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The ability to control cell placement and to produce idealized cellular constructs is essential for
understanding and controlling intercellular processes and ultimately for producing engineered tissue
replacements. We have utilized a novel intra-cavity variable aperture excimer laser operated at 193 nm
to reproducibly direct write mammalian cells with micrometer resolution to form a combinatorial array
of idealized cellular constructs. We deposited patterns of human dermal ﬁbroblasts, mouse myoblasts,
rat neural stem cells, human breast cancer cells, and bovine pulmonary artery endothelial cells to study
aspects of collagen network formation, breast cancer progression, and neural stem cell proliferation,
respectively. Mammalian cells were deposited by matrix assisted pulsed laser evaporation direct write
from ribbons comprised of a UV transparent quartz coated with either a thin layer of extracellular matrix
or triazene as a dynamic release layer using CAD/CAM control. We demonstrate that through optical
imaging and incorporation of a machine vision algorithm, speciﬁc cells on the ribbon can be laser
deposited in spatial coherence with respect to geometrical arrays and existing cells on the receiving
substrate. Having the ability to direct write cells into idealized cellular constructs can help to answer
many biomedical questions and advance tissue engineering and cancer research.
ß 2008 Elsevier B.V. All rights reserved.
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1. Introduction
Total control of cell placement in an idealized array coupled
with single-cell resolution allows for innovative building of
engineered tissue constructs and unmatched insight into intercellular interactions. Current biological material patterning
techniques include photolithography, inkjet printing, laser forward transfer, dip pen nanolithography, and microﬂuidic patterning [1–5]. The directed assembly of biological materials using a
rapid prototype method gives researchers the ability to systematically change the architecture of an environment by predetermining the initial placement and geometry of biological elements
in speciﬁc arrays within that environment.
This paper proposes a reproducible and uniform bottom-up
design approach to the engineering of combinatorial arrays of
idealized cellular constructs by laser direct writing. The technique
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used in this study to pattern biological materials is matrix assisted
pulse laser evaporation direct write (MAPLE DW) proposed by
Chrisey et al. [6–9].
An ArF excimer laser (TeoSys, Crofton, MD) at 193 nm was used
to process the idealized cellular constructs. With a pulse repetition
rate up to 300 Hz, a continuous spot size adjustment from
approximately 2 mm to 300 mm, and the ability to adjust the
discharge voltage, the system is both rapid and customizable for
nearly any cellular application, e.g. micromachining hydrogels for
directed cell growth. The near Gaussian beam is highly reproducible with less than 7% shot-to-shot variation in energy. The
capabilities of MAPLE DW have been shown to be CAD/CAM
compatible and include the selective patterning of living cells and
active proteins on various substrates with a resolution on the order
of micrometers [10,11]. A schematic of the MAPLE DW process can
be seen in Fig. 1.
Laser direct writing has proven to have some unique
advantages that are not seen in the other cellular patterning
techniques. By incorporating more than one material on the ribbon
or having multiple ribbons, the transfer of heterogeneous
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unambiguous determination of cellular and tissue fate in complex
multi-factorial constructs composed of cells, biochemicals, and
matrix. Idealized cellular constructs have many biomedical
applications. For example, combinatorial libraries can be used to
investigate the spatial dependence of collagen production by
dermal ﬁbroblast cells, leading to better engineered soft tissue
replacements. Cancer research can be improved by creating in vitro
co-cultures of cells that more closely resemble in vivo activity.
Idealized cellular constructs can also increase understanding of
neural stem cell proliferation and differentiation, to aid in spinal
cord injury treatment.
2. Experimental
Fig. 1. Schematic of the MAPLE DW technique.

biological materials and cells can be done, with precise placement
in relation to previously transferred materials, creating combinatorial libraries of idealized constructs. Having an in situ image
allows the user to visualize the biological materials and cells on the
ribbon prior to and following transfer. When combined with
machine vision, this will enable accurate singe-cell transfers while
making this prototyping technique even more rapid. This system is
truly CAD/CAM and has the ability to rapidly prototype idealized
cellular constructs with single-cell resolution.
Combinatorial processing is an experimental methodology
designed to increase throughput by at least an order of magnitude.
It involves performing multiple experiments on a miniature scale
and when combined with rapid characterization it will allow the

A UV transparent quartz ribbon was mounted on a bench-top
spin coater. 0.3 ml of Matrigel1 GFR basement membrane matrix
(Growth Factor Reduced, BD Biosciences, Bedford, MA) was thawed
at 0 8C and applied to the ribbon using chilled pipettes, while
spinning at 1000 rpm, for 20 s. The Matrigel1 coated ribbon was
placed in a standard cell culture incubator (37 8C, 5% CO2, 95% RH)
for 5 min. The receiving substrate, a 100-mm diameter Petri dish,
was uniformly coated by hand with Matrigel1 using chilled
pipettes. Mammalian cells (ﬁbroblast, myoblast, neural stem sells,
breast cancer cells, BPAEC) were grown in tissue culture ﬂasks,
trypsinized, centrifuged, and re-suspended in fresh culture media
(89.5% DMEM, supplemented with 10% fetal bovine serum and
0.5% penicillin–streptomycin) that had been warmed to 37 8C. An
appropriate cell-seeding density was chosen based on the goal of
the MAPLE DW. To transfer with single-cell resolution the ribbon
was seeded with a lower density, whereas to transfer groups of

Fig. 2. User interface to control the TeoSys laser and x–y computer controlled motorized stage. The optical vision system can be seen showing the ribbon during the direct
write transfer with trypsinized cells.
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cells (around 20–40 cells) the ribbon was seeded to achieve near
100% conﬂuence. Approximately 2 ml of suspended cell solution
was pipetted over the Matrigel1-coated ribbon. The ribbon with
cells was incubated for a prescribed duration (from 5 min to 1 h,
depending on cell type) to allow cells to begin adhering to the
Matigel1 coating. Initial cell adhesion was visually conﬁrmed on
an inverted optical microscope (Carl Zeiss, Inc., Göttingen,
Germany) using phase contrast and a 10 objective. The ribbon
was then tilted to remove excess culture media, blotted dry,
inverted and mounted approximately 0.25 mm above the Matrigel1-coated receiving substrate, so that the attached cells face the
receiving substrate. The receiving substrate and mounted ribbon
were secured via a vacuum chuck on an x–y computer controlled
motorized stage. The motorized stage and laser ﬁring are
controlled by visual basic source code. The user interface and
optical vision system showing the ribbon with trypsinized cells can
be seen in Fig. 2. The pattern used for cell deposition can be drawn
in a commercial CAD package and converted into motion and laser
ﬁring code. After cell transfer, the receiving substrate is placed
back in the incubator for 10 min at which time warmed fresh
culture media is added and returned to the incubator.
3. Results
Fibroblast, myoblast, neural stem, breast cancer, and BPAEC
have all been successfully transferred using MAPLE DW. In this
section, we show representative examples of cell transfer and

discuss processing issues for the uniform and reproducible laser
direct writing.
Micrographs of ﬁbroblast, BPAEC, neural stem cells, and
myoblast cells, which have all been transferred using MAPLEDW can be seen in Fig. 3. Arrays of ﬁbroblast cells have been
transferred which can be used to investigate the spatial
dependence and cell proximity and its effect on collagen
production. Breast cancer cells have been transferred in arrays
to investigate metastasis, and when co-transferred with ﬁbroblast
cells, to understand the role that heterotypic cell–cell adhesions
play in metastasis. Idealized constructs of neural stem cells and
endothelial cells can be used to study proliferation and differentiation to better understand healing of the nervous system and
develop better treatments.
4. Discussion
Using laser cell transfer with MAPLE DW we have developed
a technique that can be utilized to produce idealized
cellular constructs. Laser cell patterning gives a level of
reproducibility and uniformity to biological materials that has
not yet been seen. An example of Matrigel1 transferred from a
quartz ribbon to a polystyrene Petri dish can be seen in Fig. 4
showing the reproducibility of the laser as well as both
the microscopic and macroscopic processing capabilities. Large
arrays can be produced with micrometer precision and uniform
shot spacing.

Fig. 3. (A) Phase contrast micrograph of human dermal ﬁbroblast cells after being transferred by MAPLE DW at 4 h. The cells are beginning to display their normal
morphology. (B) Image of a 2  2 array of BPAEC cells approximately 1 min after transfer. (C) A 3  3 array of rat neural stem cells approximately 1 min after transfer. (D) 2  2
array of mouse myoblast cells 20 h after transfer. Cells were transferred from a ribbon coated in a triazene dynamic relase layer and Matrigel1.
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array of idealized cellular constructs can be both rapid and
reproducible.
5. Conclusions
We have shown the efﬁcacy and reproducibility of the MAPLE
DW technique for processing a library of idealized cellular
constructs that incorporates many cell types, such as dermal
ﬁbroblasts, myoblasts, neural stem, bovine pulmonary artery
endothelial, and breast cancer cells. Precise control of the location,
geometry, and proximity of cell placement provides a unique
advancement in directed cellular assembly and multi-cell culture,
which should have a profound impact in the advancement of tissue
engineering and regenerative medicine.
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