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Intercellular communication is a ubiquitous phenomenon across all domains of life,
ranging from archaea to bacteria to eukarya. In bacteria, this is often achieved using
small molecules that allow bacteria to sense and respond to environmental cues about the
presence, identity, and number of neighboring bacteria. This confers survival and
competitive advantages to bacteria by providing a coordinated, population-scale response
to a given stimulus in the environment.

This dissertation describes the development of a microfluidic system for
immobilizing and culturing of cells that also enables control over the genetic composition
of the bacteria and their subsequent response to environmental stimuli via a new nonviral
nucleic acid delivery mechanism. This nonviral nucleic acid delivery occurs outside the
parameter space of traditional nonviral nucleic acid delivery methods such as
electroporation and chemical transformation. The bacteria are immobilized in an optically
clear alginate hydrogel which simulates the physical and chemical environment normally

experienced by bacteria in a biofilm.



Complementing the microfluidic cell culture work, surface enhanced Raman
spectroscopy (SERS), a label-free vibrational spectroscopic technique that lends itself
well to use in aqueous systems, was used to detect bacterial signaling molecules. SERS
was performed with three different examples of bacterial communication molecules: the
universal quorum sensing molecule autoinducer-2 (AI-2), the species-specific
Pseudomonas Quinolone Signal (PQS), and the stationary phase indicator molecule
indole. SERS substrates were formed by galvanic displacement, a substrate fabrication
method that can be adapted to many SERS applications.

Taken together, these new sensing modalities represent a step toward developing
systems that allow researchers to investigate, understand, and ultimately control a cell’s

response to its environment.
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Chapter 1: Introduction and Motivation

This chapter will provide a brief introduction to the field, describe the overall motivation
for the work, and provide some context for the research detailed in this dissertation. Each
chapter is designed to be relatively self-contained, with an abstract, introduction, and
experimental section preceding the results and discussion to provide appropriate

background and context.

Introduction

Intercellular communication is a ubiquitous phenomenon across all domains of life,
ranging from archaea to bacteria to eukarya. In bacteria, one such communication process
is called “quorum sensing”. Quorum sensing confers survival and competitive advantages
to bacteria by providing a coordinated, population-scale response to a given stimulus in
the environment. Two quorum sensing related behaviors that are of immediate interest
and relevance to the biomedical and clinical communities are biofilm formation and
production of virulence factors[1].

Biofilms are communities of bacteria that adhere to a surface through a sticky
extracellular polymer matrix composed primarily of polysaccharides, but also
incorporating proteins and nucleic acids. This extracellular polymeric substance, as it is
called, protects the enclosed bacteria from a host’s immune response, and slows diffusion
of drugs such as antibiotics through the biofilm[2]. Biofilms can form on almost any
surface, and the CDC estimates that biofilms are present in almost two thirds of all

bacterial infections[3]. This places additional financial and manpower burdens on an
1



already stressed healthcare system in the United States. In addition to the direct costs
incurred from extended hospital stays, additional treatment by doctors and nurses, these
infections require higher doses of more powerful antibiotics[2], indirectly leading to
increased antibiotic resistance. Given the high cost and diminishing returns of producing
new antibiotics relative to other possible drug candidates, pharmaceutical companies
have increasingly shied away from developing new antibiotics. Without addressing this
problem, this portends an untenable situation in which the current healthcare system
applies selective pressures toward increased antibiotic resistance in bacteria while fewer
and fewer new antibiotic treatments are developed and commercialized, leading to a
potential crisis in the medical community.

In recent years, several research groups have begun to address this problem by
researching the quorum sensing mechanisms that modulate biofilm formation and
virulence factor production. The main hypothesis behind this approach is that
understanding quorum sensing pathways and phenomena will allow researchers to design
new drugs and strategies to interrupt and “rewire” quorum sensing, preventing invading
bacteria from reaching a population density high enough to induce biofilm formation or
virulence factor production. This would allow a host’s immune system to clear the
infection before it progressed to a stage where antibiotics were needed, with the added
benefit of not applying a selective pressure on the bacteria toward those mutants immune
to the effects of the autoinducer molecules that govern quorum sensing behavior. By

avoiding the most common antibiotic mechanisms (e.g., inhibiting the formation of cell



walls, protein synthesis, or DNA synthesis), resistance to these new drugs and methods
should not arise as quickly if at all.

However, the autoinducers that govern these cooperative behaviors tend to be
small molecules or oligopeptides[1] with relatively limited methods for detection.
Intrinsic fluorescence is minimal in the vast majority of the autoinducer-1 (AI-1) and
autoinducer-2 (AI-2) families of compounds, and would be indistinguishable from other
amino acid fluorescence in the case of the autoinducing peptide (AIP or AI-3) family of
oligopeptides. Researchers have used molecular biology and genetic engineering
techniques to circumvent this limitation by introducing genes for the production of
fluorescent proteins into the operons that govern the synthesis, sensing, and transduction
of the autoinducers, but this technique too has its own limitation. Fluorescent proteins
take time to be synthesized, to fold properly, and to develop the fluorophore that gives
them their fluorescence. In the case of the most commonly used fluorescent protein,
green fluorescent protein (GFP), the folding and maturation time has been estimated to be
on the order of 1.5 to 2 hours, which is effectively 2-4 generations of bacteria. Other
methods that have been developed to detect autoinducers are offline methods that can
take hours to perform. A label-free detection method would provide a higher resolution
picture of quorum sensing dynamics, and allow for researchers to fine-tune their

approaches and develop new experiments to better understand bacterial quorum sensing.



Motivation
The initial motivation for this work was to develop a microfluidic system that would
enable researchers to immobilize cells at specified points in a microfluidic device and
detect signaling molecules produced by one population as they traveled to another
population of cells, shown schematically in Figure 1-1. This would give researchers a
way to detect and better understand the signaling phenomena that can lead to increased
virulence factor production and antibiotic resistance. This could potentially have
downstream implications in monitoring and treatment of opportunistic pathogenic
bacteria that form biofilms and communicate via quorum sensing, such as Pseudomonas
aeruginosa in the case of patients with cystic fibrosis[4].
We had originally envisioned using a label-free detection method for these molecules,
because the development of a system capable of the label-free detection of autoinducers
would be a significant improvement over current technologies. A label-free method offers
researchers a more accurate picture of cellular processes than a method requiring a label.
Labeling methods, most commonly exemplified by fluorescent labeling of molecules
using reactive esters of fluorophores, introduce a new variable into the system under
study. Given that fluorophores tend to be bulky aromatic molecules, this can change the
physicochemical properties of the molecule under study, potentially leading to less
accurate results. Furthermore, a label-free detection system has the potential to be more
broadly applicable than a specific label, making this useful to other researchers as well.
Powerful analytical techniques such as chromatography, mass spectrometry, and

enzymatic methods tend to be limited to ex situ analyses. A sample must be collected and
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Figure 1-1. Schematic overview of the original proposed device. Two populations of cells, a “transmitting”
population that produces an intercellular signaling molecule, and a “receiving” population that senses and
responds to the signaling molecule. In between the populations is a detection site, which is excited by a

laser in this case for surface enhanced Raman spectroscopy.



prepared prior to being analyzed by these methods. This adds time and complexity to the
analysis while possibly disrupting the system during the sampling process. By using a
surface enhanced vibrational spectroscopy, which is inherently label-free, in conjunction
with transparent packaging materials, this system would provide a significant
improvement in spatial and temporal resolution of intercellular signaling phenomena,
allowing for near real-time monitoring and spatial resolution governed by the substrate
and microchannel geometry. Surface enhanced vibrational spectroscopies, such as surface
enhanced Raman spectroscopy (SERS) have the added advantage of not requiring an
affinity molecule of some sort, as many other label-free methods do. This system would
be applicable to detection of other molecules beyond autoinducers, and could readily be

combined with other cell culture systems beyond model bacterial biofilms.

Research context
To achieve our goal of integrating cell culture and in situ detection in microfluidics, we
needed to develop three main technologies:
1. A method to immobilize populations of cells at a desired point in space and time
2. A method to control a cell’s response to a chemical signal in its environment

3. A label-free method to detect intercellular signaling molecules

Cell immobilization
The ability to put a specific thing in a specific place at a specific time opens up a plethora
of experimental possibilities. Our work within the Maryland Biochip Collaborative has

focused on the integration of biological molecules with microfabricated devices to do just
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that. In fact, techniques developed within the Biochip Collaborative detail the
electrodeposition of populations of cells within a calcium alginate hydrogel, as well as
the underlying chemical mechanism responsible for this process[5-7]. However, the
technique involves creating a hydrogel laden with CaCOs particles, which block light
transmission, leading to a system in which bright field optical microscopy does not allow
a researcher to obtain information about the state of the cells in the hydrogel, and
fluorescence microscopy is limited to a small segment of the hydrogel.

In Chapter 2, we describe a technique that allows for the entrapment of cells in a
calcium alginate hydrogel that is optically clear- no CaCOj; particles are present in the
layer containing the cells. This enables a researcher to use both optical and fluorescent
microscopies to observe and interrogate cell populations. It also enables the use of
confocal microscopy to image the entirety of the gel, giving a 3D picture of cell behavior

throughout the gel.

Cell response to environmental signals

While not explicitly required in the “immobilize cells and detect signaling” paradigm, the
ability to control a cell’s response to a specific environmental signal can help immensely
in debugging the proposed experimental system. This is traditionally done ex situ using
molecular biology methods that have been developed and optimized over the last three to
four decades. Controlling a cell’s response to an environmental signal has uses above and
beyond the initial motivation of detecting cell signaling- cells can have altered sensitivity

to a specific molecule, or a sensitivity to a molecule can be introduced where it did not



exist before, effectively “teaching” a cell to speak a new “language” [8, 9]. This process
is a mainstay of modern biotechnology and synthetic biology, and is used extensively
within the research of the Maryland Biochip Collaborative.

In Chapter 3, we describe a new way to deliver DNA to a population of bacteria
while simultaneously immobilizing them in a calcium alginate hydrogel. In fact, the
method is directly adapted from our previous work electroaddressing populations of cells
at specific sites. This allows researchers to not only control where and when they put

something somewhere, but also control how it responds to a specific environmental cue.

Label-free detection method
Raman spectroscopy is a form of vibrational spectroscopy that allows a researcher to get
a vibrational “fingerprint” of a molecule without the need to label it with a fluorophore or
affinity molecule (e.g. an antibody). It is a powerful analytical technique but is hindered
by relatively low signal. This limitation is often overcome by using surface enhanced
Raman spectroscopy (SERS), a technique that takes advantage of the interaction of
photons with nanoscale metal features, resulting in an enhancement of the Raman signal
by several orders of magnitude. SERS also offers the advantage of requiring little to no
sample preparation prior to spectrum acquisition. These characteristics made it a
promising sensing method to detect intercellular signaling molecules.

In Chapter 4, we describe the development of a simple and inexpensive SERS
substrate fabrication method based on a reaction called “galvanic displacement” that

provided good enhancement of Rhodamine-6G (R6G), a popular SERS probe molecule



due to its large Raman cross-section. We demonstrate the utility of this method to form
highly enhancing nanoscale metal features on a number of surfaces, including that of a
penny and a dime. We also describe an exciting result that indicates that galvanic
displacement, normally a highly variable and random process, may be made more
reproducible by controlling the oxide layer defects on the surface through which the
nanoscale metal features form.

This SERS substrate fabrication method is also amenable to formation under fluid
flow conditions, which would enable the on demand fabrication of SERS substrates
within a microfluidic device. We designed and fabricated microfluidic systems that
would allow us to test this, and attempted to detect 1 puM R6G flowing over the substrate
formed in the microfluidic channel. Figure 1-2 shows the result, comparing first the
SERS spectrum from 1 uM R6G on a substrate formed on a penny (Figure 1-2a) and then
showing the spectrum from inside the device (Figure 1-2b). The loss of two orders of
magnitude worth of signal-to-noise ratio (SNR) for one of the best SERS probes meant
that in situ detection of signaling molecules was effectively doomed using these
substrates formed by galvanic displacement.

Chapter 5 details our attempts to detect three classes of intercellular signaling
molecules: the AI-2 family of molecules, Pseudomonas quinolone signal (PQS), and
indole. We had success with detecting AI-2 using SERS, which represents a step in the
right direction for monitoring intercellular communication using label-free detection
methods. However, we were unsuccessful in using these specific SERS substrates to

detect these signaling molecules under physiologically relevant conditions. The results
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described herein will help to inform future label-free detection methods for intercellular

signaling molecules.
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Figure 1-2. Comparison of ex situ and in situ SERS spectra of 1 uM Rhodamine-6G. a) Ex situ spectrum
acquired on galvanic displacement substrate. b) /n sifu spectrum acquired on galvanic displacement
substrate in microfluidic device with a flow rate of 100 pL/min. Abbreviations: R6G: Rhodamine-6G,

PDMS: polydimethylsiloxane (from microfluidic device), MeOH: methanol (R6G solvent).
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Chapter 2: Optically Clear Calcium Alginate Hydrogels for
Localizing, Observing, and Interrogating Populations of

Cells

Note: The contents of this chapter were primarily reproduced directly or adapted from
Betz, J. et al., Optically clear alginate hydrogels for spatially controlled cell entrapment

and culture at microfluidic electrode surfaces, Lab on a Chip, 2013. 13: p. 1854-1858,

with permission.[10]

Chapter abstract

This chapter describes an innovation in the immobilization, culture, and imaging of cells
in calcium alginate within microfluidic devices. This technique allows unprecedented
optical access to the entirety of the calcium alginate hydrogel, enabling observation of
growth and behavior in a chemical and mechanical environment favored by many kinds
of cells. Applications are demonstrated in the immobilization of multiple cell types and

the use of this technique for studying quorum sensing phenomena in bacteria.

Introduction

The ability to culture a wide variety of cell types is increasingly important to the
microfluidics and lab-on-a-chip community[11], and careful selection of the cells’
supporting material is essential[12]. The mechanical and chemical environment in which
a cell is cultured is critical to a cell’s ability to grow and thrive[13]. A calcium alginate

12



hydrogel has been demonstrated to provide the mechanical and chemical environment
necessary to support cell growth in a wide variety of cell types[14, 15], including
bacterial, yeast, insect, and several mammalian cell lines. There are several examples of
alginate hydrogels being used in conjunction with microfabricated systems[16-26], and
the majority of these systems encapsulate cells within calcium alginate microspheres
formed by variants on hydrodynamic focusing and microfluidic emulsion techniques.
While these systems are capable of creating relatively uniform, monodisperse hydrogels,
tracking cell growth and behavior within these hydrogels over time becomes more
challenging due to their spatially dispersed nature.

Our group has recently described a technique to entrap cells within a calcium
alginate hydrogel formed via electrodeposition with CaCO; particles[5]. We then
elucidated the underlying chemical mechanism of gelation[27]. We demonstrated that
this technique can be used to culture cells at specified locations[6, 28] and with a given
geometry[7, 29] within a microfabricated system. The electrodeposited calcium alginate
hydrogels offer several advantages over the droplet microfluidics-based calcium alginate
microspheres for time-dependent cell culture studies, such as the ability to control the
hydrogel shape and spatial distribution of the cells; however, the incorporation of
relatively large particles of CaCOj3 renders these hydrogels opaque to transmitted light[5,
27]. This biases the observation of the distribution of cells and limits the usefulness of
optical methods, including powerful fluorescence microscopy techniques that have been

developed over the years to interrogate and understand cellular systems. The hydrogels
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can be made clear by immersing them in an acidic solution to dissolve excess CaCOs[5],
but this is not conducive to preserving the intrinsic activity of labile biological systems.
Figure 2-1 illustrates schematically an approach to overcome this limitation. We
previously observed that a thin layer of calcium alginate gel can be triggered to assemble
at the electrode surface, by the electrochemically-induced release of Ca*[27]. Here, we
used this method to electrodeposit an initial, CaCOs-rich, alginate film to serve as a Ca*'-
feeder layer. This feeder layer could then be contacted with a mixture of sodium alginate
and cells, and an electrical input (anodic current) that induces the release of free Ca*’
from the feeder layer could trigger the formation a second Ca*"-alginate film that was
free of CaCOs; particles and therefore optically transparent. Such a transparent film
should allow a population of cells to be immobilized and observed over time using

optical methods that are ubiquitous to biology.
Experimental

Microfluidic system fabrication

The fabrication of the sidewall electrode microfluidic device used for deposition and
culture [6, 30] can be seen schematically in Figure 2-2 and can be described as follows:
First, glass slides were soaked in piranha solution (H,SO4: H,O, = 3:1) for 10 minutes
followed by thorough rinsing with DI water (Figure 2-2a). Second, a bent (90°) metallic
shadow mask with parallel slits (width: 1 mm) pattern was place onto the glass slide
(Figure 2-2b). Multiple parallel electrodes were defined by angled thermal evaporation of
chromium (Cr) (20 nm) and gold (Au) (100 nm) onto the top and the side of the glass
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Electrode
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Anodic reaction:

2H,0 > 4H* +4e + O,

Ca?* ion generation:

2H* + CaCO, - H,0 + Ca?* + CO,

Alginate crosslinking:
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Figure 2-1. Schematic illustration of the method to deposit an optically clear alginate gel at an electrode
address. a) A planar electrode is fabricated on a substrate. b) A thin calcium alginate hydrogel is deposited
at an electrode address by generating a current between two electrodes, entrapping an excess of CaCOj3
particles. ¢) An optically clear solution of alginate containing cells is deposited by using the CaCOj;

particles from the first layer of alginate as a source for Ca”" ions to gel the second layer.

15



a) b)

Metallic shadow mask 7%
4aporation
source
Angled thermal

Glass slide evaporation

c) d)

Patterned electrodes Remove shadow mask

Evaporation
source

Microscope len

e)

Fluidic channel

Fluidic outlet

Sidewall electrode

Fluidic inlet f

Figure 2-2. Schematic diagrams illustrating the fabrication procedure of transparent microfluidic device
with built-in sidewall electrodes. (a) A glass slide is cleaned with piranha solution and DI water. (b) A bent
metallic shadow mask with parallel slits pattern is placed on the glass slide. (¢) Multiple parallel electrodes
were defined by angled thermal evaporation of Cr and Au. (d) Patterned electrodes on the top and the side
of the slide after removal of the shadow mask. (e) Schematic diagram of the microfluidic device with
integrated sidewall electrodes. (f) Cell assembly with anodic electrodeposition of 1% alginate and 0.5%
CaCQOj; particles. (g) Cell assembly with sequential, bilayer anodic electrodeposition of 1% alginate and

0.5% CaCOs; particles.
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slide (Figure 2-2c). Both the electrode width and the separation between electrodes are 1
mm (Figure 2-2d). Two glass slides with such patterned electrodes were placed side by
side with a separation of ~1 mm (Figure 2-2e). They were permanently bonded to two
thin layers of cured PDMS (Sylgard 184 Silicone Elastomer Kit, Dow Corning) with
oxygen plasma treatment (pressure: 450 mTorr, forward power: 20W, Oxygen flow rate:
20 sccm O, plasma treatment time: 30 seconds) to form the ceiling and the floor of the
channel (Figure 2-2e). The channel height is 1 mm, as defined by the glass slide
thickness. The active sidewall electrode areas in the fluidic channel are 1 mm x 1 mm.
PTFE tubing was then inserted into the channel to define the inlet and outlet of the
channel. The connections between tubing and channel were sealed with PDMS gel and
cured rapidly at 150 °C on a hotplate. Planar gold electrodes (100 nm Au, 20 nm Cr

adhesion layer) were fabricated on a Si wafer by standard microfabrication techniques.

Reagents
Sodium alginate and CaCO; were purchased from Sigma Aldrich. FluoSpheres green
fluorescent microspheres (2 um diameter) were purchased from Invitrogen. LB and

ampicillin were purchased from Fisher Scientific.

Alginate solutions

A solution of 1% (w/v) alginate and 0.5% (w/v) CaCO3 was prepared to act as a source
for free Ca®". A solution of 1% (w/v) alginate was boiled for 15 minutes, cooled, and
mixed with an equal volume of cells prepared as described above or a 0.1% suspension of

the fluorescent microspheres in water.
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Electrodeposition conditions

Single-layer gels of 1% (w/v) alginate and 0.5% (w/v) CaCOj3[5, 27] were deposited at a
constant current density of 4 A/m” for 3 min. For the clear bilayer gels, a thin first layer
with the same composition as the single-layer gel was deposited at a current density of 10
A/m? for 30 sec. The second, optically clear layer was deposited at a constant potential of

3V for 3 min.

Cells, Plasmids, and Culture Conditions
Escherichia coli strain BL21 (DE3) were transformed with the pQE60-T5-
DsRedExpress2[31] plasmid using standard electroporation methods[32]. For the initial
depositions, E. coli were cultured overnight in LB medium supplemented with 50 pg/mL
ampicillin at 37°C while shaking at 250 rpm. Overnight cultures were inoculated 1:50
into fresh LB and grown to an ODg of 0.4 before being mixed with an alginate solution.

For continuous monitoring of cell growth and behavior, transformed E. coli were
cultured in LB medium supplemented with 50 pg/mL ampicillin and 10 mM CaCl, at a
constant volumetric flow rate of 2.5 pL/min in a humidified incubator maintained at
37°C. The devices were removed from the incubator and the media flow was stopped
only for the time necessary to image the cells.

HCT-8 cells (ATCC) were cultured in RPMI1640 medium (ATCC) with 10%
(vol/vol) horse serum (ATCC) at 37°C in the presence of 5% CO; humidified air,

according to ATCC specifications, resuspended in DPBS (Invitrogen), and stained with 2
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uM calcein-AM (Invitrogen) for 1 hour. Excess dye was removed by centrifuging and
resuspending in DPBS (Gibco) before mixing with alginate.

To investigate signaling, an engineered E. coli (W3110 AluxS AlsrF'G)[9] strain
(referred to as CT104) was transformed with both pCT6[8] and pET-DsRed using
standard electroporation methods. Cells were cultured overnight in LB medium
supplemented with 50 pg/mL ampicillin and 50 pg/mL kanamycin at 37°C while shaking
at 250 rpm. Overnight cultures were inoculated 1:100 into fresh LB and grown to an
ODggp of 0.4 before being mixed with an alginate solution. CT104 cells were cultured in
LB medium supplemented with 50 pg/mL ampicillin, 50 pg/mL kanamycin, and 10 mM
CaCl, at a constant volumetric flow rate of 1 mL/hr in a humidified incubator maintained
at 37°C. The media in one device was supplemented with 10 pM chemically synthesized
DPD, and the media in a second device was supplemented with 10 uM chemically
synthesized nitrophenyl-DPD, an AI-2 analogue. DPD and the analogue were synthesized
as previously described[33-35]. The devices were removed from the incubator and the

media flow was stopped only for the time necessary to image the cells.

Optical and Fluorescence Microscopy

Bright field optical and fluorescence micrographs were acquired using a Zeiss LSM310
fluorescence microscope with a 5x air objective lens. The objective lens was located
directly above the device and was focused on the anode surface in the channel. The
optical micrographs were obtained with transmitted light coming from the bottom

through the transparent PDMS layers. For fluorescence imaging, the FITC filter set
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(Chroma) was used for the fluorescein-labeled microspheres and the TRITC filter set
(Chroma) was used for the E. coli expressing DsRed. ImageJ[36] image analysis software

was to analyze both the bright field and fluorescence images.

Confocal Fluorescence Microscopy and Analysis

Confocal images were acquired using a Zeiss LSM710 confocal laser scanning
microscope in the Imaging Core Facility of the Department of Cell Biology and
Molecular Genetics at the University of Maryland. A 10x air objective was used for the
confocal stack acquisition of beads entrapped in the clear alginate hydrogel. A 40x oil
immersion objective was used for confocal stack acquisition of HCT-8 and E. coli
multilayers. Stack reconstruction and maximum intensity projections were created using

Zeiss ZEN 2009 software. Analysis of fluorescence was performed using Imagel.

Optical Density (OD) Calculation

An optical density for the cells in the alginate hydrogels was calculated using Imagel.
The same four hydrogels were measured for each time point. The region of the gel
containing cells was outlined using the polygon selection tool and the grayscale intensity
was measured. A blank was created by averaging measurements from 10 images of
alginate hydrogels without cells. The optical density was calculated using the following
equation:

0D = log,,(255 — sample) — log,,(255 — blank) (Equation 2-1)
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Results and discussion

Effect of electrodeposition conditions

The electrodeposition conditions directly impact the hydrogel characteristics. The initial
deposition time for the bilayer is critical for ensuring adhesion of the hydrogel to the
electrode surface. We found that for initial deposition times less than 30 seconds at a
constant current density of 10 A/m? the hydrogels would delaminate under flow while
culturing cells. 30 seconds of deposition was enough to create a first layer with enough
CaCOs; to gel a substantial second layer, nearly 600 pm thick during the 3V deposition.
Increasing the deposition voltage above 3V for the second layer results in the formation
of bubbles at the electrode surface due to electrolysis of water; this weakens the hydrogel
adhesion to the electrode surface. Our empirical results indicate that the given deposition
conditions provide a good balance between creating a first layer thin enough to maximize
the amount of cells that can be entrapped within the second layer while still retaining
enough CaCOj; to gel the thick second layer. While we did not systematically investigate
the deposition conditions in this work, we have previously demonstrated that both the
electrodeposition current density and CaCOs concentration impact the resulting

dimensions of the hydrogel[27].

Comparison with previous alginate gel entrapment method

Figure 2-3 shows a comparison of the hydrogels formed by the single layer method[5,
27], in which CaCOj particles are dispersed throughout the entire hydrogel (Fig. 2-3a),
and the bilayer clear gel method, where a smaller first layer of CaCOs-laden alginate
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a) Original calcium alginate hydrogel  b) Clear calcium alginate hydrogel

: ; ) Second layer of
CaCO, particles, alginate, alginate and cells

and cells in one layer First layer of CaCO,
Partially dissolved CaCO, pRiticies andalginate

Anode

Figure 2-3. Comparison of calcium alginate gels formed from by the single and bilayer methods. a)
Incorporating all components into a single layer limits the amount of information that can be obtained

optically. b) Using a bilayer approach allows optical analysis of cells in the clear second layer.
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provides free Ca*" to a second, transparent layer free of CaCOjs particles (Fig. 2-3b).
These bright field micrographs, with light transmitted from below (or out of the page),
clearly show a difference in the amount of light transmitted through the hydrogels. The
single layer gel is almost entirely opaque, with the exception of a thin region near the
electrode surface where the CaCOj; particles are nearly completely dissolved by H'
generated at the electrode surface during the electrodeposition process. The bilayer gel,
on the other hand, allows almost all of the light through in the clear layer, with the
exception of the light blocked or scattered by the bacterial cells. Given that fluorescence
was clearly observed in previous reports of alginate-CaCOj; electrodeposition[5-7, 27],

we sought to determine the effect of CaCOj particles on the fluorescence intensity.

Confocal analysis of bilayer alginate hydrogels

Figure 2-4 shows the results of the confocal fluorescence microscopy that was employed
to investigate the fluorescence observed from single and bilayer hydrogels. The hydrogels
were decorated with fluorescent microspheres for easy visualization. The 2 um bead
diameter is similar to the size of most bacteria (approximately 1 pm in length) and
somewhat smaller than eukaryotic cells, thus serving as a good approximation for several
cell types in terms of size. Representative images of the single and bilayer gel depth
profiles (from top down) are shown in Figure 2-4a and 2-4b, respectively. In the single

layer gel, fluorescence can be observed down to approximately 400 um and for this depth
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a) Single layer gel fluorescence depth profile
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Figure 2-4. Fluorescent confocal microscopy analysis of fluorescence as a function of gel thickness.
Representative depth profiles and average fluorescence observed in gels formed by a) the single layer
method and b) the bilayer method. The scale bar in both images represents 200 um. The image in b) is
larger than a) because the bilayer gels are thicker than the single layer gels for the specified deposition

conditions, as in Figure 2-3.
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only very near the microchannel wall (y dimension near zero). This is attributed to (1) the
opaque nature of the gel and (2) fluorescence from beads in the thin, optically-neutral
region relatively free of CaCOs particles nearest the electrode surface, as observed in
Figure 2-3a. That is, Figure 2-4 shows that, on average, the bilayer clear gels consistently
exhibit more fluorescence than the single layer gels. This is confirmed using the
maximum intensity projection of the hydrogels created using a single layer of 1%
alginate, 0.5% CaCO; particles with fluorescent microspheres (Figure 2-5a) and the
bilayer method described in this chapter (Figure 2-5b). These results indicate that CaCOs3
particles partially obscure the fluorescent signal. More than 70% of the total fluorescence
observed in the single layer gels comes from the first 100 um of the hydrogel and 90%
within the first 200 um.

On the other hand, the bilayer clear gel displays an almost linear relationship
between cumulative fluorescence and depth, as shown in Figure 2-6. Each reconstructed
confocal stack was converted to a 32-bit grayscale image, and the depth of the hydrogels
was divided into 100 pm segments. The average grayscale pixel intensity was determined
for each of the segments of each gel. The average grayscale pixel intensity of each of the
four gels at each 100 pm depth increment was averaged. The near top-to-bottom
uniformity in fluorescence indicates both that the deposition process and the optical

properties are fairly uniform along the channel’s vertical
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Figure 2-5. Maximum intensity images constructed from confocal stacks. a) Maximum intensities of the
alginate hydrogels created with 1% alginate and 0.5% CaCOj particles dispersed throughout the hydrogels.
The CaCO; particles block light from the fluorescent microspheres in the hydrogel below. The outline of
the hydrogel can be seen faintly, and the first gel is outlined by the dashed white lines. b) Maximum
intens