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The gastrointestinal (GI) tract is a complex ecosystem with cells from different
kingdoms organized within dynamically-changing structures and engaged in complex
communication through a network of molecular signaling pathways. One challenge
for researchers is that the Gl tract is largely inaccessible to experimental
investigation. Even animal models have limited capabilities for revealing the rich
spatiotemporal variation in the intestine and fail to predict human responses due to
genetic variation. Exciting recent advances in in vitro organ model (i.e., organ-on-
chips (OOC)) based on microfluidics are offering new hope that these experimental
systems may be capable of recapitulating the complexities in structure and context
inherent to the intestine. A current limitation to OOC systems is that while they can
recapitulate structure and context, they do not yet offer capabilities to observe or
engage in the molecular based signaling integral to the functioning of this complex

biological system.

This dissertation focuses on developing microfluidic tools that provide access to

interrogating signaling events amongst populations in the Gl tract (e.g., microbes and



enterocytes). First, a membrane-based gradient generator is built to establish linear
and stable chemical gradients for investigating gradient-mediated behaviors of
bacteria. Specifically, this platform enables the study of bacterial chemotaxis and
potentially facilitates the development of genetically rewired lesion-targeted
probiotics. Second, “electrobiofabrication” is coupled with microelectronics, for the
first time, to create molecular-to-electronic (i.e., “molectronic”) sensors to observe
and report the dynamic exchange of biochemical information in OOC systems. Last,
to address the issue of poor compatibility between OOCs and sensors, we assemble
OOCs with molectronic sensors in a modular format. The concept of modularity
greatly reduces the system complexity and enables sensors to be built immediately
before applications, avoiding functional decay of active biorecognition components
after long-term device storage and use. We envision this work will “open” OOC
systems for molecular measurement and interrogation, which, in turn, will expand the
in vitro toolbox that researchers can use to design, build and test for the investigation

of Gl disease and drug discovery.
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Chapter 1: Introduction

This chapter outlines the scope of this dissertation and the underlying motivation.
Chapters 2, 3, and 4 describe three aims, which together build up the overarching goal
of this work. Each of these chapters is representative of a manuscript published,
submitted or prepared during the doctorate, and possesses their own abstracts and
introductions, with accompanying results and conclusions. An overall summary,
relevant contributions, and both performed and potential future work are detailed in
Chapter 5. It should be noted that although this dissertation mainly focuses on
investigating the gastrointestinal (G1) disorders, the methodologies developed in this

work can be expanded to broader areas.

Background

Gastrointestinal (Gl) ecological imbalance and associated disorders. The adult
human body is colonized by microorganisms that are estimated to outnumber somatic
cells by an order of magnitude.! The majority of these microbes reside in the Gl tract
in the form of microbiota (microbial community), where they form a stable alliance
amongst the epithelial barrier, and the immune mediators (Scheme 1.1).22 The three
components of GI ecosystems have co-evolved to established a unique host-
microbiota relationship termed a symbiosis.* This symbiosis relationship is essential
for the maintenance of intestinal homeostasis and modulates vital functions of the
healthy host®, ranging from metabolism (e.g., food digestion and immunomodulation)
to brain function®’ while at the same time provides a means to prevent pathogen

outgrowth of commensal strains®°. On the other hand, perturbation of microbial-host
1



symbiosis is implicated in many Gl disorders. For example, inflammatory bowel
disease (IBD), a chronic and relapsing inflammatory disorder, is characterized by gut
dysbiosis including the reductions of beneficial bacteria (e.g., Bifidobacteria®*?) and
increased number of species (e.g., Pseudomonas®**#) normally not found (or in low
amount) in healthy controls.*® Increased numbers of pathogenic gut microbial species

may disrupt the epithelial barrier, resulting in aberrant immune responses against gut

microbes. 16
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Scheme 1. 1. Schematic of Gl tract. The villi (right) consist of a monolayer of absorptive enterocytes
that have migrated to the tip during maturation. The resident commensal microbiota is found within
and on top of the mucus layer. Paneth cells and Enteroendocrine cells are found in crypts to secrete
antimicrobial peptides and small bioactive peptides in response to signals from commensal bacteria,
respectively. The redox environment shifts from fully oxygenated in the vasculature and lymphatic
system to anaerobic in the intestinal lumen. Figure adapted from Wong et al (2016).Y7

Probiotics as therapeutic agents in GI disorders. Because of the evidence implicating
the importance of microbial-host interplay in the gut and its relevance in Gl disorders,

various attempts have been made to modify the gut flora using probiotics.823
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Different from conventional medications, such as immunomodulator drugs (e.g.,
azathioprine®*) and biologics (e.g., anti-TNFa antibodies?>?%), probiotics are defined
as living microorganisms that upon ingestion, can exert health benefits beyond those
inherent in basic nutrition.?” Although the exact molecular mechanisms remain still
elusive, studies have shown beneficial effects of ingesting various probiotic strains.
Among these are the ability to fight infections.?® By virtue of developments in
synthetic biology, commensal bacteria (e.g., Escherichia coli) have also been
genetically rewired to target lesion sites and serve as vectors for drug
delivery.1920.29:30 Because of their origin in the Gl tract, these engineered probiotics
withstand the harsh conditions of the GI tract, including the effect of gastric acid and
bile secretion. Such engineered strains retain their ability to survive competition with
other enteric microorganisms.3-32 We note, however, that the design of such
probiotics requires platforms that are sophisticated, enabling recapitulation of Gl

biology using in vitro systems.

In vitro GI models and their applications in preclinical studies. Preclinical studies are
used to estimate the efficacy and toxicity of a drug (e.g., probiotics) before it moves
into clinical trials. Conventional preclinical studies rely heavily on the use of animal
models, which are expensive, highly variable, and difficult to manipulate. Besides
these disadvantages, most animal models fail to predict human responses due to their
inability to accurately mimic the critical features of human physiology.3 Over the
past decade, microfluidics technologies have emerged that establish many benefits to
in vitro analysis, they are gaining wider acceptance as the next-generation tools for

drug testing. That is, microfluidics-based biomimetic in vitro models that simulate

3



human organ microenvironments have made progress in providing critical insight into
the cellular and molecular basis for pathophysiology. Further, researchers have
incorporated many organs into microsystems that help to reduce the high costs and
complexity of in vivo studies. These systems, also named as organ-on-chips (OOCs),
yield significant advantages in re-creating in vivo microenvironments: i) they provide
comparable dimensions for in vivo organ representation; ii) they enable defined
chemical and physical culture conditions that are controlled with the appropriate
spatial resolution for cell and tissue culture; and iii) the resulting tissue systems
recapitulate many aspects of the native in vivo tissue.®* That is, several notable proof-
of-concept studies have demonstrated that recapitulating the key environmental
factors contribute to restoring essential functions of human organs. For example, in
vitro GI models (i.e., gut-on-a-chip) have successfully recreated many aspects of the
intestine, the frontline of most orally administrated drugs®, including the
incorporation of oxygen gradients, peristalsis, invading pathogens, and various
epithelial or lymphatic cells®6-4°, Layered configurations of epithelial cells were also
shown to promote native-like redox gradients that enable enterocyte polarization and

differentiation along the villus.46-5!

Bio-based redox capacitor for information acquisition from biology.
Oxidation/reduction (Redox) reactions can bridge bio-device communication because
they shares features of the molecular modalities of biology and the electronic
modality of devices.> Biologically, redox is a globally-acting signaling modality
independent from molecularly-specific receptor based modalities (e.g., kinase

signaling) and from the molecularly-nonspecific electrical modality associated with
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ion gradients across membranes. Biological redox signals are simple diffusible
molecules (e.g., H20z2) that are recognized through atomically-specific mechanisms
(e.g., sulfur switches) and engage multiple cell signaling pathways with pleiotropic
responses. From a technological perspective, redox-based signals are accessible to
electrochemical instruments that are simple and portable, and provide inputs/outputs

in a convenient format for signal processing and wireless transmission.>3-57
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Scheme 1. 2. Schematic of catechol-modified chitosan film. Catechol-modified chitosan film (i.e., bio-
based redox capacitor, BBRC) can exchange electrons with common biological (A) reductants and (B)
oxidants. Q: quinone; QHa: catechol

Both Chapter 3 and 4 of this dissertation utilize bio-based redox capacitor (BBRC)
developed by Payne’s group and ours to facilitate redox-based signal processing
within microfluidic devices (Scheme. 1.2).545859 BBRC is a catechol-modified
chitosan wherein catechols are readily oxidized to o-quinones which are reactive
electrophiles. We electrochemically generate quinones which react with the
nucleophilic amines of chitosan. Electrodeposited BBRC films are non-conducting as
they cannot exchange electrons directly with the underlying electrode.®® They are
hydrogels, however, that allow the diffusion of ions and small molecules (i.e., the
films are ionically conducting) and are also redox-active. The films can be switched

between oxidized (Q; o-quinone moieties) and reduced (QHz; catechol moieties)
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states by exchanging electrons with diffusible mediators that interact with an
electrode. In essence, the film is a redox-capacitor because it can accept electrons (by
reductive redox-cycling), store electrons (as a reduced QHz: state) and donate
electrons (by oxidative redox-cycling).>*°¢ Importantly, the BBRC films can
exchange electrons with biologically-relevant oxidants and reductants®. Scheme. 1.2
illustrates that we initially tested two common biological reductants: ascorbate which
can be found extracellularly (e.g., in lumen)®, and NADPH which is a common
intracellular reducing agent. In both cases, these reductants were observed to donate
their electrons to charge the BBRC film®. Molecular oxygen is the common
biological oxidant, and initial studies demonstrated that the BBRC film can donate

electrons to partially reduce O: to generate reactive oxygen species (ROS).53

Motivation

Besides the role for digestion, the Gl tract is also the frontline to most orally
administrated drugs, and its complexity and importance in human health and disease
has been well-accepted. While the intestine’s villi structure provides a large surface
area for nutrient/drug absorption, it is also composed of a dynamically-changing
spatially organized array of cells that are embedded within a complex biological
context.%%52 One challenge for researchers is that the intestine is largely inaccessible
to experimental investigation. Even animal studies have limited capabilities for
revealing the rich spatiotemporal variation in the intestine.®¢ Exciting recent advances
in microfluidics are offering new hope that these in vitro experimental platforms may

be capable of recapitulating the complexities in structure and context inherent to the



intestine,34:36-38.44.63-68 However, current microfluidic devices are often complicated in
device design and fabrication which in turn, hampers the translation of these
technologies from lab to industry.®®-"3 Moreover, while existing on-chip biomimetic
in vitro systems can recapitulate structure and context, it is still difficult to access the
molecular communication networks, the human intestinal microbiota composition and

the signaling activities that are critical factors during the drug development.89:42:43.7475

Research goals

The overarching goal of this work is to develop user-friendly microfluidic devices to
expand the in vitro “toolbox” that researchers can use to design, build and test for the
investigation of GI disease and drug discovery. The study builds upon our expertise in
microfabrication, thin-film electrobiofabrication and electrochemistry. Because of the
comparable contributions of microbes and intestinal epithelia in gut health, devices
will be developed for studying both species. In this dissertation, | have subdivided my

work into three major thrusts:

1) Development of a gradient generator to study bacterial chemotactic behavior. This

is potentially useful for discovering probiotics (Chapter 2);

2) Development of a “molectronic” sensor to access biochemical information from

gut pathogens and enterocytes (Chapter 3); and

3) Development of a modular assembled system to facilitate information access from

organ-on-chips with quality control (Chapter 4).



Chapter 2: The state-of-the-art study in bridging microdevice to
biological systems

This chapter delineates the state-of-the-art research on connecting microdevices to
biological systems. Extended from current studies, Chapter 3, 4 and 5 will deliver
innovative works developed in this dissertation. The future directions described in

Chapter 6 are also built upon work described here.

Background

Biology and electronics are both expert at processing information and many people
dream of coupling the molecular-specificity of biology with the speed, computational
power and convenience of electronics. Such capabilities could extend molecular
sensing from individual sensors to distributed networks (i.e., internet of things 76) and
portable systems (i.e., wearable electronics 7). Extensions to enable molecular
actuation could have an even greater impact. For instance, integration of molecular
sensing and actuation capabilities into capsular endoscopes could allow the detection
of pathological signatures to be coupled to the generation of molecular cues (i.e.,
quorum sensing molecules 77°). Such technologies could be used to guide the
resident microbiome away from pathological trajectories &. However, there are many
challenges to integrating the molecular capabilities of biology into electronics and we

propose three key innovations toward this dream.

Synthetic biology (synbio). Beyond its more typical translational goal of providing
alternative pathways for synthesis, synbio allows living components to be designed to

process molecularly-based information. In particular, synbio provides access to



biology’s capabilities for: (i) molecularly-specific recognition to receive molecular
information; (ii), intracellular signal transduction to process information; and (iii)
biosynthetic capabilities to generate molecular transmissions. Here we will use synbio
constructs for communication in two directions: to receive device-imposed inputs and
transmit molecular outputs %; and to receive molecular inputs and transmit device
compatible outputs 8283, Over the long term, we imagine that a population of living
synbio information processors could be “networked” into complex systems with even

greater “computational” capabilities (e.g., learning).

Oxidation/reduction (Redox) reactions. Redox can bridge bio-device communication
because it shares features of the molecular modalities of biology and the electronic
modality of devices.>? Biologically, redox is a globally-acting signaling modality
independent from molecularly-specific receptor based modalities (e.g., kinase
signaling) and from the molecularly-nonspecific electrical modality associated with
ion gradients across membranes. Biological redox signals are simple diffusible
molecules (e.g., H202) that are recognized through atomically-specific mechanisms
(e.g., sulfur switches) and engage multiple cell signaling pathways with pleiotropic
responses. From a technological perspective, redox-based signals are accessible to
electrochemical instruments that are simple and portable, and provide inputs/outputs
in a convenient format for signal processing and wireless transmission.>35457.58.60 Qur
synbio constructs , that are deployed in Chapter 3, will ultimately communicate with

the electronics through this redox modality.818284 Thus, our approach for



“connecting” biological components into electronic circuitry should be generic with

impacts extending well beyond OOC systems.

Biofabrication. Biofabrication, and especially the electrodeposition of stimuli-
responsive self-assembling biopolymers (e.g., chitosan and alginate), will be used to
build our bio-device interface.>38>% The programmability of electrodeposition
mechanisms enables electrode addresses to be independently functionalized in closed
OOC systems (i.e., electrodeposition does not require line-of-sight or direct access
like photolithographic or printing methods). The biocompatible nature of the
hydrogels employed preserves the activities of labile biological components (i.e.,
maintains cell viability).8> The organic nature of these hydrogel films allows them
to be removed after use allowing the OOC modules to be re-used. Finally, the
versatility of these thin-film biofabrication technologies is enabling the generation of
increasingly complex multilayer assemblies that can perform increasingly complex

cellular and signaling functions.
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Chapter 3: Development of a gradient generator to study bacterial

chemotactic behavior

The majority of this section is adapted with permission from the following
publications: i) Shang, W., et al. (2017) A simple and reusable bilayer membrane-
based microfluidic device for the study of gradient-mediated bacterial behaviors.
Biomicrofluidics 11, 044114, ii) McKay, R., et al. (2017) Controlling Localization of
E. coli Populations Using a Two-Part Synthetic Motility Circuit: An Accelerator and
Brake. Biotechnol. Bioeng. 1-13, and iii) Virgil, C., et al (2018) Engineering bacterial
motility towards hydrogen-peroxide. PloS One 13(5): e0196999. This Chapter
describes the development, characterization and application of a membrane-based
microfluidic gradient generator for studying the gradient-sensing behavior of
planktonic cells. This user-friendly device is capable of establishing linear and stable
chemical gradient. Here, this platform is used to investigate the chemotactic response
of wildtype E. coli towards glucose, and the pseudotactic response (an ability that
allows engineered cells to accumulate towards an inducer of choice) of genetically
rewired E. coli towards pyocyanin. Overall, microfluidic tool for the research of
bacterial gradient-sensing behavior is constructed here to facilitate the advance of

lesion-targeted probiotic therapy.

Abstract

We have developed a user-friendly microfluidic device for the study of gradient-

mediated bacterial behaviors, including chemotaxis. This device rapidly establishes
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linear concentration gradients by exploiting solute diffusion through porous
membranes in the absence of convective flows. As such, the gradients are created
rapidly and can be sustained for long time periods (e.g., hours), sufficient to evaluate
cell phenotype. The device exploits a unique simple bilayer configuration that enables
rapid setup and quick reproducible introduction of cells. Its reusability represents an
additional advantage in that it need not be limited to settings with microfluidics
expertise. We have successfully demonstrated the applicability of this tool in studying
the chemotactic response of Escherichia coli to glucose. When coupled with our
recent Python program, quantified metrics such as speed, ratio of tumble to run, and
effective diffusivity can be obtained from slow frame rate videos. Moreover, we
introduce a chemotaxis partition coefficient that conveniently scores swimming

behavior on the single-cell level.

Introduction

Concentration gradients of biomolecules are found throughout the human body and
play pivotal roles in regulating biological activities, including wound healing,
immune responses, and cancer metastasis.®**> Microorganisms inside the human
body can produce, sense, and react to these chemical gradients in multiple ways,
some involved in pathogenicity. For instance, biofilm growth of pathogenic bacteria
often results in infections. Bacteria within a biofilm exhibit distinct gene expression
profiles and metabolic activities in response to concentration gradients of nutrients,
signaling compounds, and bacterial wastes within the biofilm.% This heterogeneity

protects cells inside the biofilm from environmental stresses and attacks from the

12



immune system or antimicrobials, thus decreasing therapeutic efficacy.®” While often
considered from the perspective of pathogenicity, some gradient-sensing behaviors
could be also harnessed for therapeutic purposes. Bacteria can move up or down a
chemical gradient in response to a natural attractant or repellent, which is referred to
as chemotaxis.”® Leveraging this character, genetically rewired Escherichia coli (E.
coli) were attracted to cancer cell lines?®2° and could serve as vectors for drug
delivery. Therefore, developing a robust platform for investigation of gradient-

mediated bacterial behaviors would be essential.

Over the last several decades, numerous platforms have been devised, such as the
Boyden chamber,®® the Dunn slide chamber,*%° and the Zigmond chamber,'°! which
generate chemical gradients mimicking physiological conditions. However, the
reproducibility, controllability, and stability of these approaches are limited. 92102103
To address these issues, researchers have turned to advanced microfluidic systems
based on high resolution lithography and soft lithography. Because fabrication
methods are programmable, precise, and facile, these approaches have enabled more
detailed study of biological phenomena (e.g., morphogen-mediated
development,1931% tumor cell migration,'>1% drug delivery and distribution®).
Gradient generators built within microfluidic platforms offer greater resolution and
provide well-controlled hydrodynamic and mass transfer conditions.%” Additionally,
microfluidics facilitate the integration and manipulation of multiple design spaces,
predominately time, chemical species, and chemical concentrations into a single

platform.”
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Due to the length scales and well-defined stream functions, the majority of
microfluidic gradient generators apply laminar flows to establish gradients.1%8113 As
such, parallel flows of incompressible and miscible fluids mix only by diffusion. By
appropriately designing the spatial configurations and the solute concentrations in
multiple adjacent streams, gradients can be established across a channel.*'* This
methodology is particularly suitable for surface-adherent cells as they can be exposed
to a steady state gradient with small shear forces. However, these flow-based
platforms are unsuitable for many bacterial studies due to two major limitations: (i)
bacteria are often non-adherent (planktonic) and thus would experience unsteady
concentration gradients as they are transported along the channel by the flow!'* and
(i) cells in the device would experience both chemical gradients and shear forces, and
because of this, it is challenging to discern the independent effects of each on cell
movement.}15116 As a result, flow-free gradient generators have been

proposed,98:114.116-123

A common strategy to form chemical gradients within a flow-free device relies on
chemical exchange between source and sink reservoirs through flow resistive
elements, such as hydrogels'®-118124 or membranes.®®1%-123 Submicron-sized pores in
these elements generate large hydrodynamic resistances that minimize convective
flows and shear forces, leaving diffusive transport unperturbed. Subsequently,
concentration gradients can be established without disturbance from flows. Compared
to hydrogel-based gradient generators that require in situ fabrication, membrane-
based devices are rapidly assembled from uniform components and are easily sealed

and integrated with ancillary flow and analytical systems.?3124 We have found that
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many membrane-based gradient generators facilitate the study of mammalian cells
and tissues, with their designs taking advantage of the larger length scales of cell,
organoid, and/or tissue morphologies and relatively long time constants. These
systems are not ideal, however, for studying motile bacteria and are generally non-

reusable.119-123

Previously, Wang et al. developed a bilayer microfluidic gradient generator for
bacterial study, which established linear gradients of chemicals by balancing the
pressure between source and sink inlets.*® Introduction of bacteria or solutions into
their device was based on diffusion, which increased experimental time (>1 h) and
washing difficulty. Here, we describe a next generation bilayer membrane-based
microfluidic gradient generator (Scheme 2.1) behavior that can be easily operated in
laboratories not specialized in microfluidics. It has the following features: (1) the
concentration gradient is formed by diffusion and is steady, sharp, and homogenous
for accurate experimental performance; (2) the experimental setup and washing
procedures are facile; (3) the device can be coupled to analytical software (e.g.,
similar to Mohari et al. for non-gradient systems'?®); and (4) it is reusable. Herein, we
describe its design and assembly as well as its performance by illustrating the

gradient generation and the tracking of E. coli chemotactic responses.

Materials and Methods

Device fabrication. The device consists a top layer and a bottom layer (Scheme 2.1).
The top layer (Scheme 2.1A) contains two parallel channels that deliver either an

attractant/repellent (i.e., the source channel) or a buffer solution (i.e., the sink
15



channel). These two channels have a convergence (i.e., the pressure balance) that is
structurally similar to a previous work by Irimia et al.*?® This convergence dissipates
pressure differences between the channels and stabilizes the concentration gradient
formed downstream. The length of the convergence and the flow rates of both sink
and source channels are optimized in order to avoid chemical diffusion from the
source channel to the sink channel when the flow is fully developed. The bottom
layer contains a single channel. All channels are 50 um tall and 500 pum wide. From a
top-down view (Scheme 2.1B), the three channels in both layers form two
intersections. At each intersection, a polycarbonate membrane is sandwiched between
the top and the bottom layers and is large enough to separate channels on both sides
(see side views, Schemes 2.1C&1D). The membrane is porous with each pore being
1um in diameter and generates high hydrodynamic resistance (Rh=8uL/xr*, r = pore

radius). Convective flows transmitting through the membrane are thus negligible, and
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diffusive transport becomes the dominating communication between solutions in the

top and the bottom channels.
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Scheme 2. 1. Schematic of gradient generator. (A) A 3D rendering of a membrane-based bilayer
gradient generator. (B)—(D) Schematic top and side representations of the device. Solution of a fixed
concentration flows in the source channel while blank buffer flows in the sink channel. The axis that is
parallel to the source and sink channels is denoted as the x axis. The convergence of these flows
balances the pressure between the two channels. The top and bottom channels are separated by
polycarbonate membranes. Small biomolecules and other chemicals diffuse downward through the
membrane, forming an orthogonal linear gradient within the bottom channel. The cells are introduced
into the cell inlet in the bottom channel. All channels are 50 um in height and 500 um in width.

All layers were made from polydimethylsiloxane (PDMS) (Sylgard 184, Dow
Corning Co., Midland, MI) cast on an SU-8 master. The SU-8 master was fabricated
using standard soft lithography techniques performed in the Maryland Micro and
Nano Fabrication Center. Patterns on both layers were designed on AutoCAD
(Autodesk, Inc., Mill Valley, CA), converted, exposed, and developed onto a Mylar
mask. A 4-in. silicon wafer was cleaned with Piranha solution (concentrated H2SO4
and 30% H20z, 3:1, v/v) and spin coated with 5ml SU-8 3050 photoresists
(MicroChem, Westborough, MA) at 3000 rpm for 30 s followed by 15 min baking at
95 C. The pattern was then transferred from the mask to the wafer by exposing the

wafer to UV light (405nm wavelength) at 23.4 mW cm? using an EVG 620 mask
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aligner (Electronic Visions Inc., Phoenix, AZ). The wafer was subsequently
developed for 8 min in an SU-8 developer (MicroChem, Westborough, MA). The
residual photoresist was removed by rinsing with isopropanol and deionized (DI)
water followed by air-drying. The resulting SU-8 master can be reused almost

indefinitely.

The device fabrication involved three steps (Fig. 2.1). First, the SU-8 master was
surrounded with aluminum foil to prevent leakage. PDMS was prepared by mixing
the base and the curing agent (10:1, w/w) and cast over the SU-8 master followed by
baking at 60 °C for 2h. The cured PDMS was peeled from the SU-8 master. Inlets and
outlets were perforated using a 1 mm biopsy punch (Miltex, York, PA). The last step
was the sandwiching of porous polycarbonate membranes (cut from CorningVR
transwell) between the top and the bottom PDMS layers. The membranes were first
attached to the top PDMS layer at the desired positions. Then, both layers were
treated with oxygen plasma (IPC 4000 series plasma system) (Branson, Philadelphia,

PA). After the treatment, both layers were bonded with proper alignment.
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Figure 2. 1. Step-by-step device fabrication. (i) The SU-8 master on a silicon wafer is surrounded by
aluminum foil. Freshly mixed PDMS (base and curing agent, 10:1 w/w) is cast onto the SU-8 master.
(ii) After baking at 60 °C for 2 h, the PDMS is cooled at room temperature and then peeled from the
SU-8 master. (iii) Inlets and outlets are perforated at the positions indicated. The polycarbonate
membranes are then sandwiched between the top and bottom PDMS layers.

Gradient profile characterization. The device was characterized using fluorescein
isothiocyanate (FITC) (Thermo Fisher Scientific, Rockville, MD). Initially, the
device was filled with DI water using 1ml syringes. Outlets of the bottom channel
were taped to prevent flow. Flows in the top channels were driven by two
independent syringe pumps (Kent Scientific, Genie Plus; Fisher Scientific, Single
Syringe Pump), each at a rate of 120 pl h't. Subsequently, buffer solution in the
source channel was replaced with 1.5 x 10° M FITC. To avoid FITC diffusion to the
sink channel at the convergent site, the pumping rate of FITC was set to a rate of 50
il h', Excess solution at outlet was wiped away. The time was set to be t = 0 when
FITC was loaded. A CCD camera, an inverted fluorescence microscope, a FITC filter

cube, and a 20X Olympus objective lens were used to image both bright-field and
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fluorescent images. Images were taken every minute for a total of 200 min. ImageJ
(shareware: https://imagej.nih.gov/ij/download.html) was used to analyze
fluorescence intensity. The fluorescence intensity was normalized using equation

(1)119:

Inorm(t) = (I(t) — 1p)/(max — 1o) (1)

where I(t) is the intensity of pixels along the gradient at each time point, lo is the
intensity of a pixel across the gradient channel before the introduction of fluorescein,
and Imax is the intensity of a pixel across the gradient channel with the highest
fluorescein concentration (close to the source channel) at 100 min after starting the
gradient generation. Another full characterization of the same device was repeated

after 50 times of experiments/washing cycles, demonstrating reusability.

Bacterial chemotaxis. E. coli K-12 strain W3110 was used in all chemotaxis
experiments. Cells were inoculated and grown overnight in Luria-Bertani (LB) media
(Fisher, Pittsburgh, PA) with 50 pug/ml each of ampicillin and kanamycin (Sigma-
Aldrich, St. Louis, MO). Cells were reinoculated from the overnight culture and grew
to an ODsoo 0f 0.45 at 37 C, shaking at 250 rpm. Following, samples were spun at 400
g for 5 min and resuspended in freshly made chemotaxis buffer solution (CB) (1 PBS

with 0.1 mM EDTA, 0.01 mM L-methionine, and 10 mM sodium DL-lactate).

Prior to bacteria introduction, the bottom channel was primed with Pluronic F-127
(1% wiv, Sigma-Aldrich, St. Louis, MO) for 1 h before replacing with CB. This
minimized nonspecific retention of cells to channel walls. Chemotaxis buffer was

perfused through both the source and sink channels using 1 mL syringes and syringe
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pumps. The pumping rate was 120 pl h't for both channels. E. coli at an ODeoo
between 0.7 and 1.0 (in the late exponential growth phase) was introduced into the
bottom channel with the same volume for each test. Both ends of the bottom channel
were then taped to stop flow. Glucose solution (1 mM D-glucose (Sigma) in CB) was
then introduced at a rate of 50 pl h'! to replace CB in the source channel. The time
when glucose was added was set to be t = 0. Bright-field images were taken at 0, 10,
20, and 30 min by a 20X Olympus objective. Cell numbers in each image were
counted using ImageJ. The device was washed by manually pumping buffer solution

through the system.

Single-cell analysis. Twelve-second videos were taken in the center of the bottom
channel (350 um wide in the y-axis/ 300 um wide in the x-axis) at 0, 10, 20, and 30
min by a 20X Olympus objective. Bacteria in each video were detected and tracked
using a single-cell, analytic program developed in Python by our group (freely
available under request), which was a modified version of the Trackpy code.?° We
used Trackpy’s core modules for finding and tracking bacteria, whereas the analysis
of the measurements was performed using custom-built modules developed
specifically to the purposes of this work. The detection of features using Trackpy
depended essentially on two parameters: brightness and size. In order to detect as
many features as possible in each frame of the dataset, we tested different values and
combinations for both parameters and then visually inspected the results until most of
the features present in the frame were detected (including artifacts created by the
optical system). We found the best results when adopting values of 500 and 15 (in

Trackpy’s units) for the brightness and size, respectively, and no significant
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improvement could be achieved by varying these parameters. Based on the
displacement of the features between each pair of frames, we were able to filter the
results and classify the features into two categories: artifacts (no significant
displacement between frames) and bacteria (displacement larger than 1.5 um between
frames). The latter was further divided into two classes: bacteria that were moving
and bacteria that were not (stuck in the same place). For the results presented in this
paper, we only took into consideration bacteria that were actually moving and tracked
for more than 1 s (or about 10 frames with our instrumental setup). The directionality
of each bacterium was determined based on the displacement direction along the y-
axis comparing the initial and the final time points. The chemotaxis partition

coefficient (CPC) was calculated using equation (2):

CPC = (Nyy = Ny_)/(Nyy + Ny_) #)
where Ny~ is the total number of cells moving towards the positive y direction
(towards glucose), while Ny- is the total number of cells moving towards the negative
y direction (away from glucose). In the control groups for all time points, both

delivering channels were loaded with CB.

Statistical analysis. The goodness of fit of regression models was determined based
on the coefficient of determination. The level to accept a model was set at R? > 0.95.
One-way ANOVA was used to determine significant differences between groups. The

level of significance was set at a = 0.05.
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Results and Discussion

Device characterization. The device was characterized using FITC. This method
was based on the observation that the fluorescent light intensity emitted by
fluorescein solutions in a microfluidic channel (depth 100 um) was linearly
proportional to the fluorescein concentration. This linearity held when the fluorescein
concentration was less than 10-3 M.11¢ Based on this information, we chose a stock
1.5 x 10°°M FITC solution for all experiments. Figure 2.2A is a representative
bright-field image of both delivery channels in the top layer aligned perpendicularly
to the channel in the bottom layer. Two polycarbonate membranes are readily
visualized at both intersections. Figure 2.2B depicts a fluorescence image (ex/em:
490/525nm) in which DI water and FITC were perfused in parallel in the x direction.
A FITC gradient is readily seen emanating from the bottom channel, as indicated in

the red box.
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Figure 2. 2. Fluorescence characterization of the concentration gradient within the lower channel.
Bright-field (A) and fluorescence (B) images show the bottom channel flanked by parallel sink (c = 0)
and source (c = 1) channels. FITC and DI water are flowed into each channel at a constant rate (B).
The FITC is detected using an excitation wavelength of 490 nm and an emission filter of 525 nm. The
red box (B) marks the region over which the gradient is established. (C) Fluorescence intensity profiles
are plotted along the y-axis, the length indicated in (A), for 100 minutes at various increments as noted.
A finite element simulated steady state profile is also included. (d) Fluorescence intensity profiles of a
freshly made device and an old device (used 50 times) are overlaid. C: Concentration of FITC.

Figure 2.2C depicts the quantified fluorescence intensity of FITC as a function of
distance from the sink channel to the source channel (2 mm apart). All data were
normalized to the fluorescence intensity at the source (i.e., a scale from 0 to 1). All
datasets were least squares fitted by 4th-order polynomial functions. It was not until
40 minutes that the gradient profile could be interpreted as a linear and steady
function (R? = 0.95). We evaluated the long-term stability of the gradient and found

that it was maintained at least until 100 min, a period long beyond our need. The
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steady state gradient profiles displayed no significant differences with results from
finite element modeling (Comsol Multiphysics). Due to the linear relationship
between fluorescence and fluorescein concentration and the similarity between
diffusion coefficients of FITC in water (D = 0.64 x 10° m?s™1)'?! and glucose in
buffer solution (D = 0.72 x 10-° m? s)!2?, we surmised that glucose concentration
gradients at different time points could be estimated based on the already measured
FITC fluorescent gradient profiles. Also, after 50 repetitions of chemotaxis
experiments, the device was re-evaluated and characterized using the same gradient
protocols. The profile after 50 uses was not significantly different than that from the

freshly made device (Fig. 2.2D).

Chemo/pseudotaxis demonstration. We next demonstrated the chemotactic
response of E. coli on both population and single-cell levels. We first examined the
bacteria’s spatial population distribution under glucose stimuli. Bright-field images of
cells in the channel were taken every 10 min at two positions along the bottom
channel: position a was close to the sink channel, whereas position b was close to the
source channel (Fig. 2.3A). It should be noticed that the polycarbonate membrane
blocked cells beneath from being observed visually. Therefore, positions a and b were
not chosen at exactly C = 0 (sink) or C = 1 (source). Instead, they were shifted
slightly towards the channel center (1.36 mm apart) to ensure that cells were properly
viewed. As a result, the glucose concentration at position a was higher than 0 and that
at position b was lower than 1 mM at steady state. Cell numbers in a and b were

normalized as
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Ny norm = Ng/(Ng + Np) ()

Np_norm = Nb/(Na + Np) (4)
where Na and Np are the total number of cells in a and b, respectively.
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Figure 2. 3. Bacterial chemotaxis experiment. (A) Bright-field image indicating the bottom channel
(top to bottom) flanked by parallel sink and source channels (horizontally aligned). Imaging positions
a and b are selected along the bottom channel but outside the region of the permeable polycarbonate
membrane. Position a is closer to the sink channel (CB), while position b is closer to the source
channel (Glu). (B) Bright-field images of positions a and b at 0 and 20 min. Cells are marked with
purple circles using Imagej TrackMate software. CB x CB: the control group in which chemotaxis
buffer (CB) is flowed in both sink and source channels. CB x Glu: the experimental group in which CB
in the source channel is replaced with 1 mM glucose in CB. Quantitative results of (B) are shown in
(C) and (D). The cell number is normalized to the total cell number in both imaging areas. Data are
collected at 0, 10, 20, and 30 min. ns, not significant; *, p < 0.05; **, p < 0.01. CB: chemotaxis buffer.
Glu: glucose. C: concentration of glucose.

Before glucose addition, cells were unevenly distributed in the channel: the initial cell

concentration was much higher at position a than at position b (Fig. 2.3B). This was
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due to the loading procedure and importantly can be accommodated in our design. In
the control group where both sink and source channels were loaded with chemotaxis
buffer, the cell numbers at positions a and b became closer at 10 min and were nearly
equal at 20-30 min (Fig. 2.3C). This result was due to the cell’s random dispersion
from high cell density areas to low-density areas in the absence of a chemoattractant
so that the cell concentration eventually became homogeneous throughout the
channel. In contrast, in the experimental group where glucose was introduced at the
source, the population distribution changed dramatically, as noticed in the first
sample just 10 min into the experiment. The number of bacteria at position b reached
nearly three times that of position a. This was remarkable and statistically significant.
Interestingly, this population distribution remained the same for the full 30 minutes
(Fig. 2.3D). This result was in accord with the expectation that in the presence of a
chemoattractant gradient, cells sensed stimuli and altered the direction of rotation of
their flagella to improve their chances of migrating towards the higher concentration
of attractant.??® The fact that chemotaxis occurred quicker than the time required for
establishing a steady state was due to the minimum glucose concentrations necessary
to induce chemotaxis (1 x 10 M) being less than the concentrations available to cells

in a steady state gradient.!?

Using the same manner, we further studied pseudotaxic response of genetically
engineered bacteria. Pseudotaxis is the phenomenon whereby a cell's motility is
controlled by a chemical such that it results in the engineered cells swimming up a
gradient of the chosen molecule. Here, two strains of engineered bacteria were

studied: 1) engineered E. coli that accumulate within a gradient of pyocyanin
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(PY0), and 2) engineered E. coli that migrate towards a gradient of H202.2° Both
strains originate from E. coli K-12 W3110-AcheZ strain (lacking running capability)
and were engineered to incorporate plasmids with promoters that response to either
PYO (soxRS promoter) or H202 (oxyRS promoter) to restore their motility (by
inducing CheZ expression). Engineered cells were tested using the gradient generator
and all experimental steps were the same as aforementioned except PYO or H202 was
introduced at the source instead of glucose. In Figure 2.4, we observed the restoration
of motility (at ~ 90 min) drove engineered cells to directionally accumulate towards
PYO comparing to the control group (motile cells with no directionality). Similarly,
Figure 2.5 depicted that when engineered cells were exposed to increasing amounts
of H202, an increase in the number of bacteria was found at the source. Both results
demonstrated the application of the gradient generator in studying pseudotaxis of

engineered bacteria.
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Figure 2. 4. Pseudotaxis assay of engineered E. coli towards pyocyanin. (A) Cells are engineered to
“pseudotaxis” to pyocyanin. (B) Cells are grown to an ODsgo Of 0.45, resuspended in chemotaxis
buffer and introduced at the sink. Pyocyanin is present at the source to form a gradient of OuM to 5uM
along the channel. The cell number is normalized to the total cell number in both imaging areas (i.e.,
position a and b). Error bars are standard error. Data adapted from Mckay et al (2017) with
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Figure 2. 5. Pseudotaxis assay of engineered E. coli towards H,O,. (A) Cells are engineered to
“pseudotaxis” to H,0,. (B) Engineered cells demonstrated pseudotaxis to H.O, of various
concentrations that were introduced into the source channel. All population counts are normalized to
time 0 population counts at the respective positions (i.e., position a and b). Data adapted from Virgile
et al (2018) with permission.?

29



Single-cell analysis. In addition to observing changes in the overall population
distribution, we analyzed bacterial chemotactic behavior on the single-cell level by
video tracking cells in the center of the bottom channel (Figs. 2.6A&B). At every 10
min increment, 12 s videos were recorded and analyzed, as described above. The
trajectory of every moving target in a video was marked by a white tail (Fig. 2.6C).
To further quantify the degree of chemotaxis, we calculated a chemo- taxis partition
coefficient (CPC), a parameter that represented the difference between cell
populations that moved towards the chemoattractant and the opposite direction, for
each video.1% A CPC of 1 or -1 suggested an absolute net directionality towards or
away from the chemoattractant, while a CPC of 0 indicated no net directionality.

In both control and experimental groups, bacteria showed small directionalities
(CPC<0.05) at t =0 (Fig. 2.6D). After 10 min, however, bacteria in the experimental
groups exhibited nearly 10 times stronger directionalities towards glucose than the
control groups. This difference remained at this level for 20 min and eventually grew
to 15 by 30min. These results were in agreement with the regional concentration
gradient profiles exhibiting over these time domains within the video, as depicted in
the time resolved gradient profiles in Fig. 2.6B. That is, at t = 0, there was no
concentration gradient within the experiment during the course of the video. Thus, at
early times (e.g., 1 and 5 min) bacteria swam randomly and barely exhibited net
directionality. As the glucose concentration gradient gradually became established
(concentration profiles transitioned to gold, yellow, and green in Fig. 2.6B), bacteria
presumably upregulated chemotaxis machinery and moved towards the source, as

demonstrated by significantly increased net directionalities. We observe increased
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CPC values at 10 minutes when the maximum glucose concentration in the video
scope reached 1 x 10 M (not shown). These results are consistent with a minimum
D-glucose concentration needed to trigger a chemotactic response of E. coli (1 x 10

M).127
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Figure 2. 6. Single cell analysis. (A) Bright-field image indicating the bottom channel (top to bottom)
flanked by parallel sink and source channels (horizontally aligned). Videos are taken at the center of
the gradient channel as indicated. Each video scope is about 350 pm wide on the y-axis and 300 pm
wide on the x-axis. (B) Fluorescence intensity profiles of FITC are used to predict glucose
concentration gradient profiles. The data inside the red box indicate the regional glucose gradient
profiles within the video scope. (C) Cells in the video are tracked by a Python single cell analytics
program, which generates a trajectory tail after each captured cell in a 11.7 s tracking. (D) The
chemotaxis partition coefficient (CPC) of both experimental (CB Glu) and control (CB CB) groups is
calculated at 0, 10, 20, 30 min. ns, not significant; *, p < 0.05; **, p < 0.01. CB: chemotaxis buffer.
Glu: glucose.
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Conclusions

In summary, we have demonstrated that this bilayer membrane-based gradient
generator is able to establish stable and sharp concentration gradients in a user-
friendly manner. In this device, bacterial introduction and experimental setup can be
completed in a simple and quick manner. Furthermore, the device can be reused for at
least 50 experiments or as long as the polycarbonate membranes remain intact.
Therefore, multiple experiments can be conducted continuously within a short time
period. Based on our fluorescence characterization, the gradient evolves to a steady
state in less than 40min and lasts for at least 100 min. Using this device, we have
studied the E. coli chemotactic response on both population and single-cell levels. We
envision that this gradient generator will be amenable for use in microbiological

laboratories with only limited access to microfluidics (just need a microscope and a

syringe pump).

We envision this device can also be reconfigured to suit various purposes owing to its
unique bilayer structure. For instance, the bottom channel could be replaced by
modalities that immobilize planktonic bacteria, thereby resembling biofilms. Such a
modification would enable the study of bacterial genetic responses to signal
molecules of various concentrations (e.g., autoinducer?®) and broaden the range of
possible biofilm studies. Also, by including an accessible cell reservoir adjacent to the
lower channel, one could subject cells to a steady gradient (e.g., by exposing cells
after 30 min). Further, by integrating modalities that enable co-culture of bacteria
with mammalian cells in the bottom channel, this device could find utility in

investigating inter-kingdom communication under various chemical stimuli. These, in
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turn, will enable a more detailed study of human disease. Electrochemical and other
biosensors may also be integrated into the system to interrogate biochemical
information and otherwise monitor cellular metabolic activities in situ and in real-
time.546% Qverall, these contributions advancing both microfluidic technology and in
vitro gradient generation will prove beneficial to further investigations of cell and

tissue biology.
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Chapter 4: Development of a “molectronic” sensor to access
biochemical information from gut pathogens and enterocytes

This section is adapted from a manuscript that has been submitted to Lab on a Chip
with the title “Selective assembly and functionalization of miniaturized redox
capacitor inside microdevices for microbial toxin and mammalian cell cytotoxicity
analyses”. In this Chapter, microelectronics is integrated with our
“electrobiofabrication” toolbox to develop a “molecular-electronic” (molectronic)
sensor that facilitates information access from biology via electronics. The key
component of the sensor is a miniaturized bio-based redox capacitor (BBRC) film
which can exchange electrons with soluble redox-active species and amplify
electrochemical signal. We demonstrated applying the molectronic sensor to
interrogate bacteria-secreted toxin and cell death biomarker released from
mammalian cell culture. Chapter 4 will describe the assembly of this device to organ-
on-a-chip systems to enable molecular measurement and interrogation within

microfluidic organ models.

Abstract

We report a novel strategy for bridging information transfer between electronics and
biological systems within microdevices. This strategy relies on our
“electrobiofabrication” toolbox that uses electrode-induced signals to assemble
biopolymer films at spatially defined sites and then electrochemically “activates” the
films for signal processing capabilities. Compared to conventional electrode surface
modification approaches, our signal-guided assembly and activation strategy provides

on-demand electrode functionalization, and greatly simplifies microfluidic sensor
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design and fabrication. Specifically, a chitosan film is selectively localized in a
microdevice and is covalently modified with phenolic species. The redox active
properties of the phenolic species enable the film to transduce molecular to electronic
signals (i.e., “molectronic”). The resulting “molectronic” sensors are shown to
facilitate the electrochemical analysis in real time of biomolecules, including small
molecules and enzymes, to cell-based measurements such as cytotoxicity. We believe
this strategy provides an alternative, simple, and promising avenue for connecting
electronics to biological systems within microfluidic platforms, and eventually will

enrich our abilities to study biology in a variety of contexts.

Introduction

Integrating electronics with microfluidics for biochemical analysis has drawn
significant attention.”>12-132 However, electronics are not inherently favorable for
acquiring information from biological systems due to its poor molecular and
biological specificity.>* Several approaches have been developed to improve the
connection between electronics and biological systems. The most common approach
relies on using biorecognition components such as nucleic acids!3®, enzymes’?!34, and
antibodies'®21%, Yet, functionalizing electrodes to include biomolecular species with
spatial selectivity within microdevices remains a challenge. Extra cumbersome steps
(e.g., photolithography) are usually required during device fabrication,'?135-137 which
raises the complexity and cost in device manufacturing. Additionally, biorecognition
components that are enclosed within microdevices are often not assembled in the best

configuration, they undergo degradation and denaturing, and these lead to short
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device shelf-life (typically less than 7 days'33). Both factors limit biodevice
dissemination and use. Here, we propose a novel concept to bridge information
transfer between electronics and biological systems inside microdevices. This concept
is based on our “electrobiofabrication” toolbox.**-142 Such an electrobiofabrication
toolbox simplifies the design and fabrication of biosensors by uncoupling electrode
functionalization from device manufacturing. That is, biosensors can be stored as
“inactivated” versions (i.e., plain electronics) that are “activated” (i.e., functionalized)
immediately before use. “Inactivated” devices can be stored for long periods of time
without concern for the decay of biological components. Electrobiofabrication makes
use of the stimuli-responsive and self-assembling properties of several biological
polymers. These biological polymers are natural or engineered materials that
recognize and respond to electrode-imposed signals in order to undergo hierarchical
assembly. Previous studies have focused on using self-assembly to localize biological
components (e.g., enzymes, cells) that could be used for recognition. Here we are
extending electrobiofabrication from physical self-assembly mechanisms to
electrode-induced covalent modification of the films for the purpose of creating

functionality for signal transduction.

To demonstrate this concept, we functionalize microelectronics with a bio-based
redox capacitor (BBRC) film within microchannels.58 This functionalization
involves two electrochemical steps: electrodepositing a thin film of
aminopolysaccharide, chitosan, and then grafting phenol molecules into the chitosan
film.143144 That is, at low pH, chitosan is a soluble cationic polyelectrolyte, as its

primary amines are protonated. At even slightly basic pH, the amines get
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deprotonated and chitosan becomes insoluble. Instead of precipitating as insoluble
particles, when in proximity to an electrode-generated pH gradient, chitosan can form
a three-dimensional hydrogel film.14> Scheme 3.1A depicts this electrodeposition
mechanism onto a standard gold electrode. By controlling the intensity and the time
of the applied electric signal, chitosan films of different thickness can be
established.'#® It is interesting that the nucleophilic property of the deposited chitosan
film also allows the film to be “activated”. For instance, phenols can readily diffuse
through the chitosan film and be anodically oxidized at the underlying electrode. The
oxidized products undergo rapid grafting to the nucleophilic primary amines of the
chitosan (Scheme 3.1B).247:148 The resulting film is referred to as a BBRC film
(Scheme 3.1C) as it is prepared from biological compounds and possesses redox-
capacitor properties (endowed by the addition of the phenol, catechol), including
accepting, storing and donating electrons in a controllable fashion.*° Importantly,
BBRC films can be removed with a strong acid wash and the underlying electrode is
reusable.14%15 BBRC films are non-conducting (i.e., unable to exchange electrons
directly with the underlying electrodes) but redox-active and can repeatedly exchange
electrons with soluble redox-active species. That is, the presence of catechol in the
chitosan films enables redox cycling, a process by which the initial transfer of
electrons can be cycled repeatedly under an applied voltage in the presence of a redox
mediator, providing amplified signal from the initial electron transfer. Scheme
3.1D&E illustrate the mechanisms of reductive- and oxidative-redox cycling of the
film that serve to amplify an initial signal from a biological redox-active molecule

and an electrochemical mediator, 1,1’-ferrocenedimethanol (Fc), respectively. During
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reduction, biological reductants can diffuse from the bulk solution into the BBRC
film and quickly donate electrons to the phenolic moieties grafted in the film and
convert quinone (Q) to catechol (QH2). During oxidation, a reducing mediator, Fc,
diffuses through the film and is electrochemically converted to its oxidized state, Fc™,
at the electrode. The oxidized Fc* can diffuse into the BBRC film to accept electrons
from the film and convert QH2 to Q moieties. Scheme 3.1F illustrates the
thermodynamics that control electron transfer to/from the film. Through these redox-
cycling mechanisms, BBRC films can be reversibly switched between two redox
states, during which electrons can be stored or extracted. Based on the direction of
electron flow, reductive- and oxidative-redox cycling are also referred to as
“charging” and “discharging” the film, respectively. Importantly, the discharging
process can be performed after film charging to extract (or “titrate”) the charged state
of BBRC films. This mechanism provides a unique means to measure the level of

biological reductants during film charging.
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Scheme 3. 1. Schematic of bio-based redox capacitor (BBRC). (A) Electrodeposition of chitosan film
on a gold electrode. Dissolved chitosan responds to the pH change induced by a cathode initiating the
formation of a three-dimensional hydrogel film on its surface. (B) Catechol grafting to the chitosan
film is enabled by an anodic voltage. (C) A catechol molecule conjugated to the nucleophilic amino
group of the chitosan can undergo oxidation and reduction reactions in the assembled bio-based redox
capacitor (BBRC). (D) Reductive redox-cycling between biological reductants and the BBRC film. (E)
Oxidative redox-recycling between Fc*/Fc and the BBRC film. (F) Thermodynamics of electron
transfer. Q: quinone; QH: catechol.

In this paper, we integrate BBRC films into an enclosed microchannel to build a
“molecular to electronic” (“molectronic”) sensor for measuring analytes in biological
samples ranging from small molecules (e.g., pyocyanin, a bacteria secreted toxints-
153), to enzymatic activity (e.g., lactate dehydrogenase (LDH), a biomarker for
mammalian cell viability>+-1%6). We note that electrochemical measurement of LDH
activity, to our knowledge, is realized here for the first time within a microdevice. We
further extend the application to assay the cytotoxicity of a drug mimic (e.g., Triton
X-100) on cultures of mammalian cells.
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Material and Methods

Chemicals and materials. The following materials were purchased from Sigma-
Aldrich (St. Louis, MO): chitosan (85% deacetylated), pyrocatechol, sodium L-
lactate, B-nicotinamide adenine dinucleotide sodium salt (NAD™), pyocyanin (PYO)
and hexaammineruthenium chloride (Ru®*). 1,1’ Ferrocenedimethonal (Fc) was
purchased from Acros Organics (New Jersey, NJ). All mammalian cell culture media,
LIVE-DEAD viability/cytotoxicity kit and Pierce LDH cytotoxicity assay Kits were

obtained from Thermo Fisher Scientific (Waltham, MA).

Device fabrication. The molectronic sensor consists of an electrode layer and a
microchannel layer (Figure 3.2A), both layers were made in the Maryland Micro and
Nano Fabrication Center. The pattern of three-electrode system was custom designed
on AutoCAD (Autodesk, Inc., Mill Valley, CA), converted, exposed, and developed
onto a stainless-steel shadow mask. The pattern was transferred from the mask to
circular glass coverslips by depositing 5 um chromium and 50 pm gold sequentially
using Metra Thermal Evaporator (Telemark, Battle Ground, WA). The pattern of the
microchannel was designed on AutoCAD, converted, exposed, and developed onto a
mylar mask. The pattern was transferred from the mask to a 4-inch silicon wafer
covered with SU-8 3050 photoresist (MicroChem, Westborough, MA) by exposing
the wafer to UV light (405 nm wavelength) at 23.4 mW c¢m2 using an EVG 620 mask
aligner (Electronic Visions Inc., Phoenix, AZ). The wafer was subsequently
developed for 8 min in an SU-8 developer (MicroChem, Westborough, MA). The

resulting SU-8 master can be reused almost indefinitely. The microchannel layer was
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made from polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning Co., Midland,
MI) cast on the SU-8 master. Both electrode layer and microchannel layers were
treated with oxygen plasma (IPC 4000 series plasma system) (Branson, Philadelphia,
PA) and bonded with proper alignment. The device was equipped with a holder and
rod electrodes for simple and stable connection to the external electrical source. The
holder was 3D printed using a Connex 3 Object500 printer and MED610 ink

(Stratasys, Eden Prairie, MN).

Selective functionalization of microelectrodes in microchannels with bio-based
redox capacitor (BBRC) films. The working electrode in a three-electrode system
was selectively functionalized with BBRC films in two steps.5+°%0 First, the target
working electrode was connected to an external electrical power supply (2400
Sourcemeter, Keithley, Cleveland, OH) and set as the cathode. A nearby electrode
was set as the anode. The microchannel (3 mm x 3 mm x 100 pum) was filled with 1%
chitosan solution (dissolved in water and adjusted pH to 5.6 using 1.0 M HCI) to
immerse both electrodes. Chitosan film was electrodeposited on the cathode by
applying a constant current of 3 A/m? for 30 s. Films deposited using these
parameters are estimated to be 50 pum thick4¢, which is about half of the channel
height (100 um). Second, the device was connected to a potentiostat for catechol
grafting. The channel was filled with catechol solution (5 mM in 0.1 M phosphate
buffer (PB), pH 7.0), and a constant anodic potential of + 0.6 V (vs Au) was applied
for 3 min to oxidize the catechol. The oxidized catechol (i.e., 0-quinone) undergoes
grafting reactions to the chitosan film.%6:58.149 Al BBRC films were freshly prepared

before each experiment. Fluorescein (FITC) labeled chitosan was used to assist film
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observation. In order to confirm the signal amplification capabilities of the film, the
channel was filled with 50 uM Fc and 50 uM Ru®* in PB (pH 7.0). Both the device
and the Fc/Ru®* solution was deoxidized with N2 gas for 30 minutes. Cyclic
voltammetry (CV, from -0.4 V to 0.4 V) was applied for analysis. All experiments
were conducted in a custom designed anaerobic chamber with constant N2 renewal.
Results were compared between devices with the BBRC films and chitosan films

only.

On-chip pyocyanin (PYQO) measurement of conditioned medium (CM).
Pseudomonas aeruginosa (PAO1) and Salmonella typhimurium were obtained from
American Type Culture Collection (Manassas, VA); Escherichia coli (W3110) was
obtained from the Genetic Stock Center, Yale University (New Haven, CT). All were
cultured in Luria broth (LB) medium at 37 °C with shaking (250 rpm). The
conditioned media (CM) from overnight cultures were used for on-chip analysis of
pyocyanin (PYO), a signal molecule secreted from PAO1. A standard curve for PYO
measurement was generated using solutions with known PY O concentrations. The
PYO samples of 0 uM, 5 uM, 10 uM, 15 uM and 20 uM were prepared in PB
containing 50 uM Fc. Before each experiment, samples were deoxidized with N2 gas
for 30 min. Samples were introduced into the device inlet via syringe. CV was
performed on each sample for analysis. The device was washed with PB between
each test. The supernatants (CM) of overnight bacterial cultures were collected and
deoxidized with N2 gas. The deoxidized samples were introduced into the device for

CV analysis. All experiments were conducted in a custom designed anaerobic
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chamber with constant N2 replacement. Results were compared between devices with

BBRC films and with chitosan films only.

On-chip lactate dehydrogenase (LDH) measurement. Before experiments, the
devices were filled with 50 uM Fc and BBRC films were discharged by applying
anodic voltage of 0.4 V for 120 s. This discharging process was repeated until the
film was fully discharged (i.e., no further change in chronocoulometry (CC) data, the
film’s catechols were all in oxidized =O form). LDH stock solution (2750 unit/L, 1
unit of LDH produces 1 uM of NADH in 1 minute) was prepared in PB containing 50
UM Fc. LDH substrate solution was prepared with 20 mM L-lactate and 10 mM
NAD" in PB containing 50 uM Fc. For standard curve preparations, LDH stock
solutions were spiked into the substrate solution to make samples with LDH
concentrations of O unit/L, 15 unit/L, 30 unit/L, 45 unit/L, 60 unit/L, 90 unit/L and
120 unit/L. Time was set as tO when the sample was mixed. Each sample was then
immediately introduced into the device via syringe. At t = 10 min, CC was
performed. Results were compared between the devices with BBRC films and with

chitosan films (negative controls).

On-chip cytotoxicity - Effects of Triton X-100 on Caco-2 cell viability. Caco-2
cells were obtained from American Type Culture Collection (Manassas, VA). Cells
were maintained using Dulbecco’s Modified Eagle Media (DMEM) supplied with
10% fetal bovine serum (FBS) in T75 flasks under 37 °C and 5% CO:2 level and
passaged every three days. At passage number 18, cells (~ 1.5x10° cell/cm?) were

transferred to 35 mm petri dishes. All petri dishes were pre-sterilized with 70%
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ethanol and UV (40 min), and treated with 50 pg/ml type I collagen (Corning,
Corning, NY) for 2 hours. Cells were cultured under 37 °C and 5% CO: overlay.
Caco-2 cell cultures at confluency were treated with Triton X-100 at levels of 0%,
0.001%, 0.01%, 0.015%, 0.02% and 0.1% (positive control) in DMEM for 2 hours.
Then, the viability of each culture was assayed and visualized with a LIVE-DEAD
viability/cytotoxicity kit. In parallel, the viability was quantified using the
molectronic sensor and the Pierce LDH cytotoxicity assay Kit. The supernatant of
each culture was collected and diluted 10 times in the LDH substrate solution (this
optimized dilution factor ensured that all measurements fell within the linear range of
the calibration curve!®:158), Time was set as to when the sample and the substrate
were mixed. The mixture was introduced into the device via syringe. For all
experiments, BBRC films were fully discharged before use as aforementioned. Att =
10 min, CC was applied. Based on our in vitro assays, the samples treated with 0.1%
of Triton X-100 were set as the positive controls (i.e., 100% cytotoxicity) and the
samples treated with DMEM served as negative controls. The cytotoxicity of each

sample was calculated using equation (1):

Cytotoxicity (%) = ([LDH])/ ([LDH]maxx100%), (1)

Where [LDH] referred to the LDH level measured in each sample and [LDH]max

referred the LDH level in the positive control.

Instrumentation. All electrochemical measurements were performed using a CHI
420a electrochemical analyzer (CH instruments, Austin, TX). Optical detection of
LDH was performed with a SpectraMax® M2e plate reader (Molecular Devices, San
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Jose, CA). Caco-2 cell cultures were imaged using a fluorescence microscopy (BX 60

microscope; Olympus) and a digital camera (Olympus DP72).

Statistical analysis. All assays were performed in triplicate. Results were expressed
as mean + standard error. One-way ANOVA was used to determine significant
differences between groups. The level of significance was set at a = 0.05. The
Pearson product-moment correlation coefficient was applied to measure the strength
of linear correlation between groups. The level of significant correlation was set at r =

0.95.

Results and Discussion

Selectively functionalizing microelectronics in microchannels for amplified
electrochemical signals. Functionalizing electronics with BBRC films has previously
been reported using standard electrochemical cells (Fig. 3.1A).545%0 That is, standard
electrochemical cells containing a gold working electrode (gold/chromium deposited
on silicon wafer), a platinum counter electrode and a Ag/AgCl reference electrode
have been routinely deployed.>"58159 We customized our electrochemical cell so that
the gold working electrode can be properly placed and connected to an external
power source. All three electrodes were connected to the same potentiostat and their
working parts were immersed in the same solution. The signal amplification
capability of the functionalized electrode was characterized using standard redox
mediators, Ru®* and Fc dissolved in 0.1 M PB. During CV, owing to the catechol in
the BBRC, the electrochemical reduction of Ru®* initiates reductive redox-cycling of

the film through a similar mechanism described in Scheme 3.1D and the
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electrochemical oxidation of Fc initiates oxidative redox-cycling of the film as
described in Scheme 3.1E. Specifically, redox cycling yields amplified Ru*
reduction currents and Fc oxidation currents (Fig. 3.1B). Electrodes coated with
unmodified chitosan serve as our negative control because chitosan by itself is non-
conducting.**® It should also be noted that the BBRC films reversibly exchange

electrons with these mediators although the film's redox-capacity is very large, but

finite.
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Figure 3. 1. BBRC film assembled on macroscale electrode. (A) Setup of a standard three-electrode
electrochemical cell. The BBRC film is deposited on the working electrode. The system is
characterized in a solution of Ru®* and Fc. (B) Cyclic voltammogram (CV) comparing standard gold
electrode modified with BBRC film (Cat-Chit) and chitosan film (Chit) using chamber in (A). W. E.:
working electrode, C. E.: counter electrode, R. E.: reference electrode.

Here, we extended this technique to a microfluidic platform for the first time.
Microfluidics enables precise and automated fluid control*?” and is envisioned to
potentially enlarge the application scope of the molectronic sensor. Instead of
inserting Ag/AgCl2 reference electrode through channel inlets®, we embedded a
miniaturized three-electrode system in a simply designed microdevice (Fig. 3.2A).
The device was stabilized in a 3D printed chip holder, through which the external

power supply was connected. The three-electrode system was covered by a PDMS
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layer containing a reaction chamber. Through “electrobiofabrication”, we selectively
functionalized the circular working electrode in situ with BBRC films, that is, via
electroassembled chitosan and then grafted catechol, forming the BBRC. The entire
functionalization procedure took 5.5 minutes to complete (30 seconds of chitosan
deposition and 5 minutes of catechol grafting). Once functionalized, sensors were
used within 24 hours. In Fig. 3.2B, fluorescein labeled chitosan was used enabling
visualization of the BBRC film on the electrode. Then, functionalized electronics
(i.e., the “molectronic” sensors) were tested to amplify electrochemical signals with
standard redox mediators, Fc and Ru®* (Fig. 3.2C). CVs taken of the microsensing
system showed that peak currents of the molectronic sensors were about 10 times
higher than those of the control group. Since the CVs of Fig. 3.1B (immersed
macroscale electrodes) and the Fig. 3.2C (the molectronic sensor) were nearly
identical (only slight peak shifts owing largely to varied film thicknesses and different
reference electrodes), our results indicate that BBRC films for the first time, were
able to reveal redox activities from miniature samples (i.e., 2 pL) within a

microdevice.
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Figure 3. 2. Miniaturized BBRC film inside microdevice. (A) A miniaturized three-electrode
electrochemical system designed and built inside a microdevice that is enclosed in a 3D printed chip
holder. (B) Schematics showing the configuration of the molectronic sensor. The three-electrode
system is contained within a reaction chamber. Lower panels depict bright field (BF) and fluorescent
microscopic images of the functionalized electronics. (C) CV comparing the molectronic biosensor
(Cat-Chit) and the control device (Chit) using electrode system in (B). W. E.: working electrode, C. E.:
counter electrode, R. E.: reference electrode.

On-chip pyocyanin (PYO) measurement and bacterial sample analysis. The
molectronic sensor was first leveraged in analyzing microbiological cell culture by
magnifying the electrochemical signal of pyocyanin (PYO), a redox-active small
molecule toxin produced by P. aeruginosa (Fig. 3.3A).1%2-15 Figure 3.3B&C
illustrate the mechanisms of redox-recycling involved in PYO measurement. When
secreted by P. aeruginosa, PYQO is in its oxidative state (PYO°). Acting like an

oxidizing mediator (e.g., Ru®*), PYOP can accept electrons from the cathode and be
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electrochemically measured. With the presence of the BBRC film, the reduced PYO
(PYOR) can “charge” the redox capacitor film and be returned to its oxidative state
(PYOPO) (Fig. 3.3B). The reductive redox cycling reaction amplifies the reduction
current of PYQOO°. However, as noted, the “charged” film (QH2) can return to its
oxidative state (Q) via the oxidative redox-cycling with Fc/Fc* in Figure 3.3C. The
thermodynamics of electron transfer are depicted in Fig. 3.3D. Using CV, we found
the reduction peak current of PYQP° corresponded to -0.3V and its magnitude was
linearly proportional to PYQO®° concentration (Fig. 3.4A&B). It should also be noted
that increased PY QP proportionally “charged” the BBRC film, which in turn, raised

the oxidation peak current of Fc.%®
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Figure 3. 3. Schematic of bacterial toxin analysis using the molectronic sensor. (A) Schematic
illustrating the microbiological analysis using BBRC films made possible by amplifying electrochemical
signals in the bacterial secretome. (B) Reductive redox-cycling between PYO®/PYOR and the BBRC
film. (C) Oxidative redox-recycling between Fc*/Fc and the BBRC film. (D) Thermodynamics of
electron transfer. Q: quinone; QHz: catechol
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Figure 3. 4. Cyclic voltammogram (CV) results of PYO spiked PB samples. (A) CV of PYQ®in PB
with concentrations from 0 uM to 20 uM. (B) Calibration curve of PYO measurement.

To test the selectivity of the molectronic sensor towards bacterial identification, CM
from several overnight cultures were collected and analyzed. The peak currents were
measured at - 0.3 V; CM from P. aeruginosa in the chitosan-only sensor control
increased ~2-fold relative to uncultured LB media. When the molectronic sensor was
used, the peak current increased nearly 8-fold for the case of P. aeruginosa (p < 0.01)
(Figure 3.5). This result confirmed the signal amplification capability of BBRC films
(i.e., catechol modified chitosan films). Neither E. coli nor S. Typhimurium had
secreted redox active metabolites during the preceding cultures. Interestingly, the
absolute values of the reduction peak current in all cases reported in Figure 3.5 were
lower than those in Figure 3.4B. This was presumably due to the complex components
in LB media and bacterial CM that alter the electron flow between electrodes. In the
case of LB alone, a non-zero current was obtained and in all cases the potential for
redox cycling due to the presence of catechol was found to increase current. In sum,

our results indicate that the molectronic sensor can selectively distinguish the presence
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of P. aeruginosa among other bacteria owing to the pyocyanin that it secretes during

growth.
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Figure 3. 5. On-chip PYO measurements within LB and conditioned media (CM) from E. coli, S.
Typhimurium and P. aeruginosa overnight cultures (**, p < 0.01). Results are compared between the
molectronic sensor (Cat-Chit) and the control device (Chit).

On-chip lactate dehydrogenase (LDH) measurement. In addition to small molecule
analysis noted above, we evaluated the molectronic sensor’s ability to measure
enzymatic activity, specifically, LDH. LDH is an enzyme abundant in the cytosol of
mammalian cells. When cell membranes are damaged, LDH is often released into the
surrounding media (Fig. 3.6A), consequently, measurement of LDH enzymatic activity
in cell culture media is a standard method for evaluating cytotoxicity and is widely
utilized in drug screening.’>15¢ An often used LDH-catalyzed reaction involves a
coenzyme (NAD*/NADH) which acts as an electron-shuttle mediator.'®® During
electrochemical measurements, this mediator functions to shuttle the electrons between
the enzyme and electrode.'®* Current LDH activity measurements rely on oxidants that

oxidize NADH (e.g., Formazan®6?) and accordingly, undergo colorimetric changes.
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Here, we leveraged the capacitor feature of the molectronic sensor to electrochemically
measure LDH activity in a microdevice (Fig. 3.6A). Figure 3.6B&C illustrates the
mechanisms involved. Briefly, LDH catalyzes reversible reactions between lactate and
pyruvate with NAD*/NADH as the coenzyme. When the reaction proceeds from lactate
to pyruvate, generated NADH serves to “charge” the BBRC film (i.e., reduce quinone
to catechol) and is then returned to the oxidized (NAD™) state. This cycling between
NADH and the BBRC film thus facilitates signal processing by amplifying the signal
output. It should be noted that the enzymatic film charging takes place without the need
of electrical input. Importantly, the electrons stored in the charged film can be extracted
(or “titrated”) by the oxidative-redox cycling reaction of Fc (i.e., discharging) in Figure
3.6C. The thermodynamics of electron transfer are depicted in Figure 3.6D. To test
this possibility, we prepared films for the fully charged state, where the film’s catechols
were all in reduced QH2 form (positive control) and the fully discharged state, where
the film’s catechols were all in oxidized Q form (negative control) by the
electrochemical redox-cycling reactions. Figure 3.7 shows that more electrons can be
titrated from the fully charged films, compared with fully discharged films, as expected.
That is, the capability of amplifying electrochemical signals between two control films
is attributed to the charging state of film (Fig. 3.7) and this difference is utilized to

reflect the LDH activity in samples.
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Figure 3. 6. Schematic of LDH analysis from mammalian culture. (A) Schematics showing that the
membrane disruption of mammalian cells releases cytosolic lactate dehydrogenase (LDH) into
surrounding environment. The released LDH can catalyze the added substrates (lactate & NAD*) and in
turn charge the molectronic sensor in an analogous manner to battery. The final charge of the molectronic
sensor can be measured to reflect the health state of tested cell culture. (B) Reaction catalyzed by LDH.
Reductive redox-cycling between NAD*/NADH and the BBRC film. (C) Oxidative redox-recycling
between Fc*/Fc and the BBRC film. (D) Thermodynamics of electron transfer. Q: quinone; QHa:
catechol
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Figure 3. 7. Cyclic voltammogram (CV) of Fc oxidation at the surface of electrodes modified with
fully discharged (Q) and fully charged (QH2) BBRC films.

In order to accurately titrate the electrons in enzymatically charged films,
chronocoulometry (CC) was employed. In Figure 3.8A, the fully discharged films were
incubated in various solutions with no applied voltage and then each resulting film was

titrated by the Fc-redox cycling reaction.>* The red line in Figure 3.8A shows a large
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oxidative charge curve of the film that has been incubated with LDH and substrate
(lactate and NAD™*). However, when the film was incubated in solutions lacking LDH,
the gray line in Figure 3.8A resulted. This shows a smaller oxidative charge transfer,
and was more similar to the negative control that was fully discharged (dotted line).
The results of Figure 3.8A indicate that the addition of LDH and the substrate
enzymatically charged the BBRC film. Then, the charged film was titrated by
measuring the amplified oxidative charge during Fc oxidation. The magnitude of this
amplification is then dependent on the number of reduced catechols in the film, which,
in turn, were found to be linearly proportional to the LDH activity (i.e., concentration)
(Fig. 3.8B). That is, we found the response was linear up to 60 unit/L, where the signal
was seen to saturate. The signal saturation was presumably due to the limited contact
efficiency (confined space for diffusion) between NADH in the bulk solution and the

film within microchannel.169
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Figure 3. 8. (A) Chronocoulometry (CC) results comparing the molectronic sensor (Cat-Chit) and the
control device (Chit) on LDH measurement. (B) Calibration curve of the molectronic sensor on LDH
activity measurement.
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On-chip cytotoxicity - Effects of Triton X-100 on Caco-2 cell viability. Since LDH
activity can be used for determining cytotoxicity, we cultivated mammalian cells and
challenged them with cytotoxic surfactant, Triton X-100, which permeabilizes cell
membranes.'63 That is, a human epithelial colorectal adenocarcinoma cell line, Caco-
2, was used as a model cell culture. Caco-2 cell is commonly used to resemble the
enterocytes lining the human small intestine, which is pivotal in drug absorption. 64165
Caco-2 cell cultures were exposed to Triton X-100 at various concentrations for 120

min, followed by on-chip viability measurements and LDH activity assays (Fig. 3.9).

Chemically disturb Mix supernatant with Introduce the mixture Electrochemical
Caco-2 cell culture the LDH substrate into the device analysis

Figure 3. 9. Schematics demonstrating cytotoxicity assay steps using the molectronic sensor.

The viability of Caco-2 cells was examined using a commercial LIVE/DEAD viability
kit (see Methods), while the LDH activity was measured using both the molectronic
sensor and a commercialized cytotoxicity kit in parallel. The LIVE/DEAD viability kit
stains live cells with green fluorescence (catalyzed by cytosolic esterase and retained
intracellularly) while dead or permeabilized cells fluoresce red (generated by nucleic
acid binding stain that only enters cells with damaged membrane). Microscopic images
in Fig. 3.10 reveal that cell viability was highest at the lowest Triton X-100
concentrations. In addition, it was evident in the bright field (BF) and green

fluorescence images that as the Triton X-100 concentration increased, the Caco-2 cells
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started to shrink and lyse. While the number of live cells decreased, the number of dead
cells increased dramatically (sample treated with 0.02% Triton X-100 showed
decreased cell number due to cell detachment from substrate). The qualitative results
depicted in Fig. 3.10 were quantified in Fig. 3.11 using both the molectronic sensor
and the commercial cytotoxicity Kit, which measures LDH activity level via
colorimetric means. All results were normalized to the positive control (cells treated
with 0.1% Triton X-100, not shown). Both methods demonstrated similar values and
patterns (r = 0.99, p = 0.94) that also corresponded to the microscopic results. In sum,
these data demonstrate concordance between an electrobiofabricated molectronic
sensor that can be assembled in situ within fluidic devices versus the commercialized
kits that required pooled samples. Perhaps more importantly, the in situ measurement
shown here is quantitative and augments visible fluorescence microscopy

measurements that are difficult to quantify particularly at high cell densities.

1 0.01 0.015 0.02
Triton X-100 concentration (%)

0 0.00

Figure 3. 10. Microscopic results of Caco-2 cell cultures treated with various concentration of Triton
X-100. Green and red fluorescent images depict live and dead cells after 120 min, respectively. Scale
bar = 50 um. BF: bright field.
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Figure 3. 11. Cytotoxicity measurements by the molectronic sensor and the commercialized
cytotoxicity kit (*, p < 0.05). All results are normalized to data from the positive control, in which cell
cultures are treated with 0.1% Triton X-100.

Conclusions

In this study, we proposed and developed a novel concept, based on our
“electrobiofabrication” toolbox, to simplify the bridging between electronics and
biological systems within microdevices. This concept permits biosensors to be
assembled and functionalized on-demand and with minimal equipment — just the
application of voltage in solutions for assembly of polysaccharide chitosan and then
grafting of catechols to enable signal amplification via redox cycling. This process
takes minutes and can be built into the experimental protocols instead of the chip design
and manufacture processes. That is, this methodology avoids one of the most
problematic issues of using biological components in biosensing: the decay of labile
biorecognition components that occurs during manufacturing processes and long-term
device storage. Specifically, we demonstrated three important advantages of the

molectronic sensor. First, through “electrobiofabrication”, target electrodes fabricated
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inside completely packaged microdevices are functionalized with BBRC films with
high spatial selectivity. Second, the molecular electronic properties of the BBRC films
provide enhanced functional properties (e.g., signal amplification) that facilitate signal
processing. Finally, the generic capacitor feature of BBRC film allows the molectronic
sensor to accept electrons from biological reductants. We demonstrated the molectronic
sensor in the analysis of several biological samples ranging from small molecules (e.g.,
PYO), to enzymatic activity (e.g., LDH), to monitoring the status of cellular health

(e.g., cytotoxicity).

We believe such “electrobiofabrication” extends our means to develop microfluidic
biosensors. We expect biosensors that are functionalized using this technique might be
embedded in microfluidic platforms for broader applications. For instance,
functionalized sensors with enhanced specificity and sensitivity can be incorporated in
microfluidic cell culture systems (e.g., organ-on-a-chip?:65166.167) for self-contained
and automated drug screening and toxicity tests. The interrogated volumes using this
system are on the order of nanoliters. Also, we have recently immobilized engineered
bacteria onto BBRC films for expanded biological functions beyond biorecognition,
such as signaling.5? While we envision this work provides an alternative, simple, and
promising avenue for bridging electronics to biological systems assembled within
microfluidic platforms, we can envision many additional applications perhaps not
confined by fluidics but equally as effective — the sum of these approaches will enrich

our abilities to study biology in a variety of contexts.
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Chapter 5: Development of a modularly assembled system to
facilitate information access from organ-on-chips with quality
control

This section is adapted from a manuscript submitted to Nature Methods with the title
“Chip modularity enables molecular information access from organ-on-chips with
quality control”. This Chapter incorporates the molecular sensor developed in
Chapter 3 to “open” organ-on-chip (OOC) system for direct molecular measurement
and interrogation. Unique modular assembly between sensor and OOC system is
designed to reduce the system complexity and enable quality control (QC) on each

component, which, in turn, maintain assay consistency during long-term experiment.

Abstract

Organ-on-chips (OOCs) are envisioned to replace animal models in preclinical
testing. Although significant progress has been made to improve the biofidelity of
these devices, analyzing samples within miniaturized structures remains a challenge.
Based on the concept of modularity, we developed accessorial modular functional
units that facilitate information access from OOCs. Specifically, we developed three
mutually independent microfluidic modules: a mixer, a “molecular-electronic” sensor,
and a quality control unit. Each module can be interconnected/disconnected,
multiplied or replaced as needed. As a proof of concept, we developed an
autonomous programed cytotoxicity assay and linked this to a model OOC.
Additionally, we developed design criteria for generic use, particularly for sensor
measurements that require substrates and enzymes. We monitored sensor function
during long-term experiments and, by design, maintained assay consistency by
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switching at fouled sensors. Importantly, sensor assembly with biological components
and its connection to the OOC requires only minutes and no bulky instrumentation.
We believe a modular strategy where subsequent chips are interrogated could provide
an alternative and promising path to enhance functionality, reproducibility, and will
eventually enrich our repertoire, to access biological information in a variety of

contexts.

Introduction

Organ-on-chips (OOCs) are gaining acceptance as in vitro models that would
ultimately replace animal testing during drug development.3437:47.168-170 These
miniaturized devices offer numerous advantages over traditional animal models,
including reduced sample quantity and their integration of dynamic 3D
microenvironment. Efforts have been devoted to recapitulate human tissue-/organ-
level physiologies to improve the fidelity of OOCs which, in turn, alleviates the
translational barrier from testbeds to in vivo expectations. Yet, information access
from such miniaturized structures remains a challenge. Optical measurements are
incorporated that often produce end-point data, their laborious labeling processes can
be detrimental to cell cultures.37169171.172 Recently, analytical interrogation using
microelectronics-based sensors have opened an alternative pathway. With benefits of
high detection sensitivity and high versatility, these sensors have been patterned into
OOC:s for analyzing tissue barrier integrity’’®, cell migration', fluid pressure!” and
oxygen*'. These integrated sensors can significantly increase the complexity of OOC
design and fabrication and this can hamper the translation of these technologies from

lab to industry.13+176-182 |n addition, chemicals involved in many sensors have
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potential toxicity to cell cultures.5*°8183 Short sensor shelf life and the lack of quality

control further complicate assay inconsistency during long-term testing.184185

Here, we propose to apply modularity to facilitate information access from OOCs
while getting around the aforementioned concerns. Instead of monolithic OOCs with
integrated sensors, we develop three categories of accessorial modular units, each
with a unique functionality: input (e.g., medium/drug introduction), output (i.e.,
sample analysis), and quality control (QC) (Scheme 4.1). All modules are mutually
independent and can be interconnected/disconnected, multiplied or replaced in an
analogous manner to Lego™, but connected using microtubing. Upon being
connected, the accessorial modules process information from the target OOC without
increasing its complexity. To demonstrate this concept, the modular units are devised
to evaluate culture cytotoxicity. Specifically, sample from a model OOC (cell culture
in a simple 2D microdevice that contains a to-be-assayed enzyme) is first transferred
into a mixer module, in parallel with enzyme substrate, and converted to final product
that is then detected by a sensor module downstream. The entire process, with the
exception of attaching modules with tubings, is entirely hands-free. Specifically, a
redox-based sensor was developed to measure the activity of a cell death biomarker,
lactate dehydrogenase. We show how this cytotoxicity assay works using a model cell
line, human colorectal adenocarcinoma cells (Caco-2 cell), disturbed by a drug mimic
(e.g., Triton X-100). The controlled fluidics within the modular system excludes
entrée of detrimental chemicals within the sensor module (e.g., lactate!8®-18° and
catechol'®%191) from interfering with the cell culture. By switching the OOC to a QC

module, sensor function (normally exhibits declining sensitivity due to fouling®®?) is
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repeatedly monitored during a long-term experiment (a typical and desired condition
for cell and tissue culture). More importantly, we preserve assay consistency by
replacing fouled sensors. Further, because electrochemical sensor can be assembled
for assaying a variety of molecular species, we have developed design criteria for an
enzyme/substrate assay. It should be noted that although this study focuses on a
cytotoxicity assay, the concept of modularity and the design attributes described here

can be extrapolated to broader studies and applications.
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Scheme 4. 1. Schematic of modular connected organ-on-chips (OOC) system. Module in the system
can be reversibly assembled in an analogous manner to Lego™, but connected using microtubing.
“Input” modules can be placed upstream to OOCs to supply culture media for cell cultivation,
introduce drug for screening, or even flush the system with cleaning buffer. Effluent from OOCs can
be exported into “output” modules, wherein analytes of interest can be measured. In the case of
bioreactor, cellular products can also be collected using output modules. Most importantly, the
flexibility of modular assembly enables us to design unique modules to conduct quality control (QC)
on each component in the system from input modules (e.g., medium quality, reagent activity), OOCs
(e.g., pH, glucose, dissolved O level), to output modules (e.g., sensor accuracy, transducer function).

Materials and Methods

Device fabrication. All microfluidic devices were created using standard soft

lithography methods, performed in the Maryland Micro and Nano Fabrication Center.
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Device designs were modelled on AutoCAD (Autodesk, Inc., Mill Valley, CA) and
developed as a Mylar mask. SU-8 3050 photoresist (MicroChem, Westborough, MA)
was deposited onto a sterilized 4 inch diameter silicon wafer. After spinning the wafer
for 45 seconds at 2600 rpm, the wafer and photoresist were soft-baked at 95 °C for 15
minutes. The Mylar mask was aligned with the wafer to transfer the design onto the
photoresist through UV light exposure (405 nm wavelength) using an EVG 620 mask
aligner (Electronic Visions Inc., Phoenix, AZ) at an exposure energy of 23.4 mW cm™.
After undergoing a post-exposure bake of 95 °C for 20 minutes, the wafer was
submerged and agitated within SU-8 developer (MicroChem) for 8 minutes to create
the final master structures. Isopropanol and deionized (DI) water was used to wash

away residual photoresist.

The microchannel layer was made from polydimethylsiloxane (PDMS) (Sylgard 184,
Dow Corning Co., Midland, MI) cast on an SU-8 master. PDMS was prepared by
mixing the polymer material and curing agent (10:1 w/w) and deposited on the master
structures followed by baking at 60 °C for 1 hour. Upon PDMS delamination from the
mold, a 1 mm biopsy punch (Miltex, York, PA) created inlets and outlets. Cell culture
devices were created by subjecting a PDMS layer and 30 mm glass coverslip
(Bioptechs Inc., Butler, PA) with oxygen plasma using March Plasmod oxygen
plasma cleaning system (Nordson Plasma Systems, Concord, CA). Microfluidic
mixers were created in a similar fashion but used PDMS as the base layer instead of a
glass surface. The base layer for the sensor contains a pattern of three-electrode
system that was custom designed on AutoCAD, converted, exposed, and developed

onto a stainless-steel shadow mask. The pattern was transferred from the mask to
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circular glass coverslips by depositing 5 um chromium and 50 pm gold sequentially
using Metra Thermal Evaporator (Telemark, Battle Ground, WA). Sensors were
fabricated by bonding the PDMS channel layer to the base layer with proper
alignment. The sensor was equipped with a holder and rod electrodes for simple and
stable connection to the external electrical source. Both sensor holder and modular
chip holder were designed using Solidwork (Dassault System, Velizy-Villacoublay,
France) and 3D printed by a Connex 3 Object500 and MEDG610 ink (Stratasys, Eden

Prairie, MN).

Preparation of “molectronic” sensor with bio-based redox capacitor (BBRC)
films. The sensors were functionalized with BBRC films in two steps.>*5%80 First, the
target working electrode was connected to an external electrical power supply (2400
Sourcemeter, Keithley, Cleveland, OH) and set as the cathode. A nearby electrode
was set as the anode. The microchannel (3 mm x 3 mm x 100 um) was filled with
1.1% chitosan solution (dissolved in water and adjusted pH to 5.6 using 1.0 M HCI)
(Sigma-Aldrich, St. Louis, MO) to immerse both electrodes. A constant current of 3
A/m?was applied for 30s to selectively electrodeposit chitosan film (~ 50 pm
thick'46) on the cathode. Second, the device was connected to a potentiostat for
catechol grafting. The channel was filled with catechol solution (5 MM in 0.1 M
phosphate buffer (PB), pH 7.0) (Sigma-Aldrich), and a constant anodic potential of
+0.6 V (vs Au) was applied for 3 min to oxidize the catechol. The oxidized catechol
(i.e., o-quinone) undergoes grafting reactions to the chitosan film.%6:58.149 |n order to
confirm the signal amplification capabilities of the film, the channel was filled with

50 uM 1,1°Ferrocenedimethonal (Fc) (Acros Organics, New Jersey, NJ) and 50 uM
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hexaammineruthenium chloride (Ru®*) (Sigma-Aldrich, St. Louis, MO) in phosphate
buffer (PB) (pH 7.0). Chronocoulometry (CC, 0.5V, 120s) was applied to

electrochemically charge and discharge BBRC films. Films at fully charged and fully
discharged states were generated by the electrochemical redox-cycling reactions. The

resulting sensor is name as “molectronic” (i.e., molecular to electronic) sensor.

Modular system dynamical characterization. The system was assembled by
connecting the OOC, the mixer and the molectronic sensor sequentially via
microtubings as depicted in Fig. 4.1A. The mixer was connected to both the OOC and
a syringe filled with substrate solution for LDH catalyzed reaction (i.e., 20 mM L-
lactate (Sigma-Aldrich), 10 mM B-nicotinamide adenine dinucleotide sodium salt
(NAD+, Sigma-Aldrich), 50 uM Fc in PB). The system was driven by syringe pumps
(Kent Scientific, Genie Plus; Fisher Scientific, Single Syringe Pump) propelling PB
and LDH substrate at flow rates of 30 pl/hr and 270 pl/hr, respectively. To examine
the fluidic dynamics in the system (mainly from OOC to sensor), Fc was used as an
electrochemical tracer. Fc (500 uM in PB) was manually introduced into the OOC as
sample. At time zero, the device was plugged into the system (Fig. 4.1A) when time
was set as to. A constant chronoamperometry (CA) was applied to monitor Fc
concentration in the molectronic sensor. In parallel, fluid dynamics and finite element
simulation were respectively modeled using MATLAB software (The MathWorks,
Natick, MA) and Comsol Multiphysics (COMSOL Inc., Stockholm, Sweden). In
MATLARB, the axial dispersion model was applied based on Fick’s law (9C/dt =

D x 9%2C/dx?, D = diffusion coefficient). The minimal lengths for both the mixer

and the connecting tubing (extender) between the mixer and the sensor were
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calculated to accommodate the mixing molecules with different diffusion coefficients
and enzymatic kinetics. The minimal detectable signal by the sensor was set as
background noise level plus three times of standard deviation (o). The minimal
extender length is modeled based on equation L =

((143.7 —16.5 x x)/x) x 33.3, where L is the minimal length of the extender for
the LDH reaction to generator a minimal signal (143.7 uM of NADH), x is the

maximal reaction rate (Vmax) of LDH and 33.3 is the flow speed in unit of mm s,

On-chip cell culture. The model cell line used in this study was Caco-2 cells obtained
from American Type Culture Collection (Manassas, VA). Cells were maintained using
Dulbecco’s Modified Eagle Media (DMEM) (Gibco, Grand Island NY) supplied with
10% fetal bovine serum (FBS) and 1% pen-strep antibiotic (Gibco) in T75 flasks under
37 °C and 5% CO2 level and passaged every three days. The devices were sterilized
with 70% (v/v) ethanol and 30 minutes of UV light exposure before cell introduction.
Sterilized channels were coated with 50 pg/ml type I collagen and 300 pg/ml Matrigel
matrix (Corning, Corning, NY) at 37 °C for 2 hours. Caco-2 cells were then gently
transferred to the device using 1 ml syringes at approximately 1.5 x 103 cells/cm?/ml.
Once the inlets and the outlets have been sealed, the device was incubated at 37 °C in
5% COz for 1 hr to allow cells to attach to substrate. Then, culture media was perfused
through the channel at a constant flow rate of 30 pl/hr to replenish nutrients. The entire
culture system was incubated at 37 °C in 5% COx for 24 hours before experiment. The
viability of on-chip culture was assayed and visualized with a LIVE-DEAD
viability/cytotoxicity kit (Thermo Fisher Scientific, Waltham, MA) and the molectronic

Sensor.
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Microfluidic mixer characterization. The mixer was characterized using 1.5 x 107
M fluorescein isothiocyanate (FITC) (Thermo Fisher Scientific, Rockville, MD). This
method was based on the observation that the intensity of fluorescence emission from
fluorescein solutions in a microfluidic channel (depth 100 um) was linearly
proportional to the fluorescein concentration (not shown). This linearity held when the
fluorescein concentration was less than 10~ M.!'¢ FITC and deionized (DI) water were
introduced into the mixer at flow rates of 30 pl/hr and 270 pl/hr, respectively. At steady
state, fluorescent images were taken using a CCD camera, an inverted fluorescence
microscope, a FITC filter cube, and a 10X Olympus objective lens. Fluorescence
intensity was analyzed using Imagel] (shareware: https://imagej.nih.gov/ij/) and

normalized to fluorescent intensity at the inlet.

Cytotoxicity testing. To chemically disturb cell cultures in microfluidic devices, a drug
mimic, Triton X-100 was used. Triton X-100 was diluted in DMEM and pumped into
devices at 40 pl/hr for 3 minutes. Then, the outlets were sealed to stop the flow and the
device was incubated at 37 °C for 2 hours. After the incubation, the cell culture modules
were “plugged” into the cytotoxicity testbed (i.e., the inlet and the outlet were
connected to a syringe and the mixer, respectively). Time was set as to when the device
was plugged in. The molectronic sensor starts to discharge at t =4 min (optimized time
so that BBRC film can be fully discharged before contacting sample). The BBRC was
fully discharged (i.e., no further change in CC, the film’s catechols were all in oxidized
=0 form) at t = 12 min. Then, a 10-minute sensor charging was set to allow the BBRC
films being enzymatically charged (i.e., the film’s quinones were converted to

catechols) by NADHs produced through LDH catalyzed reactions. At t = 22 min, CC
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was applied to measure the electrons accepted and stored in the BBCR films. Based on
the in vitro assays and data from previous work, cells treated with 0.1% of Triton X-
100 were set as the positive controls (the viability of cells was near 0% as shown in
Chapter 3). Cell-free DMEM was set as the negative controls. The cytotoxicity of each

sample was calculated using equation (1):

Cytotoxicity (%) = [LDH]/[LDH]yax X 100%, (1)

Where [LDH] referred to the normalized LDH level measured in each sample and
[LDH]max referred the normalized LDH level in the positive control. All [LDH] were
normalized by subtracting the negative controls. For standard curve preparations,
LDH stock solutions were spiked into the substrate solution to make samples with
LDH concentrations of 0 unit/L, 15 unit/L, 30 unit/L, 45 unit/L, 60 unit/L, 90 unit/L
and 120 unit/L (1 unit of LDH produces 1 pumol of NADH in 1 minute). After each

experiment, the system was washed with PB thoroughly.

Long-term cell culture and quality control (QC). To evaluation sensor stability
during long-term experiment, quality control (QC) units were connected to the mixer
in replacement of the model OOC. The QC units have the same configuration as the
model OOC but contains sensor characterization solution (50 uM Fc¢/Ru**in 0.1 M PB,
pH 7.0) instead of cell culture. The sensor characterization solution was used to test the
maximal electrochemical signal amplification capacity (i.e., charging the film with
excess Ru*" followed by titrating the film with excess Fc). Such measurement was
conducted between every cytotoxicity testing. The sensor was replaced once lost its

performance.

68



A five-day experiment initiated with two OOCs incubated simultaneously at 37 °C in
5% CO2with continuous perfusion of warm DMEM at flow rate of 30 pl/hr. After every
24 hours, cells were treated with 0.1% Triton X-100 followed by cytotoxicity testing.
This experiment was repeated for five days. The cytotoxicity testing was conducted
using two groups of sensors: 1) daily made and “modular” assembled sensors; and 2)
long-term “built-in” OOC/sensor modules that were incubated with the OOCs.
Cytotoxicity was calculated using equation (1), except results were normalized to the

LDH level measured in day 1.

Instrumentation. All electrochemical measurements were performed using a CHI
6002e electrochemical analyzer (CH instruments, Austin, TX). Caco-2 cell cultures
were imaged using a fluorescence microscopy (BX 60 microscope; Olympus) and a

digital camera (Olympus DP72).

Statistical analysis. All assays were performed in triplicate. Results were expressed as
mean =+ standard error. One-way ANOVA was used to determine significant differences
between groups. The level of significance was set at o = 0.05. The Pearson product-
moment correlation coefficient was applied to measure the strength of linear correlation

between groups. The level of significant correlation was set at r = 0.95.

Results and Discussion

Modular assembly — design and characterization. The modular system
demonstrated here consists four components: an OOC (2D on-chip cell culture) and

three accessorial modular units including: (i) a mixer wherein the OOC sample
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affluent is mixed with substrate and converted to an assayed biomarker; (ii) a
“molecular-electronic (molectronic)” sensor that measures the biomarker quantity
electrochemically; and (iii) a quality control (QC) module (see Scheme 4.1) that
replaces the OOC to monitor sensor function. Each module is connected via
microfluidic tubing wherein length is a design parameter; the system is controlled via
syringe pumps and programmable electronics. Since the concept of modularity is
envisioned to be generalized to expanded OOC applications, fluidic and enzymatic
kinetic analyses were conducted to provide criteria for designing critical dimensions
in the system. That is, the length of the mixer is designed according to the criteria that

homogeneous mixing between sample and substrate is achieved at the outlet.

Figure 4.1 shows the configured device for this application. Recognizing that the
length of the mixer is a function of the enzyme activity, substrate concentration, and
fluid flow rate, we performed a modeling analysis to calculate the minimum time
(hence distance) needed to accordingly determine analyte level in the sensor chip.
Figure 4.2A plots the minimal length of the mixer as a function of the diffusion
coefficient, for cell/protein and the small molecule substrate. It should be noted that
the diffusion coefficient of enzyme (e.g., protein, LDH) is at least one order of
magnitude less than chemicals in the substrate and is thus neglected during
calculation. The mixer in this study was designed (length = 80 mm) to accommodate
all analytes used in this study. Both finite element simulation and fluorescein
isothiocyanate characterization revealed homogeneous mixing in the mixer with an
expected dilution factor (Fig. S4.1B-D). As noted, the length of the extender (distance

between the mixer outlet and the sensor inlet) was designed based on the criteria that
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a minimal signal (i.e., background + 30) is generated when the sample reaches the
sensor. Considering OOC samples with different initial enzyme concentrations yield
distinct enzymatic kinetics within the mixer (Fig. S4.2), the extender length profile is
adjusted accordingly (Fig. 4.2B). Theoretically, an infinitely long extender is required
for sample with an infinite small enzyme activity. It should be noted that as enzyme
activity increases, the required length for the extender becomes negative because a
minimal signal is generated before leaving the mixer. For instantaneous reactions, the
extender is defined by the diffusivity and flow rate. That is, the total reaction time
needed is given by the point in the mixer where 100% of the OOC effluent is mixed
with the reactants. The extender used in this study (90 mm) ensures that enzymatic
reaction is sufficient for all samples and ease of use (spontaneous LDH release from

the control group is 27.8 unit/L).
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Figure 4. 1. Schematic diagram of the modular assay system.
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Figure 4. 2. Design criteria for the length of mixer and extender. (A) Minimal length of the mixer
required for analytes of various diffusion coefficients to reach homogenous mixing. The diffusion
coefficient of enzyme (e.g., LDH) is at least one order of magnitude less than chemicals in the
substrate and is neglected during calculation. (B) Minimal length of the extender required to generate
minimal signal (background + 3c) for samples with various enzymatic kinetics. Data adjusted
according to Figure S4.2.

The fluidic dynamics in the modular system was characterized using
1,1’Ferrocenedimethonal (Fc), an electrochemical mediator. Fc solution (500 uM in
PB) was introduced to the OOC as a bolus and flowed downstream (30 pl/hr) to a
mixer and a sensor. Chronoamperometry (CA) was continuously applied within the
sensor to monitor the prevailing Fc concentration. A substrate solution (i.e., 20 mM
L-lactate, 10 mM NAD* and 50 uM Fc in PB) was continuously introduced to the
mixer at flow rate of 270 pl/hr. The entire system was operated under continuous
flow. Figure 4.3A represents the concentration profile of Fc measured within the
sensor (converted from the measured current). The measured Fc concentration
matched our expectation (the final Fc concentration is a combination of 10 times
diluted effluent from the OOC and 9/10 times diluted substrate). The result illustrates
that after system assembly (t = 0 min), sample (Fc) reached the sensor att = 13 min
and completely exited at t = 25 min. The concentration profile was compared to a

plug flow reactor model with axial dispersion. We matched the experimental results
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with the model and found the best fit Peclet number (ratio of convective to dispersive
flow) to characterize the system (Pe = 150). This high value demonstrates that the
flow in the fluidic channels is near ideal and with minimal axial dispersion (i.e.,

convection-dominated).
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Figure 4. 3. System characterization using Fc. (A) Profile of model analyte (Fc) as it progresses from
OOC through mixer and into sensor module. Overlayed with predicted quantity for Pe = 150. (B)
Predicted signal accumulation in the sensor module after sample reaches the sensor (left). Time
required to reach 100% signal accumulation (tioo) is dependent on Peclet numbers (right).

During testing with media and LDH (marker of cytotoxicity), signal (electron from
NADH, biological reductant) is first accumulated in the sensor (i.e., sensor charging)
before the total charge is measured. The level of accumulated signal is proportional to
original biomarker concentration (i.e., NADH) in the sample. Accumulated signal
was plotted as a function of time (Fig. 4.3B) by calculating the area under the
concentration profile in Figure 4.3A. The x axis was normalized to the time when the
sensor charging begins (i.e., t = 13 min). It should be noted that although enzymatic
reaction initiates as soon as sample mix with substrate at the intersection, the product
(NADH) has relatively low decomposition rate (6% per hour'®) and can still be
accumulatively measured at the sensor (for the entire duration of the assay is 22

minutes). According to the simulation, a minimum of 10 minutes of charging (too, see
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the arrow in the left panel of Fig. 4.3B) is needed to ensure a sufficient signal
(~100%) is accounted. We show that tioo is linearly dependent on Peclet number in
the fluidic system (the right panel of Fig. 4.3B). It should be noted that
characterizations described here may not be necessary for assays that do not involved

enzyme reaction (e.g., Fc, pyocyanin®>®?, glucose®).

Molecular information access from organ-on-chips - cytotoxicity testing using a
“molectronic” sensor. We demonstrate a cytotoxicity assay to demonstrate “plug
and play” modularity for OOC systems. A model OOC was constructed that
contained a culture chamber (3 mm x 3 mm x 100 pm) flanked by two channels
connecting both inlet and outlet (Fig. 4.4). A human epithelial colorectal
adenocarcinoma cell line, Caco-2, was used as a model cell culture. Caco-2 cells are
commonly used in drug delivery studies involving transport through the enterocytes
lining the human small intestine.'%4% Caco-2 cells (1.5 x 10° cells/cm?/ml) were
gently introduced into the OOC system using syringes. After 1 hour (cells attached to
substrate), pre-warmed and oxygenated culture media was perfused through the
channel at a constant flow rate of 30 pL/hr (which produces 0.02 dyne/cm? shear
stress®’). The entire cell culture system was incubated at 37 °C in 5% CO: for 24
hours before experiment. In Fig. 4.4, Caco-2 cell cultures are shown using
microscopy (bright-filed and fluorescence). We used a fluorescence based viability
kit in-end-of experiment samples to demonstrate highly viable cells as model inputs.
In Fig. 4.4, “sample” refers to the supernatants exiting the OOC. That is, upon cell
membrane damage, an enzymatic biomarker, lactate dehydrogenase (LDH), is

released from cell cytosol to the surrounding environment. This solution contains
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LDH and is flowed downstream to the mixer and then sensor modules. The LDH

level indicates cytotoxicity of applied drugs or other factors,>4-156
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Figure 4. 4. Schematic of an organ-on-a-chip (OOC) module comprised of human intestinal epithelial
cells, Caco-2 cells, grown in DMEM. Sample (culture supernatant) is pumped downstream after
fluidically connecting to mixer and sensor modules. Microscopic images taken after 24-hr culture
indicate coverage and viability (>90%). Scale bar = 100 pm.

The sensor module used in this work is a “molectronic” sensor developed in Chapter
3 (Scheme 4.2). A key aspect of the molectronic sensor is its enhanced sensitivity
enabled by a catechol-modified chitosan film (i.e., bio-based redox capacitor (BBRC)
film) electroassembled onto working electrode.>% BBRC films are non-conducting
(i.e., unable to exchange electrons directly with the underlying electrodes) but they
are redox-active and can repeatedly exchange (i.e., accept, store and donate) electrons
with soluble redox-active species, those either from the biological systems under
study or added to the systems to infer biological information. Soluble biological
reductants (e.g., NADH generated from LDH-catalyzed reaction) can donate electrons
to the BBRC films through a reductive-redox cycling (converting quinone (Q) to
catechol (QH2)), which is also known as “enzymatic film charging” (Scheme 4.2B).

The electrons stored in the charged film can then be “titrated” (i.e., extracted) by an
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oxidative-redox cycling using Fc as mediator (Scheme 4.2C). We showed that
through redox cycling mechanism, more electrons can be titrated from fully charged
films (the film’s catechols were all in the reduced QH2 form), compared with fully
discharged films (the film’s catechols were all in the oxidized Q form) (Fig. S4.3).

Hence, through redox cycling significant signal amplification is achieved.
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Scheme 4. 2. (A) Schematic of molectronic sensor module. Catechol is conjugated to an
electroassembled chitosan film. The redox state of the quinone/catechol can be modulated using redox
mediators and applied voltage. The catechol-modified chitosan is referred to as a bio-based redox
capacitor (BBRC) owing to its ability to store and exchange electrons. (B) Lactate dehydrogenase
(LDH) converts lactate (substrate) and NAD™ (cofactor) to pyruvate and NADH, which, in turn,
donates electrons to the quinone moieties in the BBRC film (i.e., enzymatic charging). (C) Oxidative
redox-cycling between Fc*/Fc and the BBRC film. Using this method, electrons stored in the BBRC
film can be “titrated” and quantified as “charge” (current x time). Q: quinone; QH2: Catechol

To measure the cytotoxicity level within the OCC, the molectronic sensor module
was connected to the outlet of the mixer module in the fluidic system. Importantly,
the sensor module is easily fabricated and easily changed for simple use. Before every
test, the sensor was fully discharged (using Fc) to the background level. The OOC
module was connected to the inlet of the mixer and sample was assayed according to
the protocol described in Fig. 4.3A&B. That is, in addition to the OOC outlet, the
LDH activity assay is accomplished by introducing excess lactate and NAD* (with 50

UM Fc) as substrate that are introduced at defined rates in the feed to the mixer
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module. In the sensor module, chronocoulometry (CC) was then employed to
quantify titrated charge. In Figure 4.5A, the fully discharged BBRC film (the dotted
line) was incubated with various solutions with no applied voltage and then each
resulting film was titrated by the Fc-redox cycling reaction. Comparing to the control
group where the film was incubated in solutions lacking LDH (the grey line), the red
line indicates a large oxidative charge curve generated from a mixture of LDH spiked
sample and substrate allowed to react during transport through the mixer and
extender. These results confirmed that the products from LDH catalyzed reaction
charge the BBRC film enabling signal measurement upon oxidative discharging. The
magnitude of the signal is dependent on the number of reduced catechols in the film,
which, in turn, are linearly proportional to the LDH concentration (Fig. 4.5B).
Importantly, the response was found to be linear up to 60 unit/L, where the signal
appeared to saturate. This signal saturation was presumably due to the limited contact
efficiency (confined space for diffusion) between NADH in the bulk solution and the
film within microchannel.*® This size-based limitation should be relieved by either
increasing the electrode size or by depositing more catechol-modified chitosan onto
the electrode. In the latter case, this demonstrates the ease by which modifications can
be made using this methodology. By applying voltage for a longer time drive the
electroassembly period, more chitosan can be deposited increasing the number of

catechols in the BBRC.

77



>
w

a
o
24 1 R:=098 ”
=4 6.0 ’
ﬂ; —
E, 8 3 * . i
- 3 4
— 4.0 4
"8_12 | AQoc[LDH] ,i,
E Background 7
0 Unit/L LDH
=60 Unit/L LDH
186 T 20 4 r — b
0 60 120 0 30 60 120
Time (s) LDH concentration (Unit/L)

Figure 4. 5. (A) Chronocoulometry (CC) results comparing an LDH-spiked sample (with substrate in
PB) to the negative control (film incubated with solution without LDH). The dotted line represents the
background where the film is fully discharged using the Fc-oxidative cycling. (B) LDH activity titrated
as charge in sensor module.

Using molectronic sensors, cytotoxicity levels of chemically disturbed OOCs were
then measured. All results were normalized to the positive control (cells treated with
0.1% Triton X-100 are reported to be 17% viable'®*, however in our case shown in
Chapter 3, the viability was near 0%) and the negative control (cell-free culture
media). Results in Figure 4.6 corresponded with our expectations that cells treated
with the drug mimics (Triton X-100) yielded a significantly higher cytotoxicity level
(p = 0.016) than was otherwise observed for healthy cells. Moreover, increased triton
X-100 resulted in more cell death (p = 0.001). We also note that the negative mimic
case with cells did exhibit a viability of less than 100% (presumably due to

spontaneous death).
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Figure 4. 6. Normalized cytotoxicity measurements on OOCs with various treatments (**, p < 0.01; *,
p < 0.05).

Overall, these data demonstrate that appropriate placement of functional modules
(e.g., sensor and mixer) enable the rapid assessment of cytotoxicity in OOC systems.
Most importantly, the in-situ measurements showed here, are quantitative and require
no pooling of sample (essential for samples with volume at sub-microliter scale) and

are essentially real-time.

Introduction of a quality control (QC) module

One deficiency associated with current built-in sensors in OOCs is the lack of quality
control to monitor sensor function during long-term cell culture. Repeated exposure
to cell culture media increases the chance of sensor fouling, which leads to assay
inconsistency. We developed modular QC units that contained control solutions (50
UM Fc/Ru*in 0.1 M PB, pH 7.0) for monitoring sensor function (Fig. 4.7A). In this
configuration, the QC module replace the model OOC between cytotoxicity tests and
enables continued examination of the signal amplification capacity (i.e., capacitance)
of the BBRC film housed within the sensor module. Briefly, the BBRC film was

electrochemically charged to its fully charged state using the Ru®*-reductive cycling
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(i.e., maximal capacitance). The charging state of the film was then titrated and
measured by the Fc-redox cycling reaction. A daily decrease in maximal film
capacitance was observed in a five-day experiment (Fig. 4.7B, data for day 2 and 4
not shown). This drop was presumably due to the fouling of BBRC films upon
repeated contacting complex culture media, cell debris and substrate solution

(exacerbated in miniaturized device).?
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Figure 4. 7. (A) Conceptual scheme of QC module for sensor evaluation. The QC module is
exchanged with OOC to conduct sensor quality control. (B) The quality of sensor module was
controlled by measuring the maximal signal amplification capacity (fully charged by the Ru®*-
reductive cycling followed by titration using the Fc-redox cycling reaction) of the BBRC film within
microchannel. CC results of a molectronic sensor at day 1, 3, and 5 were compared. Day 1 is the first
day that the sensor is made. The sensor is reused and stored (filled with culture media) at 37 °C and 5%
CO..

We tested whether the decrease in maximal film capacity would lead to a decrease in
cytotoxicity measurement consistency. For this, we created a long-term exposure test
and a plug-and-play modular format. In the long-term “built-in” format, a single
sensor was incubated with an array OOCs at 37 °C and 5% CO: for five days. On
each day, one OOC (prepared 24 hours beforehand) was chemically treated followed
by cytotoxicity test. All tests in five days were conducted using the same “built-in”

sensor. In the modular format, sensor function was monitored between assays and
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fouled sensors were replaced (typically within 24 hours) (Fig. 4.8A). For every
measurement, cells in OOCs were cultured and treated (0.1% Triton X-100 in
DMEM) in the same manner. In the modular format, daily renewed sensors yielded
nearly identical results with variation of less than 10% (Fig. 4.8B). By contrast, the
measured value of cytotoxicity by the “built-in” sensor showed a constant drop,
which was in accordance to the aforementioned decrease in BBRC film capacitance.
Cytotoxicity results from these two groups showed a significant difference (r = 0.603,
p = 0.015) even with similar inputs. In sum, our studies suggest that modularity
enables us to monitor sensor function and thus maintain assay consistency by adding

or replacing modules during long-term experiment.
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Figure 4. 8. (A) Conceptual scheme illustrating long-term “built-in” OOC/sensor modules (upper) and
a “modular” assembly (lower) format. (B) Systems assembled in both “built-in”” and “modular”
formats were applied to measure the cytotoxicity level of OOCs for five days. For both systems,
measured results from day 2 to day 5 were normalized to results from day 1 to compare assay
consistency.
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Conclusion

Many organ-on-chips (OOCs) utilize optically transparent microfluidic systems so
that fluorophores, including those conjugated to antibodies and receptors that
fluoresce based on biophysical microenvironments (pH, oxygen level, etc.), can be
imaged enabling functional information from within the device. Ancillary MS or
LS/MS and other omics based instruments augment fluorescence effect data while
vitally important these are often end-of-experiment measures from pooled samples
and they typically are not in real time. We have developed a methodology for electro-
addressed sensors that provide easily accessed molecular information in near real
time. In the present work, we show how various modules including a new quality
control (QC) module, when assembled and incorporated into the modular system,
provide accurate molecular information in near real time. Modules, including the
main cell culture chip, can be assembled and dissembled based on their function and
the design characteristics (rapidly assembled sensors, slowly assembled OOC, etc.)
Such modular assembly vastly expands our capability to analyze/manipulate sample
within miniaturized structure while keeping OOCs at their original designs. The entire
process is hands-free after assembling. By controlling fluidics, the modular system
prevents unwanted interaction between modules (e.g., deleterious biorecognition
components affecting cell cultures). That is, the flexibility enabled by modularity
permits all modules to be prepared on demand and, in turn, avoid many problematic
issues pertaining to OOC design and use. Integrated sensors, for example, are also
challenging due to increased chance of fouling inside OOCs and the decay of

biorecognition components. Specifically, we demonstrate a proof-of-concept study by
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conducting cytotoxicity measurements on model OOCs (intestinal epithelial cell
cultures) using an interconnected microfluidic device consisting of mixers and redox-
based “molectronic” sensors. Importantly, we also show how quality control modules
could be designed to monitor sensor function (can be extended to other components
in the system, see Scheme 4.1) and enabled us to maintain assay consistency by

replacing fouled sensors.

We believe modularity vastly increases the “toolbox” by which investigators can
design, build, and use OOC systems. Sensors, regardless of their biocompatibility and
shelf-life, can be modularly incorporated into OOCs for broader information access.
While we showed how the system is used to assay enzymatic activity, the same
system can be used to assay small molecules that are detected using enzymes. Also,
this can be extended to analytes that do not involve enzymatic reactions, such as
redox-active molecules (Fc, pyocyanin®9) that are measured directly. Non-redox
active molecules can be converted to redox active analytes by enzymes (e.g.,
glucose®®) or by cells (cell-based sensor®4). Future work might incorporate control
units (e.g., valves) to develop self-contained in vitro testbeds wherein module
connection/disconnection is automated, and inputs (e.g., drug stimuli, signaling
molecules) and outputs (e.g., cell metabolites, cell behavior) can be programmably
controlled and monitored. Eventually, we envision this work provides a promising
path to advance our preclinical models for drug development in the pharmaceutical

industry.
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Supplementary Information

Characterization of microfluidic mixer module. In order to initiate LDH-catalyzed
reaction, a microfluidic mixer was designed and placed downstream to the model
OOC while upstream to the sensor. The mixer contains a serpentine shaped channel
(~80 mm x 0.5 mm x 0.05 mm), where sample and substrate solution merge at the
intersection (Fig. S4.1A). The flow rates of sample and substrate were optimized to
be 30 pl/hr and 270 pl/hr so that the mixing was homogenous. The sample was
estimated to be 10 x diluted at the outlet. This expectation was proved by both
simulation result and experiment data from FITC characterization (r = 0.99)

(Supplementary Fig. 4.1B-D).
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Figure S4. 1. (A) Design of the microfluidic mixer. Sample generated from the model OOC is
introduced from one of the inlets at flow rate of 30 pl/hr. Substrate is pumped through the other inlet at
flow rate of 270 pl/hr. (B) Finite element simulation of fluidic dynamics within the mixer. (C)
Fluorescent microscopic image of the mixer characterized by FITC. Five positions along the mixer are
highlighted and marked as position 1 to 5. (D) Transversal average fluorescent intensity of position 1
to 5. Experimental data are compared with simulated results.

Enzymatic kinetics within the mixer. Cytotoxicity measurement in this study relies
on the measurement of NADH, a product from LDH-catalyzed reaction. This reaction

initiates as soon as sample and substrate (always in excess amount) start mixing
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within the mixer and the enzymatic kinetics is dependent on the initial enzyme level
and the mixing. Figure S4.2 plots the NADH concertation produced within the mixer
module as a function of reaction time (reflected by position in the mixer as flow rate
is constant). During mixing, the reaction rate (V) increases linearly as a function of
time and thus, NADH concentration increases exponentially (i.c., the integral of “V
vs. time”). The reaction rate becomes constant (maximal reaction rate, Vmax) the
reaction curve turns linear as mixing becomes homogeneous (~ 50 mm for NAD* and
lactate, see Fig. 4.2A). Sample with higher initial LDH concentration (V max)
generates larger of NADH within the mixer. This data is used to adjust the extender

length between the mixer and the sensor (see Fig. 4.2B).
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Figure S4. 2. Enzymatic kinetics of samples with various initial enzyme concentrations within the
mixer. Distance in mixer starts from the place where sample and substrate starts to mix (0 mm) and
ends at the outlet (80 mm). The exponential growth of NADH is due to the mixing between the
substrate and LDH sample, which increases the number of activated LDH (i.e., increase the total
reaction rate) as a function of mixing time. Dashed line indicates where mixing becomes homogeneous
and the reaction rate becomes constant (i.e., Vimax).

Characterization of molectronic sensor. The key part of the molectronic sensor is a
bio-based redox capacitor (BBRC) film functionalized on the working electrode. This
film consists catechol modified chitosan hydrogel. The redox-active catechols endow
BBRC films with the ability to accept, store and donate electrons with soluble redox-

active species. This ability was validated by electrochemically charging the films
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(Ru®*-reductive cycling, converting quinone (Q) to catechol (QH2)) to different
charging state followed by titrating (Fc-oxidative cycling, converting QHz to Q) the
film for measurement. Using this method, CC analysis for fully charged (the film’s
catechols were all in the reduced QH2 form) and fully discharged (the film’s catechols

were all in the oxidized Q form) films were demonstrated in Fig. S4.3.
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Figure S4. 3. Chronocoulometry (CC) of Fc oxidation at the surface of electrodes modified with fully
discharged and fully charged BBRC films.
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Chapter 6: Conclusions, contributions and future directions

Conclusions

In this study, we have developed microfluidic devices as in vitro tools for research
and drug development for gastrointestinal (GI) disease. Due to the unique microbial-
host interplay in the Gl tract, devices were designed for studying both microbes and
enterocytes. In Chapter 2, a bilayer membrane-based microfluidic gradient generator
was built to establish long-lasting and linear chemical gradients for investigating
gradient-sensing behaviors of non-adherent cells. Effectively, chemo/pseudotaxis of
wildtype bacteria and engineered probiotics were validated on both population and
single-cell levels (using a custom designed single-cell tracking program). In Chapter
3, we developed a novel “molectronic” sensor based on our “electrobiofabrication”
toolbox. The key aspect of the sensor was a miniaturized redox capacitor (catechol-
modified chitosan hydrogel film) assembled within microchannel with spatial
selectivity. The redox capacitor was redox-active, endowing the sensor with the
capability to facilitate electrochemical signal processing. We demonstrated the
application of the molectronic sensor in assaying a microbial toxin (pyocyanin) as
well as the cytotoxicity of a drug mimic (Triton X-100) on intestinal epithelial cells.
In Chapter 4, we developed the concept of “modularity” to the OOC community. We
interwove microelectronics-based sensors with organ-on-chips (OOCs) so as to
facilitate information access the otherwise overly complex OOC systems.
Specifically, we expanded the work from Chapter 3 and developed an assembled

platform that consisted of four modules, each with a unique function. Using this
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platform, the viabilities of intestinal epithelial cell cultures were examined. More
importantly, the flexibility of modular assembly enabled us to monitor sensor
function (by quality control modules) and maintain assay accuracy by switching
fouled sensors, both of which were inaccessible to integrated sensors within OOCs,
the more common approach. In sum, the microdevices and introduction of modular
system design developed throughout this dissertation will enrich our ability to
interrogate microbial and enterocytic phenotypes, and at the same time improve the
drug development process for Gl disorders (e.g., probiotics-mediated targeted

therapy) and beyond.

Contributions

Cumulatively, this work helps to advance the prospect of in vitro testbeds for drug
discovery. Specializing in GI disorders, the microdevices developed in this study
highlight the optimal strategies to interrogate microbial and enterocytic phenotypes.
Perhaps more importantly, we improve the underlying methodologies of the design
and fabrication of current microfluidic devices, which further aids their exploitation

and dissemination.

By improving upon existing microfluidic gradient generators, we optimized device
configurations to accommodate the gradient-sensing study of non-adherent cells.
While achieving linear and stable chemical gradients within short time, we simplified
both device fabrication and handling. Additionally, we successfully coupled the
device to a custom designed Python software (Trackpy) that selectively tracks the

trajectory of target cells and quantitatively evaluates their movement. We have
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uploaded this program online for free download. The underlying thoughts behind the
user-friendly gradient generator and the Trackpy software were to provide amenable
means for microbiological laboratories who are not specialized in microfluidics nor
software programming, to investigate cell and tissue biology. While in this
dissertation we have demonstrated chemo/pseudotaxis towards glucose, pyocyanin
and H202, the platform established here can be reconfigured to suit a variety of

chemo/pseudoattractants for an array of purposes.

Through the development of the “molectronic” sensor, we demonstrated
functionalizing target electrodes contained inside completely packaged microdevices
with spatial selectivity using our “electrobiofabrication” toolbox. Importantly, this
effort uncouples device fabrication from sensor functionalization and may be useful
to researchers and companies seeking to avoid the decay of labile biological
components that often occurs during manufacturing processes and long-term device
storage and use. For the ease of fabrication and use, the microelectronic systems were
fabricated using gold (Au) instead of the more standard silver electrode. We showed,
however, that the electrochemical cells made with the Au reference electrodes yielded
quantitatively similar results to those with a standard silver reference electrodes.
Offering additional electrode materials provides yet another option for researchers,
depending on their device design. We also observed that the miniaturized catechol-
modified chitosan film (BBRC film) possessed a nearly identical redox activity
(signal amplification capability) to BBRC film fabricated at the macroscale; thus,
effectively we have extended our electrobiofabrication toolbox from physical self-

assembly mechanism to electrode-induced covalent modification of film within
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microdevice, and interrogated miniature samples on the order of nanoliters. On the
broadest level, this work further contributes an alternative modality to examine

biological system, especially within microdevice, via a redox perspective.

In our efforts to install OOCs with the molectronic sensor for cytotoxicity test, we
demonstrated that sensors can be modularly assembled to OOCs in an analogous
manner to Lego™, but connected using microtubing. Compared to the prevalent
“built-in” style, a modular assembly format was shown to possess prominent
advantages: 1) OOCs were equipped with biosensing functionalities while retaining
their original designs (i.e., systems were not complicated); 2) unwanted interactions
between modules (e.g., deleterious sensor components affecting cell culture) were
prevented by programmed fluidic control, and 3) the flexibility of modular assembly
permitted module addition/subtraction, multiplication and replacement as needed.
Taking advantage of the flexibility of the modular system, we designed Quality
Control (QC) units to monitor sensor function, which allowed us to maintain assay
consistency by switching fouled sensors during testing. To the best of our knowledge,
this is the first work that enables QC evaluation of system components. Our concept
of modularity provides an alternative and promising path to strengthen the current
OOCs methodologies enabling more extensive functionalities which, we believe, will
be broadly applicable. It is our hope that researchers or companies will find this
method simple and useful so that they will examine its potential in their own

applications.
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We envision that the research performed in this dissertation will extend in vitro
systems from recapitulating complex in vivo structures and contexts to be “opened”
for molecular measurement and interrogation. These capabilities will enable an
understanding of the richness of biology’s molecular communication as well as the
opportunity to enlist in vitro tools for discovering disease mechanisms and

therapeutic interventions.

Future directions

Expanding upon the molectronic sensor described in Chapter 3 of this dissertation, we
have already begun to construct cell-based molectronic devices by adding an
additional layer of genetically rewired cells on top of the BBRC films for
bidirectional “molecular-to-electronic” signal transduction. As described prior in this
dissertation, the BBRC films enable real-time electrical sensing of redox active
molecules. These, in turn, survey molecular space in an analogous manner to radar,
but use electrochemistry. Then, engineered cells layered on top of the BBRC films,
can potentially recognize a redox input and genetically synthesize a signaling
molecule output (i.e., “electro-molecular” actuator) or, conversely recognize a vast
array of signaling molecules and provide a redox output (i.e., “molecular-electro”

sensor). (Scheme 5.1)
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Scheme 5. 1. Schematic of “electro-molecular” actuator” and “molecular-electro” sensor assembled
onto electrodes otherwise placed at the bottom (or side) of microfluidic channels. Both devices are
comprised of an electrode, a redox-based “communication” function and a “cellular function” that
together, mediate bidirectional “molecular-to-electronic” signal transduction.

Through synthetic biology, we are engineering E. coli cells as “translators” between
signaling molecules and redox active molecules. In a recent study by Liu et al.®4, we
demonstrated cell-based detection of non-redox active bacterial quorum sensing
molecule, autoinducer-2 (Al-2), by making use of electrochemical measurement of -
gal, which converts 4-aminophenyl-D-galactopyranoside (PAPG) to redox-active p-
aminophenol (PAP) (Fig. 5.1). We have generated preliminary data showing a linear
correlation between measured CV result and Al-2 concentration (Fig. 5.1C). Using
the same approach, cells can be engineered to translate a wide range of molecules.
For example, our collaborator has developed E. coli strains expressing B-gal in

response to IFNy and TNFa, both important inflammatory GI-tract cytokines.!%
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Figure 5. 1. Al-2 detection using cell-based molectronic sensor. (A) Schematic illustration showing
signaling molecule Al-2 triggers B-gal expression in the engineered E. coli reporter cell; the enzyme f-
gal converts PAPG to redox-active intermediate PAP; the redox-capacitor transduces PAP into
amplified electrochemical output. (B) Peak current of cyclic voltammetry (CV) results from Al-2
measurement using the bilayer cell-based sensor as a function of Al-2 incubation time. (C) Peak
current of CV results from Al-2 measurement using the bilayer cell-based sensor as a function of Al-2
concentration. Data presented in (A)&(B) are adapted from Liu et al, (2017) with permission.®*

We also demonstrated electrode actuation of gene expression in E. coli (Figure
5.2).8! Electrode-oxidized pyocyanin (PYO) initiates expression of fluorescent
marker, phiLOV, from an engineered soxRS regulator. Supplementation with redox
mediator, ferricyanide (FCN), amplifies expression 100-fold resulting in a linear
relationship with applied charge. However, PYO is commonly known as a toxin and
can disrupt the integrity of epithelial cells.% To obviate the need for PYO, we will
develop an analogous H202 actuation system for in-situ electrode-based H202
generation and genetic actuation (via oxyRS). Because H20:2 is unstable, the bilayer
configuration from Scheme 5.1 which retains cells at the electrode surface is

particularly well suited for this electrogenetic switch. That is, the H202 will be
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surface generated, likely only diffusing to the outer reaches of the hydrogel. In the
future work, the fluorescence marker used here can be replaced by a variety of genes

that express protein of interest (e.g., signaling molecule, Al-2).
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Figure 5. 2. Electrogenetic actuation of gene expression by oxidation of redox active signaling
molecules, pyocyanin (PYO). Cell fluorescence (phiLOV expression) over time and as function of

charge (current x time). Data adapted from Tschirhart et al, (2017) with permission81

In both configurations, we believe the integration of actuating cells or sensing cells
engineered via synthetic biology greatly increases the molecular communication

“bandwidth”. Together, these next generation molectronic devices (cell-based) will
further “open” the biological systems for not only interrogation but direct electrical

control, greatly expanding “molecular communication”.

Next steps include integrating the cell-based molectronic devices (i.e., “electro-
molecular” actuator and “molecular-electro” sensor) with OOCs (here, in vitro Gl
model) in a modular format described in Chapter 4 for spatiotemporal control and
reporting intra- and inter-kingdom signaling events (Scheme 5.2), which is currently

unavailable in microsystems (or in macrosystems).
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Scheme 5. 2. Schematic of a modular system for intra-/inter-kingdom signaling research. Both
“electro-molecular” actuator and “molecular-electro” sensor devices are modularly connected to organ-
on-a-chip (Gl model) for evaluating stimulus and response dynamics of molecular signaling events
within the system. Electrical output from the sensor can be analyzed outside the system to modulate
electrical input to the actuator. Together, these signal transductions form a feedback loop that is
essential in disease study and drug screening.

Our group has previously illustrated inter-kingdom communication between intestinal
epithelial cells (IECs) and bacteria using in vitro systems and shown inflammatory
response of IECs to quorum sensing (QS) molecules secreted from bacteria.1%"1%
These results will be recapitulated utilizing modular systems spanning physiological
relevant time scales with spatiotemporal control/reporting. Importantly, in vitro Gl
models will be built to improve biofidelity by recapitulating the 3D
microenvironments of the villous structures. Epithelial cells grown in such 3D
environments experience dynamically-changing gradients of growth factors 1*° and
oxygen supply?® and others, which play key roles in cellular growth and
differentiation. Recently, we have developed innovative top-down 3D printing
methodologies using Nanoscribe™ (a high-resolution 3D printer) to assemble 3D
porous Villus structures directly within microchannel (Fig 5.3). We believe that such
3D structures will provide excellent models to represent the gut microenvironment as

proven by our collaborator, who has successfully demonstrated that IECs exhibit
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physiological relevant features when co-cultured on villous scaffolds (on the lumen
side) made in 3D with PLGA, but on a larger scale (Fig. 5.4) 4%, These results will
be recreated on the 3D printed scaffolds within microchannels. We will then
modularly assemble 3D printed in vitro gut model with molectronic devices for the

interrogation of intra- and inter-kingdom signaling events.
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Figure 5. 3. 3D printed villi structure within microdevice. (A) Schematic of in situ laser writing within
a microchannel. The print starts at the interface between PDMS and Ormocomp ™, a biocompatible
printing material. The structure is printed in a top-to-bottom sequence as indicated by the arrow. (B) A
bilayered five-villus structure printed on a glass coverslip. (C) Gut-on-a-chip device with 3D villous
structure printed in the center that separates two microchannels. (D) A three-villus structure printed in
a microchannel.
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Figure 5. 4. Confocal microscopy of PLGA scaffold cultured for 21 days with (A) model intestinal cell
lines (Caco-2 and HT29-MTX) with staining for nuclei (blue) and actin (green); (B) Caco-2 (blue), and
2h with Salmonella typhimurium (red). Data adapted from Costello et al, (2014)%4°

Successful completion of our work will enrich current OOC systems with molecular
functions while minimizing system complexity. Owing to the dynamic and complex
nature of the Gl tract, which spans fully oxygenated to strictly anaerobic
environments, where molecular autoinducers mediate dialogue among bacteria and
between bacteria and the human epithelia, and where geometries in vivo are difficult
to recapitulate in vitro, we envision a program that for the first time will enable direct
control and interrogation of biological function at the length and time scales of the
cells and tissues under study. While the application here focuses on Gl tract biology,
we envision far greater utility (e.g., diagnostic tools, such as endoscopic devices) and

use in other biological systems.
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