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Abstract

Tissue spheroids hold great potential in tissue engineering as building blocks to assemble into
functional tissues. To date, agarose molds have been extensively used to facilitate fusion process
of tissue spheroids. As a molding material, agarose typically requires low temperature plates for
gelation and/or heated dispenser units. Here, we proposed and developed an alginate-based, direct
3D mold-printing technology: 3D printing micro-droplets of alginate solution into biocompatible,
bio-inert alginate hydrogel molds for the fabrication of scaffold-free tissue engineering constructs.
Specifically, we developed a 3D printing technology to deposit micro-droplets of alginate solution
on calcium containing substrates in a layer-by-layer fashion to prepare ring-shaped 3D hydrogel
molds. Tissue spheroids composed of 50% endothelial cells and 50% smooth muscle cells were
robotically placed into the 3D printed alginate molds using a 3D printer, and were found to rapidly
fuse into toroid-shaped tissue units. Histological and immunofluorescence analysis indicated that
the cells secreted collagen type | playing a critical role in promoting cell-cell adhesion, tissue
formation and maturation.

Introduction

Tissue engineering holds remarkable promise for providing architecturally and functionally
competent replacements for tissues damaged by injury, disease and aging [1-7]. During the
last decades, both scaffold and scaffold-free tissue engineering strategies have been explored
[8-13]. As the central portion of scaffold-based tissue engineering, biomaterials can provide
molecular and mechanical signals to promote cell adhesion and proliferation, and enhance
extracellular matrix (i.e., ECM) protein deposition and tissue formation [14, 15]. Although it
retains a high potential for application, the scaffold-based approach faces numerous
challenges. One of the key problems is that the ideal material to satisfy all the requirements
for tissue engineering applications remains elusive. In addition, scaffold materials and their
degradation products can introduce a variety of adverse effects [16]. As an alternative,
bioprinting-based, scaffold-free tissue fabrication methods (i.e., organ printing) have been
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explored [3, 16]. For example, Cyrille Norotte and coworkers developed a 3D printing
technology to fabricate scaffold-free, vascular tissue engineered constructs [17]. This
approach has several distinct advantages. In particular, it can allow for the creation of tissues
with a high cell density. In addition, it can facilitate rapid tissue formation and accelerate
tissue maturation [16, 17].

One core concept of organ printing is the use of tissue spheroids as building blocks to
assemble functional tissues [3, 16]. Tissue spheroids are sphere-shaped micro-tissues formed
by spontaneous self-assembly of cell suspensions in the absence of cell-adhesive substrates
(e.g., inside agarose microwells). They hold great promise as a bioink for organ printing
because they could potentially accelerate tissue formation and maturation [3, 16]. Notably,
we have developed a robotic technology for rapid and scalable fabrication of a large number
of tissue spheroids needed for organ printing [18].

To date, agarose molds have been extensively used to facilitate the assembly of tissue
spheroids. The agarose molds can be fabricated by both direct (i.e., 3D printing) and indirect
(i.e., casting) methods. In the case of indirect mold fabrication, the current technology
typically involves microfabrication, including 3D printing, of the master mold (e.g., wax
mold) for the subsequent agarose mold fabrication [19]. For direct mold fabrication, agarose
has been printed into a mold to fabricate a small diameter vessel tissue engineering construct
[17]. Here, we describe a proof-of-concept method to directly print a customized alginate
mold for tissue fabrication. This has a distinct advantage in that printing alginate does not
require low temperature plates for gelation nor heated dispenser units, as may be the case for
printing agarose [17, 20, 21]. Similar to agarose, alginate is essentially a non-biodegradable,
bio-inert, and biocompatible material. These are all highly desirable characteristics for
printing a mold structure because it would maintain its shape fidelity to direct tissue
morphology and not interact with the forming tissue. Also, it allows for the fabrication of
customized molds for specific applications.

In this study, we proposed and developed a 3D mold-printing technology to produce
biocompatible, bio-inert alginate hydrogel molds, which can facilitate the fusion process of
tissue spheroids to form scaffold-free tissue-engineered constructs with defined 3D
structures. Specifically, we have developed a 3D printing technology to print micro-droplets
of alginate solution on calcium-containing substrates in a layer-by-layer manner to fabricate
a variety of 3D structures. Further, we utilized this technology to fabricate ring-shaped 3D
hydrogel molds for toroid-shaped tissue unit fabrication. Tissue spheroids composed of 50%
endothelial cells and 50% smooth muscle cells were robotically placed into the 3D printed
alginate molds, and they were found to rapidly fuse together into toroid-shaped tissue units.
Histological and immunofluorescence analyses indicated the critical role of cell-secreted
collagen I in tissue formation and maturation.

Materials and methods

Configuration of the Palmetto 3D bioprinter

The Palmetto 3D Printer (Supplementary Fig. 1A), is a fully automated 3D printer
developed by the Medical University of South Carolina and Clemson University, and

Biofabrication. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tan et al.

Page 3

assembled by Izumi International (Greenville, SC). The core devices for 3D printing include
a three-axis motion control stage (Janome R2300N, Mahwah, NJ), a linear liquid dispensing
system (Fishman, Hopkinton, MA) and a digital microscope (Dino Lite, Torrance, CA) to
record the printing process. The printing hardware is housed in a sterile chamber, and the
control and monitoring systems are set outside of the chamber. This 3D printer is capable of
accurately dispensing micro-droplets of 1 pl volume per second at a resolution of 10 ym in
all three (X, Y, and Z) dimensions. The system utilizes tapered free-flow tips with a range of
250-840 um inner diameters (Fishman, Hopkinton, MA) as printing nozzles. In this
application, 250 um inner diameter tips were used as a printing nozzle for alginate and
Pasteur pipettes (diameter ~1000 um) were used to deposit tissue spheroids.

Alginate solution for 3D printing

3% sodium alginate solution (w/v) (FMC BioPolymer Co., Philadelphia, PA, USA) was
selected as ink for 3D bioprinting because: 1) it can rapidly form hydrogels at the
physiological condition by reacting with calcium ions and 2) it has suitable viscosity for
robotic liquid dispensing, while maintaining the droplet shape after dispensing (i.e., a high
contact angle). To rapidly crosslink micro-droplets of alginate solution into hydrogel, 100
mM CaCl, in 2% gelatin solution were utilized to prepare printing substrates according to
the report of Brugger and coworkers [22].

Cell culture and spheroids fabrication

Human aortic smooth muscle cells (hnSMCs) and human umbilical vein endothelial cells
(HUVECS) (passage 3) were purchased from Lonza (Catalogue number: CC-2571 and
C2517A respectively; Lonza, Basel, Switzerland). They were cultivated in media as
suggested by the manufacturer (cell culture media: Lonza CC-3162 and CC-3182,
respectively). At passage 5, the two cell types were mixed at a 1:1 ratio and then seeded into
non-adhesive agarose hydrogels molds containing 35 concave recesses with hemispheric
bottoms (400 um diameter, 800 um deep) to facilitate the formation of tissue cell spheroids.

The agarose hydrogel molds were prepared using commercial master micro-molds from
Microtissues, Inc (Providence, RI) as negative replicates. 330 UL 1% sterile agarose solution
was pipetted into the master micro-molds to form an agarose hydrogel mold, which was then
carefully detached from the master mold and transferred into one well of a 24 well tissue
culture plate.

The schematic presentation of cell spheroids fabrication is shown in the Supplementary Fig.
2. 3M hSMC:s (Passage 5) and 3M HUVECs (Passage 5) were suspended in 2ml media
composed of 50% hSMC media and 50% HUVEC media. 75 pl of the cell suspension was
pipetted into each agarose mold. After the cells had settled down into the recesses of the
mold (10 min), additional media was added (1.0ml/well for a 24 well plate) and exchanged
as needed. In this way, 840 cell spheroids with diameter 300 um can be routinely prepared
using a 24 well plate containing 24 agarose hydrogel molds.
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Histological and immunofluorescence analysis of tissue units

The printed tissue units were fixed for 30 minutes in 4% paraformaldehyde solution. After
dehydration, tissues were processed for paraffin infiltration and embedding and sectioned.
The paraffin sections were stained with hematoxylin—eosin and the images were captured
using light microscope (Olympus BX40 equipped with a DP25 digital camera). For
immunofluorescence staining, primary antibodies were rabbit anti-human collagen |
(Cedarlane USA, Burlington, NC), mouse anti human a-smooth muscle actin (Sigma
Aldrich, St. Louis, MO), and secondary antibodies were Alexa Fluor 546 and Alexa Fluor
647 (Invitrogen, Carlshad, CA). First, a heat-induced epitope retrieval step was performed
by 5 minutes pressure-cooking of the deparaffinized sections in 1.6 L PBS and 15ml antigen
unmasking solution (H-3300, Vector Laboratories, Burlingame, CA). The sections were then
permeabilized in a 0.1% Triton X-100 in PBS for 15 min at ambient temperature. After
washing in PBS (3x), the tissues were incubated in Background Buster (Innovex
Biosciences, Richmond, CA) for 30 minutes at ambient temperature. After washing in PBS
(3 x 5 min), sections were incubated with primary antibodies diluted in 1.0% BSA in PBSA
(PBS + 0.01% sodium azide) overnight in refrigerator. After washing in PBS (3 x 5 min),
tissues were incubated with coordinate secondary antibodies diluted in 1.0% BSA in PBSA
for 1h at ambient temperature. After copious washing in PBS, nuclei were counterstained
with DAPI (Molecular Probes/Invitrogen, Eugene, OR) diluted in PBSA for 15 min at
ambient temperature. Following the final wash procedure, individual slides were mounted
under cover glass using Fluoro-Gel (Electron Microscopy Sciences, Hatfield, PA). A TCS
SP5 AOBS laser scanning confocal microscope (Leica Microsystems, Inc., Exton, PA) was
used to obtain fluorescent images.

Results and discussion

Optimization of printing parameters and printing algorithm

Alginate has been extensively used in the 3D bioprinting because it can robustly form cell
compatible hydrogels in physiological conditions [26-28]. Notably, native alginate is not
adhesive for cells and is also not broken down enzymatically in mammals [29, 30]. These
are all highly desirable characteristics as molding materials to facilitate tissue formation. As
a bio-inert material, alginate does not compete with cell-cell adhesion and therefore promote
fusion process of tissue spheroids. In addition, it has limited biodegradability and sufficient
mechanical property for molding [31].

In this work, we have developed a technology to robotically deposit micro-droplets of
alginate solution onto calcium-containing gelatin substrates to construct 3D hydrogels (Fig.
1) [22]. A substrate of 100 mM CaCl, in 2% gelatin solution were prepare to serve as a
reservoir for calcium ion. A lower concentration of calcium ions in the gelatin solution can
lead to slow gelation process and undefined shape of microdroplets. It is important to note
that some cell types may be sensitive to the free calcium ion that slowly diffuses from the
physically crosslinked alginate mold [32, 33]. However, auxiliary tests confirmed high
viability (>90%) post-printing using Ca?*-sensitive porcine chondrocytes with an atypical
calcium concentration (100mM) (Supplementary Fig. 3) [31, 32]. By using a layer-by-layer
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approach, we can fabricate hydrogels with a number of defined 3D structures. This has been
attributed to the upward diffusion of calcium ion from the gelatin substrates (Fig. 1) [22].

To ensure a high consistency among the alginate hydrogel micro-droplet formed on calcium-
containing substrates, we have optimized both concentration of alginate solution and the
volume of each droplet. A 3% sodium alginate solution (w/v) was found suitable for 3D
printing because 1) it can rapidly form hydrogel micro-droplets on the calcium ion-
containing gelatin substrates, and 2) it has proper viscosity for robotic liquid dispensing
while maintaining the droplet shape after dispensing. The dispensing volume for 3% (w/v)
alginate solution was set as 1 pl in this study because a smaller volume (0.5 ul) can give rise
to larger variation among printed droplets (Fig. 2). To prevent the coalescence of newly
printed droplets with their neighbors (Fig. 3a), we developed a printing algorithm to ensure
that no printed droplet lands next to an un-gelled droplet and the final printed product
maintained a defined structure as designed (Fig. 3b) [22].

To prove the feasibility of 3D hydrogel printing, we designed and printed hydrogels with
different 3D geometries (cube, square frame, and pyramid). Both the printing scheme and
the printed alginate hydrogel structures are shown in Fig. 4. This demonstrates the 3D
hydrogel printing we developed here can allow for a proof-of-concept for the fabrication of
alginate hydrogels with defined 3D structures. To quantify the printing accuracy, we
measured the dimensions of a 3D printed cube structure and compared them to the design.
As shown in Figure 4d, the cube structure was designed to have dimensions of 9.6 x 9.6 x
1.75 mm (X, Y, Z), which is a result of a printing design with dimensions of 9 mm x 9 mm
(based on the center of dot) and a Z dimension defined by 5 layers. Typically, the first layer
of alginate, which is printed onto the gelatin surface, has a height of ~0.7-0.8 mm, while the
second and above layers of alginate, which is printed onto alginate surface, have heights of
~0.2-0.3 mm. The actual printed cube structure has dimensions of 9.6 x 9.8 x 1.8 mm, and it
thus can be defined as an accurate printed structure [36]. Using the cube structure as a
model, overnight culture in PBS resulted in an average increase in dimension (X, Y) of
1.8%, thus maintaining the designed parameters. This demonstrates the 3D hydrogel printing
we developed here can allow for a proof-of-concept for the fabrication of alginate hydrogels
with defined 3D structures. Given the quickly advancing field in biofabrication, improved
parameters and limitations to bioprinting must be further optimized to achieve the highest
needed control.

3D Printing alginate molds and robotically seeded spheroids

To utilize the 3D printed alginate hydrogel molds to facilitate fusion processes of tissue
spheroids, we have designed ring-shaped alginate molds to fabricate toroid-shaped tissue
units, which can be utilized to produce tissue engineering constructs (Fig 5) [37]. To prepare
the mold, 24 layers of alginate hydrogel was printed in a layer-by-layer fashion to generate
ring-shaped molds with inner diameter 5 mm, outer diameter 7 mm and height 3 mm over a
time span of approximately 30 min (~30 secs/layer with ~1 min gelation time between
layers). Subsequently, 840 spheroids (average diameter ~300 m) composed of 50% hSMCs
and 50% HUVECSs was robotically seeded into the mold to achieve a connected tissue [38,
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39]. Tissue spheroids were selected as bioink for 3D bioprinting in this study because they
have the potential to accelerate tissue formation and maturation [3, 16].

To utilize the Palmetto 3D Printer to robotically seed the cell spheroids, a variety of
dispensing nozzles have been examined. Interestingly, Pasteur pipettes have been found
most suitable for robotic dispensing of cell spheroid due to the smooth transition from upper
portion of the pipette to the tip of the pipette (i.e., dispensing nozzle) and the diameter of
pipette tip (~1000 um) (Fig. 6). Customized Pasteur pipettes with a smaller tip diameter
(~750 um) were found difficult to seed cell spheroids since spheroids often blocked the
dispensing nozzle.

Fabrication of toroid-shaped tissue units

After seeding into ring-shaped molds, the construct was moved to an incubator for 15 min to
melt the calcium-containing gelatin. The melted gelatin solution was immediately replaced
with fresh cell culture media to minimize exposure to high calcium concentration
environment. The cell spheroids quickly began fusing into toroid-shaped tissue units after 3
days culture in a reliable manner, which is in agreement with previous research [16, 17].
Notably, the quality of the 3D printed mold can effectively affect the shape of the formed
tissue units. These tissue units were cultivated for an additional 13 days to facilitate their
maturation. To examine the fusion and maturation process, histological and
immunofluorescence analysis were conducted. At day 4, the boundaries of many individual
spheroids were clearly visible (Fig. 7a, 7b, 7j, and 7k) with many open spaces between
spheroids (white arrow in Fig 7k). Notably, collagen | was often found between the
boundaries of two adjacent spheroids (Fig. 7k and 71). As a structural ECM protein with cell
adhesion motifs (e.g., RGD peptide sequence), collagen | was thought to function as
adhesive to facilitate the fusion process of the spheroids. At day 8, most spheroids were
found to be closely associated to each other, while gaps between some spheroids were still
found (white arrows in Fig. 7d and 7e). At day 16, the spheroids had fused into a complete
tissue with abundant, newly synthesized collagen I (Fig. 7m). In addition, the collage | had
filled all the gaps between spheroids (white arrows in Fig. 70). This data indicates collagen |
plays a critical role in promoting cell-cell adhesion, tissue formation and maturation. This is
consistent with the previous report that cell-adhesive ECM proteins can crosslink adjacent
cells together by binding to their cell surface receptor (e.g., integrin) and promote tissue
cohesion [40]. In addition, the day 16-tissue units were stained for smooth muscle cells and
endothelial cells (Fig 7p-r). The high expression of specific molecular markers for both cell
types (i.e., smooth muscle actin and VWF) indicates high cell viability and normal cell
behavior after 16-day cell culture.

Conclusion

3D printing holds great promise for rapid, scalable fabrication of tissue engineering
constructs. Here, we have developed a robust technology to robotically 3D print alginate
hydrogel molds to facilitate fusion process of tissue-cell spheroids for the fabrication of
scaffold-free tissue units. To this end, we have optimized both printing parameters and
printing algorithm for constructions of alginate hydrogels with defined 3D architectures. In
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addition, we also utilized the Palmetto 3D Printer to robotically place tissues spheroids into
the alginate molds to rapidly fuse into toroid-shaped tissue units. Our system has displayed
the proof-of-concept for using alginate as a 3D printable, molding material to facilitate
scaffold-free tissue unit fabrication. The approach developed in this manuscript could be
used to fabricate various open-structured molds (e.g., honeycomb-shaped molds) for the
construction of complex structures [19]. Further calibrations and improvements to the
system are needed for the fabrication of non-open-structured molds to prepare tissues with
more complex shapes, such as small diameter blood vessels, which require printing
spheroids and alginate in a more controlled manner. Given the rapid development in printing
technology, we expect that the technology developed here can be used to fabricate tissues
with complex structures for tissue engineering and drug testing applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic presentation of 3D alginate hydrogel printing on calcium-containing gelatin

substrate. Adapted from the reference 19.
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Figure2.
The size of alginate microdroplets (A=0.5, B=1.0, and C=1.5ul) printed on calcium

containing gelatin substrates.
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Figure3.
(a) Printing algorithm before optimization: printing microdroplets of alginate solution next

to each other can lead to the coalescence of newly printed droplets. (b) Printing algorithm
after optimization: printing microdroplets of alginate solution in 4 steps to to ensure that no
printed droplet lands next to an un-gelled droplet and the final printed product can maintain
a defined structure as designed.
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Figure4.
Microdroplets facilitated 3D printing alginate hydrogels with different geometries (cube (a),

square frame (b) and pyramid (c)).: the left is the schematic presentation of 3D printing
algorithm used to print 3D structures shown in the right. Each layer was printed using an
multi-step algorithm similar to the one shown in Figure 3. The optimal expected dimensions
0f 9.6 x 9.6 x 1.75 mm were based on a design of 9 mm x 9 mm in the X and Y dimension
(measured from the dot center) and a Z dimension defined by 5 layers (d). The scale bar for
(a),(b), and (c) is 1 mm. The scale bar for (d) is 2 mm. The blue, green, yellow, grey and red
represent the 15t, 2nd, 34 4th and 5t layer of bioprinted alginate microdroplets,
respectively.
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(a) Step1:Microdrops of alginate Step2: print layer by layer  Step3:Seeding spheroids ~ Step4:Spheroids fuse StepbRemove tissue
acid solution were printed out to form a 3D structure along with the ring channel together after cell culture from mold
to form a ring pattern
4 I LS

g
J E

24 layer/3mm in height

CC® Darkercolor represents higher degree gelation

(b)

Figure5.
Schematic presentation (a) and actual product (b) of 3D alginate hydrogel printing for tissue

unit fabrication using vascular spheroids (i.e., containing smooth muscle cells and
endothelial cells). Scale bar is 1mm
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Figure6.
A picture showing the pasture pipette printing tip loaded with tissue spheroids for

dispensing.
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Figure7.
Histological and immunofluorescence analysis of the tissue units cultured for 4, 8 and 16

days. (a,b,c) H&E staining for tissue units cultured for 4 days at 10x, 20x and 40x
magnification, respectively. (d,e,f) H&E staining for tissue units cultured for 8 days at 10x,
20x and 40x magnification, respectively. (g,h,i) H&E staining for tissue units cultured for
16 days at 10x, 20x and 40x magnification, respectively. (j,k,I) immunofluorescence
analysis of tissue units cultured for 4 days at 20x, 40x and 63 x magnification. (m,n,0)
immunofluorescence analysis of tissue units cultured for 16 days at 20x, 40x and 63 x
magnification. (p,q,r) immunofluorescence analysis of tissue units cultured for 16 days at
40x magnification for smooth muscle actin, anti VWF and merge picture. Scale bar is
100pm
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