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Abstract Controlled cell assembly technique is a new research area in complex organ devel-
opment technologies. Gelatin-based hydrogels, such as gelatin, gelatin/alginate, gelatin/chi-
tosan, gelatin/fibrinogen, gelatin/hyaluronan, and gelatin/alginate/fibrinogen, have played an
important role in the rapid fabrication of tissue or organs with well-defined structures and
functions. Cryoprotectants, such as dimethylsulfoxide (DMSO) and glycerol, can be easily
incorporated into the system for long-term conservation of the cell containing constructs.
Hepatocytes, chondrocytes, cardiac myocytes, and adipose-derived stromal cells (ADSCs) are
used to show function of the assembled cells. ADSCs can be controlled to differentiate into
different targeted cell types according to their positions within the orderly predesigned three-
dimensional (3D) constructs. A multicellular model for the metabolic syndrome was estab-
lished along with the development of the double-syringe deposition system which lead to a
hybrid cell/hydrogels construct with a vascular-like network fabricated using a digital model.
The preliminary results indicate that the double-syringe assembly technique is a powerful
tool for fabricating complex constructs with special intrinsic/extrinsic structures, and has the
potential to be widely used in regenerative medicine and drug screening.

Introduction

Although organ failure patients can be treated effectively by transplantations, these pro-
cedures are limited by donor organ availability, high costs, and the lifelong use of immunosup-
pressants [1]. The recent development of controlled cell assembly is a milestone in complex
organ manufacturing techniques. This process requires a highly accurate three-dimensional
(3D) micropositioning system with a pressure-controlled syringe to deposit cell/hydrogels
structures with a lateral resolution of 10 um (Fig. 1). Combined with the multinozzle organ
manufacturing techniques novel therapeutic procedures are possible for failed organs. With
the multinozzle cell assembling techniques, it is possible we were able to directly deposit dif-
ferent cells and hydrogels and/or other important chemical components into specific sites to
form 3D living organ analogies in vitro or in vivo to mimic the respective organs at the right
time, in the right position, in the right amount, and in different bioenvironments [2—10].

Hydrogels are natural or synthetic polymeric materials that typically have a dry mass
between 1 and 20% that swells in water while maintaining a distinct 3D network structure
by virtue of specific crosslinks [11]. Currently, several natural hydrogels, such as gelatin,
chitosan, hyaluronan, alginate, fibrinogen, are being used for organ regeneration since they
facilitate cell attachment and differentiation [12, 13].
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Fig. 1. A cell assembling machine with a cell assembling system.

Gelatin is a denatured, biodegradable polypeptide derived from the controlled partial
hydrolysis of collagen, which is widely found in nature and is the major constituent of skin, bones,
and connective tissue. After being chemically or physically crosslinked [14], gelatin can be used
for medical purposes, including wound dressings, plasma volume expanders, and drug deliv-
ery systems [15]. Chitosan, a positively charged amino polysaccharide (poly-1, 4 p-glucoamine),
derived from chitin by deacetylation, is known for its numerous and unique biological properties
during wound healing. When mixed with positively charged chitosan, negatively charged gelatin
ionically interacts with chitosan to form a polyionic complex. Hyaluronic acid (HA) is another
major constituent of the extracellular matrix (ECM) in the human body. It can bind other large
glycosaminoglycans (GAGs) and proteoglycans through specific HA—protein interactions [16].
Alginate is a collective term for a family of polysaccharides obtained from brown algae and is
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widely used for many medical applications [17]. Fibrin is a haemostatic wound dressing material
that can be made in the form of a sponge, film, powder, and sheet [18, 19]. All of these natural
polymers have been used to produce biocompatible and biodegradable hydrogels that acts as
temporary replacements for medical regeneration [20, 21].

The combination of gelatin and other natural polymers made it possible to fabricate
3D constructs with rapid prototyping techniques. In the controlled cell assembly process, a
series of gelatin-based hydrogels, such as gelatin, gelatin/chitosan, gelatin/hyaluronan, gela-
tin/alginate, gelatin/fibrinogen, and gelatin/alginate/fibrinogen, is used to obtain the neces-
sary space and stabilizing factors for seeding various cells (Figs. 2—-6) [2—-10]. The cells were
deposited in a sol-gel that is deposited onto a substrate surface layer by layer in a chamber
at ~10°C and the sol then is transformation into a hydrogels. The use of the natural gelatin-
based hydrogels is clearly a distinct advantage for direct cell assembly technique in fabricat-
ing tissue analogs [2—10]. Besides providing cells with nutrients, the hydrogels also play an
important role in supporting the whole structure. The special thermoresponsive property
of gelatin allows extruded mixtures to be shaped at environmental temperatures below 20°C.
However, the gels states of the gelatin-based hydrogels cannot be maintained when the structures
are transferred to a 37°C environment. Consequently, after the cell-laden hydrogels are deposited

Hepatocyte/gelatin/fibrinogen

4mim

Fig. 2. Some cell/hydrogels constructs with open channels made by the cell assembling machine: (a) one 3D
hepatocyte/gelatin construct. Scale bar indicates 700 um; (b) a 3D hepatocyte/gelatin/fibrinogen construct; (¢) a
3D hepatocyte/gelatin/chitosan construct; (d) a 3D hepatocyte/gelatin/alginate construct.
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Fig. 3. Hepatocytes in the gelatin/chitosan 3D structures after 6 days of culture: (a) LSCM observation (PI staining);
(b) the magnification of (a); (¢) PI staining and FITC-conjugation; (d) a black control of (c).
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Fig. 4. Glutamate-oxaloacetate transaminase (GOT), albumin (ALB), urea (Ur), glucose (Glu), creatinine (Cr), and
triglyceride (TG) secreted by hepatocytes in the 3D gelatin/chitosan constructs after different culture time.
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Fig. 5. Glutamate-oxaloacetate transaminase (GOT), albumin (ALB), urea (Ur), glucose (Glu), creatinine (Cr),

and triglyceride (TG) secreted by hepatocytes in the 3D gelatin constructs after different culture time. Data represent
means £SD (n=3).
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Fig. 6. Glutamate-oxaloacetate transaminase (GOT), albumin (ALB), urea (Ur), glucose (Glu), creatinine (Cr), and
triglyceride (TG) secreted by hepatocytes in the 3D gelatin/alginate constructs after different culture time.

the constructs have to be crosslinked or polymerized to yield a defined shape and stable 3D
structure. To stabilize the structure, different crosslinkers are used. For example, glutaraldehyde
solution is used to crosslink the gelatin molecules, and CaCl, solution is used to stabilize the
hydrogels structures containing alginate molecules. Due to the special properties, fibrinogen, a
soluble plasma glycoprotein, is polymerized to fibrin. During this process, the polymer chains are
covalently tethered to form a fibrous network that immobilizes the cells in the hydrogels system.

By stabilizing the cell/hydrogels construct, a biomimetic 3D cell survival microenvi-
ronment is created. This construct can be used to address biological, mechanical, and archi-
tectural needs to promote functional tissue. The gelatin-based hydrogels networks provide a
stable support for 3D constructs during the fabrication stage. During the post culture period,
the gelatin-based hydrogels serves as an extracellular matrix to mimic the microenvironment
in native tissue. Adipose-derived stem cells (ADSCs) can be controlled to differentiate
into different targeted cell types according to their positions within the orderly predesigned
3D structure (Fig. 7). In a double-syringe deposition manufacturing system, a cell/hydrogels
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Fig. 7. ADSCs in the gelatin/alginate/fibrinogen construct. (a) ADSCs grew and proliferated into aggregates in the
hydrogels; (b) ADSCs were induced into endothelial like cells on the walls of the channel; (¢) immunostaining of the
3D structure using mAbs for CD31+ cells in green and PI staining the nuclear in red.

mixture can be placed into different regions or compartments (Figs. 8 and 9) [22, 23]. The
gelatin-based hydrogels constructs provide the communication and organization support for
cell assembly and set the basis for the formation of a 3D tissue or organ in vitro.

Gelatin-Based Hydrogels for the Controlled Hepatocyte Assembly

Hepatocytes are notoriously difficult to maintain their phenotype during in vitro culture.
In one of our previous studies [24], we found that a small change in the cell survival matrix
constitution significantly affects hepatocyte behavior within the structure. Hepatocytes can
be arranged as rods, cords, or other shapes that exhibit special polarization on an ammonia-
treated collagen/chitosan (1:1) membrane.

Consequently, the choice of hydrogels plays a major role in influencing cell shapes
and gene expressions that relate to cell growth and the preservation of native pheno-
types. It is very difficult to attain a compatible microbioenvironment to mimic an in vivo
organ, whereby the cells support one another via cell—cell interactions, supplemented by small
amounts of extracellular matrices (ECMs) secreted by the cells [25]. It is well known that the
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Fig. 8. Illustration of the digital models of the hybrid construct (the red tubelines denote the vascular network, while
the yellow part was expected to form hepatic tissues): (a) a cutaway view of the full model with branched network
and one-way inlet and outlet for dynamic perfusion culture; (b) the middle part of (a); (¢) a CLI result of (a); (d) one
CLI layer of (b).

success of bioartificial organs ultimately depends on the stability of the cell phenotype and its
regulation by microenvironment cues [26].

Typically, as shown in Fig. 1, the first generation of a cell/hydrogels deposition sys-
tem, developed in the Center of Organ Manufacturing, at Tsinghua University, consisted of
a syringe with a 20 pum stainless steel capillary needle as the tip. The outer diameter of tip is
0.5 mm with an inner diameter of 0.3 mm. The tip has a flat end and is gently tapered with
emery paper. The fluid of cell/matrix in the tip syringe is maintained at 0.25 um per pulse,
at 5 psi and 20 mL for volume, thus creating a driving force to deliver cell/matrix from the
syringe to a poly(vinyl chloride) board. Hepatocytes embedded in the gelatin-based hydrogels
are coextruded through a syringe with a needle tip onto a glass surface. These constructs are
built layer by layer, by delivering the cellular containing matrices onto a stationary stage by
applying pressure to a XYZ motor drive syringe. The 3D outcome of this process is a 100%
interconnected porous construct, with defined architecture and can be built with a customized
pattern. After deposition, more than 98% of the embedded hepatic cells remain viable.

The gelatin-based natural hydrogels, such as gelatin, gelatin/chitosan, gelatin/alginate,
gelatin/hyaluronan, gelatin/fibrinogen, and gelatin/alginate/fibrinogen, are used in cell assem-
bly as cell-loading support matrices and make the deposition processes easier. When hepato-
cytes are mixed with the hydrogels and deposited into special grid structures, with go-through
pore-like channels under the computer control, hepatocytes are embedded in the hydrogels
(Figs. 2-6) [2-10]. The hydrogels provide a highly hydrated microenvironment that allows
nutrient diffusion, which supplies the necessary biochemical, cellular, and physical stimuli
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Fig. 9. Demonstration of an improved cell assembling controlling system and fabricating process with two syringes
(the red part was made of ADSC/gelatin/alginate/fibrinogen in DMEM/F12, while the white part was made of hepa-
tocyte/gelatin/alginate/chitosan in PBS): (a) no salivation with the improved method in the processing intervals;
(b) salivation occurred with an old controlling method; (c—e) the layer-by-layer fabrication process.

influencing cellular processes, such as migration, proliferation, and differentiation [27]. Other-
wise, the hepatocytes die when they are 20-30 pm away from a blood supply [28].

The gelatin composite was chosen as the basic cell assembly matrix based on its special
sol—gel transformation properties. The other polymers, such as chitosan, alginate, hyaluronan,
and fibrinogen, are added with the expectation that they would influence different cell types to
deposit into predesigned locations and to reorganize into functional 3D aggregates for in vitro
culture or in vivo implantation. It is found that different polymer additives incorporated in
the gelatin hydrogels resulted in different behavior by the hepatocyte [2—10]. For example,
hepatocytes in the gelatin/chitosan hydrogels aggregate to form vortex like structures [3]. Due
to the instability of the gelatin-based hydrogels at room temperature and normal cell culture at
37°C, chemical crosslinkers, such as glutaraldehyde, sodium tripolyphosphate (TPP), CaCl,,
or thrombin, are employed to stabilize the constructs.

In general, glutaraldehyde is a toxic but an effective crosslinking agent. It is commonly used
to harden gelatin by crosslinking the amino groups of proteins [29]. At certain concentrations,
the crosslinking time of glutaraldehyde is directly related to structure stability. An increase in
crosslinking time from 1 s to 5 min increases the stability of the 3D structures significantly. Lon-
ger crosslinking time produces rigid structures in which hepatocytes die, while less crosslinking
time results in less stable structures. Hepatocytes on the outside of the extruded cell/hydrogels
filaments also often die during the crosslinking process [2, 3]. Subsequently, a glutaraldehyde
concentration of 2.5% and a crosslinking time of 5 s were selected [2, 3]. Under these conditions,
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a hydrogels that is soft and yet can be handled without losing its integrity was developed. The
hydrogels state remained stable for more than 2 months. After the outside of the hydrogels was
crosslinked, the hepatocytes were embedded in the gelatin macromolecules ensuring a relatively
homogeneous distribution of cells in the grid. During the in vitro culture period, some of the
interconnected gelatin molecules distributed in the inner parts of the structure, and the uncross-
linked material gradually dissolved at 37°C. Unlike the traditional 2D cell culture systems, the
hepatocyte activity in the 3D structures is controlled by the crosslinked hydrogels networks, the
soluble signals in the culture medium, as well as by cell—cell interactions. These 3D structures
provide the hepatocytes with a microenvironment that more closely mimic those in the liver.

The 3D construct containing hepatocytes in a gelatin/chitosan hydrogels is formed by
crosslinking with 3% TPP solution for 5 min, and then with 0.25% glutaraldehyde solution for
5 sec, respectively. If the construct is only crosslinked with TPP, a progressive loss of structure
occurs after 2 weeks in culture. Apparently, the TPP in the crosslinked chitosan molecules is
depleted with time and the gelatin/chitosan hydrogen is degraded by enzymes. When the concen-
tration of TPP in the culture medium is far less than that in the crosslinked chitosan molecules,
some of the TPP dissolves in the medium leading to the disassembled forms. Theoretically, the
gelatin in the hydrogels should biodegrade much faster than chitosan, since hepatocytes produce
enzymes that can biodegrade collagen as well as gelatin. Thus the hepatocytes are able to enzy-
matically digest the gelatin/chitosan hydrogels formed with TPP. Therefore, to further stabilize
the structures, the cell-loaded architectures need to be treated with glutaraldehyde to provide a
longer lasting hepatocyte survival environment during the in vitro culture period (Fig. 3). These
structures remain intact until the cell aggregates are large enough to break the grid walls.

Similar results were obtained with the hepatocyte containing gelatin/alginate constructs
[2]. After the calcium alginate hydrogels is formed, the gelatin molecules are irreversibly embed-
ded in the calcium alginate molecules and the hepatocytes are then immobilized in the mixture.
After setting, the hydrogels state remains for more than 2 weeks before the constructs appear to
break down. The hydrogels structures decompose due to the loss of calcium ions in the cross-
linked alginate molecules and the degradation of the gelatin/alginate hydrogen by enzymes.

In another approach, biodegradable fibrin was introduced into the gelatin-based cell sys-
tem to stabilize the 3D cellular structures. Fibrin is a good haemostatic and wound dressing
material that can be made in the form of sponges, films, powders, and sheets [19, 30]. During
the fibrinogen gelation process, the protease thrombin cleaves the dimeric fibrinogen molecules
at two symmetric sites. Once the fibrinogen is cleaved, a self assembly step takes place in which
the fibrinogen monomers come together to form a noncovalently crosslinked polymer gels via
the proteolytic exposure of binding sites [31]. A gelatin/fibrin hydrogels was chosen as the cell
assembly matrix using a 1:1(v/v) ratio which exhibited the greatest elasticity modulus and com-
pressive strength, and a thrombin solution (100 IU/mL) was used to polymerize the fibrinogen.

In contrast to glutaraldehyde crosslinked materials, this polymerization is reversible and can
be disrupted by aprotinin, which gives the material its good processability. Furthermore, this kind
of biomaterial has shown to be extremely biocompatible in vivo [32] and can be biodegraded in
aqueous media by enzymolysis. To prevent polymerization of the fibrinogen within the delivery
syringe, in situ preparation of the solution is recommended. After deposition, the constructs are
gently bathed in cold thrombin solution and placed in a 4°C incubator for further stabilization.

There are several factors that contribute to the long survival and improved performance
of hepatocytes. First, a stable 3D spatial microenvironment that mimics the liver is required.
Unlike monolayer cell culture systems, the cells are enveloped by the gelatin-based hydrogels
or by other cells. Second, a supply of nutrients and oxygen and expel metabolic wastes and
carbon dioxide is required. Third, the hydrogels must protect the cells from harm, such as the
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glutaraldehyde crosslinker and culture polluted media, for example, cells die immediately
when contacted directly with glutaraldehyde or after the 3D matrices break down. Fourth,
the gelatin-based hydrogels can be biodegraded by the enzymes secreted by the living cells
and provide space for cells to aggregate within the crosslinked membranes. Hence, the envi-
ronment created must allow the cells to thrive in a 3D culture over a long time period. The
crosslinked hydrogels structure provides a semi-permeable network that allows nutrient and
waste infiltration, oxygen exchange, and cellular communication to occur.

In the human liver, hepatocytes are connected to each other laterally to form plate-like
structures lined with three predominant types of nonparenchymal cells (NPCs) on the basal
surfaces, creating sinusoids for blood flow. Organ manufacturing constructs that effectively
duplicate natural organ functions must also maintain organ organization features, particularly
the integration of multiple cell types that preserve distinct, integrated phenotypes. In particular,
the need for angiogenesis or an established vasculature bed is evident by the success of the
endothelial cells in the structures close to the culture medium.

Recently a double-syringe cell assembling technique was developed in the Center of
Organ Manufacturing at Tsinghua University (Figs. 8 and 9) [22, 23]. This technique can layer
two different cells simultaneously to create 3D constructs that can reproduce functions of a
large population of two different cell types. The gelatin-based hydrogels are also used to provide
structural stability, nutrients, and space for cell growth and aggregation. Both hepatocytes and
endothelial cells were loaded in a stable structure. It is found that endothelial cells seeded on the
bottom of pores are able to survive preferentially within the gelatin/chitosan channels. Regard-
less of the spheroids formed in the matrices, endothelial cells next to the hepatocytes undergo
proliferation during the first several days (Fig. 9). The grid structures allow both the hepatocytes
and endothelial cells access to nutrient and waste exchange as well as provide more surface area
for endothelial cells to spread, coalesce, and elongate to form vessel-like structures throughout
the channels. In addition, this technique offers many new opportunities for the design of the
matrix components, the complex architectures, and for the study of the collaborations of cells,
matrices as well as growth factors at different levels to meet special clinical demands.

It is expected that with the development of multisyringe systems, more different cells
and extracellular matrices could delivered similtaneously to the connective positions or with
relative accuracy into the 3D structures that mimic their respective position in organs. Thus
creating a suitable environment for cell-gels and cell—cell interactions and bring about self-
organization of cells or cell aggregates into metastable tissue structures with desired shapes.
The multisyringe deposition system holds the promise to eventually make a human liver with
whole spectrum of functions.

Establishing a Multicellular Model by 3D Cell Assembly
for Metabolic Syndrome

Presently, one of the major obstacles to engineering thicker and complex tissues in vitro
is the need to vascularize the tissue to maintain cell viability during tissue growth and struc-
tural organization. Currently, in vitro 3D tissue formation within a hydrogels, typically by
embedding cells or cell spheroids, is limited by the slow spontaneous aggregation of cells
with poorly controlled size and shape [33, 34]. The self-assembly by proliferating cells to
form functional tissues below a certain density is restricted in most hydrogels because the
polymer chains themselves are able to entrap cells and inhibit cell migration. Whether cells
can organize within a 3D hydrogels depends on many of the characteristics of the hydrogels
that influence the mass ratio of cells to hydrogels [35].
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Engineered adipose tissue can be used in plastic surgery and reconstructive surgery to
augment soft tissue lost due to mastectomy or lumpectomy [36, 37]. Adipose-tissue engineer-
ing with collagen scaffolds combined with human preadipocytes was recently reported [38,
39]. Patrick et al. formed adipose tissue in the rat subcutis using a porous poly(lactide-co-
glycolide) scaffold preseeded with autologously isolated preadipocytes [40, 41]. ADSCs are
multipotent cells found in adipose tissue and are receiving more and more attention [42].

Metabolic syndrome (MS) is a cluster of growing epidemic diseases including obesity,
diabetes, hypertension, and atherosclerosis [43]. It is difficult to use the traditional techniques
to develop multifunctional drugs for the metabolic syndrome (MS). Therefore, it is necessary
to establish an in vitro model that addresses the more complex features of the disease.

Cell-assembly technology is a remarkable new invention developed specifically to
establish multicellular models for metabolic syndrome. A software package was used to fab-
ricate a complex structure model with orderly channels. A gelatin/alginate/fibrinogen hydro-
gels was used for assembling the ADSCs as a stream of drops in 3D positions that mimic the
respective positions a living organ. In the 3D construct, the ADSCs control differentiation
into different targeted cell types according to their positions within the orderly predesigned
3D structure. After differentiation, the ADSCs, pancreatic islets were deposited at designated
locations and constituted adipoinsular axes with adipocytes. Oil red O staining confirmed
that the ADSCs in the structure differentiated into adipocytes with a spherical shape while
immuno-staining tests confirmed that endothelial growth factor (EGF) induced ADSCs on
the walls of the channels that differentiated into mature endothelial cells and formed tubular
structures throughout the engineered 3D structures. Endothelin-1 and nitric oxide release
rules by the endothelial cells were coincident with that in vivo. In contrast, after precultur-
ing with EGF, the ADSCs under the channel walls were more sensitive to differentiation into
adipocytes than the cells on the walls. The reasons could be: (1) the EGF concentration under
the walls of the channels was lower than that on the surface of the channels due to a diffusion
gradient; (2) the mechanical properties of the surface of the channels induced the ADSCs to
differentiate into endothelial cells more easily; (3) once differentiated into mature endothelial
cells, the ADSCs lost all other differentiation potentials. This approach has the prospect of
establishing an in vitro energy metabolic system with orderly endothelial vessel networks as
well as in vascularized adipose-tissue engineering (Figs. 10 and 11) [8, 9].

Cell/hydrogel

Fig. 10. A multicellular model for drug screening: (a) a pancreatic islet was implanted in the channel of the ADSC/
gelatin/alginate/fibrinogen construct; (b) ADSCs on the walls of the channel were induced into endothelial cells
while ADSCs in the hydrogels were induced into adipose cells.
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Fig. 11. Endothelin-1 and NO secretion of the endothelial cells in the 3D structures. At the 13th day, the structure was
cultured with DMEM containing 25 mM glucose, (a) ET-1 secretion kinetics of the endothelial cells were measured
for 24 h, ET-1 concentrations in the culture media were measured by ELISA kit. Data are mean #SD, n=3. (b) The
media were harvested at the 15th day. NO concentrations in the culture media were detected using NO Detection kit.
Data are mean £SD, n=6. *p<0.01, vs. 1 ng insulin-treated group; **p<0.01, vs. 5 pg insulin-treated group.

Cryopreservation of 3D Constructs Based on Controlled
Cell Assembly

The development of tissue engineering and organ manufacturing requires effective
cryopreservation technology for the cells in the 3D constructs. Cryopreservation technology
plays an important role in conserving 3D constructs containing cells. Besides preserving the
characteristics of the construct, it can also save resources, such as cell culture space, culture
vessels, and culture medium.

The cryopreservation of 3D constructs that contain cells is different from the direct cry-
opreservation of single-cell suspension as there are complex connections between cells and
materials in the 3D construct. Kang and coworkers analyzed the different responses between
the fibroblasts exposed to low temperatures in monolayer cultures and 3D cultures [44]. They
found that after recovering from the low temperatures, the cells in the 3D collagen scaffold
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secreted more fiber proteins and growth factors. The functional expression of the stress protein
in the 3D structure was denser than those in monolayer and suspension cultures. These results
indicate that the cryopreservation may bring extra benefits for the cells in 3D constructs.
After the cryopreservation process, the 3D construct adapted to the pathological environment
and promoted better wound healing and tissue repair [44].

With the advantages of the 3D controlled cell assembly technique, a new cryopreser-
vation method for the 3D construct was developed. Various cryoprotectants, such as dim-
ethylsulfoxide (DMSO), glycerol, and dextran-40, can be directly incorporated into the cell/
hydrogels system and undergo a freezing/thawing process after assembly. The cells contained
in the 3D construct can be preserved below —80°C for more than 1 week. After the construct

Fig. 12. Trypan Blue staining before and after cryopreservation: (a) ADSCs in gelatin/alginate/fibrinogen suspension
without DMSO; (b) ADSCs in gelatin/alginate/fibrinogen suspension with 10% DMSO; (¢) ADSCs in gelatin/alginate/
fibrinogen hydrogels without DMSO before assembling; (d) ADSCs in gelatin/alginate/fibrinogen hydrogels with 10%
DMSO before assembling; (e) ADSCs in gelatin/alginate/fibrinogen hydrogels without DMSO after assembling; (f)
ADSCs in gelatin/alginate/fibrinogen hydrogels with 10% DMSO after assembling; (g) ADSCs in gelatin/alginate/fibrin
hydrogels without DMSO after thawing; (h) ADSCs in gelatin/alginate/fibrin hydrogels with 10% DMSO after thawing.
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Fig. 13. Cell survival rate before and after cryopreservation.

undergoes a thawing process, cell viability and proliferation ability were regained. DMSO
plays an important role in the cell survive processes. A cell viability of 78.7+3.94% in the
gelatin/alginate/fibrin hydrogels with 10% DMSO was obtained, which is much greater than
that without the DMSO. This technique can potentially be used in other complex organ manu-
facturing areas (Figs. 12 and 13) [45].

Natural hydrogels, like gelatin, fibrin, and alginate, are commonly applied as cell-
entrapping materials because of their outstanding biocompatibility and mild gelling condi-
tions [46]. Fibrin gels is made by mixing two blood coagulation components, fibrinogen and
thrombin [47]. These hydrogels also have protective effects on the cells during the freezing/
thawing processes. The incorporation of the cryoprotectant, DMSO, in the gelatin/alginate/
fibrinogen hydrogels has greatly improved the cell survival abilities during the assembly and
freezing/thawing processes.

Summary

During the controlled cell assembly processes, cells are mixed with the gelatin-based
hydrogels and placed into predesigned structures. The embedded cells remain viable and
perform biological functions as long as the 3D structures are retained. The gelatin-based
hydrogels protect the cells from harmful attacks, such as the glutaraldehyde crosslinker, keep the
structural stable, and provide mass exchange networks. During the in vitro culture period, the
hydrogels can be eventually digested by enzymes secreted by living cells or existing in the
culture medium and provide more space for the cells to aggregate and communicate. With
the double-syringe deposition system, two different cell types can be fabricated into a single
construct. ADSCs in the 3D construct can be controlled to differentiate into specific cell
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types. The gelatin-based hydrogels used with cell assembly technology have the potential for
high-throughput production of artificial human tissues and organs and high-throughput drug
screening systems.
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