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Electroaddressing of Cell Populations by Co-Deposition

with Calcium Alginate Hydrogels

By Xiao-Wen Shi, Chen-Yu Tsao, Xiaohua Yang, Yi Liu, Peter Dykstra, Gary
W. Rubloff, Reza Ghodssi, William E. Bentley, and Gregory F. Payne*

Electroaddressing of biological components at specific device addresses is
attractive because it enlists the capabilities of electronics to provide
spatiotemporally controlled electrical signals. Here, the electrodeposition of
calcium alginate hydrogels at specific electrode addresses is reported. The
method employs the low pH generated at the anode to locally solubilize
calcium ions from insoluble calcium carbonate. The solubilized Ca>* can then
bind alginate to induce this polysaccharide to undergo a localized sol-gel
transition. Calcium alginate gel formation is shown to be spatially controlled
in the normal and lateral dimensions. The deposition method is sufficiently
benign that it can be used to entrap the bacteria E. coli. The entrapped cells
are able to grow and respond to chemical inducers in their environment. Also,
the entrapped cells can be liberated from the gel network by adding sodium
citrate that can compete with alginate for Ca>" binding. The capabilities of
calcium alginate electrodeposition is illustrated by entrapping reporter cells
that can recognize the quorum sensing autoinducer 2 (Al-2) signaling
molecule. These reporter cells were observed to recognize and respond to Al-2
generated from an external bacterial population. Thus, calcium alginate
electrodeposition provides a programmable method for the spatiotemporally
controllable assembly of cell populations for cell-based biosensing and for
studying cell-cell signaling.

throughput screening and biosensing.!"™!

Current methods to assemble cells at
specific addresses include; selective adhe-
sion of cells onto patterned 2D surfaces,*"
photolithographic polymerization to entrap
cells within 3D hydrogel networks,"*# and
printing methods that deliver cell suspen-
sions" or cell suspensions plus compo-
nents that promote gel formation.*>** In
addition, microfluidic devices have been
designed that enable addressing or immo-
bilization of cells within specific compart-
ments.>! Thus, a variety of novel meth-
ods have been developed to address and
cultivate cells in array and microfluidic
formats. Nevertheless, the search continues
for simpler, generic, less expensive and
more benign methods for cell addressing.
Traditionally, =~ microbiologists  have
employed  stimuli-responsive  hydrogel-
forming polysaccharides for cultivation
and these polymers are also being extended
to array and microfluidic formats. For
instance, agar is a thermally-responsive
polysaccharide that is routinely used in
microbiology and recently, cell arrays have
been printed onto!® or within agar

1. Introduction

Recent advances in genomics and proteomics relied upon the
development of methods for the spatially-selective coupling of
nucleic acids and proteins to specific “address” locations. There is
a similar interest in developing methods to assemble prokaryotic
and eukaryotic cells at specific addresses for applications that
range from fundamental study of cell-cell signaling to high

gels.2%31 Alginate is an acidic polysaccharide that forms a gel
in the presence of calcium ions. Calcium alginate gels are widely
used to entrap and immobilize prokaryotes and eukaryotic cells,
and recent research has extended the use of alginate to entrap
cells and nanoparticles at the microscale.**=*! In addition, cell-
(or nanoparticle:) containing alginate beads,?*™*! bars,*%
tubes,*’! and multi-lamellar films** have been generated in
microfluidic systems by controlling the contacting of streams
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containing alginate and calcium ions.*! Hydrogel-forming
polysaccharides may offer advantages for cultivation in array
and microfluidic formats since they are familiar surfaces/
matrices, they form gels under relatively mild conditions, and
gel-formation is reversible allowing the entrapped hydrogel
contents (e.g., cells) to be liberated intact.**?!

Here we report the electroaddressing of calcium alginate
hydrogels and the ability to entrap viable cell populations within
the electrodeposited films. Electroaddressing is particularly
attractive for assembly because it employs the capabilities of
microfabrication to create surfaces that can impose spatiotem-
porally-controlled electrical signals. To our knowledge, chitosan
was the first hydrogel-forming polysaccharide to be electro-
deposited."**™*¥) Mechanistically, the pH-responsive chitosan is
induced to undergo a sol-gel transition in response to the
localized region of high pH established at the cathode surface.**~
1 Once electrodeposited at the cathode, the chitosan hydrogel
film is stable in the absence of an applied voltage provided the pH
is retained above its pKa (~6.5; chitosan re-dissolves at pH below
its pKa). Recently, Cheong and Zhitomirsky®? reported the
anodic electrodeposition of alginic acid for the generation of
composite films. They proposed a mechanism in which the
localized low pH at the anode resulted in a neutralization of
sodium alginate to alginic acid and neutralization of this
polysaccharide resulted in gel formation. While this electro-
deposition method is appropriate for the generation of composite
materials, the low pH required to maintain the alginic acid gels
may limit its use for culturing cells. Here, we report an alternative
approach, the anodic electrodeposition of calcium alginate
hydrogels, and we demonstrate its use for the electroaddressing
of cell populations.

Scheme 1 illustrates the proposed mechanism for calcium
alginate electrodeposition. The deposition solution contains
soluble sodium alginate plus insoluble calcium carbonate
(CaCOs). Electrochemical decomposition of water at the anode
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Scheme 1. Mechanism for calcium alginate electrodeposition. The pH
gradient at the anode triggers calcium release from insoluble CaCO; and
this induces the localized gelation of calcium alginate at the anode surface.
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leads to a pH gradient with a locally high proton concentration
near the anode surface. This localized low pH triggers calcium
release by the “solubilization” reaction:

CaCO3; + 2H" — Ca’" + H,0 + CO, (1)

The acid-triggered Ca®"-solubilization reaction is further
driven toward completion by the removal of CO, into the gas.
The locally released Ca®" is then free to interact with the alginate
chainsP®37>% to generate the electrostatically-crosslinked hydro-
gel network.**

The goals of this work are to demonstrate calcium alginate
electrodeposition and illustrate the potential utility of this method
for the programmable and reversible assembly of cell populations
at specific electrode addresses.

2. Results and Discussion
2.1. Electrodeposition of Calcium Alginate

Initial evidence for the electrodeposition of calcium alginate is
provided in Figure 1. In this experiment CaCO; powder (10-pm
particles; 0.25%) was blended into a sodium alginate (1.0%)
solution and sonicated for 10 min. An ITO coated glass slide
(2.5cm x 1.0cm) was partially immersed into this deposition
solution and an anodic voltage was applied to achieve a current
density of 3A m™? (typical voltage is about 3.5V) for 5min (a
platinum film served as the cathode). These conditions yield a
thick deposit of calcium alginate. After electrodeposition, the ITO
slide was removed from the solution and rinsed briefly with NaCl
(0.1 M) solution, and then disconnected from the power supply.
The photograph in Figure 1a shows the deposited film is relatively
opaque (due to entrapped CaCOj5 particles) and contains several
trapped bubbles (due to the generation of CO, and O,). A side
view of this moist film is shown in Figure 1b, from which the
thickness can be estimated to be about 1 mm. When electro-
deposited films are sufficiently thick, they can be peeled from the
substrate as illustrated in Figure 1c. To provide evidence that the
film's opacity is due to entrapped CaCO; particles we immersed
the film in acid (0.1 m HCI) for 10 min. Figure 1d shows that the
acid-treated film is transparent due to the solubilization of the
CaCO3.

To demonstrate that the electrodeposition of calcium alginate
can be controlled, we electrodeposited films for various times.
After deposition, the films were air dried at room temperature for
24h and the film thickness was measured by profilometry.
Figure le shows an increase in film thickness with deposition
time. These results demonstrate that calcium alginate gels can be
controllably electrodeposited at the anode.

The spatial selectivity of calcium alginate electrodeposition was
next examined using the chip shown in Figure 2a, which
possesses two patterned gold electrodes (0.25 mm and 1 mm). To
facilitate visualization we added fluorescently labeled micro-
particles (1 um; 0.1%) into alginate-CaCO; suspension (1%
alginate; 0.25% CaCOs3). Deposition was performed by connect-
ing both electrodes to the power supply and applying an anodic
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Figure 1. Electrodeposition of calcium alginate gel on an ITO-coated glass slide. a) Front and
b) side views of a gel electrodeposited for 5 min at a current density of 3 A m 2. ¢) Calcium alginate
hydrogel peeled from the slide. d) Hydrogel after treatment with 0.1m HCl to solubilize entrapped
CaCO;. e) Thickness of dried calcium alginate films that had been electrodeposited for varying
times.

(b) (c)

1 mm

Figure 2. Spatial selectivity of calcium alginate electrodeposition on a patterned chip. a) The chip
is a silicon wafer with two patterned gold electrodes (0.25 mm and T mm width). b) Fluorescence
photomicrograph of electrodeposited calcium alginate gels with entrapped fluorescent micro-
particles. ¢) Confocal fluorescence image from the middle depth of the alginate gel with entrapped

partially immersed in this suspension and
an anodic voltage was applied to a current
density of 3A m™? for 2min. After electro-
deposition, the resulting gel was washed with
1.0% NaCl and hardened by immersion in
1.0% CaCl, solution for 30 min at 4 °C. The
slide with the entrapped cells was then
incubated with LB medium at 37 °C, and the
optical density was intermittently measured.
The growth curve in Figure 3a shows a steady
increase in optical density for the inoculated
gels, while a control film electrodeposited
without cells shows no change in optical
density. The photographs of the inoculated and
control alginate films in Figure 3b show an
obvious difference in optical density between
these hydrogel films.

The bright field image in Figure 3c was
obtained after incubating the cells for 7h in
the alginate gel. This image indicates that cell
growth is accompanied by the appearance of
20-30-pm colonies. Presumably the colonies
are the result of cell division that is spatially
confined to specific regions of the alginate
gels. No colonies were observed in the
inoculum or immediately after co-depositing
cells within the alginate gel (images not
shown). This observation would suggest that
the bacterial cells are entrapped and unable
to freely move through the calcium alginate

fluorescent microparticles.

voltage at 1A m™2 for 2min (a platinum film served as the
cathode). The fluorescence photomicrograph in Figure 2b shows
that fluorescence is observed on both electrodes and that
fluorescence is spatially confined in the lateral dimensions to
the electrode surfaces. The graininess of the fluorescence in
Figure 2b suggests that the microparticles are entrapped as
individual particles. To support this conclusion, we imaged the
internal region of the deposited film using confocal fluorescence
microscopy. Figure 2c¢ shows a fluorescence image from the
middle depth of the alginate film and indicates that the
microparticles are dispersed and entrapped throughout the gel
network. The results in Figure 2 demonstrate that calcium
alginate electrodeposition is spatially selective

in the lateral dimension.
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network (i.e., daughter cells are retained

near the mother). The results in Figure 3
indicate that E. coli can be co-deposited and entrapped within
calcium alginate gels, and that co-deposited cells remain viable
and are able to grow.

Next we examined whether co-deposited E. coli cells entrapped
within an alginate gel could be induced to express a foreign
protein in response to an externally-added inducer. In particular,
we used recombinant cells that express green fluorescent protein
(GFP) in response to IPTG induction. Using methods described
above, the cells were co-deposited with alginate and CaCOs,
hardened with CaCl,, and then incubated in LB medium at 37 °C
for 2h. After this initial incubation, IPTG (Imwm final
concentration) was added and the fluorescence of the gel was

(b)

With cell

and entrapping E. coli cells within electro-
deposited calcium alginate gels. The cells for
inoculation were initially cultured in LB
medium to an ODggq of 1.0 and then diluted
10-fold in a suspension of alginate and CaCOs3
(final concentrations; 0.9% alginate and
0.23% CaCOs). An ITO-coated slide was

“f:‘é-'h@mwv
) .
*«=’ InterScience*

CISCOYER SOMETHING GREAT

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

0.0

0 5 10 15 20 25 30
Time /h

Figure 3. Growth of entrapped E. coli cells co-deposited with the calcium alginate hydrogel.
a) Growth curve as measured by optical density for cells incubated at 37 °C. b) The photographs of
the inoculated and control alginate films after incubation for 24 h. c) Bright field image of cell
colonies (20-30 um) after incubation for 7 hours in the alginate gel.
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Figure 4. Induction of entrapped E. coli cells to express the green fluorescence protein (GFP).
a) Time course for the appearance of fluorescence after IPTG induction. b) Fluorescence

photomicrograph of induced E. coli cells entrapped within the alginate gel.

monitored. Figure 4a shows that 3h after adding IPTG, the
fluorescence began to increase and a nearly linear increase in
fluorescence was observed until 17 h. The control cells that had
been co-deposited but not induced by IPTG showed little change
in fluorescence during incubation. At the end of the experiment
the induced cells were imaged using a fluorescence photomicro-
scope. The image in Figure 4b shows that the fluorescence for the
induced cells appears to be spatially confined to small regions
(i-e., colonies) within the alginate gel. This spatial confinement of
induced cells within the alginate network is consistent with
observations in Figure 3c. The results in Figure 4 demonstrate
that entrapped cells can respond to their environment (i.e., they
can be induced).

Potentially, electroaddressing by calcium alginate electrode-
position provides a simple means to perform multiplexed cell-
based biosensing. To illustrate this capability, we performed the
experiment outlined in Figure 5a in which two different
populations of E. coli were electrodeposited and entrapped at

(a)

1 Deposition of RFP-
expressing cells

l Deposition of GFP-
m gxpressing cells

l Deposition of
alginate control

}

l Induction with
IPTG

Figure 5. Electroaddressing of two different E. coli populations to pat-
terned ITO electrodes (2-mm wide). a) Schematic illustrating the sequen-
tial co-deposition of cells that express RFP (left electrode) and GFP (middle
electrode) followed by the deposition of a control alginate gel (right
electrode). b) Photograph of patterned slide after sequential deposition.
¢, d) Fluorescence photomicrographs of the patterned slide after IPTG
induction using red or green filters. ) Composite image of red and green
fluorescence.
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separate electrode addresses of the patterned
ITO-coated slide in Figure 5b. We first co-
deposited RFP-expressing E. coli by immer-
sing the patterned slide in the cell-alginate—
CaCOj; suspension and biasing the left-most
electrode (3A m™2 for 2min). After washing
with NaCl, we next co-deposited GFP-expres-
sing E. coli by immersing the slide in a second
cell-alginate—-CaCO; suspension and biasing
the middle electrode. After rinsing with NaCl,
calcium alginate (without cells) was electro-
deposited at the right-most electrode (the
control electrode). This slide was incubated
in LB medium for 2h after which the IPTG
inducer was added and then the slide was
further incubated overnight for an additional
16 h.

The two images in Figure 5c and 5d are fluorescence
photomicrographs using individual red and green filters while
the image in Figure 5e is a composite image. These images
indicate that RFP-expressing cells are selectively confined on the
left electrode address while GFP-expressing cells are selectively
confined on the middle address. No fluorescence is visible on the
control electrode. This result indicates that there is little cross talk
between the three electrodes. Specifically, the cells are electro-
deposited at their specific address and do not substantially
migrate to other addresses during the 18 h experiment.

One advantage of using (bio)polymers that can undergo a
reversible sol-gel transition is that the entrapped cells can be
liberated from the matrix in response to external stimuli. For the
case of calcium alginate, the hydrogel network can be disrupted
by the addition of chemicals that preferentially bind calcium.*?
To demonstrate this ability, we co-deposited recombinant E. coli
onto a patterned ITO electrode (10mm x 2mm) and induced
these cells (with IPTG) to express GFP. After overnight
incubation, the slide was examined and the photomicrograph
of Figure 6a shows strong fluorescence at this electrode address.
To liberate the alginate-entrapped cells, we immersed the slide
in PBS buffer (100mm; pH 7.4) containing sodium citrate

100 pm

(a)

(b)

Figure 6. Liberation of calcium alginate entrapped cells using sodium
citrate. a) Alginate entrapped, GFP-expressing E. coli cells before
adding citrate. b) Partial dissolution of calcium alginate gel after 2 min
incubation with citrate. ¢) Nearly complete dissolution of alginate gel
after 5min incubation with citrate. d) Fluorescence image of liberated
cells.

) @WILEY .
InterScience*

GIScOVEN SOMETHING GREAT

2077

dadvd 1Ind



-
™
s
(-
-l
wd
=
™

www.afm-journal.de

(500mm) and applied gentle shaking. As (&) (b) (c)

illustrated in Figure 6b, the alginate gel began ~ Reporter cells  Al-2 Reporter cells Control cells

dissolving within 2min and dissolution was \b A (e \ o A2
nearly complete in S5min (Figure 6c). B o e WE e T Top Bz T

Figure 6d shows that the liberated E. coli
appear as individual cells (and not multi-
cellular colonies). These results demonstrate
that the alginate-entrapped cells can be
liberated intact by the addition of sodium
citrate that can bind calcium.

2.3. Signaling Between Entrapped and
Suspended Cells

In a final set of experiments we examined the
ability of the alginate entrapped cells to
communicate with a cell population outside
the alginate network. Specifically, we tested the
cell-cell communication system associated
with bacterial quorum sensing. This system
is mediated by small signaling molecules known as autoindu-
cers®>% that are synthesized and secreted by bacteria, and later
“sensed” by neighboring cells of the same or different species
depending on the particular niche. Quorum sensing leads to
changes in gene expression and cell phenotype, with a transition
from single cell behavior to coordinated multicellular behavior.
For instance, autoinducers have been implicated in controlling
the virulence of the pathogenic E. coli 0157:H7.°%%" In our
studies, we examined MDAI2 E. coli which was unable to
synthesize autoinducer 2 (AI-2) because we deleted its terminal
synthase gene, luxS. We also employed a novel reporter strain,
MDAI2 (pCT6+pET-GFPuv), which was engineered to respond to
Al-2 by expressing GFP.
In our initial experiment we electrodepos-
ited MDAI2 (pCT6-+pET-GFPuv) reporter cells

presence of Al-2.

MDAIZ2(pCT6+pET-GFPuv) MDAI2(pCT6+pET-GFPuv)
with added Al-2

100 um 100 pm 100 pm

MDAI2

without added Al-2 with added Al-2

Figure 7. Alginate entrapped reporter cells that respond to autoinducer 2 (Al-2) by expressing
GFP. a) Fluorescence image of alginate-entrapped reporter cells (MDAI2(pCT6+pET-GFPuv))
incubated with added Al-2. b) Control of alginate-entrapped reporter cells incubated in the
absence of Al-2. ¢) Control of alginate-entrapped non-reporter cells (MDAI2) incubated in the

line that can detect externally added AI-2 and respond by
expressing GFP.

In our final experiment, we electrodeposited MDAI2
(pCT6+pET-GFPuv) reporter cells in the calcium alginate gel.
These entrapped cells were then incubated in 2 mL LB medium
and a second culture, BL21 E. coli, was inoculated into the liquid
phase (2 pL of BL21 ODggo = 3.9). The liquid phase BL21 E. coli
can produce and secrete Al-2 and should be able to signal to the
entrapped reporter cells that can detect and respond to AI-2.
These co-cultures were incubated at 26°C for 16h. The
fluorescence photomicrograph in Figure 8a shows that the
entrapped reporter cells became fluorescent in this co-culture.
The first control in Figure 8D is a co-culture of entrapped MDAI2

in the calcium alginate gel. These entrapped (a) (b) (c)
cells were then incubated in 2 mL LB medium  Reporter cells ~ Al-2 Reporter cells Control cells Al-2
containing 200 p.L of a solution obtained from : BL21
aning 2l ota sou Hned tr e BL21 luxS |
the in vitro synthesis of AI-2. After incubation L e e | e e EEy o 4
at 26°C for 16h, the entrapped cells were e A
e B m X R e S

imaged using fluorescence photomicroscopy.
Figure 7a shows considerable GFP fluores-
cence for these entrapped reporter cells which
indicates that they are able to respond to the
added AI-2. One control in Figure 7b is
entrapped MDAI2 (pCT6+pET-GFPuv) repor-
ter cells incubated with LB that lacked AI-2
addition. As expected, no GFP fluorescence is
observed in the image for this control. A
second control in Figure 7c is entrapped
MDAI2 cells that are neither able to synthesize
AI-2 nor respond to AI-2 by expressing GFP.
As expected, incubation of these entrapped
cells with AI-2 does notlead to the induction of
GFP as evidenced from the image in Figure 7c.
The results in Figure 7 indicate that MDAI2
(pCT6+pET-GFPuv) is a useful reporter cell

L
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MDAI2(pCT6+pET-GFPuv) MDAI2(pCT6+pET-GFPuv)

MDAI2

BL21 luxS- co-culture BL21 co-culture

Figure 8. Signaling between alginate-entrapped reporter cells and an external cell population.
a) Fluorescence image of alginate-entrapped reporter cells (MDAI2(pCT6-+pET-GFPuv)) co-
cultured with BL21 E. coli that can synthesize and secrete Al-2. b) Control of alginate-entrapped
reporter cells co-cultured with BL21 [uxS™ E. coli that lack the ability to synthesize and secrete Al-2 c)
Control of alginate-entrapped non-reporter cells (MDAI2) co-cultured with BL21 E. coli.
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(pCT6+pET-GFPuv) reporter cells with a BL21 JuxS knockout
strain in the liquid phase. This BL21 luxS knockout strain is
unable to synthesize AI-2 and thus should be unable to generate
the quorum sensing signaling molecule to induce GFP
expression in the entrapped reporter cells. As expected, the
fluorescence photomicrograph in Figure 8b shows no fluore-
scence for the entrapped reporter cells in this control. The second
control in Figure 8c is a co-culture of entrapped MDAI2 (unable to
synthesize AI-2 or express GFP in response to Al-2) and
liquid phase BL21 which can synthesize AI-2. As expected,
Figure 8c shows no fluorescence in this control. The results
in Figures 7 and 8 indicate that the entrapped reporter cells
are capable of reporting the presence of the AI-2 signaling
molecule.

3. Conclusions

We report the electrodeposition of calcium alginate hydrogel
films in response to an anodic signal (i.e., a pH decrease) that
triggers a localized release of calcium. Electrodeposition is
achieved under sufficiently mild conditions that bacterial cells can
be entrapped without destroying viability. The entrapped cells
were observed to grow and respond to their environment (i.e.,
they could be induced). In addition, because gel formation is
reversible, the entrapped cells can be liberated from the gels by
the use of agents (i.e., citrate) that out-compete alginate for
calcium binding.*"*? Potentially, this work is significant because
it provides a reagentless method to electroaddress and entrap cells
within a benign calcium alginate matrix. Calcium alginate
hydrogels are routinely used for microbiological cultivation and
are often considered for tissue engineering scaffolds.®¢* We
anticipate that this simple, rapid, and benign method for the
programmable electroaddressing of cell populations could have
broad applications for cell based biosensing in array or
microfluidic formats.

The results with the quorum sensing reporter cells indicate
that the alginate entrapped cells can “communicate” with
external cell populations. Co-deposition with calcium alginate
provides a convenient means to spatially segregate one population
of cells (e.g., reporter cells) while allowing communication
with co-cultured populations through diffusible signaling
molecules. Thus, calcium alginate electrodeposition may
provide a convenient experimental method for studying cell-cell
signaling.

4. Experimental

The following materials were purchased from Sigma-Aldrich: sodium
alginate from Macrocystis Pyrifera (medium viscosity), calcium carbonate
power (10 um), CaCl, pellets, phosphate buffered saline(PBS, pH 7.4),
isopropyl g-D-1-thiogalactopyranoside (IPTG), FITC-labeled microparticles
based on melamine resin (1wm), and indium tin oxide (ITO)-coated glass
slides (surface resistivity 8-12Q sq™"). Luria-Bertani (LB) medium was
purchased from Acros. Silicon wafers were patterned with gold using
standard photolithographic methods as previously described [64].

Initial electrodeposition studies were performed using either ITO-
coated slides or patterned silicon chips as anodes, and a platinum film as
the cathode. The deposition solution was prepared by suspending CaCOs
powder (10-pm particles; 0.25%) into a sodium alginate (1.0%) and
sonicating for 10 min. For deposition with ITO-coated glass slides, the

Adv. Funct. Mater. 2009, 19, 2074-2080
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slides were partially immersed in the deposition solution and an anodic
voltage was applied to achieve a current density of 3 A m 2 (the deposition
time was varied). To measure thickness of the electrodeposited calcium
alginate, the ITO-coated slide was dried in air for 24 h and measured using
a profilometer (Alpha-step 500 Surface Profiler, TENCOR Instruments). To
examine the spatial selectivity for electrodeposition, FITC-labeled micro-
particles (1-um particles, 0.1%) were blended into the deposition solution
and deposition was performed using a chip with patterned gold electrodes.
For deposition, the chip was partially immersed in the deposition solution
and an anodic voltage was applied for 2 min to achieve TA m~2 (a lower
current density was used to prevent destruction of the gold electrodes). The
microparticle-containing films deposited on the patterned electrodes were
imaged using a Leica fluorescence microscope (MZFL I1l) connected with a
digital camera (spot 32, Diagnostic Instrument).

Several E. coli strains were examined in this study. Strains that express
green fluorescent protein (GFP) and red fluorescent protein (RFP) in
response to IPTG induction were described elsewhere [65]. These strains
were cultured in LB medium containing 50 g mL™" kanamycin and 34 g
mL~" chloramphenicol. Several strains were examined that have altered
abilities to recognize and respond to the quorum sensing autoinducer-2
(A1-2) (molecular biological details of these constructs will be published
separately). Briefly, E. coli MDAI2 is a luxS knockout strain that is unable to
synthesize Al-2 [66]. MDAI2 (pCT6+pET-GFPuv) is obtained by transform-
ing MDAI2 with two plasmids to enable this strain to respond to
exogenously-added Al-2 by expressing GFP. E. coli BL2T (Novagen) was
used in co-culture experiments and this strain can produce endogenous
Al-2. The [uxS knockout mutant, E. coli BL21 luxS™ [67], is unable to produce
Al-2.

In vitro Al-2 was synthesized using a procedure described previously
[68,69]. Briefly, 1mm S-adenosylhomocysteine was reacted with the two
purified enzymes Hise-Pfs and Hisg-LuxS in 50mM Tris-HCl (pH 7.8)
at 37 °C for 4h. The conversion was estimated to be about 60% based on
the quantification of free thiols by DTNB (5,5-Dithiobis (2-nitrobenzoic
acid) [67].

To co-deposit the E. coli strains, the cells were initially cultured in LB
medium to an optical density at 600 nm (ODggo) of 1.0 and then diluted
10-fold into an alginate-CaCO; suspension that had been previously
autoclaved. ITO-coated glass slides that had been sterilized with ethanol
were partially immersed into the cell-alginate—~CaCO3 deposition solution
and an anodic voltage was applied for 2 min to achieve a current density of
3A m 2. After deposition, the slides were washed with 1.0% NaCl and the
alginate gel was hardened in 1.0% CaCl, solution for 30 min at 4 °C. The
alginate entrapped cells were incubated in 2mL LB medium and various
additions were made as described in the text. Various methods were used
to examine the entrapped cells: optical density was measured using a
spectrophotometer (DU640 Beckman); fluorescence was quantified using
a fluorescence microplate reader for alginate films that had been peeled
from the slides (SpectraMax5, Molecular Devices); bright field images were
obtained using a confocal microscope (I1X81-DSU, Olympus); fluorescence
images were obtained using a fluorescence microscope (BX-60, Olympus
or MZFL Il Leica) and a scanning confocal laser microscope (Zeiss LSM
510 with an Ar laser at 488 nm).
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