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and Eben Alsberg ‡¶*ab

Scaffold-free engineering of three-dimensional (3D) tissue has

focused on building sophisticated structures to achieve functional

constructs. Although the development of advanced manufacturing

techniques such as 3D printing has brought remarkable capabilities

to the field of tissue engineering, creating and culturing individual

cell-only based high-resolution tissues with complex geometries

without an intervening biomaterial scaffold while maintaining the

resulting constructs’ shape and architecture over time has not been

achieved to date. In this report, we introduce a cell printing plat-

form which addresses the aforementioned challenge and permits

3D printing and long-term culture of a living cell-only bioink

lacking a biomaterial carrier for functional tissue formation. A

biodegradable and photocrosslinkable microgel supporting bath

serves initially as a fluid, allowing free movement of the printing

nozzle for high-resolution cell extrusion, while also presenting

solid-like properties to sustain the structure of the printed con-

structs. The printed human stem cells, which are the only compo-

nent of the bioink, couple together via transmembrane adhesion

proteins and differentiate down tissue-specific lineages while being

cultured in a further photocrosslinked supporting bath to form

bone and cartilage tissue with precisely controlled structure. Col-

lectively, this system, which is applicable to general 3D printing

strategies, is a paradigm shift for printing of scaffold-free individual

cells, cellular condensations and organoids, and may have far

reaching impact in the fields of regenerative medicine, drug screen-

ing, and developmental biology.

Introduction

Over the past few decades, scaffolding approaches have been
widely used to create functional tissues or organs in tissue
engineering and regenerative medicine fields.1 However, the
use of biomaterial-based scaffolds faces several challenges,
such as interference with cell–cell interactions, potential
immunogenicity of the materials and their degradation
byproducts, unsynchronized rates of scaffold degradation with
that of new tissue formation, and inhomogeneity and low
density of seeded cells.2 To overcome these limitations of
scaffold-based approaches, scaffold-free tissue engineering
has recently emerged as a powerful strategy for constructing
tissues using multicellular building blocks that self-assemble
into geometries such as aggregates, sheets, strands and rings.3

These building blocks have been organized and fused into
larger and more complicated structures, sometimes comprised
of multiple cell types, which then produce extracellular matrix
(ECM) to form mechanically functional three-dimensional (3D)
tissue constructs.4–6 However, it is still difficult to precisely
control the architecture and organization of cell-only conden-
sations to mimic sophisticated 3D structures of natural tissues
and their structure-derived functions.
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New concepts
Current state-of-the-art biomaterial-based bioinks face several critical
challenges, such as interference with cell–cell interactions, potential immuno-
genicity of the biomaterials and their degradation byproducts, unsynchronized
degradation rates of the biomaterials with that of new tissue formation, and
inhomogeneity and low density of incorporated cells. Here, we present a
bioprinting strategy capable of printing a cell-only bioink using a liquid-like
solid microgel supporting bath. The microgel supporting bath initially allows
3D printing of cell-only bioinks and maintains the 3D printed constructs
after photopolymerization. The printed human cell-only bioink can
assemble together and differentiate down tissue-specific lineages with
precisely controlled microarchitectures. This bioprinting strategy permits
printing of cell-only bioinks and provides a platform to generate biomimetic
cellular condensation-based engineered tissues with defined geometries.
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Recently, 3D printing has been applied in tissue engineering
with the potential to create complicated 3D structures with
high resolution using cell-free or cell-laden bioinks.7 Digital
imaging data, obtained from computed tomography scans and
magnetic resonance imaging, provide instruction for the
desired geometry of printed constructs.7,8 Biodegradable
thermoplastics, such as polycaprolactone, polylactic acid, and
poly(lactic-co-glycolic acid), are advantageous for printing as
stable constructs with delicate structural control can be formed
due to the mechanical integrity of original materials.9–11 How-
ever, a major drawback of these materials is that cells cannot be
printed simultaneously due to the use of organic solvents or
high temperature to extrude the polymer inks.12 In contrast,
materials that form cytocompatible and biocompatible hydro-
gels, such as alginate, gelatin, collagen, hyaluronic acid and
polyethylene glycol, have been explored as prospective bioinks
due to the feasibility of encapsulating cells within them during
the printing process to provide a 3D cellular milieu.7,13–15

However, the hydrogel-based bioinks present the aforemen-
tioned limitations of scaffolding-based strategies. Since there
has not been a platform enabling the printing and long-term
culture of individual single cells while maintaining their resulting
printed spatial position without incorporation of biomaterials, 3D
cell printing in a scaffold-free manner has rarely been achieved.
Bhattacharjee et al. reported living-cell only bioinks. However, their
supporting medium could not provide long-term support for 3D
printed structures.16 Instead of single cell-based bioprinting, there
is a platform that permits skewering pre-cultured and formed
multicellular aggregates on an array of needles to assemble
structures of interest.17 Cell strands, which are acquired by pre-
culture and assembly of cells in a hollow fiber mold, have also
been used as bioink for scaffold-free 3D bioprinting.18 For these
examples, the resolutions of the systems are limited by the original
size and shape of the bioink cellular assemblies, preparing the
bioinks demands additional time and expense, and neither per-
mits printing of individual cells. Moreover, complicated instru-
mental setups are required, such as vacuum syringe assisted
skewering, which may limit widespread implementation due to
associated costs and necessary expertise.

Here, we present newly generated tissues from directly
assembled stem cells, which have been 3D bioprinted into a
photocurable liquid-like supporting medium comprised of
solid hydrogel microparticles (microgels) (Fig. S1 in ESI†).
The supporting bath consists of biodegradable and photo-
crosslinkable alginate microgels, which are prepared by ionic
crosslinking of dual-crosslinkable, oxidized and methacrylated
alginate (OMA),19 and is expected to be applicable to general 3D
bioprinting systems. The microgel supporting medium
sustains the high-resolution printing of human bone marrow-
derived mesenchymal stem cells (hMSCs) by exhibiting similar
properties to that of Bingham plastic fluids.20 While the
microgel supporting medium allows the printing needle to
move freely via its shear-thinning properties, the microgels
work as supporting materials for printed constructs through
self-healing properties.21 After direct 3D bioprinting of hMSCs
into the microgel supporting medium, photocrosslinking of the

microgels can provide mechanical stability for hMSC constructs
for long-term culture. Dissociation of the photocrosslinked
microgel supporting medium by gentle agitation may facilitate
acquisition of matured 3D tissue constructs. Collectively,
our objectives were (i) to assess the effect of the size of
dual-crosslinkable OMA microgels in the supporting bath on
printing resolution, (ii) to evaluate the capacity of the OMA
supporting bath to maintain the viability of individually printed
cells and the structure of resulting self-assembled printed
constructs, and (iii) to investigate function of the obtained 3D
scaffold-free cellular constructs.

Results
3D bioprinting of living hMSCs without a biomaterial in the
bioink

Living hMSCs can be printed as a bioink by themselves without
a carrier macromer solution into a photocurable, self-healing
and shear-thinning alginate microgel supporting medium,
which is formed with calcium-crosslinked OMA microgels
(Fig. 1). Alginate microgel supporting medium is fluidized
under low shear stress, permitting easy insertion and rapid
motion of needles deep within the bulk. After removing shear
stress caused by needle movement and ejection of printing
material, the locally fluidized alginate microgel bath rapidly
‘‘self-heals’’ and forms a stable medium that firmly holds the
printed hMSCs in 3D space (Fig. 1a). The low yield stress of the
alginate microgel medium in its solid state and its rapid self-
healing behavior allow the unrestricted deposition, placement
and structuring of cells deep within the alginate microgel
supporting medium that maintains the printed structure with
fidelity (Fig. 1b and Movies S1 and S2 (ESI†); the movies play at
4� speed.). To explore the versatility and stability of 3D printing
into the alginate microgel supporting medium, a variety of
complicated 3D structures were printed using only individual
cells as a bioink. A letter (C), a cube, letters comprising an
acronym (CWRU) and a femur were successfully created with
high resolution (Fig. 1c–f). To demonstrate that this platform is
amenable to 3D printing any cell type, human adipose-derived
stem cells were printed in the form of a hand and a letter (C)
and human dermal fibroblasts were printed into letters com-
prising the acronym ‘‘UIC’’ in the alginate microgel supporting
medium (Fig. S2, ESI†).

Properties of the alginate microgel supporting medium

To identify favorable properties of alginate microgels for use as
supporting medium for 3D cell printing, several rheological
measurements were performed on supporting medium made
up of two different sizes of alginate microgels (Fig. 2 and Fig. S3
in ESI†). To verify the solid-like properties of alginate microgel
supporting medium, a frequency sweep at low strain amplitude
(1%) was conducted, measuring the elastic and viscous shear
moduli and viscosity. The data show both sizes (7.0 � 2.8 and
409.5� 193.7 mm, Fig. S1 in ESI†) of alginate microgels behave like
solid materials at low shear strain due to the steric stabilization of
highly packed microgels (Fig. 2a and Fig. S3a in ESI†),22 but they
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exhibit shear-thinning properties with decreased viscosity as shear
rate increases (Fig. 2b and Fig. S3b, ESI†). To further identify the
shear-thinning and shear yielding properties of the alginate micro-
gel supporting medium in response to shear strain, the shear
moduli with a strain sweep at a constant frequency (1 Hz) was
measured. Both sizes of OMA microgels exhibited shear-thinning
(Fig. 2c and Fig. S3c in ESI†) and shear-yielding (Fig. 2d and
Fig. S3d in ESI†) properties following increased shear strain
application. Although both sizes of microgels exhibited a crossover
at similar strain amplitude, the modulus at the crossover point
(G0 = G00) of the smaller OMA microgels was much lower than that
of the larger OMA microgels (Fig. 2d and Fig. S3d in ESI†). To
characterize the self-healing or recovery behavior of the alginate
microgel medium, dynamic strain tests were performed with
alternate low (1%) and high (100%) strains. A rapid recovery of
the storage modulus (Fig. 2e and Fig. S3e in ESI†) and viscosity
(Fig. 2f and Fig. S3f, ESI†) within seconds to the initial properties

was repeatedly achieved over several cycles for both sizes of
alginate microgels, indicating that the alginate microgel support-
ing medium can rapidly change from the solid to the fluid state via
application of shear strain. Printing materials into viscoelastic
supporting materials often results in crevasses created by the
movement of the shaft of the dispensing needle and requires a
third material that fills in crevasses.23 However, 3D structures of
hMSCs can be written into alginate microgel supporting medium
without creating crevasses due to the self-healing properties of the
alginate microgel supporting medium (Movie S3, ESI†). To evalu-
ate the capacity of the OMA microgels to provide long-term

Fig. 1 Shear-thinning and self-healing alginate microgel supporting med-
ium for 3D bioprinting of living individual stem cells. (a) A schematic of 3D
printing of cells within the alginate microgel supporting medium. OMA
microgels in the supporting medium fluidize via their shear-thinning
properties when stress is applied by motion of the printing needle and
cell-only bioink (shear-thinning region) and rapidly fill in after the needle
passes by self-healing properties (self-healing region) without creating
crevasses. Microgel supporting medium without shear stress presents
solid-like properties, which provide mechanical stability for the printed
cell construct (stable region). (b) Captured images at different times during
bioprinting of the letter ‘‘C’’ using living stem cell-only bioink into the
alginate microgel supporting medium. As the printing progresses, cells are
arranged into the letter ‘‘C’’ shape in 3D without disturbing previously
printed regions, which is achieved as a result of the shear-thinning and
self-healing properties of the alginate microgel supporting medium.
Images of the 3D bioprinted structures of (c) a letter ‘‘C’’, (d) a cube, (e)
letters comprising the acronym ‘‘CWRU’’, and (f) a femur in alginate
microgel supporting medium. Scale bars indicate 5 mm.

Fig. 2 Shear-thinning and self-healing properties of the alginate microgel
supporting medium. (a) Storage (G0) and loss (G00) moduli of alginate
microgel supporting medium (mean microgel diameter = 7.0 � 2.8 mm)
as a function of frequency. G0 is larger than G00 over the measured
frequency range and both moduli exhibit frequency independence. Visc-
osity measurements of alginate microgel supporting medium as a function
of (b) shear rate and (c) shear strain demonstrate its shear-thinning
behavior. (d) G0 and G00 of the alginate microgel supporting medium as a
function of shear strain exhibit its shear-yielding behavior and gel-to-sol
transition at higher shear strain. (e) Shear moduli and (f) viscosity changes
in dynamic strain tests of the alginate microgel supporting medium with
alternating low (1%) and high (100%) strains at 1 Hz demonstrate its rapid
recovery of strength and viscosity within seconds, which indicates ‘‘self-
healing’’ or thixotropic properties. (g) Frequency sweep (at 1% strain) and
(h) strain sweep (at 1 Hz) tests of the alginate microgel supporting medium
after photocrosslinking under low-level UV light. G0 is larger than G00 over
the measured frequency and strain ranges and both moduli exhibit
frequency and strain independence, indicating that the photocrosslinked
alginate microgel supporting medium is mechanically stable.
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support for 3D printed constructs, frequency (at 1% strain) and
strain (at 1 Hz) sweep tests were conducted after photocrosslinking
of the smaller sized OMA microgel-based supporting medium
under low-level UV light. Frequency (Fig. 2g) and strain (Fig. 2h)
sweeps exhibited significantly higher G0 than G00, indicating that
photocrosslinked OMA microgel supporting medium is mechani-
cally stable without shear yielding. The stability of photocros-
slinked OMA microgel supporting medium was also confirmed
by a wash out test (Fig. S4 in ESI†). While the photocrosslinked
OMA microgel supporting medium remained stable on the
Petri dish, uncrosslinked OMA microgel supporting medium
could be easily removed by washing with water. The photo-
crosslinked OMA microgel supporting medium degraded over

time and their degradation rate was controllable by changing
the extent of alginate oxidation (Fig. S5, ESI†).

Characterization of 3D printed cell-only filaments

Next, it was important to determine the minimum printed
structure feature size achievable using this strategy. Lines or
‘‘filaments’’ of cells were printed into supporting medium with
both sizes of alginate microgels to compare resulting resolu-
tions. Regardless of the microgel size, hMSCs in filaments
exhibited high cell viability as visualized by live/dead assay,
demonstrating no adverse effects of the bioprinting process
and UV irradiation for curing the microgel supporting medium
on cell survival (Fig. 3a–c and e, f). The smaller alginate

Fig. 3 Characterization of living cell-only bioink. (a–c) Live/dead staining of 3D hMSC filaments bioprinted in a straight line, a corner and a curve with a
22 G needle and (d) their diameter distribution in the smaller alginate microgel supporting medium. (e–g) Live/dead staining of 3D hMSC filaments
bioprinted in various configurations with a 22 G needle and (h) their diameter distribution in the larger alginate microgel supporting medium. Arrows
indicate the direction of movement of the printing nozzle. Scale bars indicate 600 mm. The live/dead images demonstrate high cell viability. Smaller
alginate microgels lead to higher resolution printing by limiting diffusion of cells into the pores of the microgel bath. Thickness of the cell filaments also
are more narrowly distributed in smaller microgel medium. Images of letters ‘C’ and ‘‘CWRU’’ in (i and j) the smaller and (k and l) larger alginate microgel
supporting medium after photocrosslinking. Scale bars indicate 5 mm. (m–o) Live/dead staining of 3D hMSC filaments bioprinted in various
configurations with a 25 G needle and (p) their diameter distribution in the smaller alginate microgel supporting medium. (q–s) Live/dead staining of
3D hMSC filaments bioprinted in various configurations with a 27 G needle and (t) their diameter distribution in the smaller alginate microgel supporting
medium. Scale bars indicate 600 mm. Smaller diameter needles lead to higher resolution printing of the cell filaments, which also are more narrowly
distributed. Scale bars indicate 600 mm.
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microgel supporting medium (Fig. 3d) exhibited higher resolu-
tion with narrow filament diameter distribution compared to
the larger alginate microgel supporting medium (Fig. 3h), while
the mean diameters of both hMSC filaments were similar
(395.1 � 64.6 and 419.8 � 187.5 mm for filaments printed in
small and larger microgel supporting medium, respectively).
Since medium pores result from the space between the micro-
gels, larger microgels make larger medium pores and vice versa.
Due to the larger pores, many hMSCs printed into the larger
alginate microgel supporting medium dispersed into the
medium from the filaments, while hMSC filaments printed
into the smaller alginate microgel supporting medium show a
limited dispersion of cells. Therefore, 3D printed hMSC con-
structs in the smaller alginate microgel supporting medium
(Fig. 3i and j) exhibit higher resolution than those in the larger
alginate microgel supporting medium (Fig. 3k and l). These
results indicate that the supporting medium comprised of
smaller alginate microgels, which has lower stiffness, yield
strength and viscosity, is more favorable for printing hMSCs
with high resolution. Importantly, when cells were printed into
the smaller alginate microgel supporting medium with smaller-
gauge needles (25 and 27 G), significantly higher resolution of
hMSC filaments (p o 0.05, one-way ANOVA with Tukey’s multi-
ple comparison test using GraphPad Prism) was achieved
(Fig. 3m–t) compared to that with the larger-gauge needle
(Fig. 3a–d).

3D printing of complex structures and formation of engineered
tissues

Long-term cell culture is essential to ensure tissue formation
through maintenance of cell–cell interactions, self-assembly
into cellular condensations, and differentiation of the stem
cells down desired lineages for engineering specific tissue
types.24 Critical to achieving this for a cell-only bioink is the
capacity to provide the mechanical stability with the supporting
medium during the culture period. Since the alginate microgels
possess photo-reactive methacrylate groups (11% actual metha-
crylation degree), the medium can be further photocrosslinked
to form a more stable supporting structure that retains its
shape for extended culture. After photocrosslinking, the algi-
nate microgel supporting medium exhibited robust mechanical
stability without shear yielding (Fig. 2h), maintained initial 3D
printed structures (Fig. 1c–f) and enabled long-term culture
of 3D printed constructs for formation of functional tissue
by differentiation of 3D bioprinted hMSCs. After 4 weeks of
osteogenic or chondrogenic differentiation, formed tissue
constructs were easily harvested from the alginate microgel
supporting medium by applying shear force using a pipette. 3D
printed hMSCs were assembled into precise multicellular struc-
tures with high cell viability (Fig. S6, ESI†) following the
architecture defined by computer-aided design (CAD) files
(Fig. 4a and d), and bone- (Fig. 4b and c) or cartilage-
(Fig. 4e, f and Fig. S7 in ESI†) like tissues were obtained in
the photocrosslinked alginate microgel supporting medium. It
was also possible to 3D print hMSC aggregates that fused and
formed a cartilage-like tissue (Fig. S8, ESI†). Differentiation

down the osteogenic and chondrogenic lineages and resultant
formation of bone and cartilage tissue were confirmed via
Alizarin red (red) and Toluidine blue O (purple) staining,
respectively; red and purple colors were intensively observed
throughout the constructs (Fig. 4c and f) and sectioned samples
(Fig. 4g and h). Lacunae structures were also observed in
sectioned slides of chondrogenically differentiated constructs
(Fig. 4h), indicating maturation of cartilage tissues.25 Success-
ful tissue formation by the 3D printed hMSCs were further
confirmed by quantification of osteogenic (i.e., alkaline phos-
phatase (ALP) activity and calcium deposition) and chondro-
genic (i.e., glycosaminoglycan (GAG) production) markers
(Fig. S9 in ESI†). Collectively, the microgel supporting medium
allows not only high-resolution printing of cell-only bioink, but

Fig. 4 Differentiation of 3D bioprinted hMSC constructs. (a) Digital
images and photographs of osteogenically differentiated 3D printed indi-
vidual hMSC-only bioink construct morphology (b) before and (c) after
Alizarin red S staining. Scale bars indicate 5 mm. (d) Digital images and
photographs of chondrogenically differentiated 3D printed hMSC con-
struct morphology (e) before and (f) after Toluidine blue O staining. The
constructs presented well-preserved structures after long-term 4 week
culture without evidence of construct deformation due to cellular con-
traction or proliferation, and generation of specific tissue types (i.e., bone
and cartilage) with desired geometries. Scale bar indicates 5 mm. Photo-
micrographs of (g) Alizarin Red S and (h) Toluidine Blue O stained construct
sections. The images demonstrate hMSC differentiation and deposition of
lineage specific ECM in the cell-only bioink printed constructs. Scale bars
indicate 200 mm.
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also provides mechanical stability to the printed constructs
after additional photocrosslinking, which permits culture of
the constructs with stable structural maintenance and long-
term differentiation in differentiation medium.

Conclusions

To our knowledge, this is the first report of a bioprinting
strategy allowing the creation and maintenance of functional
3D engineered tissue structures using an individual cell-only
bioink. Since the platform is applicable to universal 3D
printers, it doesn’t demand experts in either software or hard-
ware fields.20 Using a printing set-up costing o$1k, rapid
construct formation on the centimeter scale was achieved in
a few minutes, and even faster and more complex tissue
printing with higher resolution may be accomplished with
higher quality printers. As the microgel size decreased, it was
possible to build tissue constructs with sophisticated structures
due to the medium shear-thinning properties upon needle
motion, self-healing properties in absence of external strain,
and limited diffusion of the printed cells into its pores.21 In
addition, high viability of the printed cells was realized even
after additional photocrosslinking of the microgels for long-
term structural support. Unlike previous 3D bioprinting tech-
niques which depend on external solid materials for structural
maintenance or additional process for prefabrication of cell
aggregates,17 the photocrosslinked OMA microgel supporting
medium played a structural support role for the printed cell
constructs, allowing media provision and long-term culture.
Cell proliferation, differentiation and ECM production can lead
to deformation, shrinking and/or thickening of the printed
tissue constructs as they mature.26 However, in this system,
precise maintenance of the printed tissue structure, mirroring
the original CAD file design, was achieved. Since the OMA
microparticles can be removed by simple agitation or sponta-
neous degradation from the constructs, the cultured constructs
can be easily harvested from the alginate microgel supporting
medium without damage. This universally applicable 3D print-
ing platform makes it possible to print isolated cells without
a biomaterial carrier in the bioink, and will contribute to
regenerative medicine by permitting generation of biomimetic
cellular condensation-based engineered tissues with defined
geometries comprised of multiple cell types with controlled
spatial placement.
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