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We demonstrate a new method for creating synthetic tissue that has the potential to capture the three-
dimensional (3D) complexity of a multi-cellular organism with submicron precision. Using multiple

laminar fluid flows in a microfluidic network, we convey cells to an assembly area where multiple, time-
shared optical tweezers are used to organize them into a complex array. The cells are then encapsulated
ina 30 um x 30 um x 45 pm volume of photopolymerizable hydrogel that mimicks an extra-cellular
matrix. To extend the size, shape and constituency of the array without loss of viability, we then step to
an adjacent location while maintaining registration with the reference array, and repeat the process.

Using this step-and-repeat method, we formed a heterogeneous array of E. coli genetically engineered
with a Jac switch that is functionally linked to fluorescence reporters. We then induced the array using
ligands through a microfluidic network and followed the space-time development of the fluorescence to

evaluate viability and metabolic activity.

Introduction

Living tissue integrates three essential components—Iliving cells,
an extra-cellular matrix (ECM), and external signals—into
a complex array that dictates its function. The complexity of the
in vivo environment is defined, in part, by the social context that
develops from the tissue architecture: i.e. the distribution of the
various cell-types within the scaffold. Synthetic tissue strives to
emulate the complexity of the in vivo environment to elicit tissue-
specific features by controlling, among other things, the positions
of the cells and the cell-type on a scaffold that resembles the
ECM. There are a number of ways for controlling the cell posi-
tions and co-culturing two (or more) cell types on a scaffold
including microelectromechanics,® soft lithography,>* optical
tweezers,*> microwells,*” elastomeric stencils,® electrophoresis,’
and dielectrophoresis,'® and each have advantages and limita-
tions. All of these cell patterning techniques impose restrictions
on the substrate such as a special surface chemistry, or electrodes,
or optical transparency, efc. And none of these techniques have
shown the ability to assemble individual cells into precise,
repeatable, heterotypic configurations.

We have developed a strategy for creating synthetic tissue that
promises to capture the three-dimensional (3D) complexity of
a multi-cellular organism with submicron precision. To create
synthetic tissue, we exploit laminar fluid flow in a microfluidic
network*'? to convey cells to an assembly area where multiple,
time-shared optical tweezers"® are used to organize them into
a complex network. The assembled array is then encapsulated in
a photopolymerizable hydrogel, a synthetic scaffold with
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a nanostructure that mimics an ECM.' Prior work indicates that
prolonged exposure to the laser used to form the optical traps
damages cells and adversely affects viability.'>'® We assessed the
potential photodamage in E. coli using fluorescent proteins to
report on the cell’s gene expression and metabolic activity after
optical assembly and encapsulation in the synthetic scaffold. We
established that under optimum trapping conditions the
maximum radiation dose for 50% viability limits the exposure of
cell to about 12 min, restricting the assembly time and limiting the
maximum size of a single array. However, we show that is possible
to extend indefinitely the size and shape of an array using a step-
and-repeat methodology in which smaller microarrays of cells are
assembled using optical tweezers in less than 12 min, fixed in
individual, well-defined hydrogel microstructures, and then tiled
together into a significantly larger, well registered, super-array.

As a demonstration, we have created synthetic biofilms made
from multiple strains of bacteria. A biofilm shows many essential
aspects of tissue. It is a sessile community comprised of pheno-
types differentiated from planktonic bacteria in response to
environmental cues and quorum-sensing signals, all encapsulated
in a hydrated matrix of polysaccharides, proteins and exopoly-
meric substances-it is like a city of microorganisms.!” The
genetically engineered bacterial strains that we use to produce
a synthetic biofilm represent an especially stringent test of our
method for creating tissue because they are so small (2 pm x 0.5
um) and because, aside from their distinct reporter plasmids, the
phenotypes are practically indistinguishable.

Results and discussion
Array assembly

Tissue is comprised of different cell types, but without clear
morphological differences, sorting, organizing and assembling
the different types into tissue using just optical tweezers can be
problematic. So, to avoid mixing them, we convey E. coli
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carrying one of three plasmids coded Gl1, R1, and Y1 to an
assembly area using multiple laminar fluid flows in a microfluidic
device (like that represented schematically in Fig. 1(a)). The
plasmids allow either EGFP (enhanced green fluorescent
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Fig.1 Schematic diagram of a time-shared holographic optical trapping
apparatus and microfluidic conveyer. (a) Cells are manipulated using
time-multiplexed, 3D arrays of optical traps formed with infrared light
(red path) from a Ti:sapphire laser beam steered with two acousto-optic
deflectors and a spatial light modulator, and focused with a high N.A.
objective in a commercial optical microscope. The same microscope is
also used for imaging (yellow path) and UV exposure of the hydrogel
(blue path). (Inset) An example of a 2D 5 x 6 heterogeneous microarray
of G1 (green fluorescence) and R1 (red fluorescence) E. coli strains
embedded in hydrogel formed using this apparatus. The fluorescence
demonstrates the reliable sorting achieved using the microfluidic net-
work.(b) Cells are conveyed to the assembly area using a microfluidic
network: one cell type (red) flows on the right, another (green) flows on
the left, while the central channel is cell-free. The flow in the microfluidic
shown is 10 pL min~". The hydrogel is then formed in the clear channel to
avoid contamination. (c) Volume reconstruction obtained from confocal
image of the 4 x 4 microarray encapsulated inside an optimized hydrogel
spot.

protein), mRFPI (red fluorescent protein) or YFP (yellow fluo-
rescent protein) to be produced under control of the lac switch.
In naive cells, the lac repressor protein (lacl) binds to the
promoter region of the lac operon, preventing transcription, but
in the presence of an inducer such as isopropyl B-D-thio-
galactopyranoside (IPTG) the repressor structure is altered by
the inducer, preventing binding to the DNA and allowing
expression of the fluorescent protein. Based on increasing cellular
fluorescence, we can infer the activity of the cell’s metabolism
after the induction of gene expression. Fig. 1(b) is a micrograph
of the fluorescence observed in the microfluidic network using
multiple flows moving at a rate of 10 uL min~', carrying R1 cells
on the right and G1 on the left, that have been induced with
IPTG. Notice that the G1 and R1 strains do not mix in the
microfluidic due to the laminar flow: ie. the center channel
remains free of bacteria. Accordingly, it is practical to assemble
and organize the cells, capturing bacteria either one-at-a-time or
en masse from one or the other of the outer flows according to the
desired specifications of the array.

Using tweezers formed from the optics represented schemati-
cally in Fig. 1(a), we assembled heterotypic arrays of bacteria in
the central channel of the microfluidic as illustrated by the
microarray in the inset. The tweezers are formed from a contin-
uous wave (CW) Ti:Sapphire laser beam using a combination of
two different diffractive elements, acousto-optical deflectors
(AODs) and a spatial light modulator (SLM), to produce time-
shared holographic optical traps (HOTs). The position of each
trap can be controlled with £18 nm precision. The heterotypic
two-dimensional (2D) 5 x 6 microarray shown in the inset was
assembled from G1 and R1 strains using a time-averaged optical
power of ~4 mW per trap at a wavelength of A = 900 nm. The
multi-channel fluorescence image demonstrates the capability to
sort and assemble different cell types.

While optical trapping can be used to create vast networks of
cells resembling tissue, the trapping beam must still be held on
the cells to maintain the array. To minimize exposure to the laser
beam, we fixed the position of the cells semi-permanently’®*® in
a bio-compatible scaffold made from a photopolymerizable poly
(ethylene glycol) diacrylate (PEGDA) hydrogel. PEGDA
hydrogels are especially attractive for use as synthetic scaffolds
because the photopolymerization time can be relatively short
(~1-3 s)'° and it is porous,? allowing for transport of nutrients
to the cell and removal of waste.? Hydrogels have been shown to
maintain viability and activity of bioluminescent E. coli for up
two weeks without a change in the dose-dependent induction.*

Once an array like that shown in the inset to Fig. 1(a) is
assembled with optical tweezers, the pre-polymer solution in the
clear channel is exposed to UV light to form a gel as shown in
Fig. 1(c). Fig. 1(c) shows a volume reconstruction of a 2D 4 x 4
array of the G1 E. coli assembled using a time-averaged power of
~4 mW per trap at A = 900 nm and then encapsulated in an
optimized hydrogel spot. After encapsulation, the array and
hydrogel were stained with SYTO9 and rhodamine B respec-
tively and imaged using a laser scanning confocal microscope
(Leica). To achieve a hydrogel microstructure suitable for tiling
we explored the effects of the photo-initiator concentration;
PEGDA concentration; the UV power; wavelength; and expo-
sure on hydrogel size, array definition, and bacterial viability (see
ESIY). Based on this analysis, we chose to use a pre-polymer
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solution consisting of 3.4 kDa PEGDA dissolved at 8% (w/v)
in M9 minimal media with 0.1-0.2% (v/v) photo-initiator
(2-hydroxy-2-methyl-propriophenone). Hydrogel microstructure
definition was optimized at ~40 pW of UV power for exposure
times below 1.8 s. This combination affords a wide process
window for concentrations in the pre-polymer solution and
exposure conditions, accommodating changes in the UV lamp
intensity with time, efc. Viability in individual microarrays can be
as high as 95%-100% with optimal handling by tweezers. But
typically, with assembly times of 6-7 min, we expect the viability
to approach that of the control population (~85%), which sets
the target for viability in larger super-arrays (see Fig. 5 later).

To facilitate precise registration of neighboring arrays, and
minimize the distortion that occurs during polymerization,
a mask was inserted at the field stop of the Koéhler illumination
system (i.e. between L4 and L5 in the schematic shown in
Fig. 1(a)) to produce a square field of uniform intensity in the
focal plane of the objective.”® The resulting hydrogel micro-
structures are approximately square in the trapping plane,
however, they round quickly as the intensity falls along the optic
axis. The typical dimensions of the hydrogel were about 30 pm x
30 pm x 45 um (X, Y, Z) as shown in Fig. 1(c). The organization
of the array is well preserved during encapsulation, but the mean
change between the pre- and post-gelling position of the bacteria
was 1.2 pm. Since it is repeatable (see below) the deformation
that occurs could be compensated by pre-positioning the cells
appropriately. Shrinking the size of the illuminated area had little
effect on the size of the hydrogel microstructure, presumably due
to rapid free radical diffusion in the low viscosity pre-polymer.
Greater control over the size and definition of the gel can be
achieved: by reducing the molecular weight of the PEDGA,
increasing its concentration, increasing the photo-initiator
concentration, and reducing the oxygen concentration in the
prepolymer solution. However, these solutions can compromise
the bacterial viability.

t=0 min.

T=295 min.

3D array

To elicit tissue-specific features, synthetic tissue should mimic
not only the heterotypic environment, but also its 3D architec-
ture. Using time-shared HOTs in conjunction with microfluidics,
we assembled a 3D, heterogeneous living cell microarray in
hydrogel without loss of viability. Fig. 2(a—d) showa 3D 1 x 3 x
3 microarray comprised of two 1 x 3 rows of Y1 E. coli and one
row of 1 x 3 of R1 E. coli, each 1 x 3 array offset by 9 um along
the (Z) optic axis and 6 pm along the X-axis. The traps were
formed with a time-averaged power per trap of ~5 mW at A =
900 nm. To form this microarray, the AODs in Fig. 1(a) were
used to generate a single, linear 1 x 3 time-shared array, while
a phase-only hologram displayed on the SLM split the time-
shared beam into three components with different divergences to
create the 3D array,

The 3D nature of the array is indicated by the three distinct
focus conditions shown in Fig. 2(a—c) and explicitly shown in
a volume reconstruction from confocal data shown in the inset to
(d). For example, in Fig. 2(b) the camera focal plane is coplanar
with middle 1 x 3 array of Y1 cells located at Z = 9 pm, causing
the bottom array (Z = 0 um) to be over-focused and the top
array (Z = 18 pum) to be slightly under-focused. The limited
extent of the array along Z—the maximum range is about +20
um—is related to the trapping potential associated with the
optical tweezers* and the velocity profile in the microfluidic. To
trap in a higher velocity flow at mid-height in the microfluidic
requires more optical power, which adversely affects cell viability
(see below). The recent development of layer-by-layer micro-
fluidic approaches for creating biomimetic 3D structures suggests
that this is not a fundamental limitation for tissue synthesis.'"-'»?*

After assembly, the cells were encapsulated in hydrogel and
then induced (at r = 0) to express mRFP1 and YFP by broad-
casting 2 mM IPTG using a 0.05 pL min~' flow. Subsequently,
we followed the development of the fluorescence in each
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Fig.2 Gene expression in a heterogeneous 3D 3 x 1x3 microarray comprising R1 and Y1 E. coli. (a—c) Transmission micrographs with the focus at Z =
18 um, 9 um and 0 pm, respectively at # = 0 just prior to induction with IPTG. Two 1 x 3 arrays of Y1s are located at Z = 0 uym and 9 um, whilea 1 x 3
array of Rls is located at Z = 18 pm. IPTG, introduced through the microfluidic, triggers production of mRFP1 (red fluorescence) and YFP (yellow
fluorescence). At t = 295 min red and yellow fluorescence can be observed as illustrated by the fluorescence micrographs showing the red (top), yellow
(middle) and yellow (bottom) channels. (d) Volume reconstruction of the array based confocal data, demonstrating the 3D nature of the array. (¢) Time

development of the fluorescence for each cell in the array.
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individual cell in the array using time-lapse images; the results are
summarized in Fig. 2(e). The onset of red and yellow fluorescence
was observed at nearly the same time, about 100 min after
induction, indicating that mRFP1/YFP is being produced in the
cells trapped in the array. As time progressed beyond 100 min,
the fluorescent intensity increases monotonically and eventually
the cells start to replicate—an unambiguous sign of viability. But
as Fig. 2(e) shows, there are differences in gene expression among
the individuals in the array, presumably arising from stochastic
noise in otherwise identical cells. We attribute the differences to
variations in the initial plasmid copy number (~15), the indi-
vidual cell metabolism, and variations in the timing of cell divi-
sion. Thus, it should be possible to study stochastic effects in
a synthetic tissue element comprised of microarrays like this,
provided the number and architecture of the cells captures the
complexity of actual tissue.

A large array of viable cells with precise positional control is
indispensable for studying the relation of individual cells to their
community. But to use optical tweezers to create arrays with
more elements that capture the complexity of actual tissue, the
cells comprising the array would have to suffer extended expo-
sure to the trapping beam to allow for the increased time required
for assembly. We have already shown that it is possible to
produce arrays with >400 cells,®® but viability is adversely
affected by the long duration exposure to the beam (prior to
photopolymerization).'s

Fig. 3 summarizes the effect of the duration of exposure to
a time-shared optical trap on viability in 2D 5 x 5 microarrays of
G1 E. coli. Cells were exposed to a time-averaged power of ~4
mW per trap, and held (in the array) for times ranging form 4 to
15 min prior to encapsulation. After rinsing with M9, M9 con-
taining 2 mM IPTG was broadcast into the array at 0.1 pL min~'
flow. Live cells exhibited green fluorescence within about 100

L] L] 1] L]
wf  &.6 -
8o [ -
= .
= 60 -
-
] ..
g
> w0 F CONTROL(no laser) e
O sxsmicroaRRAY
20 [ b
1 L L 1 L L 1
0
0 4 8 12 16

DURATION OF EXPOSURE/min.

Fig. 3 Exposure to the optical trap beam has a deleterious affect on
E. coli viability. 2D 5 x 5 arrays of E. coli bacteria incorporating the
plasmid G1 were assembled with trapping times, ranging from 4 min to 15
min. (The zero minute datum shown in grey on the plot represents the
control with no exposure to the laser.) After induction the development
of the fluorescence was followed for 5 h before scoring. The viability
degrades linearly with the duration of exposure to the optical trap, with
the LDs, estimated at 12 min.

min. We scored the fluorescence from each element in the
different arrays after 5 h and found that the number of fluores-
cent cells decreases monotonically with increasing trap duration
from 100% viable at 4 min to less than 50% at 15 min. We found
a dose of ~720 s (12 min) to be lethal for about 50% of the array
population (LDs). Thus, photodamage presents a fundamental
limitation on the size of the array. This limitation is especially
crippling when assembling the array one cell at a time. Larger
arrays can be created by filling multiple traps simultaneously, but
this often results in capturing multiple cells per trap. Even if the
assembly process is automated,'® and the cell velocity between
the laminar flow and the final location in the array is increased,
viability is still likely to be a limitation since the power in the trap
has to be increased to compensate for the escape force due to the
viscous drag associated with a high velocity flow.

Step-and-repeat

Nevertheless, within the parameters defining the optical trap and
the hydrogel scaffold, it is still possible to extend the size, shape
and constituency of the array without compromising viability by
using a step-and-repeat methodology. Step-and-repeat involves
assembling a super-array of living cells out of a composite of
microarrays, each consisting of a small number of cells that are
assembled and encapsulated in hydrogel in <12 min so that
viability is not compromised.

To demonstrate the flexibility of this approach we assembled
a super-array of heterogeneous microarrays of E coli. Each
microarray is comprised of two regular 2 x 2 microarrays—one of
G1 and another of R1 cells—with elements spaced 4.3 pm apart.
The microarrays are assembled in <6 min with bacteria captured
from the two outer channels in the microfluidic. Adjacent
microarrays were spaced 30 pm apart (in X and/or Y), using
a motorized X-Y stage (Zeiss DC 4" x 4”) with 0.25 um step
resolution. Fig. 4(a) shows a bright field (transmission) image of
the array taken at = 0, just prior to induction with IPTG, while
Fig. 4(b) shows the corresponding fluorescence observed in the
same array 600 min later. The onset of fluorescence was observed
about 180 min after induction. After 10 h, we find that 75% of the
E. coli are still viable and in some cases have replicated.

Fig. 4(c) depicts the registration between neighboring micro-
arrays. The positions of the individual bacteria were determined
from brightfield images using a MATLAB particle tracking
routine.?” The deviation in the bacterial positions was measured
relative to the reference array. The mean displacement from the
expected positions was 300 nm, with a maximum displacement of
~900 nm, demonstrating that the tiling strategy is capable of
submicron resolution in a cell position. The repeatability of the
displacements between arrays indicates that the deformation
within an array is repeatable. Thus, the deformation that occurs
while gelling does not represent a limitation on registration
precision—it is possible to compensate for it by pre-positioning
the cells in the array.

This is the largest heterogeneous cell array ever synthesized
with such precision. And this same strategy can readily be
generalized to different architectures with multiple cell types and
3D without compromising viability or precision. Moreover,
arrays formed by step-and-repeat are highly reproducible and
allow for in situ single-cell analysis in a user-defined

This journal is © The Royal Society of Chemistry 2008

Lab Chip, 2008, 8, 2174-2181 | 2177


http://dx.doi.org/10.1039/B807987K

Downloaded by University of Illinois at Urbana on 27 August 2010
Published on 01 October 2008 on http://pubs.rsc.org | doi:10.1039/B807987K

View Online

(b)

(c)

60
. ® .« ©
. ® e o
. & s o
T RN OO
H]
<]
=
[77] . * e
2 @
o 20 . e e @
. P &
SNoRNNO
0
0 20 40 60

X-POSITION/um

Fig. 4 2 x 2 microarrays of G1 and R1 E. coli form a high precision, heterogeneous, 2 x 2 super-array. Gl and R1 E. coli were assembled in the same
microarray. Adjacent hydrogel spots are separated by 30 pm. (a) Bright-field image taken at # = 0 just prior to the broadcast of 2 mM IPTG to the super-
array using the microfluidic, and (b) Multi-channel fluorescent image of the same array taken 600 min later showing the development of GFP and RFP
fluorescence. All images were taken with a 100x objective with 1.3 N.A. 75% of the cells remain viable after 5 h as scored by the fluorescence. (c) Particle
tracking analysis of the bacterial array shows that the bacteria are aligned with submicron precision, + (blue) first (reference) encapsulated array, +
(black) subsequent arrays and O (red) projected positions of the second, third and fourth array. The numbers in the bottom right of each microarray

denote the assembly order.

microenvironment. In contrast, flow cytometry, which is
currently the standard method for single-cell fluorescent analysis
of large populations, cannot be used to measure the behavior of
individual cells in a social context over time. Flow cytometry is
a destructive measurement technique, requiring multiple samples
to be harvested to assemble a time-series, making it difficult to
examine how individual cells respond over time. Synthetic tissue
formed by step-and-repeat provides a platform for the long term
observation of individual cells in the social context of a large
array while maintaining control over their microenvironment.

Fig. 5 shows two super-arrays assembled using the same step-
and repeat methodology. Both super-arrays were assembled
from homogenous 4 x 4 microarrays containing G1 E. coli.
Fig. 5(a,i) and (b,i) show transmission images of the super-arrays
taken at # = 0, just prior to IPTG induction via the microfluidic;
Fig. 5(a,ii) and (b,ii) show the corresponding fluorescence images
of the same super-arrays taken 220 min and 270 min after
induction, respectively. Fig. 5(a,iii) and (b,iii)) show volume
reconstructions of each array. Scoring by the observed fluores-
cence, about 70% of the cells remain viable after 5 h in Fig. 5(a,ii).
The viability in the bottom row is noticeably reduced though and
these microarrays were the first to be assembled. We tentatively
attribute the diminished viability in this row to repeated exposure
to free radicals formed during photopolymerization. This
hypothesis is supported by a trend showing 51% viability in
a larger 4 x 4 super-array of 4 x 4 microarrays containing G1
E. coli that is described in the supplement.

To test this hypothesis, we formed a 3 x 4 super-array of
homogenous 4 x 4 microarrays, containing Gl E. coli, with
staggered rows and increased centre-to-centre spacing in each row
to 60 pm to promote convective flow between microarrays. The
gap between the microarrays is evident in the transmission
micrograph shown in Fig. 5(b,i). The dominant transport mech-
anism in the vicinity of the hydrogel is diffusion for low flow (with
Péclet number < 1), while convection dominates beyond the gel
boundary. Fig. 5(b,ii) shows the fluorescence from the super-array

270 min after induction. We find that 83% of the cells remain
viable, which is comparable to the control population (85%).
Presumably, free radicals generated by photopolymerization are
more effectively removed from each microarray in this geometry,
limiting the exposure of the surrounding microarrays.

Experimental
Genetically engineered bacteria

DHS5a bacteria (Invitrogen) were transformed with one of three
plasmids, G1, Y1 or R1. G1 carries an ampicillin resistance and
a medium copy (20-30 copies per cell) origin of replication
(pBR322). It has eGFP under the control of the /ac operon. Y1 and
R1both carry a kanamycin resistance gene and a medium copy (15—
25 copies per cell) origin of replication (p15a). They have YFP and
mRFPI, respectively, under the control of the /ac operon.

The transformed bacteria were grown in M9 (0.2% glycerol)
minimal media supplemented with 200 uM thiamine and 0.2%
(w/v) casamino acids with either ampicillin (100 pg mL™") or
kanamycin (100 pg mL ") as a selection marker. They were grown
overnight at 37°C, diluted 1 : 10 into fresh media, regrown at room
temperature, and harvested when they reached an optical density
(ODg33) 0f 0.6-0.7. The bacteria were then centrifuged twice at 800
g for 2 min. Between each spin cycle the supernatant was aspi-
rated, and the bacterial pellet re-suspended in M9 media. After the
final wash the bacteria were re-suspended in M9 (7% glycerol)
containing the photo-initiator, 2-hydroxy-2-methyl-propiophe-
none, at a concentration of 0.2% (v/v). Subsequently, the cell
suspensions were loaded into individual 1 mL syringes. The excess
glycerol in the media was used to balance the viscosity and density
of the fluids in each channel of the microfluidics.

Pre-polymer solution

Hydrogel pre-polymer solution consisted of PEGDA (MW =
3400 Da) (Laysan Bio) dissolved in M9 (0.2% glycerol) minimal

2178 | Lab Chip, 2008, 8, 2174-2181

This journal is © The Royal Society of Chemistry 2008


http://dx.doi.org/10.1039/B807987K

Downloaded by University of Illinois at Urbana on 27 August 2010
Published on 01 October 2008 on http://pubs.rsc.org | doi:10.1039/B807987K

View Online

Fig.5 Two super-arrays of G1 E. coli. (a) Nine homogeneous 4 x 4 microarrays of Gl E. coli forming a 3 x 3 super-array. (a,i) Transmission image of
the super-array at = 0, when IPTG is broadcast into the array via the micro fluidic. (a,ii) Fluorescence image of the same super-array 220 min later. The
images were taken a 40x objective with 0.95 N.A. 70% of the cells remain viable after 5 h. The viability of the bottom row in the 3 x 3 super-array, which
was assembled first, seems especially problematic. (a,iii) Volume reconstruction of the same super-array obtained from confocal images. (b) Twelve
homogenous 4 x 4 microarrays of G1 E. coli form a 3 x 4 super-array with staggered spacing. (b,i)Transmission image of the super-array at = 0, when
IPTG is broadcast into the array via the microfluidic. (b,ii) Fluorescence image of the same super-array 270 min later. About 83% of the cells remain
viable after 5 h. We attribute the improvement in viability relative to the super-array of part (b) to flow around the microarrays and a concomitant
reduction in exposure to free radicals formed during photopolymerization. (b,iii) Volume reconstruction of the same array obtained from confocal

images. The images were taken using a 50 ms exposure through a 40x objective with 0.95NA.

media to yield 8% (w/v) final concentration and the photo-initi-
ator, 2-hydroxy-2-methyl-propiophenone (Sigma), at a concen-
tration of 0.1-0.2% (v/v). The pre-polymer mixture was vortexed
for 1 min, and then loaded into 1 mL syringes. All the syringes
carry the photo-initiator to avoid creating a concentration
gradient that could affect the exposure conditions required for
polymerization of the hydrogel in the microfluidics. The cells
were not suspended directly in the pre-polymer to avoid the rapid
aggregation of bacteria that occurs in PEGDA. Before loading
with cells and pre-polymer, the microfluidic channels were pre-
loaded with degassed M9. Tubing was attached to each syringe
via a 23 gauge needle; it was then filled and the connected to the
microfluidics. Bubble merging between the tubing and the device
ensured that no bubbles were introduced to the system. The
syringes were placed in a syringe pump (Harvard Apparatus) and
the system was flushed for 5 min at 20 pL min~', to remove stray
cells produced during the loading process. To stabilize the system
at a suitable flow velocity for optical trapping the flow rate was
slowly reduced to 0.05 pL min~' over 2 min.

Microfluidics

We used multiple laminar fluid flows in a microfluidic device to
convey cells to an assembly area as illustrated in Fig. 1(a). The
microfluidic device consisted of a three channel Y-junction

similar to that shown in Fig. 1(b). The three entry-channels,
which are 200 pm wide, merged with an angle of 15° between
neighboring channels into a single 600 pm wide exit-channel. All
the channels were 200 pm in height. The microfluidic device was
formed from poly (dimethylsiloxane) (PDMS) using a mold-
casting technique. A master mold, generated using stereo-
lithography (FineLine Prototyping), is made of a DSM Somos
ProtoTherm 12120, a strong, high temperature tolerant plastic.
To detach the PDMS without tearing the device, the mold is
coated with a fluoropolymer, (Tridecafluor-1,1,2,2, Tetrahy-
drooctyl)-1-Trichlorosilane, using vapor deposition at 75 °C and
house (20” Hg) vacuum for 2 h.*® The PDMS, Sylgard 184
(Corning), base and curing agent are mixed (by volume) in the
ratio 5 : 1, to increase the mechanical rigidity of the device, and
degassed at house vacuum for 30 min. This mixture was poured
into the master mold, and then cured at 75 °C for ~2 h. After
cooling, the PDMS was peeled away from the mold, yielding
a piece of silicone with the inverse replica of the master mold.
Holes are punched in the silicone chip at the input and output
ports using a blunt syringe needle to allow tubing to be attached.
This device is completed by attaching the PDMS to a cover glass
(#1) using oxygen plasma; giving a system that is suitable for
both high-resolution imaging and optical trapping.

To enhance hydrogel adhesion, and prevent bacterial adhe-
sion, the internal surfaces of the microfluidic device are treated
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with a methacrylate silane, which will crosslink with the hydro-
gel. 3% Acrylate coatings have also been shown to prevent
bacterial adhesion in previous work.’' A 2% (v/v) solution of
3-(trimethoxysilyl) propyl methacrylate (Sigma) was made in
10 mL of 95% ethanol. The solution was adjusted to pH 5 using
50 pL of glacial acetic acid. 500 puL of this solution was pushed
through the microfluidic chip using a 1 mL syringe, and incu-
bated for 5 min at room temperature. The chip is then flushed
with 5 mL of deionized water and placed in an oven overnight at
75 °C. Finally, the chip is flushed with argon for 2-3 h at 5 psi, to
remove oxygen that inhibits free-radical polymerization.

Optical tweezers

Optical traps were formed, at a wavelength A = 900 nm using
a tunable CW Ti:Sapphire laser (Spectra Physics) pumped at 532
nm by a 10 W Nd:YVO, diode-pumped solid state laser (Spectra
Physics). Acousto-optic deflectors (AA-Optoelectronic), were
used to form time-shared optical traps from the single CW
Ti:Sapphire beam. Two orthogonally mounted AODs give
independent control of the x- and y-position of a trap, allowing
the formation of 2D microarrays of optical traps. All the
microarrays were generated with a dwell time of 10 usec at each
position. The time-shared beam can be further manipulated to
yield 3D optical traps using a SLM (Boulder Nonlinear Systems).
This electrically addressed nematic liquid crystal device acts as
a 256 level kinoform in the optical path. 512 by 512 pixel kino-
forms were calculated using the Gerchberg-Saxton algorithm.3?
The diffractive optical elements (AODs and SLM) are placed
in planes conjugate to the back aperture of the microscope
objective using relay lenses. The afocal optical system comprises
lenses L1 (f= 20 cm), L2 (f = 40 cm), L3 (f = 40 cm), L4 (f' = 40
cm). The focal lengths of lenses L1, L2, L3, and L4, and the
separation between them are chosen to ensure that deflections of
the beam produce only a change in the angle of the beam entering
the back aperture of the microscope objective. Typically, the cells
were trapped about 5 pm above the surface of the cover glass to
minimize spherical aberrations from the media. The laser power
was measured at the back aperture of the trapping objective, 1.3
N.A. 100x FLUAR (Zeiss) and corrected for the transmission
through the objective using transmission curves provided by
Zeiss.*® The transmission at A = 900 nm was approximately 68%.
Laser powers are quoted as time-averaged powers based on the
duty cycle (i.e. the number of traps) in the time-shared array.

EPI-fluorescence

An EXFO® metal halide light source is used for fluorescence
imaging and to generate the UV light needed to photo-polymerize
the hydrogel. The light generated by the lamp is focused using
a Kohler light train, as shown in Fig. 1, lenses L4 (= 40 cm), L5
(f=25cm), L6 (f=30cm)and L7 (Exfo collimator: §10-00022). A
dichroic mirror (Chroma) combines the UV/visible epifluor-
escence train and the near infared optical tweezers. A filter wheel
(Ludl) allows wavelength selection, and precise control of expo-
sure times. The power reaching the objective was controlled by an
iris contained within the EXFO® source.

Fluorescent proteins GFP/mRFP1 were imaged using filter sets
59022 GFP/mCherry (CHROMA), while YFP/mRFP1 was

imaged using filter set 69308 CFP/YFP/mCherry (Chroma).
Single band excitation filters were used in all cases and images
were captured on a cooled CCD camera (Hamamatsu). The
photo-initiator was excited using a 340 + 13 nm UV filter (Sem-
rock) which maximizes the efficiency of free radical generation
while minimizing the overall UV exposure. To control the shape of
the UV illumination field and the resulting gel spot, a square mask
(~5.6 x 5.6 mm) is placed in the field stop of the K6hler train. This
resulted in a uniformly illuminated 23 x 23 pm square in specimen
plane. UV power reported in Fig. S1(a—b)T was measured at back
focal plane of the objective. UV exposure and time-lapse imaging
was controlled by code written in LabVIEW (National Instru-
ments). The transmission of the Zeiss Fluar 100x objective used
for this work at 340 nm is approximately 75%.

Multi-channel assembly

Heterotypic microarrays of bacteria were assembled using a time-
averaged power of ~7.5mW per trap. All the trapping took place in
the immediate vicinity of the junction in the microfluidic between
the central and outer channels (flow rate of 0.05 pL min~'). Bacteria
were captured individually and placed into the time-shared array of
optical traps using a freely definable shepherd beam; time-averaged
powers in the array and shepherd beam were 7.5 mW and 22.5 mW
respectively. Cells were exposed to the shepherd beam for no more
than 10 s. Assembly of the 2 x 2 heterogeneous microarrays
required ~6 min per microarray: 1 minisused to organize one of the
bacterial strains constituting the microarray; 2-3 min are required
to traverse the central channel; another minute to trap and organize
the second strain in the microarray; and finally 1 min is used to
reach the final array site. Completed heterotypic microarrays were
pulled back into the central leg of the microfluidic and fixed in
asquare hydrogel microstructure using a 1.5 s duration exposure of
UV (38 uW at 340 + 13 nm). The microfluidic was reset by flushing
atarate of 20 pL min~' for 1 min; the flow rate was reduced to 0.05
pL min~'; and the process was repeated. Once the super-array was
complete the microfluidic was flushed through the central channel
with 5 mL of M9. M9 containing 2 mM IPTG (flow rate 0.2 uL
min ') was then used to trigger expression of fluorescent protein in
the bacteria. Fluorescence images of protein expression were
captured every 15 min for 12 h.

Homogeneous arrays were assembled in a similar manner with
the outer channels containing the same cell type. Bacteria from
both outer channels were used to assemble the super-array and
minimize the distance bacteria had to be translated to the
assembly area.

Confocal microscopy and image processing

Confocal microscopy was performed on a Leica SP2 (Leica
Microsystems). All confocal images were acquired using a 1.4
N.A. 63x oil immersion objective. Confocal image stacks were
processed in Imaris (Bitplane). Conventional fluorescence images
were processed using Image] (NIH), MATLAB (Mathworks)
and Imaris.

Conclusion

We have established that optical tweezers can be used in
conjunction with a microfluidic to sort and synthesize
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heterogeneous 3D microarrays of E. coli in hydrogel, but pho-
todamage due to the tweezers restricts the size of the micro-
arrays, especially if the cells are loaded one at a time. The LDs
for a ~4 mW time-averaged laser beam at A = 900 nm is about
720 s. Using a step-and-repeat method, viable microarrays
assembled in <720 s can form the basis for much larger arrays—
super-arrays—but viability in the super-array appears to be
compromised by repeated exposure of the cells to the free
radicals used to polymerize the hydrogel. However, by stag-
gering the microarrays within the super-array, diffusion of the
radicals between microarrays and the concomitant damage can
be avoided. Using this strategy, we have synthesized super-
arrays comprised of ~200 cells with submicron registration in
X, Y and Z without compromising viability measured relative to
the control population. Bacteria will escape from an optical trap
with a time-averaged power (<7.5mW per trap) if the trans-
lation velocity in the pre-polymer solution exceeds 8§0-100 um
min~' because of the viscous drag exerted by the liquid.
Consequently, the maximum area of the super-array is limited
by the duration of exposure at this velocity to about 350 x 350
um?.

Synthetic tissue this size could provide a platform for the
development of more complex in vitro assays. Such a platform
affords control of the cellular microenvironment and at the same
time allows for the examination of cells in a well defined social
context with single cell resolution to gain a deeper understanding
of cellular behavior in tissue. We demonstrated that it is possible
to create a synthetic biofilm. Assembling a synthetic structure
that resembles a real-world bacterial biofilm could be the key to
tuning the behavior of bacteria or discovering an antibiotic for
inhibiting infection—biofilms are involved in 60% of all infec-
tions.** Currently, a popular method for studying biofilms is
based on passing a bacterial suspension through a flow-cell to
which cells adhere and grow into a biofilm.3* A flow cell offers no
control of the architecture—only single species biofilms have
been studied so far. Moreover, the inability to assess the chemical
gradients or gradients of gene expression in a biofilm presents
another challenge to current research. Almost every study to date
uses DNA microarray or proteomic analysis of a biofilm pop-
ulation to take an average of the expression profile of the entire
population ignoring gradients. In contrast, using optical tweezers
in conjunction with a step-and-repeat method to create
a synthetic biofilm in a microfluidic provides control over the
architecture of the film (or any tissue), while still affording some
exogenous control of the microenvironment of the cell and the
chemical gradients in the film through the microfluidic device.
Thus, this new tool fills a niche in the continuum between the
complex and highly variable data provided by real-world models
and tissue samples and the reductionist in vitro cellular assay
data.
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