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ABSTRACT

Monitoring and remediation of environmental contaminants (biological and chemical)
form the crux of global water resource management. There is an extant need to develop
point-of-use, low-power, low-cost tools that can address this problem effectively with min-
imal environmental impact. Nanotechnology and microfluidics have made enormous ad-
vances during the past decade in the area of hiosensing and environmental remediation. The
“marriage” of these two technologies can effectively address some of the above-mentioned
needs [L]. In this dissertation, nanomaterials were used in conjunction with microfluidic
techniques to detect and degrade biological and chemical pollutants.

In the first project, a point-of-use sensor was developed for detection of trichloroethylene
(TCE) from water. A self-organizing nanotubular titanium dioxide (TNA) synthesized by
electrochemical anodization and functionalized with photocatalytically deposited platinum
(Pt/TNA) was applied to the detection. The morphology and crystallinity of the Pt/TNA
sensor was characterized using field emission scanning electron microscope, energy dis-
persive x-ray spectroscopy, and X-ray diffraction. The sensor could detect TCE in the
concentrations ranging from 10 to 1000 ppm. The room-temperature operation capability
of the sensor makes it less power intensive and can potentially be incorporated into a
field-based sensor. In the second part, TNA synthesized on a foil was incorporated into a
flow-based microfluidic format and applied to degradation of a model pollutant, methylene
blue. The system was demonstrated to have enhanced photocatalytic performance at higher
flow rates (50-200 “L/min) over the same microfluidic format with TiO2 nanoparticulate
(commercial P25) catalyst. The microfluidic format with TNA catalyst was able to achieve
82% fractional conversion of 18 mM methylene blue in comparison to 55% in the case of
the TiO2 nanoparticulate layer at a flow rate of 200 L/min. The microfluidic device was
fabricated using non-cleanroom-based methods, making it suitable for economical large-scale
manufacture. A computational model of the microfluidic format was developed in COMSOL
Multiphysics® finite element software to evaluate the effect of diffusion coefficient and
rate constant on the photocatalytic performance. To further enhance the photocatalytic
performance of the microfluidic device, TNA synthesized on a mesh was used as the catalyst.



The new system was shown to have enhanced photocatalytic performance in comparison
to TNA on a foil. The device was then employed in the inactivation of E. coli 0157:H7 at
different flow rates and light intensities (100, 50, 20, 10 mW/cm2).

In the second project, a protocol for ultra-sensitive indirect electrochemical detection
of E. coli O157:H7 was reported. The protocol uses antibody functionalized primary
(magnetic) beads for capture and polyguanine (polyG) oligonucleotide functionalized sec-
ondary (polystyrene) beads as an electrochemical tag. The method was able to detect
concentrations of E. coli 0157:H7 down to 3 CFU/100 mL (S/N=3). We also demonstrate
the use of the protocol for detection of E. coli O157:H7 seeded in wastewater effluent
samples.



“ekam sad vipra bahudha vadanti” - Truth is one; the wise call it many
names

- Rig Veda 1.164.46
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CHAPTER 1
INTRODUCTION

This dissertation explores the applicability of nanostructured materials in sensing and
purification of hiological and chemical environmental pollutants in a microfluidic format.
This chapter delves into the problem and the significance of the approach using nanomate-
rials in a microfluidic format as a solution to the same.

1.1 Motivation and Significance

According to the World Health Organization, 780 million people worldwide do not have
access to safe water [2). More than 2200 children succumb to water-borne diseases every
day [3]. In 2011, reports of the presence of E. coli superbug (NDM-1) in the public water
supply in New Delhi, the capital of India and a city with over 22 million residents, sent
public health officials into panic mode [4]. In the same year, a novel strain of E. coli
0104:H4 affected close to 4000 people in Germany [5]. In the United States, diseases due to
waterborne pathogens are estimated to have cost $20 billion in lost productivity annually
[6]. Water-based hazards of biological and chemical nature pose a serious challenge to both
developing and developed nations.

Biological pollutants include waterborne pathogens like viruses, bacteria, and parasites.
Many of these are highly virulent and resistant to standard methods of water treatment
[7]. For example, the pathogen E. coli O157:H7 is highly virulent with an extremely low
infectious dose required to cause disease [8, 9, 10, 11]. Other infectious agents like viruses
are resistant to conventional treatment methods like UV and combined chlorine disinfection
12)
| ]The rapid growth of industries, especially in the developing economies, has contributed
to the increased repertoire of chemical contaminants in water bodies. These include toxic
metal ions, polyaromatic hydrocarbons, haloacetic acids and other disinfectant by-products,
pesticides and herbicides, organic peroxides, phenols, chlorinated compounds, and nitrates
[13, 14]. Increasing regulatory push is driving the need for effective analytical tools to
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identify and quantify these pollutants [13]. Monitoring of these pollutants plays a significant
role in the design and implementation of water safety plans, and can be used in surveillance,
operational, and investigative means [7].

The challenges related to the measurement of water-borne pollutants are numerous:

L Current analysis techniques (Gas chromatographymass spectrometry/GC-MS, cultur-
ing) are time-consuming and are not always field-based. For instance, conventional
methods to detect and identify pathogens require growing a small number of bacteria
into colonies of higher numbers. These take 18-24 hours, at a minimum. Methods
like GC-MS or cell culture techniques require complex equipment, highly trained
technicians, and are not field deployable, nor can they be used in point-of-care (POC)
settings [15, 16].

2. The analytes (pathogens and chemical pollutants) of interest are in low concentrations
(PPM-PPB).

3. A large number of interferents exist, and hence highly selective and discriminative
sensing is required. For example, more recent ultra-sensitive detection methods like
PCR suffer from significant loss of sensitivity during detection from samples in com-
plex background [15]

1.2 Water Purification

As mentioned in the previous section, access to clean water is a global necessity that
needs to be met. Purification, along with monitoring of polluting agents, are key elements
of the solution to this global challenge. Recent advances in water treatment research are
expected to mitigate some of the issues involved [12].

Reuse of treated municipal waste water or rural waste water could be an attractive option
[17]. Recycling of the waste water is usually associated with the presence of biological
contaminants like coliforms and soluble organic compounds that are both tedious and
expensive to treat. Conventional water treatment techniques like adsorption and coagu-
lation merely concentrate the pollutants by transferring them to other phases and do not
completely eliminate them. Other techniques like sedimentation, filtration, and chemical
and membrane technologies involve high operating costs and could potentially leave harmful
by-products (disinfection by-products or DBPs). For instance, the use of chlorine, a common
disinfectant, results in the generation of DBPs that are mutagenic and carcinogenic [17],
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Moreover, chemically intensive technologies are not viable in many regions of the world due
to the lack of appropriate infrastructure [12].

However, there is a move toward technologies which reduce the need for chemical
treatment, instead relying on more natural systems for water treatment. Some of the
recent advances in water purification technologies are described below [12].

1.2.1  Disinfection

Using sunlight to treat drinking water has been around since antiquity, as described in
ancient Sanskrit and Greek writings [18]. Irradiation with ultraviolet (UV) light for pho-
tochemical inactivation of pathogens has seen a resurgence in the recent years. Treatment
with UV light combined with chlorine has been applied in many drinking water utilities,
In comparison with standalone free chlorine, UV/chlorine sequential disinfection is very
effective in controlling durable waterborne pathogens like C. parvum [19, 12]. However,
viruses are still resistant to both UV and chlorine disinfection. One solution to viral
disinfection is the use of ozone. However, ozone could potentially react with bromide ions in
water, forming DBP carcinogen bromate ions. Hence, it is essential to develop alternatives
to chlorine and UV-based disinfection for the control of waterborne viruses [12].

1.2.2 Decontamination

The goal of decontamination is to detect and remove toxic substances such as arsenic,
heavy metals, halogenated aromatics, nitrosoamines, nitrates, and phosphates from bodies
of water in an affordable and robust fashion. There are two key issues involving such agents:
the amount of these substances in the water supply is increasing, and these agents are toxic
even in trace quantities.

Some of the current methods applied toward the remediation of these agents include
chemical precipitation, ion exchange, adsorption, membrane filtration, and electrochemical
treatment technologies [20]. Each of these methods has inherent advantages as well as
limitations. For instance, chemical precipitation, primarily used for removal of heavy metals
from aqueous solutions, is simple and inexpensive. However, it is ineffective when metal
lon concentration is low. So it is used primarily for treating wastewater containing high
metal ion levels. Also, an unwanted by-product of chemical precipitation is sludge, which is
difficult to treat and dispose of properly. For an in-depth analysis of each of these methods
mentioned above, the reader can refer to the review by Fenglian Fu et al. [20].



1.3 The Solution: Nanotechnology and Microfluidics
Microfluidics and nanomaterials have both received wide interest as standalone technolo-
gies for detection of biological and chemical pollutants as well as their remediation. However,
used in tandem, the synergistic effects can be significant [1]. For instance, in coupled
systems, the water purification capabilities are enhanced in comparison to stand-alone
techniques [21]. The immobilization or growth of photocatalytic nanomaterials as a film, and
their use in a microfluidic reactor, can significantly enhance their degradation performance
in comparison to macroscale reactors for use in water remediation [22].
Nanomaterials can be used to improve separation in microchip-based capillary elec-
trochromatography or to enhance the sensitivity in microfluidic detection systems [L].

1.4 Microfluidics

Microfluidic systems have heen widely applied in sensing of analytes for clinical [23] and
environmental applications [24]. The availability of fabrication methods to manufacture
small hand-held devices on a large scale is a key enabler in driving down costs of hiosensing
and diagnostic devices for point-of-use. The capability of microfluidic devices to manipulate
small volumes of sample requiring lower amounts of reagents would also help drive down
costs. The smaller length-scales associated with microfluidic systems result in faster analysis
and higher separation efficiencies, reducing response times. The high-speed analysis also
makes microfluidics a suitable candidate for high throughput applications. Highly parallel
analyses will allow multiple tests to be run simultaneously, either on the same sample or
multiple samples. This is of key benefit when multiple analytes like E. coli, Salmonella,
etc. are present in the same sample. Still there exist multiple challenges in microfluidic
analysis applications due to complexity and diversity of environmental sample matrices
and contaminants (biological and chemical) they carry [13]. These would require complex
on-chip sample preparation with high throughput capabilities. There are other unique
challenges at microfluidic scale such as capillary forces, surface roughness, surface fouling,
laminar flow-limiting reagent mixing to diffusion, and finally issues related to interfacing
electronics and fluid with the macro-world. In spite of these challenges, there have been
increasing numbers of commercial bench-top systems that leverage the unique capabilities
of microfluidic technology [25].

Chapter 2 of this dissertation delves in detail into the application of microfluidics in
biosensing. Some of the advances in microfluidic biosensing in the last three years is listed
in the section below.



1.4.1  Microfluidics in Biosensing: Recent Advances

Araz et al. reported a simple “single inlet, single outlet” microfluidic barcode assay for
multiplexed detection of analytes [26]. A streptavidin-functionalized polyacrylamide gel was
fabricated in a microchannel, and hiotin and biotinylated capture reagents were patterned
in discrete regions, resulting in a barcode-like pattern of capture reagents and spacers. They
applied the assay to the detection of human antibodies against hepatitis C virus and human
immunodeficiency virus antigens [26].

Paper and flexible material-based biosensing platforms are an exciting prospect from
the perspective of developing affordable tools for drug development, water and environment
quality monitoring, and infectious diseases diagnosis in resource-limited settings [27]. Ab-
bas et al. designed a microfluidic paper-based platform that allowed the separation and
pre-concentration of the different components of a complex sample over a small surface
area. The platform achieved subattomolar detection limit by applying label-free optical
detection (surface-enhanced Raman scattering) [28] Costa et al. developed a paper-
based microfluidic format for colorimetric detection of enzymatic reactions (glucose de-
tection), immunoassays (antibodies anti-Leishmania detection), and nucleic acid sequence
identification (Mycobacterium tuberculosis complex detection) [29]. A microfluidic channel
with integrated cellulose paper and flexible polyester films was applied to the selective
capture, and the sensitive detection, of multiple biotargets, including viruses (Human
Immunodeficieny Virus-1), bacteria (E. coli and Staphylococcus aureus), and cells (CD4+ T
lymphocytes) [27]. Recently, Warren et al. [30] developed a POC platform for the detection
of noncommunicable diseases using synthetic biomarkers for enzyme activity and lateral flow
assay-based urine analysis with scanner readout[31]. Paper microfluidic devices have also
been applied in the detection of pathogens [32] and in the area of electrochemical detection
[33]. Paper-based microfluidics is still in its infancy and many interesting developments are
expected in the future [34].

For advances in fabrication methods for microfluidics, the reader can refer to the work
by Tseng et al. [35].

1.4.1.1 Advances in Pathogen Detection

Study of pathogens is of importance in areas ranging from diagnostics to hiological
warfare. Conventional techniques of pathogen detection like cell culture are time-consuming
(>7 hours), laborious, and require trained personnel [36]. POC pathogen detection requires
the method to be inexpensive, portable, and simple to use, without the need for centralized
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analysis equipment. The ability to perform multiplexed detection of multiple pathogens is
another key requirement.

The detection of pathogenic strains involve two principles: by identifying genetic con-
tents (using nucleic acid-based probes, or by specific epitopes on the pathogen membrane)
or by identifying the produced toxins (using antibodies or their alternatives). For a list of
different biomarkers used for detection of pathogens, the reader can refer to a review by
Foudeh et al. [30].

Antibody-based detection, though labour-intensive, has proven to be a crucial and
important factor in the specific and high-affinity detection of pathogens. However, this
can be offset by the use of automated microfluidic systems that could help reduce the
number of manual steps involved in the detection. Klemm et al. developed a immunological
assay using antibody array integrated in a microfluidic chip [37]. The platform was able
to detect Francisella tularensis and Yersinia pestis in about 30 minutes. The automated
system (Assay Reader) was used to control the fluidic processes of the chip like actuation
of the on-chip turning valves, and time controlled metering and transfer of the reagents,
The integrated lah-on-a-chip approach ensured that all waste liquids remain on-chip to
avoid any contamination risks. However, antibodies can be expensive and often involve
challenges due to cross-reactivity. They can also easily hecome denatured and lose their
ability to bind to pathogens [38]. Aptamers are oligonucleic acids or peptide molecules
that bind to a specific target molecule. Unlike antibodies, aptamers are stable. Due to
the chemical nature of nucleic acids, aptamers can be easily synthesized and modified [33].
An integrated aptamer-functionalized graphene oxide hiosensor in @ PDMS/paper/glass
hybrid microfluidic chip for detection of pathogens Lactobacillus acidophilus, Staphylococcus
aureus, and Salmonella enterica was reported by Zuo et al. [38]. The paper reported
the novel use of porous chromatography paper as a simple 3D storage substrate for the
aptamer functionalized graphene oxide nano-biosensor in microwells. The device was able
to detect pathogens without any cumbersome sample preparation steps, making it suitable
for field-based applications [39]. Yoo et al. incorporated antimicrobial peptide labeled
microbeads into a weir inside the channel of a microfluidic chip for capture and detection
of E. coli. Although the device was able to detect down to 103 cells per mL, lower limits
are necessary since even low levels of E. coli (10-100 viable organisms) can cause human
infections [40)

The use of immunomagentic beads enable extraction of pathogens from real-world sam-
ples that experience interference from background microflora [40]. The incorporation of this
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technique in a automated system could significantly reduce the time and effort involved in
detection of pathogens. An automated in-situ pathogen detection system was developed
for detection and quantification of E. coli O157:H7-specific eaeA gene [41]. The assay
employed the hybridization of target DNA with quantum dot-labeled magnetic beads and
probe DNA for quantification of the target bacterial gene. The authors developed the au-
tomated version of the assay (earlier reported by Kim et al. [42]), incorporating automated
sample and reagent introduction, DNA hybridization, magnetic separation of complexes,
and sample collection. However, for the fluorescence detection, a bench-top microplate
spectrofluorometer was used. Incorporation of a more portable detection mechanism into
the automated system could enable POC use of the platform. A microfluidic nano-biosensor
was developed for the rapid detection of Salmonella from food samples by Kim et al.
[43]. The device used immunomagnetic separation for extraction of Salmonella combined
with antibody-conjugated quantum dots as fluorescence labels. The fluorescence signal was
measured using a custom-built fluorometer, making it suitable for POC use. The device
was able to detect levels of Salmonella down to 103 CFU/mL.

Among various nucleic acid amplification tests, PCR is the most commonly used. PCR
amplifies and detects specific nucleic acid sequences from cells and can potentially speed
up the detection of infectious pathogens with very high specificity and sensitivity [44]. It
can in principle detect a single copy of a target DNA sequence, and hence can be used
to detect a single pathogenic organism. It is a promising technology since it detects the
organism by amplifying the target rather than the signal. Hence, it is also less prone to
false-positives [39]. However, PCR is one of the most sophisticated techniques among the
various methods for pathogen detection. Currently available PCR tests rely on complex
sample preparation procedures, which prevent their use in a POC setting. Hence, the
integration of simple, highly efficient and high throughput sample preparation capability
on a microfluidic chip would be a key enabler compared to conventional PCR techniques
for POC use. A microfluidic device utilizing dielectrophoresis and multiplex PCR was
applied to the detection of pathogens in biological samples like blood [45). The device
was fabricated using SlipChip technologies [46, 47] and integrated four channels processing
independent samples. The pathogens were extracted from the blood by dielectrophoresis,
retained in an array of grooves, and identified by multiplex array PCR in nanoliter volumes
with fluorescence detection. The system was used in the simultaneous identification of
Pseudomonas aeruginosa, Staphylococcus aureus, and Escherichia coli 0157:H7 within 3
hours. Julich et al. reported an lab-on-a-chip system for the detection of pathogens [48].
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The system involved separate modules for on-chip sample preparation and PCR. The sample
preparation involved utilizing paramagnetic particles for concentration of bacteria and
thermal lysis of the captured hacteria. Stationary and a flow-through PCR technologies were
integrated in the on-chip modules for specific detection of six highly pathogenic bacteria.
The work did not demonstrate integration of the separate modules.

1.4.2 Microfluidics in Environmental Remediation
Microfluidics has been widely applied to molecular analysis, biodefense, molecular biol-
ogy, and microelectronics [49). It has unique properties that can be applied in photocatal-
ysis. Some of these include [21]:

1 High surface-area-to-volume ratio (SA:V): Microfluidic reactors have SA\V at
least two orders of magnitude larger than bulk reactors. This is because the volume
of fluid flowing through the channel is small in comparison to the surface area of
the microfluidic channel. Hence, significant enhancement in the reaction rate can be
achieved in a microfluidic reactor in comparison to bulk reactors.

2. Short diffusion distance: Due to the relatively small thickness of the microfluidic
layer, the pollutants can diffuse faster from the bulk solution to the catalyst surface.

3. Uniform residence time: The flow in the microfluidic channel is in the laminar
regime. Hence, due to the steady state nature ofthe flow, the degradation performance
IS less variable and hence, more predictable.

4. Higher photon efficiency: Lesser photons are lost due to scattering in microfluidic
reactors due to the thin layer of liquid over the catalyst (unlike in the case of macro-
scale reactors).

5. Large mass transfer efficiency: The mass transfer efficiency determines the ease
with which reagents in the liquid are moved to the catalyst surface and the rate at
which the reaction products are in turn removed from the catalyst surface. The high
SA:V and the short diffusion distance in the case of microfluidic reactors lead to a
large mass transfer efficiency.

6. Self refreshing effect: The large mass transfer efficiency helps in refreshing the
catalyst surface by removing the degradation products away from the surface of
the catalyst. This ensures a longer life of the catalyst in a microfluidic system in
comparison to bulk reactors.
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Microfluidic reactors have been applied to photocatalytic applications like water purifi-
cation, water splitting [50, 51], photosynthesis, bioparticle deactivation, and heavy metal ion
mineralization [52, 53, 54, 55, 56, 57, 58]. Most of the microfluidic reactors for photocatalytic
water purification reported in literature are of fairly simple design and can be broadly classi-
fied into four configurations, viz. micro-capillary, single-microchannel, multi-microchannel,
and planar reactors (Figure 1.1) [21]. Table 1.1 lists the set of published work in the area
of microfluidic photocatalytic remediation. It is evident that TiO2 is the most widely used
photocatalytic material in most of the reported microfluidic reactors. Interestingly, the
majority of the work pertains to the degradation of methylene blue. Future work will need
to focus on applying microfluidic reactors towards the remediation of other agents including
biological pathogens.

1.5 Nanotechnology/Nanostructured Materials
15.1 Nanotechnology in Biosensing

Nanotechnology is a disruptive technology that holds promise in enabling development
of tools that are inexpensive, convenient, and yet accurate in biosensing applications.
The inherent size of many of the analytes (pathogens, chemical entities) is in the nano-
scale. Hence, nanotechnology provides windows into the environment to look for these
biological/chemical agents and quantify them [23]. Nanomaterials have unique optical,
magnetic, mechanical, chemical, and physical properties that are absent in the bulk scale,
and can been used for sensitive and precise detection [71]. Also, the surface-area-to-volume
ratio increases as we go down to the nanoscale, which means nanoparticles will have very
high surface area compared to their volume, to attach to and detect entities of interest.
Since the last decade, the integration of nanomaterials has had significant impact in the
area of biological and chemical sensing [72, 73]. There have been significant advances in
terms of new materials and their properties like “highly controllable size, shape, surface
charge, and physicochemical characteristics” [72]. The ease of surface functionalization
of the nanomaterials with different moieties render them useful in sensing and catalytic
applications.

15.1.1 Nanomaterial-based Electrochemical Biosensors

Electrochemical sensors offer several advantages. They offer “elegant routes for interfac-
ing, at the molecular level, biological recognition events and electronic signal-transduction
processes” [73]. Electrochemical detection has heen used to achieve low detection limits
(atto- and zeptomole) in immunoassays with little or no sample preparation. Electrochemi-
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Table 1.1. Summary of reported photocatalytic microfluidic reactor systems.

Photocatalyst  “Light source  Chemical Ref,
_ degraded -
Ti02/Si02 UV light Methylene blue  [59)
P25 Ti02 coated AM 15 Methylene blue |60}
fiber glass _
P25 Ti02 film UV light Methylene blue  [61]
P25 TiO2 film AM 15 Methylene blue 2]
Electrospun UV LED Methylene blue  [62]

nanofibrous Ti02

Ti02 nanotube AM 15 Methylene blue  [27]
arrn

Tiog _ UV light 4-Chlorophenol  [63
Ti02 microbeads UV-A'LED ~ 4-Chlorophenol  [®4]
Zn0 nanowires UV I|%ht Methylene blue  [65]
Ti02 UV LED Rhodamine 6G  [66]
Ti02 UV lam Methylene orange  [67]
Ti02 UV LE New coccine 68}
Ti02 }JV Nd-YAG  Salicylic acid 69

aser
Ti02 UV LED Chelate [7]

(Cu-EDTA)
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cal detection can be very effective in the case of homogeneous immunoassays with no separa-
tion step to isolate the antibody-antigen complex from the unbound assay constituents. This
is because electrochemical detection is not affected by sample components like chromophores
and fluorophores that could potentially interfere with spectrophotometric detection. There-
fore, electrochemical detection can be performed on colored and turbid samples like whole
blood containing interferents like red blood cells, hemoglobin, fat globules, and bilirubin
[74).

Electrochemical devices are also attractive from the perspective of developing decentral-
ized point-of-use systems, by meeting the requirements of size, cost, low volume, and power.
They offer a great promise for a wide range of applications in biomedical and environmental
scenarios [73].

Electrochemical sensors rely on conventional electrochemical techniques like differential
pulse voltammetry (DPV), electrochemical impedance spectroscopy (EIS), potentiometric
stripping analysis (PSA), square wave voltammetry (SWV), cathodic stripping voltammetry
(CSV), adsorptive transfer stripping voltammetry (AdSTV), linear voltammetry (LV), and
linear square voltammetry (LSV) [75]. Electrochemical sensors rely on a measurable current
generated by the reaction being monitored (amperometry), a measurable charge accumula-
tion or potential (potentiometry), or alters the conductive properties of the medium between
electrodes (conductometry). EIS-based methods work by monitoring both resistance and
reactance in the biosensor [74].

In recent years, the use of nanomaterial-enabled electrochemical DNA sensing strategies
have become one of the most exciting forefronts in analytical chemistry. Various nanoma-
terials like magnetic nanoparticles, nanoparticles labeled with metal tags, nanotubes, and
nanowires [75, 72 enable signal amplification and multiplexing capabilities to electrochem-
ical sensing [76, 73].

15.1.2 Carbon-based Nanomaterials

Carbon nanomaterials have unique advantages such as a high surface-to-volume ratio,
high electrical conductivity, chemical stability, biocompatibility, and robust mechanical
strength, which makes them an attractive material for biosensing applications. These
materials include carbon nanotubes, fullerenes, and graphene. The readers can refer to
the following reviews for advances in the area of carbon nanotube and fullerene-based
electrochemical sensing [77, 78, 72).
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15.1.3 Graphene

Graphene is a two-dimensional material that has attracted much attention owing to its
fascinating physical properties like high surface area, excellent conductivity, quantum hall
effect, high mechanical strength, and ease of functionalization and mass production [79].
It has shown great promise in many applications, such as energy storage and conversion,
electronics, and hiosensing [79, 80, 81]. They have extensively been applied in DNA sensing
and environmental analysis due to their excellent electron transfer promoting ability [79, 82].

Graphene is used as transducer in hio-field-effect transistors, electrochemical biosen-
sors, impedance biosensors, electrochemiluminescence and fluorescence biosensors, as well
as biomolecular labels [81]. For an in-depth discussion on the use of graphene in non-
electrochemical biosensors, the reader can refer to [81]

Graphene has been applied to direct electrochemical detection of enzymes. In the case
of direct electrochemistry, there is a direct transfer of electrons between the electrode and
the active center of the enzyme without the participation of any mediators or other reagents
[79]. Such a capability is difficult to achieve in the case of common electrodes since the active
centers of most redox enzymes are located deep in a hydrophobic cavity of the molecule.
The use of graphene for direct electron transfer-based detection of glucose oxidase enzyme
(glucosensing applications) has been widely reported [8L]. They have also been applied
to electrochemical detection of small hiomolecules like hydrogen peroxide, nicotinamide
adenine dinucleotide (NADH), and dopamine [79]

Electrochemical detection of DNA using graphene-based sensors has received significant
amount of attention recently [83, 82, 84, 85]. They work by direct detection of DNA,
by reading the oxidative signals of DNA bases or by using electroactive labels. Although
direct detection is advantageous due to it being label free, it offers poorer sensitivity than
|abel-based DNA assays [81].

15.1.4 Titania Nanotube Arrays

Titania nanotube arrays (TNA) have received significant interest due to ease of synthesis
and tunable size (nanotube diameter and length) over other nanomaterials [22). TiO2can he
fabricated into different shapes like nanotubes, nanofibers, nanosheets, and nanoparticles
[86]. Of these, TNA have improved properties over other forms especially for applica-
tions like photocatalysis, sensing, and photoelectrolysis [67]. They have been applied to
applications like energy conversion/storage, electroluminescent hybrid devices [86], drug
delivery [88], and chemical and biological sensing [89]. They have been extensively applied
in photocatalytic applications due to properties like strong oxidizing ability for organic
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decomposition, superhydrophilicity, chemical stability, durability, nontoxicity [90], and low
cost of preparation [91],

Titania nanotube arrays have also been applied in chemical/gas sensing applications.
They have been used in the detection of hydrogen [92, 93, %], oxygen [%], and formaldehyde
[%]. The large surface area of nanostructured TNA enables higher sensitivity since the
interaction of a gas with the sensor is a surface phenomenon. They can also be photo-
catalytically functionalized with catalysts like platinum for specific gas sensing capabilities
[97]. Banerjee et al. applied Zn2+ metal ion functionalized TNA for the detection of
triacetone triperoxide (TATP), a peroxide-based explosive [98]. The interaction between the
functionalized metal and TATP resulted in a change in the electrical resistivity of the sensor
platform[99]. Ray et al. used density functional theory to study affinity of different metals
to TATP and found Co2+ metal ion to have a higher affinity towards TATP [99]. Hence,
such an approach to study the affinity of metals to the analyte gas of interest would be
effective in enhancing the sensitivity of the platform. TNA have also been used as humidity
sensors [100]. Electrodes utilizing TNA have been applied in electrochemical detection of
various analytes. The large surface area and high aspect ratio of the nanotubular structure
make TNA an attractive material in electrochemical detection applications. Nanocrystalline
anatase TNA was applied to the direct electrochemical detection of a single-chain protein,
Myoglobin [101]. Guo et al. developed a reagentless hydrogen peroxide biosensor utilizing
direct electrochemistry of hemoglobin on carbonized TNA [102]. Direct electrochemical
detection of hemeprotein was reported utilizing gold nanoparticle functionalized TNA [103],
Benvenuto et al. reported a glucose biosensor using glucose oxidase immobilized with
chitosan onto TNA modified by prussian blue and gold [104]. TNA modified with palladium,
platinum, and gold nanoparticles was used for the simultaneous detection of uric acid and
ascorbic acid [105].

A variety of methods have been applied to the fabrication of TNA, including deposition
into a nanoporous alumina template, solgel transcription using organo-gelators as templates,
seeded growth, and hydrothermal processes. Of these methods, anodization of highly
ordered TNA via anodization of titanium in fluoride-based solution exhibit remarkable
properties, including ability to precisely tune dimensions like pore size, wall thickness, and
lengths [22].

152 Nanotechnology in Environmental Remediation
Nanomaterials been widely applied for environmental remediation of gaseous (SOx, NOX,
CO, NH3), chemical (arsenic, heavy metals), organic (volatile organic compounds/VOCs),
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and biological pollutants (bacteria, virus) [106, 107). They are excellent adsorbents and
catalysts, and hence exhibit enhanced performance in environmental remediation applica-
tions. This is primarily due to their large specific surface area and associated high reactivity.
The high surface area-to-mass ratio of nanomaterials can greatly enhance their adsorption
capacities. Due to their reduced size and large radii of curvature, nanomaterials have a
surface that is particularly reactive (due to the high density of low-coordinated atoms at
the surface, edges, and vortices) [107]. These unique properties make them an attractive
choice in degradation and scavenging of pollutants in water and air.

1.6 Dissertation Overview

The overarching theme of this dissertation is the application of microfluidic techniques
and nanomaterials in detection and degradation of chemical and biological pollutants.

Chapter 3 talks about a platinum functionalized TNA sensor for detection of trichloroethy-
lene in water. This chapter is published in its entirety in the Proceedings of IEEE Sensors
2013 [89].

Chapter 4 presents a protocol for ultra-sensitive indirect detection of E. coli 0157:H7
using immunomagnetic capture, and polyguanine (polyG) oligonucleotide functionalized
polystyrene beads as an electrochemical tag. This chapter is published in its entirety in the
peer-reviewed journal Sensors [40].

Chapter 5 presents a novel microfluidic reactor with TNA as the catalyst, applied to the
photocatalytic degradation of an organic dye (methylene blue). This chapter is published
in its entirety in the peer-reviewed journal Applied Catalysis B: Environmental [22].

Chapter 6 applies TNA grown on a mesh as a catalyst in a microfluidic reactor. The
system shows enhanced performance in comparison to TNA on a foil (described in Chapter
B) in a microfluidic reactor during photocatalytic degradation of methylene blue. The
device is also applied to the inactivation of E. coli 0157:H7 at different flow rates and light
intensity.

Lastly, Chapter 7 provides a conclusion, highlighting the knowledge gained from above
dissertation-projects, scientific and technological contributions, as well as a future work
section.
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Chapter 20

Applications of Microfluidics for Molecular Diagnostics

Harikrishnan Jayamohan, Himanshu J. Sant, and Bruce K. Gale

Abstract

Diagnostic assays implemented in microfluidic devices have developed rapidly over the past decade and are
expected to become commonplace in the next few years. Hundreds of microfluidics-based approaches
towards clinical diagnostics and path_o?en detection have been reported with a general theme ofrapid and
customizable assays that are potentially cost-effective. This chapter reviews microfluidics in molecular
diagnostics based on application areas with a concise review of microfluidics in general. Basic principles
of microfabrication are briefly reviewed and the transition to polymer fabricated devices is discussed.
Most current microfluidic diagnostic devices are designed to target a single disease, such as a given cancer
or a variety of pathog_ens, and there will likely be a large market for these focused devices; however, the
future of molecular diagnostics lies in highly multiplexed microfluidic devices that can screen for poten-
tially hundreds of diseases simultaneously.

Key words: Microfluidics, Micro-total-analysis-systems, Lab-on-a-chip, Point-of-care devices,
ﬁarr}phle preparation, MEMS, Rapid prototyping, Biomarker detection, Personalized medicine, Global
ealth care

1. Introduction

The role.of molecular diagnostics is critical in today’s global health
care environment. In the de,velopm(l; world, 95% of deaths are due
to a lack of proper diagnostics and the associated follow-on treat-
ment ofinfectious diseases; 1.e., acute resFratory Infections (ARIS),
malaria, HIV, and tuberculosis &TB) (1). Recent pandemics like
the 2009 HIN1 Influenza A pandemic, Have accenfuated the need
f?(r tools ,tg eff%cnvel detect and control infectious diseases. Factors
like “rapid pathogen mutation rates, transformation. of nophuman
pathogens Into Kuman pathogens, and recombination of nonhu-
man pathogen with human at_hogens” have added to the chal-
lenge of managing novel infectious diseases (2). Increased global
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mobility_has aided the rapid spread of infectious diseases from
regron oforigin to_other parts ofthe world as seen during the 2009
N1 pandémic, hrs mobrlrt has highlighted the need for rapid,
Portable draginostrc point-of care% Cé devrcesat orts ofe try
0 prevent global spread ofrnfectr ns. Clrrent Iabo atory cu ture
methods fof pathogens take a day or more to provide results (2
glgaﬂ%rs rsngtfhgdg ar;ged to e developed to aid rapid and site- reIevant
lagnosis of di
gFor certain other types of infections, in both the developed
and developing worlds, the dra?nostrc tests need to be repeated
perioically to measure response 10 therap ¥an monrtorthe rsease
condrtron One such case 1s monjtoring the viral load (number of
viral particles er m liliter of boo for Infections like HIV
&uman rmmuno ercrenﬁr vrrérg hepatitis C. Sub-Saharan
frrca rsarelgron heavily affected by the AIDS pandemic. The Jack
of standard laboratory. acrIrtres an trarned aborator technigians
In these regions is a serious hottlenec é ). Similar problems exist in
medically Underserved areas of the USA. A simple POC platform
could enable increased access to treatment for patients in such
low- resource Settings.
|n the developéd world the strater%y to deal with major disease
burdens such as cancer IS shifting from’a therapeutic to dragnostrc
mode 4), as the cqst of treating drsease falls dramatrcalg Ifit s
found early, Ischemic heart disedses and cerebrovascular rseases
whrch are the magor CALISES of mortality in the developed world
can be targeted %/e ectrve ragnostrcs %1) With projected US
healthcare costs of $4.4 trillion by 2018, Pandrng conventional
EXpensive dragnostrc solutions is not a viable option (5), Rapid,
low-cost diagriostic tools that can be dispersed throughout a com-
munity for €asy access, Fossrbly even in the home, would provide
substantial beriefit b¥ allowing more rapid diagnosis and monitor-
Ing ofdrsease and infection.
Homeland securrt 15 another key sector where portable molec-
ular biology tools are needed to etectavarretr)[/]ofbrologrca agents
The. US Departments ofHealth an an Services (
nd Agriculture (USDA) maintains a list of biological arI;ents an
toxins defined as select agents “that have the pofential to pose a
severe threat to public, animal or plant health, or to animal or plant
Products FQ gain, there 1s 3 need for raprd rnexPensrve detec-
thont trdenttr ation, and quantification of pathogens to help reduce
15 threa
Hence, there isan unmet need for simple, Iqw- cost/cost effective
accurate, portable/point- of -Care dra nostic tools for rapid
rdentrfrcatron of djsease mar ers and rr;]a 0gens | avarret}/ ofse
tings. The F ( n(hl Administration), definitio
“simple test provrdesabench ark for features Tor an iceal drag
nostic tool (Table 1, (1, 8)
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Table 1
Features of the ideal diagnostic tool based on FDA’s definition of a “simple test”

Is a fully automated instrument or a unitized or self-contained test

Uses direct unprocessed specimens, such as capillary blood (fingerstick), venous whole blood, nasal
swabs, throat swabs, or urine

Needs no operator intervention during the analysis steps

Needs no electronic or mechanical maintenance beyond simple tasks, e.g., changing a battery or
power cord

Produces results that require no operator calibration, interpretation, or calculations

Produces results that are easy to determine, such as “positive” or “negative,” a direct readout of
numerical values, the clear presence or absence of a line, or obvious color gradations

Has test performance comparable to a traceable reference method, as demonstrated by studies in which
intended operators perform the test? (Intended operator refers to a test operator with limited or no
training or hands-on experience in conducting laboratory testing)

Contains a quick reference instruction sheet that is written at no higher than a seventh grade
reading level

_ There is consensus that for such an ideal. diagnostic tool,
microfluidics will certainly be required and will likely make uP_ the
critical components ofthé device ([9). Microfluidics Can be defined
as “science and technology of systems that process or manipulate
small g,logto 108 liters) amounts of fluids, using channels with
dimensions of fens to hundreds of micrometers” (10). Lab-on-a-
chip (LOC) refers to the application of microfluidics in chemi-
cal, biological analysis and d|agnost,|cs. The ultimate objective of
LOC devices is to ntegrate the entire gamut of laboratory capa-
bilitis on a microfluidic chw}_ 11-13)

Some ofthe features of microflyidics that make the technology
attractive for lab-on-a-chip point-of-care applications are;

* The avajlability of fabrication methods to manufacture small
hand-held devices on a large scale at a lower cost,

» The ability to manipulate small volumes of sample, requiring
lower amounts of reagents.

o The ability to analyze small volumes for applications like single-
cell analysis, multlmexed analysis, or forensic trace analysis (12).

o Smaller length scales result in faster analyses and higher sepa-
ration_efficiencies, reducing response times. Th(? h|?h %peed
analysis also makes microflutdics a suitaole candicate Tor figh
throughput applications,
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Fig. 1. A schematic diagram of a conceptual lab-on-a-chip device designed to perform a variety of unit operations and unit

processing steps including: sample preparation (e.g., fluid handling, ,derivatization, lysis of cells, concentration, extraction, and
amplification), sample separation (e.g., electrophoresis, liquid chromatography, molecular exclusion, field-flow fractionation),

and detection (e.g., fluorescence, UV/Vis absorption, amperometric, conductivity, Raman, electrochemical).

J S_trai?h_tforward integration of multjgle components/func-
tionalities (sample préparation, detection, data rocessmg'j on
asingle device.

* Potentially fully automated and simple to use, enabling use b
Iaypeopley Y d S

« Portability and a small footprint should_allow field and clinic
use, as Wel| as IEoss,|bly aIIowmg more widespread diagnostics,
Pervasive di gno figs should g eatlximcrease the likelthood of

personalized Mmedicine having'a sighificant Impact on society.

J H[whlty parallel analeyses will allow multiple te?ts to be run
simiultaneously, erthér on the same sample or multiple samples.
Microfluidic evices can in lPrmmple be used to obtain garam-
eters like proteomic, metabolomic, and genetic data of each
individual for personalized care (15)

Figure 1 provides a pasic generahzed schematic ofa microfluidic
LOC device with sample-in/feadout capanilities, The figure shows
some of the van?us technologle_s that m|ght be.involved in sample
preparation, analysis or Separation, and etection. Figure 2 1s'an
example ofa real nucleoP e analysis system dev_elopf [t the State
of Utan Center of Excellence for Biorhedical Micrafluidics.
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Fig. 2. (a) Prototype of an automated nucleotide extraction platform. The microfluidic system consists of five different
components: (i) a disposable microfluidic cartridge containing a glass fiber filter (inset figure); (i) a PDMS-microfluidic chip
for flow control; (iii) microfluidic chambers for mixing, metering, pumping, and reactions; (iv) a pneumatic micropump to
deliver the eluted sample to downstream assays; and (v) a vacuum pump to control the on-chip valves. The extraction chip
also has provision for thermal lysis and reverse transcription (not shown). (b) Prototype of a test socket for characterization
of a carbon nanotube-based electrochemical nanosensor array. The test socket provides both fluidic and electrical inter-
face to the nanosensor chip (inset figure) that detects nucleotide hybridization. (c) Prototype of a shuttle PCR chip with
three temperature zones and which is fabricated using polycarbonate lamination. The heaters and thermocouples are
shown with a manifold for on-chip fluidic control. The fluidic interface for the extraction system is designed so that it can
be readily connected to the downstream assays such as hybridization and PCR.

2. Early
Development

of Microfluidics Microfluidic devicgs have been stead|ly develogm g over the past 30

ears, but most of the rogress related to di nostlc applications
as heen made,in about the past 1o earsg g major driver
for microfluidic development was the focus on genomics and
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molecular brology in the 1980s_especially on microanalysis
technigues like high-throughput DNA sequencing. The initial
mrgroflur IC devrces were merred gtﬁhe mrproelectronrcs inglustr
and relied on photolithography angd MEMS tabrication technigues.
Hence, most of the earliest microfluidic devices were fabricated in
silicon and. glass
The origins of mrcroflurdrcs s used in dra%nostrc and molecular
broIo%y applications can etrace to mrcr anaIytrcaI tools like
?asp ase chromatography F I) pressure liquid chroma-
grap Oy HPLCl and caprlap/ ectrophoresrs (CE) developed n
| o ress was made on_these tools at
thrs time and manyo th eve ope concepgs are still in use today.
A summary of some of the best examplps follow: Ja]cobson et dl.
reported separatron of complexe metal fons in Ioo yacrylamide-
modified channels (17 usrn eectrophoresrs Micellar electrokinetic
caprllarychromato a p ECC) separation of biological samp Ies
18 ﬁnd neutraI (S ) Were re orted Wooley ef’al. re ort
ltra-nigh-s pee DNA euencrn% nd separation using microfan-
ncated ca eectrophoresrs ips (20), Surface paSsivation of
silicon-hased PCR chips to obtain” ampli |cat|ons comparable to
conventional PCR systems was accomplished (21). outn}/ et al.
reported a competitive Immunoassay for Separation and quantitication
0f free and boung labeled antigens caprllaryelectrop oresis (CE
22) Hadd et al. presented an automated enzyme assay in whic
anoliter volumes of substrate, enzyme, and inhibitor were mixed
using ele trokrnetrc flow {23) Mi rpchr p-based capillary electro-
phoresis (CE) for separaton and relative quantitation of human
serum roterns was achieved (24). Some of the other separatron
methods like f ree -flow electrophoresis gFFE 2 capi Iary Zq7e|
eIectroghoresrs gand capillary array eléctrophore '3% gi R
were reported. These (evices were nmanyfa ricated. in Silico
and glass and lead to the work on related cmponents like micro-
pumps mrcrovalves and sensars,
here are a few examples, of plastic, devices before 2000.
Delamarche et al. useg eIastomenc microfluidic networks to pattern
|mmunoPo ulin with hrgh resolution on a varie ){o substrates
pass po ystyrene) 28{? Freaney et al. develo ega proto-
emnratu zed hemical analysis system comprisi Tg |osensors
and a mrcrodr dysrs interface for on-line monitoring ofglucose and
lactate in blog
In the 19903 to_ counter the threat of brologrcal and chemical
weapons, the US Defense Advanced Research Projects Agency
SDARP/Sa) supported development of ‘field-deployable mrcroflurdr
evices and Was a driver for academic researc In mrcro luidics
(10). The first lab-on-a-chip emeraed with teconcepto a “minia-
turized total analysis system” orrjé AS, mvoIvrngasr icon chip ana-
lyzerwith sampling, sample pretreatment, separation, and detection
functionalities embedded” on an  integrated system (30).
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Electroosmotic umPrn% was the primary actuation mode used in
these early [J. TAS system es‘oecrallysrnce separation was one of the
objectrves and um n coudbe controlled using simple electronics
and no movrn a 1& Seiler et al. reported amino- acrd separa-
tion on chip an their detection using laser-induced fluorescence
32). Other applrcatrons Invalving. bigmolecules and ceIIs emer ed
urrn? the period. These rnclude flow tometr}/ dﬁ
amplification (PCR). (34) and cellular metabolism stucles ( 35 on
amicrofabricated chip.

A host of innovations in microfluidic devices came forth in the
Perrod from 1994 to 1997. These include, “reactor chambers
or continuous precolumn and postcolumn labeling reactions”
36 373 hrgh sroeed efficient se aratrons 38 on chr Static mrxrng

gar i ofoIr onucleotides (4 g ) and amin
acrs ), and cell manipulation bY electncal figlds, ( 43? There
was also Work on s aratron modes 1ike synchronized Cyclic capil-
lary electrophoresis (44) and free flow electrophoresrs (FFE) (45).
Verpoorte et al, devised'a 3D microflow manifold system rncorp
rating electrochemical and optical detection systems S . Seller
etal, studred cyrrent and eIect oosmotic fluid rovvs in microchannels
using Kirchhoff's law (47). Jacobson et al. develoodglassmrcro
chr pSwith octadecylsilane Surface modified channels as astatronary
B ase for orﬁen channe| chromatoqraﬁng t48r? Feustel et al. came
wrt a rnraturrze mass spec rométer incorporating an Inte-
grate plasma chamber for electron ?eneratron an ronrzatron
hamber, and an array of electrodes acfing as_the mass separator
%19 ). All ofthese systems would find their way into later diagnostic
rcro e ItC gvrctes f pol d soft lithography offered
The introduction of polymer-based soft lithography offered a
cheaper alternative to srlrgonyand dqass In mrcroflu?dr de/vrce fabri-
cation (50). Most of the explora ory research In mrcroflurdrcs 5

currently performed qn polymer-hased clevices rrman made of

oI drmetn\ylsrloxaner) %D S), asoft elastomer ( 2 oft lithog-
techrilques fo rcroflurdrc devices have heen revrewed
mu trpIe trmes anngwrt many of the structures and devices than
can be producedg 523 Related olymer -pased methods like
microcontact printing and microtrarister molding enabled rapid
fabrication of micrometer scale structures (?3) Three dimensional
structures were re(oorted using a layer-by-fayer structuring using
microtranster mol
Other plastics, hybnd ‘materials, and Packa ing. techniques
were soon (leveloped rncludrngavanet of low cost plastic proto-
typing and manu facturing méthods, for microfluidics 555 56).
Martynova eha rT ofte mrcroflurdrc (evices fabncate In PoX
(methyl methacry imprinting them with &n
rnverse three- drmensrona rmage oft e device mrcromachrned on
silicon (57). Wang et al. developed a low temperature bonding
process using a sodium silicate layer as an adhesive for glass
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3. Modern
Microfluidics
Fabrication

microfluidic devices. Microfluidic interconnects for connectrn%
verticall stacked micromachined channels and to externa tubrng
the samg anewas emonstrated GonzaI 2 and co-workers (58)
itional landmark work Included Johnson ¢t al. fa rrcatr
nanometer wide channels on silicon, SrOZ and odsu strates Oy
exposing them fo a metastable argon atom beam mt e presence
dilute vapors oftrrmethylpentagherlt}rltnsronane 59) Lorenz et al
regorted the characterization of SU-8 negative photoresist tor the
fabrication ofhr%h aspect-ratio structures (160 arsson etal. fabri-
cated 3D microStructures by conventrona rryectron moldrng
against a errcon master %ro duced by wet and deep reactiv
10N etchmg (DR Ilicon micr mac rnm? methods based
on DRIE, Silicon fusron bondmg (SFB) (62), and electran cyclotron
resonance (ECR) source were regorte 63). Dozens of otffer tech-
niques have also been reported, but cannot all be reviewed here.

Microfluidics was inspired by the microelectronics industry and
hence most of the initial devices were fabricated in silicon Using
photolithography and related technologies. The sticcess of the
mjcroelectronics and MEMS industries in manufacturing thousands
of miniaturized comgonents In Parallel at very low costs was
thought to he applicable to microrluidics, While this may eventu-
prove to he true, low cost microfluidic devrces made usrn%
P toIrthor%;rarnhrc techniques have proven t(? eteexce 'é’
at er than the rule, sincé the numbers of igentical mrcro [uigic
chips manufactured for current and foreseeable markets ten to be
more In the 10,000 s-100,000 s where atc rocessrn does not
provide sufficient cost savrngs Packaging and ot er pos Process
Ing, steps like reagent introductjon have also proven cha engrn%
and exPensrve and consequently other manufacturing, method
current % hJ ear to_pe more in favor, Thus, while most 0fthe earli-
est work In' microfluidics was in silicon, the majority of current
devrces are now made in glass or a variety of plastics. Nonetheless,
silicon and glass manufacturing tech rgue are_important n
mrcrofurdrcs ecause molds forrapid ana inexpensive manufac-
urrnsq of pastrc devices are still often made of silicon or glass,
andard silicon and glass manufacturing techniques are based
on mrcroIrtho rapRX sutftractrve technr% es {etching), and additive
techniques ( icrolithograp anv |ves the USE of an energy
beam 0 trans era geometrrc attern to asu strate De nendmg
ontggt%1 o ener e%am use tese can rvr ed in

rglnltntho P pp;hYeF(?tCrE)toht eanrtar o%ragl susrng Iéograprahsfera

geometrrc ttern from a photo mask to a light'sensitive chemical
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called Photoresrst This is followed by a development process usrng
a developer solution to create a Posrtrve or ne a ve rm qe of patter
onto the photoresrst Other echniques | ithography,
extreme uItravro ot QUV %rab }% ron artrc rtho ragtny,
scanning probe lithographly, an or rint [i tograpyar Ing
Increasingly used due tot elr capability m producing sub 100
structures. Ofthese nangimprint lith ograéa )f a type of emb ossrngS
%a low cost, high throughput andhrd solution method that
the potential t0' be used for low-cost mass manu facture of mIcro
and nanofluidic devices in a variety of materials, but especially for
direct embossrn? of plastics (65)

Subtractive echnrques involve dry and wet etching, which are

rrmarr ){ used wrth lass and silicon evrces Wet etchrnrlr Involves

cemrca remqval of fayers from a material and rs typical use to
etcn silicop, silicon dioxide, ﬁrlrcon nrtr|de m%tas an %/
eic rnsg refers 10 the remova of material by bombardirig twrt
lons, Sputtering, ion beam milling and pIasmaetchrn (reactrve lon
etchrnr%; and deeb reactive ion etching) are some of other methods
used 1 silicon etching.

Additive technologies involve technri%ues to, deposit films.
Method? to deposit thin films include: ther al oxrdatron ofsilicon,
chemica va of deposition (CVD), and physical vapor deposition
SPVD) ethods to deposit thick films usuaIIy Involve a sprnnrng

r electroplating technr Ue. These thrck films are often patterne
usrn% Ehotolrthogra and then used as molds for microfluidic

deviCes, The reader can refer to the text by Madou (64) for an
rn depth descri Iptron ot the techniques described above, as well &
a des rrRtron of other micromanufacturing technrdues

In the past decade, silicon and glass have been arr]rely drsBIaced
by, plastics as the ideal substrate for microfluidic devices E IX
primary consrderatrons have been behrnd this transition. First,
Silicon" s, re atnée ﬁensrve compared % plastics because
mrcroflurdrcs fends’to t larger areas t an mrcroelectronrc
chips (and silicon costs are measured b}/ area). Second, the elec-
tronrc dvanta es ofsr iconare not tg/rbrca g/requrred in mrcrotlurdrc

evrces Third, silicon 15 not tr sparént, so froubleshooting
mrcrof uigic devices durrn% devel opment can be drffrcult and opti-
cal detectign technrquesc nnot be emp (?ed Fourth, sr Icon pro-
cessrng tyrfrca re rres rocesses foun In expensive, eanrooms
thataeasor atively slow. Th e eveo ment of rapid and Inex-
pensive, polymer proc ssing methods as roven compelling. Fifth,
errcon IS 1e %trvely brittle and rs not ideal for devices that exgerrence
significant * rq " Sixtn, stlicon is incompatible with the strong
potentrals useg i electrokinetic pumgrng and capillary electyopho-
rests (CE). Silicon does have some advantages, such as well con-
trolled sirface rogertres but these have ndt proven sufficient to
drive microfluidic development.
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4. Microfluidic
Diagnostics in the
Past Decade

Polymers, due to their lower cost, ease of fabrication and phrsrcal
properties, are now the primary materials used in microffuidic
research. Many microfluidic components, such & pumps and
valves, work better when fabricated In the Iess rigid polymer
medium as compared with silicon. The permeability 0 po mier to
gases make it suitable forwork with living mammalian gells. PDMS,
n optically transparent, soft elastomer has been used for various
microfluidic devices since its introduction (10). Most rr])olymer
devices are made usrng 2 moIdrng embossrn% O casting technigues
althoughdrrectproce srnﬂ ars, suepas aSer-hased or knife-based
manufdcturing is increasl lithog aé)hy is the technique
of replicating structures rom amaster mold or stamp onto an
elastomeric DMSQ substrate. Fabrication usrn? PDMS s simple

and does not requir expensrve facrlrtres and prototyping can often
be done_in less than a day. The reader can refer to 1n-depth reviews
ofsoft Irthograghy for detailed insight into the metho 251 52).
Interestingl dy tman commercral roducts Use devices fabricated
In PDMS due o a gap between acad emrc and Industrial practices,
althou hthrs S sta rn t0 chan? ﬁr 6). In addition, PDMS has
Irmrte application due ortshd obrcsurface and tendency to
swell in or anic solvents Ft%) thou polymers arf the referred
material for most mrcro Ic app rc rons oaay, silicon and glass
are still relied upon for building specialized devices that need cliem-
ical and thermal stability (68). I the nascent field of nanafluidlics,
silicon and glass are sed due to their mechanjcal stability (10).
Some of oth rmeﬁhods that are u%edrnmrcr quréircffrbrrca lon are
xerography 69 aser micromachining (/0) and polymer stereo-

lithogra

Rn rnnovatrve method . for creatrng low cost disposable
TLBAD Ve iotnced o Viathnee et o 13- 75, The i
ovement s controLf Vmarry by evaporgtron arzd capilla
165 10 0o 02 o E??ng"f'é’ﬁr e vora |JPAD appications
Recently, mrcroflurdrc devices fabricated on engineered plastics,
such &' cyclo-olefin co onmes S OCE) (74), and photocurable
perfluoro olyether (PFPE) (65) have heen reported.

ma or boom in mrcroflurdrcs research has occurred in the last

years as IS ref ecte gt e numb er of publrshed dournal
ers (sing the term: 26 papérs were published before 1990, 341
he 1990s, 15773 in't e20005 and 3,322 In the first 2 ears
q éicade While the number of papers each ?/ear appears to be

A
|
p
0
ff, the impact of microfluidics is likely to continue to

e
i
fthis
leve
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c{r w. Another conf quence ofthrf1 large hody of literature 5that
ecomes rnf%asrb 0 cover all t er gortant pa)pers and gevel
o Ments In  chapter such as this. As most reviews nmrfro luidics
r dra nostrc agglrcatrons have focused on the physical methods
behing te evice operation and not as much, ont eapplrcatrons
this, work will focus on some s&ecrfrc dra?nostrc developments and
application areas. We examine the microtiuidic applications in diag-
nostics for diabetes, cardiac related conditions, and infectjons
related to bacteria, virus, and HIV. We also review the applrcatrons
i pharmacogenomics and devices for low resource set
discuss some ofthe methods used in fabricating these microtluidic
devices and the chaIIenges In mass production, Included is a sec-
tion on_some of the commercral diagnostic products usrn(i
mrcroflurdrc technoo The reader may refer to_supplementd
reviews for the theory ehrnd microfluidics Z{10 13- 78)andmeth
ods used in microfluidic LOC detection (14, 67, 79

There isan mcreasrn% need in the deveIo,orng and develo |ped world
for new cost effective diagnostic technologies, albeit fo drfferent
reasons. In developed countrres health care Costs are rrsrnq rar dly,

and coptainment rs an Issue. In developing countrigs, dlivéry of

medical services to remote and resource poor areas is difficult and
the needs are enormous, as Infectious disease is a critical barrier to
economic and social development Interestingly, the two problems
tend to converge towards one solution: microfluidic diagnostic
devices. The Grand Challenges in Global Health (GCGH)"initia-
five, a maHor effort to achieve scientific breakthroug hs against
Infectious diseases that cause srgnrfrcant problemsrnte eveo rn
world, has |d entrfre seven long-term oasrn lob a health
most ofwhich revolve aroundermrnatrn Infectious, disease.
Infectious gliseases, constitute a uge burden in devel oprn
countries (321A>) usrn disapility-adjusted life year (DAL
metrrcfsc mpared'to evelopre]d countries £37/o ) arid account for
50% otinfant deaths 818 £ Major con ernsrnterms ofDALY
re in ectrons éi viruses (HIVAIDS, measles, hepa%trf
eatrtrs na vira gastroenterrtrs rotavirus|); bacteria (cholera,
tu erculosrs ﬁrtussrs etanrfs and _menin “ and parasites
malarra Lym atrc friarrasrs elshmaniasis, and tfypanosomiasis).
he th ree mostt ee¥aérstagsrr%n 1563ses are malarra tuberculosrs ana
W
maIarra worldwrde resulting in about 781 OOO deaths, Of these
85% of deaths were in_children under 5 years of age %82% There
wafan estimated 14 million people infectéd with TB and apoyt 1,
million related deaths in 2009. TB is a major cause of deaths in

estimated 94 million cases of
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6. Microfluidics
in Diagnostics

6.1 Bacterial Detection

HIV infected patients with about 380,000 ofthe 1.7 million deaths
bemq reported in people with H V,8833. An estimated 33.3 million
geop e are livingwith HIV worldwice ofwhich about 67.5% ljve in
ub-Saharan Affica (84). There has been an estimated 1.8 milljon
AIDS related deaths, 73% of those being in sub-Saharan Africa.
Thus, early infectious disease detection anid management is g high
priority in’low-resource settings and a major driver of microflujdic
diagnastic deviges. Infectious diseases are not limited to develop-
|rt19 tcountrles._ Recent outpreaks like HINI influenza A demon-
stra

origin to the rest of the world. In April 2009, USA and MeXico
regorted 38 cases of HINT influenza. By June 2009 when World
Health Organization declared a pandemic, there were a reported
28,774 cases and 144 deaths in 74 countries. The HINI influenza

pandemic had a total of 43,677 reported cases in the USA as of

July 2010 %85). Estimates of unreported cases are a much higher
figUre at 1.8-5.7 million cases 586. _ _ _

.~ In contrast, chronic (liseases that require consistent monjtor-
mg are the magor disease burden for high-income countries. These
diseases incluge; Ischemic heart diseaSe, cerebrovascular disease,
cancers, and diabetes mellitus. Global mortaljty and disease burden
prog)ecﬂons Su gest that these chronic conditigns common to hign-
Income countriés will also become a priority for low-income cotn-
tries by the year 2030 81). Thus, the driver for microfluidic
diagnostics n developed countries is the neeg for consistent, accu-
rate, and affordable diagnostics for chronic disease.

Bacterial detection is a key need in areas including: clinical diag-

nostics, momtorm% of food-borne a_thogens, and detection of

hiological threat ag nts, Harmful bacteria afe the surce of diseases
like gastroenteritis and cholera. From a bioterrorism perspective,
pathogenic bacteria pose serious risk. Unler favorable temrper ture
and 1 the presence of moisture and nutrition, bacteria spread rap-
idly. For a list of bacterial diseases and corresponding causative
agents the reader can refer to a review by Ivnitski et al. 187).
Conventional methods to. detect and identify hacteria require
rowing a small number of bacteria into colonies ofhigher numbers.
ence ‘conventional methods take 18-24 h at a minimum (87)
Also, conventional methods require complex equipment, hlghl
trained technicians, and cannot be field deployable or used in
point-of-Care settmgs_. .
There are primarily two modes of gathoqen_detectlon: Immu-
nosensing and nucleic"acid-based detection. Tn immunosensing, a
binding interaction between probing antibodies and antigens of

e the rapid spread of infectious diseases from a country. of
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target cells ganalyteg is detected. A variety of mechanisms can be
Used to detect this interaction, such as: optical, electrical or electro-
chemical impedance, cantilever, quartz crystalline microbalance,
surface plasmon resgnance_(SPR), and magnetoresistivity. Nucleic
acid-hased sensors detect DNA or RNA fargets from the analyte
organisms (8 Fp % erase chaii reactjon APCRg or
[everse transcrr tro PCRE T-PCR) is used to amplify the nucleic
acids to enhance the detection srgna (90).

Optical detection methods arg often preferred due to their high
selectrvrty and sensrtrvrty g 2). A variety of microfluidic devices
have been developed for b cterrausrng optical means. Amicrofluidic

pstem for detection of Escherichia coIr usrng |aser- optrcal fiber
fluorescence detection was re orted by Xiang &t al. They reported
detection limits an order of magnitude hrgher than that achreved
for conventional fluorescence nicroscope E 3), Gao et al. devel-
oped a multiplexed microfluidic device for the fluorescence detec-
tion of bacterial antibodies in human serum. TRITC-labeled
detectjon antibodies were capture antigens pre- patterned on
the microchannels (g An rnte%rat d microfluldic platform for
quorescence based detection of Shiga toxin | (Shi eIIadysenter vagg
e r pd%orl:\%ga eerngeraotoxm (Staphylococ Us aureus)
v

? Electric ¥and eqectrochemgcal)modes of bacterial detection have
also heen wre reported. The primary advantage of the method
rs the ease of fabricating microelectrodes in the microchannel by
lithog ra h and the absence of labeling steps (96). A microfluidic
sensor as on rmBe ance measuremento E. coliwas constructed
by Boehm et al. (97), The seectrvrtg of the sensor to. different
bacterial strains was demonstrated I\/Y positive rdentrfrcatron of
E. coli In a suspension of E. coli and M. catarrhalis. A microtabri-
cated. electrochemical sensor arraY for detection of bacterial patho-
gens in-human clinical fluid samples was demonstrated. The device
onsisting ofa set of 16 sensors was able to detect relevant bacterial
urinary pathogens (E. coli, Proteus mirabilis, Pseudomonas aeru%
nosa, Enterocacoocls spp and Klebsiella-Enterobacter group) and
could in principle be Used as a point-of-care device for Tapid diag-
nosis of urinary tract infections (98). Table 2 lists a number Of
detection methods for bacterial dragnostrcs and, for a comprehen-
sive list of electrical and electroch&mical bacterial detection, the
reader can refer to a review by Jinseok et al. (96).

Microfluidic devices have’also been applied o the detection of
parasrtes A mrcroflurdrc flow- through membrane | rmmunoassap
with on-card Xrea ent storage” wa develoged by Stevens et d
for the detection of Plasmodiumfalciparum (99

As noted earlier in this chapter effectrve virus detection and disease
manar%;ement is critical in public health, the biotechnology indus-
try, and biodefense. Some of the most deadly historical &pidemics
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Table 2
Detection methods of POC devices for bacterial diagnostics
Analyte Detection method Material Limit of detection Reference
Escherichia coli 0157:H7 Fluorescence PDMS 0.3 ng/.L (76)
Escherichia coli 0157:H7 Fluorescence PDMS 0.02 [ag/mL (77)
Helicobacter pylori Fluorescence PDMS 0.1 [ag/mL (17)
Shiga toxin | Fluorescence Glass 500 pM (78)
Staphylococcal enterotoxin B Fluorescence Glass 300 pM (78)
Escherichia coli Electrical Silicon 104CFU/mL (80)

(impedance)

Escherichia coli, Proteus mirabilis, Electrochemical ~ Auon plastic ~ Not specified (81)

Pseudomonas aeruginosa,

Enterocococcus sgp and the

Klebsiella-Enterobacter
Plasmodiumfalciparum

6.3, HIVDetection
and Monitoring

(amperometric)

group
Optical Mylar/PMMA 10 ng/mL (98)

like smaII 0X, iellow fever, and Spamsh fluwere due to viral agents.
In the twenty-first century, HIV, rotavirys, and measles are fouind to
be among tfle eadmg contnbutors t0 global disease burden (100).

Many deadly viruses suchasVarloIawrus small pox), Rift Vall

fever virus, and Venezuelan Equine Encephalomyelitis virus hav
been known to be developed a potental b|olog%|cal agents (101).
POC devices to_ detect these big-agents are ex remely cntlcal for

?Iobal biosecurity. The small size, simple |oogg/can lack of

eproductive ability outside the host cell'add to thé complexity in
detec%ng VIIUSEs,

The primary methods for virus detection are serolo?y, viral
antigen detection, and nucleic acid detection. Serologic tests detect
the gresence of antjboclies that the Immune system proguces in
response to viral |nfect|on Vlral ant|gen detection ty |caI relies
0N IMMUN0assays as escne rewousg Nucleic &cid detection
Involves amplification of the viral genome using PCR and the sub-
sequent detection of the amplified genome.

HIV isong ofthe Prlmariltargets ofmicrofluidic diagnostic research
efforts. Conventional diagnostic assa?/s are hased on an
enzyme aabsaﬁElA ELISAg foIIowedb western blot and requires

trained laporatory [oersonn Unlversa access to HIV diagnostics

15 st)imle y the fack of tralne tech muans gatlent motivation,

and ‘laboratgry access espemaly/ In rural areas and the developing
0

world. .For inStance about of HIV patients remain up ag
nosed in Kenr (1022l Thus, a simple, inexpensive diagnostic todl
for HIV would be readily welcomed.
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The number of CD4+ T-lymphocytes per microliter of
HIV-infected blood Js a crrtrcal monrtor of disease state and this
measurement is needed to make In orm%d antiretroviral thera'%y
ART) treatment decisions. Therefore, the primary mechanisms
or HIV detectron in POC mrcroflurdrc devrces aré enumeratron

D4+TI mp o%yles and HIV viral load quantification. To be
successu the PO
cells/AL and 400 copies/mL of HIV from whole bIood(OI
Towards this goal, Sra et al. reported a microfluidic immunoassay,
“POCKET. (portable and coteffectrveg for quantifying anfl-
HIV-1 antibodies in the sera 0fHIV-1 infected patients. The device
consrsted ofa PDMS slab with microchannels placed orthogonally
t0 a/)o ystyrene stripe patterned with HIV-enveloped antigén

rn fected patient serum sample,is flowed through the micro-
c annels to guantr anti-HIV-1 antibodies. Although the device
was able to identify the sera of HIV-T-infected patients from those
of non-infected patients, it could not make a correlation of
the_output datawith HIV/ disease states 8103 Lee etal. developed
aRT-PCR-based POC dra(r;nostrccr The chip relies on
HIV markers 24 ama{ core protein encoded by the HIV gag
Pene) and gf n external envelope rotein en oded by enve-
o e gene) Tor ra%ostrc urposes 4). Chen eta re orteda

POC micfoflujdic TD4+ T-cell counting ‘device. The evrewors
rntwo stages, Initial de Ietron ofmonoc tes from whole blood and
subsequent CD4+ T cell capture, Th srate? of contaminant
(monocytes) depletion prior to CD4+T cell Isofétion enhances the
erformiance in'low C 4 count (200 ceIIs/"L?] scenarios (105)

ther label-free CD4+ T-lymphocyte capture techniques have been
reported AIthou%h the mrcr qur iC devices themselves are dispos-
able and usually Cneap, they still require expensive optical micro-
scopes to count the capturéd CD4+ T-cells (106, 10 ) AIensIess
portable CCD- based rcroflurdrc pratform evelope y Demirci
et al. qvercomes this rmrtatron he captured label-free CD4+
T-lymphog es are detected by a charge coupled device (CCD
senso usi n%; ensless shadow rmagrng technigues and c unte
usrn% auto atrc ce countrng S0 wae rnafew secon S +10
geta developed a non- optrca method of countrnﬁ;
T-cells. The cell count is enumer ted b measurrn the cha Oges n
conductivity ofthe surrounding medium due to rons release rom
the suyrface: rmm bilized cells within a microfluidic channel (L
Gohring et al. demonstrated the detection of CD4+ and D8
T-Lymphac dylewhole cellsand CD4+T Lymph cé/te cell I}ﬁrs usrng
ano tofluigic rin resonator gOFRR sensor. ThIS Sensor measure
the presence of T cells based on a change in refractive index in the
microfluidic channel due to the presefice of immabilized T cells
110). Wang et al. reported amrcroflurdrc chrp With an rnte?rated
icromixer“for fluorescent IabeIrnr% T-cells and
their subsequent counting using a rcroflow cytometer (111).

evrce nee S to detect around 200 CD4+
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6.4. Diagnostics Mrcroﬂurdrc dra%nostrcs have been designed for other viral agent
for Other ViralAgents ~ infections i ern uenza severe acute respiratory syndrome (S

and denque fever. These diseases have been of serious concern t
global pblic health organizations esF ecially in the, Iast few yea ds
The |anuenza VIrUS causes respiratory tract infection“and is
%un to be severely morbid.in chilaren and the elderly gll ). The
challenge with diseases like influenza is that there Is a'large variety
of th evrruses and they are constantly chan%mg For example, the
|anuenza Avirus can subdivided into HINT and HIN3 hased on
the gycoproterns ema%%lutrnrn and neuramrnrdase) present |n
the viral envelope 9 influenza pandemic, was;caused
novel HINT strain with genes from frvedrfferentﬂuvrruses 1 3
Thus, the dra?nosrs of Influenza anne Is not sufficient; drscovery
the tg/ge ofin Iuenza 15 alsp cnlrcgr
me of the conventional diag nostrc methods for mﬂuenza
virus are enzyme-linked |mmunosor bent Tssas
immunof uorescence assays serological hemagg utr atio |nh|b|
tion asssxs real-time polymerase chain reactrong 2assas and
com e ent fixation tests. Most of these methods are Complicated,
rg atsrve { costly and require a lengthy process and expensive appa-
tu
, Severa microfluidic systems have been shown for influenza detec-
tion. An |mmunomagnetrc bead-based microfluigic system for detec-
tron of influenza Avirus has been demonstrated recently. Influenza
Aviral é)artrcles are initially. bound to monoclonal antibody (mAb)-
conu ted Jmmunomagn etrc eadls usin asuctrontype MICTo-MIXET.
%? uentgt e virus-pound maan%trc complexes are fluorescentl
labeled by developing mAb with coerythrin. An external opti-
cal detection module is used to analyze the optical intensity of the
magnetic com lex. The s¥stem displayed better performance than
conventrona oW cytometry systems in terms of limit of detection
However, the expensive external ogtrcal detection module
oul restnct its Lse in POC low-resqurce ettrngs Yamanaka et al.
re orte amicrofl urdrc RT-PCR chip for rapid detection of influenza
m ) virus of swing- on%rn A drsposable lectrical anted ohi
wasue foreectrochemrcal etectrono the PCR amplicon (112).
The electrochemical method is better for use in low-resource set-
trn S comgared to the optical methods reported above due to the
absence of expensive external detection units. A Magnetic
Inte%rated Microfluidic Electrochemical Detector (MIME g for
detection of HINT influenza virus from throat swab samples has
recently been deveIoPed 115),

Microfluidics detection miethods for other types of viral a%ents
have been reported. Weiss et al. reported.a microffuidic Chi
hased _electrophoretic. analysis and” laser-induced fluorescence
detection ofhuman rhinovirus serotype 2 (116). Zhu et al. gevel-
oped an optofluidic micro- nn% resonator-based system for detec-
tion of bacteriophage M13 (L117). They reported a detection limit
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of 2.3 x 103 PEU/mL. An on-chip surface enhanced Raman
spectroscopy. (SERS)-based biomolecular device for detection
of Dengue Virts sequences was developed by Huh et al. (118)
The fluid is actuated usrnp electrokinetic methods and the limit of
detectron was reported Weng et al. developed a
suction- Xpe pneumaticall drrve microflgidic, device for the
detectro ofdengue infection (119). A detection ljmit of 10 PFU/
ml| was reported for the device. A “lab-on-a-dis¢” centrrfurTgI
mrcroflurdrcs based portable ELISA system was developed Tor
detectron o the antr%en and the_antibody of Hepatitis B virus
( The limit of detection ofantrgen and antrbodywere reporteq
1nnd/mLan 6 mIU/mL, fespectively. Heinze etal. devel-
icrofluidic immunosensor for detection of hovine viral
drarr ea VIrus 8121 . An integrated mrcroflurdrc assay for targeted
rihonucleic acj 3 extraction and a one-Step reverse transcrip-
tion 100 medrated -1sothermal-amplification (RT-LAMP) process
gr%rath%ﬂeztr)ectron of nervous necrosis viruses was reported by Wang

In 2010, there were an estrmated 1500 cancer related deaths per
day n the USA and about 1.4 milfion new cases of cancer were
reported. By 2020, cancer related deaths are estimated to be 10.3
million globially. The cancer mortality rate per 100,000 Americans
has dropped from 194 to 190 sincé 1950, an insignificant drop
compared to drop in mortalrtXl Iates for otherdrseases Most of the
Improvements in cancer survival rates are due to Improvements in
earl dradnosrs rather than treatment For instance, for cancers of
the Dreast, colon, recum, and cervi, early detection has proved to
reduce mortalrt sl nrfrcfantn%/ Hence, the National Cancer Institufe
nas emphasize therapeutic to preventive mode in its
2010 vrsron document
Exrstrng methods of cancer diagnostics rely on jnvasive tech-
niques like taking a bigpsy and then examining the cell morphology.
Further, converitional methods could be inconclusive in disease
detectron rn rts earlysta s ( 123 Other techniques like immuno-
as S) have feen use to detect cancer biomarkers.
u hELI As are very sensitive, they can be time consuming
expensrve and are mostly carried out in a aboratory requrrrng skrIIed
personnel. In most, cases, rmmunoassays look oron B/one |mar er
and are not sensitive enou% to detect very low biomarker levels
esPecraIIY at early stages of the disease. POC devrcesw |ch are accu-
rate, fast and economic are needed. This would enable improved
dra nosis, monitoring of the progress of the disease, and response

ArF\Paynces in oncolo?{ have Ied to identification of biomarkers
associated with differentkind so cancers, For a comprehensive list
of cancer biomarkers, the reader can refer to reviews in literature
(124-129). There are multiple factors responsible for carcinogeness.
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This alon W|th the “heterogenity in oncogemc pathways makes
It Im é)era Ive that a range qf biomarkers néed to be anal ze for
cancer diagnostics (123, 30? Hence POC deviceswith muft P]Iexe

capability to detect multlg lomarkers are needed. A g

research into cancer dla(ino tic Qevices IS movm? forward comm [-
cialization of the techno gy still remains a chalfenge (123).

Here, we review somg”of the recent research’ in microfluidics
POC devices for cancer diagnostics, Legendre et al. reported work
Intq the_design and develo ment of a microfluidic device fordta?
nosis of T-cell lymphoma. The system accepts awhole blood sample
as the Input, extracts the DNA, amplifies target sequences of the
T-cell receptor-gene, and eletrophoretically résolves the products
for detection o a3|%nature consistent with monoclonality (131),

Diercks et al. demonstrated a microfluidic device that measured
multiple proteins (tumor necrosis factor, CXC chemokine Itgand
2, Interleukin 6 and |nterIeuk|n 1b at /mL concentrations In
nanoliter volumes. Antibody-coupled go yst*rene MICros heres
|abeled with embedded flupraphares were used to detect the analyte
proteins). Optical detection of captured analyte was gerformed
ft-chi usmg a confocal microscqpe, which Pr ved to be a disad
vanta In térms of Iack of device portability (132). A similar
uore% ence agproach 8 tieen used t detect va%cular endothelial
growtn factors In human plasma (133). An on-chip nuclear mag-
net|c resonance (NMR)-based bioserisor was deveIo ed for the
multiplexed identification of cancer markers d(egt ermal rowt
facto rece tors EGFR and Her2/neu). The |8n consists of a

m|cr0c0| arra?]/ for NMR measurements, microfluidic chanpels for
sample handling and a permanent magnet to eneratea%olanzmg
ma netlc field, aII mtegrated into a handheld device (1 4? Mass
?rﬁ) troscopgl ?ase microfluidic detection of cancers ecific bjo-
ar ersp iTerating ceInucIearanttgen cathepsin D, and kerating
8, and Kl9g Was demonstrated by Lazar (5135

Oth%r m%ssb sed methods like a(artzc fal microbalance
CM) have been used in cancer bioma erdetectton For Instance,
an% et al. demonftrated detect|on3 human ung carcinoma
cells Using a microfluigic surface modified piezoelectric sensor
136). Recently, Von Muhlen et al. have reported a microcantile-
ver-ased “suspended microchannel resonator” sensing device for
detection of activated leukocyte cell adhesion molectles (137).
Zani et al. demonstrated an electrochemical method for detection
of prostate specific anttgen (PSA) cancer markers. The method
WOrks bas d on. the différential pulse voltammetry-hased eIectro
chemtca etection of rotemcate arama netic m|cropart|c es
tat selecttvelycﬁture the analyt eg gg Ert% |m| eIectro
chemical detection methods for breast ¢ ar ers ave been
rePorted (139). A microfluidic-based am erometrtc electroch em|

detection System for carcinoembryonic antigen (CEA) an
cancer antigen "15-3 (CA15-3) was developed by Kellner'et al.
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The on-chip fluid function is handled by computer contro]led
syringe py i)s and reports enhanced performance due to fully
automated fUIdIC operations (140). But the external computer
control S stem ang synn% umgs prove to be a bottleneck in'their
Use for grﬁ) lications. Hence miniaturization and integration
of the ﬂwd h dltng functions within the microfluidic Thip is
necessary for POC use.

Cardiovascular diseases (CVD) are responsible for nearly half of
the deaths in the western world. Studies suggest the acute and lon
term financial burden of cardiac disease t0°be substantial (141).
It 1 reported that 5% of myocardial infarction (M) patients are
Incoyrectly dtscharded from emergency dePartments (ED). Hence
for timelyand effective intervention agatns cardiovascular diseases,
there is & need for rapld and accurate diagnostic tools (142).

For the accurate “diag n03|s ro%noms momtonng and [isk
stratfication of patients WI'[ acute coronary syndromes”
biochemical markers play a fundamental roIe gl422s In clini aI sl-
tms In 50- 70/0 of patlents with ACS related cases, ECGs give

guous results. In such cases, cardiac mark%r levels could growde
cr|t|c information for informed decision on the suitable tregtment
As g definite indicator of disease condition a combinatign of cardiac
markers need to be explored (143% Forareview of cardiac biomark-
ers, the reader can refer to McDonnell et al. (142).

There 15 3 ditference of opinion with regard to the use of PQC
technologies for cardiac biomarker dtaqnostt with some sug esttng
It 0 be dn alternative to conventtonal ab anal zers 144
others (iuestlonlng the accuracy of the technologies ( 14
The following seCtion provides a review of mtcroflmdtc dewces
used In cardtac btomarker detection.

Most ofth ? agnostic mechanisms for blomarkers nvolve tw
steps, an initia |m unoassa¥ to capture t e ana e (iomarker
and subsequent detection of the cap ture anal e Usm ottca
methods, Jonsson et al. demonstrateda lateral flow oy e Cli)
for detection of C Reagtive Proten (CRPg 9483 ervais et a
demonstrated a microfluidic device for detection of
CRP inserum. The device works based on captlla action for fluig
actuatton and does not need any external powgr requirements

149) which makes it extremely useful in a POC, low-cast setting.

multiplexed cardiac biomarker detectton rofotype device W
developed by Hong et al. The M MS base dewce detected four
different cardiac arkers VIZ m)%o globin, CRP, ¢Tn] and BNP
usm Au nano article-pased Iuorescence detection . (150).
B a acha I%?Bench dgvelopedadlsposablg microfluidic htg

eect no Including an on-board detection modul

A mtcro luidic chemtlumtnescence based immunoassay
%/stem or detection of cardiac troponin 1 (cTnl) was reported f
ho et a. (152). Huang et al. demonstratéd a microfluidic
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6.7. Hrgh Thro érhput
and Multiplexe
Dragnostrc Screening

chemiluminescence-hased. detection sensor for alpha-fetoprotein
AFP). Super 5oaramagnetrc microbeads were used to capture the
jomarker (1 of magnetic microbeads results In higher
surface to vqume ratio for efficient analyte capture and endbles
on- chrP actuation using an. integrated electromagnet. A drgrtal
microf urdrc Elatform détection device for cTnl wes deve oped b
Srstaeta 1 ZThe fluidic actuatjon rsperformed Xeectrowe
trn% obviating the need for any off-chip fluid handlr apparatus.
based. microfluidic detection of cardrac markes B-t pe natri-
Uretic geptrde BNP) was reported by Kurita ef al. (155
Electrochemical_ methods have been applied to detection of
cardiac markers, Unlike oPtrcaI methods, these do not need an often
ex ensrve off-chip optical detection device and could be suitable for
applications, Tweedie ef al. presented a microfluidlic-ased
rmpedr etrrcsensrn% device for cardiac enzymes (156). The -STAT
P/stem SA bott Point of Care Inc., USA rsac mmercial test car-
tridge for electrochemical detection of cTnl (157), The device can
detéct cTnl in the range of 0-50 ng/m| and has gained good accep-
tance asa dra%nostrct ol for MI (143). Other ele trochemrcal aseq
etection metnods for detectron of Gyoglobrn 158 cTn 1593
and CRP (16 g ave been reporte ecenty, tisakakis an
Gizeli have developed an integrated microflyidic surface acoustic
wave (SAW) platform for defection of cardiac markers creatine
kinase MB (C MB? CRP, and D-dimer (161).
Many commerclal systems for cardiat marker detection arg
currently avajlahle, which could _possibly limit_the rmitact of

~—"
e |

microfluidic devices in this area. These Include Triage® [Biosite
Diagnostics Inc., USA] (myoglobin, CK-MB, and cThl), Stratus®
CS STAT fluorometric. analyzer [$remens Medical Dragnostr
USA] (myoglobin, CK-MB, and™ cTnl), Roche cardiac reader
[Roche Diagnostics, USA] (cTnT myo Io m) RAMP™ cardiac
marker testing_[Response romedrca Canada (cTnI
. and Cardidc STATUS™ device [Nano en. Inc. ]f
3/0 lobin, CK-MB mass, and cTnIe/ E157) Table3lrst the seto
work and commercial devices for microfluidic cardiac
marker detectron

Microfluidic-based technology is iceal for developrn? highly. parallel
diagnostic assays that wouldallow high-throughput screening, but
there has been limiteq success in this arga The'lack ofsuccess IS not
due tq problems with microtluidic deyices; for example, dry ?
screenrn requires hrgh throughput methods to find and test
erent rug candr%ats Micr flvrdrch hthrougvput screenrn
HTS) techniques have been applied to drug discovery to perfor
{ ousands oftests in paraIIeI with some success (162-164). As of
now these methods haven't been a Ired n mrcroflurdrc dra?nos
fics for several reasons urrent dia ostrsare%)rcay erformed
m large hospitals or reference labs. In these | smo tests are
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Table 3
Performance and detection methods of POC devices for cardiac marker diagnostics
Biomarkers Detection method Material/Device  Detection Limit Reference
Published work
CRP Fluorescence Thermoplastic 2.6 ng/ml (147)
(Zeonor™)
CRP Fluorescence PDMS 1ng/m| (148)
M%o’\gilobin, Fluorescence Cyclic Olefin 0ng/ml (149)
PCRP Cogol mer 01ng/m|700 ngl
¢Tnl ? 7ng/ml
CRP Chemiluminescence Thermoplastic 100 ng/ml (150)
(Zeonex™)
cTnl Chemiluminescence Polycarbonate 0.027 ng/ml (151)
AFP Chemiluminescence PMMA 0.23ng/ml (152)
cTnl Chemiluminescence Glass/Polymer  Not reported (153)
BNP SPR PDMS & CGlass 5 pg/m | (154)
Cardiac enzyme  Electrochemical Pressure sensitive 100 ng/m | (155)
(myoglobin) (impedimetric) adhesive &
PMMA
CTnICRP Electrochemical (anodic ~ PDMS 0.01-50 [ag/I (158)
stripping voltammetry) 0.5-200 Jag/I
CK-MB SAW PDMS & PMMA  0.25 Jag/ml (160)
CRPD-dimer 17g/ml15 Agiml
Commercial devices
Trogonin Electrochemical -STAT® 0-50 ng/ml (142)
ICK-MBBNP Not reportedNot
reported
Tro onin Fluorescence Triage® Not reported (142)
“oglobm
Troponm T Fluorescence Roche cardiac 0.1-2.0 ng/ml (142)
M oglobin reader 30-700 ng/ml
NT-proBNP 60-3,0 Op?/ml
D-dimer 0.1-4.0 Wm
CK-MB 1.0-25 ng/ml
Troponln ICK-MB  Fluorescence RAMP™ 3.2 0.2ng/ml (142)
¥oglob|n 7.2 ng/ml
proBNP 100.0 ng/ml
Not reported
Troponm Chemiluminescence Cardiac STATus™ Not reported (142)

“oglobm
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7. Microfluidic
Commercialization

batched and performed usrng robots in a highly parallel. high
throu%;< PutaF roach. Replaci gthese robots byusing microfluidics
|s unlikely in short term dug to the Iar?er frastructure already
eveloged Essentral l}r a50Jutign to this ob em area exrsts S0
adopti nofmrcrofl dics for these assa wr only occur if tere
are compe ling assayrm rovements na dition, If an assay can be
performed in"a batch oeusrn mrcroflurdrcs It s likely to be
able to be performed in the clini¢ or POC settrng and fof nearly
tesame]g %e Thus micr furdrci IS Irkely to e driven to the
POC rather than to ar ere erence anorato

The reverse of high-throughput screening (multiple samples
with one tar?et) is multiplexed screening, where one sample Is
tested for multiple agents or biomarkers, A few exam'oles of multi-
Blexed screenrnq have aIreadrf been provided, especially for cardiac
omarkers, bt highly multiplexed diagnostics are” stil berng
developed. Multiplexed'screening is likely to have amore sr%nrfrcan
Im achon diagnostics than hrﬂh thrérurgh ut screerrrngf (Pem%
rlr)vr tergovdtovrrﬁrds Perso alrtze edicine. Microfluidics has

n.combined with microarray technolo used r
Iarfr{ in genomics and proteomics, ana Wh% erI?rkeI have r?rgg
n?s IC agﬁlrcatronsrnthe future: however, fhis js gg/on the scope

the Chapter, More relevant ‘are mrcroflurdrc |ces that can
diagnose multiple drseases srmultaneous Sy A recent re leased
product that uses “mesoscale” luidics can sl muItane usy raﬁnose
15 resprratory diseases associated with vrruses (165). A challenge
wrth gettrn% the device to commercialization s that, reg uIato
agencies such aﬁthe FDA require md,vrdual vali atron of eac

ay, meaning that multiplexin mustcearve?/c allenging requ-
atory requrrements which will Tikely limit substantial mu tr Iexrng
In the near future. Nevertheless, mrcroflurdrcswr Ipro ably lead t0
highly multiplexed assays that can perform 100s or 1,0005 of diag-
NOStIC assays on one sample.

About l 200 ’Eatents related to microfluidics have geen issued in the
USA throug In spite of Immense aca emic Interest In
rcrofuréhcs and si 5% (Jfrcant research mvestmf djrected towards
0th aca emrc and imaustrial organizations, relatively few commer-
clal Eroducts ased on microfluidics have been introduced into the
market Ig166 167); however, the rate ofrntr? uction Is mcre%srn%
a maybarrrers are coming down. One 0 ter?asons cited f
ack of commercial success Is the lack of a potentia blockbuster
end-user product that could generate hillions of dollars in revenye.
Until the Industry can find a product with high volume demand, the
fabrication costs due to lack of “economies of scale™ are going to
remain high. Existing materials like PDMS, which are hugely popular
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Leading POC diagnostic companies and products (168)

Company

Abbott Point of Care
Agilent

Beckman Coulter
Biosite

Caliper Life Sciences
Cepheid

Cynvenio Biosystems

Daktari Diagnostics
Eksigent

Fluidgm

LeukoDx
Microfluidic Systems

Micronics
RainDance
Technologies
Rheonix
Shimadzu Biotech

Siloam Biosciences

Veridex

Product

-STAT®

Agilent 2100
Bioanalyzer

AmpliSpeed
Triage®Cardiac Panel
LabChip GX
GeneXpert

Under development

Under development
NanoLC

BioMark™

HDFluidigm EP1
Under development

PanNAT™
RDT 1000

CARD®
PPSQ-31A/33A
Optimiser™

CellSearch®

Application

POC blood analyzer

Microfluidics-based platform for sizing, quantification
and quality control of DNA, RNA, proteins and
cells on a single platform, PCR/QPCR products

Thermal cycler, single-cell analysis platforms
POC diagnosis of acute myocardial infarction
Nucleic acid and protein separations system
Integrated real-time PCR system

Integrated System for molecular analysis of circulating
tumor cells

POC CD4 cell counting system

Microfluidic flow control based nanospray mass
spectrometry system

Microfluidic devices for molecular diagnostics and
personalized medicine

POC flow cytometry device

Microfluidic systems for detection, processing of
biological samples and biodefense

Multiplexed nucleic acid amplification device

Microdroplet-hased solutions for human health and
disease research

Disi)osable microfluidic chip technology for multi-
plexed endpoint analysis for diagnostic applications

Technologies to aid the protein research work flow
and drug discovery

Diagnostic systems using microfluidic and microsensor
technology

Commercializing microfluidic circulating tumor cell
diagnostics

In research, have not succeeded in the industry due to issues with

m_anufacturabiht;ﬁ
f

still focused on

e husiness-to-ousiness segment and
ness-fo-consumer (167). There needs to b

and scaling 8168). Most ofthie LOC g?(tjﬁectgu%rle
moye focysed research

on microfluidic product development mcludin% Issues like manufac-

turapility and cost d 4
application areas where. micrafluidics could be app

ous search for new

namics and. a simultan
lied. Table 4

provides a sample of microflyidic companies and products in the
market. More comprehensive lists are available (169)
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8. Summary
and Future Outlook

Microfluidic d|aqnost|c devices have been devel mg at a rapid

rate over the past few years Whlle the potential for t
was first recognized more than 2

potentlal has been slow, even th
met hods have been puplished. The continuing development. of

ese devices
3/ears aﬁo the realization ofthat
ousands of devices and

Ptmahons and microfluidic manufacturing, methods, mcludmg

form technologies that can be customized easily
noshc test will be the drivers of success. Ve
an emphasis on ?Iobal health has helped move the
likely become ub|qunous in the years a ead.

POC devices tha

will

for each diag
recent Progress an
el towards

While most microfluidic devices have one diagnostic ta %et devices
|

capable of
deveIoPed an
microf
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Abstract— A sensor using platinum functionalized titania nan-
otubes for the detection of Trichloroethylene (TCE) in water sam-
ples has been developed. The titania nanotubes were synthesized
using an electrochemical anodization techm%ue and_ platinum
was_photocatalytically deposited on the nanotubes. The sensor
exhibits a good respanse to TCE concentrations in the range of

0 to 1000°ppm.

I. Introduction

Chlorinated solvents are a type of chemical that is used in
industrial processes (i.e. Aerospace and Electronics Industry,
Dry Cleaning) and common household consumer products.
They are found in products such as shoe polish, degreasers,
waxes, pesticides, drain cleaners and oven cleaners. Unfortu-
nately these chemicals have found their way into groundwater
contaminating water sources around the United States and
around the world [1]. This is a problem due to the associated
toxic and carcinogenic effects these compounds have on the
general population [2]. The Environmental Protection Agency
(EPA) has estimated that volatile organic compounds (VOCs)
are found in an estimated one-fifth of United States water
supplies [3]. According to the US Geological Survey estimates,
VOC levels were found to be in excess of federal drinking
water criteria in about 6 percent of urban wells and 1.5 percent
of rural wells. Among VOCs, Trichloroethylene (TCE) is a
major ground-water pollutant and found to be present in about
1400 military properties around the US [4]. The actual amount
of human exposure to the VOCs like TCE remains uncertain,
pointing to a need for point-of-use TCE sensor [5].

The detection of TCE-gas (air, nitrogen, oxygen, argon)
mixtures has been widely reported with detection limits in
range of pph (parts-per-hundred) [5], down to 1 ppm (parts-
per-million) [6]. However, the operating temperatures of these
sensors are in the range of 100-400 °C [7], making it power
intensive and less amenable for field-based sensing. None of
the above sensors have been used to detect TCE levels in water
based samples.

Conventional methods for detection of VOCs from water
are traditionally performed in central laboratories using so-
phisticated lab equipment such as gas chromatography (GC)
and mass spectroscopy (MS). While these methods are highly
sensitive and quantitative, they are not appropriate for field
use due to the complexity of the instrument and cost. It is

not possible to detect TCE in water using electrochemical
methods with a conventional precious metal working electrode,
since the reduction potential of TCE is much higher than
water. TCE sensors using immobilized microbial membrane
have been widely reported and have excellent sensitivity [8],
[9]. But these sensors suffer from issues such as complicated
preparation process, a long response time and a short shelf-
life time [10]. Chen et al. reported a lead modified Platinum-
Titanium thin film with detection limit of 100 ppm for TCE
in water [11].

Oxide semiconductor nanomaterials have been shown to be
effective in detecting VOCs due to their high specific surface
area and good selectivity [12]. Titania nanotube array (TNA)
have received significant interest due to ease of synthesis
and tunable size (nanotube diameter and length) over other
methods [13]. Sensors based on TNA have been demonstrated
in the detection of gases such as hydrogen, oxygen and organic
vapors like toluene, ethanol and formaldehyde [14]-[17]. In
this work, detection of TCE in water using Platinum (Pt)
functionalized TNA (Pt/TNA) (Figure 2) has been discussed.
The TCE is purged from the water using a carrier gas (air)
and carried over to the Pt/TNA sensor. When the TCE in
carrier air reacts with the Pt functionalized nanotubes, an
order of magnitude change in current is measured using a
simple potentiostat. This change in current is correlated to the
level of TCE present in solution. The sensitivity (S) of the
Pt/TNA sensor is calculated as the ratio of change in current
(ITCEinwater) when the TCE-water vapor mix is introduced
to the baseline current in air (1Air):

1t CEi
1Air
II. MATERIALS AND METHODS

A. Fabrication of TNA

TNA were synthesized by electrochemical anodization sim-
ilar to previously reported protocols [18]. In summary, Ti
foils (0.1 mm thick) were anodized under magnetic stiring in
an electrolytic solution consisting of ethylene glycol (Fisher
Scientific, Waltham, MA), deionized (DI) water (3 wt. %)
and ammonium fluoride (0.5 wt.%, Fischer Scientific). A two-
electrode configuration with platinum (Pt) foil as the cathode

@
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was used for anodization. The anodization was carried out at
an applied potential of 45 V(D.C.) (Agilent, E3647A) for 60
minutes and subsequently annealed in oxygen (O2) at 500°C
(ramp up at a rate of 1.6 C/min from 25°C) for 2 hours.

B. Ptfunctionalization of TNA

The annealed TNA were functionalized with metallic Pt
nanoparticles via photocatalytic reduction of chloroplatinic
acid [19]. Annealed TNA were immersed in a 2mM solution
of chloroplatinic acid (H2PtCl6 w6 H20) (Aldrich), in a 50/50
mixture of methanol and water, then subject to UV irradiation
(365 nm, 100-W UV lamp) for one hour [20]. The Pt ions
in solution are reduced at the TNA surface to form metallic
platinum deposits (5-10 nm) as seen in Figure 2. The methanol
in solution serves as a scavenger of photo-induced holes.
Functionalization of the sensor using nanosized Pt catalyst
has shown to improve the response of semiconductor sensors
during detection of VOCs [6]. Subsequent to the deposition,
one side of the Pt/TNA strip was polished manually with sand-
paper and washed in DI water to remove the Pt-Nanotubes and
to expose the underlying bare Titanium (Ti) metal (in effect
forming a Pt on nanotubes on Ti structure). The morphology of
TNAs after functionalization with Pt was analyzed using a field
emission scanning electron microscope (FESEM) (Hitachi, S-
4800). Energy dispersive x-ray spectroscopy (EDX) analysis
of a 25 by 20 im area of the sample was obtained using an
Oxford detector. X-ray diffraction (Rigaku MiniFlex 600) was
used to confirm the crystalline phases of the annealed Pt/TNA.

C. Amperometric detection of TCE

The experimental setup for detection of TCE in water is
shown in Figure 1 It comprised of an inlet air, a mass flow
controller (MFC), potentiostat and detection chamber. The
sensor, a 50 mm2 Pt/TNA strip connected via alligator clips
to the external potentiostat (Gamry Reference 600) is placed
inside the detection chamber. A low bias voltage of -1 V (two
electrode system) is applied using the potentiostat and the
current response is measured. Different concentrations of TCE
in DI water were prepared in a Buchner flask (250 ml). Air (at
120 Standard Cubic Centimeters per Minute/SCCM controlled
using MFC) was bubbled through the respective TCE-DI water
solution for 15 seconds and delivered to the sensor through a
brass nozzle. This is similar to the protocol used for purging
VOCs from water based samples for detection in a Purge and
Trap GC/MS system. The TCE-DI water solution was heated
to 50°C to enhance TCE transport from the solution to air.
After the 15 second detection interval, TCE-DI water vapor
flow is cut and air is introduced over the sensor. Experiments
were also run with air bubbled through DI water as a negative
control (O ppm TCE). All experiments were conducted at room
temperature.

I1l. Results

The FESEM images of TNA functionalized with Pt and
annealed in Oz are shown in Figure 2. The nanotubes are
approximately 1-1.4 Im in length, with a pore diameter of

Fig. L Experimental set-up for TCE detection. TCE-DI water mixture is
placed in a Buchner flask. Air at 120 SCCM is bubbled through the solution
and delivered to the PtTNA sensor

Fig. 2. TNA functionalized with Pt. The deposited Pt particles as well as
agglomerates are seen on the walls of TNA

90-100 nm and tube wall thickness of 10-20 nm. From the
images, the photocatalytically deposited Pt particles as well as
agglomerates can be seen on the walls of TNA. EDX analysis
(Figure 3) shows the percentage of Pt to be about 0.3 % wt.
in addition to presence of titanium, oxygen and carbon. The
presence of carbon is due to anodization in ethylene glycol
solution [18].

X-ray diffraction patterns of Oz annealed TNA samples (not
shown) confirmed the predominantly anatase phase TiO2. TNA
samples annealed at 400-500°C in (O2) have shown to exhibit
higher sensitivity of gases like formaldehyde compared to as-
prepared (amorphous) TNA samples [17].

Figure 4 shows the current response of the Pt/TNA sensor,
when air is bubbled through 10 ppm TCE solution to the
sensor. During the Stage |, air (120 SCCM) is introduced over
the sensor and the current response represents the baseline
(IAir). During the Stage Il, air bubbled (at 1220 SCCM) through
10 ppm TCE-DI water solution is introduced over the sensor
for 15 seconds. An instantaneous (<10 seconds) increase
in current response is seen and reaches a maximum value
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Fig. 3. EDX analysis of the sample showing presence of Pt

Fig. 4. Potentiostatic (I vs. ? response of Pt/TNA sensor to 10 H)_pm TCE
in"water. A representative cycle of 120 s is shown in the figure. The cycle
is divided into three stages. Stage | shows the baseline current when air is
introduced over the sensor. The current increases SSta?e II& when TCE-water
vapor is introduced over the sensor for 15 seconds ({=460 to 475 seconds).
An instantaneous increase in current response in noticed. The current starts
to drOf after 40 seconds (t=500 secondsfand drops to 10% of original value
after 170 seconds (t=633 seconds) (Stage I11)

(ITCEinwater)- Subsequently, the current starts to decrease
and goes back to the baseline current after 170 seconds. Figure
5 shows the sensitivity (equation (1)) of the Pt/TNA sensor to
different concentrations of TCE in water, ranging from O ppm
to 1000 ppm. The response time (time taken for the sensor
to reach maximum current from the time of injection of air
through solution) is around 38 seconds. The non-zero value
of response at O ppm TCE is likely due to the presence of
dissolved gases in adsorbed water molecules on the sensor
surface, which are known to change the conductivity of metal
oxide sensors [17].

The sensing mechanism of Pt/TNA is based on the reac-
tion of TCE with the chemisorbed reactive oxygen species
(primarily O-) on the surface of the sensor [7], [21]. This
reaction leads to a pooling of electrons and causes a change
in conductance through the sensor which leads to a change in
current. The reaction of TCE with adsorbed O- , for example,
is expressed as:

C2HCI3+ O- —>C2HOCI3(g) + e- (2)

The higher specific surface area of TNA helps increase the

Concentration of TCE in DI water (ppm)

Fig. 5. Log plot of Pt/TNA sensor sensitivity to TCE concentrations (0-1000
ppm in waterg

sensitivity to TCE due to increased amount of chemisorbed
O: via enhanced diffusion.

The Pt deposited on TNA (semiconductor oxide) forms a
Schottky contact [22], [23]. This results in an alignment of the
Fermi-surface of TiO2 and Pt, inducing band-bending, leading
to a reduction of Schottky-barrier height [22]. This decrease
in barrier height could be the reason for good response of the
Pt/TNT sensor to TCE at room temperature operation.

IV. Conclusion

In summary, a Pt functionalized TNA sensor for detection of
TCE in water sample is reported. The sensor operating at room
temperature shows response to TCE in water at concentrations
ranging from 10 ppm to 1000 ppm. This is in the concentration
range of TCE contamination in sites around the United States
[24], [25] and hence can be easily incorporated into a field-
based sensor.
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CHAPTER 4
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USING IMMUNOMAGNETIC SEPARATION
AND ELECTROCHEMICAL DETECTION
OF GUANINE-LABELED SECONDARY
BEADS
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Abstract: In this paper, we report the ultra-sensitive indirect electrochemical detection
of E. coli O157:H7 using antibodr functionalized primary (magnetic) beads for capture
and i)olyguanine (FonG) oligonucleotide functionalized secondary (polystyrene) beads as
an electrochemical tag. Vacuum filtration in combination with E. coli OL57:H7 specific
antibody modified magnetic beads were used for extraction of E. coli O157:H7 from
100 mL samples. The magnetic bead conjugated E. coli 0157:H7 cells were then attached to
polyG functionalized secondary beads to form a sanawich complex %nagnetic bead/E. colil
secondary bead%. While the use of magnetic beads for immuno-based capture is well
characterized, the use of oligonucleotide functionalized secondary beads helps combine
amplification and potential multiplexing into the system. The antibody functionalized
secondary beads can be easily modified with a different antibody to detect other pathogens
from the same sample and enable potential multiplexing. The poI?)/Gs on the secondary beads
enable signal amplification up to 108 guanine tags per secondary bead (7.5 x 106hiotin-FITC
per secondary bead, 20 guanines per oligonucleotide) bound to the target (E. coli). A
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single-stranded DNA probe functionalized reduced graphene oxide modified glassy carbon
electrode was used to bind the polyGs on the secondary beads. Fluorescent ima?ing Was
performed to confirm the hybridization of the complex to the electrode surface. Ditferential
Eulse voltammetry (DPV) was used to quantify the amount of polyG involved in the

ybridization event with tris(2,2’-bipyridine)ruthenium(l1) #Ru(bpy)2+) as the mediator. The
amount of polyG si?nal can be correlated to the amount of E. coli O157:H7 in the sample.
The method was able to detect concentrations of E. coli 0157:H7 down to 3 CFU/L00 mL,
which is 67 times lower than the most sensitive technique reported in literature. The signal
to noise ratio for this work was 3. We also demonstrate the use of the protocol for detection
of E. coli O157:H7 seeded in waste water effluent samples.

Keywords:  Escherichia coli OI57:H7  detection; biosensors; pathogen  detection;
electrochemical detection; differential pulse voltammetry; immunomagnetic separation

1 Introduction

Food and water-borne diseases are a major source of concern worldwide. According to the World
Health Organization, gastrointestinal infections kill around 2.2 million peoFIe é;lobally each year [1]. The
pathogenic strains of E. coli such as O157:H7 are a major source of food and water-bome disease
outhreaks around the world [2]. As Escherichia coli (E. coli) is abacterium found in the lower intestine of
warm-blooded organisms, it is considered an indicator organism to test environmental samples for fecal
_cofntar_ninat[ié)z] [3?. Even low levels of E. coli O157:H7 (10-100 viable organisms) can cause human
infections [2,4]

Current methods of E. coli detection involve conventional techniques like membrane filtration, plate
counting [5], turbidimetry and multiple-tube fermentation. These techniques though reliable, are time
consumin% (24-48 h), complex and require trained personnel [6]. Additionally, none of these techniques
are suitable for point-of-use, which is essential in monitoring pathogenic bacteria in geographically
remote locations. Recently, biosensing methods including electronic [7], mass-ased [8], optical [9,10
and electrochemical (EC) techniques Fll— 13] have been applied for detecting pathogenic bacteria [4, 14].
Among these, EC methods are increasingly relied upon due to advantages like simplicity, accuracy,
fast response, low cost, and Fortability [4,6]. EC sensors can also be integrated on a chip and can be
multiplexed for detecting multiple pathogens and strains [15]

EC detection has been shown to be very sensitive in the detection of E. coli. Han et al. reported an EC
immunosensor for E. coli using graphene oxide-Ag nanoparticle composite labels with limits of detection
down to 10 colony-forming units (CFU) per mL [6]. dos Santos recently reported a limit of detection
of 2 CFUmL usin? an electrochemical impedance spectroscopy based immunosensor [4]. Note, though
that, environmental standards for E. coli in water are mostly defined for 100 mL samples. For instance,
the U.S Environmental Protection Agency defines protocols for testing E. coli limits in the Clean
Water Act for 100 mL sampling volumes Flfi— 18], most likely because 1mL would not be statistically
representative of the volumes nvolved. In addition, real world samples experience interference from
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the sample matrix and background microflora, making isolation and detection of bacterial pathogens
more challenging [19]. We have coupled immunomagnetic capture and EC detection to enable sensitive
detection of E. coli from waste water effluent (Figure 2).

Figure 1. Working principle of the E. coli detection mechanism,

Immunoaffinity capture techniques, like immunomagnetic separations (IMS), have been applied to
isolate and concentrate E. coli from water samples [20%. These techniques purify E. coli and remove
contaminants that mi?ht interfere with E. coli detection signals during subsequent detection assays [19].
Sample purification also recuces the incidence of false positive and false negative test results by removing
virtually all inhibiting materials that could be incorrectly detected. IMS has also been incorporated
into microfluidic point-of-use systems and the process can be automated [21,22]. Zhu et al. applied
IMS coupled with fluorescent detection (using a spectrofluorometer) of E. coli 0157:H7 and obtained a
limit of detection of 10 CFU/mL [19]. However fluorescent detection requires related optical detection
equipment, which is often not miniaturized making the approach less amenable for point-of-use [23-25].
Immunomagnetic beads have heen used to capture E. coli and subsequently detect the bacteria using
electrochemical methods without secondary bead based amplification LZG]. To achieve ultra-sensitive
detection of pathogens, a signal amplification step was incorporated to the IMS. Nam et al. reported the
use of immunoma%netic capture combined with secondary beads ébio-barcodes) for signal amplification
in the detection of DNA and proteins [27,28]. The work relied on optical methods for detection of
the hio-barcodes.

The use of electrochemical methads using bio-harcodes has been reported for the detection of proteins
and DNA, including DNA from pathogens (Fi?ure 2) [29- 34]. Some of these methods have relied on
non-oligonucleotide based electrochemical labels for detection. For instance, Ding etal. reported the use
of cadmium sulfide nanoparticles as electrochemical labels for the detection of human a-fetoprotein [32].
Zhang et al. applied lead sulfide and cadmium sulfide as electrochemical labels for the detection of
Bacillus anthracis and Salmonella enteritidis [33]. The use of metal nanoparticles as electrochemical
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labels has disadvantages vis-a-vis oligonucleotides with regard to multiplexing capabilities. The number
of entities that can be simultaneously detected is restricted by the number of metals that have a peak
potential (AEP) within a given electrochemical range. For instance, the use of Pb2+ (anodic oxidation
AEP = 061 V) and Ca+ (anodic oxidation AEP = —0.87 V) as electrochemical labels restricts
the use of any other label with peak potential in between these due to issues with peak separation.
In contrast, using oIi?onucIeoti e electrochemical labels provides multiplexing possibilities limited
only by the number of electrodes with complimentary probes on them. The use of metal nanoparticles
also involves an additional step of dissolution of the EC marker from the heads onto the electrodes
for detection. Wang et al. reported the use of guanine tagged polymeric beads for the detection
of proteins [30]. However the quanine tags had to be released from the beads for detection using
potentiometric strif)ping. By releasing the guanine, there was no possibility of distinguishing the tags
from different analytes for potential multii)lexing. This method, although it enables amplification of
the detection signal, does not enable multiplexing. In contrast, keeping oligonucleotide EC labels
intact provides multiplexing possibilities with complementary probes on individual working electrodes
assigned to specific analytes.

Figure 2. Review of recent point-of-use methods used for detection of proteins and
DNA sequences.

In this paper, we report the use of immunomagnetic capture coupled with amplification and indirect
EC detection of E. coli O157:H7 on an electrochemically reduced graphene oxide glassy carbon
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electrode (RGO-GCE). E. coli O157:H7 specific antibodies coated magnetic beads were used to capture
E. coli Q157:H7 strains from water samples. The use of polyG functionalized secondary beads in
addition to the magnetic beads incorporates signal amplification and potential multiplexing ca?ability. To
enable multiplexin? and amplification we use synthetic polyguanine oligonucleotides (po ?/G) 8 an
EC tag and amplification system. The use of biobarcode hased signal amplification enables higher
sensitivity due to the large number of DNA strands in each single molecular binding event [27,28,35,36].
The bacteria collected using magnetic beads is attached to another set of E. coli O157:H7 antibody
functionalized nonmagnetic polystyrene (secondary) beads. These secondary beads have an EC tag
(olyGs) that can be correlated to the E. coli O157:H7 concentration in the sample. The nonmagnetic
secondary beads can be easily modified with a different antibody to capture a different pathogen. By
using a different polyG sequence on the secondary beads (and using corresponding complementary
probe sequence on the RGO-GCE electrode), the system can be modified to detect multiple pathogens.
After washing steps, we transfer this complex (magnetic beads, bacteria, and nonmagnetic beads) to
the RGO-GCE electrode. These polyGs are hybridized with comglementary probes on the electrode
surface and upon an EC scan generate a guanine oxidation signal that is correlated to E. coli 0157:H7
concentration in the sample. Using the protocol we demonstrate detection of E. coli OL57:HT in
phosphate buffered solution (PBS) and waste water samples. To the best of our knowledge, this is the
first Instance of combining IMS with oligonucleotide functionalized secondary bead based amplification
for electrochemical detection of pathogens. The reported protocol is highly sensitive and selective, and
can be potentially multiplexed for detecting multiple pathogens. The protocol has also been applied in
the detection of E. coli O157:H7 in waste water samples.

2. Experimental Section

2.1. Working Principle ofthe E. coli 0157:H7 Sensor

The mechanism of indirect sensing of E. coli O157:H7 is illustrated in Figure 3 [37]. The mechanism
consists of four steps which are;

(I) Vacuum filtration to pre-concentrate the E. coli O157:H7 in 100 mL samples into a 1 mL
sample volume

(I1) IMS to selectively capture E. coli O157:H7

EIII Analyte amplification consisting of an EC polyG tag attached to secondary beads

I\V) EC detection of the polyG tags

In the IMS step, the bacteria sample is concentrated from water sample (PBS or waste water)
by filtration and isolated using E. coli O157:H7 specific antibody coated magnetic beads. To enable
ami)hﬂcatlon synthetic polyG oligos are used as an EC tag and amplification system. The bacteria
collected using magnetic beads is attached to another set of secondary heads containing EC tag (polyG
oligos) and can be correlated to the E. coli O157:H7 concentration in the sample. The sample is
then washed to remove any unbound Secondary beads. The magnetic bead/E. coli/secondary bead
complexes are transferred to the EC detector and the polyGs on the secondary beads are hybridized
with complementary probes on the electrode surface. A DPV scan generates a signal corresponding to
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the polyGs on the secondary beads that is indirectly correlated to E. coli O157:H7 concentration in
the sample. The probes on the electrode surface are specific to the polyGs on the secondary beads to
ensure selectivity.

Figure 3. Mechanism of indirect sensing of E. coli O157:H7 using IMS and subsequent
signal amplification using polyG functionalized secondary beads.

2.2. Apparatus and Reagents

EC deposition and differential pulse voltammetry (DPV) were carried out using a Gamry Reference
600 potentiostat (Gamry Instruments, Warminster, PA, USA). A conventional three-electrode system,
which consisted of a modified glassy carbon electrode (GCE-3.0 mm diameter, Catalog no. MF-2012,
BASI, West Lafayette, IN, USA% as aworking electrode, an Ag/AqCl electrode as a reference electrode
and a platinum mesh as an counter electrode, was employed for the DPV and EC deposition.

Graphene oxide for EC deposition was purchased from Graphene Supermarket (Calverton, NY, USA).
E. coli O157:H7 nonpathogenic strain (Catalog no. 700728) was obtained from ATCC (Manassas, VA,
USA). The E. coli O157:H7 antibody coated magnetic beads for pathogen extraction were obtained
from Invitrogen (Dynabeads MAX E. coli O157 Kit, Invitrogen, Carlsbad, CA, USA). The streptavidin
coated polystyrene (secondary) beads were purchased from Bangs Laboratories (9.78 [ammean diameter,
Catalog no. CPOIN-11339, Bangs Lahoratories Inc., Fishers, IN, USA). Biotin-labeled BacTrace
anti-E. coli O157:H7 antibody was purchased from Kirkegaard and Perry Laboratories (Catalog
no. 16-95-90, KPL Inc., Gaithersburg, MD, USAJ. Sulfo-NHS éN-hydroxysuI 0-succinimice) and EDC
(L-ethyl-3(3-dimethly aminopropyl) carbodiimide hydrochloride) were obtained from Pierce/Thermo
Fisher Scientific (Rockford, IL, USAE). Sodium h%droxide was ordered from Macron Fine Chemicals
(Center Valley, PA, USA). Tris(2,2"-bipyridyl)ruthenium(11) chloride hexahydrate (Ru(bpy)3C12) was
purchased from Sigma-Aldrich (Catalog no. 224758-1G, St. Louis, MO, USA?. The oligonucleotides
were obtained from DNA/Peptide synthesis core facility, University of Utah (Salt Lake City, UT, USA).
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All reagents were of analytical grade and were used as received without further J)urification.
L}J]Itra-purp deionized (DI) water prepared by Purelab System (ELGA Purelab, UK) was used throughout
the experiment,

2.3. Culturing ofE. coli OI57:H7

E. coli O157:H7 nonpathogenic strain (Catalog no. 700728) was obtained from ATCC. Using
manufacturer-supplied protocols [38], the freeze dried pellet was reconstituted using Difco Nutrient
Broth (Catalog no. 234000, Becton Dickinson, SParks, MD, USA). The pellet was hydrated using 1mL
of the Difco Broth and then placed in 5 mL o additional broth. Then 200 xL was taken from the
broth and placed on an agar plate prepared using Difco Nutrient Agar (Catalog no. 213000, Becton
Dickinson, Sparks, MD, USAS. The broth and agar plate were incubated at 37 °C for 36 h. After the
incubation period the broth culture was preserved using a ﬁrotocol supplied by ATCC. The culture broth
was centrifuged at 1000 g for 10 min in order to compact the bacteria into a pellet. The broth superatant
was poured off and 3 mL of broth was added to the pellet. Then, 3 mL of sterilized 20% gIKceroI
(volfvol) was added to the culture. The culture was then placed in Nalgene Cryogenic vials (Thermo
Scientific) and placed at —135 °C for storage. To prepare the samples, the stored E. coli O157:H7
was initially plated on agar plates for 16 h and subsequently collected using a sterile ﬁipette tip. The
E. coli O157:H7 was then vortexed with 10 mL of 1x PBS solution. About 2 mL of this solution was
tested using a spectrophotometer (Biochrom WPA Biowave DNA spectrophotometer) and diluted as
necessary to achieve an ODsoo 0f 0.1 (corresponding to a concentration of approximately 50 million
E. coli O157:HT7 per mL). The spectrophotometer was calibrated for E. coli O157:H7 using a manual
cytometer for bacterial counts before use. Then 100 xL of this solution was serially diluted in 1x PBS
buffer to achieve different concentrations of 100 mL samples. The final concentration of E. coli O157:H7
was confirmed using plate counting.

2.4 Pre-Concentration ofE. coli 0157:H7from Seeded PBS Buffer Sample

Vacuum filtration was employed to pre-concentrate the E. coli O157:H7 in 100 mL PBS samples
intoa 1 mL sample volume. A 0.1 [am Durapore membrane filter (Catalog no. VVLP04700, Millipore,
Billerica, MA, USA) was securely held in a custom filtration device and attached to a 2000 mL filtering
flask (Catalog no. 5340, Pyrex, Corning Inc., Corning, NY, USA). The flask was vacuum pressurized to
—55 kPa and the 100 mL of the E. coli O157:H7 sample was loaded into a reservoir above the filtration
device. The liquid sample was pulled through the filter trapping bacteria and solids larger than 0.1 [am.
The filter was then removed from the device, inserted into a 15 mL Eppendorf tube containing 1mL of
1x PBS and vortexed for a minute to free the bound bacteria. The filter was subsequently removed from
the tube and IMS was followed on the 1mL E. coli-PBS buffer sample. The initial and post-filtration
E. coli O157:H7 samples were plated, incubated at 37 °C for 12h, and subsequently counted to determine
the efficiency of E. coli O157:H7 capture during the process.
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2.5, Immunomagnetic Separation ofE. coli O157:H7

E. coli O157:H7 specific antibody coated magnetic beads (Dynabeads) were used to extract the E. coli
Q157:H7 from the L mL samples {39]. Twenty XL of magnetic beads (Dynabeads) was added to the
tubes containing LmL E. coli O157:H7 sample, placed on a Mini-Lab Roller (Labnet International Inc.,
Edison, NJ, USA) rotating mixer, and rotated at 24 rpm for 10 min. The tubes were inserted into a
custom built magnetic capture unit for 3 min with occasional inversion to concentrate the beads into a
pellet. Hundred %(L of the supernatant solution was pipetted onto another agar plate to test for any E. coli
Q157:HT not captured by the beads. The remainder of the Supernatant was carefully pipetted out so as
to not disturb the magnetic pellet. The tube was removed from the magnetic capture unit and 1 mL of
1x Dynaheads wash buffer was added to the tube and returned to the rotating mixer for 3 min. This
process of mixing, plating 100 [xL, removing supernatant, and washing with 1 mL of 1x buffer was
repeated two more times for a total of 3 wash cycles. After the final wash was removed, 100 xL of 1x
DKnabeads wash buffer was acded to the magnetic beads, resuspended and plated on a final agar plate.
The plates were incubated at 37 °C for 12 h before being counted to test the efficiency of magnetic bead
extraction process.

While calibration of the spectrophotometer with the E. coli 0157:H7 allowed for relatively accurate
prediictions of bacteria concentrations in the dilution series, bacteria samples from the dilution series
were also plated in order to obtain the most accurate prediction of the original bacteria concentration of
the tested sample.

2.6. Specificity of Immunomagnetic Separation

Three runs of immunomagnetic separation using E. coli 0157:H7 specific antibody coated magnetic
beads (Dynaheads) were performed on samples of 3000 CFUs of Salmonella in 1mL of 1x PBS, similar
to the protocol mentioned above. The magnetic beads were resuspended and plated on agar plates to
determine the amount of Salmonella non-specifically bound to the E. coli O157:H7 specific antibody
coated magnetic beads.

2.7. Secondary Beads Functionalization Chemistry

2.5 hL of 50 hM 20 m biotinylated polyG (GGGGGGGGGGGGGGGGGGGGI3-Biotin) was added
to 20 hL of streptavidin coated polystyrene (secondary) beads. Subsequently, 125 xL of 1 mg/mL
gﬂtl(—jE.[C(i" Q157:H7 antibodies was added to the 20 hL of the polyG functionalized secondary
eads [40].

2.8. Attachment of Secondary Beads to Magnetic Bead-E. coli 0157:H7 Complexes

The magnetic bead and bacteria complex was bound to the E. coli O157:H7 antibody functionalized
secondary nonmagnetic polystyrene bead. Magnetic bead/E. coli O157:H7 complex was resuspended in
20 hL of 1x PBS and then added to a 20 hL solution of resuspended secondary bead/polyG/antibody
complex. The solution was pipet mixed every 5 to 7 min over a 20 min period.

68



Sensors 2015,15 12042

2.9. Preparation of the Electrode-Electrodeposition of Graphene Oxide

We have applied electrodeposition to deposit graphene oxide on the bare GCE éFi ure 4). Twenty
five mg of graphene oxide was added to 50 mL of 0.1 M PBS. The graphene oxide ?GO) in solution
was exfoliated by ultra-sonication for 30 min to form a homogeneous brown colloidal dispersion with
a concentration of 0.5 mg/mL. The GO in solution was electrodeposited on the GCE usin? a procedure
similar to a previously reported protocol [41]. The GCEs were polished with 0.05 [am alumina slurry
and sonicated in anhydrous ethanol and DI water prior to electrodeposition. The cyclic voltammetric
(CV) reduction was performed in the GO solution under magnetic stirring, using a three-electrode
system. The CV was run from a potential of 1to —L5 V at a scan rate of 50 mV/s for 18 cycles.
Post-deposition, the reduced graphene oxide-GCE electrode (RGO-GCE) was washed with DI water
and dried in nitrogen stream.

j E— 1 roye

Figure 4. Schematic of GCE preparation for capture of the magnetic bead/E. coli/secondary
bead complexes.

2.10. Attachment Chemistryfor Cytosine Probes on the Electrode and Target Hybridization

The RGO-GCE was functionalized with amine terminated cytosine probes (CCCCCCCCCCCCCCC
CCCCC/3-NH2). The RGO-GCE was etched in 1M NaOH at 15 V to activate the electrode surface
and to create carboxylic acid functional groups on the electrodeposited graphene oxide (Figure 4) [42)]
To convert the carboxyl groups on RGO-GCE to amine-reactive NHS esters for attachment to amine
terminated probes [43? 10 "L of freshly prepared 100 mM Sulfo-NHS and 400 mM EDC in 0.1 M of
MES buffer (pH = 5.9) was pipetted on the RGO-GCE electrode surface for 1h and then washed with
MES buffer |3544]. Subseguently, 10 [xL of 25 |xM cytosine probes in 1x PBS was ﬁipetted on the
activated RGO-GCE electrode surface for 1h, followed by washing with 1x PBS to wash off the excess
unattached cytosine probes [35]. Finally, the hybridization reactions were performed by incubating the
target (magnetic bead/E. coli/secondary bead complexes) solution on the probe-RGO-GCE electrode for
1. The electrode surface was subsequently washed with 1x PBS hefore EC detection.
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2.11. Fluorescent Microscopy Characterization ofProbe-Target Hybridization

The magnetic bead/E. coli/secondary bead complexes hybridized on the RGO-GCE electrode was
examined uncler a fluorescent microscope (4x, 500 ms exposure, Olympus IX81 inverted microscope,
Olympus DP71 12-bit CCD color camera, FITC filter) using LCGreen FZ IXL) intercalating dye (ldaho
Technology Inc.). The extraction was also done from DI water with no E. coli O157:H7 as the starting
sample and was used as the negative control. Another control involved fluorescent imaging of the
electrode surface with magnetic bead/E. coli/secondary bead complexes without polyGs added to it
(no target). Since polyGs specifically bind to the cytosine ,orobes on the electrode surface, the absence of
BonGs inthe magnetic bead/E. coli/secondary bead complexes would enable evaluating any non-specific

inding to the electrode surface. The images were analyzed using Olympus DP Controller imaging
software (Melville, NY, USA).

2.12. EC Measurements

Initially, DPV measurements were run on the RGO-GCE electrodes with only cytosine probes
attached, to record the baseline. Subsequently, the DPV detection was used to detect the target (magnetic
bead/E. coli/secondary head comBIexes) containing different concentrations of captured E. coli O157:H7
(0, 3, 20, 200, 300 CFUs) hybridized to the cytosine probes. Five consecutive DPV scans were
performed to determine the guanine oxidation peak corresponding to each of the hybridized target. The
differential value (S1-S5) was plotted for each target concentration (SL: first scan; S5: fifth scan).
The DPV measurements (pulse size: 20 mV and scan rate: 5 mV/s) were conducted from 0.5 to
12V (. Ag/AQCl) in 0.2 M acetate buffer solution (pH 5) containing 5 xM Ru(bpy)2+ as the
supporting electrolyte. During DPV, the effect of the charging current is minimized and hence enhanced
signal-to-noise ratio can be achieved [45].

2.13. Pre-Concentration, IMS and EC Testing ofE. coli O157:H7 in Waste Water Sample

To test the effectiveness of the E. coli O157:H7 detection process in simulated waste water,
filtration, IMS and EC detection assay was run on waste water plant effluent (100 mL sample volume)
from the local waste water treatment facility. Initially, vacuum filtration using a 30 |am nylon net
filter (NY3004700, Millipore, Billerica, MA, USA) was employed to remove any solids >30 [am.
Subsequently, the waste water was concentrated into LmL using vacuum filtration similar to the protocol
for E. coli O157:H7 in PBS buffer samples. Next, IMS was performed to extract the E. coli O157:H7
from the L mL samples. Filtration, IMS extraction, and EC detection was performed to determine the
amount of back%round E. coli O157:H7 inthe waste water effluent samples. The waste water effluent was
then seeded with 300 CFU E. coli O157:H7 and tested. Subsequently, 100 mL of the seeded waste water
sample was autoclaved and the process was repeated to determine the signal generated by dead bacteria.
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3. Results and Discussion

3.1 E. coli O157:H7 Extraction Efficiency Using Filtration and IMS

Three runs of E. coli O157:H7 extraction from 100 mL samples using vacuum filtration yielded an
average percentage recovery of 47%. The filtration was employed before IMS to concentrate the E. coli
Q157:H/ from 100 mL samples into a 2mL sample, because IMS on 100 mL samples directly resulted
in only a 22% extraction efficiency. The low extraction percentage is likely due to the relatively low
concentration of magnetic beads in the 100 mL sample volume. Increasing the number of beads to
bring the concentration up to recommenced levels would be cost prohibitive for the 100 mL samples.
Pre-concentration using vacuum filtration is a cost-gffective alternative for sample enrichment, which
can also be incorporated into point-of-use systems [46]. The efficiency of capture of E. coli O157:H7
using IMS after vacuum filtration from different concentrations (500, 50, and 5 bacteria/mL in 1 mL
1;(4258 sample volume) of E. coli O157:H7 was 95%, yielding an overall bacteria extraction efficiency
of 46%.

3.2. Specificity ofthe E. coli O157:H7 IMS Process

Three runs of IMS using E. coli 0157:HT7 specific magnetic beads in non-specific pathogen samples
(3000 CFUs Salmonella) yielded an avera%e 0.4% extraction efficiency in comparison to the 95% for
E. coli O157:H7 signifying that the IMS is highly specific to E. coli O157:H7.

3.3. Electrodeposition of Graphene Oxide on GCE

Graphene oxide was deposited on the GCE electrodes in preparation for bacteria detection. Electrode
modification by deposition of graphene oxide has heen applied to a large number of EC hiosensing
applications [4/- 50?. The modification of the GCE by ?raphene oxide enhances the surface area, electron
transfer kinetics, and enables attachment of probes by turther surface modification of the graphene oxide
layers [41,51]. Figure 5 shows the cyclic voltammetry of graphene oxide electrodeposition on a GCE,
showing one anodic peak (1) and two cathodic peaks (I and 111). The cathodic peak I11 is attributed to the
electrochemical reduction of GO, and the anodic peak | and cathodic peak I1 are ascribed to the redox
pair of some electrochemically active oxygen-containing Eroups on the graphene plane that are too stable
to be reduced by the CV [41,52]. The increase in the peak currents with successive potential scans from
crcle 1to 181s confirmation of the deposition of reduced graphene oxide on the bare GCE. The graphene
electrodeposition happens on conducting surfaces only, and the resultant graphene coating is very stable
due to its poor insolubility in common solvents [41].
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Figure 5. CV curve of graphene oxide electrodeposition on a GCE showing one anodic peak
-1 and two cathodic peaks -1l and 111,

34. Fluorescent Microscopy Confirmation of Probe-Target Hybridization

Cytosine probe attachment on the RGO-GCE was carried out followed by hybridization of the target
magnetic bead/E. coli/secondary bead complexes. Fluorescence imaging was done to confirm the capture
of magnetic bead/E. coli/secondary bead complexes on the cytosine probe functionalized RGO-GCE
surface. The fluorescence images shown in Figure 6 generated using an LCGreen intercalating dKe
clearly show that the appropriate hybridization between the probe DNA and target polyG on the
secondary beads has occurred. The number of bound beads was significantly higher than those for the
negative control (essentially DI water with no E. coli O157:H7 as the starting sample) or the no tarﬂet

olyGs absent on the magnetic bead/E. coli/secondary bead complexes) test. The results suggest that
the general process is working and that the secondary beads bind as appropriate to the functionalized
RGO-GCE surface and that minimal non-specific binding occurs.

(@) (b) (©)

Figure 6. Fluorescent microscopy images of (@) Bound magnetic beadIE. coIi/secondarY

bead complexes on RGO-GCE; (b) negative control 1 (DI water as starting sample- no E. coli

Bresent); and (c; negative control 2 (polyGs absent on the magnetic bead/E. coli/secondary
ead complexes).

12



Sensors 2015,15 12046

3.5. In-Direct Electrochemical Detection ofE. coli 0157:H7

Electrochemical DPV was used to quantitatively measure the amount of hybridized polyG tags
on the electrodes and hence indirectly measure the amount of captured E. coli O157:H/. The use
of Ru(bpy)3+/Ru(bpy)3+ as an electron mediator during the oxidation of guanine (polyG) is well
documented [53- 57F In the absence of any polyG, the background current/peak signal is due to the
oxidation of Ru(bpy)3+ at the electrode (RGO-GCE) surface. In the presence of polyG, the amplified
peak signal during the first scan (SL) is due to the irreversible oxidation of guanine bases [55]. Hence the
relative oxidation signals (S1-S5) increases as the concentration of ﬁonG Increases. Figure 7 shows the
change in absolute DPV/ signals (S1) with an order of magnitude change in CFUs from 3 to 300 CFUS.
These peak signals are observed between 1.06-1.07 V. In addition, a relatively smaller peak is seen at
0.7V which is possibly due to some contaminants in the tested samples. Figure 8 shows the relative DPV
signals (81-355) corre3ﬁonding to varying concentrations of E. coli O157:H7 (0 to 300 CFUs enumerated
by plate counting) in the initial seeded 100 mL PBS buffer samples.

Figure 7. Absolute DPV signals (S1) corresponding to an order of magnitude change in
concentration of E.coli O157:H7 from 3 to 300 CFUs. EC measurement condition: pulse
size: 20 mV/, scan rate: 5 mV/s, scanrange 0.5 V' to 1.2V (vs. Ag/AgCl reference electrode).
Supporting electrolyte: 0.2 M acetate buffer solution (pH 5) containing 5 [xM Ru(bpy)3+.

Figure 8. Relative DPV signals (51-S5) carresponding to varying concentrations of E. coli
Q157:H7 in seeded 100 mL PBS buffer samples.
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The relative oxidation signal due to guanine increased from 0 to 300 CFUs. The standard deviation
was found to be 56.5% for three successive 300 CFU measurements. From the Figure 8a, the calibration
curve is linear in the range from 3-300 CFUs, with regression equation of y = 79.74 + 0.34x with
R2=0.9. The detection limit was 3 CFU/L00 mL with a signal-to-noise ratio of 3 (the noise being the
probe only signal). The 0 CFU does give a signal of 15 nA which corresponds to the base signal due to
Ru%)py)3+ in the electrolyte (Figure 8b). The average probe only signal (RGO-GCE with functionalized
probes) was higher than the signal corresponding to 0 CFU (Figure 8). This is because there is a drop
In signal during DPV/ cycles due to passivation by acetate buffer in the electrolyte. This was confirmed
br a drop in peak signals between first and second scans, seen during DPV performed with RGO-GCE
electrodes in acetate buffer solution (not shown). Since the probe scans were initially run for all the
electrodes hefore hfbridized target scans was performed, there is a drop in signal for 0 CFU compared
to probe only signal (Figure 8b).

3.6. Detection ofE. coli 0157:H7 in Simulated Waste Water

Our assay was able to detect E. coli OL57:H7 in waste water lE)Iant effluent (Fi(iure 9). The amount
of native E. coli O157:H7 in waste water effluent samples was unknown. The initial test yielded a 65 nA
signal. The waste water effluent was then seeded with 300 CFU E. coli O157:H7 and tested. The results
in Figure 8, show the electrochemical signal at 225 nA post-seeding with 300 CFU E. coli O157:H7.
The difference in signal corresponds to 225 —65 = 180 nA which is 95% of signal corresponding to 300
CFUs tested in PBS buffer solution (Figure 8a). The negative control (DI water) gave a signal of 20 nA
which corresponds to signal range for O CFUs In buffer. Post autoclaving the waste water sample gave a
detection signal, indicating that dead bacteria were also detected. One possible solution to fix this would
be to run an additional scan after a prescribed time (about Lh) to gauge the amount of live bacteria.

Figure 9. Electrochemical signal corresponding to E. coli O157:H7 in waste water effluent
samples. Negative control is In the form of DI water without any E. coli O157:H7 init. EC
measurement condition: pulse size: 20 mV, scan rate: 5mV/s, scanrange 0.5 Vo 1.2V (.
Ag/AgCl reference electrode). Supporting electrolyte: 0.2 M acetate buffer solution (pH 5)
containing 5 [*M Ru(bpy)2+.
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4. Conclusions

The protocol utilizing the IMS of E. coli O157:H7 and subsequent electrochemical detection of poIKG
functionalized secondary beads was able to detect 3 CFU E. coli O157:H7 in 100 mL samples with a
signal-to-noise ratio of 3. The detection time was approximately 2 h. A linear relationship was found
between the E. coli O157:H7 concentration and the relative electrochemical signal in the 3-300 CFU
range with R2=09. The IMS indicated a 95% extraction efficiency for E. coli O157:H7 with only a
0.4% non-specific capture. The overall extraction efficiency of E. coli O157:H7 from 100 mL samples
was 46%. Detection of CFU levels below 3 CFU runs into statistical and repeatability issues especially in
100 mL samples. The detection limits of E. coli are two orders of magnitude better than what IS reported
inliterature fé)l], when measured and demonstrated limits of detection are compared directly. The protocol
was also able to detect E. coli O157:H7 in waste water samples. While not demonstrated in this work,
the protocol can be easily modified for detecting multiple pathogens simultaneously by incorporatinﬂ
different oligonucleotie targets on the secondary beads and multiple electrodes (i.e., microarray) wit
corresponding complementary probes.
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surface-area-to-volume ratio and high control of fluid flow. Although titania nanotubular arrays (TNA)
have shown enhanced f)hotocatalync degradation comﬂared to nanoparticle films in a batch reactor
configuration, their application ina microfluidic format has yet to be explored. The photocatalytic per-
formance ofamicrofluidic reactorwith TN Acatalystwas compared withthe performance of microfluidic
formatwithTiO2 nanoparticulate (commercial P25)catalyst.The microfluidic device was fabricated using
non-cleanroom based soft Iithograth, making it suitable for economical large scale manufacturing. The
photocatalytic performance was evaluated at different flow rates ranr};ing rom 25 to 200 [iL/min. The
TNA microfluidic system demonstrated enhanced photocatalytic performance over microfluidic TiO»
nanoparticulate layers, especiaIIY at higher flow rates (50-200 |iL/min). For instance, lzgim long TNA
was able to achieve 82% fractional conversion 0f18 mM methylene blue in comparison to 55% conversion
in case of the TiO- nanoparticulate layer at a flow rate of 200 |iL/min. A computational model of the
microfluidic formatwas developed to evaluate the effect ofdiffusion coefficientand rate constant on the
photocatalytic performance. The improved performance of the TNA photocatalyst over the nanoparticle
film can be attributed to higher generation of oxidizing species.
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L. Introduction with limited mass transport and poor photon transport. This can
]%otennally limitthe degradation performance ofthe system [2-4%.
he use of microfluidic system has the potential to reduce suc

Water based pollutants are a big concern and serious chal- f tem
aforementioned reactor limitations.

lenge in both developed and developing nations. Photocatalytic

environmental remediation has been widely investigated forthe
degradation ofwaterbased pollutants [1]. Récently, nanomaterials
such as nanoparticles, nanowires and nanoporous films have been
applied to photocatalytic reactions due to their mterestln% proFe_r
ties over bulk materials. Many studies have used photoca aI?/s s in
the formofa Powder. However, the use of powdered photocatalysts
necessitates their downstream recovery, which can be costly. The
immabilization orgrowth of photocatalysts as a filmeliminates this
drawback. Many studies involve conventional macroscale reactors

* Corresponding author. Tel.: +1 801 581 6386; fax: +1 801 581 4937.
** CorresFond|ng author at: Department of Metallurgical Engmeermg‘ Universit
of Utah, Salt Lake City, UT 84112, USA, Tel.: +1 801 581 6386; fax; +1 801 581 4937.
o I’a-_mal)l addresses: york.smith@utah.edu (Y.R. Smith), mano.misra@utah.edu

. Misra).

hng:lldx.doi.or /10.1016Zj.apcath.2015.02.041
0926-3373/© 2015 Elsevier BV. All rights reserved.

Microfluidic systems have inherent advantages such as large
surface to volume ratio, smaller diffusion distance, uniform irra-
diation over the whole catalytic surface, self-refreshing property
[5] and large mass transfer efficiency L6,4]. Microfluidic photocaf-
alytic reactors have demonstrated higher photocatalytic efficiency
com[J_ared to conventional reactors. Forexample, Leietal. reported
reaction rate constants in microreactors to be 100 times more than
inbulk reactors PJ Inbulk reactors, there isa loss of photons reach-
ing the photocatalyst surface due to scattering effects in the liquid
[7?. In contrast, in microfluidic reactors, the thin layer of liquid
over the catalyst ensures that less photons are lost due to scat-
tering. Microfluidic reactors can also be used for rapid screening of
photocatalysts [4,3]. _ _ _

Of the “semiconductor materials studied for photocatalytic
environmental remediation, titanium dioxide (e.g., nanoparti-
cles, nanowires, nanotubes) is widely used due to its desirable
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Propertie_s. Titanium dioxide has successfull¥ demonstrated pho-
ocatalytic degradation ofa wide spectrum of metallic and organic
pollutants [9?. Titania nanotube arrays (TNA) synthesized b%/
anodization have received interest in last few decades in areas suc
as sensing, drugo-dellver , ener?y conversion/storage, and catalysis,
for example [10-12]. Macak et al. reported the use of high-aspect
ratio TNA for_enhanced photocataIKtlc Rropertles compared to
TiO2 nanoparticulate layers [13]. Although the TNA layer was five
times shorter than the P25 nanoparticulate layer, it still exhib-
ited enhanced photocatalytic performance compared to the latter.
In their study, the photocatalytic experiments were performed
in a batch reactor Qonfl?uratlon. Most of the current literature
on photocatalytic microfluidic silstems involve TiO2 nanoparticle
film as a photocatalyst [14,153,16,17]. Subsequently, a more effi-
cient degradation system could be realized by mtegrau_n% TNA in
a microfluidic system. Moreover, microfluidic devices integrated
with TNA can potentially be used for other athc_atlons_ such as
?hotocatalyuc syntheses of chemicals such as L-pipecolinic acid,
or example [18]. _ _ .

A potential disadvantage with current microfluidic photocat-
alytic degradation systems is that the microfluidic devices needed
are often complex and difficult to fabricate especially when clean-
room techniques are_involved. This is especially critical when a
large-scale array of microfluidic channels is required [4]. For exam-
ple, previous reports on microfluidic photocatalytic devices used
clean-room techniques to fabricate the mold for the microfluidic
device [14,3,6{ or to pattern the photocatalyst substrate [Zt] or CNC
milling to pattern the substrate 0[19]. In contrast, in this study the
microreactor mold was fabricated using laser patterned polymethyl
methacrylate (PMMAL sheets [20,2_1]q and polydimethylSiloxane
(PDMS? was used to fabricate the device. Awidely used material for
microffuidic devices, PDMS, has desirable properties such as opti-
cgl transparency, chemical inertness, and easy and rapid fabrication

In this work, we demonstrate the use of self-ordered TNA for
photocatalytic degradation in a microfluidic reactor. The degra-
dation performance of TNA was also compared to P25 Ti02
nanoparticle films in a similar microfluidic format. The de?rqda-
tion Kinetics ofa model Bollutant(met.hXIene blue) inamicrotluidic
channel with TNA vs. P25 Ti02 particles as catalxst under solar
irradiation (AM 15, ~100mW /cm2) was used in this study. Most
of the existing work on microfluidic ghotocat_aly_t!c system, how-
everl‘ hatye been done under UV light [2,6,17], limiting the practical
application. ] o

We have also developed a model using COMSOL Multiphysics
to examine how convection and diffusion of the reactant/pollitant
molecules affect the performance of the microfluidic surface reac-
tor system. Although models have heen developed to understand
the nature and reaction kinetics between a Ehotocatalyst and reac-
tant in batch reactors [23-26], a model that would” explain the
behavior of such a system in-a microfluidic flow based scenario
has yet to be explored.

2. Experimental
2.1. Preparation and characterization of TNA and P25film

Titania nanotube arrays were synthesized by electrochemi-
cal anodization similar to"an earlier'reported protocol [27,28]. In
short, Ti foils (0.02032 cm thick) were cut into 3cmx 2cm ‘and
anodized under sonication (Branson 5510 ultrasonic bath) in an
electrolytic solution consistin ofethyleneogl col (Fisher Scientific,
Waltham, MA), deionized (Dlgwater§2wt.hyand ammonium flu-
oride ?0.5 wt.%, Fischer Scientific) at 30°C bath temperature. One
side of the Ti foil was masked using Kapton tape to restrict oxide

Fig. 1. Top and side view ofthe microfluidic device.

growth to only one side ofthe Ti slri[ﬁ.Atwo electrode configuration
with platinum (Pt) mesh as the cathode was used for anodization,
The anodization was carried out at an applied potential of60 V(D.C)
gAgll_ent, E3647A) for differenttime infervals EBO min for Ion% tubes,

Omin for medium tubes and 15 min for snort tubes). The thus
formed TNA were rinsed with DI water, air-dried and cut to the
dimension ofthe microfluidic channel. The TNA samples were sub-
se%uently annealed in an atmosphere of N2/H2 (2% H2) at 500°C
(1.6 °C/min ramp rate) for 2h.

_ The P25 films wereé)repared by doctor blade method L29]. A
fine paste of Degussa P25 was made with dilute nitric acid (pH 3-4)
using a mortar and pestle. Scotch tape (3M) was used as amold to
form a film the same dimensions ofthe channel (30 mm x 15 mm%
on a Ti foil. Subsequently the P25 film was calcined in air for 2
at 450 °C. The morphology of the thus formed P25 Ti02 and TNA
films were characterized using a field emission scanning electron
microscope (SEM) (Hitachi, S-4800). The crystalline properties of
the films were examined using X-ra d|ffract|on5R|gaku MiniFlex
600) with CuKa radiation (X=0.1542 nm) from 29=20-80° with a
step size =0.01° and dwell time =0.5/min.

2.2. Fabrication of microfluidic channel and integration of TNA
substrate

The microfluidic device was fabricated by soft lithography simi-
lar to a previous procedure [30]. Alaser was used to create the mold
for the microfluidic channel on a PMMA sheet (800 |*m thick) and
transferred onto a plastic petri dish, The dimensions ofthe channel
are as shown in Fig. 1. A 20 mL mixture of PDMS (base to curing
a%ent ratio - 1:10g was poured onto the mold and cured at 60 °C for
4N to create the PDMS Iazer. Subsequentlz, inlet and outlet chan-
nels were bored onto the PDMS channel. Then the thin film catalyst
(TNA or P25 film) was embedded 5u5|ng adouble-sided taﬁe) into
the PDMS channel. The TNA or P25 a%erwas glaced facing the glass
slide. The glass slide was bonded to the PDMS layer via corona sur-
[ac? treatment for 4min and subsequently baked at 60 °C for 2h
31).

2.3. Evaluation ofthe photocatalytic degradation
The photocatalgtic degradation of the device was evaluated

usin%_methylene lue (MB) as a model pollutant. This dye is
non-biodegradable and commonly used in the textile industry. As
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Fig. 2. Experimental setup used for microfluidic photodegradation of MB. The inset
shows the actual microfluidic reactor with the TNA catalyst embedded.

a result, this molecule is widely used for testing photocatalytic
activity [32,33,131. A depiction of the experimental setup used to
evaluate the phofocatalytic Eerformance is shown in Fig. 2. In a
typical experiment run,”5mL of 18 mM agueous solution of MB
was injected throquDh the inlet into the microfluidic device using
a syringe pump (KD Scientific, Manassas, VA) via Tygon tublng
(0.02in. inner diameter) at different flow [ates_ran(?mg from 2

to 200 i*L/min. The microfluidic device was irradiated with AM 1.5
simulated solar light. The intensity ofthe light was measured at the
surface of the microfluidic device using a handheld power meter
(Nova, Ophir-Spiricon, UT2 to be ~100mW /cm2.The syringe pumﬂ
was used to flow 1mL of the MB solution through the device wit

the simulated solar light irradiation before ang sample was col-
lected. This was to ensure steady state is reached before the MB
degradatmn is measured. The degraded MB solution was collected
and the concentration was analyzed by monitoring the decrease in
characteristic absorption peak at k =664nm using a UV-vis spec-
trophotometer (Shimadzu Corp., Japan). The fractional conversion
(X) was calculated by:

x= A 0

where A0 is the initial concentration absorbance value, and A is the

absorbance value of the degraded solution. The experiment was

repeated in the absence of AM 1.5 light to evaluate the amount of

MB adsorbed on the catalyst. All photocatalytic degradation exper-

iments were repeated 3-5 times and thé fractional conversion

\éa{ues averaged. Error bars on all plots are a ofthe experimental
ata.

3. Numerical modeling

A finite element model to simulate the degradation of MB in
the microfluidic channel was created in COMSOL Multiphysics 4.3b.
For simplicity, the model assumes the catalytic surface to be a flat
surface rathér than nano-structured. The model also assumes that
the bulk MB solution is transported to the catalyst surface at the
bottom ofthe channel and degraded.

3.1, Microchannel geometry
Fluid flows using 3-D model geometries were developed. Fig. 3

shows the geometry of the 3-D model used in the simulations.
The x and y dimensions of the channel match the geometry of the

Fig. 3. Boundary conditions used in simulation ofthe 3D model.

microchannel fabricated for the experiments. The z dimension is
assumed_to be 600 [*m. This is because the overall height of the
channel is 800 |*m and the thickness of the Ti foil/catalyst layer is
approximated as 200 [*m.

3.2. Fluidflow

The Navier-Stokes equations for conservation ofmomentum (2)
and the continuity equation for conservation of mass (37 are used
to model the laminar flow ofa single phase Newtonian fluid in the
micro-channel.

PId" J+usVu=-Vp+iV 2)

pVu=0 @)

InEgs. &22 and (3), u is the flow velocity field, i is the dynamic
viscosity of the fluid, p is the fluid density and p is the fluid pres-
sure. Af the walls of the microfluidic channel, no-slip boundary
conditions are applied. Eqs. FZ) and (3) assume the system is under
steady-state conditions with negligible body forces and uniform
fluid density. The inlet fluid mass flow rate was specified and a
no-slip boundary is assumed at the channel surfaces. Based on
the given b.ou.ndar%/ conditions the velocity and pressure fields are
computed inside the microfluidic channel.

3.3. Species concentration

~ The equation for convection-diffusion ofthe species in the fluid
is given by (assuming constant diffusion coefficient)

L= pvaer-vve @)
where cand D are the concentration and the diffusion coefficient
ofthe species, respe,ctlvelﬁ, in a fluid flowing with velocity u and R
is the reaction rate in the bulk solution. The diffusion coefficient of
MB is assumed to be 1.6 x 10-10 m2/s [34].

3.4. Degradation reaction

The overall degradation of MB happens at the cataI%tic surface
onl?/ and not the bulk solution. The boundary fluxes at the catalytic
surfaces thus are denoted by
Ri=n+(-Djlg + Cj) (%)

where the reaction rate Ri=kc and k is the forward reaction rate
constant. The model solves for concentration Rron]e ofthe product
(degraded MB)_ along the channel based on the given flow condi-
tions and reaction parameters.

4, Results and discussion
4.1, Characterization

Fi?S. 4-and 5 show the SEM ima?e of the annealed TNA of dif-
ferent lengths. The nanotube lengths are approximately 12 |*m

82



gl hanodization, Fig.4), 7 *m (30 min anodization - not shown) and
3*m (15 min anodization, Fig. 5). The TNA tubes have an approx-
imate inner diameter of 80 nm with an average wall thickness of
15nm. In comparison, the Ti02 P25 layer (Fig. 6) has particles and
agglomerates of 20-50 nm size with a layer thickness of approxi-
mately 40 ['m. _ N _

The crystalline structure is one of the critical factors in the cat-
alytlcher ormance 0fTiO2at a liquid-solid interface [35,13,36,37].
The XRD patterns ofthe annealed P25 and TNA catalysts are shown
in F|g. 7. The diffraction patterns have been indexed to standard
JCPDS cards. From the peak positions and the relative intensities,
it is evident that both P25 (Fig. 7a) and TNA (Fi .Ybi contain two
titania crystalline phases, anatase (labeled A) and rutile (labeled R).

The underlying titanium support (labeled T) is also evident in both
samples. It'is evident that the predominant phase is anatase.

4.2. Degradation performance ofthe microfluidic reactor: effect
offlow rate and nanotube length

The results of the degradation at different flow rates over TNA
812 [*m) and TiO2 P25 in'the presence and absence of AM 1.5 irra-
jation are presented in Fig. 8a. At the lowest flow rate, both the
Ti02 P25 and 12 [*m thick TNA catalysts show similar degradatlpn
Ferformance. As the flow rate increases from 50 to 200 *L/min,
he fractional conversion ofthe P25 catalyst decreases from 0.93 to
0.55. In contrast, the TNA fractional conversion remains relatively

()

Fig. 6. SEM images ofP25 TiO: layer prepared by doctor blade method, showing the film sidewall morphology (a) and top morphology (b).
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constant over the flow rate range 0f 50-200 AL/min. The thickness
ofthe TNA and P25 oxide layer has shown to be correlated to the
level of degradation performance in batch reactor systems [13]. It
is interesting to note that, even though the P25 layer is more than
three times as thick (40 |Am%as.the longer TNA (12{“m), the degra-
dation performance is much higher in the case of 2# m TNA. The
results of the fractional conversion in the absence of AM 15 light
?n_/es an indication of how much dye is adsorbed on the catalyst.
tis observed that the P25 film adsorbs more dye at a flow rate of
25 i"L/min comFa_red to TNA. For hlgher flow rates, the dye adsorp-
tion remains re atlvelg/ constant and is approximately the same for
both P25 and TNA. At the lowest flow rate, the molecules have more
time to adsorb and equilibrate with the calalxst surface. The higher
dye adsorption on the P25 film compared to the TNAfilm is possibly
duetoalar_?ersurface area ofthe P25 film overthe 12 [*m TNA film.
However, it should be noted that the ability of a dye molecule to
adsorb onto atitania surface is predisposed fo the surface charge of
that catalyst (i.e., isoelectric point) and of the dye molecule [3 ;] In
nanomaterials, this can vary depending upon the synthesis method
adopted, ?olymorph, crystallographic planes, as well as crystallite
F;\?. 7. X-ray diffraction patterns of annealed (aLPZS hotocatalyst and (tg 12km  size [12]. The degradation performance for ditferent lengths of TNA
SIS O S D TS M el e s examined (Fg ) The orer N lngls
rutree {1 yslay phases a - - and 3]"m) have a deqradation performance lower than that of the
St (i Bl 1554 e P25 film within the flow rate domain. It should be noted, that the
decrease in fractional conversion with an increase in flow rate from

F;\?. 8. (a) Effect of flow rate on MB degradation for 12 lxm TNA and P25 TiO2 film catalyst in the presence and absence of AM 15 irradiation (~100mW/cm2). (b) Effect of
TNA length (12, 7 and 31jxm) on MB degradation at different flow rates under AM 15 irradiation (~100 mW/chE. (c) Pseudo-first order rate constant of MB degradation at
different flow rates for TNAvs. P25 layer. (d) Reaction rate for photocatalytic MB degradation at different flow rates for TNA vs. P25 layer.
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50 to 200 i*L/min for 7 and 3 |*m TNA'is less than that of the P25
catalyst over the same range.

4.3. Evaluation ofphotocatalytic degradation

been discussed in previous published work [13,39]. In short, the
adsorbed MB molecules on the catalyst surface are oxidized by
the photoinduced holes of the TiO2 cafalyst to form *MB+ radicals.
These radicals further react with 02 to form [MBOO*]+, subse-
guentéy the heteropolyaromatic rmzq is broken and is éventually
et{;ra ed to mineral acids and COZ [39]. However, it should be
noted, the degradation mechanism when using P25 under these
exPerlmentaI conditions is likely different than when TNA are used
as the photocatalyst. The UV portion of AM 1.5 irradiation is a small
contribution; moreaver P25 is only UV photoactive. Whereas the
synthesis method used to prepare TNAin this study results in doped
carbon and sub-stoichiometric titania, which contributes to vis-
ible light ghotoacnvmé [’38,12,40,41]. Visible light photocatalysis
is achievable using P25, however the mechanism is different and
based on dye/ligand-sensitization phenomena [42,43]. Although
the degradation pathway and Froduct distribution may be differ-
ent for each system, the objective of this study is to examine the
overall photoconversion of each system based on flow parameters.
Heterogeneous photocatalytic degradation isnot an elementary
process, i.e. there are several reaction intermediates; moreover, the
reaction intermediate species and/or dissolved oxidizing species
can act as catalysts for the degradation of other intermediate
species. As a result, the reaction order can change along the reac-
tion coordinate. To overcome such complexities, we can assume
that the .non-degraded MB is in Iar?e excess compared to other
degradation products, This |sHeneraI y an adopted approach when
exammm? the kinetics of photocatalytic reactions and is_com-
monIK referred as pseudo-order rate kinetics. Kinetic studies on
the p otocatqh{tlc, egradation ofazo dyes usm? TNAT[38] and tita-
nia nanoparticle films [44] show that they follow a pseudo first
order Kinetics, and under Certain operating conditions, follow the
Lan?_mun-HmsheIwood mechanism. If we assume that the rate-
limiting stﬁp is the surface reaction, the concentration of oxidizing
species (OH* radicals and holes) is assumed to be in large excess.
he reaction rate isthen assumed to be proportional to the flow rate
or residence time (or dye molecules adsorbed). By assuming plug
flow within the microfluidic channel and an isothermal pseudo-
first order irreversible reaction, the dye concentration (CAL))can be
expressed as:
CA=CNee (6)
where CADisthe initial dye concentration, ks the pseudo-firstorder
rate constant, and r is fhe residence time. The Pseudo-flrst order
rate constant and reaction rate as a function of flow rate for 12 |*m
TNA and P25 photocatalysts were calculated and plotted in Fig. 8¢
and d. From these plots'it is evident that for the TNA photocata-
lyst, as the flow rate increases the reaction rate and rate constant
increase over the entire domain of flow rates. This indicates that
the surface reaction occurs fast and the kinetics is diffusion limited
over the flow rate domain. For the P25 film, the reaction rate
and pseudo-first order rate constant, Plateaus at 100 “L/min and
remains constant thereafter, thus for flow rates >100 AL/min, the
kinetics for the P25 films is reaction limited. It is worth noting,
the range of Reynolds numbers for these flow rates is 0.05-0.4 (for
25-200 |“L/m|n¥ and js still well within the laminar flow regime
(i.e.,no turbulent mixing effects?.Thus the degradation kinetics can
be explained in terms of the ditfusion of reacting species, and the
photocatalysts ability to suppress charge carrier recombination.
_Another possible explanation for the higher fractional conver-
sion at higher flow rates (50-200 ~L/min)"is that the roughness

The mechanism for the photocatalytic defradation of MB has

Fig.9. Results ofactual degradationpNAand P25) incomparison to simulation data
forthe photocatalytic degradation ofmethylene blue (18 mM initial concentration).
By mc_reasm% the diffusion coefficient (D), the simulation data begins to match the
experimental data.

might be inducinlg localized mixing at higher flow rates in the case
of TNA. At low Reynolds numbers (<2300) and gwen a relative
roughness of 0.02 Efor the TNA layer in this study), the surface

roughness does no normall¥ affect the flow in macro systems
me But in the case of microfluidic systems, it has been reported
a

nanoscale surface roughness does cause flow %erturbat|ons in
low Reynolds number flows (Re =0,06-6.5) [46]. The induced flow
perturbatjons could possibly contribute to the mmng of MB and
generated oxidizing species, resulting in an enhanced degradation.

Titania nanotube arrays have been reported to have higher
i)hotocatalync efficiency compared to P25 layers in spite of their
ower surface area compared to the latter [47]. The TNA nanotubes
provide an oanlzed geometry that has a shorter carrier-diffusion
path in the tbe walls and lower recombination rates of photo-
&enerated electron-hole pairs in comparison with P25 layer. In

¢ case of P25, the char%e carriers have to travel between’single
nanoparticles, where higher interfacial grain boundaries may lead
to increased charge recombination rates. Also, the diffusion path of
the dye molecules from bulk solution to the active surface area on a
tubufar geometry is much shorter compared to the tortuous path in
porous structured P25 [48]. Therefore, the enhanced degradation
performance of the TNA photocatalyst vs. the P25 phptocatalyst
mayhe attributed to better charge separation and diffusion of reac-
ting species.

44, Simulation results

The results of the simulation showing fractional conversion of
MB in comparison to experimental results (12 |*m TNA and P25
catalyst) at different flow rates are shown in Fig. 9. The fractional
conversion as per the simulation is lower than what is observed
during the experiment for TNA and P25 TiO2 catalyst (F|?. 8).
This may be because the simulation assumes a smooth planar
surface, unlike in the case of TNA and P25, which have porous,
nanostructured surfaces. Due to the length scales involved, it is
computationally expensive to incorporate the exact geometry ofa
nanostructured surface in the current model. One method to over-
come this limitation is to increase the diffusivity of MB to account
for the enhanced mass transfer due to a larger surface area and
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Fig. 10. Simulation on the effect of diffusion coefficient and pseudo-first order rate
constant on the degradation of methylene blue. The simulation results are more
sensitive to changes in the diffusion coefficient than to the reaction rate constant.

actual diffusion coefficient of MB by five times (5D), the simula-
tion results be?m to match the experimental results obtained with
P25 %hotocata yst ;Flg. 9). _

The better performance of TNA can be attributed to lower

hi?her number of reactive sites. For example, b% increasing the

recombination rates of photogenerated electron-hole pairs {13.
This can be assumed equivalent to increasing the rate constant. To
examine this modeling analog, we have conducted simulations of
fractional conversion at different flow rates while varying the dif-
fusion coefficient (D=1.6 x 10-10 m2/s for methglene, blue [34,49])
and pseudo-first order rate constant (k=0.2238 min-1), respec-
tively (Fig. 10). The pseudo-first order rate constant was calculated
from experimental results of P25 TiO2 catalyst at 25 *L/min. At this
flow rate, the reaction rate and pseudo-first order rate constant are
nearly the same forboth Fholocatal?/s_ls; moreover, the degradation
is least affected by mass transport. Itis evident from the simulation
that increasing the diffusion coefficient or the rate constant results
inincreased fractional conversion. Itis interesting to note, the effect
of rate constant on the fractional conversion is léss than that ofthe
diffusion coefficient. For example, reducing the rate constant by
three orders of magnitude (10.001k) only results in an 18% reduction
in fractional conversion at flow rate of 100 ~L/min, In comparison,
adroF in diffusion coefficient by an order of magnitude fD 10 0.1D)
resulted in a 62% reduction in fractional conversion at flow rate of
100 i*L/min. From the results of these simulations the diffusion of
reacting species plays a larger role than rate constant.

But an enhancement in_diffusion coefficient by five times the
actual value seems an unlikely real world scenario even when a
nanostructured surface is present. For instance, at a diffusion coef-
ficient of 5D, it takes 225 s for a MB molecule to diffuse the height
of the microfluidic channel. While at a flow rate of 200 L/min the
MB molecule advects across the length (30 mm) of the channel
in 81 s. Hence it is unlikely that during this time period, the MB
molecule would diffuse from the bulk to the surface ofthe TNA cat-
alyst. Inthe model developed in this study, the assumption is that
the MB molecules have to diffuse to the Surface of the catalyst to
be degraded. An alternate theory can be examined based on dif-
fusion of oxidizing species from surface of the catalyst to the bulk
solution. Based on existing work, we know that oxidizing species
(OH*, *0- , H202) are generated at the surface of the TNA catalyst

by reaction of the photo%nerated electron-holes in an agueous
solution [50-52,13,53]). While the lifetime of OH* *O- radicals
are very short, hydroge_n peroxide (H202) molecules can remain
stable and potentially diffuse from catalyst surface to MB present
in solution. For instance, Fug|sh|ma regorted long-range photocat-
alyticbactericidal effect (up 050 [*m) from the surface ofTi02films
and proposed H202 and other oxg?en species as likely agents [54].
Remote bleaching of methylene blue |n3as phase at a distance of
500 [*m away from the surface of UV irradiated TiO2 films has been
regor;ed [55,52]. With a diffusion coefficient of 1.71 x 10-9 m2/s
AS 5], it would take 26's for the H202 molecule to diffuse half the

eight of the microfluidic channel. We assume the genera_non of
the H202 and other oxidizing species are limited by their con-
centration near surface of TNA catalyst. Hence at larger flow rates
larger amounts of H202 molecules are carried away from the cat-
alyst surface by the flow, resulting in a faster generation of H202
molecules. These molecules could potentially mix with the MB not
1}15_1 in microfluidic channel but also once the sample is collected.

his would account for the h|%her conversion achieved at larger
flow rates. Since the height of the TNA array would determine
the amount of the oxidizing species generated, the longer the TNA
array tubes, the better the degr_adatjon performance [£3]. This fits
well'with the results observed in this study for different nanotube
lengths (Fig. 8b).

45. Degradation performance of the microfluidic reactor -
system performance comparison with current literature

The degradation performance of other titania-based photo-
catallync microfluidic systems has been complied and compared
(Table 1). AIthou.?h all"of the studies mentioned in Table 1 use
methylene blue, it is difficult to compare the performance of TNA
photocatalyst with these systems due to the different channel
geometries, flow-rates, pollutant concentration and photocatalyst
surface area involved. The degradation performance in these sys-
tems is reported asa function of irradiation time [2] or the effective
residence time [6]. In the case of microfluidic surface reactors, the
Peclet number determines whether diffusion or advection is the
dominating means of pollutant mass transport to the photocata-
lyst surface. Hence we have converted the results of these studies
as a function of dimensionless Peclet number

pe= (L2 V) )

where L s the characteristic length, U the flow velocity, and D is
the mass diffusion coefficient. The Peclet number is a measure of
relative importance of advection to diffusion ‘57,58]. The dimen-
sionless Peclet numbers corresppondlng to the flow rates 200,100,
50 and 25~L/min are 8P, 4P, 2P and F?%P:9639)._These,eqmvalent
Peclet numbers enable comparison with other microfluidic surface
reaction systems of varied geometries with the exception for the
system reported br Qin et aI.[GT] (eIectrosPun nanofibrous TiO2),
the maximum Peclet number ofthe microfluidic systems are less
than Peclet numbers for this study (38,556). Hencé the advection
to diffusive mass transport is higher in the microfluidic system in
this study compared to the other'two studies mentioned. Since the
irradiance intensity and wavelen%th of light source are different for
the other studies in Table 1, an absolute degradation performance
comparison isnot possible. But interms of comparison based on the
nature of convective flow in the microfluidic srstem, the results of
this study demonstrates a much larger advective flow conditions
than the ‘other two studies mentioned earlier [3,17]. For instance
the Peclet number defines how rapidly the inlet pollutant is carrie

by the movmg fluid towards the catalyst relative to how fast the
degraded ﬁro ucts are transferred from the catalyst surface to the
center ofthe fluid flow for removal [59]. Hence the larger the Peclet
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Table 1 o o o )
Summary of reported titania-based photocatalytic microfluidic systems for MB degradation.
Photocatalyst Irradiance intensity ~ Wavelength &lamp Flow rates (*L/min) Peclet number Initial concentration  Percent conversion
(mW/em2) source range ofMB(M) reported
TiO: coated fiberglass 2 310-400r|1m, 150w 33.3-200 541-3248 20x10-6 45-90% [17]
mercury lam
Electrospun 50 365 nm),/ UV-EED lamp 25-100 20,300-81,198 31x10-6 55-95% [6]
nanofibrous Ti0: .
P25 TiO: film 100 IA'NtI115 simulated solar ~ 150-900 2256-13,533 30x10-6 48-94% 3]
ight
P25 Ti0: film 100 IA%ITIHLS simulated solar ~ 25-100 9639-38,556 18 x10-3 55-93% (this study)
i
TNA 100 ﬁ%/rlll.S simulated solar ~ 25-100 9639-38,556 18 x 10-3 82-92% (this study)
ight

number, a higher throughput offluid in the microfluidic system can
be realized.

5. Conclusion

The photocatalytic degradation of a model compound, metw-
lene blue, was examined in a microfluidic system using TNA
photocatalyst under simulated AM 1.5 irradiation. The microflu-
idic device'was constructed using a non-clean room, inexpensive,
rapid grotolypm%lechm ue. When compared to a film ofcommer-
cial P25 photocatalyst, TNA demonstrated enhanced degradation
over the range of flow rates examined. Analysisofthe degradation
kinetics revealsthatal2 "m TN Aphotocatalystoperates underdif-
fusion limited conditions for all flow rates studied, while the P25
ﬁhotocatalyst film operates under reaction limited conditions at
igher flow rates. The improved performance of the TNA photo-
cafalyst over P25 can be attributed to better diffusion of reacting
species and improved charge separation. Acomparison with other
titania-based photocatalytic microfluidic systems reported in the
literature based on the dimensionless Peclet number is discussed.
A finite element model was developed to simulate the degra
dation of MB in the microfluidic channel utilizing COMSOL
Multiphysics. From the model developed, the effect of diffusion
coefficientand rate constant is discussed. The effect ofthe diffusion
coefficient on the fractional conversion is more sensitive than that
ofthe rate constant. The model can be easily modified to suit other
channel geometries, pollutants with differentdiffusion coefficients,
or different values of rate constants.
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CHAPTER 6

DEGRADATION OF ORGANIC AND BIOLOGICAL
CONTAMINANTS: PHOTOCATALYTIC
MICROFLUIDIC REACTORS
UTILIZING TITANIA
NANOTUBES ON
TITANIUM MESH

6.1 Abstract

Microfluidic reactors are being increasingly applied to photocatalytic degradation of
contaminants in water. They have advantages like large surface-area-to-volume ratio and
high control of fluid flow. They still suffer from drawhbacks due to limited mass transport
associated with laminar flow in microfluidic channels. The use of titania nanotubes syn-
thesized on a mesh show improved photocatalytic performance in comparison to nanotubes
synthesized on foil in a microreactor. At the lowest flow rate (25 *L\min), the fractional
conversion increased from 20% for foil to 46% in the case of nanotubes on mesh. The
enhanced photocatalytic performance is due to shorter diffusion distance and induction of
flow perturbation in the case of mesh format. Also, the radially outward oriented nanotubes
formed over the circumference of the titanium wire leads to the efficient capture of hoth
reflected and refracted light. The device was also applied to inactivation of E. coli 0157:H7.
At a flow rate of 50 *L\min, the titania nanotubes on a mesh microreactor was able to
achieve >99% inactivation of E. coli.

6.2 Introduction
According to estimates, 1.2 billion people lack access to safe drinking water, which
contributes to the death of 3900 children daily [1]. Hence, access to clean water is a
worldwide need. In both industrialized and developing nations, chemical and biological
contaminants are finding their way into water bodies due to increasing human activity
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[1]. Cleanup and reuse of polluted wastewater is an attractive solution to some of these
issues. Low-cost and high-efficiency water remediation technologies are needed to achieve
the same [2]. Conventional wastewater treatment technologies such as adsorption or co-
agulation merely concentrate the pollutants present by transferring them to other phases
[2]. Other conventional methods such as sedimentation, filtration, chemical, and membrane
technologies are expensive and potentially generate toxic secondary pollutants [1]

Advanced Oxidation Processes (AOP) could solve some of the issues associated with
conventional water treatment methods. These processes work by the generation of highly
reactive transitory species (e.g. H202, OHA, 02", 03) for mineralization of chemical and
biological pollutants present in water [2]. Among these AOPs, photocatalytic environ-
mental remediation employing semiconductor photocatalysts has been widely applied for
remediation of water-based pollutants [3, 2). Nanomaterial semiconductor photocatalysts
have been used due to their interesting properties over bulk materials. Many studies
have used powdered photocatalysts suspended in solution [4, 5] However, the use of
powdered photocatalysts necessitates their downstream recovery. This can lead to increased
operational and capital costs [5 6]. Also, the use of powdered catalyst particles limits
the depth of penetration of light due to strong adsorption and scattering [7, 8. The
immobilization or growth of photocatalysts as a film on a substrate eliminates many of
these drawbacks [6].

Microfluidic reactors (microreactors) have heen increasingly applied to water remedia-
tion over conventional macroscale reactors [9, 10]. This is because conventional macroscale
reactors have limitations due to mass transport and poor photon transport [5]. In the case of
microreactors, the thin layer of liquid over the catalyst ensures lesser photons are lost due to
scattering [11]. Microreactors can be advantages over conventional macroscale reactors due
to large surface to volume ratio, smaller diffusion distance, and large mass transfer efficiency
[12]. Microfluidic photocatalytic reactors have been reported to have higher photocatalytic
efficiency compared to conventional reactors [10]

Titanium dioxide (TiO:) has been widely applied to photocatalytic degradation of
chemical and biological pollutants [13, 6, 14, 15]. Titania nanotube arrays (TNA) are of
particular interest due to their simple synthesis and improved ability to transport photogen-
erated charges as compared to their titanium dioxide nanoparticle (TNP) counterpart [16].
Titania nanotube arrays have shown to have enhanced photocatalytic properties compared
to TNP layers in a macroscale batch reactor configuration [17]). Further, by electrochemical
anodization, TNA can be synthesized on different titanium (Ti) metal substrates, having
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varied geometries (thin wires [8], meshes [16], and curved surfaces [18]).

Ti0: based catalysts in the form of TNA [L1] and TNP [19, 10, 5] have been applied in
microreactors for photocatalytic degradation. We recently reported the application of TNA
synthesized on a foil (TNAfoii) for degradation of methylene blue (MB) in a microreactor
[11]. The TNAfon had enhanced photocatalytic performance over P25 TNP layer when
used in a microfluidic format.

Current microfluidic formats face a major drawback due to limited mass-transport.
This is because in a microfluidic format, the flow is typically laminar and mass transport
is primarily through diffusion [5]. To overcome this limitation, Li et al. reported the use
of a fiberglass coated with P25 TNP layer for the degradation of MB [5]. The new design
yielded higher degradation over a conventional microreactor platform involving P25 TNP
layer embedded on a flat surface.

Although TN Afaii has shown promising results for photocatalytic applications, the use of
metal foils has limitations (such as the opacity, inefficient use of Ti, and reduced flexibility).
As an alternative, metal meshes provide an approach that allows for high flexibility, efficient
Ti utilization, and transparency. Such a format has shown has shown to be effective in
applications such as dye-sensitized solar cells [20]

We report the use of TNA grown on a titanium mesh (TNAmesh) for photocatalytic
degradation of MB and inactivation of E. coli O157:H7 in a microfluidic format. The
microfluidic device was fabricated using non-cleanroom-based technique which makes it
suitable for large-scale applications [21]. The degradation performance is compared to that
of previously reported data using TNAfal at different flow rates in a geometrically similar
microreactor [L1]. We also report the use of TNAmesh for the photocatalytic inactivation
of E. coli. The use of TNA for inactivation of pathogens in a flow through system has yet
to be fully explored.

6.3 Experimental

6.3.1 Preparation and Characterization of TNA on Foil and Mesh

Titania nanotube arrays grown on a titanium mesh were synthesized by electrochemical
anodization similar to an earlier reported protocol [16]. In short, Titanium gauze (50 mesh
woven from 0.102 mm dia wire, 64% open area) was obtained from Alfa Aesar and cut into
3x2 ¢cm2 dimensions. The Ti gauze was first washed with isopropanol and DI water under
sonication for 10 mins each, and then electropolished in 1 °C glacial acetic acid/perchloric
acid (9:1 volume ratio) at 60 V under sonication for 1 min [22]. The electrochemical
anodization was carried out at an applied potential of 60 V (D.C.)(Agilent, E3647A) for
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60 min. The thus formed TNAmesh was rinsed with DI water, air dried, and subsequently
annealed in an atmosphere of N2 (2% H2) at 500 °C (1.6 °C/min ramp rate) for 2 h.

The morphology of the thus formed TNAmesh film was characterized using a field
emission scanning electron microscope (SEM) (Hitachi, S-4800).

6.3.2 Fabrication of Microfluidic Channel and Integration of
TNAmesh Substrate

The microfluidic device was fabricated by soft lithography [21] similar to that reported
in our earlier study [11]. In short, the mold was cut on a tape using a laser, polydimethyl-
siloxane (PDMS) mix poured onto the mold, and cured in an oven to create the PDMS
layer. Subsequently, inlet and outlet channels were bored onto the PDMS channel and the
TNAmesh catalyst was embedded into the PDMS channel. Finally, a corona activated glass
slide was bonded to the PDMS layer.

6.3.3 Evaluation of the Photocatalytic Degradation of Methylene Blue

The photocatalytic degradation of the device was evaluated using methylene blue (MB)
as a model pollutant. Methylene blue is a nonbiodegradable dye and is used for character-
izing photocatalytic performance [23, 24, 17). The experimental setup used to evaluate the
photocatalytic performance of the device is depicted in Fig. 6.1 In a typical experimental
run, 4 ml of 18 mM aqueous solution of MB was injected through the inlet into the
microfluidic device using a syringe pump (KD Scientific, Manassas, VA) via Tygon tubing
(0.02 inch/0.0508 mm inner diameter) at different flow rates ranging from 25-200 “L/min.
The microfluidic device was irradiated with AM 15 simulated solar light ( 100 mW/cm2).
The intensity of the light was measured at the surface of the microfluidic device using a
handheld power meter (Nova, Ophir-Spiricon, UT). The degraded MB solution was collected
and the concentration was determined by monitoring the change in characteristic absorption
peak at A= 664 nm using a UV-vis spectrophotometer (Shimadzu Corp., Japan). The
fractional conversion was given by:

X (%) = 40 2100 6.)

Ao

where A0 is the initial concentration absorbance value, and A is the absorbance value of the
degraded solution. The experiment was repeated in the absence of AM 15 light to evaluate
the amount of MB adsorbed on the catalyst. The fractional conversion was normalized
with respect to the substrate area exposed to normal incident light [8]. The results were
compared to normalized fractional conversion of MB using a TNAfoii (12 *m and 7 *m
nanotube lengths) reported in our earlier work [11].



Figure 6.1. Experimental setup. Reproduced with permission from Elsevier [11].
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6.3.4 Evaluation of the Photocatalytic Inactivation of E. coli

The photocatalytic inactivation of E. coli was evaluated using TNAmesh in a microre-
actor as described above. E. coli O157:H7 (nonpathogenic strain, Catalog no. 700728,
ATCC) was used to prepare different concentrations (1000 and 10000 CFUs/mL) of E. coli
in 1X PBS solution [25]. The experimental setup is the same as that for MB degradation
mentioned in the section above. A four mL sample of the E. coli solution was taken in
a syringe, 3 mL of which was injected using a syringe pump through the inlet into the
microfluidic device. The flow rates were varied from 25-200 *L/min in the absence and
presence of AM 15 simulated solar light ( 100 mW/cm2). The intensity of the light was
varied from 10-100 mW/cm2 to evaluate the effect on inactivation. The inactivated E.
coli solution was collected and plated on agar (Difco Nutrient Agar, Catalog no. 213000,
Becton Dickinson, Sparks, MD), incubated at 37°C for 12 h, and subsequently counted to
calculate the final concentration (Cf). The L mL stock solution left in the syringe was also
plated after the experimental run (to avoid any nonphotocatalytic, room temperature-based
inactivation of E. coli during the experimental run) to determine the initial concentration
(Co). The survival ratio was calculated by:

X (%) = G4 100 (62)

where Cf is the final concentration (CFU/mL) of E. coli post inactivation in the microfluidic
device, and CO is the initial concentration (CFU/mL) of E. coli (solution solution left in
the syringe). The experiment was repeated in the absence of AM 15 light to evaluate the
amount of E. coli adsorbed/trapped in the catalyst. The experiment was also performed
in the presence of AM 15 light in the microreactor without the catalyst embedded in it to
evaluate the effect of light inactivation only on E. coli.

6.4 Results and Discussion
6.4.1 Properties of Titania Nanotubes
The morphology of the TNAmesh was characterized by SEM (Figs. 6.2, 6.3, and 6.4),
From Fig. 6.2, fissures and bundling of nanotubes are observed in TNAmesh (unlike TNA
formed on a planer substrate\TNAfall). These are due to the curvature-induced stress
during formation of nanotubes and the outward radial growth of the nanotubes on a curved
Ti substrate [8, 20]. Such a morphology is observed in TNA formed on wire-type substrates
[26]. The nanotube lengths are approximately 8 *m (1 h anodization). The TNAmesh tubes
have an approximate inner diameter of 80 nm and wall thickness in the range 15-20 nm.
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Figure 6.2. SEM images of TNAmesh anodized at 60 V for 1 h, showing the low-magnified
overall image of nanotubes on the anodized mesh.

Figure 6.3. SEM images of TNAmesh anodized at 60 V for 1 h, showing the sidewall
morphology of nanotubes on the anodized mesh.

Figure 6.4. SEM images of TNAmesh anodized at 60 V for 1h, showing the top morphology
of nanotubes on the anodized mesh.
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Though the orientation of nanotubes differ, the morphology (nanotube height and diameter)
of the TNAmesh is very similar to the TNA/al [11].

6.4.2 Degradation Efficiency (MB) of the Microfluidic Reactor-
Effect of Flow Rates

The results of the degradation at different flow rates over TNAmesh (8 “m) vs. TNA/al
(12 *m) with AM 15 irradiation are presented in Fig. 6.5. Both the TNAmesh and TNA/al
catalysts show a similar trend of drop in degradation in the 25-50 *L/min domain. This
i intuitive since an increase in flow rate would mean less time for the MB to diffuse and
come in contact with the catalyst. However, it is interesting to note that the degradation
performance of hoth the TNAmesh and TNAfal catalysts remain steady over the 50-200
AL/min domain. Such a trend has been previously observed [11], and is primarily due to
the faster generation of oxidizing species with increased flow rate [L1].

The TNAmesh shows a higher fractional conversion compared to TNA/al in the flow
domain under consideration. At the lowest flow rate (25 “L/min), TNAmesh exhibits a
fractional conversion more than twice that of TNA/0". At the highest flow rate (200
AL/min), TNAmesh has a fractional conversion 1.5 times higher than TNAfoii. This is
in spite of the fact that nanotube length on TNAmesh is 66% lower than that on TNAfal
and the nanotube length [L1]

6.4.3 [Inactivation (E. coli)- Effect of Flow Rates

The results of the inactivation of E. coli at different flow rates over TNAmesh are
presented in Fig. 6.6. From the results, it is evident that in the given flow range (50-200
AL\min), there is very little inactivation (1-16%) of E. coli due to adsorption by the
catalyst (absence of AM 15). Also, at the lowest flow rate (50 “L\min), there is very
little inactivation (<8 %) of E. coli due to AM 1.5 light in the absence of TNAmesh catalyst
(not shown). This also indicates that the inactivation is primarily due to photocatalytic
generation of species by TiO2 and not due to the inactivation by the UV component of
light.

For the 1000 CFUS\mL starting concentration, at the lowest flow rate (50 AL\min),
almost 100% of the E. coli is inactivated using the TNAmesh catalyst. Even at the highest
flow rate, more than 92% of E. coli is inactivated. As the starting concentration increases
by a order of magnitude, survival ratio increases from <1% to 6% (Fig. 6.7).
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Fi%ure 6.5. Effect of flow rate on MB degradation for TNAmesh and TNA film catalyst
in the presence and absence of AM 15 light (1000 CFU/mL starting concentration). The
|f_rar(];tlonal conversion is normalized with respect to substrate area exposed to normal incident
ight.
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Figure 6.6. Effect of flow rate on E. coli inactivation for TNAmesh in the presence and
absence of AM 15 light (1000 CFU\mL starting concentration).
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Figure 6.7. Effect of flow rate on E. coli inactivation at different starting concentration
for TNAmesh in the presence of AM 15 light,
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6.4.4 [Inactivation Efficiency of E. coli- Effect of Light Intensity

With a drop in light intensity, there is commensurate drop in E. coli inactivation. A
50% drop in light intensity results in a 50% drop in inactivation. From Fig. 6.8, the
relationship between inactivation rate and light intensity is linear. This indicates the process
is reaction dominated [27], i.e. the process has not reached a limiting light intensity where
the electron-hole pair recombination limits further increase in inactivation. This means by
further increasing the light intensity, the inactivation rate can be increased or a higher flow
rate/process throughput can be achieved (at a given inactivation rate). This could be due
to the low light scattering observed in the case of TNAmesh format.

6.5 Discussion

The mechanism of photocatalytic MB degradation is well reported in literature [17]. The
MB dye molecules adsorbed on the surface of the catalyst are oxidized by the photoinduced
holes generated by the TiO2 catalyst to form a radical "MB+. These radicals further
react with 02 to form [MBOOA]+, the heteropolyaromatic ring is broken, and subsequent
degradation occurs [28].

Titanium nanotubes formed on titanium wires have been reported to demonstrate higher
dye degradation performance in comparison to TNA/0" using a conventional macroscale
non-flow-through format [8]. The higher degradation of the former was attributed to the
geometry wherein the wires are juxtaposed next to one another [8]. Also, on wire and mesh
substrates, titania nanotubes grow radially outwards in a uniform and compact manner.
Such a configuration enables them to not only to utilize the absorbed light, but also the
reflected and refracted light as well [26]. In the case of microfluidic format, the enhanced
photocatalytic degradation of MB using the TNAmesh catalyst can be attributed to the
short transport length [5]. Unlike in the case of TNA/oiL, the TNAmesh catalyst remains
suspended across height of the channel (Fig. 6.9). Hence, the MB molecules do not have to
diffuse all the way to bottom of the microfluidic channel to reach a catalyst surface. Thus
the mass transport is enhanced in the case of TNAmesh in comparison to TNA/oil. Another
reason for the enhanced performance can be attributed to the flow perturbation induced by
the mesh [9]

The application of TiO. photocatalysts for E. coli inactivation was first reported by
Yoshihiko et al. [29]. The mechanism of degradation of bacteria is similar to that for MB
viz. due to the generation of reactive oxygen species/ROS (OHA, O-, HOO?, H202) by
TNA [30, 31]. The photo generated hole sites in the valance band of titania reacts with
the water to form hydroxyl radicals (OH"), while the electrons promoted to the conduction
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Figure 6.8. Effect of light intensity on E. coli degradation for TNAmesh (1000 CFU\mL
starting concentration, 100 ~L/min).

Figure 6.9. TNAfoii and TNAmesh catalyst layouts in the microfluidic channel
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band react with molecular oxygen to form superoxide ions and H202. These further react
with water to form additional hydrox| radicals. An alternative mechanism involving the
direct oxidation of bacteria through the photogenerated holes has been ruled out [32]. The
photogenerated radicals are responsible for the inactivation of bacteria, by oxidizing organic
material up to complete mineralization [32, 14]. The generated radicals attack the bacterial
cell wall, leading to punctures [33, 32]. They cause the degradation of lipopolysaccharide,
a cell wall constituent, and promote peroxidation of the lipid membrane [34, 35]. This
results in the increase in the permeability of cells, the leakage of intracellular molecules,
penetration of ROS into the cytoplasmic inner membrane, and finally induces bacterial cell
death [36].

The use of microfluidic photocatalytic systems involving TNAmesh could he used to
harvest clean and inexpensive energy from the sun for photocatalytic water remediation.
They can be used for industrial applications by scaling up the microreactors. These could
also be used as portable water treatment devices especially in developing countries. The
technique could be also be used in conjunction with current ultraviolet purifiers, wherein the
power consumption can be significantly reduced, or the time for effective water treatment
can be significantly reduced.

6.6  Conclusion

The photocatalytic degradation performance using TNAmesh and TNAfoil catalyst in
a microreactor was compared at different flow rates under simulated AM 15 light. The
experimental results show that TNAmesh exhibited enhanced degradation of MB pollutant
in comparison TNAfoil. The improved photocatalytic performance of the TNAmesh is
attributed to shorter diffusion distance and induction of flow perturbation in the case of
TNAmesh. Also in the case of TNAmesh, the nanotubes grow radially outwards in a uniform
and compact manner, enabling them to utilize absorbed, reflected, and refracted light [26].
The microreactor was applied to the inactivation of E. coli Q157:H7.
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CHAPTER 7
CONCLUSION

Several key scientific contributions have been made by the author in the area of applying
nanomaterials in microfluidic format for sensing and remediation. A brief summary of the
scientific contributions and conclusions drawn are presented hereafter along with suggestions
for future work.

7.1 Platinum Eunctignaliz nia aotube Arra
gensor or Detection otedrrlc oroe ene in Water

1.1.1  Conclusions
A platinum functionalized TNA sensor for amperometric detection of TCE in water
sample was reported.

The TNA was synthesized using an electrochemical anodization technique and plat-
inum was photocatalytically deposited on the nanotubes.

The sensor showed current response to TCE in water at concentrations ranging from
10 ppm to 1000 ppm.

The sensor exhibited a response to TCE at room temperature, making it less power
intensive.

The sensor can easily be incorporated into a point-of-use field-based system.

1.1.2  Contributions
The Pt functionalized TNA sensor can be used for detection of other gases like 02,
H2, formaldehyde etc.

A mechanism for the sensor current response hased on the reaction of TCE with
chemisorbed reactive oxygen species (primarily O-) was proposed. The knowledge
can be applied to other metal oxide semiconductor sensors.
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1.1.3 Future Work

The mechanism of amperometric response of the sensor involves reaction of chemisorbed
reactive oxygen species on the surface of the sensor with volatile organic compounds (VOCs)
[1]. Hence, the sensor can be applied to detection of other VOCs. Functionalization of the
sensor with other metals (Pd, Co) could be explored for detection of other VOCs [2]. The
deposition of metals via. different modes (electrochemical, photodeposition, vapor phase
deposition) need to explored and characterized using XPS, SEM to optimize the sensor.
Detection of VOCs from exhaled breath is a possible method for early diagnosis of several
pulmonary diseases [2]. Hence, the platform can be modified into a breathalyzer with
potential applications in health care diagnostics. The amount of platinum on the surface of
the TNA can be modified to optimize the response to the sensor. The bias voltage can also
be optimized to improve current response. To enhance the sensitivity of the sensor, TNA
could be integrated into an interdigitated electrode format [3]

7.2 Highly Sensitiye Bacteria Quantification Usi
Imn?u ; { A Q r?

nomaqgnetic Separation and Electrochemical
Detectlongoq uam%e-ﬁ:\tbeleg econdary Beads
7.2.1  Conclusions

» The protocol reported can detect E. coli from 100 mL samples with demonstrated
limit of detection of 3 CFU/mL (S/N=3).

* IMS indicated a 95% extraction efficiency of E. coli with much less nonspecific capture
(0.4%).

» The use of polyG functionalized secondary beads in addition to the magnetic beads
incorporates signal amplification and potential multiplexing capability.

» Fluorescence imaging was performed to confirm selective binding of polyG functional-
ized secondary beads on the electrode surface and to demonstrate minimal nonspecific
binding.

» The demonstrated limit of detection was 67 times lower than the most sensitive
technique reported in literature.

7.2.2 Contributions
» A protocol for ultra-sensitive indirect electrochemical detection and quantification of
E. coli O157:H7 was reported.
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* The use of the protocol for detection of E. coli O157:H7 seeded in waste water
effluent samples was demonstrated. Hence, the protocol can be used for real-world
applications.

» The protocol can be applied to quantification of other pathogens using magnetic beads
functionalized with antibodies specific to the pathogen strain.

1.2.3 Future Work

The protocol needs to be integrated into an automated system for use in field-hased
detection of E. coli. Miniaturized electrodes fabricated on chip needs to be used instead
of glassy carbon electrodes for such a system. Since in a commercial system, long-term
stability of the probes on the electrode is critical, the same needs to be evaluated. The
system can be multiplexed by using secondary beads functionalized with a different polyG
sequence (and using corresponding complementary probe sequence on the electrode). The
hybridization parameters needs to be optimized to ensure minimum nonspecific binding
between noncomplimentary DNA sequences. These include factors like temperature, salt
concentration in buffer, hybridization time, etc. [4]. Future work would include optimization
of the number of magnetic beads, number and size of nonmagnetic beads, polyguanine
oligonucelotide concentration, and antibody concentrations. In the reported protocol, it is
possible that the magnetic bead and secondary bead might compete to bind to the same
site on E. coli. Hence, the ratio of these beads needs to be optimized. Another area of
improvement is the reduction in variability of the electrochemical signal during DPV in
acetate buffer solution (supporting electrolyte) containing 5 Ru(bpy)2+. The use of
other supporting electrolytes like PBS and KCI can also be explored. The effect of DPV
scan parameters on the variability needs to be studied using statistical techniques (factor
analysis).

1.3 Anqdized Titania Nangtube Array Microfluidic Device
(%or S%otocateflytlc SI%)?IJ %%Ité%ny Experiment and

1.3.1  Conclusions
* Amicrofluidic reactor with TNA catalyst embedded in it was applied to photocatalytic
degradation of methylene blue.

» The performance was evaluated at different flow rates ranging from 25 to 200 AL/min.
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» The degradation performance was demonstrated to be better in comparison to mi-
crofluidic format with TiO2 nanoparticulate (commercial P25) catalyst especially at
higher flow rates (50-200 “L/min).

» The microfluidic reactor was fabricated using non-cleanroom-based soft lithography,
making it suitable for economical large-scale manufacturing.

* A computational model of the microfluidic format was developed in a COMSOL
Multiphysics® (finite element analysis) software to evaluate the effect of diffusion
coefficient and rate constant on the photocatalytic performance.

1.3.2  Contributions
* The microfluidic reactor can be used for other photocatalytic applications and not just
for degradation. For instance, the device can be used for photocatalytic syntheses of
chemicals without much modification.

» The COMSOL model developed simulates the conversion of MB in the microreactor,
including the effect of diffusion coefficient and rate constant. This model can applied to
any microfluidic surface-based catalytic conversion system. By modifying the diffusion
coefficient and rate constant, the model can be used for other chemicals/pollutants
and catalysts. The model can easily be modified to fit other channel geometries.

1.3.3 Future Work
Improvements in the format have been incorporated into work done in Chapter 6,
especially in the area of using the reactor for inactivation of pathogens.

1.4 De radat| n.of A%Cg%a {mgnd Blolct)glcal Contaminants:

tocata Ic_Reactors Utilizing Titania
y’\lano ubes onertanlum I] !

7.4.1  Conclusions
* A microreactor with TNA grown on a mesh showed enhanced photocatalytic per-
formance over the device with TNA grown on a mesh (described in Chapter 5) for
degradation of methylene blue.

* The device was also able to achieve >99% inactivation of E. coli O157;:H7 at a flow
rate of 50 *L/min
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7.4.2  Contributions
* A photocatalytic microfluidic reactor with TNA grown on a mesh was developed.

» The system can he applied to degradation of any chemical and biological agents in
water, which can be mineralized with oxidizing agents (H202, OH, 02, 03).

143 Future Work

The device can be applied to inactivation of other pathogens like viruses, which are
harder to remove using conventional techniques like filtration. The TNA catalyst can also
be functionalized with metals (Pt, Pd, Mn, Co), semiconductor material (CdS, PhS, Bi2S3,
CdSe, CdTe, InP) to further improve their performance in the microfluidic format under
visible light [5 6]. The deposition using different modes (electrochemical, photodeposition,
vapor phase deposition) needs to explored and characterized using XPS, SEM to understand
surface coverage etc. To improve the photocatalytic efficiency of the system under visible
light, doping of TNA with nitrogen can be done. Nitrogen doping could narrow the band
gap of titania to extend the adsorption of catalyst to the visible light region [7].

1.5 Publications
Three manuscripts have been published from this work, with one manuscript in process
of being submitted. A book chapter on microfluidic diagnostics was also published. These
publications are as follows:

1 H. Jayamohan, H. J. Sant, and B. K. Gale, “ Applications of microfluidics for molec-
ular diagnostics,” in Microfluidic Diagnostics. Springer, 2013, pp. 305-334.

2. H. Jayamohan, Y. R. Smith, B. K. Gale, M. Misra, and S. K. Mohanty,"Platinum
functionalized titania nanotube array sensor for detection of trichloroethylene in wa-
ter,” Proc. Sensors 2013 (Baltimore, MD, 3-6 November 2013) IEEE, pp. 1-4, 2013,

3. H. Jayamohan, Y. R. Smith, L. C. Hansen, S. K. Mohanty, B. K. Gale, and M.
Misra,“Anodized titania nanotube array microfluidic device for photocatalytic appli-
cation:Experiment and simulation,” Applied Catalysis B: Environmental, vol. 174,
pp. 167-175, 2015.

4. H. Jayamohan, B. K. Gale, B. J. Minson, C. J. Lambert, N. Gordon, and H. J.
Sant,“Highly Sensitive Bacteria Quantification Using Immunomagnetic Separation
and Electrochemical Detection of Guanine-Labeled Secondary Beads,” Sensors, vol.
15,pp. 12034-12052, 2015.
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