogenization time
compared to other three Alg-based inks. In order to further confirm this observation, semi-
quantitative experiments were performed. GelMA-Rho (with red fluorescent) and e-PLMA-FITC
(with green fluorescent) were separately mixed with AIgMA to investigate the micro-interactions
between these biomaterials. After stirring for 10 seconds, the small-molecule e-PLMA could be

uniformly mixed with AIlgMA, as depicted in Figure 6A and Figure S5. However, achieving a
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relatively uniform state required at least 10 minutes of stirring when mixing AIgMA with the large-
molecule GelMA (Figure 6A). The AlgMA/PLMA series bioinks’ uniformity was further evaluated
by investigating the emerging Nitrogen (N) element blended with e-PLMA referring to EDS
analysis (details in Table S1). The element N of blend bioinks had an even distribution and
presented a clear growth by increasing the e-PLMA (Figure S6). The shorter stirring time, the less
harmful to cells, therefore, the mixing time is important for bioinks. Small-molecular pre-
crosslinkers have significant advantages over large-molecular one, due to the composites’

homogenized dynamics.
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Figure 6. The Schematic lllustration of PLMA Used as Crosslinker of Bioink.
A) The bioink design consists of AIgMA and e-PLMA. B) The AlgMA/PLMA bioink exhibits
self-supporting characteristics and maintains its shape, enabling the successful creation
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of intricate scaffolds, such as the Maya pyramid shown in the image. The dimensions of
the pyramid are 17 x 17 x 11 mm (length x width x height). Scale bar in B, 5 mm.

Moreover, we devised a nested "Ring-Hive" structure characterized by neatly arranged
hexagons surrounded by a ring, in order to assess the crosslinking stability and printability. The
structures printed using AlgMA/GelMA bioinks and AIgMA/PLMA bioinks exhibited precise
hexagonal outlines. Furthermore, even after crosslinking (Figure 6B), the distances between the
ring and hexagons remained visible. In contrast, the structure printed using ionic crosslinking
displayed an indistinct shape, indicating the crucial role of pre-crosslinking in maintaining the
fidelity of the Alg-based bioink. To evaluate the stability of four types of bio-scaffolds, an extended
observation of the shape was conducted while the scaffolds were immersed in PBS. As depicted in
Figure 6C, the scaffolds printed through ionic crosslinking exhibited significant deformation,
whereas those subjected to photo post-crosslinking and electrostatic pre-crosslinking did not. The
physical structure of a single-crosslinked network using Ca®* ions experienced crushing within just
one day of culture, leading to shrinkage in the AlgMA/Ca*" scaffold due to Ca** loss. On the other
hand, the two photo-crosslinked scaffolds exhibited minimal structural changes over a period of 28
days (Figure 6C). Therefore, for Alg-based scaffolds to meet long-term requirements, a stable post-
crosslinking process is crucial, particularly in tissue engineering applications. As illustrated in
Figure 6B, the utilization of e-PLMA improved the printing accuracy of the Alg-based ink.
However, it remains unclear to what extent this enhancement can be achieved. To investigate this,
we designed and printed a four-layer “Criss-Cross” cubic scaffold composed of filaments rotated
at 90° in each layer. Figure 3A illustrates that the pre-crosslinked grid-like scaffolds created using

Alg/Ca** and AlgMA/Ca®" bioinks experienced significant structural collapse over time. It worth
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to note that the printed Alg/Ca®" and AlgMA/Ca*" filaments fused together no more than 10 seconds
and 5 minutes just after printing, respectively. Conversely, the AlgMA/GelMA and AlgMA/PLMA
filaments were able to maintain their shape for more than 5 minutes. This result demonstrates that

pre-crosslinkers hold greater potential for large-scale Alg-based bio-manufacturing endeavors.
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Figure 7. The Preparation and Crosslinking Stability of Alg-based Bioinks. A)
Pre-gelation AIgMA gels with different molecule weight pre-crosslinkers exhibit significant
behaviors during the blending process. Scale bar in A, 50 um. B) The four types of Alg-
based bioinks are prepared and displayed in a 2D plot. Scale bar in B, 2.5 mm. C)
Macroscopic appearance of 3D-plotted bio-scaffolds at crosslinked (day 0), day 1, day 7,
day 14 and day 28 of immersion in PBS (37 °C, 60 rpm) for Alg/Ca2+, AlIgMA/CaZ2+,
AlgMA/GelMA bio-scaffolds and AIgMA/PLMA bio-scaffolds. Scale bar in C, 5 mm.

In a previous study [146, 148] (Figure S7A), the fidelity of 3D printing was defined as the
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degree of resemblance, also called the outline resolution which is the length * width * height of the
construct, between the designed model and the actual printed object. To assess the manufactured
structure outline, a metric called Printability (Pr.) was employed to evaluate the behavior of printing
[150]. However, when it comes to the detailed characterization of feature resolution (Figure S7B),
such as the pyramid steps (Figure 6B), lots of analysing approaches were qualitative in nature. To
realize a more specialized characterization of the printability of Alg-based hydrogels, several
quantitative indices were introduced, containing Shape Maintenance (SM), Printing Stability (PS),
and Crosslinking Stability (CS). Among these, SM and PS were measured during the pre-
crosslinking phase. Specifically, SM measured the shrinkage of the fabricated mesh size during
printing time, while PS assessed the uniformity of the mesh size. In comparison, CS was analysed
during the post-crosslinking phase and measured the deformation of the printed mesh with time.

First, calculated by Equation 3 and 4, Pr. was carried out to illustrate the printing
performance of different bioinks. In a former record [150], the bioprinted structure will have
excellent filament shape when Pr. is between 0.9 and 1.1. As shown in Figure 8A, different mesh
shapes have been found on these four printed grids. The Pr./mesh shapes of Alg/Ca** and
AlgMA/Ca*" were 0.79/circle and 0.83/rectangle with chamfers (Figure 8B), respectively. While
the Pr./mesh shapes of AIgMA/GelMA scaffolds and AlgMA/PLMA scaffolds were 1.09/irregular
polygon and 0.93/clear rectangle (Figure S8A and Figure 8B), respectively. Although
AlgMA/GelMA and AlgMA/PLMA bioinks achieved excellent Pr., AlgMA/PLMA filaments
represented a smoother surface comparing with AIgMA/GelMA filaments (Figure S8A).

In order to achieve the manufacturing of large-scale structures, it is essential for the

filaments to maintain their shape throughout the entire manufacturing process. Otherwise,
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displacement occurs, leading to a mismatch between the printed filaments. To further characterize
this property, a new characterization parameter called Shape Maintenance (SM) was introduced,
calculated using Equation 5. By analysing and quantifying the mesh size of these four kinds of
scaffolds, it was found that AIgMA/GelMA and AIgMA/PLMA bio-scaffolds exhibited superior
performance in terms of SM (Figures 8C and 8D). After 10 seconds of printing, both
polyelectrolyte bioinks achieved a nearly 97% SM, while it was 37% or 74% for the Alg or AlgMA
electrolyte, respectively (Figure 8D). As the printing time extended to 5 minutes, the SM values
for these four bioinks were 33.5%, 6.1%, 96.3%, and 84.4%, respectively. It is worth noting that
the slight change in Alg/Ca®" between 10 seconds and 5 minutes was due to the immediate fusion
of filaments during printing. Due to the physical crosslinking of GelMA at room temperature, the
AlgMA/GelMA bioink exhibited a slight advantage over the AlgMA/PLMA bioink.

Ensuring the triumphant manufacture of a large-scale construct goes beyond just the SM of
the bioinks; the uniformity of each filament is also crucial. This implies that the mesh size should
have similar values across the construct. Another parameter, Printing Stability (PS), was employed
to analyse the variation in the scaffold mesh, which shows the permanence of the printed scaffolds.
The uniformity evaluation of the printed scaffold mesh size involved rating the ratio of the average
mesh size (Awms) to the standard deviation of the mesh size (Swms), as described in Equations 6, 7,
and 8. As depicted in Figure 8E, the PS values for these four bioinks were 1.45, 9.28, 11.37, and
20.29, respectively. This indicates that the AlgMA/PLMA bioink exhibited the best PS comparing

with other alginate-based bioinks.
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Figure 8. The Printing Performance of Alg-based Bioinks. A) The evolution of
filament shape over time following the manufacturing of alginate-based scaffolds. Scale
bar in A, 5 mm. B) Printability (Pr.) of four Alg-based scaffolds. C) Mesh size
measurements of four Alg-based scaffolds immediately after printing, 10 seconds after
printing, and 5 minutes after printing. D) Assessment of SM for four types of alginate-
based bioinks. E) Evaluation of PS for four types of alginate-based bioinks. F) Examination
of CS in AlIgMA/GelMA and AlgMA/PLMA bio-scaffolds.

After the manufacture of a large-scale structure, two important questions arise: How
accurately can the object maintain its shape, and for how long? To address this, a new parameter
called Crosslinking Stability (CS) was introduced to assess the object’s ability to maintain its shape
after crosslinking. We conducted a long-term observation of the shape of the PBS-immersed
scaffolds to evaluate the performance of these post-crosslinkers. By using Equations 9 and 13, we
analysed the CS values of the ion post-crosslinker (Ca?") and the covalent post-crosslinker (MA)
respectively. As depicted in Figure 8F, S8B, and S8C, the AlgMA/Ca?" bioinks and AIgMA/PLMA
bioinks exhibited an insignificant size shrinking, reflected by CS values ranging from 0 to -0.034

and -0.072, respectively, on the first day after printing. On the other hand, the AlgMA/GelMA
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scaffolds experienced a slight increase in size which has a CS value between 0 and 0.015.
Subsequently, all other three bioinks demonstrated a steady scaffold size during long-term
immersion.

Taken together, the findings suggest that the small-molecular blend AlgMA bioink, utilizing
a pre-crosslinker PLMA, exhibits the most favorable printing performance compared to the other
three bioinks. Additionally, we observed that the AIgMA/PLMA scaffold demonstrated an
isometric size shrinkage while maintaining its original shape, making it suitable for high-precision
3D bioprinting [155]. In fact, we have successfully utilized AIgMA/PLMA to print intricate
structures with exceptional accuracy, including large-sized bone/cartilage tissues with specific
shapes on a chip.

For direct printing of large-scale structure with a high-fidelity contour, in addition to the
basic requirement that the material has a certain shear-thinning and self-healing performance, the
bioink also needs to have a strong self-supporting performance to prevent structural dislocation
during printing.

Because of its excellent printability and potential use in tissue engineering, we conducted
further analysis on the physicochemical characters of various AIgMA/PLMA bioinks based on
small molecular pre-crosslinkers. As previously stated, we created a range of AlgMA/PLMA
bioinks by maintaining an 8% (w/v) AlgMA concentration and gradually increasing the e-PLMA
concentration from 0% to 16% (w/v) for research purposes.

The property of charge plays a crucial role in biomaterials as different types of cells exhibit
distinct preferences for surface potential. Upon analysing this property, we made an unexpected

discovery that the AlgMA/PLMA materials’ surface potential increased as the e-PLMA content
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increased, while maintaining a similar surface roughness (refer to Figures 9A and 9B). Specifically,
the surface potential rose from -345.25 mV to 121.55 mV when the content of e-PLMA escalated
from 0% to 16%. It is clear that the introduction of the positively charged, small compound e-
PLMA can alter the electrical microenvironment within alginate-based materials. Hydrophilicity is
another characteristic that greatly affects cellular behavior. As depicted in Figure 9C, the water
contact angles (WCA) of the surface on materials rise from 26.64° to 52.00° when comparing
AlgMAS8 with AIgMAS-PLMA16. These measurements still indicate that the materials are
hydrophilic, which is conducive to cell proliferation, as referenced in study [156]. Nonetheless, an
excessively hydrophilic nature may lead to the distortion of the hydrogel's structure due to the
absorption of large volume of water. In tissue engineering, scaffolds are often required to be
cultured for extended periods, making stability in an aqueous environment a critical attribute. To
assess the endurance of the AlgMA/PLMA materials, we conducted tests on water absorption (WA)
and degradation, as shown in Figures 9D and 9E. Figure 9D reveals that the AlgMAS hydrogel
experienced significant swelling upon immersion in PBS for 1 hour, and it did not reach a state of
swelling equilibrium until after 36 hours, culminating in a WA rate of 13.06% in the end. This
swelling is attributed to the -COOH groups’ ionization within the molecular chain of AIgMA, which
encourages water to permeate the network of polymer, causing the AIlgMA to expand. In contrast,
hydrogels that included e-PLMA achieved swelling equilibrium in just 2 hours. Moreover, as the
content of the cationic crosslinker e-PLMA was increased, the balance water swelling rate of the
AlgMA/PLMA hydrogel correspondingly went down. Notably, after 3 hours of incubation, there
was a reduction in all AlgMA/PLMA material weight.

Beyond the neutralization of hydrophilic groups, the composite material features an
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increased number of crosslinking sites and a more compact network, which limits the ingress of
water and reduces swelling. This could further explain the observed decrease in hydrophilicity. As
presented in Figure S9, SEM results corroborate this theory, showing that the porous construct of
the material begins to contract following the addition of cationic crosslinker e-PLMA. When the
positive/negative charging ratio rises, the crosslinking density within AlgMA/PLMA series
hydrogels also increases, leading to a tighter network and smaller pores. Specifically, for AlgMAS-
PLMAL16, the pore size collected from its cross-sectional view reduced to less than 20 um, which
could hinder proliferation cell and nutrient exchange. Nevertheless, e-PLMA’s role extends beyond
merely crosslinking with AIgMA; it undergoes self-crosslink, too. Scaffolds with a progressive
positive/negative charging ratio contain more pre-crosslinker, resulting in self-crosslinked e-PLMA
nanoparticles accumulating on the scaffold’s surface, as depicted in Figure S9A. These particles
are then agitated by PBS, causing a reduction in weight. Subsequently, the scaffold stabilizes at a
new swelling balance (see illustrated in Figure 9D). Consequently, the reduced water absorption
endows the AlgMA/PLMA ink with superior structural integrity and dimensional stability. The
findings demonstrate that AIgMA/PLMA ink exhibits low water absorption, which not only
preserves the structural precision achieved through 3D printing but also prevents potential damage
to the tissue defect area, thereby avoiding secondary injuries.

Another crucial aspect to consider when assessing a biomaterial's performance is its
degradation profile, particularly in terms of preserving its structural integrity over extended periods
of use. Figure 9E displays the degradation patterns of each AlgMA/PLMA material under a 7-day
culture. The data indicates that the AlgMAS hydrogel exhibited minimal degradation initially, with

a gradual onset of degradation commencing on the fourth day. The hypothesis is that the AIgMA
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material, after undergoing UV photo-crosslinking, forms a singular network structure that initially
exhibits stability. However, in later stages, it becomes susceptible to vibrations and its high
hydrophilicity allows a significant influx of water molecules into the scaffold’s network structure
early on. This leads to AlgMA hydrolysis, resulting in a reduction in the mass of AlgMAS scaffolds.
On the other hand, scaffolds incorporating e-PLMA showed a loss in mass within the first two days,
followed by a stabilization phase; furthermore, the AIgMA/PLMA scaffold underwent more rapid
degradation in the initial phase as the amount of e-PLMA increased, as illustrated in Figure 9E.
The initial reduction in mass can be attributed to the e-PLMA small molecule self-crosslinking
network that formed on the scaffold’s surface, which was gradually removed by the PBS solution
through continuous shaking until it completely detached. Subsequently, the impact of e-PLMA on
the mechanical properties of AlgMA hydrogels was evaluated. The stress-strain curve of
compression reveals that an increase in the ratio of positive/negative charge led to a corresponding
enhancement in the hydrogel’s compressive strength (Figure 9F). The AlgMA/PLMA hydrogel’s
mechanical properties are significantly influenced by electrostatic interactions between the
opposite charges. It was observed that the AlgMAS8 hydrogel exhibited the highest compressive
strain. When examining the compressive modulus data, it was noted that there was a progressive
increase in the compressive modulus of the scaffold as the content of e-PLMA was raised, with
values of 0.317, 0.454, 0.751, 0.916, and 0.926 MPa for AlgMAS8 to AlgMAS-PLMAIG,
respectively, as shown in Figure 9G. Upon calculation, the toughness values for the AlgMA/PLMA
hydrogel were determined to be 1731, 1218, 4583, 3152, and 4210 KJ-m™, respectively (Figure
9G). This trend can be interpreted by the fact that a higher crosslinking density in the polymer

results in stronger intermolecular forces, making the material more resistant to deformation from
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external forces.
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Figure 9. The Physical Properties of AIgMA/PLMA Bioink. A) Analysis of
surface topography and potential of AlIgMA/PLMA materials. Scale bar in A, 400 um. B)
Investigation into the impact of e-PLMA content on the potential range of AlgMA/PLMA
materials. C) Diagram depicting water contact angle variations for different ratios of
AlgMA/PLMA. D) Assessment of water absorption ratios for different ratios of
AlgMA/PLMA over a 48-hour period. E) Study on the degradation of different ratios of
AlgMA/PLMA within 7 days. F) Evaluation of compression mechanical properties for
different ratios of AlIgMA/PLMA. G) Analysis of compression modulus and toughness for
different ratios of AIgMA/PLMA. (*P < 0.05, **P < 0.01, ***P < 0.001)
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For extrusion printing, printability of ink is highly influenced by their rheological properties,
using to set printing parameters. We conducted the rheological test to find the appropriate printing
window of AIgMA/PLMA bioinks. Figure 10A displays the shear-thinning behavior of
AlgMA/PLMA bioinks. When subjected to a poor shear rate as 0.1 s!, the incorporation of e-PLMA
caused the composites’ viscosity to rise significantly, from 810 to 21948 Pa-s. As the shear rate
increased, the viscosity of the mixtures initially experienced a minor uptick before undergoing a
steady decrease, indicative of their excellent shear-thinning characteristics. The initial slight
increase in viscosity is largely attributed to the unwinding of long-chain AIgMA’s polymers.
Typically, the strain is necessary for the ink to realize a transition from solid-like phase to liquid-
like phase is associated with the printing pressure. As depicted in Figure 10B, the modulus of all
AlgMA/PLMA inks exhibited a decrease with increasing strain, leading to a phase transition which
suggests the bioink will shift from a solid-like to a liquid-like state under extrusion pressure, as
indicated by the condition where the storage modulus (G’) represents less than the loss modulus
(G”). By closely examining the modulus-strain curve within the 35% to 350% strain range, the
AlgMA/PLMA series bioinks’ phase changing point could be identified. The figure also shows that
the yield strain of the AlgMA/PLMA bioinks improved when the cationic crosslinker e-PLMA was
continuously added. In relation with the printing procedure, the pressure required for the bioink
extrusion increased as positive/negative charging ratio rose. However, overall, AlgMA/PLMA
series bioinks’s phase changing points for the were all below 300% strain, suggesting that the inks
could be extruded at pressures that are tolerable for cells. To examine how the frequency of the
printing air pressure affects the extrusion behavior of the non-Newtonian fluid, we performed a

rheological test - “modulus-frequency”. As shown in Figure 10C, the frequency had a noticeable
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impact on the modulus of the AIgMA/PLMA bioinks, which reflects how printing intervals can
influence the rheological properties of the inks. In other words, at lower frequencies, the bioink is
extruded fewer times within a given time frame. Figure 10C indicates that for most bioinks, the
transition from a liquid-like to a solid-like phase occurred at a poor frequency, around 1 Hz. This
means that during the typical 3D bioprinting process, where gas pressure is applied and released
(usually taking less than 1 s to switch the gas pressure), the phase changing of the AlgMA/PLMA
bioink proceeds as expected. To identify the ideal printing temperature window, a “modulus-
temperature” evaluation was conducted. As depicted in Figure 10D, the modulus of the
AlgMA/PLMA series bioinks was largely unaffected by temperatures ranging from 4 °C to 40 °C,
indicating that the inks maintain stable printing properties across this temperature range (Figure
10D). It’s widely recognized that having the ability to print across a broad temperature spectrum
significantly benefits bioprinting. This flexibility allows for printing at room temperature in the
absence of a plug-in heater, or at specific temperatures like 4°C or 37°C to either improve viability
or metabolism of cells, tailored to the objectives of the study. During the process of pneumatic
extrusion printing, the ink is subjected to cycles of “pressure on/off”. To replicate this scenario, a
“Cyclic Oscillation” test was conducted. According to the results shown in Figure 10E, under high
strain, all AlgMA/PLMA series bioinks demonstrated liquid-like characters (G’ < G”), aligning
with the findings from Figure 10B; upon removal of stress, all bioinks promptly reverted to
exhibiting solid-like behavior. Furthermore, as the cycle count increased, the modulus of all bioinks
remained within a specific range, suggesting that the AIlgMA/PLMA series bioinks possess self-
healing and self-supporting qualities, alongside robust printing stability.

Following the assessment of the printability of AIgMA/PLMA series bioinks through
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rheological test, we conducted an on-machine test to verify these findings. This involved extruding
bioinks using a 3D plotter and documenting the filament quality and printing pressure for
subsequent analysis. Figure 10F illustrates that e-PLMA on its own was not printable, and the same
was true for AIgMA4 and AIgMA4-PLMAA4 bioinks. The reason for this is that these bioinks were
too fluid; when loaded into a vertical printing syringe, the inks would flow out of the nozzle without
any applied pressure. Consequently, only AlgMA/PLMA bioinks with e-PLMA concentrations of
8%, 12%, and 16% (w/v) were suitable for the manufacturing process. Figure 10G illustrates that
the printing pressure is predominantly determined by the AIgMA content. Notably, when the
AlgMA concentration is fixed at 8% (w/v), the pressure remains consistent, irrespective of
variations in e-PLMA content. To further verify the quantitative character of post-crosslinkers (i.e.,
methacrylate, MA), we conducted a rheological test using a “UV cure” mode to assess the bioink’s
light curing efficiency. As indicated in Figure 10H, all AlgMA/PLMA bioinks were capable of
rapid photocrosslinked no more than 10 seconds, with the elastic modulus increasing as the -
PLMA content rose. Interestingly, after this initial increase, moduli of the AlgMAS8-PLMA12 and
AlgMAS-PLMA16 materials experienced a reduction over the subsequent 20 seconds. This
decrease may be due to the denser networks formed by AIgMA-PLMA12 and AlgMA-PLMA16
during UV crosslinking, which expelled more water, potentially creating a water-based-mediated
lubricated layer that affected measurement against flat plate of the rheometer. The presence of ¢-
PLMA enhances the crosslinking density of the AlgMA/PLMA series bioinks, resulting in a stiffer
hydrogel. The time required for crosslinking was reduced for higher densities of double bonds, as
shown in Figures 9H, 91, and Figure S3D.

Using an extrusion-based 3D printer, scaffolds were fabricated with AlgMA/PLMA bioinks,
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and the effect of varying charging ratios on the precision of the scaffold structure was investigated.
From Figure 10J, it is evident that all scaffold groups, with the exception of the AlgMAS-PLMAS
group, were able to retain high fidelity in their cross-structure. Furthermore, as the
positive/negative charging ratio grew, the pore size enlarged. This suggests that incorporation of
the cationic coupling component e-PLMA results in more effectively cured scaffold lines. However,
AlgMAS8-PLMAA4 bioink exhibited poor viscosity, which sometimes promoted to the crash of pores
during the construction of scaffolds. The original addition of the cationic crosslinker e-PLMA
disrupts the steady of the ink’s negatively charged environment, leading to charge neutralization,
which in turn causes a reduction in the bioink’s viscosity. However, as the positive/negative
charging ratio increases further and reaches equilibrium, the environment within the ink starts to
become positively charged (as shown in Figure 9A). Consequently, the viscosity of the bioink
progressively rises in tandem with the growth in solid component concentration. Through mixing
procedure, it was found that AIgMAS8-PLMA4 bioink was effortless to mix compared to AlgMAS8
bioink, whereas AlgMA8-PLMAS required more effort, aligning with the results from the

viscosity-shear rate rheological tests.
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Figure 10. The Printability of AlgMA/PLMA Bioink. A) Assessment of the impact
of shear rate (0.1-100 s™') on the AlgMA/PLMA viscosity. B) Examination of the influence
of strain (0.01-1000%) on the AIgMA/PLMA’s storage and loss modulus (G’ and G”). (1 Hz,
25 °C) C) Investigation into the effect of frequency (0.1-100 Hz) on the storage and loss
modulus (G’ and G”) of AIgMA/PLMA. (1% strain, 25 °C) D) Analysis of the influence of
temperature (4-40 °C) on the storage and loss modulus (G’ and G”) of AIgMA/PLMA. (1%
strain) E) Testing the shear-thinning and self-healing behavior. Evaluation of the influence
of strain cycles (low: unshaded area, 1% strain, 1 Hz; high: shaded area, 500% strain, 1
Hz) on the storage/loss modulus (G’/G”) of AIgMA/PLMA. F) Analysis of the extrusion
status for different ratios of AIgMA/PLMA. G) Visualization of the extrusion pressure for
different ratios of AIgMA/PLMA using a heat map. H) Examination of the influence of UV
exposure time (1-100 s, 1% strain) on the storage and loss modulus (G’ and G”) of
AlgMA/PLMA. 1) Presentation of the photo-crosslinking time for different ratios of
AlgMA/PLMA using a heat map. J) Evaluation of the effect of different ratios on the
structural fidelity of AIgMA/PLMA bio-scaffolds. Scale bar in J, 400 um.

As solid content in the bioink increases, there is a notable rise in the printing pressure
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required, while the time needed for crosslinking significantly decreases. When used for cell printing,
the high shear force combined with UV light irradiation can lead to cell membrane damage, as well
as the potential for DNA mutation and fragmentation. For instance, if AlgMA component
concentration is extremely low, the bioink becomes unprintable, as shown in Figure 10F.
Conversely, as AIgMA component concentration rises, the extrusion pressure increases markedly.
Additionally, if the positive/negative charging ratio is excessively high, a polyelectrolyte
precipitation can happen. On the other hand, a lower ratio leads to longer photo-crosslinking times
for the ink. Through rheological testing and printing pressure assessments, including evaluations
of shear-thinning behavior and the determination of a cell-friendly printing range, the most suitable
bioinks for 3D bioprinting were identified to be within the range of AIgMAS-PLMA4 to AlgMAS-
PLMA12.

In biomedical fields such as organoid development and tissue engineering, the ECM is
pivotal in determining cyto-destiny. As a bioink developed for bioprinting, AIgMA/PLMA has
demonstrated its proficiency in accurate fabrication. The next critical phase is to explore its
interactions with cells. AlgMA/PLMA was combined with bone marrow stromal cells (BMSCs)
and then bioprinted into a specific pattern. Subsequently, the viability and proliferation of the cells
were monitored over time and in relation to the printing pressure, as shown in Figure 11 and Figure
S10.

At the onset of the post-printing period (day 0), cell viability within the AIgMAS-PLMA
series scaffolds was recorded at 71.05%, 75.69%, 84.80%, 85.87%, and 83.21%, respectively, as
illustrated in Figures 11A and 11B. By day 4, live/dead staining revealed that nearly all cells within

the AlgMAS scaffold had perished (Figure 11A). However, the addition of the cationic crosslinker
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e-PLMA enhanced cell viability within the scaffold, with a modest number of cells remaining alive
in the AlgMAS8-PLMAA4 scaffold. Furthermore, as the level of positive charges increased, a greater
number of cells were observed to proliferate and disperse within the scaffolds, as shown in Figures
11C and 11D. After a 7-day culture period, there was a noted reduction in cell numbers within the
AlgMAS-PLMA16 scaffold compared to day 4, whereas the AlgMA8-PLMAS and AlgMAS-
PLMA12 scaffolds did not exhibit a decrease in cell numbers (Figure 11A).

In agreement with the live/dead staining observations, both the CCK8 assay and EdU
staining confirmed that a substantial number of cells within the AlgMAS cell scaffolds perished on
the first day of culture, with minimal cell proliferation observed during the assessment period
(Figure 11A and 11E). However, the introduction of the cationic crosslinker e-PLMA markedly
enhanced cell survival in the scaffolds; notably, in scaffolds with a positive to negative charging
ratio exceeding 1:1, cell proliferation surged on the fourth day, with AIgMA8-PLMAS scaffolds
showing the highest level of cell growth. On comparing the fourth day results, the optical density
(OD) values for AlgMAS-PLMA12 and AlgMAS8-PLMA16 cell scaffolds declined, with AlgMAS-
PLMAI16 scaffolds experiencing a more pronounced decrease in living cell numbers; AlgMAS-
PLMAS cell scaffolds, however, continued to exhibit signs of cell proliferation (Figure 11E). The
experimental findings from this section indicate that the cationic crosslinker e-PLMA significantly
enhances cell viability in bioinks containing 8% sodium alginate.

To investigate the impact of e-PLMA on cell morphology within the printed scaffolds,
immunofluorescence (IF) staining was conducted on the fourth day after printing to visualize the
fibrous actin and nuclei of cells embedded in AlgMA/PLMA bio-scaffolds, as shown in Figure

11A. Observations from Figure 11A revealed that the AlgMAS cell scaffold contained a very low
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number of cells, all of which appeared round in shape. This round shape is attributed to the
biologically inert nature of the polyanionic AIgMA, which lacks cell adhesion motifs, thereby
hindering cellular processes such as spreading and proliferation. However, with the addition of the
cationic crosslinker (e-PLMA), cells within the AlgMA/PLMA cell scaffolds adopted an elongated,
spindle-like shape, indicating the onset of cell spreading. This suggests that e-PLMA effectively
counteracts the biological inertness of AIgMA and enhances cell adhesion within the scaffold, as
depicted in Figures 11A and 11D. In the AlgMAS-PLMA12 and AIgMAS-PLMA16 scaffolds,
there was a noted decrease in cell numbers by day 7, which is likely due to the reduced pore size
illustrated in Figure S9, leading to constraints on nutrient and oxygen exchange.
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Figure 11. The Cell Behavior Regulation of AIgMA/PLMA Bioink. A) Live/dead
fluorescent images depicting hBMSCs printed in AIgMA/PLMA scaffolds with various ratios
over a 7-day period (green: live cells, red: dead cells). Scale bar, 400 um. Cell morphology
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of hBMSC:s in different ratios of AlIgMA/PLMA scaffolds on day 4 is shown (green: F-actin,
blue: nucleus). Scale bar, 50 uym. Cell proliferation of hBMSCs in different ratios of
AlgMA/PLMA scaffolds on day 4 is displayed (green: EdU, blue: nucleus). Scale bar, 100
um. B) Evaluation of cell viability for hBMSCs printed in AlIgMA/PLMA scaffolds with
different ratios over a 7-day period. C) Analysis of cell spreading area for hBMSCs printed
in AlgMA/PLMA scaffolds with different ratios over a 7-day period. D) Assessment of
circularity for hBMSCs printed in AIgMA/PLMA scaffolds with different ratios over a 7-day
period. E) Measurement of cell proliferation (cck-8 assay) for hBMSCs in AlgMA/PLMA
scaffolds with different ratios over a 7-day period. (*P < 0.05, **P < 0.01, ***P < 0.001)

Overall, incorporating the cationic crosslinker e-PLMA significantly enhances cell survival
and adhesion within the AlgMA/PLMA scaftfold. This effect, observed with the use of e-PLMA,
associates with findings from other research groups’ prior investigations [141, 157]. In previous
studies, we discovered that e-PL modified alginate can facilitate protein adsorption and cell
attaching/spreading. Nevertheless, thanks to the use of EDC-NHS for crosslinking, the biomaterial
was unsuitable for use as a cell-printing ink [141]. The role of electrostatic forces is pivotal in
facilitating cell attachment, which promotes cell bonding and initiates the interaction with focal
adhesion molecules on biomaterials. Moreover, proteins serve as crucial intermediaries in the direct
interaction between cells and materials. Under physiological conditions, proteins typically carry a
negative charge and tend to accumulate on surfaces that are positively charged [158]. Tan and
colleagues enhanced a poly(ethylene glycol)-diacrylate (PEGDA) hydrogel by incorporating the
positively charged monomer 2-(methacryloyloxy)ethyl-trimethylammonium chloride (MAETAC)
[159]. This adjustment in the microenvironment led to a 2.6-fold increase in protein adsorption,
which, in turn, significantly improved the adhesion of MC3T3-El cells and their osteogenic
differentiation [159]. Multiple mechanisms that influence cellular responses have been linked to
changes in the hydrophilicity of hydrogels, as well as potential alterations, as indicated in Figure

11C. Previous studies have suggested that a moderately hydrophilic surface on biomaterials can
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promote cell proliferation and offer improved biocompatibility [160, 161]. Research on cell
adhesion to hydrophilic substrates has identified an optimal water contact angle (WCA) range of
40° to 70° for cell attachment [162, 163]. This implies that the surface free energy of a material
must fall within a specific range to be conducive to cell growth. In other words, excessive
hydrophilicity may lead to cell detachment [162, 163], and the WCA of AlgMAS at 26.64° is
significantly lower than this optimal range. One of the contributing factors to the biological
passivity of AlgMA is the presence of numerous hydrophilic groups, such as -COOH and -OH,
which can impede cell adhesion [141]. The addition of the cationic crosslinker e-PLMA has

markedly ameliorated this issue.

3.3.2 Vessel Bioink — G-GelMA

For direct printing of vascular structure, in order to form a hollow structure with high fidelity
shape, in addition to certain shear thinning and self-healing properties of materials, there is also a
certain requirement for the speed of thinning and healing, that is, high thixotropy. At the same time,
the construction of large vascular networks requires ink to have a certain self-supporting
performance to prevent structural dislocation during the fabrication process.

To fulfil the requirement, G-GelMA bioink were selected (Figure 12A). The GelMA bioink
also showed great rheological behavior for extrusion bioprinting (Figure 12B-F). Similar with
AlgMA/PLMA bioinks, we also tested the best printing range for G-GelMA series bioinks (Figure
12G and 12F). Also, the printed structure showed clear filament and mesh size which reflected the

high printability of G-GeIMA (Figure 12I and 12J).
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Figure 12. The Printability of the Vessel Bioink. A) The diagram of granular
gelatin-based photo-crosslinking materials. B) The shear-thinning property of series of G-
GelMA. C) The relationship between storage/loss modulus (G’/G”) and strain. D) The
relationship between G’/G” and temperature. E) The relationship between strain and shear
stress. F) Shear-thinning and self-healing behavior analysis. Influence of strain-cycle (low:
unshaded, 1% strain, 1 Hz and high: shaded, 500% strain, 1 Hz) on the (G’/G”) of G-
GelMA. G) The analysis of extrusion status of different ratio of G-GelMA. H) The extrusion
pressure of different ratio of G-GelMA in heat map. 1) and J) The real picture of printed

PolyU Logo scaffold (I) and alphabet “PolyU” (J). Scale bar in I and J, 9 mm and 3mm,
respectively.

Furthermore, we also tested the basic physical properties of G-GelMA. The high water-
absorption behavior could provide a high-water-content environment to improve the
biocompatibility (Figure 13A). However, the existence of microgel would break the consistency

of the polymer network resulting in a decrease in hydrogel’s mechanical properties (Figure 13B
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and 13C). The high printability and biocompatibility of G-GeIMA were also confirmed (Figure

13D and 13E).
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Figure 13. The Mechanical Properties and Biocompatibility of the Vessel
Bioink. A) Water absorption ratio of different ratio of G-GelMA within 48 hours. B)
Compression mechanical properties of different ratio of G-GelMA. C) Compression
modulus of different ratio of G-GelMA. D) The real picture of printed bone-like scaffold. E)

The cell viability on after printing and culture by 4 hours, 1, 3, 5, 7, 14 and 21 days. Scale
bar, 400 ym.

Furthermore, we proved the printability and biocompatibility of GelMA bioink for coaxial
bioprinting (Figure 14). After a 14d culture, the hBMSCs have proliferated and fulfilled the surface
of the hydrogel tube (Figure 14A). However, the proliferation inside the hydrogel was slow, due

to the limitation on nutrient diffusion from the hydrogel wall thickness.
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Top view Cross section

FDA/PI

Live/Dead

Figure 14. The Biocompatibility of Coaxial Bioprinting. A) The top view of
live/dead staining of coaxial bioprinting. B) The cross section of live/dead stained bio-
tubule. Scale bar, 400 pm.

3.3.3 Biofabrication of Joint-on-a-Chip

The real printed cartilage zone, bone zone and blood vessel channel were showed in Figure
15A. By using SLA, chip chamber for synovial flow was printed (Figure 15B). through printing a
single hollow channel in synovial chamber, we checked the perfusablility and seamless of the chip
(Figure 15C). Furthermore, the chip was designed to be integrated into confocal microscopy for

future analysis (Figure 15D).
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Oblique view Top view Chip chamber

Wall

Hollow
channel

Wall

Figure 15. The Assemble of Joint-on-a-Chip. A) Real printed cartilage zone
(green), bone zone (brown) and blood vessel (red). B) Real printed synovial chamber for
flow culture. C) Perfusable vessel channel with permeable wall. D) Integration of joint-on-
a-chip and confocal microscopy.
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Chapter 4: Conclusions and Perspective for Future Research

4.1. Limitations and Perspectives

In this thesis, we have made a first step on the manufacture of the joint-on-a-chip model.
However, there are still a few limitations in current study. First, the long-time culture viability still
needs to be confirmed. We will directly print several cell types in to this joint-on-a-chip and
investigate the cell activity. Second, the relationship between biomaterials and cell activity still
needs to be clarified via a time-lapse investigation on the cytoskeletal and biomarkers. Finally, to
further use this joint-on-a-chip for drug screening, an OA disease model should be set up for
comparable analysis with healthy joint-on-a-chip model. A possible plan of this research is listed

as below:

4.1.1 Test of Functional Unit (Single-cell-type Model)

As mentioned in former section, there are many OA risk factors. By using our joint-on-a-
chip system, we can do high throughput screening for these factors. In Figure 16, we selected three
potential risk factors, those are High shear force, inflammation, obesity (diabetes). To mimic such
environment, we will introduce high synovial flow velocity, IL-18, and high glucose condition into
the joint system vis those double circulation system, respectively.

To characterize the function of our joint system, several tools will be used, as below:

Doppler ultrasound — Flow dynamics

Micro-CT — Osteophytes

Calcium signaling — Shear force
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PCR — OA Markers; Western blot — OA Markers; ELISA — Fluid components analysis

Test markers in synovial/blood fluid:
biochemical analysis (TNF-a, IL-1p, IL-2, IL-6, IL-10, INF-y, TGF-B)
Biomarker from cells and double fluids:

CRP, pyridinoline, YKL-40, NF-kB, MMP-3, MMP-13, and TIMP-1

Group 1:

Control

Group 2:

High shear force

Culture Culture

Group 3:

Group 4:

Culture Culture

[:l Synovial fluid |:| Synovial fluid + IL-1B Low velocity synovial flow |:| Cartilage 9 Chondrocytes
——— High velocity synovial flow
- Blood fluid - Blood fluid + Glucose Blood Flow |:| Bone '/a) Chondrocytes (OA)

Figure 16. Test of Functional Unit. The OA risk factors screening.
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4.1.2 Test of Microphysiological System (Multi-cell-type Model)

To test the microphysiological system of joint-on-a-chip, we can introduce multi-cell tissue
into this joint system. For example, we can seed OA synovial fibroblast cells in the synovial
chamber beside the healthy chondrocyte (Figure 17). After a long-time co-culture, the phenotype

of the chondrocyte can be characterized to verify the function of the joint-on-a-chip.

Health group

.| Culture

| —

I:l Synovial fluid Synovial Flow I:l Cartilage ¥ Chondrocytes "= Synovial fibroblast Cells

[ Biccd fluid  ==m=3 BloodFlow [ | Bone @ chondrocytes (OA) 4@ Synovial fibroblast Cells (OA)

Figure 17. Test of Microphysiological System. Multi-cell interaction.

4.1.3 Disease model

As reported by some articles, the lifetime risk of symptomatic knee OA is greater in obese
persons (body mass index > 30) than in nonobese persons (19.7% vs 10.9%).[164] Further, some
research have reported that high glucose environment could increase the risk of OA.[165]

Since this joint-on-a-chip has a double circulation channel, we can add more glucose in the
blood vessel to obtain a high glucose microenvironment (Figure 18A). In this situation, the

osteocytes and chondrocytes may show pathological characters. The disease model or even the OA
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model could be built for further research.

To build up the disease model successfully, a back-up plan was made on the disease model
construction. We chose a factor called IL-10 which could be added into the blood or synovial flow
for chondrocytes to show aging and apoptosis, arthritis phenotype. This is a common protocol for
generating OA disease model in vitro.

Aging phenotype: f-Galactosidase Staining: Senescent cells express -galactosidase in a
pH-dependent manner, specifically detectable at pH = 6.[166] It is ideal for quick and easy
detection of multiple cell populations or tissue samples, with straightforward orientation and bright,
clear blue staining.

Apoptosis phenotype: DAPI/Hoechst 33342 Staining: These two kits could stain cell
nuclear. The apoptotic cells could be verified by analysing the nuclear morphology, if there is any
nuclear membrane damage and spill out; Caspase-3: The apoptosis pathway is regulated layer by
layer by a set of well-defined signalling pathways. In most cases, all apoptotic signals will converge
to the final executor of apoptosis, Caspase-3. The upstream apoptotic signal cleaves Caspase-3,
making it enzymatically active and executing the final apoptotic program. Using antibodies to do
Western blot, immunohistochemistry or immunofluorescence for qualitative or relative
quantification.

Osteoarthritis phenotype: A ‘burden of disease’ marker assesses the severity or extent of
OA, typically at a single time point, among affected individuals. Levels of MMP-3, IL-6 and TNF-
a could be detected as increase in OA phenotype.[167, 168]

Step 1: Disease inducing factor selection

Step 2: Disease inducing factor concentration selection
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Step 3: Perfusion culture: Control group (health model) and Experimental group (disease
model)
Step 4: Pathological characters detection: Aging, Apoptosis and Osteoarthritis. If there is

any increase in these properties.

4.1.4 Drug Screening Model

New drug could be verified in this drug test model by mix it into blood flow or synovial
flow (Figure 18B). If the pathological characters could be removed or reduced, this drug could be
seen as a promising solution for OA or other joint disease. In this research, we will test several

kinds of drug from small molecule drugs to gene therapy drugs.

A Disease model B Drug test model

Control group High glucese group Control group Drug treatment group

Figure 18. The Possible Application Joint-on-a-Chip in Future. A) The diagram
of disease model establishment. B) The diagram of drug screening model establishment.

Step 1: Drug selection
Step 2: Drug dose confirmation
Step 3: Perfusion culture: Control group (disease model) and Experimental group (drug

treatment model)
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Step 4: Pathological characters detection: Aging, Apoptosis and Osteoarthritis. If there is

any decrease in these markers or properties.

4.2. Conclusions

In conclusion, we have designed a joint-on-a-chip model with double circulation system. To
manufacture this joint tissue in vitro, we developed AIgMA/PLMA bioink and G-GelMA bioink
for cartilage/bone and blood vessel fabrication, respectively. These two kinds of bioinks have
shown good printability and biocompatibility. In our future work, we will integrate hBMSCs and
chondrocytes in Bioink 1 and HUVECsS in Bioink 2 to fabricate cell-laden joint-on-a-chip for OA
pathology research and drug screening. Through using this chip, we will try to evaluate the OA in

vitro.
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Appendices

Fourier Transform Infrared Spectrometer (FTIR): Sample preparation steps: under the
infrared drying lamp, the dried Alg, AlgMA, &-PL and &-PLMA samples were mixed with
potassium bromide (KBr) and ground evenly, and pressed into thin slices for testing. The scanning
wavelength range was from 400 to 4000 cm’'. Each sample was scanned for 64 times. The
resolution was 2 cm™.

'H and 3C Nuclear Magnetic Resonance ('H and 3C NMR): The original Alg/e-PL and
synthesized AlgMA/e-PLMA samples were tested by 'H NMR or '3C NMR with a nuclear
magnetic resonance spectrometer (AVANCE III 400, Bruker, Inc.) [169]. NMR sample preparation
steps: Using D20 as solvent, the dried samples were fully dissolved respectively, then transferred
into NMR tubes, and covered with NMR caps for testing. The dissolved concentration is 10 mg/mL
and 15mg/ml for "H NMR and *C NMR, respectively.

Calculation of AlgMA and e-PLMA Double Bond Substitution Degree: It can be seen from
Figure S1A that due to the double bond substitution of -OH on Alg, that is, the hydrogen proton of
-OH on the C2 or C3 position was replaced by C7-10, forming AlgMA. Therefore, through the '3C
NMR test, the C1-6 position of the original compound Alg and the carbon atom characteristic
peaked at the C7-10 position of the substituted compound AlgMA can be integrated to calculate
the double bond substitution degree DS of the synthesized AIgMA. The specific calculation process

was shown in Equation S1:

Integral sumof C7~10/6
Integral sumof C1~6/4

DS (AlgMA) =

, (S

It can be seen from Figure S2A that due to the double bond substitution of -NH2 on ¢-PL,
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that is, a hydrogen proton at position 11 was replaced by C12-15, forming e-PLMA. Therefore,
through the '"H NMR test, the C4-6 position of the original compound &-PL and the hydrogen atom
characteristic peaked corresponding to the C15 position of the substituted compound e-PLMA can
be integrated to calculate the double bond DS of the synthesized e-PLMA. The specific calculation

process was shown in Equation S2:

Integral sumof C12/2
Integral sum of C3~5/6"

DS (¢ — PLMA) = (S2)

Gel Permeation Chromatography (GPC): The original Alg/e-PL and synthesized AlgMA/¢-
PLMA samples were tested by GPC using gel permeation chromatography, and the molecular
weights of Alg, AIgMA, e-PL and e-PLMA samples were analyzed. Preparation steps of GPC
samples: Firstly, samples were dissolved in ddH20 to prepare solutions. The concentration of each
polymer was 1.00 mg/ml; then, ddH20 was used as mobile phase for GPC test. The sample was
tested under a 1.00 mL/min mobile phase flow rate, and the temperature was 37 °C. GPC data
analysis: Through GPC testing, the number-average molecular weight (Number-average Molecular
Weight, Mn) and weight-average molecular weight (Mass-average Molecular Weight, Mw) of the
sample can be obtained, respectively, and the polymer dispersion index (PDI) can be calculated as
Equation S3:

Mw
PDI = —=,(S3)
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Figure S1. The Synthesis and Characterization of AIgMA. A) The synthesis process
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FTIR spectrum of Alg and AlgMA. C) "H NMR spectrum of Alg and AlgMA. D) 3*C NMR
spectrum of AIgMA. E) The overview of the signal integrations and degree of substitution

(DS) for AIgMA. F) The molecular weights of Alg and AlgMA.
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Figure S3. The Printability of Blend Bioink with Series Ratio between AlgMA and ¢-
PLMA. A) The analysis of extrusion status of different AlgMA/e-PLMA bioinks. B) The
printing extrusion pressure of different AlgMA/e-PLMA bioinks in heat map. C) The photo-
crosslinking time of different AlgMA/e-PLMA bioinks in heat map. D) The rheological test
of shear-thinning behavior of AlgMA/e-PLMA (1:1) bioinks with different solid contents. E)
The effect of different solid content on accuracy of structure for AigMA/e-PLMA (1:1)
scaffolds. Scale bar in E, 5 mm.
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Figure S4. The Chemical Properties of Synthesized AIgMA, e-PLMA and Blend Ink.
A) Thermogravimetric analysis of Alg and AlgMA. B) X-ray diffraction analysis (XRD) of
Alg and AlgMA. C) Thermogravimetric analysis of e-PL and e-PLMA. D) X-ray diffraction
analysis (XRD) of e-PL and e-PLMA. E) FTIR spectrum of different ratio of AlgMA/e-PLMA.
F) Thermogravimetric analysis of different ratio of AlgMA/e-PLMA. G) X-ray diffraction
analysis (XRD) of different ratio of AlgMA/e-PLMA.
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Figure S5. The Comparison of Mixing Behavior between AlgMA/GelMA and
AlgMA/e-PLMA Ink. A) Mixing of AlIgMA/GelMA ink and AlgMA/e-PLMA ink with different
stirring time. Scale bar in A, 100 um. B) Large view of the mixture of AIgMA/GelMA ink
and AlgMA/e-PLMA ink. Scale bar in B, 400 pm.
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Figure S6. The Elements on Different Ratio of AlgMA/e-PLMA Material Surface. A)
EDS measurement of different ratio of AlgMA/e-PLMA. B) High-resolution spectra of XPS

detection for different ratio of AlgMA/e-PLMA.
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Figure S8. The Comparison between Traditional Alg-based Ink and AlgMA/e-PLMA
Ink. A) i) Preparation of AlIgMA/GelMA ink and AlgMA/e-PLMA ink. Scale bar in i, 1 cm. ii)
Loading and outlook of well-prepared AlIgMA/GelMA ink and AlgMA/e-PLMA ink. Scale bar
in ii, 5 mm. iii) The optical surface of AIgMA/GelMA filaments and AlgMA/e-PLMA filaments.
iv) The SEM surface of AIgMA/GelMA filaments and AlgMA/e-PLMA filaments. Scale bar
in iii and iv, 1 mm. B) The shape changing of different crosslinking methods. (Some
pictures of Panel B have been shown in Figure 2C.) C) Shape changing of AlIgMA/GelMA
and AlgMA/e-PLMA scaffolds during long-time immersion in PBS. Scale bar in B and C, 5
mm.
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Figure S9. The SEM and Optical Images of Different Ratios of AlgMA/PLMA
Materials. A) Surface morphology. B) Cross section morphology. “200X” represents
magnification of 200 times (scale bar is 200 um), “2000X” represents magnification of
2000 times (scale bar is 20 um). C) The optical images of AIgMA/PLMA series scaffolds.
Scale bar, 2 mm. D) The SEM images of AIgMA/PLMA series scaffolds. Scale bars for
“80X” and “200X” are 500 um and 100 um, respectively. Some data have been shown in
Figure S8A.
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Figure S10. The Proliferation and Spreading of BMSCs in AIgMA/PLMA Series
Scaffolds. A) and B) Cell proliferation on day 1, 4 and 7 (A, z-stacked images, scale bar,
400 um; B, 3D views, scale bar, 100 um) (green: EdU; blue: Nuclei). C) BMSC
morphologies in different ratio of AlIgMA/PLMA scaffolds on day 7 (green: F-actin; blue:
nucleus). Scale bar, 50 ym. Some data have been shown in Figure 11.
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Content of e-PLMA (W/v)

Content of AlgMA
(W) 0% 4% 8 % 12 % 16 %
0% — PLMA4 PLMAS  PLMAI2 PLMAI6
AlgMA4  AlgMA4  AlgMA4  AlgMA4
4 % AlgMA4
-PLMA4  -PLMA8 -PLMAI2 -PLMAI6
AlgMA8  AlgMA8  AlgMA8  AlgMAS
8 % AlgMAS
-PLMA4  -PLMA8 -PLMAI2 -PLMAI6
AlgMAI2  AlgMAI2  AlgMAI2  AlgMAI2
12 % AlgMA12
-PLMA4  -PLMA8 -PLMAI2 -PLMAI6
AlgMA16  AlgMAI6  AlgMAl6  AlgMA16
16 % AlgMA16
-PLMA4  -PLMA8 -PLMAI2 -PLMAI6

Table S1. Preparation of AIgMA/PLMA hydrogels with varied concentrations.
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Printing speed (mm/s)
Cell density:
AlgMAS  AIgMA8  AIgMA8  AlgMA8  AlgMAS
2x10%/ml AlgMAS
-PLMA4 -PLMAS8  -PLMAI2 -PLMA16 -GelMAS
45 3.5 6.0 4.0 3.0 2.2 0.6
Printing
60 5.0 9.0 8.0 4.0 3.0 1.5
pressure
80 9.0 14.5 14.0 6.0 4.5 3.0
(kPa)
100 14.0 19.0 18.0 8.0 7.0 4.5

Table S2. The printing speed of bioinks under given printing pressure (25 °C).
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