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The ability to arrange distinct cells in specific, predefined
patterns at single-cell resolution could have broad applica-
tions in tissue engineering, cell-based assays, cell and tissue
co-cultures, and fundamental studies of cell-cell interactions.
In particular, the proper functioning of engineered constructs
for tissue and organ transplantation requires positioning
different cell types in anatomically precise arrangements that
mimic their microarchitectural configurations in native tis-
sues. Existing methods for micrometer-scale cell patterning
include microcontact printing!! inkjet printing,®® elasto-
meric stencils, dielectrophoresis®® and others."® The
major limitation of most existing platforms, however, is that
either they cannot be straightforwardly scaled for highly
multiplexed cell patterning, or they do not offer single-cell
patterning precision and control, or both.

We report on the microfluidic-guided flow-patterning of
surfaces as an avenue for constructing tissues. While micro-
fluidic channels have been previously utilized to spatially
control the deposition of biomolecules onto a surface as one-
dimensional stripes,””! patterns of arbitrary, two-dimensional
complexity at single cell resolution are more challenging. We
report on three advances to achieve such patterns. First, we
execute two sequential steps of microfluidic flow patterning,
one at right angles with the other, such that the intersections
of the flow patterned DNA stripes constitute an n x m array of
unique elements, where n and m are the respective numbers
of microchannels utilized for each of the two flow patterning
steps. Second, the set of ssDNA oligomers used in the second
flow-patterning step is designed so that each of the resulting
nxm array elements has a unique molecular identity. Third,
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we introduce a cell-surface marker-independent chemistry for
labeling cells to enable specific cells to be captured at specific
spots within the n x m array (Figure 2). These advances, when
integrated together, enable the construction of tissues with
architectural precision at the single cell level.

Dense microarrays with cell-sized DNA features were
created as shown in Figure 1a. A PDMS mold containing 20
parallel 10 um-wide channels at 30 um pitch was used to flow-
pattern three distinct 80-mer ssDNA “anchor” strands (A, B,
and C) in adjacent sets of three channels (one distinct strand
per channel) onto a polylysine-coated glass surface. The
PDMS mold was then rotated 90°, and sets of nine distinct
ssDNA “bridge” oligomers (A’-i, B'-ii, ...) were flow-pat-
terned at right angles across the first pattern (three distinct
strands per channel). Each bridge oligomer includes a 20-base
pair tail that is complementary to one of the three anchor
sequences, and a 20-base pair head with a unique sequence.
As such, once the flow-patterning was complete, the resultant
3 x3 arrays (Figure 1b) contained nine distinct oligonucleo-
tide head sequences (i-ix) that were available to bind distinct
cell types conjugated to one of nine complementary strands
(i'-ix). By adding only A’-i, B'-ii, and C'-iii strands in the
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Figure 1. Preparation of a high-density DNA microarray for tissue
assembly. a) Orientation of microfluidic flow patterning mold #1 (blue
lines) for deposition of n anchor ssDNA sequences, and #2 (red lines)
for pattering m bridging sequences. The resulting pattern is a series of
nxm microarrays, with each array spot having its own unique chemical
identity. b) Fluorescent scan of high-density 3x3 DNA microarrays is
shown. Red spots =i oligomer (hybridized with i’-Cy5); green spots =
ii, iii, iv, v, vi, vii, viii, and ix oligomers (hybridized with ii'-ix"-Cy3).
Scale bar: 100 pm. c) Fluorescent scan of 3x 1 arrays. Red =oligonu-
cleotide i; yellow = oligonucleotide ii; green =oligonucleotide iii. Red,
green, and yellow spots were created by adding i’-Cy5, iii’-Cy3, and
equal concentrations of ii’-Cy5 and ii’-Cy3, respectively.
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second patterning step, 3x1 arrays could also be created
(Figure 1c¢). The feature size, pitch, and shape of these DNA
array features can be controlled by adjusting the microfluidic
channel widths, inter-channel distances, and channel geo-
metries, respectively. We used 10 um wide PDMS flow-
patterning channels at 30 pm pitch, resulting in closely
packed 10 um x 10 um DNA squares that could each accom-
modate a single cell. However, DNA feature sizes can easily
be adjusted to accommodate larger cells or cell clusters.

In order to convert our DNA arrays into cell arrays, we
explored a new cell surface marker-independent method for
labeling each cell type with a unique complementary oligo-
nucleotide strand (i, ii’, ...), building on previous cell
encoding strategies.'"!" In our approach, cell membrane
proteins were biotinylated and then addressed via cysteine-
engineered streptavidin (SaC)-conjugated oligonucleotides
(Figure 2).12%3 To tailor this strategy for DNA conjugation of
cells, cell membrane proteins were first biotinylated (by
reacting with NHS-biotin), followed by incubation with their
respective SaC-DNA oligomers. The advantage of this
method is its modularity and ease. The reaction between the
SaC constructs and the biotinylated cells occurs immediately
upon mixing, so any biotinylated cell can be instantly
conjugated with a selected oligomer.
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Figure 2. Cell-encoding and assembly. Defined cell types are biotinylat-
ed and then addressed with distinct streptavidin (SaC)-conjugated
oligonucleotide sequences. The cells are then serially dispensed onto
an oligonucleotide-patterned slide, where each individual cell locates
to a single cognate spot.
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We created a human central nervous system co-culture
model by co-assembling neurons and astrocytes into designed
structures. We first separately demonstrated the spatially
selective capture of single astrocytes and single neurons.
Primary human astrocytes were encoded with ii’ DNA and
then incubated onto a 3 x3 DNA microarray. The astrocytes
localized only to the ii DNA spots (Figure 3a), with approx-
imately 27 % of those spots bound by one astrocyte each. The
fraction of spots bound by two astrocytes was larger (ca. 40 %)
because the astrocytes exhibited rapid division in culture and
they continued to divide following patterning (Figure 3a and
Supporting Information, Figure S1). Nonspecific binding of
cells to non-cognate spots or to other portions of the slide was
not observed. In a separate experiment, primary human
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Figure 3. Construction of human neuron-astrocyte assemblies. a) Pri-
mary human astrocytes were patterned onto oligonucleotide ii spots in
a 3x3 array. Consistent patterning is seen in the left (low-resolution)
image of 8 3x3 arrays; the right image shows a single array. Scale bar:
100 um. b) Primary human neurons were patterned onto oligonucleo-
tide iii spots on a 3x1 array. The fluorescent alignment marker spots
were generated by selective hybridization of fluorophore-labeled oligo-
nucleotides to oligonucleotide i spots. Scale bar: 50 um. c¢) Human
astrocytes (middle column) are patterned alongside human neurons
from (b) (left column). Scale bar: 30 um. Histograms depict the
distribution of cell loading per spot.

neurons were patterned onto the iii DNA spot of a 3x1
microrarray (consisting only of oligonucleotide sequences i, ii,
and iii as the capture sequences) to illustrate how densely cells
can be patterned (Figure 3b). A much higher percentage of
the DNA spots (60 % ) were bound by only one cell since the
neurons do not divide in culture. When reassessed after a
2 day incubation in 37°C media, neuronal processes were
observed to be actively growing, demonstrating cell viability.
Primary human astrocytes conjugated to ii’ DNA were then
incubated with the neuron-patterned slide and localized to
their cognate spots. Viability assays for those cells are
presented in the Supporting Information, Figure S1. Based
on cell morphology, it was clear that the astrocytes localized
to the ii DNA spots, while neurons remained on their original
iii DNA spots, with multiple rows of neurons and astrocytes
spaced 30 um apart (Figure 3c).

We also explored the construction of model pancreatic
tissues as an avenue toward engineering islets for type 1
diabetics. We created an islet construct that included mouse a
and [ islet cell lines patterned on the iii and ii DNA spots,
respectively, of a 3 x 1 microarray (Figure 4). The o and f cells
localized to their cognate DNA spots, typically averaging
around 1 cell per spot (ca. 67 % ofiii spots bound one a-cell; ca.
87 % of ii spots bound one f3 cell) (Figure 4a,b). For every 100
correctly patterned cells, only one cell bound nonspecifically.

We designated a fraction of our arrays for conducting
functional assays by hybridizing DNA conjugated anti-insulin
antibodies on spots adjacent to the patterned islet cells.
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Figure 4. Patterning of mouse a and f islet cells in 2 and 3
dimensions, integrated with assays for insulin production. a) Mouse a
cells are patterned on one array column, while a second column
(oligonucleotide i) was encoded with an immunoassay for insulin
production. No insulin is observed from the a cells. b) Similarly
patterned mouse f cells yield finite insulin signal (blue spots).

c) Integrated mouse a and f3 cells and insulin assays. d) Patterned a
and f cells encased within a 3D stack, with the buried layer of cells
slightly out of focus. e) Viability assay of islet cells within the hydrogel
construct shown in (d) after one week in 37°C media. Green
fluorescence is attributed to uptake of calcein AM in live cells. The
buried layer of cells is slightly out of focus. Scale bars: 30 um.

Insulin assays were done 2 days after cell assembly. The
insulin assays were developed with biotinylated secondary
antibodies followed by fluorophore-conjugated streptavidin.
The antibody squares fluoresced under confocal microscopy
only when [ cells (insulin-producers) were present (Fig-
ure 4a—c). This technique is amenable to multiplexed
secreted-protein assays from single cells due to the multiple
unique spots neighboring each cell.

Finally, we built 3D islet tissue constructs from our
patterned cells. Unlike in previous studies of cells encased and
stacked in UV-curable PEG hydrogel layers,®'¥ our pat-
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terned cells were chemically attached to the slide surface via
DNA hybridization, so it was not obvious that the cells could
be readily transferred into a gel. We found that after encasing
cells in such a hydrogel, the cell-laden gel layer could be
removed from the glass surface without disturbing the cell
pattern or damaging the cells. We aligned and stacked two
such hydrogel layers to create a model 3D islet tissue
construct (Figure 4d), though multi-layer structures can be
created in similar fashion. Viability of the encased cells, as
determined by calcein AM/ethidium homodimer (live/dead)
staining, was confirmed after incubation in 37°C media for
one week (Figure 4¢).

In summary, dense DNA microarrays were used for
multiplexed patterning of cells at single-cell resolution using a
novel DNA-encoding methodology. Two cell patterns, one
made up of two human CNS cell types (neurons and
astrocytes) and one consisting of two mouse pancreatic islet
cell types (o and f cells) were created, with this last pattern
extended into three dimensions through the transfer of
patterned cells into thin, stackable PEG hydrogel films. Cell
viability was confirmed in both patterns, and cell function was
established in the islet cell design through the on-chip
detection of insulin secretion. This platform is scalable and
can naturally accommodate the multiplexed patterning of an
expanded number of distinct cell types. This technology could
have applications for tissue-engineered implants, cell-based
assays, and fundamental studies of tissue microenvironments.
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