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ABSTRACT: We describe a technique to physically isolate single/ . . [ Brocompatiors microrabrication >

individual cells from their surrounding environment by fabricating cellNg— % Cell growth
three-dimensional microchambers around selected cells under

biocompatible conditions. Isolation of targeted cells is achieved via <
rapid fabrication of protein hydrogels from a biocompatible precursor S
solution using multiphoton lithography, an intrinsically 3D laser direct N
write microfabrication technique. Cells remain chemically accessible to
environmental cues enabling their propagation into well-defined, high
density populations. We demonstrate this methodology on gram
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negative (E. coli), gram positive (S. aureus), and eukaryotic (S.
cerevisiae) cells. The opportunities to confine viable, single/individual-cells and small populations within user-defined
microenvironments afforded by this approach should facilitate the study of cell behaviors across multiple generations.

he development of microfabrication and microfluidic

technologies for biological studies has enabled cell and
microorganismal behavior to be examined with increasingly
high precision.' The use of microfabricated landscapes,”
microfluidic circuits,® and droplet generators* have helped to
shed new light on a diverse range of cell behaviors including
microecological evolution/ interactions,”® biofilms,’ chemo-
taxis,® rare and unculturable organisms,g’10 and cellular
communication.®*'! In general, these studies are carried out
within channels, chambers, and surfaces micropatterned from
glass, cured resins (e.g, polydimethylsiloxane (PDMS)) or
other plastics that contain and direct gas and liquids with
limited diffusion across barrier walls. Other patterned materials
derived from biological or synthetic hydrogels have been
employed in microscale cell studies which can facilitate loading
of cell suspensions and allow cells access to bath nutrients while
restricting the physical growth or movement of cells and cell
populations.'>™*

Furthermore, we and others have recently shown that cellular
microenvironments, channels, and chambers can be fabricated
with arbitrary 3D forms from protein-based hydrogels>~'* and
with submicrometer feature sizes using multiphoton lithog-
raphy (MPL), an intrinsically 3D laser direct-write technique.
These materials show tunable swelling'® and mechanical
properties®® and can allow ready diffusion of nutrients and
wastes across microstructured barriers. Microchamber geo-
metries that facilitate capture of motile bacterial cells have been
employed to drive fluid flow,'” investigate quorum sensing,'®
and measure cell/material interactions.*’

However, all of the above examples rely on essentially
stochastic interactions with cells, whether in fluidic droplets,“’11
or “lobster trap” geometries'”'® for capture and confinement in
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low dimensional volumes. This severely limits our ability to
isolate a single targeted cell of choice, which would prove useful
for studying particularly challenging problems, for instance,
phenotypic diversity of clonal populations or analysis of rare/
unculturable microorganisms. In such cases, it would be
desirable to be able to identify and select a target cell from a
mixed population based on phenotypic or other criteria and
confine it in place under conditions that allow subsequent
viability and potential clonal expansion. Here we report a
procedure that addresses these criteria and demonstrates, under
conditions that can maintain cell viability, precise physical
confinement of target cells and their progeny within 3D
hydrogel microchambers.

B EXPERIMENTAL SECTION

Fabrication of Protein Microstructures. Microchambers
composed of photocross-linked protein were fabricated in the
presence of living cells from overnight to 3 day old cultures that
were resuspended in PBS (pH 7.4) solutions containing BSA
protein at 280 mg/mL and methylene blue (6 mM) as a
photosensitizer. Microstructure geometries were fabricated
onto untreated coverslips around selected target cells using a
dynamic mask-directed multiphoton lithography technique
previously described in detail.'® Briefly, the output of a
mode-locked titanium:sapphire laser (Tsunami, Spectra
Physics, Mountain View, CA) centered at 750 nm, pulse
width of 60 fs, and a repetition rate of 80 MHz, was raster
scanned with an X/Y open frame scan head (Nutfield
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Figure 1. Targeted confinement of living cells and their progeny via biocompatible in situ microfabrication of 3D protein microchambers. (A)
Simplified schematic of protein microchamber fabrication isolating a target cell. (B) Microscopy images of the isolation of a single S. cerevisiae cell
expressing YFP from a population of nonexpressing S. cerevisiae cells within a BSA protein microstructure, following the panels shown in part A. (C)
Targeted confinement of a S. cerevisiae cell initially expressing YFP, followed by growth and YFP expression upon incubation in medium with inducer
(YP + gal). (D) Targeted confinement of non-YFP expressing mother and daughter cells, followed by growth in YP + gal medium showed no
detectible YFP signal. (E) SEM image of a protein structure containing a high-density S. cerevisiae cell population. The pressure exerted by the
dividing cells resulted in protrusion of the roof into a dome shape. Overall chamber dimensions: 25 ym X 25 ym in length and width; 10—12 ym in
height. (F) SEM image of a protein structure with roof retracted revealing interior containing a high-density S. aureus cell population.

Technology, Hudson, NH) across a digital micromirror device
(used as a digital photomask to define features of micro-
structures) and subsequently aligned into a microscope
objective (Nikon 100X Fluar, 1.3 numerical aperture) situated
on a Nikon inverted microscope. This output defined the
features of microstructures in the X/Y plane. Figure S-1 in the
Supporting Information shows the digital image used for the
containment microchambers shown in Figure 1B,C and
Supporting Movie S-1 in the Supporting Information. Stepping
the laser focus axially from the substrate using a piezo Z-stage

(Mad City Laboratories) while changing the image on the
DMD reflectance mask permitted fabrication of 3D micro-
structures. Ti:S are considered Class 4 lasers and thus proper
laser safety to minimize exposure to open beams, particularly
use of appropriate eyewear, should be observed during
operation.

Materials, Cell Strains and Incubation, and Optical
and Electron Microscopy. See the Supporting Information
text for details.
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Figure 2. Targeted confinement of three classes of microorganisms. (A) Gram-positive (S. aureus), gram-negative (E. coli), and eukaryotic (S.
cerevisiae) resulted in formation of dense colonies. (B) Reproductive capacity as a function of the ratio of MB/BSA (defined as the fraction of 20 mM
MB mixed with 400 mg/mL BSA in PBS) for all three microorganisms. Values represent total number of chambers with dense growth divided by the
total chambers fabricated under a particular condition (between 7 and 24 chambers per data point). (C) Time-lapse showing growth of a confined S.
aureus colony into an ultrahigh density population. Scale bars for A and C are S ym.

B RESULTS AND DISCUSSION

To fabricate microchambers around cells, we employed
multiphoton lithography (MPL), a 3D laser direct write
micro/nano fabrication procedure. Fabrication in the presence
of cells is facilitated using aqueous biocompatible precursor
solutions containing, for instance, biological “monomers” such
as proteins that can be photochemically cross-linked to form
solidified protein hydrogel structures.”*' Photocross-linking
occurs via photoexcitation of a sensitizer to generate reactive
intermediates that activate oxidizable residues (e.g, Tyr-
radicals) to produce interprotein cross-links.”>** Using MPL
confines this photochemical process to a 3D region (voxel)
proximal to the focal point of a focused light source, generally a
high frequency, short-pulse laser such as a titanium sapphire
(Ti:S). Translation of this voxel within a protein solution allows
fabrication of 3D micro to nanoscale objects with nearly
arbitrary features.'>'® Using this technique, efforts to fabricate
simple 2D line structures in the presence of cells have been
explored.”"** We wished to investigate conditions for
biocompatible MPL (bio-MPL) of truly 3D microcontainers
in an effort to three-dimensionally confine targeted cells while
maintaining their viability and reproductive capacity.

To these ends, we prepared a precursor solution comprised
of bovine serum albumin (BSA) as protein monomer and
methylene blue (MB) as photosensitizer dissolved in PBS. MB
has been used in cell culture as a viability indicator measuring
cellular redox activity as well as a redox mediator for
monitoring culture respiration rate’>*® and provides efficient

photosensitization for MPL protein cross-linking.">'**” To test
cell tolerance to these constituents, we incubated yeast (S.
cerevisiae) and bacterial cells (S. aureus and E. coli) in precursor
solutions containing BSA (200 mg/mL) and a range of
concentrations of MB. We observed all cells maintained >80%
viability following 1 h at the highest concentration of MB tested
(10 mM, see the Supporting Information, Figure S-2).

To demonstrate targeted cell confinement, we interrogated
cells derived from a single (plate) colony of S. cerevisiae S288C
containing an inducible plasmid (yellow fluorescent protein;
YFP) as shown in Figure 1. Growth of this colony under
constant, nonselective pressure conditions (see the Supporting
Information) resulted in heterogeneous expression of YFP, a
widely observed phenomenon attributable to a range of
factors®®™>* (e.g,, genetic noise, unequal segregation of cellular
components during cell division). First, these cells were rinsed
in PBS and subsequently deposited in a well with a glass
coverslip substrate. The bath solution was replaced with the
BSA fabrication solution, and a YFP-expressing yeast cell [(+)
phenotype)] among nonexpressing [(—) phenotype] neighbor
cells was identified via fluorescence using an inverted
microscope (Figure 1A,B). Next, the microscope stage and
focus were adjusted to ensure the cell was positioned at the
desired location prior to confinement. Photofabrication
commenced from the substrate to form the containment
walls, and the stage was stepped vertically to a final height of
~8—10 pm. At this point, a ~2 um thick top layer was
fabricated by spanning a solid rectangular section across the

dx.doi.org/10.1021/ac301816c | Anal. Chem. XXXX, XXX, XXX—-XXX



Analytical Chemistry

Technical Note

CFDA/PI Merge

Figure 3. Targeted confinement of S. cerevisiae that vary in initial cell size. (A) Single S. cerevisiae cells isolated from the same clonal culture grow to
dense populations (panel 1) or divide only 1—4 times while swelling in diameter (panel 2). Both behaviors were routinely observed during
experiments using cells derived from single clones and exhibit different responses to CFDA/PI viability dye (panel B: green = viable, red =

apoptotic). Scale bar for A is S pm.

tops of the walls, thereby sealing the container. The digital
masks used for the chamber walls and ceiling are shown in
Figure S-1 in the Supporting Information. The microscope
imagining objective serves as the tight-focusing optic (NA =
1.3) for the Ti:S laser enabling the process to be visually
monitored over the course of minutes. The entire micro-
fabrication procedure, from cell identification to container
sealing, is shown in Supporting Movie S-1 in the Supporting
Information.

After the cell was confined, the well was rinsed with PBS
followed by incubation in YFP-inducing media (YP + 2%
galactose; YP + gal) at 30 °C. Chicane-shaped features were
incorporated in the chamber walls to allow unrestricted
diffusion of bath (nutrient) solutions while maintaining a
physical barrier between internal and external cells. The isolated
cell proliferated into an extremely dense population (~80 cells
in ~3.5 pL chamber, ~2.5 X 10" cells/mL) within the protein
microchamber over 28 h (Figure 1C). Under conditions of
galactose metabolism, S288C cells are engineered to express
YFP. As shown in Figure 1C, the majority of the cell’'s progeny
exhibit YFP expression. Isolation of a (—) phenotype mother
and daughter cell (Figure 1D) derived from a YFP expressing
colony followed by incubation in YP + gal at 30 °C for 28 h
also resulted in a high-density confined population that, as
expected, exhibited no YFP fluorescence in the presence of
galactose due to the loss of the plasmid.

A scanning electron microscopy (SEM) image of a protein
microchamber packed with S. cerevisiae cells is shown in Figure
1E. Ridges parallel to the substrate in the structure walls are
associated with the individual fabrication planes as the stage is
stepped vertically from the substrate. Here, growth of the
entrapped cells has swelled the top of the chamber into a dome
shape (Figure 1E), illustrating the swelling properties of these
MPL protein hydrogels as we have described previously.'”*’
Shown in Figure 1F is a similar dome shaped chamber due to
growth of entrapped S. aureus cells. This procedure was applied
successfully to eukaryotic, gram negative, and gram positive
microorganisms (Figure 2A), and the potential phototoxicity of
MB>** was, in part, mitigated by optimizing the ratio of
constituents for greatest cell reproductive capacity following
photofabrication. Using 280 mg/mL BSA, 6 mM MB in PBS,

pH ~7.5 for the fabrication solution, we observed that greater
than '/, of confined cells subsequently proliferate into dense
colonies (Figure 2B), which may be improved upon by
exploring other schemes and materials such as those to generate
cell-laden hydrogels.>* However, we note that a comparable
study employing bacterial cell confinement in microfluidic
droplets reported as few as 1 in 7 confined cells were able to
subsequently proliferate.'’ Importantly, biocompatible MPL
(bio-MPL) allows for cell proliferation into ultrahigh density
populations (~10" S. aureus cells/mL, Figure 2C) that remain
accessible to the bath solution and further chemical inter-
rogation (Figure S-3 in the Supporting Information).

The ability to identify and precisely confine cells of interest
in mixed populations and within user-defined structures
fabricated from robust and “breathable” hydrogels provides
new avenues to study cellular behavior across generations. For
example, budding yeast such as S. cerevisiae are invaluable
model organisms for the study of eukaryotic cell processes such
as clonal heterogeneity and aging. However, studies that require
abilities to separate cells based on phenotype, for instance, to
study cell aging have relied on laborious manual manipulation/
dissection®>® with a recent noteworthy exception.’” Bio-MPL
can greatly facilitate cell isolation based on phenotypic markers
such as cell size, while maintaining microscope observation
throughout an experiment. As an example, Figure 3A illustrates
two distinct fates of confined yeast cells. In one case, isolation
of a single cell led to unchecked proliferation, eventually filling
the microchamber (Figure 3A, panel 1). However, confinement
of a slightly larger cell (a relative measure of cell age®”) resulted
in only 3 cell divisions, accompanied by a substantial increase in
cell size (diameters 7—10 um, Figure 3A, panel 2). Viability dye
assays showed that the majority of cells that divide into dense
populations remained viable, while the larger yeast cells
displayed hallmarks of apoptosis (Figure 3B); these observa-
tions are consistent with age differences of the initial confined
cells; young cells can quickly reproduce in the presence of
nutrients while older cells display a limited number of divisions
before apoptosis and give rise to daughter cells with short
lifespans.®”

Thus, despite recent progress in microfluidic platforms for
yeast studies,’”® bio-MPL has the singular ability for the
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investigator to directly select the cell and define a containment
architecture within a mixed population, which should enable
studies regarding %ogulation heterogeneity®”** using yeast as
model organisms.”*>>*!

B CONCLUSIONS

We have described a bio-MPL technique for 3D confinement of
targeted cells and their progeny. In contrast to existing methods
that rely on stochastic interactions to confine cells, this
capability provides a new platform by which to interrogate a
wide-range of cellular processes using selected, single cells as
the starting point. The chemical and mechanical properties of
microfabricated protein hydrogels are readily tunable'®*°
offering unprecedented abilities to direct cell proliferation
using responsive and “deformable” structures (e.g., Figure 1D).
Bio-MPL cell confinement combined with the concurrent
fabrication of environmental cell traps based on cell motility'’
should allow interactions of competing/cooperating organisms
to be precisely orchestrated, providing a powerful tool to begin
to tease apart complex sociobiological behaviors that underlie,
for instance, bacterial virulence and antibiotic resistance.

B ASSOCIATED CONTENT

© Supporting Information

Detailed materials and methods, supporting movie showing
isolation of a single S. cerevisige cell expressing YFP from a
population of nonexpressing cells, optimization of MPL
conditions for living cell isolation, and additional data described
in the text. This material is available free of charge via the
Internet at http://pubs.acs.org.
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