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Abstract
The ability to precisely pattern embryonic stem (ES) cells in vitro into predefined arrays/
geometries may allow for the recreation of stem cell niche for better understanding of how cellular
microenvironmental factors govern stem cell maintenance and differentiation. In this study, a new
gelatin-based laser direct-write (LDW) technique was utilized to deposit mouse ES cells into
defined arrays of spots, while maintaining stem cell pluripotency. Results obtained from these
studies showed that ES cells were successfully printed into specific patterns and remained viable.
Furthermore, ES cells retained the expression of Oct4 in nuclei after LDW, indicating that the
laser energy did not affect their maintenance of an undifferentiated state. The differentiation
potential of mouse ES cells after LDW was confirmed by their ability to form embryoid bodies
(EBs) and to spontaneously become cell lineages representing all three germ layers, revealed by
the expression of marker proteins of nestin (ectoderm), Myf-5 (mesoderm) and PDX-1
(endoderm), after 7 days of cultivation. Gelatin-based LDW provides a new avenue for stem cell
patterning, with precision and control of the cellular microenvironment.
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1. Introduction
Embryonic stem (ES) cells have great potential to transform drug discovery [1–3],
diagnostics [4] and therapeutics [5–8] due to their self-renewal capacity and pluripotent
differentiation potential. To fully realize stem cell potential, better understanding of stem
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cellmicroenvironment interactions, in particular, cell-cell interactions is of paramount
importance. The cellular composition of stem cell microenvironments has displayed a
profound influence on both maintaining stem cell pluripotency and directing stem cell
differentiation. For example, the local cell density, cellular spacing, cell-cell contact and
different types of neighboring cells in cocultures have been demonstrated to influence stem
cell fate decisions [9–17]. The ability to spatially control the in vitro placement of ES cells,
in relation to other ES cells or other cell types in a co-culture, will allow better recreation of
the in vivo stem cell microenvironment, control of cell signaling to direct a desired
differentiation, and enable the investigation of cellular interactions. The in vivo spatial
distribution of cells has recently been shown to influence cell differentiation and function, as
well as the physiology of health and disease [18,19]. The spatial arrangement of cells in
vitro also affects stem cell differentiation [20,21]. Therefore, the ability to precisely control
the position of cells during differentiation is vital to tissue morphogenesis and regeneration.

It is impossible to control the placement and spatial arrangement of cells, with resolution or
reproducibility, by manual pipetting of cell suspensions, as in conventional cell culture
systems or trans-well co-culture systems. As such, cellular patterning techniques offer new
opportunities to create in vivo-like cellular microenvironments for the spatial control of stem
cell fate [22–26]. Current cellular patterning techniques include micropatterning [27,28],
modified ink-jet printing [29,30], and laser cell printing [31–36]. Micropatterning is one of
the most studied techniques, which utilizes microwells [37–39], elastomeric stamps [40] or
stencils [41], microcontact printing [42–44], layer-by-layer deposition [45], microfluidics
[46–48], micromechanical actuation [49], capillary force [50], switchable surfaces (e.g.,
thermoresponsive polymers [51,52], electroactive substrate [53]), or DNA-mediated cell
assembly [54] to produce various cell patterns on substrates. These micropatterning
techniques usually involve the use of microfabrication tools and contain multiple steps.
Laser cell printing can provide rapid, high throughput, scalable cell patterning [55]. New
advances in laser cell printing, specifically laser direct-write, grant the precise control of
local cell density, relative cell number in culture, specific location and proximity of cell
placement, cellular heterogeneity, and the creation of combinatorial libraries of cellular
microenvironments [56]. Moreover, the latest advances in laser direct-write enable the
visualization of cells, both on the print ribbon prior to transfer, and on the receiving
substrate following transfer [57]. This utility allows for specific cells, or groups of cells, to
be targeted and transferred, and provides optical confirmation of their deposition.

We have developed a more precise patterning technique for the investigation of the spatial
dependence of ES cells in culture, to ultimately direct stem cell differentiation in vitro. The
first critical step toward this goal is to efficiently and accurately control the placement of ES
cells, while maintaining their pluripotency. As such, this technique will allow for the
investigation of stem cell differentiation directed by cellular cues in stem cell
microenvironments.

In this study, we employed a new gelatin-based laser direct-write technique (matrix assisted
pulsed laser evaporation direct-write, MAPLE DW) [57], herein referred to as laser direct-
write (LDW), to write spatially precise patterns of mouse ES cells. Gelatin, denatured
collagen, is widely used for feeder layer-free mouse ES cell culture. Here, gelatin was used
as a coating for both the print ribbon and receiving substrate, and when coupled with a
computeraided design/computer-aided manufacturing (CAD/CAM) laser system, enables
rapid and precise patterning of cells. This gelatin-based LDW technique has been recently
used to print human dermal fibroblasts [57]. In contrast to the aforementioned cells, ES cells
represent a relatively sensitive cell type, in that they have the self-renewal capacity and
differentiation potential to become cell types representing all three germ layers: ectoderm,
mesoderm, and endoderm. As a result, their pluripotent potential poses a unique challenge
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for patterning ES cells: not only must a transfer yield viable cells, but the cell’s pluripotency
must be preserved, or alternately driven to a specific desired fate, for the patterning
technique to be deemed a success.

In this study we investigated the feasibility of using gelatin-based LDW as a method to
pattern ES cells, with the maintenance of stem cell pluripotency as a benchmark for efficacy.
Patterns of mouse ES cells were created using LDW and the resulting substrates were
analyzed. In addition to cell viability and growth, stem cell pluripotency following LDW
was further examined by the maintenance of stem cell marker (octomer binding transcription
factor 4, Oct4), and the ability to form embryoid bodies (EBs) and spontaneously
differentiate, in vitro, into cell lineages expressing markers of the three germ layers, nestin
(ectoderm marker), Myf-5 (mesoderm marker), and PDX-1 (endoderm marker). Here we
show that mouse ES cells could be LDW-patterned into pre-designed arrays, and maintain
their viability and stem cell pluripotency. This establishes the feasibility of using LDW for
spatially precise patterning of ES cells, and creating engineered stem cell
microenvironments.

2. Materials and Methods
2.1. ES cell culture

Mouse ES cells (CCE cell line, StemCell Technologies, Vancouver, Canada) [58,59] were
cultured in gelatin-coated flasks and kept in a standard cell culture incubator. To maintain an
undifferentiated state, ES cells were cultured in growth medium consisting of Dulbecco’s
Modified Eagle’s Medium (DMEM with 4.5 g/l D-glucose) supplemented with 15% (v/v)
fetal bovine serum (FBS), 100 U/ml penicillin, 100 µg/ml streptomycin, 0.1 mM MEM non-
essential amino acids, 10 ng/ml murine recombinant leukemia inhibitory factor (LIF;
StemCell Technologies, Vancouver, Canada), 0.1 mM monothioglycerol, 2 mM L-
glutamine, and 1 mM sodium pyruvate (Sigma Aldrich, St. Louis, MO) as described
previously [60]. LIF is typically used to maintain mouse ES cells in undifferentiated states
as it activates latent transcription factor STAT3, by binding to LIF receptor and gp130
receptor, which allows continuous cell proliferation in vitro [61–63]. Thus, for spontaneous
differentiation, growth medium without LIF was used [64].

2.2. Laser direct-write system
Mouse ES cell patterning was achieved using a new gelatin-based LDW technique, as
recently described [57]. We have adapted this gelatin-based LDW technique to precisely
pattern and transfer mouse ES cells, following a similar methodology.

The LDW system in this study utilizes an Argon-Fluorine (ArF) pulsed excimer laser
(TeoSys, Crofton, MD), operating at a wavelength of 193 nm, coupled with CAD/CAM
control as well as an in situ charge-coupled device (CCD) camera (Fig 1). The laser beam,
which has a near-Gaussian distribution, a pulse width of 8 ns, and a repetition rate to be
varied from 1 Hz up to 300 Hz, is transmitted to the ribbon through an intra-cavity variable
aperture, a series of mirrors, two irises to set the laser beam diameter, and lastly through a
15X objective to focus the beam. The beam diameter can be adjusted to prescribe the
diameter (~20–500 µm) of the transferred spot of cells. User-specified pattern arrays were
written in a g-code format to establish the dimensions of the arrays and the geometric
spacing between transferred spots of cells, through control of the x–y motorized receiving
stage and laser firing. An in situ energy meter is used to ensure that the appropriate fluence
of ~1.0–1.3 J/cm2 is delivered to the ribbon. The in situ CCD camera shares the optical path
with the laser as it passes through the final objective, thereby allowing visualization of cells
on the ribbon, both prior to and following printing.
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2.3. Preparation of the receiving dish and print ribbon
A 10 wt% gelatin solution was prepared using porcine skin-derived Type A gelatin (Sigma-
Aldrich, St. Louis, MO) dissolved in heated Dulbecco’s Modified Eagle’s Medium (DMEM;
Invitrogen, Carlsbad, CA) to obtain a homogenous mixture. Petri dishes (100-mm diameter,
FisherBrand, Pittsburgh, PA) were plasma cleaned for 1 minute, coated with 1.5 ml of poly-
L-lysine (PLL) hydrobromide (0.1 mg/ml) (Sigma-Aldrich, St. Louis, MO) for 5 minutes,
and allowed to air-dry in a laminar flow hood for 1 hour. Each PLL-coated receiving dish
was then spin coated with 1 ml of 10 % gelatin (warmed to 60°C) at 4000 rpm, for 25
seconds. The dish was refrigerated (4 °C) for 5 minutes, then rinsed with 10 ml of DMEM
(at 4 °C). The receiving dish was then incubated at 37 °C, 5% CO2, 95% RH for
approximately 20 minutes. A flat, 50-mm diameter, UV-transparent quartz disk (“ribbon”)
(Edmund Optics, Barrington, NJ) was cleaned with 70% ethanol, dried, and mounted on a
bench-top spin coater. 1.5 ml of 20% gelatin in sterile cell culture grade water was warmed
to 60 °C and pipetted onto the ribbon while spinning at 2000 rpm, for 20 seconds. The
ribbon was then incubated in at 37 °C, 5% CO2, 95% RH for 3 minutes.

2.4. Laser direct-write of ES cells
To load the print ribbon, 1 ml of ES cells (2–5 × 106 cells/ml) was pipetted onto the 20%
gelatin-coated ribbon. The cell-containing ribbon was placed in an incubator for 7 minutes
and then put in a laminar flow hood for 4 minutes. After tilting to remove excess culture
media, the ribbon was inverted and mounted approximately 0.75 mm above the 10% gelatin-
coated receiving substrate/dish, so that the partially-encapsulated cells face the receiving
substrate. The receiving substrate and mounted ribbon were secured on the x–y computer-
controlled motorized stage, and a user-specified array program was executed, pulsing the
laser once for each corresponding targeted transfer spot, depositing ES cells on the receiving
dish.

2.5. Assessment of ES cell survival after laser direct-write
Cell viability after LDW was measured by live/dead stain made of calcein AM and ethidium
homodimer (EthD-1) (Sigma Aldrich, St. Louis, MO) as described previously [64].
Following laser transfer, cells were incubated for 20 minutes to allow for initial attachment,
at which time live/dead working solution (2 µM calcein AM and 4 µM EthD-1) was added.
Cells remaining on the print ribbon following transfer were also stained with calcein AM
and EthD-1. Non-laser transferred cells were used as controls. Imaging of stained cells was
done on an epifluorescence microscope (Carl Zeiss, Inc., Thornwood, NY). Cell viability
following laser transfer was quantified, both in the dish and on the ribbon, by calculating the
percentage of cells fluorescing green (indicating viable cells), then normalizing with respect
to control. This experiment was repeated twice and a standard deviation was calculated.

2.6. Observation of cell growth after laser direct-write
After mouse ES cells were transferred from the ribbon to the receiving dish, they were
imaged on an inverted optical microscope (Carl Zeiss, Inc., Thornwood, NY) using phase
contrast (10×). Once imaged, the receiving dishes were placed in an incubator for 30
minutes to allow for initial cell attachment, at which time 10 ml of cell culture medium
warmed to 37 °C was added, and the dishes were returned to the incubator. For controls,
mouse ES cells were plated using a pipette onto dishes that had been prepared as described
in the receiving dish preparation, and treated in the same manner. Laser written cells and
plated controls cultured in the LIF-free medium were monitored for 7 days. The cell
morphology, cell growth and EB formation was observed and imaged.
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2.7. Immunocytochemistry analysis of stem cell pluripotency
The maintenance of stem cell pluripotency following LDW was characterized using
immunocytochemistry analysis of the stem cell marker, Oct4. Markers for the ectoderm
(nestin), mesoderm (Myf-5), and endoderm (PDX-1) were characterized after 7 days, which
allowed for spontaneous differentiation. Cells (LDW and controls) were treated as
previously described. Standard immunocytochemistry protocol was employed to detect all
the stem markers expression. For Oct4 staining mouse ES cells were incubated in
maintenance medium containing LIF for three hours to allow cell adhesion following laser
transfer, then fixed with 4% paraformaldehyde. Fixed cells were then rinsed with phosphate
buffered saline (PBS), permeabilized in 0.1% Triton-X-100, and blocked with 5% FBS in
PBS. ES cells were incubated with primary antibody for anti-Oct4 produced in rabbit
(Sigma Aldrich, St. Louis, MO) and detected by the anti-rabbit secondary antibody (Sigma
Aldrich, St. Louis, MO). Cells were also co-stained with 4',6-diamidino-2-phenylindole
(DAPI) to reveal the nuclei in blue and to verify co-localization of Oct4 with cell nuclei.

Pluripotent stem cells have the ability to form cell types of all three germ layers (ectoderm,
mesoderm, and endoderm). To evaluate the differentiation potential of cells after LDW, ES
cells were fixed, permeabilized, and blocked, as described above after, and cultured for 7
days in LIF-free growth medium to allow for spontaneous differentiation. ES cells were
incubated with three primary antibodies, for ectoderm (anti-nestin), mesoderm (anti-Myf-5),
and for endoderm (anti-PDX-1) (Santa Cruz Biotechnology, Santa Cruz, CA), followed by
the incubation with secondary antibodies (Invitrogen, Calrsbad, CA), Alexa Fluor® 594 for
the detection of nestin, Alexa Fluor® 488 for Myf-5, and Alexa Fluor® 647 for PDX-1.
Samples were observed using an ECLIPSE 80i epifluorescence microscope (Nikon,
Melville, NY) using the filter sets for FITC, Texas Red, and Alex 647 (Micro Video
Instruments, Avon, MA).

3. Results
3.1. Laser direct-write of ES cells

Mouse ES cells were successfully patterned using gelatin-based LDW (Figure 2). When the
cell density on the ribbon was 5 × 106 cells/ml, the defined ES cell array was formed with a
spot size of approximately 500 µm, spot spacing around 50 µm and ~ 130 cells/spot (Fig.
2a). When the cell density on the ribbon was reduced to 2 × 106 cells/ml, the spot size of ES
cell array was approximately 500 µm, spot spacing around 200 µm, and ~ 48 cells/spot.
These results demonstrated that LDW can rapidly fabricate multiple patterns of cell arrays,
with different spacing and local cell density, for biological and biomedical applications.

3.2. Cell viability and growth potential after laser direct-write
After LDW, the viability of mouse ES cells in the receiving dish and of cells on the ribbon
was examined using live/dead stain with calcein AM and EthD-1. A relatively high
percentage (~87%) of viable cells was observed following LDW in comparison to cells on
the ribbon (Fig 3). Laser-transferred mouse ES cells in the receiving dish consist of
approximately 87% viable cells (Fig. 3a), which represents only a 10% loss compared to
viability on the ribbon (Fig. 3b). Quantitative analysis of these studies is shown in Figure 3c.
These results support the fact that the laser energy used in transferring cells has little effect
on ES cell viability as majority of ES cells maintained viable.

Long-term cell growth was further confirmed by culturing mouse ES cells in medium after
LDW. A majority of laser transferred mouse ES cells adhered to the receiving dish and
remained in their location after the addition of growth medium (Fig. 4a). On Day 1, mouse
ES cells showed maintained registry within the pattern array while keeping their original
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phenotype (Fig. 4b). Mouse ES cells demonstrated adherent and proliferative morphology
and formed EBs at Day 4 (Fig. 4c), and Day 7 (Fig. 4d).

3.3. Maintenance of stem cell pluripotency after laser direct-write
In addition to the demonstration of the ES cells’ ability to form EBs following LDW, the
maintenance of pluripotency was further examined by the expression of the canonical stem
cell pluripotency marker, Oct4, as well as in vitro differentiation after long-term culture.
First, immunocytochemistry analysis of Oct4 expression in mouse ES cells was performed
after three hours post LDW (Fig. 5a). Cells were co-stained with DAPI to reveal the nuclei
in blue (Fig. 5b). The merged images demonstrated that after LDW, over 99% of mouse ES
cells exhibit Oct4 immunoreactivity (green) in their nuclei (blue) (Fig. 5c and d). This
illustrated that all mouse ES cells that survived the LDW process remained undifferentiated.

Furthermore, the differentiation potential of mouse ES cells following LDW was
demonstrated by their ability to spontaneously differentiate into cell types expressing
markers for ectoderm (nestin), mesoderm (Myf-5), and endoderm (PDX-1). After LDW,
mouse ES cells were cultured in medium without LIF, which allows spontaneous
differentiation. After 7 days in culture following LDW, mouse ES cells were tri-stained with
antibodies recognizing nestin, Myf-5 and PDX-1. The outgrowths of cells from EBs
differentiated spontaneously into multiple lineages. The expression of markers of neural
cells (nestin), skeletal muscle cells (Myf-5), and pancreatic cells (PDX-1), demonstrated that
mouse ES cells maintained their differentiation potential for ectoderm, mesoderm, and
endoderm after LDW (Fig. 6).

4. Discussion
Traditional LDW is a powerful tool for effectively printing a variety of cell types, including
human dermal fibroblasts, HT-29 colon cancer cells, MG63 osteosarcoma cells, A431
epithelial carcinoma cells, bovine pulmonary artery endothelial cells, rat bone marrow stem
cells, neural stem cells and B35 neuroblastoma cells, mouse C2C12 myoblasts and P19
embryonal carcinoma cells, and others [32,56,65–70]. All of the cell types involved in these
studies maintained viability and retained the ability to proliferate after direct-write. In
addition, laserprinted embryonal carcinoma cells exhibited minimal destruction to DNA and
displayed differentiation potential to both neural and muscular lineages [32]. A recent LDW
study utilizing a human colon cancer cell line, demonstrated that parameters in laser cell
printing, such as fluence and cell density, can be modified and optimized in order to achieve
high cell viability post-transfer [70].

In a recent study, a similar laser cell printing technique, termed laser induced forward
transfer (LIFT), was able to print viable mouse ES cells onto a Matrigel™-coated growth
surface. However, no attempts were made to quantify the potential effects on ES cell
maintenance and differentiation [71]. In their study of ES cells, as well as other laser-based
direct write techniques, the cellular patterns were constructed utilizing Matrigel™ basement
membrane in the process, either to coat the print ribbon, to coat the receiving surfaces, or
both [36]. In the directwrite process, Matrigel™ provides a laser interaction zone and a
moist environment to facilitate successful transfer, as well as a scaffold rich with ECM
proteins to encourage cell attachment and growth on the receiving substrate. However,
Matrigel™ contains a number of intrinsic growth factors (e.g., bFGF, TGF-β, IGF-1, PDGF
and EGF) [72], and the amount of these growth factors, as well as other constituent
materials, varies significantly from lot-to-lot. Such variability in constituents, particularly in
growth factors, can have significant implications on the cellular response. This is
particularly important when using sensitive cells such as ES cells. The growth factors and
constituent variability may cause unwanted and uncontrolled maintenance and
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differentiation of ES cells [73]. Despite the many advantages offered by Matrigel™, these
shortcomings preclude, or greatly limit, its use in the direct-write of stem cells.

To address these shortcomings, we recently developed a gelatin-based LDW method for
spatially-precise cellular patterning in which gelatin, rather than Matrigel™, is utilized on
both the print ribbon and receiving substrate [57]. On the receiving substrate, gelatin is
present temporarily to dissipate kinetic energy and maintain a moist environment to
facilitate transfer. The gelatin layer is removed following LDW with incubation and culture
medium exchange to provide an unobstructed growth surface for the patterned cells. This
technique, as demonstrated using human dermal fibroblasts, patterned cells with high post-
transfer viability (>90%), a high degree of registry to the desired initial pattern (within 5.6 ±
2.5 µm), and no evidence of doublestrand DNA damage, nor any effect on cellular behaviors
in extended culture (e.g., morphology and fibronectin production) [57]. The optical set-up in
the LDW process is truly unique, and provides significant advantages over many other cell
patterning systems; it allows specific cell targeting and transfer by the user, as well as visual
confirmation of cell deposition, post-transfer, in real time.

These ES cells represent a relatively sensitive cell type and have the potential to be
differentiated into specialized cell types, which are composed of all three germ layers.
Therefore, it was important to investigate whether the prior success of gelatin-based LDW
could be applied to mES cells. Mouse ES cells used in this study have been adapted to grow
in gelatin-coated tissue culture wares. This has been a conventional feeder-free culture
method of mouse ES cells, as the gelatin coating facilitates mouse ES cell maintenance in
the presence of LIF [74,75]. In our experiments, the receiving substrate and long-term
growth surface was spin coated with 1 ml of 10% gelatin prior to laser transfer, which
proved to be an effective surface treatment for cell viability and proliferation. The 20%
gelatin-coated quartz print ribbon ensured that the laser energy was non-damaging to the
cells, yet sufficient for cell transfer. Live/dead staining showed high ES cell viability despite
the use of laser energy to propel the cells from one surface to another.

After LDW, mouse ES cells maintained ES cell-specific characteristics. Mouse ES cells
remained undifferentiated immediately after LDW, as indicated by expressing stem cell
marker Oct4 in their nuclei, which is the canonical pluripotency marker of mouse ES cells.
The Oct4 gene maintains mouse ES cells in an undifferentiated state [76]. In the absence of
LIF, after LDW, mouse ES cells formed EBs, which is an essential step for in vivo-like stem
cell differentiation. The maintenance of pluripotency was further confirmed by the ability to
spontaneously differentiate into cell lineages expressing marker proteins of ectoderm (nestin
for neuronal cells), mesoderm (Myf-5 for skeletal muscle cells), and endoderm (PDX-1 for
pancreatic cells) after 7 days of culture. These results demonstrate that LDW can be utilized
to pattern mouse ES cells such that the process itself does not cause premature and unwanted
stem cell differentiation, and longer-term ES cell growth exhibits expected differentiation
potential. This shows the efficacy of LDW for the spatial patterning of mES cells. LDW
provides a promising platform for the investigation of how various geometric arrangements,
spacing between spots of cells, patterns, and co-cultures with both normal and cancerous
cells effect embryonic stem cell differentiation.

The spatial arrangements and interconnectivities of cells are critical concerns for the
engineering of functional tissue complexes [54]. The heterotypic cell-cell interaction, and
the ratio of cell populations in co-culture, greatly affect bioengineered tissue function [27].
The local cell density, cellular spacing or proximity, cell-cell contact and different types of
neighboring cells are critical cellular microenvironmental elements to direct stem cell fates
[9–17]. For example, Ruiz and Chen demonstrated that the geometry affects the
differentiation of hMSCs into different lineages [20]. hMSCs that were spatially placed in
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different geometries (circle, square, rectangle, ellipses), using microcontact printing, showed
differentiation towards adipogenesis in the center of the shapes and the concave region of
ellipses, while osteogenesis was induced in the outer layer and convex edges. Phillippi et al.
showed that muscle-derived stem cells patterned on a bone morphogenetic factor (BMP-2)-
containing fibrin matrix via inkjet bioprinting underwent osteogenesis, while those on the
surrounding area differentiated into myotubes [26]. Tang et al. performed spatial patterning
of bone marrow stromal cells by micropatterning, which showed that stem cell
differentiation was controlled by cell-cell contact, where the differentiation towards
adipogenesis and osteogenesis was increased linearly with the number of cells in contact
with each other [12]. All of these studies displayed how cellular patterning is essential and
vital in order to investigate stem cell differentiation. However, it is often difficult to
precisely place cells to recreate the complex in vivo cellular microenvironment. The ability
to use LDW to deposit ES cells into defined arrays of various patterns makes this technique
attractive for engineering cellular complexity in vitro. Cell density and proximity can be
controlled using this printing technique to permit better study of interactions between cells
and signaling molecules. Precise placement of various cell types to investigate interactions
between cells of different type or lineage could also be achieved by this technique.
Furthermore, the controlled and reproducible re-construction of two- and three-dimensional
organization of cellular microenvironment can also be realized using this technique. LDW
grants the precision and control of these cellular elements to recreate stem cell
microenvironments for the investigation of stem cell fate decisions, which will favorably
advanced stem cell research, and lead to functional tissue engineering.

Moreover, Williams has recently defined the ‘material’ as a single, well defined and
characterized entity, and included engineered systems as ‘biomaterials’; which can range
from engineered drugs and gene vectors, micropatterned cells, functionalized tissues, to
printed organs [77]. LDW provides a valuable tool to precisely place these diverse
‘biomaterials’ into a welldefined, in vivo-like microenvironment. These engineered
microenvironments can serve as an important platform for understanding how ‘biomaterials’
interactions affect functional tissue regeneration, leading to effective diagnosis or therapy
for the treatment of human diseases.

5. Conclusions
In this study, we have successfully shown precise spatial patterning of mouse ES cells using
gelatin-based LDW. Defined arrays of cells and precise control over cell position have been
achieved. Mouse ES cells demonstrated high viability following LDW and continued to
grow and form EBs. Laser direct-written ES cells maintained their pluripotency, as indicated
by their nuclear expression of the canonical stem cell marker Oct-4 and their ability to in
vitro differentiate into cell types of all three germ layers (ectoderm, mesoderm, and
endoderm). Gelatin-based LDW provides a new and valuable cell-patterning technique that
can be utilized to create precise and controlled stem cell microenvironments.
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Figure 1.
Schematic diagram of gelatin-based laser direct-write (LDW) (adapted from [57]).
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Figure 2.
Laser direct-write of mouse ES cells in spotted arrays with cell density on the ribbon of (a) 5
× 106 cells/ml, and (b) 2 × 106 cells/ml. Scale bar = 200 µm.
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Figure 3.
Viability of mouse ES cells after laser direct-write was detected by live/dead stain (green:
calcein AM stained live cells; red: EthD-1 stained dead cells). Fluorescence images of ES
cells (a) in receiving dish after transfer, and (b) on the ribbon. (c) Quantitative analysis of
percentage of live cells after laser direct-write. Scale bar = 100 µm.
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Figure 4.
Growth profiles of mouse ES cells after laser direct-write on (a) day 0, (b) day 1, (c) day 4,
and (d) day 7. Embryoid bodies formed after culturing for 7 days. Scale bar = 500 µm.
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Figure 5.
Fluorescence images of mouse ES cells expressing (a) pluripotency marker, Oct4, and (b)
DAPI stain to reveal the cell nuclei. (c) and (d) Merged image to demonstrate the expression
of Oct4 in nuclei. Scale bar = 100 µm.
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Figure 6.
The differentiation potential of mouse ES cells after laser direct-write was revealed by the
expression of markers of (a and d) ectoderm—nestin, (b and e) mesoderm—Myf-5, and (c
and f) endoderm—PDX-1, after ES cells were cultured in medium without LIF for 7 days.
(a–c) Scale bar = 100 µm. (d–f) Scale bar = 50 µm.
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