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In this study, we report a rational and robust methodology to construct three dimensional (3D) tubular-
structures solely by self-assembly of vascular mesenchymal cells (VMCs). Using the cell-laden hyaluronic
acid hydrogel surrounded by cell-free gel with a higher stiffness, VMCs spontaneously migrated across
the interface and assembled into 3D tubes, which composes of numerous cells. Based on turing instability
which describes the reaction-diffusion processes of inhibitors and activators, this result of 3D tubular
structure formation agrees with theoretical predictions from simulations of the reaction-diffusion of
morphogens and cells under the initial conditions of patterned cell-laden hydrogel. We showed that this
combination of theoretical prediction and experiments is able to produce multi-cellular 3D tubes with
desired dimensions and determinate orientation in hydrogel mimicking the 3D features of tubular tissue.
This work provides a reliable methodology for creating tubular structures with controllable sizes inside
the 3D hydrogel through multi-cellular self-organization.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

Regenerative medicine uses a variety of cell/biomaterial-based
approaches to repair and regenerate diseased or damaged tissues
and organs [1,2]. Tubular structures are fundamental units in most
organs. For example, the lung, kidney and vasculature are
composed primarily of tubes [3], such as trachea, arteries, and
lymph vessels. Therefore, artificially constructing tubular struc-
tures is urgently needed for advancing regenerative medicine.
Recently, researchers use a stress-induced rolling membrane
technique to fabricate tubular structures with configurable sizes
[4]. This method can obtain micro-tubes with multi-layers
consisting of different types of cells. However, the geometrical
features, such as the diameters and wall thicknesses, are limited by
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the membrane thickness and number of rolling layers, creating
obstacles to constructing smaller and thinner-wall tubular
structure. A tubular structure can also form with a monolayer of
cells along the fibrous direction in a micro-fibre shaped construct
consisting of human umbilical vein endothelial cell (HUVEC) and
collagen [5]. This is a typical scaffold-based approach yet with a
deformable fibre as the scaffold. Moreover, 3D printing can
produce networks of carbohydrate glass serving ascyto-compati-
ble sacrificial scaffold to construct vascular architectures [6]. The
hollow cellular structures can also be constructed by 3D bio-
printer using the bio-mimetic components made of biomaterials,
such as hydrogels encapulating cells [7]. Nevertheless, using
structured scaffolds or hydrogel to “mold” 3D tubular structure or
networks still pose concerns considering the bio-compatibility for
many polymer materials or the structural complexity achievable.
Moreover, artificially-predefined patterns at initial times are
usually disorganized by cellular self-organization, such as cellular
alignment or migrations, in the subsequent tissue development,
creating uncertainly for those artificial attempts.
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In addition to the methods based on scaffold with external
guidance, the incorporation of self-organization in 3D culture is
receiving increased attention for tissue regeneration [8,9]. Tubular
structures were created by 3D cultures using a specific designed
airway epithelial cell line and HUVECs under specifically tailored
conditions [10]. Recently, researchers have created tubular vessel
networks via cellular self-organization by co-culture of hepatic
endoderm cells, HUVECs and human mesenchymal stem cells [9].
The vessel-like tube structure formation can be achieved by co-
culture of outgrowth endothelial cells and adipose-derived stem
cells in a fibrin matrix [11]. Yet, it has been challenging to
regenerate tubular structures with diameters of hundreds of
microns by self-organization of cells in 3D hydrogel. Due to the fact
that they need an extraordinary complicated process and
orchestration of various chemical, physical and mechanical cues
in the microenvironment filled with a huge number of cells. More
importantly, the appearance of these structural morphologies in
complex biological systems is often not strategically planned or
based on a controllable engineering approach, due to the lack of
insights in the underlying mechanism. So far, there is rarely a
rational and reliable methodology provided for creating 3D self-
organized tubular structures with designed geometry and sizes.

Here we devised a solution to generate 3D multi-cellular tubes
by utilizing multi-cellular self-organization. Using cell-laden
hyaluronic acid (HA) hydrogel and cell-free hydrogel with higher
stiffness, we found that VMCs can spontaneously assemble into 3D
tubular structure tubes composed of numerous cells. The structure
formation is mediated by the gradients of morphogen and cell
concentrations arising from the structural interfaces of hydrogel
stiffness. More importantly, the process presents intriguing
agreement with theoretical predictions from simulations of the
reaction-diffusion of morphogens described by turing instability as
shown in our recent simulation work [12], providing a method for
strategically planned or controllable engineering approach for
tissue reconstruction. Mimicking the 3D features of tubular tissues
with insights of underlying mechanism, our method has great
potential for promoting the regenerative medicine to a new state
with rationally controllable methodology.

2. Materials and methods
2.1. Cell culture

Vascular mesenchymal cells (VMCs) were isolated and cultured
as previously described [13-16,23]. The cells were grown in

A

Dulbecco’s Modified Eagle’s Medium (Invitrogen, CA, USA)
supplemented with 15% heat-inactivated fetal bovine serum and
1% penicillin/streptomycin (10,000 1.U./10,000 p.g/mL; all from
Mediatech, VA, USA). Cells were incubated at 37 °C in a humidified
incubator (5% CO, and 95% air) and sub-cultured every 3 days.

2.2. HA modification

Acrylated hyaluronic acid (HA-AC) was prepared using a two-
step synthesis process [18,19]. HA (60kDa, 1.0 g, 0.017 mmol) was
reacted with 18.0 g (105.5 mmole) adipicdi hydrazide (ADH) at a
pH of 4.75 in the presence of 1-ethyl-3-[3-dimethylaminopropyl]
carbodi imide hydrochloride (EDC,2.0 g, 10.41 mmole) overnight
and purified through dialysis (6000-8000 MWCO) in DI water for 1
week with changing water frequently. The purified intermediate
(HA-ADH) was lyophilized and stored at —20°C until used.
Modified HA-ADH (1.0g, 0.014 mmole) was reacted with N-
Acryloxy succinimide (NHS-AC) (0.75g, 44 mmole) in 4-(2-
hydroxyethyl)-1-piperazine ethane-sulfonic acid (HEPES) buffer
(pH 7.2) overnight and purified through dialysis in DI water for 1
week before lyophilization. The final product was analyzed with
1H NMR (D,0) and the degree of acrylation (12%) was determined
by dividing the multi-plet peak at §=6.2 (cis and trans acrylate
hydrogens) by the singlet peak at §=1.6 (singlet peak of
acetylmethyl protons in HA).

2.3. HA hydrogel formation

HA hydrogels were formed using Michael Addition chemistry
between bis-cysteine containing MMP-degradable cross linker
onto HA-AC pre-functionalized with cell adhesion peptides (RGD).
A lyophilized HA-AC aliquot (6 mg) was dissolve in 75 wL of 0.3 M
TEOA buffer. Lyophilized aliquots of the RGD peptides (0.1 mg/vial)
were dissolved in TEOA buffer and mixed with HA-AC solution, and
finally kept for reacting for 25 min at 37°C to get the HA-RGD
solution. The cells were split from the petri dish bottom by 0.25%
trypsin-EDTA, and the resuspended cell solution was placed on ice.
A lyophilized aliquot of the cross-linker (1.0 mg) was then diluted
in 20 wL of 0.3 M TEOA buffer (pH = 8.4) immediately before mixing
with HA-AC solution, HA-RGD (final concentration of 100-150 uM
RGD), and the cell solution (3000-7500 cells per L of final gel
volume). The gel precursor solution was pipetted onto a
sigmacoted glass slide in drop-wise (30-45 L), then clamped
with another sigmacoted slide with plastic cover-slip spacers, and
finally incubated for 30 min at 37 °C to allow for gelation. The final

B

Fig. 1. The cell viability inside our modified HA hydrogels were studied using the LIVE/DEAD assay at day 1. (A) Magnification, the bar represents 200 wm. (B) Magnification,
the bar represents 100 wm. The green represents the live cell. The red represents the dead cell.
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Fig. 2. Schematic design and experimental results of large-scale cellular self-organization inside 3D HA-hydrogel. (A) Schematic of the composite gels consisting of two parts

of gels with a serrated interface between them. The cells were only encapsulated in the upper gel having lower stiffness. The green dots denote the cells. (B) Bright-field

microscopy image showing patterned hydrogels with encapsulated cells in the lower stiffness gel part at initial time. (C) Composite gel attached on the slide in a 35-mm petri
dish (inset: lower gel part in (A)). (D) Bright-field microscopy images at the interfacial of the upper and lower gel parts (Day 2 to Day 10). The character “H” and “L” indicate the
hydrogel areas with higher and lower-stifness, respectively. (E) Fluorescence microscopy showing the top view of the self-formed multi-cellular structure at different
locations dispersed along the interfacial planes. The aggregated blue dots were stained with DAPI. (F) Confocal laser-scanning microscopy showing the cross-section of the
multi-cellular structure at the middle position in length direction, where green color represents the distribution of cellular F-actins. The multi-cellular structure appeared as
hollow shape. (G and H) Fluorescence microscopy showing the top view of the self-formed multi-cellular structure in other locations. The tubes usually emerged around the

H

straight interface. However, they can also be found in the vicinity of the corners (G) and the interior region (circled area) of the lower-stiffness gel (H).
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Tube composed by
numerous cells

Fig. 3. 3D morphology of the hollow tubular structures by large-scale cellular self-organization inside 3DHA-hydrogel. (A and B) Confocal laser-scanning microscopy showing
3D reconstructed images of multi-cellular tube structure that had been cultured in HA hydrogel for 12 days. The revealed lumen of the tube presented by moving the cross-
section plane toward right. (C and D) Top and side views of the multi-cellular structure in (B). (E) Generic drawing approximately presenting distribution of the formed tubes
with dome shaped lids around the straight interface. (F) The part below the cutting plane in (E), which shows the lumen inside the tubes. (G) Schematic drawing for the
magnified view of the detailed feature of hollow tubes formed around the interfaces. The “cap” at the end of tube was cut away for clarity of the inside hollow regions.
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Fig. 4. Quantitative characterization of the tube formation in this cell-laden composite hydrogel system. (A) The number of tubes versus the initial cell density
(mean + standard deviation; n=5). (B) The radial dimensions of the multi-cellular aggregates versus incubation time (mean = standard deviation; n=5) with an initial cell
density of 5000 per . (C) Dependence of the tube length on the depth of cell-ladden slot in composite hydrogels with the initial cell density of 5000 per .l (mean =+ standard

deviation; n=6).

gel was swelled in culture media before being placed inside 96-
well plates for the following long-term culture. The mechanical
properties of the hydrogels can be controlled by varying the HA
concentration or the cross linking density, “r”, which is defined as
mole ratio of thiol (—SH) from the cross linkers toacrylate group
(—ACs) from the HA-ACs.

2.4. Rheology measurement for charactering stiffness of hydrogels

The storage (G’) and loss modulus (G') were measured with a
plate-to-plate rheometer (Physica MCR, Anton Paar, Ashland, VA)
using a 8 mm plate under a constant strain of 0.05 and frequency
ranging from 0.1 rad/s to 10 rad/s. Hydrogels were made as detailed
above and cut to a size of 8.0 mm in diameter to fit the plate. A
humid hood was used to prevent the hydrogel from drying and the
temperature was kept at 25°C.

2.5. Fabrication of the composite hydrogel

The composite hydrogel consists of two subparts differing in
their stiffness and has geometric interfaces between those two
subparts. The main procedures for fabrication of the composite
hydrogel are illustrated as the followings. Firstly, with a SU-8
master, which was prepared by standard photolithography process
on a silicon wafer, a PDMS mold with serrated patterns was casted
using a weight ratio of 10:1 for the base and curing agent and cured
at 85°C for 4h. Based on the PDMS mold treated with oxygen
plasma, a grooved hydrogel sheet with higher stiffness was casted,
and the PDMS mold was removed from Gel-1 when they were

immersed in PBS. Next, the precursor of Gel-2 encapsulating cells
was placed on the patterned Gel-1, and a hydrophilic cover-slip
was gently put on the top of Gel-2, followed by an incubation of the
whole set for 30 min at 37 °C for gelation. At last, the cover slip and
spacers were slightly detached after gelation, and then the
composite gel with glass substrate was placed into a 35-mm petri
dish filled with culture media.

2.6. Cytotoxicity test

In this study, the cell viability in these hydrogels was studied by
using LIVE/DEAD viability/cytotoxicity kit (Molecular Probes,
Eugene, OR). Briefly, 2 pL (1.8 L) of ethidium homodimer-1 and
0.5 nL (0.7 L) of calcein AM from the kit were diluted with 1 mL of
DMEM. Each gel was stained with 150 p.L of this staining solution
for 30 min at 37° in the dark.

2.7. Immunofluorescence staining

Before fixation, the gel samples were washed two times with
pre-warmed phosphate buffered saline (PBS). Then the cells in gel
were fixed by 4% paraformaldehyde (PFA) solution for 40 min at
room temperature. After that, the samples were washed 2-3 times
with PBS, treated with 0.1% Triton X-100 in PBS for cell
permeabilization, and then rinsed with PBS. The samples were
stained by fluorescent dyes which render the F-actins (Alexa
Fluor® 488 phalloid in, Invitrogen, CA, USA) and the nuclei (DAPI,
Invitrogen, CA, USA) inside the cells, and then mounted by
ProLong™gold anti-fade reagent.
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2.8. Confocal laser-scanning microscopy

For multi-cellular architecture inside the 3D composite HA
hydrogel fixed between a sigmacoted glass slide and a top covers lip,
the confocal laser-scanning microscopy (Leica TCS SP2, Germany)
was utilized to obtain the image sequences of VMC multi-cellular
architecture in the vertical direction. An objective with a magnifica-
tion of 10x and numerical aperture (N.A.) of 0.3 was used to primarily
locate the area of interest within the sample, while an objective (HCX
PL APO CS, OIL) of 40.0x and 1.25 N.A. was used during the imaging
process. The Alexa Fluor®™ 488 phalloidin was detected upon
excitation at 488 nm (40% laser line power set in AOTF) with an
emission maxima around 520 nm through a band-pass filter. The
pinhole size was 0.998 Airy. Hundreds of images were obtained in Z
direction via the XYZ scan mode with scanning speed at 400 Hz. The
Voxel-size is 0.732 (Width [jum]) x 0.732 (Height [pum]) x 1.000 (or
2.000) (Depth [pum]). The obtained image sequences were stacked
and processed by the 3D reconstruction software Amira 5.2 Resolve
RT (trial version), allowing precise volumetric visualization of the
multi-cellular structure in 3D space, as well as efficient quantitative
analysis of the structure.

3. Results and discussion

3.1. Hollow structure formation via cellular self-organization in
composite hydrogels

We firstly investigated the cell viability for the VMCs. The
results indicated that the cellular viability and proliferation have
good performance in this study (Fig. 1), so that VMCs could form
the self-organized structures. Additionally, the aspects on cytotox-
icity and hydrogel degradation were discussed by the previous
papers [15,18-20]. The cellular viability and proliferation have
good performance in this study, so that VMCs could form self-
organized structures.

The schematic diagrams of the experimental design are shown
in Fig. 1A. VMCs, stem cell-like multi-potent cells with several
remarkable capabilities for multi-cellular structure formation
[21,22], was used as the cell model. The composite gels consist
of two gels having distinct mechanical stiffness, connected with
each other with a clear demarcation line to form a serrated
interfacial surface between them (Fig. 2A).The hydrogel with
different stiffness were synthesized by tuning the component
proportion and measured by a plate-to-plate rheometer. Based on
the measured mechanical moduli, GL' and GL” for lower-stiffness
gel and GH’ and GH” for and higher-stiffness gel, the difference in
the magnitudes between GH’' and GL' was confined within a
particular range (150 < GH' — GL’ < 400) according to our empirical
tests for tubular structure formation. Note that VMCs were only
encapsulated in the upper gel having lower stiffness at the initial
time (Fig. 2A, the green dots denote the cells, and Fig. 2B). The
width (Ws) and depth (ds) of the cell-laden slot were designed as
500 and 300 pm, respectively. The composite gel attached on the
squared slide was placed into a size-matched petri dish (Fig. 2C,
inset: the patterned lower gel part) and then covered by culture
media.

In this composite hydrogel, cells spread and remarkably
elongated after 24 h, and then migrated so that they began to
aggregate around the interface on day 2 (Fig. 2D). The aggregation
became more pronounced on day 4. Later, obvious big aggregates
with a diameter of more than 100 wm along the interface line were
observed on day 8 (Fig. 2D). At this time, the aggregates had
already become a cylinder-like structure. The aggregates reached
the maximum dimensions on day 10-12. The cylinder-like
structure showed no significant further growth after day 11. The
sample was fixed by 4% PFA on day 12.The fluorescent images of top

view of the arrayed stand-up multi-cellular structure are shown in
Fig. 2E (nuclei stained with DAPI) and the cross-sectional view of
the multi-cellular structure at the middle position in length
direction are shown in Fig. 2F (F-actin stained with phalloidin).
Notably, in most cases, the multi-cellular structure and appeared
as hollow shape and emerged around the interfacial planes.
However, they may also grow around the corners (Fig. 2G) or the
middle area between two adjacent interfaces (Fig. 2H). These
dimensionally-large tubes have never been found in the common
HA hydrogels without this composite structure, though large value
ranges of synthesis parameters such as concentration of HA (2% to
5%), RGD (50 mM to 800 mM) and cross linkers (r=0.3 to 0.8) have
been tested.

The previous study reported that the HA polymers has a typical
molecular weight over 10 daltons (Da), and they can be cleaved by
the enzyme hyaluronidase (HAse) to obtain moleculars of much
lower molecular weights [15]. Low molecular weight HA (<3.5
x 10*Da) has been implicated as pro-inflammatory and pro-
angiogenic. However, we have not paid full consideration for the
function or effects of HAse (HA) in the tubular growth formation.
Therefore, in the following study, we would explore the correlation
between the hydrogels treating with HAse and HA and the tubular
growth formation.

We next inspected the geometrical morphology of the self-
organized 3D multi-cellular structures by confocal laser-scanning
microscopy after the F-actins of cells stained by fluorescent dyes.
Confocal laser-scanning microscopy verified that the multi-cellular
aggregates had a hollow cavity, and revealed tube-like multi-
cellular structures formed in HA hydrogel (Fig. 3). This multi-
cellular tube had a continuous lumen (Fig. 3A-D). Also, each tube
had one end covered and sealed by a dome shaped “lid”, which was
a dense multi-cellular structure (Fig. 3A-D), and outer diameter
larger than 150 pwm, a wall thickness of 15-50 wm, and a length of
more than 250 wm. In additional, the multi-cellular tubes in our
experiments were approximately parallel to the vertical interfacial
plane inside the composite gel (schematic elucidated in Fig. 3E,F).
Here the dimensionally-large upright tube formed in 3D hydrogel
is significantly different from the self-organized capillary-like
tubal structures [16,17] as the diameters of the tubes formed in
previous capillary-like tubes seemed always constrained within a
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Fig. 6. The experimental images for confocal microscopy and the gross appearance of the small tubular structures with two capped ends. (A) The picture of the setup for
confocal microscopy. (B) The composite HA hydrogel sheetsclamped by two glass slides were placed onto the stage of confocal microscope. (C and D) Scanning process for
imaging the 3D multicellular structures inside composite hydrogel via confocal microscopy. (E) The gross appearance of the 3D multicellular aggregates with inside lumens
after 12 days culture. The structures are tiny and the inside lumens can be detected via confocal microscopy as shown in (C and D) and the main text. (F and G) The local
geometry of composite HA hydrogels and gross appearance of the 3D multi-cellular aggregates with inside lumens, whose central axes were approximately perpendicular to
the glass slide surface, so the tubular structures cannot be easily found by eyes, but can be imaged by confocal microscopy.
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single cell level. In contrast, here the diameter and length of this
multi-cellular tube both strikingly exceed the single cell level.
Fig. 3E,F summarized the generalized features for distribution of
arrayed tubular structures and the location of each 3D tubular
structure relative to the interfacial planes inside this hierarchical
hydrogels. The vertical tubes (light pink color) are near the vertical
interfaces of upper and lower gels. Each tube is constructed by a
great number of cells, and the tubes usually partially invade into
the higher-stiffness gel.

3.2. Quantitative characterization of the multi-cellular tube formation
and the stiffness of hydrogels

We next sought to quantitatively characterize the tube
formation in this cell-hydrogel system. The initial cell density
encapsulated in the upper hydrogel with lower-stiffness is a critical
factor affecting the number of the multi-cellular tubes (Nt) in the
composite hydrogel. The cell density corresponding to the
maximum Nt is around 5000 cells/pl (Fig. 4A). Lower cell density
led to a decrease of both cell-cell interactions and signal molecules
secreted by cells, which would gear down the cellular self-
assembly progress. On the other hand, the higher cell density gives
rise to the increased contact inhibition among adjacent cells when
the culture becomes confluent by which cells restrict proliferation
and cell division [21]. The geometrical scales of the multi-cellular
tubes are impacted by several factors including the incubation
duration (T) and depth of the cell-laden slot (ds) as show in Fig. 4B,
C(the definition of ds is indicated in Fig. 4A). The self-formed tubes
can grow larger over time, whereas they seem to stop growing after
day 11. The tube length has a positive linear correlation with the
depth of the cell-laden slots approximately.

The stiffness of hydrogels has also been evaluated and observed.
The result indicated that the three dimensional tubular structure
has been successfully established by observing the stiffness of
hydrogels (Fig. 5). Actually, because of the differences of hydrogel
stiffness, the hydrogel structural gradient was formed at the
interface between the lower-stiffness gel and higher-stiffness gel.
Therefore, the protein molecules formed the concentration
gradient at crossing interface regions. Meanwhile, the cells also
forms a concentration gradient at crossing interface regions. All of
the above may be correlated with the formation of the tubular
structure,

Furthermore, the gross appearance of the tubular structures
after 12 days was also examined (Fig. 6A-D). The Fig. 6E-G may
indicate the gross appearance of the 3D multi-cellular aggregates
with inside lumens after 12 days culture. The structures are tiny
and the inside lumens can be detected via confocal microscopy as
shown in Fig. 6C and D. Fig. 6F and G showed the local geometry of
composite HA hydrogels and gross appearance of the 3D multi-
cellular aggregates with inside lumens, whose central axes were
approximately perpendicular to the glass slide surface. Therefore,
the tubular structures cannot be easily found by eyes, but can be
imaged by confocal microscopy.

Although we obtained a few significant results, there were also
some limitations. It is not surprising that the increase in stiffness at
the interface is a barrier to cell penetration, providing impetus for
self-aggregation. New knowledge on the defining range of stiffness
for this to happen is however lacking. Due to the findings obtained
from this study, we would investigate the profound and new
knowledge in following study.

4. Conclusions
By using VMCs, we created 3D self-organized multi-cellular

structures mimicking 3D features of tubular tissues. It demon-
strates that 3D multi-cellular tubular structures can be derived by

the self-organization of a single type of stem cells in rationally-
devised composite hydrogels. These generated multi-cellular
structures are proved to reveal a Turing-type mechanism based
on the reaction-diffusion-advection of morphogens and cells.
Mathematical models can rationally predict 3D multi-cellular
tubular structure formation in a heterogeneous matrix according
to the previous published report [24,25]. Modulating the
dimensions of interfacial geometry, culture duration and cell
density allow us to sculpt and pattern the evolving multi-cellular
structures to generate tubular structures with various diameters
and lengths. It lays a foundation for regenerating injured
vasculatures in organs such as hearts, lungs, and kidneys more
efficiently and at lower cost. This self-organization methodology
based on Turing instability opens up new vistas for understanding
and generating tubular tissues with an unprecedented level of
rational controllability.
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