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Recently, there has been growing interest in applying
bioprinting techniques to stem cell research. Several bio-
printing methods have been developed utilizing acous-
tics, piezoelectricity, and lasers to deposit living cells onto
receiving substrates. Using these technologies, spatially
defined gradients of immobilized biomolecules can be
engineered to direct stem cell differentiation into multiple
subpopulations of different lineages. Stem cells can also
be patterned in a high-throughput manner onto flexible
implementation patches for tissue regeneration or onto
substrates with the goal of accessing encapsulated stem
cells of interest for genomic analysis. Here, we review
recent achievements with bioprinting technologies in
stem cell research, and identify future challenges and
potential applications including tissue engineering and
regenerative medicine, wound healing, and genomics.

Bioprinting

Manipulation of picoliter to nanoliter droplets has been a
challenge for several applications including biochemical
surface patterning, tissue engineering, and direct place-
ment of cells and biomaterials for wound dressing applica-
tions [1-4]. In this regard, ejecting droplets via an actuator
has emerged as a valuable technological advance addres-
sing the issue of precise manipulation and deposition.
Bioprinting is defined as the use of printing technology
to deposit living cells, extracellular matrix (ECM) compo-
nents, biochemical factors, proteins, drugs, and biomater-
ials on a receiving solid or gel substrate or liquid reservoir
[5-8]. In recent years, there has been a growing interest in
bioprinting due to its various advantages over existing
patterning methods such as photolithography, soft-lithog-
raphy, and stamping. Among these advantages are: (i)
simple to use; (ii) enabling researchers to generate geo-
metrically well-defined scaffolds in a rapid and inexpensive
manner using polymers or ceramics and other cell stimu-
lating factors providing support and induction for seeded
cells [9]; (ii1) allowing high-throughput generation of repli-
cas of spatially and temporally well-controlled complex
constructs [10]; and (iv) providing 3D complexity by multi-
layer printing [6,7,10]. By using conventional single-step
lithography and stamp printing methods, building 3D
constructs at high-throughput is challenging because fab-
ricated 2D layers have to be merged. Existing co-culture
approaches either lack high-throughput (e.g., conventional
multiwell plate co-culture) or require complex fabrication
steps and peripheral systems (e.g., microfluidic co-culture).
Emerging methods to pattern and assemble microscale
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hydrogels fabricated by photolithography are promising
in terms of mimicking the complexity of the native micro-
environment [11-15].

Although bioprinting is a young field, it has experienced
a rapid growth despite the initial challenges that an
emerging field experiences. First, biological challenges
for bioprinting have been cell viability and long-term
functionality post-printing. Concerns regarding potential
apoptotic effects after and during bioprinting have been
raised by the potential future end-users of this technology
such as biologists, who consider bioprinting as an enabling
technology for various applications. These biological
requirements have set standards on the technology, lead-
ing to the development of several bioprinting technologies
focusing on cytocompatibility issues maintaining a control
over cell positioning in 2D and 3D microenvironments.
Among these bioprinting technologies are inkjet-based
printing [16,17], laser printing [18—22], acoustic cell en-
capsulation [5,23], and valve-based printing [7,24-26].

In recent years, there has been an increasing interest in
the use of bioprinting for applications in biology and medi-
cine. An emerging area is integration of bioprinting tech-
nologies with stem cell research. Microenvironments with
spatially controlled gradients of immobilized macromole-
cules have been engineered to direct stem cell fate [27-33].
Stem cells such as embryonic stem cells (ESCs), human
bone marrow stem cells, and adipose-derived stem cells
(ASCs) have been also directly bioprinted onto substrates
[34-37]. This review article highlights recent achieve-
ments with bioprinting technologies in stem cell research,
and discusses challenges and future potential directions.

Bioprinting technologies
Several bioprinting methods have been developed to deposit
cells including acoustic [5,23], inkjet [16,17], valve-based
[7,24-26], and laser printing technologies [18—22] (Box 1).
Initially, commercially available desktop inkjet printers
have been modified and used as cell printers [38]. In these
systems, cell suspensions are placed in a printer cartridge,
and a computer controls the printing pattern. Another
technique to generate cell-encapsulating hydrogel droplets
is the valve-based droplet ejection method [24,25]. In this
method, cell-encapsulating hydrogel droplets are ejected
onto a surface drop-on-demand. Size and number of cells
in a single droplet and amount of droplets are controlled by
the valve opening duration and actuation frequency [26].
In the laser-guided direct writing method, photons from
a laser beam trap and guide cells by exploiting the differ-
ences in refractive indexes of cells and cell media [18,39].
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Box 1. Bioprinting technologies
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Figure I. Sketch of bioprinting technologies. (a) Thermal and piezoelectric ink-jet printing. Two major methods to jet the bio-ink are demonstrated. The thermal
technique heats a resistor and expands an air bubble. The piezoelectric technique charges crystals that expand. (b) Setup for acoustic pico-liter droplet generation.
Droplets can be deposited drop-on-demand with predetermined separation and locations. Periodically spaced interdigitated gold rings of an acoustic picoliter droplet
ejector are demonstrated. The wavelength of the acoustic wave (low ‘f’) is much larger than the cell size resulting in harmless ejection of cells [5]. (¢) Sketch of the valve-
based printing setup [7,24-26]. (d) Sketch of the laser printing setup. (Left) Laser-guided direct cell printing [18,39]. The laser is focused into a cell suspension and the
force due to the difference in refractive indexes moves the cells onto an acceptor substrate. (Right) The cell-hydrogel compound is propelled forward as a jet by the

pressure of a laser-induced vapor bubble.

Table I. Comparison of commonly used bioprinting technologies based on performance

Performance metric Valve-based Laser —-induced Laser-guided Inkjet Acoustic
bioprinting bioprinting (LIFT, bioprinting bioprinting bioprinting
[7,24-26] BioLP, MAPLE) [18,39] [16,17] [5,23]

[19,21,40-44]

Throughput Medium Medium Low High High

Droplet size 100 pm-1 mm >20 pm >10 pm 50-300 pm 10-500 pm

Spatial resolution Medium Medium High Medium Medium

Single Cell Control Medium Medium High Low High

Exposure of excessive thermal energy via laser light onto
the cell biolayer and overheating of the cell can be one of
the challenges. To overcome these challenges, near-infra-
red wavelengths (700-1000 nm) have been used [39].
Photons in the near-infrared lack the energy to generate
free radicals and are not absorbed by DNA. Hence, laser-
guided direct printing is described to be unlikely to cause
mutations or trigger apoptosis, although wavelength opti-
mization remains an open issue [39]. As an alternative to
laser-guided direct printing, a cell-encapsulating donor
film is previously deposited onto a substrate, and placed
in parallel facing the receiving substrate (Box 1) [19,21,
40-44]. The heat transfer from the laser pulse to the cell-
encapsulating donor film leads to the transfer of material
from the donor film to the receiving substrate. Patterning

is performed on the receiving substrate that is usually fixed
on a computerized stage and coated with a cell culture
medium or a biopolymer layer for cellular adhesion. Among
these methods are laser-induced forward transfer (LIFT),
absorbing film-assisted laser-induced forward transfer
(AFA-LIFT), biological laser processing (BioLLP), and ma-
trix-assisted pulsed laser evaporation direct writing (MA-
PLE DW) [45].

A picoliter droplet-based cell encapsulation technology
via acoustics has been developed [5,23,46]. Acoustic droplet
formation rate can reach up to 100 000 droplets per second
[5] with high cell viability. Among the advantages of this
technology over other printing approaches are: (i) no nozzle
is required for droplet generation because droplets are
created from an open liquid reservoir, which circumvents
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complications that may be related to shear or clogging; (ii)
acoustic waves do not harm cells due to low power droplet
generation with only a few microseconds of pulse duration;
and (iii) acoustic ejectors can be combined in an adjustable
array format as multiple ejectors [46]. This would allow to
enhance the rate of printing and to deposit multiple cell
and ECM types. These ejectors could potentially print
several biomaterials such as living cells, ECM proteins,
nutrients, therapeutic drugs, and growth factors (GFs)
simultaneously from the same platform by integrating
microfluidic systems into these ejectors [46]. To obtain
reproducible results for the deposition of cell-encapsulat-
ing droplets, bioprinting spatial precision should be com-
parable to the cell size, for example, ~10-20 um in
suspension [5]. The acoustic technologies have been shown
to eject droplets in a wide range of sizes from 3 pm in
diameter to several hundred micrometers indicating the
versatility of the technology.

Cell viability

To evaluate the limitations of bioprinting in engineering of
microenvironments for stem cells, cell viability and func-
tionality post-bioprinting have to be confirmed for various
printing technologies. For instance, a thermal inkjet print-
er was used to print hamster ovary cells and rat primary
embryonic motor neurons [48]. During the preparation of
cell suspension (phosphate buffered saline), on average
15% of the cells were lysed, most probably due to osmotic
effects in the solution [48]. By contrast, 3% of the cells were
lysed during printing, which can be partially attributed to
temperature increase in the ejector reservoir and the
sensitivity of mammalian cells to heat and mechanical
stress. Additionally, primary rat embryonic hippocampal
and cortical neurons were printed with 74% viability [47].
Immunostaining with dendritic marker anti-MAP2 and
axonal filament anti-neurofilament NF 150 on day 15
post-bioprinting showed that the bioprinted neurons main-
tained their basic cellular phenotypes and functionality.
Electrophysiology of cells was also evaluated and it has
been shown that voltage-gated potassium and sodium
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channels were developed successfully, which is a require-
ment for differentiation of healthy neurons. Currently,
several bioprinting technologies have attained viabilities
exceeding 90% compared to the controls of non-printed cell
cultures indicating the broad future applicability of bio-
printing to various cell types ranging from neurons to stem
cells. Recently, a valve-based bioprinting technology was
utilized for high-throughput single cell isolation and pat-
terning [26] using mouse embryonic stem cells. Stem cell
viabilities were reported before and after the bioprinting
process as 97% and 94%, respectively. Results showed that
functional genomic information of stem cells (e.g., mRNA
expression levels) was maintained during bioprinting.

Directing stem cell fate with patterned biomolecules
In this section, we will discuss use of bioprinting technolo-
gies to bioengineer cellular microenvironments with well-
defined spatial patterns of immobilized proteins to direct
stem cell fate. Stem cells can demonstrate differentiation
into several subgroups of different lineages in parallel with
bioprinted macromolecules. Direct write of stem cells will
be discussed in the next section. Applications, advantages
over existing methods, and limitations of both stem cell
and biomolecule printing are given in Table 1.
Bioprinting has recently been used to bioengineer
microenvironments with spatially defined gradients of
immobilized GF's. Biologically active bioprinted macromo-
lecules influence the differentiation and multipotency of
neural stem cells (NSCs) [30]. For example, a modified
thermal inkjet printer (Canon BJC-2100) was used to print
fibroblast growth factor-2 (FGF2), ciliary neurotrophic
factor (CNTF), and fetal bovine serum (FBS) on a poly-
acrylamide-based hydrogel [30]. Then, bioprinted macro-
molecules were seeded with NSCs. In culture, NSCs
remained undifferentiated in the presence of FGF2. The
presence of CNTF resulted in NSC differentiation into
astrocytes expressing glial fibrillary acidic protein (GFAP)
[49,50]. Control on stem cell fate was achieved by pattern-
ing adjacent areas on the surface with FGF2 and CNTF.
Increasing levels of CNTF were also printed and results

Table 1. Applications, advantages, and limitations of printing stem cells and biomolecules

Printing stem cells m Printing biomolecules m

Applications

Single stem cell genomics [26] Protein and DNA arrays [31]

Patches for wound healing [22] Tissue engineering applications (e.g., guiding and maximizing stem [32]

Ex vivo generation of tissue replacement [36] cell growth in a wound site)

Advantages over current methods®

Programmable [1,5,7] Programmable (no custom stamps are required) [1,7,31]

Inexpensive [1,5,7] Inexpensive [1,7,31]

3D complexity [1,5,7] Noncontact (reduces the risk of cross-contamination originating [31]
from surface)

High-throughput [1,5,7] No requirement for any modifications to the proteins or substrates [31]

Limitations

Cytocompatible: printed biomaterial in [1,3] The resolution is lower compared with the state-of-the-art protein [31]

both its liquid and solid phases has array technologies (e.g., micro-contact printing, resolution

to be cytocompatible is less than 100 nm)

Viscosity should be lower than a [3,54] The number of available binding sites on the receiving substrate [31]

threshold determined by the printing setup Cytocompatible 1,31
Viscosity [30]

®Printing stem cells is advantageous over centrifugal or molding techniques; printing biomolecules is advantageous over open spotting, soft lithography, and

photolithography.
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showed linear increase of GFAP-positive cells correlated
with the gradient of CNTF. NSCs cultured on regions
printed with FBS demonstrated differentiation into
smooth muscle cells [51]. The differentiation was only
observed in FBS printed areas. These results are consis-
tent with known effects of CNTF and FBS on NSCs [49-
51].

A piezoelectric printing system was used to print bone
morphogenic protein-2 (BMP2) onto fibrin-coated glass
slides [31]. Muscle-derived stem cells (MDSCs) isolated
from adult mice were cultured on areas printed with
BMP2. Protein activity was shown by fluorescence tests
and activity linked to printed protein gradient. Similar to
the NSC studies [30], differentiation of MSDCs was suc-
cessfully guided through printed protein gradients immo-
bilized to fibrin. However, the patterning approach
presented in [31], also demonstrated differentiation of
MDSC into two separate subpopulations with osteogenic
and myogenic lineage in coordination with printed proteins
on the same chip. MSDCs cultured on areas printed with
BMP-2 under myogenic conditions differentiated towards
osteogenic lineage. Simultaneously, MSDCs cultured
on non-printed regions displayed a differentiation
towards myogenic lineage. Formation of multinucleated
myotubes on non-printed regions was shown by time-lapse
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microscopy and immunocytochemical staining. This result
confirmed the differentiation toward the myogenic lineage.
On the other hand, myotubes were not observed on printed
regions and osteogenic lineage was evidenced by alkaline
phosphatase (ALP) activity [31].

Recently, a piezoelectric inkjet-based bioprinting system
[33] was used to print heparin-binding epidermal growth
factor (EGF)-like macromolecules [32]. The effects of pat-
terned exogenous GF gradients on proliferation and migra-
tion responses of mesenchymal stem cells were investigated
in vitro [32]. Increasing, decreasing, and uniform levels of
EGF were printed on fibrin-coated substrates. Stem cell
outgrowth from a cell population source was likely to be
mainly driven by a cell-to-cell confinement gradient origi-
nating at the cell starting lines, i.e., initial locations where
the cells were printed [32]. By contrast, it was also reported
that GF gradients could effectively correlate with individual
cell migration [30,31]. Despite the gradient differences
among the EGF patterns, comparable collective cell migra-
tion was reported [32] (Figure 1).

The recent studies on stem cell fate with patterned
proteins [30-33] present promising results for further stem
cell research. Immobilization of macromolecules, for exam-
ple, GFs, onto surfaces, enables performing experiments to
evaluate the role of patterns and protein gradients. These

(a)

Uniform

Control

(b)

0.976 mm

High-low

Low-high
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Figure 1. Printed heparin-binding epidermal growth factor-like growth factor patterns with uniform, increasing, and decreasing gradients compared to control with no
pattern. (a) Image of the cell starting line in contact with the pattern. (b) The growth factor pattern was separated into four windows of identical area. The cell count in each
window was performed every 24 h. (c) Comparisons of cell responses among control with no pattern, uniform pattern, high-to-low pattern, and low-to-high pattern. Cells
were seeded at the origin of the patterns and imaged over time (4 days in culture). Thirteen overprints were performed for uniform pattern. Lower and upper limits were set
to 1 and 25 overprints for increasing and decreasing gradients of patterns. Reproduced, with permission, from [32].
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approaches may provide a higher level of control over stem
cell guidance, and potentially enable multilineage stem
cell differentiation to renew and repair tissues. Recent
results suggested that a uniform level of GFs could be
as effective in providing a collective motion of stem cells
into the wound site as increasing protein concentration or
pattern complexity [32]. Collective motion of stem cells was
systematically tracked by an automated time lapse micros-
copy [32], which was validated previously [52,53]. Addi-
tional applications of biomolecule printing using
combinations of multiple growth factor gradients [27]
and for multilineage stem cell differentiation [28] and
control of cell alignment [29] have been recently reported.
Such perspective enabled by bioprinting technologies
through patterning can help to enhance our understanding
to develop better microenvironments for stem cell fate.
Microenvironments for stem cell and protein studies
could be diversified and improved with new gel materials.
These materials should be compatible with bioprinting
ejectors, and tested for a range of gel concentrations.
Material properties such as stiffness, viscosity, density,
and surface tension may affect the stem cell fate. Several
combinations of these parameters can be studied by
computational models [54,55] to evaluate cell viability
after printing. Cells in vivo exist in a 3D microenviron-
ment. Cells cultured in 2D monolayers have displayed
major changes in their gene expression as well as their
functional behavior compared to cells in native tissues and
in 3D culture conditions [56]. Because the 2D systems do
not effectively represent the complex tissue microenviron-
ment for cells [56], another challenge would be construct-
ing a 3D biochemical microenvironment for stem cells. This
could be accomplished by fabricating stem cell-encapsulat-
ing microgel architectures in 3D and potentially including
3D patterns of biologically active molecules with a control
over cell and protein densities spatially and temporarily.

Bioprinting stem cells

In this section, we will review the recent advances by
utilizing bioprinting technologies to directly print embryon-
ic stem cells (ESCs), human bone marrow stem cells, and
adipose-derived stem cells (ASCs). ESCs show unlimited
self-renewal capability and multilineage differentiation po-
tential due to their pluripotent characteristic [57]. ESCs are
hence an ideal source for tissue regeneration and replace-
ment [58]. Prior to differentiation of ESCs into other phe-
notypes, 3D spheroid aggregates of ESCs, i.e., embryoid
bodies (EBs), are formed. EBs demonstrate early-stage
embryogenesis features. For instance, germinal epithelium
(three primary tissue layers or germ layers: ectoderm, me-
soderm, and endoderm) form both during embryogenesis in
vivo and in EB culture in vitro [59]. Hence, EB constitutes
the microenvironment for ESCs in vitro and also enables
lineage-specific differentiation [60]. However, uniformity in
size and shape of EBs is a significant factor enabling homo-
geneous and synchronous in vitro differentiation of ESCs
[61,62]. The relation between EB-mediated differentiation
efficiency and EB size was previously demonstrated [61,62].
Smaller EBs differentiated towards ectoderm, while larger
EBs displayed differentiation towards endoderm and meso-
derm [61,62]. Smaller EBs, for example, 100-500 pwm in the
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lateral dimensions and 120 pmin depth, are also more likely
to show cardiomyocyte differentiation [63]. By contrast,
spontaneous aggregation of individual ESCs and EB forma-
tion led to inhomogeneous size distribution of EBs and
unpredictability in lineage differentiation [64-66]. Hence,
a higher level of control over forming uniformly sized and
shaped EBs is beneficial to successfully utilize ESCs in
tissue engineering and regeneration technologies.

Several techniques have been proposed to stimulate EB
formation. For example, enzymatic digestion of the ESC
colonies and rotary mass suspension led to inhomogeneous
size distribution of EBs [67—69]. Methods utilizing surface
patterning have been only able to regulate the initial EB
volume [62,70-72]. The most common method is the hang-
ing-drop technique, that is, ESC-encapsulating droplets
are ejected on a surface by manual pipetting, and followed
by EB formation after turning the substrate upside down
by the help of the gravitational and surface tension forces.
The droplet volume and number of ESCs per droplet may
vary due to manual pipetting, and may result in different
size EBs. Further, such manual approaches are labor
intensive and time consuming, and the repeatability of
the outcomes including EB size as well as subsequent
differentiation and cellular function differ among opera-
tors. To develop control over EB size and shape, non-
adhesive microwell arrays with various shapes, aspect
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Figure 2. Embryoid body (EB) formation after bioprinting method. (a-¢) Images of
formed EBs with droplet sizes of 1, 4, 10, and 20 ul at a cell density of 10° cells/ml.
(a) Uniform-sized droplets encapsulating embryonic stem cells (ESCs) were
generated by bioprinting. (b) Phase contrast images of EBs formed after hanging
for 24 h and (c) after culture for 72 h in a 96 multiwell plate. (d) Fluorescent images
of GFP positive EBs at t= 96 h stained with ethidium homodimer. (e) Images of EBs
formed with printed droplet size of 10 ul at t=72 h at different cell concentrations.
Reproduced, with permission, from [37].
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Figure 3. Bioprinted patch implementation. (a) Printed cells by laser induced
forward transfer method at 24 h: human mesenchymal stem cells were prestained
with PKH26. Patches were stained with polyclonal goat anti-Pecam1 24 h after laser
induced forward transfer method to separate grid patterned HUVECs. (b) /In vivo
bioprinted patch implantation. (¢, d) Immunofluorescent images of hearts
implanted with precultured cardiac patch. (c) Eight weeks after myocardial
infarction, precultured human cells were identified. (d) Human cells were
occasionally colocalized with functional fluorescein tomato lectin stained vessels
(green) in LIFT hearts. Reproduced, with permission, from [22].

ratios, and sizes have been developed [73]. However,
microwell arrays yielded disk-shaped aggregates of ESCs,
whereas spheroid structures were formed in suspension
cultures [73] indicating different phenotypes [74]. Addi-
tionally, the shear stress exerted on ESCs during the
externally stimulated aggregation procedures (e.g., rotary
mass suspension [75] and centrifugation [65]) may affect
the cell-cell interaction and signaling pathways [63] and
harm cells [76]. Techniques for sorting nonuniformly sized
EBs have also been presented [76]. However, such
approaches generally apply external driving forces that
might harm ESCs and influence the subsequent cell dif-
ferentiation process. Recently, bioprinting [7,8,77] has
been integrated with the conventional hanging-drop tech-
nique to form uniform-sized EBs in a reproducible manner
[37] to address the challenges described above. The results
demonstrated that the system generated more uniform
sized EBs compared to those formed by a manual pipetting
approach (Figure 2).

LIFT was also used to print human mesenchymal stem
cells (hMSCs) and skin cell lines (fibroblasts/keratinocytes)
[36]. To assess the effects of bioprinting, survival rates of
cells, their proliferation, and DNA injuries and alterations
of cell surface markers were evaluated. The cells demon-
strated cell viability after LIFT as 90% (hMSCs) and 98%
(skin cells). The skin cell lines and the hMSCs preserved
their proliferation capacity after bioprinting, and showed
no significant difference in apoptosis or DNA fragmenta-
tion compared to controls. Furthermore, the hMSCs
retained their phenotype as validated by fluorescence
activated cell sorting (FACS) analysis. Recently, same
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Figure 4. Cell growth profiles after laser printing on (a) day 0, (b) day 1, (¢) day 4,
and (d) day 7. Embryoid body (EB) formation after 7-day culture. Scale bar, 500 um.
Fluorescence images of mouse embryonic stem cells (ESCs) expressing (e)
pluripotency marker, Oct4, and (f) DAPI stain to reveal the cell nuclei. (g,h) Merged
images to show the expression of Oct4 in nuclei. Scale bar, 100 .m. The marker
proteins of (i,l) nestin (ectoderm), (jm) Myf-5 (mesoderm), and (k,n) PDX-1
(endoderm) were expressed after 7 days of culture, which confirmed the
differentiation potential of mouse ESCs after printing. Scale bars: 100 um (i-k),
50 wm (I-n). Reproduced, with permission, from [41].

printing technology (i.e., LIFT) was used to generate grafts
consisting of MSCs [35]. Results showed that bioprinted
MSC grafts were able to differentiate towards cartilage
and bone, which was validated by evaluating the ALP
activity and the amount of accumulated calcium over
several weeks. It was also shown that LIFT could yield
sufficiently high cell densities for chondrogenic differenti-
ation. Further, pre-differentiated MSCs survived the en-
tire bioprinting process and maintained their functionality
[35]. In another work, human adipose-derived stem cells
(ASCs) and endothelial colony-forming cells (ECFCs) were
printed using LIFT [34]. For separately printed ASCs and
ECFCs regions, cell—cell interactions in vascular endothe-
lial growth factor-free medium were reported. It was also
shown that direct cell-cell interactions activated vascular-
like network formations. Recently, LIFT was used to print
hMSCs and human umbilical vein endothelial cells
(HUVECS) onto a cardiac patch for cardiac regeneration
[22] (Figure 3). Cells were seeded in a pre-specified pattern
on a polyester urethane urea (PEUU) cardiac patch. As a
control, cells were randomly and equally seeded onto
patches (without LIFT). Cardiac patches were cultivated
in vitro or transplanted in vivo to the infarcted zone of rat
hearts after left anterior descending (LAD)-ligation. Car-
diac performance was evaluated by left ventricular cathe-
terization 8 weeks post-infarction. It was demonstrated
that bioprinted cell pattern changed growth characteristics
of co-cultured hMSCs and HUVECs leading to improved
vessel formation. Significant functional progress of infarct-
ed hearts was shown after transplantation of a bioprinted
patch. It was also demonstrated that capillary density was
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Figure 5. Comparison of methods for total RNA expression analysis: conventional method versus hybrid bioprinting method. (a) Conventional single cell isolation method:
(1) heterogeneous sample was collected from a specific tissue, macro-dissection; (2) cells were stained with a specific antibody; (3) target cells were collected with
conventional fluorescence activated cell sorting (FACS); (4) multiple dilution steps created a small population of target cells; (5) total RNA gene expression analysis with
microarray. (b) Drop-on-demand total RNA analysis utilizing bioprinting method: (1) heterogeneous sample was collected; (2) cells were stained with antibody and
patterned with cell-encapsulating droplets; (3) specific homogeneous samples containing target cells were generated by a cell droplet patterning platform, homogeneous
samples were identified by an automated imaging system; (4) total RNA gene expression analysis with microarray. Reproduced, with permission, from [26].

improved and human cells integrated into the functionally
connected vessels of the murine vascular system.

A recent study utilized a gelatin-based laser direct write
(LDW) method to deposit mouse ESCs into defined arrays
of spots [41]. The results demonstrated that ESCs retained
the canonical stem cell marker expression of Oct4 in nuclei
3 hours post-printing (Figure 4). Results showed that
marker proteins of nestin (ectoderm), Myf-5 (mesoderm),
and PDX-1 (endoderm) were expressed after 7 days of
cultivation, confirming the differentiation of mouse ESCs
after bioprinting. In a recent study [78], a donor surface
composed of hydrogel microbeads was used as an alterna-
tive to a continuous film during laser-assisted bioprinting.
Stem cell-encapsulating hydrogel beads were targeted
from the donor surface and transferred onto a receiving
substrate [78].

Stem cell genomics

Advances in single cell level functional genomic studies
enables a better understanding of stem cells and their
characterization [79]. As new regenerative therapies [80]
emerge, the existence of tissue-specific stem cells in adult
organs has been broadly studied in bone marrow, heart,
lung, muscle, skin, and pancreas, as well as the nervous
system. However, insufficient cell markers and low viabili-
ty of the purified cells have negatively affected the char-
acterization of differentiated progeny [81]. Efficient cell
isolation and handling methods integrated with in vivo

16

bioprinting technologies can be useful for single cell trans-
plantation methods [82].

A simple, high-throughput system was developed for
single cell isolation with direct access to patterned cells
[26]. The technique was based on a drop-on-demand cell
patterning method that applies simple random sampling
(Figure 5). The platform deposited an array of droplets that
encapsulated single cells from a heterogeneous cell popu-
lation within seconds, where imaging platforms can be
used to track the patterned droplets within minutes dem-
onstrating target cell positions [26]. As the droplets were
deposited onto a glass surface, each droplet encapsulating
cells of interest could then be reached directly. Immuno-
staining was utilized before patterning to separate target
cells from non-target cells of the heterogeneous population.
Based on the optical images, each patterned droplet was
classified as droplet encapsulating (i) a single target cell;
(i1) no cells (empty droplet); (iii) a non-target cell; or (iv)
multiple cells (either the target, non-target cell type, or
both cell types). RNA extraction was subsequently per-
formed for genomic analysis of bioprinted stem cells. In a
genome-wide analysis, using DNA microarrays for the
printed and control stem cells, stem cell-related markers
were employed to assess whether the RNA obtained from
the printed group provided useful biological information. A
thousand genes with the highest expression levels were
measured for printed and non-printed stem cells. The
results showed that 11 stem cell markers (including



Oct4, Notchl, and c-Kit) were observed in both groups.
Further, printed stem cells demonstrated more than 90%
viability following 1.7 min of bioprinting and patterning
process creating a 50 x 50 array of cell-encapsulating dro-
plets. This approach enables high-throughput processing
for stem cell isolation [26]. Such methods can significantly
contribute to stem cell studies by reducing the time re-
quired for isolation and by automating some of the labora-
tory procedures such as EB cultures with higher spatial
and temporal precision over the deposited cells.

Concluding remarks and future perspectives
Bioprinting technologies enable powerful methods to ad-
dress the challenges related to multiple potential applica-
tions in stem cell research. These technologies offer viable
approaches to fabricate protein- and enzyme-based plat-
forms. Recently, significant progress has been made to find
the biocompatible and minimum-damage printing condi-
tions for cells and biomacromolecules. Furthermore, spa-
tially controlled multilineage differentiation of stem cells
was shown [30-32] using patterned and immobilized GF's
[30-32]. Bioprinting methods may offer a strategy to bio-
engineer replacement tissues using stem cells as a source
to regenerate multiple tissues through precise patterning
of immobilized bioactive molecules. These approaches may
be useful to enhance our understanding of cell behavior on
immobilized biological patterns and could have potential
broad applications in regenerative medicine and tissue
engineering.

There is still an unmet need to understand underlying
mechanisms of cellular damage during bioprinting, al-
though there has been efforts that merge probabilistic
models with experimental studies to enhance our under-
standing of how cells get encapsulated in droplets during
bioprinting [26,54,55,83,84]. The future success and broad
applicability of bioprinting technologies will benefit from
evaluation of cell function during and after bioprinting.
Additionally, mathematical and computational studies
could advance our understanding of bioprinting processes
and technologies such as the mechanical effects during
printing as well as probabilistic understanding of cell
encapsulation in droplets [54,55,83,85]. These studies will
enable further steps towards validating the cyto- and bio-
compatibility of various bioprinting technologies. Addition-
ally, biomaterials are significant in the integration of cell
delivery with 3D scaffold fabrication. Various hydrogels
such as photo and temperature crosslinkable gels have
been used for bioprinting such as PEG, GELMA, agarose,
and alginate [7,11,12,15,26,84,86-89]. Biomaterial devel-
opment for bioprinting needs to take biological variables
such as cytotoxicity into consideration, thus limiting the
available chemistries and temperature ranges, and the
rheological range of fluids that are compatible with various
bioprinting technologies.

The ability to manipulate cells in microdroplets has
enabled biopreservation of cells in nanoliter droplets cre-
ating a new biopreservation approach, that is, cryoprinting
[2,25,90,91]. The advantages of nanoliter droplet cryopres-
ervation include reduced cryoprotectant agent (CPA) con-
centration and toxicity, and enhanced heat transfer rates
during vitrification [91]. Bioprinting technologies have
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enabled biopreservation of multiple cell types including
mouse oocytes [90], embryonic stem cells [37], cardiomyo-
cytes [24], and blood cells [2]. The CPAs used for stem cell
preservation such as dimethyl sulfoxide (DMSO) and eth-
ylene glycol are toxic and they are used at high concentra-
tions, which is shown to have adverse effects on stem cell
functionality and differentiation after thawing [92,93].
These nanoliter droplet vitrification technologies create
a new direction for biopreservation of stem cells with
potentially better functional outcomes and reduced CPA
toxicity [2,90,94].

Bioprinting is an emerging field with significant future
potential, because this method can be integrated with
conventional laboratory techniques, and create high-
throughput, efficient, and scalable alternatives to existing
methods. Such techniques provide effective tools for vari-
ous applications in broad fields of study such as tissue
engineering and regenerative medicine as well as in cancer
studies [77]. Bioprinting methods provide a new avenue for
stem cell patterning and differentiation, with precision and
control over the cellular microenvironment. Beyond the in
vitro laboratory approaches, the future of bioprinting is
likely to have applications in vivo. Further advances in the
bioprinting field may lead to applications in the operating
room in clinical settings in the future creating novel bio-
materials directly printed in vivo.
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