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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.
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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
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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
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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.
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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
4
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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.
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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

6

www.manaraa.com



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
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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
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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

9

www.manaraa.com



described herein will help to inform future label-free detection methods for intercellular

signaling molecules.

10
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Figure 1-2. Comparison of ex situ and in situ SERS spectra of 1 pM Rhodamine-6G. a) Ex sifu spectrum
acquired on galvanic displacement substrate. b) In situ 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
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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

E Substrate

Anodic reaction:

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

Ca?* ion generation:

2H* + CaCO; > H,0 + Ca?* + CO,

Alginate crosslinking:

Ca?* + 2Alg-CO0O" - Alg-COO" - Ca®*-00C-Alg

First layer: Alginate + CaCO; particles

Same reactions but Ca?* ion source from
CaCO, in the first layer

Second layer: Alginate + cells

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.
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Fluidic inlet f

a) b)
Metallic shadow mask‘A// ﬁ
4aporation
source
Angled thermal
Glass slide evaporation
c) d)
Patterned electrodes Remove shadow mask
Evaporation
source
e)
Microscope len
Fluidic channel
Sidewall electrode Fluidic outlet

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. (c) 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

21

www.manaraa.com



a) Original calcium alginate hydrogel _E) Clear calcium alginate hydrogel

A

\ - Cathode
; Second layer of
CaCo, particles, alginat alginate and cells

and cells in one layer First layer of CaCO,
i 5 ~ particles and alginate

=

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

Z‘ ZA

8

g

g

s
2

@ I
s 8

Depth from Top of Hydrogel (um)
3

@
=]

o

B 5 10 15 20 25
Y Average Fluorescence Intensity

b) Bilayer with clear gel fluorescence depth profile

&

g

L

L)
2

: £ 1 2

Depth from Top of Hydrogel (um)
g

g

>

Y Average Fluorescence Intensity

5 10 15 20 25

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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a) Single layer alginate gels with dispersed CaCO, particles
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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% CaCOs 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
intensities of the alginate created with a 1% alginate and 0.5% CaCO; particle first layer and a clear 1%
alginate second layer. The first layer, devoid of fluorescent microspheres, can be seen as a dark region at
the left edge of the images. The edges of the first gel have been outlined by dashed white lines. The anode

is located on the left hand side of each image, and brightness and contrast were artificially enhanced.
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Figure 2-6. Comparison of the cumulative fluorescence in the single layer and clear bilayer gels. The
cumulative fluorescence was measured for each 100 pm of depth of each hydrogel and added to the
previous value, giving a measure of the total amount of fluorescence observed by confocal fluorescent
microscopy. This figure indicates that the clear bilayer gels allow observation and analysis of hydrogel
components at all depths, leading to a more accurate and possibly quantitative approach to observing cells

entrapped in calcium alginate hydrogels in microfluidic devices.
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dimension. Thus, this technique can be used to create calcium alginate hydrogels to
entrap cells while also allowing optical access throughout the entirety of the hydrogel,
enabling researchers to employ powerful optical analytical techniques to interrogate the
cells entrapped and cultured within. Experiments taking advantage of this technique will

be more accurate and more quantitative in terms of optical and fluorescent measurements.

Observing cell growth and behavior in situ

Figure 2-7 demonstrates the usefulness of these clear calcium alginate hydrogels for
monitoring cell growth and behavior (represented by protein expression) over the course
of time. Clear gels containing E. coli constitutively expressing DsRed, a red fluorescent
protein, were cultured overnight. A control set of clear gels not containing any cells was

also subjected to the same culture conditions to provide a baseline for comparison.

Optical density measurements

Image) image analysis software was used to calculate the optical densities of the
hydrogels, giving a measure of cell density. A value of 255 is the maximum white value
for a pixel, representing a complete transmission of light. Subtracting the grayscale value
from 255 gives a measure of absorbance. Since the ODyg( is an absorbance measurement
relative to the absorbance of the blank expressed in a logarithmic fashion, the difference
of the log value of the hydrogel to the log value of the blank gives a value equivalent to
the optical density for a given light source. Using this method allows researchers to track
cell growth without needing to place the device in a spectrophotometer, which has its

own associated set of complications. One drawback to this method relative to the ODggo
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Figure 2-7. Monitoring cell behavior in bilayer gels. a) Optical density of cells growing in the hydrogels
(red) as calculated from optical micrographs, some of which are shown in inset. b) Average fluorescence
intensity of bacteria expressing DsRed in hydrogels as calculated from fluorescent micrographs, some of

which are shown in inset. The blue marker symbols are from gels without cells.
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is that for a given ODggo, the approximate cell density (number of cells per unit volume)
is known. For this method, more extensive work would be required to determine this
value and whether it is stable across different light sources.

Using this method of image analysis, the apparent variability in the hydrogels
containing cells decreases over time. This is because a given volume of calcium alginate
hydrogel can support only so many bacteria. As the cells grow and approach this upper
limit, the optical image becomes uniformly dark, and the fluorescence image becomes
uniformly bright. As each gel is measured and averaged, the initial, random differences in
population density and protein expression are averaged out, and the variability decreases.
There is little variability in the fluorescence image of alginate gels without cells, and this
is solely due to system noise. The variability in the optical image of the alginate gels
without cells arises from small inclusions of CaCOj; particles in parts of one or two of the
gels, but is relatively consistent over time, indicating that the increase in optical density

arises solely from the presence and growth of cells in the alginate hydrogel.

Cell growth

The calculated optical density in Figure 2-7a allows researchers to follow trends in cell
growth and density using only bright field microscopy and image analysis software
without having to put the culture device inside a spectrophotometer or control for
variables such as the thickness of the layer containing CaCOs; particles. This allows

researchers to fine-tune their experiments just by using image analysis methods- for
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instance, enabling one to properly time the introduction of induction or other test media
for use in protein expression or animal on a chip applications.

The gels containing E. coli exhibit a trend that follows a standard bacterial growth
curve. After a brief adaptation or lag phase (~2 hours), the E. coli begin to grow more
rapidly. The bacterial growth rates under these culture conditions are substantially lower
than in shaker flasks (generation time of approximately 2 hours) likely due oxygen
limitations intrinsic to such microfluidic environments. After reaching an appreciable cell
density, the growth curve reaches a plateau. The plateau coincides with the maximum cell
population held within the gel, as supported by the observation of cells escaping the
hydrogel and colonizing other areas of the microfluidic channel (seen in both the optical

and fluorescent inset images in Figure 2-7).

Cell behavior

Figure 2-7b shows that examining fluorescent protein production as a measure of cell
behavior is likewise easy, requiring fluorescence microscopy and image analysis
software. The fluorescent response of the cells follows the same growth curve trend as
the optical density, which is to be expected given that these cells were constitutively
producing DsRed prior to and during their culture in the clear alginate gels. These results
indicate that entrapment within the clear alginate gel does not negatively impact protein
production. Thus, this technique can be used to immobilize cells at a desired location

within a microfluidic device with a given geometry[6] and thickness, culture the cells,
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and observe the behavior of many types of cells using standard optical and fluorescent

microscopic techniques.

Deposition of multiple cell types in multiple layers

Figure 2-8 shows an exciting application of this technique. The clear gels allow
researchers to conduct more complex experiments that take advantage of powerful optical
techniques such as confocal fluorescence microscopy to study the distribution and
interaction between cells of different species or kingdoms. In this proof-of-principle
demonstration, a multilayer structure of E. coli expressing DsRed is located underneath a
group of human epithelial cells stained with calcein-AM, all deposited on a planar Au
electrode (as opposed to the sidewall electrodes in Figures 2-1 through 2-7). This
multilayer structure reinforces our suggestion that novel geometries and configurations of
cell layers can be biofabricated in microfluidic systems, allowing researchers to create
new models of physiological systems for studying complex phenomena such as the

interaction of the microbiome with host cells.

Investigating intercellular signaling phenomena with bilayer alginate
hydrogels

Given the overarching theme of developing a suite of new tools and techniques for
investigating intercellular signaling phenomena and bacterial-environmental interactions,
we set out to demonstrate the utility of this method for such investigations in
microfluidics. CT104 is a strain of E. coli that has been engineered to be extremely

sensitive to AI-2[9]. The strain lacks the ability to produce endogenous Al-2 due to the
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ectrode
Si Wafer

Bacteria Layer
Figure 2-8. Sequential assembly of multiple clear layers of cells, including bacteria and human epithelial
cells (HCT-8), on a planar electrode to study interkingdom interactions in a spatially controlled manner. A
confocal fluorescent image stack, shown on right, enables investigation of cell distribution and behavior.

Scale bar is 20 pm. Brightness and contrast of the fluorescent image was artificially enhanced.
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AluxS mutation, and the introduction of the Als¥F'G mutation reduces the strain’s ability
to degrade AI-2 within the cell. Thus any AI-2 within the cell is able to continuously de-
repress LsrR, leading to an increased translation of any genes under the control of the /s
repressor. pCT6 is a plasmid that contains the T7 RNA polymerase under the control of
the Isr repressor[8]. When CT104 is transformed with pCT6, this leads to an increased
production of T7 RNA polymerase in response to the presence of AI-2. This has the
effect of increasing transcription of any genes under the control of the T7 promoter, as in
the case of the pET family of plasmids. In this case, CT104 with pCT6 and pET-DsRed
will produce DsRed in response to exogenous Al-2.

Figure 2-9 shows a schematic overview and the results of the signaling
experiment. CT104 with pCT6 and pET-DsRed were entrapped within the clear layer of a
bilayer alginate hydrogel and cultured under three separate conditions, shown
schematically in Figure 2-9a: LB media (control), LB media with 10 uM chemically
synthesized DPD[35] (a physiologically relevant AI-2 concentration), and LB media with
10 uM chemically synthesized nitrophenyl-DPD[34] (an equivalent concentration of an
AI-2 analogue designed to inhibit quorum sensing). Fluorescence images were analyzed
using ImageJ, and normalized to the increase in fluorescence of the control due to
nonspecific (“leaky”) expression of the pET system. As would be expected, the cells in
the device receiving LB with 10 uM DPD had a significantly increased overall average
fluorescence (p=0.029, student’s ¢, paired, one-tailed). The paired, one-tailed student’s ¢

test is an appropriate metric in this case due to a priori knowledge that the introduction of

34

www.manaraa.com



Al-2 induces
_ﬁ_ protein production
Leaky expression
yields slight protein

_ﬁ_ production

Analog does not
induce protein

_ﬂ_ production

b) 12 1@ CT104 with pCT6 and pET-DsRed (Control) Electrode 1
B CT104 with pCT6 and pET-DsRed (Control) Electrode 2
@ CT104 with pCT6 and pET-DsRed (Control) Electrode 3
10 A W+ 10 uM Al-2 Electrode 1
B+ 10 uM Al-2 Electrode 2
@+ 10 uM Al-2 Electrode 3
O+ 10 uM Al-2 Electrode 4
8 | ®@+10pM Analog Electrode 1
B+ 10 uM Analog Electrode 2
[+ 10 uM Analog Electrode 3
O+ 10 uM Analog Electrode 4

Normalized Fluorescence Intensity
(2]

0 4 16
Culture Time (hours)

Figure 2-9. Application of bilayer clear gel technique to sensing intercellular signaling phenomena. a)
Schematic overview of the experiment: E. coli strain CT104 containing the plasmids pCT6 and pET-DsRed
are immobilized in the clear alginate gels. Two experimental conditions (LB media with 10 uM of AI-2 or
nitrophenyl-DPD) and one control condition (LB media alone) are included. b) Normalized fluorescence
intensity of the control and experimental conditions. Electrodes are in order (1-4) from upstream to

downstream, separated by 3 mm of space between each electrode.
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DPD (AI-2) will result in an increase in the production of T7 RNA polymerase, and
subsequently the production of DsRed and increased red fluorescence.

Another effect worthy of note is observed in Figure 2-9b. There is a clear
distance/positional dependence of the fluorescence in the device that received DPD,
relative to the device that received the DPD analogue designed to inhibit quorum sensing.
The first electrode, located closest to the fluidic inlet, receives the highest flux of both
nutrients and AI-2 from the media. This effect decreases further down the channel due to
the consumption of nutrients and uptake of AI-2 by cells in the hydrogels located closer
to the fluidic inlet. This depletion effect is far less pronounced in the control case and in
the device that received the quorum sensing-inhibiting DPD analogue. Indeed, over time
it seems as though the cells from the first electrode in the device that received AI-2

migrated toward the fluidic inlet, as AI-2 is a known chemoattractant[37].

Future work

This technique has been developed using a relatively limited set of parameters. A more
extensive characterization of the parameter space (including CaCO; mass fraction,
alginate concentration, volumetric and linear flow rates of media, initial seeding density
of cells, and many other factors) would provide a more complete picture of this technique
and help other researchers adapt it to their individual experimental systems. The media
composition is especially important, as the calcium-alginate hydrogels are prone to the
accumulation of autofluorescent species from LB media, which renders blue and green

fluorescence difficult, if not impossible, to use. This is potentially problematic, as blue

36

www.manaraa.com



and green fluorescence are two of the three most prevalent fluorescence channels used in
modern fluorescence microscopy.

Beyond the obvious parameter space characterization and reaction optimization,
this technique can be applied to a number of possible areas. We have shown simple
proof-of-principle experiments to demonstrate that these gels can be used to study
intercellular signaling and create multilayered structures of different cell types.
Extensions of these studies could include studying signaling in stratified biofilm mimics
or migration of cells within the biofilm. One could even consider studying how the
thickness of the hydrogel above a layer of cells (created by adding a layer of clear
alginate) affects cell viability due to reduced diffusion or nutrient influx and waste efflux.

Arrays of cell-based biosensors are another possibility.

Conclusions

We described a new technique to electrodeposit optically clear calcium alginate
hydrogels to entrap, culture, and observe cells in microfluidic systems. This technique
allows researchers to control where and when the cells are immobilized, as well as the
geometry within which they are confined through consideration of electrode geometry
and deposition time. Optical and confocal fluorescence microscopies demonstrate the
gels are uniformly clear throughout their thickness, yielding unprecedented optical access
throughout the entirety of the calcium alginate gel. This can lead to more accurate and
quantitative studies of cell behavior in microfluidic systems. Cell growth and protein

expression were observed over time, demonstrating that this technique is compatible with

37

www.manaraa.com



cell culture and does not impede protein production within cells. Multilayer assembly
between human epithelial cells and E. coli was demonstrated, serving as a proof of
principle that this technique can enable the study of interactions between cell populations
of different types. Additionally, applications in studying intercellular signaling and
quorum sensing inhibition were demonstrated. Given the ubiquity of calcium alginate
hydrogel entrapment in tissue engineering and cell culture research, we anticipate that
this technique will enable a wide variety of new and useful experimental setups in

microfluidics research[7, 24].
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Chapter 3: Nonviral Nucleic Acid Delivery to Bacteria
outside the Traditional Electroporation and Heat Shock
Regimes

Note: This chapter will be adapted into a manuscript shortly after the dissertation defense,

and should be published some time in 2014.

Chapter abstract

The ability to deliver nucleic acid sequences to cells is central to molecular biology and
modern biotechnology. Nonviral nucleic acid delivery methods used in bacteria primarily
include the use of a strong electric field (electroporation) or a heat shock to induce
nucleic acid uptake. We describe a new form of nonviral nucleic acid delivery in bacteria
which results from a synergistic effect between a much weaker DC electric field than
experienced with electroporation and the use of calcium ions at a temperature much
lower than experienced for heat shock. Typical transformation efficiencies using this
technique are empirically lower than those of traditional electroporation. After
transformation in a microfluidic environment, viable cells are cultured under conditions
that allow expression of the newly delivered genes. Applications demonstrating
intercellular communication and the formation of cell-based sensors of small molecules

are demonstrated.
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Introduction

Bacteria are capable of evolving to thrive in a wide range of environments. Short
generation times enable relatively rapid adaptation to selective pressures imposed by the
environment. However, the acquisition of a new metabolic function or pathway de novo
is considerably less common than simple mutation of an extant gene or multiple genes
within a pathway on the bacterial chromosome. Bacteria have evolved the ability to
uptake and utilize extracellular DNA in the form of plasmids, small circular pieces of
DNA that contain accessory genes to expand the functionality of the host cell, such as
antibiotic resistance[38]. Bacterial have also evolved ways to transfer plasmids from one
cell to another through a process called “conjugation”[39].

Viruses have evolved to infect specific bacteria, allowing another route for
scientists to introduce nucleic acids into a bacterium. This process, termed
“transduction”, enables the introduction of a specific nucleic acid sequence (engineered
into the viral genome) to a bacterium, followed by the propagation of this sequence to
other neighboring bacteria following the viral life cycle. Transduction is somewhat
limited in the size of nucleic acid that can be incorporated[40], as this is dictated by the
geometry of the viral capsid; deviating greatly from the original viral genome size
reduces the packing efficiency of the nucleic acid into the viral capsid, resulting in lower
transduction rates[41, 42]. Additionally, the specificity of the virus/host system limits a
broad applicability of the technique.

Nonviral nucleic acid delivery methods have become popular for their relative

host independence and high efficiency. As with many research techniques, there are a
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plethora of methods for introducing nucleic acid to cells without the use of viruses[40]. In
bacteria, electroporation and chemical transformation are far and away the most
popular[32, 43], but they are not the only methods in use[44, 45]. Some methods that are
used industrially for nonviral nucleic acid delivery to eukaryotic cells include lipid
complexes, polymers, and biolistic delivery (the “gene gun”), in which nucleic acids are
adsorbed onto dense metal (W, Au, Ag) particles that are fired at target cells. Needless to
say, delivery of specific nucleic acids to specific cell populations has been central to
modern biotechnology and future gene therapy.

Given its prominence in the biotechnology field for delivering nucleic acids to
both prokaryotic and eukaryotic cells, the physical underpinnings of electroporation have
been relatively well studied[46, 47]. Movahed and Li have an excellent explanation of the
electroporation mechanism, including the governing equations, limitations of current
theory, and extensive references to primary literature[48]. When subjected to an electric
field, charge builds up on the opposite sides of the membrane, with the hydrophobic core
of the lipid bilayer acting as an insulator. This leads to a force compressing the membrane
in the direction of the applied electric field. When the transmembrane potential exceeds a
critical value (usually accepted to be on the order of hundreds of mV to 1V, representing
a maximum field strength of 2,000 kV/cm for a “typical” lipid bilayer 5 nm thick), pores
form in the membrane. Small, transient pores are believed to allow a discharging of the
membrane, relieving the membrane compression and allowing the pores to reseal. Higher
transmembrane potentials and longer exposure to the electric field can induce irreversible

poration, which results in cell death. Electroporation has been miniaturized and integrated
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into microfluidic systems, but mostly has been limited to eukaryotic cells and high
electric field strengths (~600V/cm to 2 kV/cm; eukaryotic cells require lower fields than
bacteria)[48-50]; few reports of bacterial transformation in microfluidics exist[51].

Chemical transformation, on the other hand, has a less well understood
mechanism[32]. The general explanation is that Ca®" ions in the solution (usually
introduced by dissolution of CaCl,;) screen the negative charges found on the DNA
backbone and the surface of many cells, allowing the DNA to diffuse into the cell when
pores form in response to a heat shock. Hanahan and Bloom hypothesize a possible
mechanism wherein Ca®" interference in the formation of covalent bonds with
lipopolysaccharide on the outer leaflet of the membrane leading to increased fluidity of
the membrane[52]. They also attribute the DNA uptake to rapid changes in membrane
fluidity due to rapid changes in temperature (the heat shock part of chemical
transformation), but as with the lipopolysaccharide hypothesis, there is a lack of direct
physical evidence. Despite lacking a known physical mechanism, chemical
transformation via heat shock is readily adaptable to microfluidic systems, as has been
demonstrated in the literature[53, 54].

We developed a new method for nonviral nucleic acid delivery to bacteria that
occurs outside the parameter space of traditional electroporation and heat shock. Using a
low voltage DC field, we are able to introduce plasmids to electrocompetent bacteria,
enabling the alteration of the behavior of a population of cells. The transformation of the
bacteria occurs at electric field strengths nearly two orders of magnitude below those

typically used in electroporation of bacteria, and simulation results indicate that any heat
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shock experienced by the cells is much more mild and brief than the conditions used for
typical heat shock transformation. We then culture and monitor bacterial growth and
protein production in a microfluidic device. Thus, to the best of our knowledge, this
represents the first report of a mild, low-electric field strength transformation of a

population of bacteria.

Experimental

Reagents, media, and consumables

LB media and ampicillin were purchased from Fisher Scientific. Sodium alginate,
CaCOs, isopropyl B-D-1-thiogalactopyranoside (IPTG) and kanamycin were purchased
from Sigma Aldrich. Gene Pulser cuvettes with a 1 mm electrode gap were purchased

from Bio-Rad.

Cells and plasmids

Escherichia coli strains BL21 (DE3), W3110 AluxS AlsrFG (referred to as CT104)[9],
and W3110 AluxS (referred to as MDAI2)[55] were used from laboratory stocks. The
plasmids used were pQE60-T5-DsRedExpress2[31], pET-DsRed, and pCT6[8]. Plasmids
were isolated using QIAprep Spin Miniprep kits from Qiagen. CT104 was transformed
with pCT6 and pET-DsRed using standard electroporation methods[32]. MDAI2 was
transformed with pCT6 following the same electroporation protocol. Electrocompetent E.
coli DH10B (ElectroMAX DHI10B Cells) and chemically competent E. coli DH10B

(MAX Efficiency DH10B Competent Cells) were purchased from Invitrogen.
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Electrocompetent cell preparation

Electrocompetent cells were prepared from an overnight culture of E. coli (either
BL21(DE3), CT104, or MDAI2) inoculated into LB media at 1% and grown at 37°C with
shaking at 250 rpm until an ODgg of 0.4 was reached. Cells were placed on ice for 30
minutes, transferred to chilled 50 mL conical centrifuge tubes, and pelleted at 8000xg for
20 min in a refrigerated centrifuge. The supernatant was decanted, and the cells
resuspended in 25 mL of deionized water. The cells were centrifuged using the same
parameters and resuspended in 15 mL of deionized water. The centrifugation and
decanting were repeated, and the cells were resuspended in 5 mL deionized water. The
cells were centrifuged a final time, the supernatant decanted, and the cells were
resuspended in 1 mL of a 10% glycerol solution before being aliquoted into 50 uL
aliquots in microcentrifuge tubes. The tubes were flash frozen in liquid nitrogen, and
stored at -80°C. Electrocompetence was confirmed using traditional electroporation

methods described below.

Traditional electroporation

Traditional electroporation was achieved using a Bio-Rad Gene Pulser system with Bio-
Rad Gene Pulser cuvettes. One aliquot of 50 pL electrocompetent cells was placed into a
chilled cuvette, and 10 ng plasmid DNA was added to the cuvette. The voltage was set to
2.50 kV (field strength of 25 kV/cm for the 1 mm electrode gap), the capacitance to 2.5

uF, and the resistance set to 200 Q. Immediately after electroporation, 1 mL LB media
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was added to the cuvette, and it was placed in a 37°C incubator for one hour before

plating on LB-agar plates supplemented with appropriate antibiotics.

Traditional heat shock

Heat shock was achieved by incubating an aliquot of chemically competent cells with 10
ng plasmid DNA in a culture tube on ice for 30 minutes. The tube containing the mixture
was immersed in a 42 °C water bath for 90 seconds. Immediately after heat shock, 1 mL
LB media was added to the tube, and it was placed in a 37 °C incubator for one hour

before plating on LB-agar plates supplemented with appropriate antibiotics.

Electro-assisted nucleic acid delivery and cell immobilization in
microfluidics

Electro-assisted transformation with simultaneous alginate immobilization was
performed in a microfluidic device whose fabrication is described in Chapter 2. Briefly,
on ice, 10 puL of electrocompetent cells was mixed with 10 pL of 40 ng/uL plasmid DNA
and 20 pL of a mixture of 1% (w/v) sodium alginate, 0.5% (w/v) CaCOj3 that had been
boiled and cooled. The mixture was loaded into the microfluidic device (also on ice) via 1
mL syringe, and electrode leads were connected to a Keithley 2400 SourceMeter. A 3V
potential was applied between each pair of electrodes for 3 minutes. Fresh LB media
supplemented with 10 mM CaCl, was added to the device, and the device was placed in a

humidified 37 °C incubator for 1 hour prior to imaging and culture.
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Culture conditions

Cells in the microfluidic devices were cultured in a humidified 37 °C incubator for the
duration of their culture, with brief excursions to room temperature in order to image the
cells. While in the incubator, LB media supplemented with 10 mM CaCl, and appropriate
antibiotics (50 ug/mL Ampicillin for pQE60-T5-DsRedExpress2 or pCT6, 50 pg/mL
Kanamycin for pET-DsRed) was pumped at a constant volumetric flow rate of 15 pL/min
using a syringe pump. For E. coli BL21(DE3) transformed with pET-DsRed, DsRed
protein production was induced by using LB media supplemented with 10 mM CacCl,, 50
pg/mL Kanamycin, and 1 mM IPTG at the indicated time. The media for CT104 with
pCT6 and pET-DsRed or MDAI2 with pCT6 was supplemented with 10 uM chemically
synthesized DPD[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 microscopy, image processing, and analysis

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
(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. The fluorescent
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background was subtracted from images by taking an average grayscale intensity value of
an area free of transformed cells (defined as a region of interest in a stack including
optical and fluorescent images), and then subtracting that value from the entire image.
Average grayscale values for the fluorescence were calculated by converting the color
Jpg image to an 8-bit grayscale and defining a region of interest around the alginate
hydrogel in the optical micrograph in an image stack containing both the optical and
fluorescent image. The region of interest is then measured for the fluorescent image, and

the average value is recorded.

Simulation of deposition conditions

COMSOL Multiphyiscs v. 4.1 was used to simulate the electric field and resulting Joule
heating of the solution inside the microfluidic device during the electrodeposition and
transformation. The conductivity of the solution was estimated from literature values[56],
based on an upper-bound estimate for the amount of Ca®" generated during the
electrodeposition. During electrodeposition, the average current density is approximately
10 A/m*. Assuming every electron entering the anode comes from the electrolysis of
water according to Equation 3-1, and every proton generated from the electrolysis of
water is used to dissolve CaCO3 according to Equation 3-2, the maximum amount of

Ca®" generated corresponds to a concentration of approximately 40 mM.

2H,0 - 0,+4H*+4e” (Equation 3-1)
CaCO; +2H* - Ca’*t + H,0 + CO, (Equation 3-2)
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Results and discussion

Figure 3-1 shows a schematic overview of the process and a representative fluorescent
micrograph of the resulting transformed bacteria cultured in the calcium alginate
hydrogel. Electrocompetent bacteria are mixed with plasmid, alginate, and calcium
carbonate before being placed into a microfluidic device. An electric field is passed
between two vertical sidewall electrodes at a constant electric field of 3V, resulting in an
average current density of approximately 10 A/m’ over the course of the 3 minute
electrodeposition. During the electrodeposition, Ca’" ions are liberated from the
dissolution of CaCOs, causing the alginate to form a hydrogel, entrapping the bacteria
within the hydrogel. During this process, some bacteria take up the extracellular plasmid,
becoming transformed in the process. The bacteria are then cultured by flowing media
that also contains an antibiotic that selects for the plasmid, resulting in those bacteria that
were transformed by the plasmid being able to grow and reproduce. Additional chemical
signals can be added to the media, inducing the bacteria to produce a fluorescent response

to those extracellular signals.

Cell-based sensors of small molecules present in the media

Transformation can be used to make cell-based sensors, and the in situ programming of
an array of cell-based sensors would open up the possibility of the dynamic creation of a
custom cell- based sensor platform for a given compound or suite of analytes. Figure 3-2

shows an example of this. E. coli BL21(DE3) was transformed with pET-DsRed.
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Figure 3-1. Schematic overview of the electro-assisted transformation of electrocompetent bacteria in a
microfluidic device. a) Electrocompetent bacteria, plasmid, sodium alginate, and CaCOj; are mixed together
and placed in the microfluidic device. b) An electric field induces the electrolysis of water, dissolution of
CaCO;, and the release of Ca’’; some combination of these factors leads electrocompetent bacteria to
uptake plasmid. ¢) Remaining cells, plasmid, alginate, and CaCOj; are flowed out of the device, and the
bacteria are entrapped in the calcium alginate hydrogel at the electrode surface. d) Culture medium with
appropriate antibiotics to select for transformed bacteria is flowed through the device, allowing transformed
bacteria to survive and multiply. e) Transformed bacteria are able to grow and respond to small molecule
cues in their extracellular environment. f) Fluorescent micrograph of E. coli BL21(DE3) transformed with

pET-DsRed producing DsRed in response to extracellular IPTG.
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a) Bacteria, plasmid in device b) Plasmi uptake by bacteria

c) Transformed bacteria in gel d) Bacteria cultured over time

e) Cell growth, protein production f) Fluorescent micrograph
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a) Normalized hydrogel fluorescence increases upon IPTG induction
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Figure 3-2. Transformation of E. coli BL21(DE3) with pET-DsRed in a microfluidic device. a) Average
hydrogel fluorescence as a function of culture time. Both the control and induced populations have been
transformed using the method described in this chapter. The media for the induced population was changed
at the 10 hour mark to include 1 mM IPTG. b-¢) Representative fluorescent micrographs of the induced
population of cells at the indicated times. The electrodes are outlined in white and are 1 mm wide,

separated by 3 mm. Electrodes (1-4) are in order from upstream to downstream.
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BL21(DE3) naturally expresses a low level of the T7 RNA polymerase, leading to
a low level of expression of DsRed when transformed with pET-DsRed. This
phenomenon has been called “leaky expression”, as the lac repressor does not completely
prevent transcription of genes downstream of the repressor binding site. However, when
exposed to lactose or derivatives thereof, the /ac repressor changes conformation and
allows transcription of downstream genes- in this case, the production of DsRed. After 10
hours of culturing, IPTG is added to the media to induce DsRed production. There is a
distinct increase in the fluorescence of the first two hydrogels in the device that received
IPTG relative to those that did not (the control group). However, as discussed in Chapter
2, there is a clear depletion effect that occurs down the length of the channel, with the
cells in the first two hydrogels receiving and consuming the largest amount of IPTG. In
the device that received IPTG, the cells in the third and fourth hydrogels did not receive
enough IPTG to induce additional protein expression, resulting in fluorescence levels

similar to those of the control gels.

Programming bacteria with a new response to exogenous signaling
molecules

The ability to introduce plasmids to a bacterium opens up many possibilities in terms of
both what the bacteria can be used to sense and how they respond to a stimulus. As a
proof of concept, in Figure 3-3, we introduce pET-DsRed into a bacterium that is unable
to produce endogenous autoinducer 2 (AI-2), but is still able to sense the molecule and

respond according to its genetic programming. In this case, pET-DsRed is used as a
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a) Overview of cell sensor strains to detect exogenous Al-2

CT104 + pCT6 + pET-DsRed MDAI2 + pCT6
Control: Produces DsRed Produces DsRed only when
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Figure 3-3. Programming a new response to exogenous signaling molecules. a) Schematic overview of the
two strains of bacteria involved in this experiment. b) Normalized fluorescence as a function of culture time

in the presence of 10 uM AI-2.
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model plasmid, but in actuality, any plasmid containing a T7 RNA polymerase promoter
site can be used to transcribe a desired set of genes. This is compared with a related
bacterium that produces DsRed upon exposure to AI-2 in an effectively constitutive
manner. As can be seen from the results, expression of DsRed upon exposure of the cells
to 10 uM AI-2 results in similar increases in fluorescence, normalized to the initial
fluorescence of the hydrogels in each device. This indicates that a desired genetic
program can be introduced to a population of electrocompetent cells electrodeposited
within a calcium alginate hydrogel, effectively allowing researchers to program

customized genetic responses to extracellular signaling molecules.

Electro-assisted transformation mechanistic insights

Of the possible nonviral nucleic acid delivery methods that could lead to transformation
under these conditions[44], electroporation and chemical transformation are the most
probable mechanisms. To investigate the possible contribution of electric field (essential
for electroporation) and heat shock (essential for chemical transformation), COMSOL
Multiphysics software was used to conduct a finite element analysis of both the electric
field in the device, and any resultant Joule heating of the solution. Figure 3-4 shows the
results of the simulations. In Figure 3-4a, the electric field in the main channel does not
exceed approximately 60 V/cm, which is still far below the 25,000 V/cm field strength
normally used in traditional electroporation[32, 43]. This reduces the likelihood that the

mechanism is a traditional electroporation.

54

www.manaraa.com



a) Electric Field Simulation
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Figure 3-4. COMSOL Multiphysics simulation of conditions during electro-assisted transformation in the
microfluidic device on ice. a) Electric field simulation for a constant potential of 3V. The maximum
electric field strength in the channel does not exceed 60 V/cm, even at the edges of electrodes. b)
Simulation of joule heating along the white dashed line indicated in a). A brief initial heat shock lasts for a

few seconds, followed by linear temperature increase.
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Heat shock mediated chemical transformation is a less likely candidate
mechanism, as chemically competent and electrocompetent cells are prepared
differently[32]. The generation of divalent cations (Ca*") and the Joule heating effect
during electrodeposition made it a possibility worth investigating. As seen in Figure 3-4b,
there is a brief spike in temperatures initially, followed by a rapid convergence and
gradual warming of the solution. However, this is far from the 0°C to 42°C heat shock for
90 seconds that is typically used for chemical transformations.

To confirm that the electrocompetent BL21(DE3) were unable to be transformed
by a standard chemical transformation protocol, the cells were subjected to the traditional
heat shock protocol outlined earlier in this chapter. No transformants were obtained. The
protocol was demonstrated to work with Invitrogen’s MAX Efficiency DH10B
chemically competent cells. Additionally, the MAX Efficiency DH10B cells were unable
to be transformed using the electro-assisted transformation method described in this
chapter. Furthermore, mid-log E. coli that were not prepared to be electrocompetent were
unable to be transformed using the new method described in this chapter. These results
point toward an electroporation mechanism that occurs outside the parameter space of
traditional electroporation.

An interesting aspect to note is that a naive calculation of the total charge
transferred in the case of traditional electroporation (using the traditional electroporation
parameters and Ohm’s Law, multiplying by the 5 ms pulse duration) is 0.0625 C, and the
amount of charge transferred during the electro-assisted transformation described in this

chapter is approximately 0.0018 C (approximating the average current as 10 pA and the
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time of 180 s), a 35 fold difference. In the electro-assisted transformation, higher voltages
(or currents) result in the formation of gas bubbles, which destabilize the hydrogel,
causing it to detach from the electrode in some cases. Perhaps running a longer
deposition may result in more efficient transformation.

Additional experimental evidence indicates that some form of electroporation is
responsible for the electro-assisted transformation in the microfluidic devices. When
distilled water (rather than deionized water) was used to prepare electrocompetent cells,
the average current densities were noticeably higher than normal, and no transformation
was observed. Furthermore, while attempting to transform these cells using traditional
electroporation methods, electricity arced across the solution. This indicates that residual
ions in the distilled water provided an alternative pathway for the electricity, avoiding the
membrane-destabilizing effects typically experienced with lower conductivity
solutions[43]. While indirect, these additional results support an -electroporation

mechanism for the transformation described in this chapter.

Future work

There are two main thrusts of future work for this new transformation method. The first,
a basic science approach, involves determining the mechanism of transformation and
optimizing transformation conditions. We have not been able to conclusively determine
the mechanism to be a low-level electroporation, and calcium ion flux could play a more
important role. Determining the effect of the temperature on transformation efficiency

would be important for determining the mechanism and optimization. Production of
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fluorescent proteins under the control of a heat sensitive promoter and recent advances in
“molecular thermometers” would be beneficial for addressing this. Developing a way to
quantitatively assess the transformation efficiency is something that has been elusive thus
far. The effective volume of cells exposed to the transformation conditions is
approximately 1 pL, and removing the cells entrapped in the hydrogel is difficult to do
without knowing what effect this has on transformation efficiency and cell viability.
Optimizing the deposition conditions, such as field strength/current density, plasmid
concentration, cell density, alginate concentration, and CaCO3 mass fraction, would be
extremely beneficial. We performed some preliminary experiments and found a set of
conditions that generally worked well, but a more thorough exploration of the parameter
space would provide both mechanistic insight and improved transformation efficiency.
Additionally, the fringing effect of electric fields at the edge of an electrode can provide
very high localized electric fields. It could be that bacteria closest to the electrode edges
are preferentially transformed by the higher local electric field strength. This could be
investigated by a reconfiguration of the electrode geometry, creating narrower or wider
electrodes to observe how this changes protein production and cell growth. Finally,
scanning probe microscopy may provide a quantitative measure of the effects of field
strength on electroporation of bacteria.

The second main thrust is a practical one- using this method to do new science or
perform old experiments with a new twist. We performed this method with Trichoplusia
ni High Five cells from Invitrogen with success once, but were unable to reproduce the

results when we tried a second time. HelLa cells from ATCC were unable to be
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transfected unless the vector was mixed with a transfection reagent prior to the
electrodeposition. Perhaps some set of parameters may make the one-step entrapment and
reprogramming of eukaryotic cells a viable process. Demonstrating RNA interference
with eukaryotic cells via this nucleic acid delivery technique would be an exciting
advance. Additionally, studying intercellular communication with dynamically assembled
and in situ programmed bacterial populations would enable combinatorial construction of
bacterial consortia for a desired purpose. Finally, the in situ programming of an array of
bacterial sensors would create a flexible cell-based biosensing platform that can be

programmed on demand for a specific analyte or suite of analytes.

Conclusions

We demonstrated a new nonviral nucleic acid delivery method that occurs outside the
traditional parameter spaces of electroporation and heat shock. E. coli were transformed
with plasmids that enabled them to sense small molecules, such as the chemical inducer
IPTG and the bacterial signal AI-2, in their environment and respond according to a
predetermined genetic plan- in this case, the production of the DsRed fluorescent protein.
COMSOL multiphysics simulations provided insight into the conditions experienced by
the bacteria, indicating that the electric field is two to three orders of magnitude below
that of traditional electroporation, and any heat shock experienced due to Joule heating is
too weak and too brief to induce plasmid uptake. Additional experimental results pointed
indirectly toward the occurrence of electroporation outside the traditional electroporation

regime. More work is needed to identify the exact mechanism and optimize the

59

www.manaraa.com



conditions, as well as expand applications into cell signaling, biosensing, and nucleic acid

delivery to eukaryotic cells.
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Chapter 4: Galvanic Displacement for Fabrication of Surface

Enhanced Raman Scattering (SERS) Substrates

Note: Portions of this chapter were adapted or reproduced with permission from Betz, J.
F. et al., Direct SERS detection of contaminants in a complex mixture: Rapid, single step
screening for melamine in liquid infant formula, Analyst, 2012. 137: 826-828[57] and
Betz, J. F., et al., Simple SERS substrates: Powerful, portable, and full of potential,

Physical Chemistry Chemical Physics, 2013. In Revision.[58]

Chapter abstract

Surface enhanced Raman spectroscopy (SERS) substrates were created on several
common metal objects, including coins and metalized tape, by a galvanic displacement
method, creating simple and effective portable SERS substrates. The reaction involves
the displacement of nickel and copper from the surface of a dime and penny, respectively,
by a mixture of AgNOs; and NH4OH. This method forms silver structures on the coin
surface in less than 30 minutes in a one-step, room-temperature process without the use
of hazardous chemicals, making it more user-friendly and amenable to portable SERS
sensing applications than many other methods. The resulting SERS substrates exhibit an
enhancement factor on the order of 10° for Rhodamine-6G under non-resonant conditions
for the Raman excitation of R6G itself. Despite the random nature of the substrates,
signals obtained were reproducible to within an order of magnitude or better. To further
demonstrate the power and versatility of these substrates, melamine was spiked into

infant formula, and was detectable down to 5 parts per million, which is above the current
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1 ppm limit allowed in infant formula by the US Food and Drug Administration as well
as the World Health Organization. This method opens the door to further development of
rapid, simple, inexpensive, and portable SERS applications in areas such as rapid

chemical detection, quality control, and remote healthcare.

Introduction

Surface enhanced Raman spectroscopy (SERS) is a highly sensitive, non-destructive
spectroscopic technique that allows for the detection of molecules at concentrations down
to the single molecule level[59-62]. The SERS phenomenon has enabled the development
of applications in biosensing[63-65], trace analysis[66-68], bacterial typing[69, 70], in
vivo imaging[71, 72], and many other areas. The enhancement of the Raman signal is
believed to be a combination of: (1) an electronic effect, often called chemical or charge
transfer, between the analyte and metal surface[73], resulting in approximately two to
three orders of magnitude enhancement; and (2) an electromagnetic excitement of surface
plasmons due to light interacting with the metal surface[74], which can result in up to 13
orders of magnitude enhancement. While the charge transfer component of the SERS
enhancement is determined by metal-analyte interactions, the electromagnetic component
is dictated largely by the nanoscale structure of the SERS substrate[75]. Many studies
have described methods for producing SERS substrates with different geometries[76]-
primarily nanoparticles[77, 78], nanoparticle and nanowire arrays[79-81], and roughened

metal electrodes[82, 83].
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Recent work has employed the well-studied galvanic displacement as a simple
method to form SERS substrates with excellent enhancement characteristics[84-89].
Galvanic displacement is a spontaneous electrochemical reaction, driven by the free
energy change resulting from the difference in the reduction potentials of the reacting
species. The process is shown schematically in Figure 4-1. In this type of reaction, a solid
metal or semiconductor atom is oxidized and displaced from a surface by a metal ion,
which itself is reduced to a solid, resulting in diffusion limited growth[90] of highly pure
metallic structures[91]. Due to their desirable plasmonic properties[92], Au and Ag are
often used in forming SERS substrates. Given that these two metals are strong oxidizers
in their cationic states, able to displace many other metals and semiconductors, this
method lends itself quite readily to forming micro- and nanoscale metal geometries with
a high surface area and many SERS hot spots[86]. However, in order to form these SERS
substrates, prior work has used hydrofluoric acid (HF) or other strong acids to remove the
surface oxide layer present on semiconductors[85-87] and metals[88, 89, 93]. Methods to
create SERS substrates by galvanic displacement that do not rely on HF or other
potentially dangerous or harmful reagents would be advantageous in terms of the safety
and portability of the method and subsequent substrates.

This chapter presents a rapid, simple method to form powerful micro- and
nanostructured SERS substrates using the galvanic displacement method without the use
of HF, i.e. without the need for a separate oxide-removal step. This single step, room
temperature method takes less than an hour from cleaning the metal substrates to

beginning the spectroscopic measurements. The commercial availability of handheld
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a) Metal salt solution placed on surface b) lons diffuse to defects in oxide layer

Metal Salt Solution

Solid Metal

c) Oxidation/reduction occurs at defect site d) Crystal nucleation at defect site

MEMNENMNM MEMNMNM
MIMIMIMMIMIMIM

Figure 4-1. Schematic overview of the galvanic displacement mechanism. a) A metal salt solution is placed
onto a solid metal or semiconductor surface, where the reaction takes place. b) At the interface highlighted
in the box in part a, metal ions (blue circles) diffuse to defects in the metal oxide layer (red circles). ¢) The
metal ion is reduced to a zero valent state by an oxidation-reduction reaction directly with the bulk metal
(brown circles), presumably through a hydride transfer[94]. d) The zero valent metal acts as a nucleation

point for crystal growth at the defect site through additional rounds of oxidation-reduction of other metal

ions from solution.
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Raman spectrometers at modest cost opens the door to remote and field applications of
SERS, such as detection of environmental contaminants at improved limits of detection
and medical diagnostic applications such as bacterial typing or viral identification in
locations where access to a pathology lab may be limited.

To underscore the portability of this method, the galvanic displacement was done
on highly portable, common metal objects- coins. The process is shown schematically in
Figure 4-2. Using AgNO; and dilute NH4OH, which could be easily and safely
transported to and used in a remote location, Ni and Cu were displaced from the surface
of dimes and pennies, respectively, forming Ag structures consistent with those
previously described in the literature on galvanic displacement. These SERS substrates
were then characterized using Rhodamine-6G (R6G), a common analyte for evaluating
SERS substrates. The substrates exhibited an enhancement factor (due specifically to the
SERS nanostructures) for R6G on the order of 10°, without any resonant enhancement by
excitation wavelengths for R6G. An important and practical application in point-of-
sampling remote analysis was demonstrated using melamine with substrates formed on a
penny and copper tape. Melamine is a toxic chemical that has been illegally used to
increase the apparent protein content of pet food, infant formula, and milk, as measured
by conventional food safety methods. Here, melamine was mixed with infant formula and
detected at a level of 5 parts per million (ppm), which is above the current maximum
allowable limit under United States Food and Drug Administration and World Health

Organization regulations, both of which set the limit at 1 ppm. Thus these SERS
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Figure 4-2. Schematic representation of the experimental process used to fabricate SERS substrates on a
dime and penny. First, a solution of AgNO; and NH,OH is dripped on the surface and allowed to react for
30 minutes before being rinsed with distilled water and dried under flowing air. The sample is placed on the

substrate and allowed to dry (approximately 10 minutes) and analyzed using a Raman spectrometer.
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substrates are a promising path to simple, effective, reliable, and highly portable SERS

substrates and subsequent applications, including screening for food safety.
Experimental

SERS substrate formation on coins

AgNO; (ACS grade) was obtained from Alfa Aesar. Rhodamine-6G (99%) was obtained
from Sigma Aldrich. NH4OH (ACS Plus grade) was obtained from Thermo Fisher
Scientific. Coins were ultrasonicated for 15 minutes in deionized H,O, rinsed with 70%
isopropanol, rinsed with deionized water, and dried under flowing air. A solution of 50
mM AgNOs was created using deionized water and combined with concentrated NH4OH
in a ratio of 10® AgNO; : 1 NH4OH by serial dilution. 450 pL of deionized water was
placed on each coin to wet the entire surface, and 50 puL of the AgNO3:NH4OH solution
was mixed with the water and allowed to react for 30 minutes in the dark before being
rinsed gently with 500 uL of deionized water. The substrates were then dried gently

under flowing air.

SERS substrate formation on copper tape

Copper foil tape (3M) was applied to a cleaned glass slide and cleaned using deionized
water and 70% isopropanol. 10 pL of 50 mM AgNO; was spotted onto the tape surface
and allowed to react for 30 minutes in the dark before being gently rinsed with 100 pL of

deionized water and dried with flowing air.
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SERS substrate formation on thin metal films

Standard glass slides were cleaned using piranha solution (3:1 H,SO4:H,0;). 100 nm of
Cu or Ni was coated onto the cleaned glass slide using a Denton electron beam
evaporator (Denton Vacuum, LLC). The slides were then patterned using standard
photolithography techniques, exposing circles of metal 8 mm in diameter using SU-8
photoresist (Microchem). 80 pL of deionized water was placed on each metal circle to be
reacted, and 20 pL of the AgNO3;:NH4OH solution was mixed with the water and allowed
to react for 30 minutes in the dark before being rinsed with 100 puL of deionized water.

The substrates were then dried under flowing air.

Scanning electron microscopy characterization

Scanning electron micrographs of the substrates were obtained using a Hitachi SU-70
scanning electron microscope at an accelerating voltage of 10 keV. A Bruker silicon drift
detector was used to determine elemental composition of the substrates by energy

dispersive spectroscopy (EDS).

SERS characterization

To investigate the SERS activity of the substrates, 20 pL of a 1 uM solution of
Rhodamine-6G (R6G) in methanol was placed on a dime and penny substrate and
allowed to dry, requiring less than 10 minutes. To determine the reproducibility of the
signals from different substrates on the same type of coin, 20 uL of 1 uM R6G was
placed on each of five substrates of each coin type. Raman spectra were obtained at 50x
magnification using a Horiba Jobin-Yvon LabRamHR-800 system using the internal
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HeNe laser with a wavelength of 632.8 nm. Twenty spectra were obtained at each
concentration at different points selected on the substrate, and the average of all 20
spectra was used. Spectra were acquired over the spectral range from 600 cm™ to 1700
cm” for two seconds, repeated 15 times and averaged. LabSpec software (v. 5.25.15,
Horiba) was used to control the instrument, acquire spectra, perform background
subtraction, and analyze the spectra. Additional analysis of SERS spectra was performed
using the ChemoSpec chemometrics package version 1.61-3[95], in the R statistical

programming environment, version 3.0.1[96].

Detection of melamine in infant formula

Commercial infant formula (Enfamil, Mead Johnson & Company) was prepared
according to manufacturer’s instructions. Melamine (99%) was obtained from Sigma-
Aldrich. Solutions of infant formula were either used as prepared or spiked with
melamine at 1000 ppm, 100 ppm, 10 ppm, 5 ppm, 1 ppm, and O ppm (pure formula as a
control). 2 puL of each solution was placed on penny and copper tape substrates, prepared
as described above. Raman spectra were obtained over the same spectral range as above
using a 785 nm diode laser, which was used to evaluate the possibility of using these
substrates for portable, point-of-sampling analysis. Ten points on the substrate were
scanned with a total signal acquisition time of 150 seconds (3 second acquisitions
averaged 5 times per spot over 10 spots) for the 1000 ppm, 100 ppm, and 10 ppm levels
and 500 seconds (10 second acquisitions averaged 5 times per spot over 10 spots) for the

5 ppm, 1 ppm, and 0 ppm (normal infant formula) levels.
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Results and Discussion

Galvanic displacement was used to fabricate SERS substrates on the surface of dimes and
pennies rapidly, easily, and inexpensively as previously shown schematically in Figure 4-
2. A solution of AgNO3 and NH4OH spontaneously displaced Ni and Cu from the dime
and penny, respectively, forming the Ag SERS substrates in a simple, one-step, room

temperature process. The electrochemical reactions that occur are given in Equations 4-1

and 4-2.
24g" +Cu — Cu™ +2Ag E° =0.46V (Equation 4-1)
24g" + Ni > Ni** +2Ag E° =1.08)V (Equation 4-2)

Unlike many other galvanic displacement methods[85-87, 89, 93], this process
did not require the use of HF or other caustic reagents to strip the native oxide present on
the surface of the coins, either prior to or during the galvanic displacement process.
Presumably, the nucleation and crystal growth occurred and defect sites in the native
oxide layer, perhaps at metal grain boundaries, eliminating the need for HF. Nor did the
process require overnight reaction, as is required with many semiconductor[86, 87] and

metal[89] galvanic displacement processes.

SERS Substrate Characterization

The Ag features formed on the dime are highly heterogeneous. The scanning electron
micrographs in Figure 4-3a-b show highly variable features spanning several orders of
magnitude in size both at the 1,000x (Figure 4-3a) and 10,000x (Figure 4-3b)
magnification levels. Much of the surface is covered by broad, thin Ag polyhedral
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Figure 4-3. SEM and EDS characterization of the dime (a, b, ¢) and penny (d, e, f) SERS substrates. The
scanning electron micrographs taken at 1,000% magnification show a drastic difference in the substrate
morphology between the dime (a) and the penny (d), especially the pronounced linear arrangement of
features as indicated by the white arrow. A 10,000x magnification view of the areas indicated in (a) and (d)
further highlights the difference in morphology and coverage, with the dime (b) consisting of larger
particles that tend to terminate in small, sharp edges and the penny (e) consisting of small particles
composed almost exclusively of small, sharp edges. Elemental analysis by EDS of the areas indicated by
crosses in b and e shows a significant amount of silver present in the particles both on the dime and penny
(black traces, (¢) and (f), respectively), while the surface of the coins (red traces, (c) and (f)) show an

elemental composition consistent with the composition of the respective coins with only trace amounts of

silver present.
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crystals which grow at different angles to the surface. These relatively flat structures tend
to terminate in sharp features on the order of a few hundred nanometers in length, and
less than 100 nm in width. This leaves the polyhedra with spiked features resembling
nanoflowers[97], the nanodesert rose[86], and dendritic[89] or fractal[98] silver
structures, which can be seen in Figure 4-4. Elemental analysis of the features (Figure 4-
3c¢) indicates that their composition is primarily Ag, although it is difficult to quantify due
to the strong signals from the Ni and Cu that compose the dime. This is not an
unexpected result, as the electrons in EDS have a relatively large interaction volume.
These signals can arise from electrons that pass through the Ag structures without
ejecting a core electron and interact with the surrounding material, in this case Ni and Cu.
This indicates that the height of the structures examined is approximately 400 nm (the X-
ray range for Ag[99]) from the surface of the dime, possibly even less due to the strength
of the signal from the Cu. This cannot be said for all of the structures on the dime, as
there is considerable variation in feature size, as can be seen in Figures 4-3 and 4-4.

The Ag features formed on the penny are markedly different than those formed on
the dime. Figure 4-3d shows a more uniform and complete coverage of the coin surface at
the 1,000x magnification level, with the Ag structures exhibiting a profound linear
arrangement not observed on the dime, as indicated by the white arrow. The feature size
of these structures is approximately one-half to one-tenth that of the features on the dime.
Interestingly, the features on the penny are similar to the sharp, spiky edges of the large
polyhedra on the dime. Furthermore, these features even more strongly resemble the

nanoflower, nanodesert rose, and fractal and dendritic structures found on the dime, as
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Figure 4-4. Scanning electron micrographs of the microscale and submicron features formed on the dime

and penny substrates.
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demonstrated in Figure 4-4. Polyhedra are still formed on the penny, but are smaller and
much less frequent than on the dime. As with the dime, EDS elemental analysis of the Ag
features on the penny indicate significant Ag content, but also have the strong
background signal from the Cu on the penny’s surface, indicating again that the structure
examined is under 400 nm in height.

The difference in morphology between dime and penny substrates reflects
differences underlying the surface electrochemistry governing the galvanic displacement
reactions. Brevnov et al.[100] found that the barrier oxide layer present on Al prevents
Ag ions from displacing the Al metal underlying the oxide layer, underscoring the oxide
layer’s inhibitory effect on the reaction. This is also the reason that many other galvanic
displacement reactions use HF or strong acids to strip the native oxide present on metal
or semiconductor surfaces.

In contrast, the oxides of both Ni[101] and Cu[102] are soluble in acidic
solutions, with copper oxide being more soluble than nickel oxide at a given acidic pH.
Because the SEM/EDS results show that the galvanic reaction occurred, we infer that the
slight acidity of the solution at pH 5.5 dissolved the native oxide enough to enable the Ag
ions to displace metal from the surface of the coins. Thus galvanic displacement could
occur at defect sites and areas with a thinner oxide layer, without necessitating the
complete removal of the surface oxide layer from the coins. This non-uniform reaction at
defect sites in the passivating oxide would naturally create more nucleation points for Ag
feature growth to occur on the coin surface. In turn, the greater number of starting nuclei

could decrease the overall feature size for a given amount of Ag on a given surface.
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To further demonstrate the importance of the surface chemistry, a more controlled
and homogeneous surface was created by evaporating thin films of Ni and Cu onto glass
slides and reacting with the AgNO3;:NH4OH solution. As can be seen in Figure 4-5a-c,
the Ni thin film has large crystalline features that are far apart, indicating that there are
fewer nucleation points on Ni, resulting in large, sparse crystal growth. On the Cu thin
film (Figure 4-5d-f), there are many smaller features including nanospheres, plates, and
polyhedra, as well as larger, fractal structures. The comparison between the relatively
smooth, controlled thin film surfaces and the rough, uncontrolled coin surfaces indicate
that both surface topology and the metal being displaced play an important role in
determining the ultimate structure of the substrates. In other words, the results suggest
that a high density of defect sites in the oxide passivation layer on coins leads to highly
heterogeneous galvanic reaction. As shown below, the limited extent of the reaction at

each site produces nanostructures that are highly effective in SERS enhancement.
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Ni Thin Film Cu Thin Film

Figure 4-5. Scanning electron micrographs of reacted nickel and copper thin films. Ni thin film shows
solitary crystals that are large in size as in (a), with nanoscale features as shown in (b). Small crystals also
were observed on the Ni film, as in (c). The Cu thin film showed more uniform coverage with nanospheres

(d-f), with fractal structures (d), plates (f), and polyhedral (f) being common.
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SERS Enhancement Factor Calculation
Rhodamine-6G (R6G) was selected as the SERS probe for its large Raman cross section
and the extensive characterization of its SERS spectrum in both experimental and
theoretical studies. Figure 4-6 shows the SERS spectra of a solution of 1 uM R6G on the
dime (Figure 4-6a) and the penny (Figure 4-6b) substrates. Prominent peaks present on
both substrates, labeled in Figure 4-6, have been previously identified in experimental
and DFT calculation[103] studies of R6G. Some minor peak shifting is observed from
previously reported values (within ~ 4 cm™), as might be expected given the
heterogeneity of naturally aged coin surfaces and particularly where localized nucleation
or defect sites dominate the formation of Ag nanostructures that dominate SERS
response.

An average enhancement factor was calculated for the substrates to be 1.09x10°

for the dime substrate and 1.21x10° for the penny substrate using Equation 4-3:

EF = 1] SERS ; x SERS (Equation 4-3)

Raman Raman

where Iggrs 1s the count rate for the SERS substrate, Nggrs is the estimated number of
molecules in the laser spot on the SERS substrate, Iraman 1S the count rate of an unreacted
thin metal film not exposed to the AgNO;:NH4OH solution, and Nraman 1s the estimated
number of molecules in the laser spot on the unreacted thin metal film. Nggrs was
approximated by assuming uniform coverage of R6G on the coin surface, and
approximating the surface of the coin to be the geometric area of the coin’s face. Nraman
was approximated by assuming uniform coverage of R6G over the unreacted thin film
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Figure 4-6. SERS spectra of 1 uM R6G on the dime (a) and penny (b) substrates. The black spectra are
from the substrates formed using the AgNO;:NH,OH mixture as described, and the grey spectra are from
substrates formed using only AgNOj; solution. The peaks are consistent with those previously identified for

R6G[103]. The presence of NH4OH increases the photon count rate of the dime substrates by a factor of

ten, and that of the penny substrates by a factor of two.
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surface. Because roughened Ni and Cu surfaces are known to exhibit SERS
behavior[104], the unreacted thin films were used as references to evaluate the
enhancement factor of the substrates to control for the inherent heterogeneity in the
topography of the coin surfaces.

To account for the spatial inhomogeneity of the coins, we recognized that the
laser used to acquire these spectra has a spot radius of approximately 2 pm, which is
large enough to encompass several of the larger features and their associated small, sharp
features found on the dime, as well as many of the smaller features prevalent on the
penny. This indicates that highly enhancing “hot spots” were approximately equal in
number for the areas scanned, yielding similar average enhancement factors.

While the enhancement factors and limits of detection are nearly the same for the
dime and penny substrates, there is up to an order of magnitude difference in the photon
count rates of the two substrates, with the penny substrates exhibiting a higher count rate.
This difference could be due to a number of different factors, including the difference in
the standard reduction potentials for the metals on the coin surface, differences in the
surface oxide thickness or reactivity toward the AgNO3;:NH4OH solution, the number of
nucleation sites at which silver can be reduced, the reaction rate, or even the bumps and

scratches acquired over the individual history of each coin.

Effect of NH,OH
The addition of NH4OH to the AgNOs solution improves the photon count rate for the

dime substrate by a factor of ten (Figure 4-6a) and the penny substrate by a factor of two
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(Figure 4-6b), on average. When mixed with AgNO;, the NH4OH will coordinate Ag+
cations, forming a diammine silver (I) complex, which changes the standard reduction
potential from about +0.799V for Ag" to about +0.366 V[105]. While this affects only
about one sixth of the available Ag" cations, given the solution composition, the resulting
lower Gibbs free energy change of the reaction would imply that the coordinated Ag"
cations could only react at the most favorable nucleation sites on the coin’s surface or on
already growing silver crystals. As the coordinated Ag” ion gets reduced, the NHj is then
free to coordinate other cations in solution[90], potentially prolonging the effect. Ko and
Lee[102] found a similar effect on the dissolution of copper oxide using HCIO4 with
monoethanolamine, noting that the surface roughness reached a maximum around pH 6,
close to the pH of the solution used in this paper. Furthermore, the free NH3 can also
coordinate metal cations released from the coin surface, preventing Ag’ from oxidizing
M" to M*" in solution, where M is Ni for the dime and Cu for the penny. This would
require the reduction of Ag" to take place at the coin surface or on an already growing

silver crystal.

SERS Reproducibility

As is the case with many SERS substrates formed by random processes, the galvanic
SERS sites from dime and penny substrates present challenges for quantitative or semi-
quantitative applications. Figure 4-7 shows the reproducibility of signals from 1 uM R6G
from different substrates formed on the same type of coin. The absolute intensity of

signals from the dime (Figure 4-7a) varies by less than an order of magnitude, and the
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Figure 4-7. Reproducibility of SERS signals from 1 uM R6G on dime (a) and penny (b) substrates. Spectra
are offset for clarity. The dime substrates exhibit more than twice the variability of the penny substrates,

and are approximately an order of magnitude weaker in absolute signal intensity.
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Figure 4-8. Normalized SERS spectra of 1 uM R6G showing that each spectrum can be reliably identified

on different dime (a) and penny (b) substrates, despite the variability in signal intensity in Figure 4-7.
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molecule can still be identified readily in every case by examining the normalized
intensities (Figure 4-8a). The same holds true for the penny substrates, as demonstrated
by Figure 4-7b and Figure 4-8b. While the reproducibility of this method could be
improved with additional microfabrication, processing, or reagents[84, 106], that would

run counter to the goal of creating a simple, fast, and inexpensive substrate.

Galvanic SERS Substrates for Melamine Detection

The effectiveness of these SERS substrates was demonstrated in an application where
portable and rapid detection of contaminants could serve as a complement the traditional
analytical methods, namely by detecting excessive amounts of melamine in melamine-
spiked infant formula. Melamine has been added illegally to pet food, infant formula, and
other foodstuffs to increase the total amount of nitrogen in the food, which in turn passes
for increased protein content as measured in standard tests. This causes an anomalously
high value for the amount of protein in a sample as reported by standard tests which rely
on the total nitrogen content of a sample to estimate protein levels. Melamine can
hydrogen bond with cyanuric acid other related compounds formed during melamine
synthesis and disposal to form insoluble crystals, which can lead to renal failure[107]. A
rapid, point-of-sampling detection system could be developed to detect melamine
contamination of foodstuffs by combining the SERS substrates from the present work
with a portable Raman spectrometer, allowing more samples to be screened in the same

amount of time while simultaneously reducing the burden on other analytical instruments.
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Since we previously determined that copper-based substrates worked better than nickel-
based substrates, we chose to use both a penny and commercially available copper tape to
create simple and portable SERS substrates. To demonstrate the ability of these substrates
to detect melamine in infant formula, the formula was prepared according to the
manufacturer’s directions, used as prepared or mixed with melamine at 1000 ppm, 100
ppm, 10 ppm, 5 ppm, or 1 ppm, and dried on dime and penny substrates before being
scanned. Figure 4-9a and b show the results on the tape and penny substrates,
respectively. Unadulterated formula (0 ppm) has a broad peak spanning 650-750 cm™, as
shown in Figure 4-9. Melamine contamination shows up as a distinct peak centered near
686 cm™, as can be seen clearly in the 1000 ppm and 100 ppm levels for both substrates
in Figure 4-9. This peak is in good agreement with the major peak observed by Lin et
al.[108] and Koglin et al.[109], which both groups assign to an in-plane deformation of
the triazine ring of melamine, ring breathing vibrational mode II. At 10 ppm and below,
the 686 cm™ peak becomes more broad and shallow, yet still remains distinguishable
down to the 5 ppm level. This allows for the rapid and simple SERS detection of
melamine-contaminated infant formulas at levels down to 5 ppm, which could be used to
quickly screen for melamine contamination in infant formula or other foodstuffs.

One potential drawback of using a random reaction such as galvanic displacement
is that the substrates that form are often highly variable in morphology and hot spot
distribution, yielding a variable SERS signal. Another potential source for variability in
the signal is the inhomogeneity of the surfaces introduced during the manufacture and

processing or circulation of the tape and coin, respectively. The variability of the
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Figure 4-9. Average SERS spectra of melamine adulterated commercially available infant formula on Ag
substrates formed on (a) Cu tape and (b) a Cu coin. The peak centred around 680 cm™ is due to an in-plane
deformation of the triazine ring of melamine, which can clearly be distinguished down to the 5 ppm levels

in both cases. Spectra are offset to better show the characteristic melamine peak.

86

www.manharaa.com




substrates was assessed by calculating a coefficient of variation (CV) for different points
of the same sample droplet, a CV for different substrates, and for the Cu coin substrates,
a CV for different points within the same substrate. These CVs are summarized in Table
4-1. The Cu tape substrates are less variable than the Cu coin substrates on average,
which is not unexpected. The coins come from circulation and have a high degree of
surface heterogeneity, which is believed to be the main source of variability between
substrates formed on different coins.

Given these sources of variability, we examined the substrates using scanning
electron microscopy to look for similarities since the limits of detection and average
photon count rates were similar between the two substrates. Figure 4-10 shows two
scanning electron micrographs, each revealing a wide variety of fractal, dendritic, and
polygonal Ag structures, consistent with previously published descriptions of structures
formed by galvanic displacement reactions. It is believed that the large number of
branching points and facets created by the galvanic displacement reaction result in a
multitude of enhancement hotspots distributed across the surface of the substrate.
Furthermore, Figure 4-11 shows that on the Cu tape, Ag structures tend to form in a

linear arrangement, forming along the surface striations of the Cu tape.

Comparison with Other SERS Detection Methods for Melamine
Despite the global health concern over food supply security, there were relatively few
published papers addressing the detection of melamine-adulterated foodstuffs using

SERS. A comparison with a selection of these papers published at the time of
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Table 4-1: Coefficients of variation for the substrates

Substrate Type Sample CV Substrate CV Point CV
Cu Tape 0.506 0.702 N/A
Cu Coin 0.534 0.998 0.385

Sample CV is the coefficient of variation for 10 different spectra acquired within the same sample droplet.
Substrate CV is the coefficient of variation between five different substrates each with ten spectra. Point
CV is the coefficient of variation for five different samples tested on the same coin substrate. The CV was

calculated by integrating the area of the characteristic peak for melamine in the 1000 ppm case and dividing

the standard deviation of these areas by the mean of the areas.
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Figure 4-10. Scanning electron micrographs of representative fractal, dendritic, and polygonal Ag

structures formed on Cu tape (a) and a Cu coin (b) by galvanic displacement.

89

www.manharaa.com




- P "t gi‘;:, 2 .
. e
. 12 K‘I-:F.-fc"-":‘r E‘I -

5.0kV 15.7mm x300 SE(U) méum

Figure 4-11. Scanning electron micrographs of the substrate created on Cu tape. Micro- and nanostructure
growth is observed to align with the surface striations on the Cu tape which presumably arise during the

manufacturing and processing of the tape itself.
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publication[108-111] is in order to evaluate the relative advantages of this method. The
majority of the papers detail detection of pure melamine preparations, as exemplified by
Koglin et al.[109] and Du et al.[110]. The most relevant comparisons come from those
papers that describe the detection of melamine in food, due to the fact that other
compounds present in the food may compete for binding sites on the SERS substrate and
reduce the overall signal from melamine. The only two known to the publications at the
time were those of Lin et al.[108] and Lee et al.[111].

Lin et al. used a commercially available SERS substrate, and demonstrate
detection in the range of 500 — 1,000 ppm for four different types of food after extracting
melamine with a 50% (v/v) acetonitrile/water mixture. These levels of melamine
contamination are still several orders of magnitude larger than those allowable in food for
human consumption. Lee et al. used Au nanoparticles to detect melamine in powdered
milk at 100 ppm after 10 minutes, and 200 ppb after immersing a roughened Au electrode
in the melamine/milk solution for one day, yielding improved limits of detection without
the need for solvent extraction or other pretreatment methods. While the limit of
detection is an important factor in selecting a SERS substrate, one must also consider
sample preparation time and complexity. The simple, fast, and robust substrates presented
here represent a promising technique for portable, semi-quantitative SERS applications.

We also compared the performance of our inexpensive and portable substrates
with Klarite, a commercially available SERS substrate, in Figure 4-12. Detection of
melamine extracted and purified from food samples has previously been shown using

Klarite[108, 112], so we sought to ascertain its performance without any sample

91

www.manaraa.com



700

—1000 ppm
—100 ppm
600 -
—0 ppm
500
[
]
©
o
+ 400 4
=
(=}
)
c
e 300
et
=}
£
o
200
100
0
600 650 700 150 800 850
Raman Shift (cm?)

Figure 4-12. Average SERS spectra of melamine adulterated commercially available infant formula on
Klarite, a commercially available SERS substrate. Note that the 680 cm™ peak is readily identifiable at the

1000 ppm level but not at the 100 ppm level. Spectra are offset for clarity.
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preparation. Figure 4-12 shows spectra from normal infant formula (0 ppm) and infant
formula adulterated with 1000 ppm and 100 ppm melamine using experimental
conditions identical to those responsible for Figure 4-9. The 680 cm-1 peak can be seen
readily at the 1000 ppm level, but is not apparent at 100 ppm. While the integrated peak
area on the Klarite substrate has a lower CV (0.34) than the substrates formed by galvanic
displacement, it cannot be used under the same conditions to detect melamine
contamination of infant formula. Thus, these simple, inexpensive, and portable substrates
reported here show up to 200-fold better detection of melamine contamination in infant
formula without pre-treatment than do the more expensive, commercially available

Klarite substrates.

Future work

Substrate morphology control with galvanic displacement

Given that the Raman scattering enhancement is governed by the nanoscale geometry of
the substrate, controlling the morphology and distribution of the resulting nanoscale
features i1s essential for creating highly enhancing and reproducible substrates. While
there are currently no reports of quantitative substrates formed by galvanic displacement,
there are galvanic displacement substrates that offer reproducibility within 10-15%.
These methods require the use of HF[113-116] and long reaction times[115], excluding
them from consideration as simple SERS substrates amenable to portable analysis. Brejna
and Griffiths used microsphere lithography to demonstrate a method to control substrate

morphology and nanostructure spacing, but the extensive amount of processing necessary
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(including the use of HF) to fabricate these substrates precludes them from consideration
as simple SERS substrates[114]. A general method for creating simple, portable,
quantitative, and reproducible substrates by galvanic displacement has not yet been put
forth. We believe that by controlling the surface chemistry and characteristics of the
metal or semiconductor to be displaced and the composition of the displacing solution,
the problem of substrate reproducibility, which is directly related to crystal morphology
and distribution, can be greatly reduced while still maintaining the excellent enhancement
characteristics and simple preparation methods of galvanic displacement substrates.
Many of the previous reports of SERS substrates formed by galvanic
displacement[89, 97, 113-117] relied on the use of HF to remove the native oxide layer
present on metal and semiconductor surfaces, since the native oxide layer inhibits
galvanic displacement[100] and defects in the oxide are believed to act as nucleation
points for crystal growth. In the simplest cases, this harsh treatment is unnecessary with
many metals including Al[94] and Cu[57, 118]. Since many metal oxides are amphoteric,
acidification of the displacing solution, especially using a metal with a common anion
(e.g. HNOs for AgNOs solutions), can help to remove the native oxide layer and facilitate
galvanic displacement without requiring the use of concentrated acids or HF to form the
substrate. Amphoteric metal oxides can also be dissolved using a basic solution,
expanding the parameter space for the galvanic displacement reaction. The anions of
these basic solutions can complex Ag" and Au’", which alters the effective reduction
potential of the ions[119], changing the free energy of the reaction. Furthermore, there is

evidence that the anion plays an important role in determining the morphology of the
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structures that form due to standard reduction methods of nanoparticle synthesis[119] as
well as galvanic displacement with Ag[118]. One could conceivably adjust the
composition, pH, and free energy of the galvanic displacement solution to allow for the
creation of more structures with a given morphology that produce highly enhancing
SERS substrates for a given application.

Additives such as polyvinylpyrrolidone (PVP), KI, and cetyl trimethylammonium
bromide (CTAB) also have been shown to influence substrate morphology in galvanic
displacement reactions[120]. PVP is a common capping agent used in the synthesis of Ag
nanocubes, and directs growth along the <111> direction by adsorbing selectively to the
<100> facets[121]. In the case of galvanic displacement of Zn by Ag, Lv et al. found that
Ag tends to form spherical structures with nanorods extending radially, similar to the
shape of a sea urchin[120]. When they replaced PVP with KI, the structures formed a
porous, irregular, interconnected mesh of Ag nanosheets. The addition of CTAB, a
detergent commonly used in the formation of Au nanorods[122], results in the growth of
rod-like aggregates. Furthermore, Lv et al. found that the presence of halide anions (I"
from KI and Br from CTAB) changed the nature of the reaction from a
thermodynamically governed system to kinetic control which they say favors anisotropic
growth of Ag particles. The order and timing of the addition of these compounds could
also be adjusted to further control the morphology of the substrates. For example, since
the additives mentioned result in Ag structures dominated by {111} facets, adding them

to the reaction at a later time point may allow for the formation of new morphologies by
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allowing early isotropic growth of nanoparticles prior to Ostwald ripening and formation

of rods or dendrites[123].

Engineering well-defined oxide defects as sites for galvanic displacement

Another approach to controlling the galvanic displacement reaction would be to directly
engineer the metal oxide layer itself. One example of such a method is shown
schematically in Figure 4-13. While the most common method to control the oxide is to
remove it entirely using acid, this need not be the only approach. Several of the
techniques necessary to do this very precisely and in a controlled fashion are currently
prohibitively expensive and highly specialized, and thus research in this area would
primarily serve to answer the question as to whether engineering the metal oxide layer
itself could control the galvanic displacement reaction. Atomic layer deposition (ALD) is
a technique used extensively in the semiconductor and other industries to produce thin
films with unprecedented uniformity at the atomic scale, achieved by means of an
alternating, self-limiting surface reaction of metal precursors and oxidizers in ultrahigh
vacuum conditions. Recent reports have extended ALD to roll-to-roll processing under
atmospheric pressure conditions, driven by the dramatic lowering of cost this will
achieve[124]. This can be used to tune the plasmonic properties resulting from controlled
galvanic reaction with the underlying substrate[125]. Given the uniformity and control
over the thickness of the oxide layer, a highly uniform metal oxide film could be

deposited, and defects could then be introduced using other techniques common in the
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a) Deposition of Al onto b) ALD growth of oxide
glass slide layer

c) Defect formation by d) Improved control over
ion milling

crystal growth

Figure 4-13. Schematic overview of how to control the galvanic displacement reaction. a) Aluminum is
deposited onto a cleaned glass slide. b) Aluminum oxide is grown conformally over the aluminum metal by
atomic layer deposition. ¢) Defects are introduced into the aluminum oxide layer by ion milling. d) A more
controlled defect distribution should yield improved control over the resulting SERS-active dendrite

structure and size.
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semiconductor industry, such as ion implantation, ion milling, or focused ion beam
ablation. By controlling the parameters of these techniques, one could achieve a desired
density of defects in the oxide layer, such that the defects are all very similar
(monodispersed). Uniform defect characteristics in the oxide could enable considerably
more uniform SERS structures to be formed at those defects, as compared to galvanic
reaction at random defects in a native oxide that has evolved without control.

A preliminary, proof-of-principle study of the effects of defects in the oxide layer
on the resulting structures that form due to galvanic displacement and subsequent SERS
enhancement was performed by thermal evaporation of 100 nm of aluminum metal onto a
cleaned glass slide. Without breaking vacuum, the glass slide was transferred to a
Cambridge Nanotech Fiji F200 atomic layer deposition (ALD) system maintained at a
base pressure of 1x10° Torr and a temperature of 250°C, where a conformal 3 nm layer
of Al,O3 was deposited by ALD using trimethylaluminum (TMA) as the metal source
precursor and H,O as the oxidant precursor with a continuous flow of 200 mTorr Ar gas.
Precursors were unheated and were pulsed for 0.06 seconds, followed by a purge of 10
seconds. This resulted in an Al,Os; film growth rate of 1.0 A/cycle with a film
nonuniformity of <1%. Film thickness was measured using a J. A. Woollam M-2000D
Ellipsometer and a Cauchy optical model for the ALD Al,O;. Following ALD film
growth, the slide was subjected to Ar plasma at 4 sccm with an extraction voltage of 500
V and an accelerating voltage of 1000 V for 30 seconds using a Veeco Mark III ion
source before being removed from vacuum and treated with 10 uL 50 mM AgNO; for 30

seconds and rinsed with 20 pL deionized water. SERS was performed with 2 pLL of 1 uM
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R6G as above, except the acquisition conditions were 300 averages of 3 seconds
integration time at five points.

The results of preliminary experiments utilizing ALD and argon plasma engineer
the oxide layer defect density are shown in Figure 4-14. Two slides were prepared and
examined as described, with the difference between the two being the amount of time in
between Ar plasma milling of the Al,O; layer and the reaction with AgNOs. The first
slide (Figure 4-14a through Figure 4-14c) was reacted as soon as the slide was cool
enough to handle safely. The second slide (Figure 4-14d through Figure 4-14f) was
removed to atmospheric pressure for 30 minutes before being reacted with AgNOs3. This
was to allow atmospheric oxygen to reoxidize any exposed bulk aluminum or oxide layer
defects generated by argon plasma treatment. The slides were placed half-way into the
plasma stream, with one side being exposed to a higher Ar ion flux than the other,
creating a gradient of oxide defects. The plasma etch rate, the ion flux, and the prevalence
of doubly-charged Ar ions have not been characterized under these operating conditions,
but the etch rate for Al,Os is expected to be greater than 2 nm/minute.

In the case of the slide reacted immediately after removal from the vacuum
chamber, there is a clear difference in the particle morphology as a function of distance
from the point of maximum ion flux. Optical microscopy shows a variety of structures
(Figure 4-14a) that differ from those further away from the point of maximum flux
(Figure 4-14b and c). The trend is towards much larger structures forming at greater

distances from the point of maximum ion flux.
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Immediately Reacted Substrate:
a) 1%t Spot b) 4t Spot

Substrate Allowed to Re-Oxidize:
d) 15t Spot e) 37 Spot

Figure 4-14. Optical microscopy of the particle morphology and distribution on two different slides with a
uniform aluminum oxide layer formed by ALD. One slide was reacted immediately with AgNO; after
being removed from the vacuum chamber (a-c), and the other slide was allowed to sit at atmospheric

pressure for 30 minutes prior to reaction (d-f). The first spot is located closest to the maximum ion flux

from the Ar plasma.
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This is attributed to a lower ion flux density, and thus a lower areal density of
defect sites at which galvanic displacement can occur. The lower defect density causes
larger structures to form by diffusion-limited growth due to the Ag" atoms not having as
many sites at which reduction can occur, leading to increased growth at the sites where
reduction is able to occur. Due to the current configuration of the system, the point of
maximum ion flux receives no aluminum due to the positioning of a shutter in the
evaporation chamber. Future work with this system might involve a redesign to allow for
a more complete characterization of the influence of ion flux.

The slide that was removed to atmospheric oxygen shows more homogeneous
particle morphology under the optical microscope (Figure 14d-f). Larger structures do
eventually form further away from the point of maximum ion flux, but the difference is
nowhere near as apparent as on the slide that was reacted immediately. The reason for
this is as yet unclear, and more powerful materials characterization techniques, such as
electron microscopy, should be used to determine whether there is an effect on particle
morphology and distribution at the nanoscale. Additionally, parameters such as the
accelerating voltage, plasma exposure time, and ALD oxide thickness should be explored
to understand their influence on resulting particle morphology.

SERS activity of 1 uM R6G was evaluated for each point on both of these slides,
and the results are shown in Figure 4-15. The variability was characterized by plotting the
median and interquartile range of the spectra at each point on the slides, as shown in
Figure 4-15a for the slide reacted immediately and Figure 4-15b for the slide that was

reacted after being exposed to atmospheric oxygen for 30 minutes. The slide that was
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a) Reacted immediately after removal b) Reacted after 30 minutes at atmospheric pressure
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Figure 4-15. Central tendency and effect of distance from the point of maximum ion flux on the SERS of 1
puM R6G. a) Median and interquartile range of the normalized spectra from the slide reacted immediately
after removal from the vacuum chamber. The point closest to the maximum ion flux is at the bottom of the
figure. b) Median and interquartile range of the normalized spectra from the slide exposed to atmospheric
oxygen for 30 minutes. The point closest to the maximum ion flux is at the bottom of the figure. ¢) Mean
integrated peak area of the 613 cm™ peak from 1 uM R6G as a function of distance from the point of

maximum ion flux. Error bars represent 95% CI. The variability decreases with increasing distance from

the maximum ion flux, while the enhancement drops initially but remains relatively constant up to a point.
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reacted immediately shows stronger SERS activity, even at points far from the point of
maximum ion flux. While some particles formed on the slide that was exposed to
atmospheric oxygen, these particles did not contribute any appreciable surface
enhancement at any point examined on the slide. Figure 4-15¢ shows the integrated peak
area of the 613 cm™ peak from R6G as a function of linear distance from the point of
maximum ion flux. There is a distinct distance dependence for both the overall
enhancement and the variability of the resulting spectra, as evidenced by the error bars

(95% CI). More work is needed to validate and extend the findings of these experiments.

Conclusions

While galvanic displacement is known to produce effective SERS substrates for
biochemical analysis, applications — particularly in biomedicine — have often been
constrained by the use of harsh chemicals in forming the SERS substrates. This work
shows that efficient Ag micro- and nanoscale SERS structures can be formed readily on
Ni and Cu substrates using benign chemistries that facilitate nucleation of the galvanic
reaction at specific sites, likely at defects in native oxide films that are soluble in these
chemistries. By demonstrating this galvanic displacement-based SERS approach on
everyday objects (coins) containing Ni and Cu, we underscore the easy application of the
technique. Coupling such simple starting substrates to benign chemicals and relatively
inexpensive portable Raman instruments, the results suggest broad field applications,

particularly in remote regions.

103

www.manaraa.com



SERS enhancements of order 10° are measured under non-resonant conditions for
Rhodamine-6G, attributed to nanoscale Ag structures resulting from localized galvanic
reactions. Additionally, we demonstrate that the approach can detect melamine in infant
formula at a level of 5 ppm, which is above the current 1 ppm limit allowed in infant
formula by both the US Food and Drug Administration and the World Health
Organization, indicating a potential application in rapid screening of infant formula for
clear melamine contamination. Melamine contamination is a global health concern:
despite its health dangers, it has been illegally introduced into infant formula, pet food,
and other foodstuffs to give the appearance of enhanced protein content in standard tests.
While precise quantification of concentrations is difficult in any SERS technique, this
work indicates that detection and semi-quantitative measures of melamine are possible
with the simple galvanic reactions and everyday substrates employed here. Coupled with
portable Raman instruments available at modest cost, this SERS technique is promising

for applications in food safety, health, and other areas, potentially on a global scale.
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Chapter 5: SERS Detection of Bacterial Signaling Molecules

Using Substrates Formed by Galvanic Displacement

Chapter Abstract

Bacteria communicate using several different signaling modalities, perhaps the best
studied of which is small molecule mediated signaling. Small molecule mediated
signaling influences a wide range of behaviors in bacteria, from motility and chemotaxis
to biofilm formation and virulence factor production. Most methods to detect these small
signaling molecules rely on cell-based systems to produce a fluorescent or luminescent
response. Detecting small signaling molecules using a direct, label-free detection method
such as SERS would be very beneficial to the field of cell signaling. Given their strong
enhancement and simple fabrication, we used SERS substrates formed by galvanic
displacement on several different surfaces (coins, metal tapes, and thin metal films) to
detect three different small signaling molecules: autoinducer-2 (AI-2), indole, and
Pseudomonas quinolone signal (PQS). AI-2 could be detected in pure solution at a
concentration of 1 mM, approximately two orders of magnitude above the maximum
levels found in the culture of wild type E. coli. Indole could be detected in pure solution
at a concentration of 10 uM and 500 pM in M9 minimal medium. However, indole is not
produced by bacteria in M9, so 500 uM indole was measured in 1x LB media. Due to the
presence of tryptophan in LB, indole was unable to be distinguished from the background
in a physiologically relevant medium. PQS could not be detected by SERS, although a

Raman spectrum from a crystal of PQS was obtained. While galvanic displacement
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produces SERS substrates with excellent enhancement properties for several molecules,
such as Rhodamine-6G and melamine, this enhancement is not universally applicable to
all analytes, possibly due to if or how the analytes interact with the substrates. Thus, these
SERS substrates formed by galvanic displacement are not a viable method for the direct,
label-free detection of small signaling molecules. It is worthwhile to emphasize that these
conclusions are limited solely to the specific substrate and molecule combinations used in
these experiments. Future work could include a more complete exploration of the

parameter space or the use of other SERS substrates, such as silver or gold nanoparticles.

Introduction

Bacteria have evolved multiple methods for communication, including physical,
chemical, and electrical signaling methods[126, 127]. These communication methods
enable bacteria to adapt their metabolic activities based on the presence and quantity of
other bacteria. Bacterial communication methods mediated by small molecules are
among the best studied. A review by Ng and Bassler provides a good overview of the cell
density dependent signaling phenomenon known as “quorum sensing”[128]. Quorum
sensing behaviors influence a wide range of behaviors, from the formation of biofilms to
the production of virulence factors to motility and bioluminescence. Accordingly, it
represents an opportunity both to better understand bacterial physiology and to take
advantage of the phenomenon to develop new methods to mitigate or prevent infection by

pathogenic bacteria[35].
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Quorum sensing is governed by small molecules called “autoinducers” that are
traditionally grouped into three families: Autoinducer-1 (Al-1) is a family of acyl
homoserine lactones (AHLs) that are species specific and used by Gram negative
bacteria; Autoinducer-2 (Al-2) is a class of molecules derived from the molecule 4,5-
dihydroxypentane-2,3-dione (DPD) and is used by both Gram positive and Gram
negative bacteria; Autoinducing peptides (AIPs, sometimes called AI-3) are species
specific and used by Gram positive bacteria. These three families of autoinducers do not
encompass all quorum sensing mediators; Pseudomonas aeruginosa synthesizes another
quorum sensing mediator called “Pseudomonas quinolone signal” or PQS that controls
biofilm formation and virulence factor production.

Despite the ubiquity of intercellular signaling and the potential importance of
these molecules in understanding microbiology and advancing medicine, there remains a
lack of methods to detect these molecules. Reporter cells, utilizing fluorescence or
bioluminescence, are far and away the most common method, although mass
spectrometric methods have also been developed. FRET-based sensors have also been
developed[129, 130]. Label-free methods to detect quorum sensing mediators remain
limited to reports of the electrochemical detection of PQS[131] or pyocyanin as a proxy

for AI-1[132] and another report of SERS of AI-1[133].

Autoinducer-2 (Al-2)
Al-2 is primarily synthesized from S-adenosyl homocysteine (SAH), a byproduct of S-

adenosyl methionine demethylation. SAH is processed by an S-adenosylhomocysteine
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hydrolase (Pfs in the case of E. coli) to form adenine and S-ribosyl homocysteine. S-
ribosyl homocysteine is cleaved by an S-ribosylhomocysteine lyase (LuxS in the case of
E. coli) to produce homocysteine and 4,5-dihydroxypentane-2,3-dione (DPD). DPD
exists in a complex equilibrium with several other forms in the presence of water[134],
creating the family of molecules known as AI-2. When in the presence of significant
borate concentrations, as in the ocean, DPD reacts with borate to form a borodiester that
is used by the Vibrio genus of marine bacteria.

Al-2 is brought into the cell by a transporter protein complex composed of the
proteins LsrA, LsrB, LsrC, and LsrD in E. coli. LsrB has been identified as the transport
protein for AI-2[135], and is highly selective for DPD over the borodiester form of
DPD[130]. Inside the cell, AI-2 is phosphorylated by LsrK, which can then bind to the
transcription repressor LsrR, enabling transcription of genes downstream of an LsrR
binding site. In the Vibrio genus, Al-2 is not brought directly into the cell but instead
binds to a receptor (LuxP) that is part of a complex (LuxPQ). This leads to a signal
transduction by a phosphorylation/dephosphorylation cascade (depending on Al-2
concentration), which leads to the production of LuxR, a transcription factor necessary
for the increased transcription of genes under the control of a lux box consensus
sequence. As with LsrB, LuxP has been demonstrated to be highly selective for the

borodiester form of Al-2, and does not bind DPD[129].
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Pseudomonas quinolone signal (PQS)

PQS is the name given to the molecule 2-heptyl-3-hydroxy-4-quinolone, produced by
Pseudomonas aeruginosa. PQS is biosynthesized from anthranilic acid, which is derived
from either shikimic acid or tryptophan by different metabolic pathways[136]. The
enzymes PqsA, PgsB, PqsC, and PqsD convert anthranilic acid to 2-heptyl-4-quinolone
(HHQ), a precursor for PQS. HHQ has intercellular signaling properties itself. The
enzyme PqsH converts HHQ into PQS. Due to the highly hydrophobic nature of its
structure, PQS is transferred between cells in membrane bound vesicles[137].

Production of PQS is modulated by the two AI-1 based quorum sensing circuits
present in P. aeruginosa. In turn, PQS modulates the production of siderophores for
regulating Fe’ acquisition and metabolism, as well as the production of virulence factors
like pyocyanin, elastase, proteases, and surfactants[138]. As a quinolone, PQS is
electrochemically active, and has previously been detected by -electrochemical
methods[131]. PQS was selected for study by SERS due to the aromatic nature of the
quinolone moiety and the presence of an alkyl tail, both of which are often observable
under Raman and SERS, in addition to the potential healthcare applications of being able

to detect PQS in a real time, label free manner.

Indole
Quroum sensing, while a very important bacterial signaling behavior, is not the only
small molecule mediated signaling mechanism used by bacteria. Indole is another small

molecule produced by bacteria that can alter the behavior of nearby bacteria[139] and
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even mammalian cells[140]. Indole is generally not regarded as being a quorum sensing
mediator, although that is still debated within the literature. Indole is synthesized from
tryptophan via a tryptophanase (TnaA in E. coli), beginning late in the exponential phase
and is produced throughout the stationary phase. Indole can be produced at levels up to
0.6 mM in rich media. Indole production is sensitive to local environmental conditions
such as pH and temperature[141].

Indole is produced by over 85 different bacterial species and has many effects as
an intercellular signaling molecule. In co-culture with Pseudomonas aeruginosa, indole
provides a competitive advantage to E. coli by inhibiting quorum sensing by P.
aeruginosa[142]. Additional effects include spore formation, changes to biofilm
formation, virulence factor production or inhibition, increased drug/antibiotic resistance,
and formation of bacterial persisters[140, 143]. The differing responses to indole among
the bacteria that use and sense indole reflect the complexity of bacterial interspecies
interactions. Although much of the Raman and SERS work surrounding indole have
focused on derivatives of indole being important in mammals (e.g., tryptophan,
serotonin) and plants (e.g., auxins), there are reports of SERS and Raman of indole, as

well as accompanying density functional theory (DFT) calculations of the spectra[144].

Experimental

Reagents
AgNO; (ACS grade) and aluminum shot (99.999%) were obtained from Alfa Aesar.
HAuCly (99.999% trace metal basis), indole (>99%), and 2-heptyl-3-hydroxy-4(1H)-
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quinolone (PQS, >96%, HPLC) were obtained from Sigma-Aldrich. LB media was
obtained from Fischer Scientific. Azure Hi-Def media was obtained from Teknova.
Copper and aluminum tapes (3M) were obtained from McMaster-Carr. M9 minimal
media was made according to a standard protocol[32] using reagents from Sigma
Aldrich. AI-2 and analogues were synthesized according to previously published

methods[33-35].

SERS substrate fabrication
SERS substrates were formed on coins, thin aluminum films, and metal tapes. The coins,
U.S. pennies from circulation, were ultrasonicated for 15 minutes in deionized H,O,
rinsed with 70% isopropanol, rinsed with deionized water, and dried under flowing air.
The substrates were formed by galvanic displacement using 50 mM AgNO; placed on the
coin surface for 30 minutes in the dark, followed by removal of the AgNO; and rinsing
the reacted surface with two volumes of deionized water before drying under flowing air.
Substrates formed on Al or Cu tape were formed using a similar method- first the
tape surfaces were washed with acetone, followed by 70% isopropanol, and then
deionized water before being dried under flowing air. 80 puL of deionized water was
placed on each metal circle to be reacted, and 20 pL of 50 mM of either AgNO; or
HAuCl, was added to the deionized water and allowed to react in the dark for 30 minutes
before removing the solution, rinsing with two volumes of deionized water, and drying

under flowing air.
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For the SERS of indole, aluminum films of 100 nm thickness were formed by
thermal evaporation of aluminum onto standard glass microscope slides cleaned by
piranha solution (3:1 H,SO4:H,0;). Thermal evaporation was performed using a Metra
thermal evaporator. The slides were then patterned using standard photolithography
techniques, exposing circles of metal § mm in diameter using SU-8 photoresist
(Microchem). 80 pL of deionized water or 100 mM NaOH was placed on each metal
circle to be reacted, and 20 uL of 50 mM of either AgNO; or HAuCls was added to the
deionized water and allowed to react in the dark for 30 minutes before removing the
solution, rinsing with two volumes of deionized water, and drying under flowing air. The
morphology of these substrates were examined by scanning electron microscopy using a
Hitachi SU-70 scanning electron microscope at an accelerating voltage of 10keV. As a
reference, SERS of indole on the galvanic displacement substrates was compared against
SERS of indole on a commercially available SERS substrate, Klarite (Renishaw

Diagnostics).

SERS parameters

20 pL of the analyte at the indicated concentration was added to the surface of the
substrate and allowed to dry in air. Raman spectra were obtained at 50x magnification
using a Horiba Jobin-Yvon LabRamHR-800 system using the internal HeNe laser with a
wavelength of 632.8 nm and spectra were acquired over the range of 600 cm™ to 1700

cm’ unless otherwise indicated. LabSpec software (v. 5.25.15, Horiba) was used to
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control the instrument, acquire spectra, perform background subtraction, and analyze the
spectra.

AI-2 and derivative spectra represent an average of five points with an integration
time of 900 seconds per point (300 three second integrations averaged per point). Indole
spectra represent an average of five points with an integration time of 30 seconds per
point (30 one second integrations averaged for each point). PQS spectra represent an
average of five points with an integration time of 900 seconds per point (300 three second
integrations averaged per point). These times were selected after varying acquisition
parameters and integration times to obtain the best possible signal to noise ratios.

Additional analysis of SERS spectra was performed using the ChemoSpec
chemometrics package version 1.61-3[95], in the R statistical programming environment,
version 3.0.1[96]. This includes principal component analysis (PCA), hierarchical

clustering analysis (HCA), and measures of central tendency.

Results and discussion

SERS of Al-2 and analogues

Given the prevalence of Al-2 as a signaling molecule in the bacterial world, it represents
a prime candidate for label-free direct detection methods. We acquired SERS spectra
from 10 mM chemically-synthesized AI-2 on a SERS substrate formed by galvanic
displacement on a penny by Ag. This represents the first reported SERS detection of Al-

2, shown in Figure 5-1. We were able to detect AI-2 at 10 mM and 1 mM in pure
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Figure 5-1. SERS spectra of chemically synthesized DPD (AI-2). At 10 mM, DPD shows a feature-rich
spectrum. Many of the features disappear at a concentration of 1 mM, but it still retains features (e.g., the
broad peak between 1300 and 1400 cm™ possibly due to band broadening of the relatively intense peaks
located in that range for the 10 mM concentration). At 100 pM, the spectrum is effectively featureless. This
limit of detection around 10 mM is between two and four orders of magnitude above concentrations of AI-2

produced in laboratory cultured wild type strains of E. coli such as W3110. Spectra are offset for clarity.
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solution, however, concentrations below 1 mM in H,O were indistinguishable from
background. When AI-2 was present in a complex mixture (Figure 5-2), such as LB, M9,
Teknova’s Hi-Def Azure defined media, it was indistinguishable from the background
signal contributed by the media. The AI-2 spectrum is complex and rich in spectral
features- this may be a result of the complex equilibrium that AI-2 exhibits in the
presence of water[134].

Figure 5-3 shows AI-2 spectra obtained using substrates formed by galvanic
displacement of an Al thin film, as well as a different excitation wavelength, provided by
a 784 nm diode laser. None of them produced appreciable improvement over the Ag on
penny substrates. The Ag on Al thin film yielded high count rates, but this led to the loss
of some spectral information due to the overlapping of peaks. While the parameter space
for the galvanic displacement reaction was not completely explored, the data obtained
thus far indicate that galvanic displacement is not an ideal method for producing
substrates to detect AI-2 by SERS.

While AI-2 itself does not scatter well on the galvanic displacement substrates,
we reasoned that aromatic analogues of AI-2 might be easier to detect than the parent
molecule itself using SERS. The aromatic AI-2 analogues 1-(furan-2-yl)-3,4-
dihydroxybutane-1,2-dione  (furanyl-DPD), 1-(4-fluorophenyl)-3,4-dihydroxybutane-
1,2dione (fluorophenyl-DPD), and 3,4-dihydroxy-1-(4-nitrophenyl)butane-1,2-dione
(nitrophenyl-DPD), whose structures are shown in Figure 5-4, were examined on Ag-
penny SERS substrates. The resulting spectra are shown in Figure 5-5. Principal

component analysis (PCA) failed to reliably distinguish between the spectra for different
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Figure 5-2. Comparison of | mM DPD in various media. All four graphs are on the same scale. a) | mM
DPD in H,0. As seen in Figure 5-1b, 1 mM DPD can be identified in H,O. b) 1 mM DPD in LB media.
While there are differences in the absolute intensities of some of the peaks, none of these are uniquely
identifying for DPD, and are attributed to local variations in the composition of LB media. ¢) 1 mM DPD in
M9 minimal media. Minimal media has very few components that should scatter (primarily glucose), but
DPD cannot be distinguished from the background. d) I mM DPD in Teknova’s Hi-Def Azure chemically
defined medium. Hi-Def contains many components that contribute significantly to the background,

eliminating any possibility of distinguishing DPD unambiguously.
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Figure 5-3. 10 mM DPD in H,O with different substrates and excitation wavelengths. a) DPD on a SERS
substrate formed by galvanic displacement of an Al thin film by Ag. b) DPD on SERS substrates formed by
galvanic displacement of an Al thin film by Ag or Au under the excitation of a 784 nm laser. Due to the

different geometry of the substrates, the spectra look somewhat different than that in Figure 5-1, but retain

several similar features.
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Figure 5-4. Structure of DPD (AI-2) and the aromatic analogues used in this study. The abbreviated names

are given in addition to the [UPAC names.
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Figure 5-5. SERS and analysis of aromatic analogues of Al-2. a) SERS spectra of 10 mM DPD in H,0, 5
mM Furanyl-DPD in H,0, 6.7 mM Nitrophenyl-DPD in DMSO, and 7.5 mM Fluorophenyl-DPD in DMSO
(from bottom to top). b) Classical principal component analysis of the normalized spectra, using Pareto
weighting and with 95% CI ellipses around the groups. ¢) Hierarchical clustering analysis of the
normalized spectra. Nitrophenyl-DPD clusters together, with the addition of a Fluorophenyl-DPD

spectrum, possibly due to the presence of DMSO.
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molecules at the 95% CI level (Figure 5-5b), and hierarchical clustering analysis (HCA)
does not accurately classify the spectra (Figure 5-5¢). The solutions containing DMSO as
a solvent for the AI-2 analogues (fluorophenyl-DPD and nitrophenyl-DPD) showed
marginally better discrimination in PCA and clustering with HCA, although this is
possibly due to the presence of DMSO, since the nitrophenyl-DPD lacks appreciable

peaks characteristic of nitrobenzene[145].

SERS of PQS

We anticipated that PQS, with the aromatic quinolone moiety and seven carbon alkyl tail,
would yield a feature-rich SERS spectrum and possibly enable in situ detection of the
molecule. The normal Raman spectrum of the molecule, shown in Figure 5-6, shows a
variety of strong peaks in the fingerprint region. However, once dissolved in methanol
and placed on an Ag-penny SERS substrate, the results were underwhelming. Figure 5-6
also shows the SERS spectrum of 1 mM PQS in methanol, dried on the substrate. There
are no readily apparent characteristic peaks- the peaks are all broad and have very low
photon count rates. When superimposed on one another, the peaks do line up somewhat,
which implies that while there is some Raman scattering going on, the galvanic
displacement substrates used are not ideal for SERS of PQS. This is highly unexpected,

and warrants further investigation.

SERS of indole
The SERS of indole was investigated in water, M9 minimal media, and LB media using

SERS substrates formed by galvanic displacement of Al thin films by Ag or Au.
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Figure 5-6. Comparison of the SERS of 1 mM PQS in methanol on an Ag on penny SERS substrate
formed by galvanic displacement with a scaled version of the normal Raman spectrum of crystalline PQS.
There are no uniquely identifying peaks present in the SERS spectrum, the peaks present are very broad,
and the photon count rates are very low. This is highly unexpected, given the prominence of several peaks

in the normal Raman spectrum of PQS.
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Representative scanning electron micrographs of the substrate morphologies is shown in
Figure 5-7. The difference in the resulting substrate morphology as a function of both the
oxidizing agent (Ag" or Au’") and the pH of the solution (with or without 100 mM
NaOH) underscores the importance of these (and other) reaction parameters in the
galvanic displacement reaction. Indeed, substrates formed by AgNO; alone were not able
to adequately enhance indole solutions; subsequently, their results are not discussed here.
Substrates formed by Au fared better than those formed by Ag, possibly due to the high
density of dendritic structures that form creating a higher local density of tips and branch
points that are believed to lead to high SERS enhancement.

Figure 5-8 shows a limit of detection study of indole in H,O on an Au in NaOH
substrate. Indole can be detected down to 10 uM in pure solution. However, detecting an
analyte in pure solution serves little purpose when the ultimate goal is to detect molecules
in situ- they must be detected in a biological medium. Figure 5-9 shows the detection of
500 pM indole in M9 minimal medium on Au in NaOH substrates (Figure 5-9a) and a
comparison with Klarite, a commercially available SERS substrate (Figure 5-9b). Klarite
produces no appreciable enhancement of indole at either 500 uM in M9 or 1 mM in pure
solution. In rich media, indole is produced at concentrations up to 600 uM[140]; however
M9 is a minimal medium and does not provide an accurate comparison.

Figure 5-10 shows the detection of 500 uM indole in LB media. Peaks at 900 cm™
and 1160 cm™ appear to be more prominent in the LB containing 500 pM indole relative
to those in LB alone. The results of the detection are inconclusive, as LB media contains

tryptophan, whose side chain is an indole moiety. The presence of an indole moiety in the
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ig 5 Sanning electron micrographs f the subtrt foe on Al thin films to investigate the
SERS of indole. a) 50 mM AgNOj; forms dendrites similar to those observed in the previous chapter. b) 50
mM HAuCl, forms smaller, more densely-packed dendrites. ¢) 50 mM AgNO; in 100 mM NaOH forms
much broader and flatter dendritic structures. d) 50 mM HAuCl, in 100 mM NaOH forms dendrites similar

to those observed for 50 mM HAuCl, by itself, but with the addition of several smaller satellite particles.
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Figure 5-8. Limit of detection of indole in HyO on Au substrate formed on Al thin film. The limit of
detection was determined to be on the order of 10 uM, as the ring breathing mode (760 cm™) and several

other vibrational modes are clearly visible at the 10 uM concentration level but not at the 1 pM level.
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Figure 5-9. Indole detection in M9 minimal media. a) SERS substrates formed by galvanic displacement of
an Al thin film by 50 mM HAuCl, in 100 mM NaOH. 500 pM Indole in M9 can be detected using these
substrates. b) Klarite, a commercially available SERS substrate, is ineffective at enhancing indole in either
H,0 at 1 mM or in M9 at 500 pM.
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Figure 5-10. Indole in LB on a SERS substrate formed by galvanic displacement of an Al thin film by 50
mM AgNOs; in 100 mM NaOH. While certain peaks seem to be more prominent in the 500 pM indole in
LB spectrum, especially the 900 cm™ and 1160 cm™ peaks, the heterogeneity of LB media and the presence
of tryptophan (whose side chain is an indole moiety) in LB makes reliably distinguishing indole from the

background difficult at best, even at high concentrations.
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medium, combined with the lack of a defined media composition render a definitive

detection optimistic at best.

Future work
The parameter space for the galvanic displacement reaction is immense. It is conceivable
that some combination of reactants, surface topology, and oxide defect density could
produce a SERS substrate capable of enhancing AI-2 and other signaling molecules.
However, the amount of work necessary to conduct such a search may not be worth the
effort. It is also entirely possible that the physicochemical properties of the signaling
molecules investigated here are such that they will not interact with the substrates in such
a way that provides surface enhancement. Capping agents, such as thiols with additional
functionalities (e.g., a borate group to react with AI-2, forming the borodiester Al-2),
may enable close interaction with the surface, giving rise to SERS of the signaling
molecules. There is a single previous report of SERS of the AI-1 family of
autoinducers[133] that made use of Lee and Meisel citrate-reduced Ag colloids[146] with
no capping agent. Using other more popular and well-characterized SERS substrates such
as these may prove more fruitful than a search of a parameter space that grows with
combinatorial complexity.

Density Functional Theory (DFT) calculations could be employed to assign
vibrations observed in the 10 mM AI-2 and crystalline PQS spectra. It is likely that the
AI-2 spectrum obtained earlier is a composite of the spectra of the individual molecules

that make up the complex equilibrium that AI-2 exhibits, and as such, the DFT of AI-2 is
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a nontrivial endeavor. However, it would be interesting to see whether some linear
combination of the spectra obtained from DFT correspond with the equilibrium ratios of
the individual components of the equilibrium. Given the crystalline nature of PQS as
obtained from Sigma-Aldrich, the DFT of this molecule may be much more
straightforward.

Perhaps a better approach would be to develop a biosensor based on the AI-2
receptor protein LsrB. FRET-based LuxP sensors have been reported for the borodiester
form of AI-2 previously, but LsrB, a structural homologue of LuxP, did not exhibit a
strong enough FRET effect to serve as an effective biosensor[129, 130]. Since AI-2 does
not exhibit efficient inelastic scattering or present any strong characteristic peaks, perhaps
a refractive index sensor based on localized surface plasmon resonance or spectroscopic
ellipsometry or a mass-based sensor such as a functionalized quartz crystal microbalance

may be able to provide a quantitative measure of AI-2 present in a sample.

Conclusions

SERS substrates formed by galvanic displacement are not an effective way to detect AI-2
or PQS in a label-free fashion. SERS substrates formed by galvanic displacement of
aluminum by gold are capable of detecting indole in M9 minimal medium at a
concentration of 1 mM, but not below that and not in a relevant medium where indole is
produced (e.g., LB media). While not an exhaustive characterization, exploration of the
parameter space of galvanic displacement may lead to the discovery of a set of reaction

conditions that enable the detection of these molecules. Alternatively, other SERS
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substrates such as nanoparticles or nanosphere lithography can be explored to see if they
possess the proper physical and chemical characteristics to produce SERS of these

signaling molecules.
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Chapter 6: Summary and Conclusions

This dissertation details our work in the development of new sensing modalities for
bacterial and environmental interactions. The work has currently generated two published
papers, an invited paper currently in revision, an additional paper in preparation, and 11
conference presentations. In this chapter, I will briefly summarize the findings of each
chapter, discuss the significance and innovation of each chapter, and then highlight future

directions for work.

Optically clear calcium alginate hydrogels

Given the importance of optical and fluorescent microscopies in understanding biological
systems and their interactions with their environments, we sought to improve the ability
of researchers to immobilize cells at a desired point in space and time and be able to
image the entire population of cells entrapped within the hydrogel using confocal
microscopy. Furthermore, this aligns well with the ongoing research in the Maryland
Biochip Collaborative, which exploits the ability to assemble populations of cells in
alginate in a desired spatial relation to one another in order to better understand

intercellular signaling phenomena.

Significance

The ability to control where and when a population of cells is placed is a very powerful
tool for research, and accordingly has been essential to our work in the Maryland Biochip
collaborative. This work extends the significance of this already powerful technique by

providing a more complete, more accurate overview of cell growth and behavior due to
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the optically clear gels employed in this technique. By removing the need for CaCOs
particles throughout the entire hydrogel, researchers are able to monitor population and

cell-scale behaviors in a more quantitative fashion.

Innovation

The use of a two-step bilayer geometry of alginate hydrogels in which the first layer
contains CaCOs particles to provide free Ca>” to gel a clear, second hydrogel layer is a
first for this work. The creation of an optically clear alginate gel using only an electrical
signal (obviating the need for an acidic rinse to dissolve excess CaCOj particles) is yet
another first. Additionally, this work was the first to show a standard bacterial growth

curve within the clear alginate hydrogel in a microfluidic device.

Future work

Future work will involve exploring the parameter space for the deposition conditions to
determine optimal conditions for depositing and culturing many cell types in addition to
E. coli. Perhaps not an obvious part of this parameter space characterization is the study
of how media components contribute to autofluorescence, which thus far has limited the
use of fluorophores to fluorophores that emit at wavelengths beyond green. Finally,
development of this technique into creating structures with multiple layers containing
different cell types or an array of fluorescent/luminescent biosensors would be beneficial

for the field.

132

www.manaraa.com



New nonviral nucleic acid delivery method

The ability to deliver nucleic acids to a cell effectively enables a researcher to reprogram
the cell to execute a desired genetic program. This process, called “transformation” in
bacteria, has been essential to modern biotechnology. We developed a new
transformation technique that allows electrocompetent cells to be transformed as they are
immobilized within a calcium alginate hydrogel in response to an electric field. The
conditions for transformation are completely compatible with the spatially programmed
assembly and entrapment of cell populations within microfluidics, which is central to

much of the research by the Maryland Biochip Collaborative.

Significance

The transformation method we developed occurs outside the traditional electroporation
and heat shock regimes. The discovery that low electric field strength coupled with a long
exposure time leads to transformation and subsequent culture of viable cells is a
significant development, as prior work has focused on high intensity electric fields with
brief exposure times. This development is significant, as the voltages we used were on
the order of 3V- a transformation that effectively could be performed using two alkaline

batteries.

Innovation

This is the first instance of a bacterium being transformed at a low electric field- other
groups have reported low voltages (but with small electrode gaps, leading to a high field)
or low fields (but using large eukaryotic cells, which electroporate at lower fields). Our
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evidence points to an electroporation mechanism outside the traditional parameter space
of electroporation- exposure to a lower electric field for a longer period of time may have
the same effect as a brief exposure to a high intensity field. This also represents the first
simultaneous immobilization and transformation of a population of cells at a desired

point in space and time.

Future work

The main issue to resolve with this work is the mechanism- how exactly does it work?
This will be a significant challenge. If it truly is an electroporation, equations exist that
can guide the inevitable downstream optimization work that must occur. If there is some
contribution from Joule heating and/or the Ca®" ion flux, the (largely empirical) results
from the literature could also assist in optimization. After the mechanism is determined
and the process optimized, new applications can be developed in the transformation of

eukaryotic cells and the dynamic creation of cell-based sensor arrays.

Galvanic displacement for SERS substrate fabrication

Label-free detection of molecules using surface enhanced Raman spectroscopy allows for
the direct detection of a wider range of molecules than methods that require fluorescent,
isotopic, or affinity labeling. The development of a rapid and simple method to create
highly enhancing SERS substrates by galvanic displacement led to the direct detection of
melamine in liquid infant formula at concentrations down to 5 ppm. These substrates also
produced maximum analytical enhancement factors on the order of 10° for Rhodamine-

6G, which is on par with previous reports of substrates formed by galvanic displacement.
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Significance

The push toward developing simple, field-deployable label free sensing systems will
revolutionize point of care diagnostics and point of sampling analysis, leading to an
overall reduction in cost and turnaround time for sample analysis. This work represents
one step toward realizing that incredibly important goal. Additionally, our work with
galvanic displacement on common metal objects has inspired other groups, with our

paper receiving 10 citations according to Web of Science at the time of writing.

Innovation

The use of galvanic displacement on common metal objects underscored the simplicity
and portability of this method. Our preliminary experiments with engineering the defect
density of the oxide layer to control the galvanic displacement reaction is also a first, as
very few research groups have capabilities in both SERS and ultra-high vacuum

technologies like atomic layer deposition.

Future work

The most important basic science work to come out of this will be the determination of a
set of reaction parameters that enable the fabrication of reproducible, (semi-)quantitative
SERS substrates with the high enhancement characteristic of substrates produced by
galvanic displacement. We listed several possible ways to approach this, and one of the
most intriguing methods involves the engineering of defects in the oxide layer using

atomic layer deposition, as we described in the chapter.
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SERS of bacterial signaling molecules with galvanic displacement
substrates

The ability to eavesdrop on intercellular communication using a label-free detection
method such as SERS would be incredibly beneficial to the research community, hence
our efforts to do just that. We were able to acquire SERS spectra for autoinducer 2 (AI-2)
and some of its analogues, as well as indole. We were only able to obtain a normal
Raman spectrum of Pseudomonas quinolone signal (PQS). None of the molecules were

detectable at physiologically relevant concentrations in physiologically relevant media.

Significance

We were able to demonstrate the first SERS spectra for AI-2 and analogues. The
detection of signaling molecules at any concentration in any solvent is a first step toward
detection under more relevant conditions. Significant effort was exerted in employing
galvanic displacement to detect these molecules under relevant conditions. The failure to
detect these molecules under relevant conditions with SERS substrates formed by
galvanic displacement on coins and thin metal films indicates that the combination of
SERS substrates formed by galvanic displacement (with their random density of features
with different nanoscale morphology), analytes (which must interact closely with the
SERS substrate to exhibit surface enhancement), and environmental conditions (which
can affect the degree to which surface-analyte interactions occur) are not ideally matched
for the detection of these molecules under relevant conditions- this can inform future

substrate choice for label-free detection of signaling molecules.
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Innovation

Several variations of the galvanic displacement reaction were employed, some of which
resulted in interesting substrate morphologies that warrant future investigation. We
acquired the first known SERS spectra of AI-2 and three of its aromatic analogues, as

well as a normal Raman spectrum of PQS.

Future work

A lot of work remains to be done here, which could potentially prove quite useful to the
understanding of intercellular communication by bacteria. On the label-free detection
front, employing any of a number of possible alternative SERS substrate fabrication
methods and/or capping agents may lead to better detection limits under more relevant
conditions. The spectra that we have acquired can be studied and paired with density
functional theory (DFT) calculations. Combined experimental and DFT studies can help
future researchers better understand the spectra generated by these signaling molecules.
Finally, for the goal of eavesdropping on intercellular communication mediated by Al-2,

a biosensor approach based on the AI-2 binding protein LsrB may prove more fruitful.

Conclusions

Several years ago, we set out to build a microfluidic device that would allow us to culture
separate populations of bacteria and detect intercellular signaling between these
populations in situ and in real time. This was an incredibly ambitious undertaking that
was tempered by the realities of the omnipresent forces that every scientist and engineer

encounters, namely “time” and “the laws of physics”. However, in attempting to achieve
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this goal, we have developed new processes and techniques that expand the capabilities
of researchers worldwide across many disciplines and subdisciplines, each one related in
some way to the overall field of “bioengineering”. Additionally, and this is no small
matter to me, this experience has afforded me the opportunity to learn and grow into

becoming an independent scientist.
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