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Abstract
The basic human right to have safe and clean drinking water cannot be neglected with the everrising worldwide need for drinking water that meets global standards. Local monitoring of water
sources is even more vital in areas where access to pure drinking water is limited and its
processing facilities are out of reach. The lack of sophisticated medical services in remote areas
also makes providing clean drinking water crucial due to the danger of infectious outbreaks.
These outbreaks, or even isolated cases of infections may seem easily treatable in more
urbanized areas, but basic treatment may not be sufficient in more rural sites.
One of the most widely occurring pathogens in water is Escherichia coli (E. coli). The presence
of E. coli although infectious on its own, can also often be an indicator for the existence of other
harmful coliforms in water. Therefore E. coli is an important target for detection in water. To
provide more economic means of E. coli detection that can be used on-site, there is a need to
develop a portable sensor system that will not require highly qualified personnel training and can
be used for rapid on/off based detection. For this reason, a simple, rapid and cost effective
detection technique for E. coli using a Light Addressable Potentiometric Sensor integrated with
electrospun polyvinyl alcohol/poly acrylic acid (PVA/PAA) hydrogel nanofibers as the sensing
layer (NF-LAPS) is reported. Changes in pH of the media are detected as E. coli cells ferment
glucose molecules and increase acidity of the surrounding. A super-Nernstian response of a 74
mV/pH change in the NF-LAPS provides high sensitivity towards E. coli with a theoretical limit
of detection (LOD) of 20 CFU/ml. The measured limit of detection in this work is 100 CFU/ml.
The high sensitivity is associated with the pH sensitive behavior of the NFs on the surface.
Detection of acidic species released in cellular metabolism of pathogens in the presence of
carbon source renders the sensing mechanism cheaper, less time consuming and more practical
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than the antibody-antigen interaction based approach. Selectivity towards E. coli for applications
in drinking water detection is ensured by the incorporation of d-mannose for specific binding.
Selectivity is examined against Pseudomonas fluorescens (P. fluorescens).
To examine the possible application of the biosensor for other beverages with complex media
(with more compounds compared to water), the detection of E. coli in orange juice with a
portable NF-LAPS prototype device was investigated. The measured limit of detection in this
work is 100 CFU/ml. The selectivity of the biosensor towards E. coli is confirmed by examining
the response of the NF-LAPS against Salmonella typhimurium (S. typhi), also commonly found
in orange juice. S. typhi is also a sugar fermenting genus of bacteria. The entire NF-LAPS system
is packaged into a portable device with the readout displayed on a generic tablet. The Device is
also capable of wirelessly transmitting data into the analysis software. Real water samples are
tested with the working prototype of the portable NF-LAPS.
In addition, to demonstrate the versatility of the NF-LAPS, the system was used to investigate
the metabolic activity of breast cancer cells in the presence of sugar. Over the testing period of 2
h, cancer cells (MDA MB231) showed a response of approximately 0.4 change in pH compared
to a virtually no change for normal cells (MCF10A). The role of metabolic inhibitors is also
examined by monitoring cellular metabolism. The conclusion is that the use of inhibitors
suppresses the acidification process in cancer cells. This study based on the extracellular
acidification of cancer cells enhances our understanding of cancer cell metabolic activity and
their response to antibiotics, which in turn will help in the development of better treatments,
drugs and drug dosages.
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Chapter 1: Introduction
Planet earth holds approximately 1.4 billion km3 of water from which only 2.5% is classified as
fresh water. Realistically, only about 200,000 km3 of fresh water rounding up to less than 1% of
all bodies of water, can be used as supply for people and the earth’s ecosystems [1]. With the
ever-growing population of the world, it is becoming increasingly difficult to provide sufficient
amounts of water for human use compliable with global standards. The United Nations (UN) has
addressed the need for safe global drinking water in its mandate to, “by 2030, achieve universal
and equitable access to safe and affordable drinking water for all” [2].
Production, distribution and monitoring of water that is safe to drink have particularly become
the focus of global discussions as water directly affects the quality of life. In the case of drinking
water, guidelines are presented in terms of the maximum amount of various substances permitted
in water. Substances are considered by their effect on the appearance of water, effect on the
health of the consumer as well as interference with processes or technologies used for water
treatment or water infrastructure, e.g. corrosion [3].

Maintaining the specified guideline

standards becomes more difficult in rural or remote areas where access to state of the art
facilities is rare and local water sources are utilized for public use; monitoring the quality of
water is especially challenging in these locations due to lengthy analysis procedures and far
distances from equipped labs. For this reason, the need arises for local analysis techniques and
devices that can be employed on site to examine the water sources for harmful entities such as
pathogens.
Incidents of bacteria breakout in drinking water have often been reported in developed countries
as well as developing countries. Reports of these outbreaks will be highlighted in the coming
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sections. All the different reports and infection statistics indicate the vital need for the
development of tools and techniques that can be used to monitor water sources for the early
detection of hazardous pathogens to prevent future outbreaks or even unlikely disastrous events
related to public outbreaks.
1.1. World waters and contaminants
In this section, the global distribution of water and the categories of contaminants that threaten
the safety of world waters for drinking purposes are reviewed.
1.1.1. World water distribution
The world’s total renewable water resource per capita per year as reported by UN in 2015 is
illustrated in figure 1.1 [4]. As the figure suggests, the renewable water resources around the
world are not evenly distributed. Scarcity of water resources that can be used for human
consumption is becoming increasingly alarming with the population of the world increasing.
Moreover, climate change is affecting the availability of water, worldwide [5]. Therefore, it is of
utmost importance to take measures that make good use of the water that is available and ensure
its safety for drinking.
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Figure 1.1. The total renewable water resources distribution in the world per capita
as reported by the UN [4]. Water resources are not evenly distributed and renewable
water resources are highly scarce in parts of the world.

1.1.2. Contaminants in water
There are a variety of substances and microorganisms that threaten the safety of water for
drinking. In general, contaminants in water can be categorized as follows [3,6]:
•

Physical contaminants

•

Chemical contaminants

•

Microbial contaminants

•

Radiological contaminants
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Physical contamination in water pertains to any changes in the appearance of water or any
physical changes in it as a result of events such as mineral sedimentation or suspended
substances in water.
The category of chemical contamination in water covers a broad range of chemical elements or
compounds that can occur from natural sources or of be of man-made origin. These chemicals
include agricultural pesticides, metals, pharmaceutical compounds, etc. [6]. Pharmaceutical
compounds are regarded as emerging contaminants that have raised additional concern in the
water community [7].
Bacteria, viruses and protozoa (parasites) are considered examples of microbial contaminants,
also known as biological contaminants. Human or animal feces are the most common sources of
microbial contaminants in water. Examples of the different microbial contaminant groups
include Escherichia coli (E. coli), poliovirus and cryptosporidium, respectively.
Radiological contaminants arise from elements with an unbalanced number of protons and
neutrons in the nucleus that cause instability in the chemical and consequent radiation. Plutonium
for instance is a radioactive element.
Here the focus is on microbial microorganisms that can contaminate water, in particular E. coli.
E. coli is a gram-negative rod-shaped bacterium with mostly harmless strains; however, some
serotypes of E .coli can cause a variety of problems if ingested. Food poisoning with E. coli may
lead to diarrhea, bloody diarrhea, hemorrhagic colitis, and a type of kidney failure called
hemolytic uremic syndrome [8,9]. The E. coli 0157:H7 strain produces Shiga toxin that leads to
different symptoms in humans [10]. Moreover, the presence of E. coli can often be an indicator
organism for the existence of other microbial contaminants in water [11].
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Incidents of bacteria breakout in drinking water have often been reported in developed countries
as well as developing countries. The allegedly worst outbreak of E. coli reported in Canada in the
year 2000 was caused by E. coli contamination in the local water system. The outbreak occurred
in Ontario claiming 7 lives and made over 2300 people ill [12]. More recently, a report on the
quality of the drinking water in Pune, India indicated that 21% of the water samples taken in
March 2016 from the district were contaminated and results showed the presence of harmful
bacteria in those samples [13]. Yang et al. reported a global map of water-associated outbreak of
infectious diseases in recent years (1991-2008), depicting the distribution of such outbreaks
worldwide (figure 1.2) [14].

Figure 1.2. Global map of water related infectious disease outbreak from 1991 to 2008 [14].
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1.2. Detection of pathogens in water
The numerous accounts of outbreaks related to contaminated water indicate the vital need for the
development of tools and techniques that can be used to monitor water sources for the early
detection of hazardous pathogens to prevent future outbreaks or even unlikely catastrophes. In
this section we describe different methods of pathogen detection and biosensors used in water
monitoring.
1.2.1. Conventional diagnostic methods
Traditional laboratory based diagnostic tools for pathogen detection still used as the gold
standard for water monitoring due to their reliability, can be described as follows:
1.2.1.1. Plating and counting
In this method, cells are initially cultured with nutrients at physiologically appropriate
temperatures for at least 12 h. Colony forming units (CFU) are then counted either manually or
by automated cell counting methods. Petri dishes, counting chambers and grids are used to
perform manual counting; flow cytometry, image analysis software or electrical resistance tools
are used for automated plate counting [15,16].
1.2.1.2. Polymerase Chain Reaction (PCR)
The PCR technique was introduced in the 1980s by Kary Mullis. In this method, DNA
amplification is used to detect microorganisms. Nucleic segments with defined sequences and
lengths are amplified by the denaturation of strands, annealing and extension of oligonucleotide
primers in repetitive cycles. The thermally stable Thermus Aquaticus (Taq) DNA polymerase is
used for this purpose [17,18].
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Figure 1.3. An example of an ELISA plate used for the detection of microorganisms [25].

PCR has been the object of many biosensing studies for the detection of various organisms
ranging from water related pathogens like E. coli [19] to the very recently publicized Zika virus
[20].
1.2.1.3. Enzyme-Linked Immunosorbent Assay (ELISA)
ELISA is frequently used for the detection of pathogens in the laboratory. The method is based
on antibody-antigen interactions to identify the target microorganism. A specific antigen is fixed
on the surface and when the specific antibody binds to the antigen, a known enzyme linked to the
antibody is used to produce a signal, usually by color change [21]. ELISA is often used as a
biosensor for pathogen detection [22–24]. Figure 1.3 illustrates an ELISA kit after binding has
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occurred on the surface of the chambers [25]. In some cases, a sandwich assay is used where a
second antibody is added by a tagged enzyme, acting as the detector antibody.
1.2.2. Emerging diagnostic methods
The gold standards for pathogen detection are effective and accurate. However, they are time
consuming and can seldom be used by untrained users. For faster detection of pathogens and
potential on-site monitoring of drinking water, scientists have invented modern alternative
techniques. A few of these techniques are described in this section.
1.2.2.1.Optical and mechanical sensors
Biosensors based on optical methods, mechanical methods or combinations of the two have been
developed that mainly consist of a biological interface, a transducer and a data acquisition unit
These sensors are classified as rapid detection systems that can often be used for real-time
sensing.[17]. The shorter detection time associated with these methods is owed to their sensing
mechanisms and the fact that no additional overnight culturing of the pathogens is required. Here
are a few of these methods:
1.2.2.1.1. Surface Plasmon Resonance (SPR)
When a metal surface is irradiated by light with an appropriate wavelength, the photons excite
the free electrons of the metal. These excited electrons at an interface with an oppositely charged
material undergo charge density oscillation. This oscillation creates a plasmon wave
(electromagnetic or evanescent) that is maximal at the metal-ambient interface. The plasmon
wave then penetrates into the ambient media, usually aqueous. As the angle of irradiation at a
single wavelength surpasses a critical resonance angle, or the wavelength at a fixed angle
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Figure 1.4. Schematic representation of an SPR sensor and output signal. The angular
shift in the reflected light shows the addition of mass on the surface indicative of
antibody-antigen binding [26].
surpasses the threshold, resonance is achieved. If there is additional mass attached to the surface,
which is what happens for instance when antibody to antigen binding occurs, this resonance
frequency shifts as a result of the change in the refractive index [17]. The change is detected by
the shift in the angular position of the reflected light. Figure 1.4 represents a schematic view of
an SPR system and its typical response curve as depicted by Shankaran et al [26].
Recently, Enrico et al. demonstrated the detection of Legionella pneumophila, responsible for
Legionnaires’ disease in water using an immunosensor based on SPR. In their study, the gold
surface was functionalized with self-assembled Protein A and antibody was immobilized on the
surface. The SPR setup was designed into a prototype by means of a microfluidics channel and
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additional electronics and mechanics designed by CAD software. The results showed the
successful detection of down to 103 CFU/ml L. pneumophila by binding to its respective
antibody, here polyclonal antibody [27].
Although SPR sensors are quite versatile and very sensitive, there are still challenges that need to
be addressed. The SPR transducer is sensitive to temperature drifts [17]. Antibodies can lose
sensitivity with temperature rise as well. The entire system may not be cost effective and despite
being commercialized, SPR is still difficult to transport for detection on-site.

Figure 1.5. An illustration of a QCM disc comprised of a gold coated
piezoelectric crystal substrate. The analyte sits on the surface and the signal
changes as a result of mass adsorption [29].
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1.2.2.1.2. Quartz Crystal Microbalance (QCM)
QCM sensors are bulk wave (BW) acoustic sensors. In BW acoustic sensors, applying an electric
field through a transducer to the piezoresistive substrate generates an acoustic wave. The
acoustic wave propagates through the material and is picked up by a second transducer
converting the wave into an electric field.). QCMs, also known as thickness shear mode (TSM)
acoustic wave resonators, make up the oldest acoustic wave devices originally used to monitor
metal deposition rates. Applying a voltage to the QCM electrodes results in the shear
deformation of the crystal. The shear propagation component of the wave renders TSM
resonators a suitable candidate for biosensing applications in liquids, because a perpendicular
component would be damped in liquid media [28]. That is why surface acoustic wave sensors
(SAW) unlike BW sensors are not suitable for liquid sensing applications. Figure 1.5 depicts a
conventional QCM sensor [29].
An example of the application of QCMs in biosensing is reported by Wan et al. who utilized
functionalized magnetic nanoparticles to capture and separate sulphate-reducing bacteria (SRB)
and detected the bacteria using a Ti-gold plated QCM [30].
The disadvantage of using QCM sensors emerges when attempting to increase sensitivity. QCMs
typically operate at resonance frequencies in the range of 5-30 MHz and for higher mass
sensitivity, higher operating frequencies are desired; to achieve that, the thickness of the crystal
being used needs to decrease thus causing the sensing device to become more fragile for outside
the laboratory applications [28].
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1.2.2.1.3. Micro-elecrtromechanical Systems (MEMS)
MEMS are a general class of devices that convert a mechanical change into an electrical signal.
Examples of the everyday applications of MEMS devices include video projectors, microphones
and gyroscopes. As the name suggests, a MEMS device includes micron sized main components
with microsensors that interact with different surrounding stimuli. An actuator drives the
microsensor. The changes in the surrounding then lead to mechanical signals that are converted
into electrical signals via the processor unit. Examples of various MEMS sensors include
microcantilevers, pressure sensors, micromirror arrays (such as digital micromirror devices,
known as DMD, used in projectors) and lab-on-a-chip devices for biological applications.

Figure 1.6. SEM image of two silicon cantilevers under magnification. The functionalized
cantilevers are hanging from the base, attached to the readout system [32] .

12

The success of MEMS devices is due to the sensitivity arising form their small size, easy
integration into electronic systems and relatively low manufacturing cost [31].
To investigate the use of MEMS for biosensing, Thundat et al. reported the application of
microcantilever sensors in biosensing for a variety of biological targets. The high selectivity of
these sensors is attributed to the specific surface functionalization of the cantilevers. The
scanning electron microscope (SEM) image (figure 1.6) shows silicon cantilevers under
magnification [32]. The challenge with microcantilevers, although quite versatile, is
miniaturization of the readout system and ensuring repeatability.
1.2.2.2.Electrochemical sensors
One of the most promising categories of sensors used in pathogen detection is electrochemical
sensors. The advantage of using electrochemical sensors is the direct conversion of biological
processes to electronic signals. These sensors include the same structure of biosensors with a
biological interface transducer and data acquisition unit. Moreover, they are cost effective,
reliable, rapid and easily miniaturized [33]. They can even be integrated with MEMS devices. In
this section amperometric and potentiometric electrochemical sensors are introduced as examples
of electrochemical biosensors.
1.2.2.2.1. Amperometric sensors
The mechanism of biosensing via amperometric sensor devices is simply explained as detecting
microorganisms by measuring the current produced by oxidation or reduction of the entity as it
engages in bioaffinity reactions on the surface of the sensor [17]. Amperometric setups
commonly consist of a working electrode to measure the current and a reference electrode to
maintain the potential; a target specific surface is also required to act as the platform for the
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biological reactions as shown in figure 1.7. The main advantage of amperometric
electrochemical sensors is the ability to have compact, portable sensing devices that can be used
for on-site detection with detection limits down to ppb level [34]. The linear response of these
sensors with concentration also simplifies the calibration process. The drawback of
amperometric devices arises from the mechanism being based mostly on oxidation/reduction
processes.
Tang et al. utilized an amperometric biosensor to detect E. coli with a self-assembled monolayer
based system. They report a sensing range of 1.6 x 103 to 1 x 107 CFU/ml. Furthermore, using a
bi-enzyme configuration the limit of detection (LOD) was determined to be 9.7 x 102 CFU/ml
[35].

(a)

(b)

Figure 1.7. (a) A schematic representation of an amperometric sensor used for perchlorate
detection in water; (b) an image of the portable sensor device [34].
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1.2.2.2.2. Potentiometric sensors
Potentiometric sensors benefit from detecting the changes in potential that result from various
activities that occur on the analyte/sensor interface where discrete chemistry of the surface
ensures the selectivity of the system. Much like amperometric sensors, potentiometric sensors are
simple by design and can be miniaturized into portable units. Field effect transistors (FETs) are
often applied in potentiometric sensing systems to measure the potential changes at the gate of
the FET. This makes the sensing device easier to be made compact for real time use [17].
One of the most widely used potentiometric sensors is the light addressable potentiometric
sensor (LAPS). LAPS is an electrochemical sensor with a three-electrode configuration. The
working electrode (WE) in this system is a semiconductor (most often Si), which is the main
sensor component. The sensor is connected to a potentiostat that shows the I-V curve response of
LAPS. Figure 1.8 demonstrates a scheme of a typical LAPS device.
When light is illuminated on the front side or backside of the sensor, electron-hole pairs separate
under the surface of the WE at the interface with the electrolyte. When an electric field is
applied, the electron-hole pairs move in the field and create a photocurrent signal. This signal is
dependent on the potential of the surface of the WE, where the ion sensitive layer is, and changes
in electrolyte properties such as pH alter the photocurrent response. The advantage of LAPS over
other types of potentiometric sensors such as chemical field effect transistors (CHEMFETS) is
the incorporation of light. LAPS can be used as a spatially sensitive system, bearing in mind that
only parts of the sensor that are illuminated are responsible for the signal. Functionalizing the
surface of the sensor ensures the selectivity of the sensing unit. The physics of LAPS is
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Figure 1.8. Schematic illustration of a typical LAPS system with a three-electrode
configuration.

extensively explained in chapter 2. Various applications of LAPS in biosensing have been
explored in the last 2 decades [36–38].
1.3. Hydrogels
The sensitive layer of the LAPS system in this work is chosen to be pH sensitive polyvinyl
alcohol/poly acrylic acid (PVA/PAA) hydrogel nanofibers (NFs). For this purpose hydrogels are
briefly explored in this section, with a focus on pH sensitive hydrogels and their NFs. Hydrogels
are a class of polymeric materials that consist of a 3-dimentional network of polymer chains.
This network is hydrophilic in nature. The components used for the synthesis of hydrogels are
initially water-soluble. However, as the gel forms, it is no longer soluble in water.
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1.3.1. Stimuli responsive hydrogels
In stimuli responsive hydrogels, any small alterations in the surrounding media result in a
considerable change in the volume of the hydrogel network. The swelling of the hydrogel in
response to an external force can lead to a volume change, up to a hundred times. On the other
hand, reverse changes cause deswelling of the hydrogel by release of aqueous solutions from the
polymer network. There are a number of stimuli that cause volume changes in hydrogels,
including and not limited to light, pH, temperature and applied electric field.
pH sensitive hydrogels are polyelectrolytes with weak acidic or basic groups with the capability
to be ionized. Hydrogels with weak acidic groups (like PVA/PAA) become deprotonated in more
basic media and protonated in more acidic environments. As the hydrogel is deprotonated, likecharge density increases and the generation of mobile counterions causes a phase transition and
consequent swelling. Deprotonation in hydrogels with weak acidic groups is represented in
Eq.1.1.
[𝑅𝐶𝑂𝑂𝐻]!"# + [𝑂𝐻! ]!" → [𝑅𝐶𝑂𝑂! ]!"# + 𝐻! 𝑂

Eq.1.1

The opposite occurs in more acidic environments and protonation causes a decrease in likecharge density and the gel shrinks (Eq.1.2):
Eq.1.2

[𝑅𝐶𝑂𝑂! ]!"# + [𝐻! ] → [𝑅𝐶𝑂𝑂𝐻]!"#

Figure 1.9 demonstrates the phase transition of polyelectrolyte hydrogels with changes in pH.
Hydrogels with both acidic and basic groups show 2 phase transitions. The phase change is
associated with the dissociation constant pKa of the hydrogel. As the pH passes the pKa, phase
transition happens (in acidic hydrogels). Any further change in pH only increases the ionic
strength of the network.
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Figure 1.9. The swelling behavior of hydrogels with respect to changes in pH. In acidic
hydrogels, as the pH passes the pKa of the network a phase transition happens. Further
increase in pH increases the ionic strength and reaches maximal swelling. For basic
hydrogels the opposite occurs. Hydrogels with both acidic and basic groups show 2
phase transitions [39].

It is worth mentioning that due to the kinetics of hydrogel swelling, smaller hydrogel dimensions
lead to higher swelling. Swelling time is proportional to the square thickness of the hydrogel as
seen in Eq.1.3. In this equation τ is the swelling time constant, r is the hypothetical radius of a
spherical gel and D the diffusion constant. If we consider the ionic characteristics of the buffer
solution, we can obtain Eq. 1.4, which is more complex (obtaining the equation is out of the
focus of this work). δ is the gel thickness, D is the diffusivity of the buffer solution, H0 the
hydration and βgel and βHB the buffer capacity of the hydrogel and buffer, respectively[39].
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Therefore, the idea of using NFs of pH sensitive hydrogels can drastically decrease the swelling
time of the hydrogel. They can be used in a variety of applications from drug delivery to sensors.
1.3.2. pH sensitive hydrogel NFs in sensing
Hydrogel NFs offer enhanced swelling properties as opposed to the bulk form. Fabrication of
NFs can be done using techniques such as electrospinning [40], self-assembly [41] and chemical
methods [42]. To elucidate the importance applications of pH sensitive hydrogel NFs, two
separate examples of the use of NFs in sensing are given.
Han et al. incorporated electrospun polystyrene (PS)/poly (styrene-alt-maleic anhydride)
(PSMA) hydrogel NFs into a microfluidic system for the fluorescent detection of matrix
metalloproteinases‑9 (MMP-9), which is a key factor in vascular disease and cancer progression.
Figure 1.10 shows the microfluidic sensor with the fluorescent signal of the functionalized NFs
[43].
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Figure 1.10. A microfluidic system coupled with PS/PSMA electrospun hydrogel
NFs and its fluorescent response as a result of the presence of MMP-9 [43].

In

addition,

Vemula

et

al.

used

self-assembled

nanofiberous

gels

(SAF)

of

tri(hydroxymethyl)aminomethane (TRIS) to detect intracellular milieu (decrease in pH). The
ability of the hydrogel to detect changes in pH helps to deliver drugs more efficiently due to the
simple design of the hydrogel carrier network. pHrodo dye is encapsulated in the NFs for pH
modulation (figure 1.11). By using this method, the authors have provided an alternative
approach to deliver molecules that are not amenable to covalent binding for drug delivery [44].
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(a)

(b)

(c)

(d)

Figure 1.11. The fabrication of Tris NFs incorporated with pHrodo dye for detection of
intracellular milieu. (a) and (b) show the synthesis steps and optimization of the SAF; (c)
shows the SEM image of the SAF without pHrodo and (d) is the SAF with pHrodo [44].
In summary, the LAPS system, combined with the pH sensitive hydrogel layer is the perfect
candidate for sensing E. coli. The reason for that is, compared to methods such as plating, LAPS
has the capacity for detection in much shorter times of possibly an hour compared to 2 days.
Compared to other techniques, LAPS can be easily miniaturized for portable usage outside the
laboratory environment. It can be used in the field for onsite detection in different media. Further
discussion on the abilities of this NF-LAPS system is discussed in the following chapters.
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Chapter 2: Light Addressable Potentiometric Sensor (LAPS)
In this chapter, the physics of LAPS will be explored so that the sensing mechanism of the
system becomes clear. Firstly, basic physical phenomena regarding semiconductors are described
and then the LAPS response is elaborately explained. Despite the complicated underlying
phenomena that govern semiconductors, the sensing mechanism in LAPS is quite simple. Any
changes in potential on the sensing layer are reflected in the photocurrent signal. This renders the
sensor very practical and versatile.
2.1. Physics of LAPS
A typical WE in a LAPS system constitutes of a semiconductor substrate (usually slightly
doped), an insulating layer and a sensing layer with a discrete chemistry. A light source
commonly made up of light emitting diodes (LEDs) illuminates the sensor to produce a
photocurrent. A potentiostat is responsible for providing biased voltage to the system and
measuring current through an electrochemical system where the sensing chip acts as the WE and
the reference electrode (RE) and the counter electrode (CE) are placed in the electrolyte
containing the sensing target. A schematic of such a system can be seen in figure 2.1 with a
sensor chip holder that engulfs the system (similar to what was presented in figure 1.8 in chapter
1).
To better understand the physical phenomenon involved in LAPS, some fundamental concepts
need to be explained. Here, some basics will be explored regarding semiconductors,
semiconductor/insulator/electrolyte interfaces and charge transport phenomena.
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Figure 2.1. A sensor chip chamber schematic representation and a closer view of LAPS
and its components. The RE and CE continue outside the chamber to a potentiostat that
reads the LAPS signal.
2.1.1. Charge states in semiconductors
Materials can be divided into 3 groups based on their electrical conductivity as conductors,
semiconductors and insulators. Different energy levels can be defined for all theses groups with
the main energy levels being the energy of the valence band (Ev) and the energy of the
conduction band (Ec). What differentiates conductors from semiconductors is the availability of
electrons at different energy levels. In conducting materials as well as semiconductors, the
valence band is filled with electrons; however, the conduction band in a semiconductor is
inherently empty. A conductor has filled energy states in the conduction band up to the Fermi
level with energy of Ef. In a semiconductor, this Ef, defined by the energy level where the
possibility of an electron present is 0.5, falls in the band gap of the material between Ev and Ec.
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Figure 2.2. Band diagrams of an (a) intrinsic (b) n type and (c) p type semiconductor
with Ec representing the energy of the conduction band, Ev valence band, Ef the Fermi
level, Ed the donor level and Ea acceptor level.

Therefore, semiconductors need additional energy for electrons to flow into the conduction band.
This additional energy can be provided by means of thermal energy, field emission especially in
the form of light and thermal vibrations. Electrons and holes are generated through this addition
of energy and electrons can move into the conduction band leaving behind holes.
In the case of extrinsic semiconductors, donor or acceptor atoms are added to the system. These
atoms will provide electrons (or holes) with quantized energy, even at T=0 k, so that the Fermi
level of the semi conductor will no longer be situated in the middle of the band gap resulting in
extrinsic n type or p type semiconductors (figure 2.2).
2.1.2. Band bending in semiconductors
When a semiconductor forms a junction with other materials like metals, band bending can occur
to reach equilibrium at the energy levels. When a semiconductor is in contact with a metal, since
the work function (ϕ) of the semiconductor is different from that of the metal, charge transfer
occurs between the two materials. The work function of materials is defined as the energy
required for moving an electron from the Fermi level of a material into the vacuum. When two
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materials, in this case a metal and a semiconductor, have different work functions, transfer of
charges can occur to compensate for the difference between the work functions of the materials
so that the electrons would require less energy to be moved to vacuum. In other words, the two
materials will be more stable thermodynamically. This transfer of charges creates a field between
the semiconductor and the metal. Since the number of free charge carriers in the semiconductor
(up to1018 cm-3) is smaller than that of metals (1023 cm-3), the field is not well screened in the
semiconductor and a space charge region is formed near the surface of the semiconductor. In this
space charge region, the band edges can shift upwards or downwards due to the charge transfer,
depending on the relative position of the Fermi energy levels. In other words, depending on the
different work functions of the semiconductor and metal, the band edges bend. Reported work
function values of some materials that may be used in LAPS systems can be found in table 2.1.
If we consider an n type semiconductor, when the work function of the metal is lower than the
semiconductor (ϕm < ϕsc), which means the Fermi level of the metal is at a higher state compared
to the semiconductor, downward band bending occurs for the Fermi levels to match. Charge
Table 2.1. Work functions of different materials that can be used in LAPS.
Semiconductor
Silicon (Si)Intrinsic
Germanium (Ge)Intrinsic
Gallium Nitride
(GaN)
Titanium Dioxide
(TiO2)-Rutile

ϕsc (eV)
4.95

Metal
Gold (Au)

ϕm (eV)
5.1

References
[45]

5.15

Aluminum (Al)

4.28

[45]

4.1

Titanium (Ti)

4.33

[45], [46]

4.7-5.8
(Treatment
dependent)

Chromium (Cr)

4.44

[45], [47]
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Figure 2.3. Downward band bending in an n type semiconductor in junction with a
metal having a lower work function than the semiconductor. Electrons flow from the
metal to the semiconductor and accumulate in the space charge region.
transfer due to the induced electric field causes the electrons to flow from the metal to the
semiconductor and the semiconductor will be in a state of accumulation (figure 2.3).
In downward band bending, the Fermi level of the semiconductor gains energy to match the
Fermi level of the metal. Since the relative positions of the electronic states of the semiconductor
remain constant and the band gap of the material cannot change, the valence and conduction
bands of the semiconductor also shift in energy. This shift does not happen at the edges of the
energy bands due to the fact that the band edges are pinned to the surface and the electric field
caused by the contact causes the downward bending of the bands. This type of contact is known
as ohmic contact between metal and semiconductor.
When the work function of the metal is bigger than that of the semiconductor however (ϕm > ϕsc),
the space charge region has extra positive charge and electrons flow from the semiconductor to
the metal, thus causing a depletion layer that is assumingly free of charge and hence depleted of
charges. It should be noted that the number of charges in the depletion layer is not really zero,
but that in fact there is no current density in that region (figure 2.4).
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Figure 2.4. Upward band bending in an n type semiconductor in junction with a
metal having a higher work function than the semiconductor. Electrons flow towards
the metal and a depletion layer is created.

The formation of the depletion layer is accompanied by the upward bending of the energy bands
since the Fermi level of the semiconductor is at a higher state and equilibrium is reached as the
Fermi levels match. The n type semiconductor in depletion is depleted of electrons; therefore an
energy barrier is formed between the semiconductor and the metal called the Schottky barrier
[48].
Considering the values for different work functions of materials, one can predict the nature of the
contact between a metal and a semiconductor. For example, one would predict that aluminum
would probably form an ohmic contact with silicon (depending on the doping) or that gold would
probably form a Schottky barrier with gallium nitride. Having said that, experimental data does
not always follow predictions based on theory due to factors such as the presence of surface
states, change in surface morphology or even the diffusion of the adhesion layer into the
semiconductor when a metal contact is deposited on the semiconductor.
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It should be mentioned that in a p type semiconductor, the majority of charge carriers are holes
and therefore the depletion layer forms when band bending is downwards, or when the space
charge region is depleted of holes. If there is no difference between the work functions of the
semiconductor and the metal before contact, the energy bands lie flat and there is no band
bending. The semiconductor is then at a flat band state.
Band bending can also happen when a voltage is applied to the semiconductor connected to a
metal (field effect band bending). For an n type semiconductor, if a positive voltage is applied
(relative to the flat band potential which will be explained), accumulation will occur and if a
negative voltage is applied, the semiconductor will be in a state of depletion.
If the voltage applied to the semiconductor compensates for the work function difference
between the semiconductor and the metal (or even an electrolyte), that is to say the Fermi level
of the semiconductor is elevated to the Fermi level of the metal, there will be no need for band
bending to occur; such an applied voltage is referred to as the flat band voltage or the flat band
potential.
2.1.3. Width of the depletion layer
Before the width of the depletion layer is calculated, some considerations towards the
accumulation layer need to be taken into account. Firstly, charges flow from the semiconductor
bulk to the semiconductor surface in accumulation because the Fermi level is closer to the
conduction band near the surface (for an n type semiconductor). The density of the electrons near
the surface can then be described as:
𝑒! = 𝑁! exp(−

!!!!
!"

)

Eq. 2.1
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in which es is the concentration of the electrons at the surface, Nd is the number of donor atoms,
Vbb is the band bending potential, qVbb is the band bending energy, k the Boltzman constant and
T is the absolute temperature (adapted from [49]). The width of the accumulation layer differs
with the width of the depletion layer due to the fact that the distribution of charges is different in
the two cases. The typical width of the accumulation layer is under 10 nm and at times neglected.
For a LAPS system, photocurrent is generated when a semiconductor is illuminated as it is in
depletion. Therefore the width of the depletion layer will be of importance. For an n type
semiconductor, if we assume that the electrostatic charges on the surface of the semiconductor
space charge region and the surface of the metal (or an electrolyte) create a field, the electric
field is the gradient of the electric potential. Then we have:

𝐸 = −∇𝜙

Eq. 2.2

the electric field can be written as (Gauss’s law):

∇. 𝐸 = − !

!

Eq. 2.3

! !!

where ρ is the space charge density, ε0 is the vacuum dielectric constant and εr is the dielectric
constant of the semiconductor (assuming that the space charge region acts as a capacitor and
assuming a schottky approximation). Therefore, the electric potential in the depletion layer can
be calculated by solving the Poisson equation:
∇! 𝜙 = − !

!

Eq. 2.4

! !!
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Under the assumption that the potential energy of the charges is only changing in one direction,
i.e. assuming that the interface is of infinite surface, the potential can be derived for the direction
of the height (z) where the semiconductor surface height is considered as 0. So we can rewrite
Eq. 2.4 as:

∇! 𝑉 = − !

!

Eq. 2.5

! !!

where V is the band bending potential defined as:
Vbb=Vapp-Vfb

Eq. 2.6

in which Vapp is the applied potential and Vfb is the flat band potential. Let us consider the width
of the depletion layer to be W. The charge density is then defined as the number of donor ions Nd
(depletion layer is depleted of electrons) multiplied by the charge of a single charged particle q:

(0 ≤ z ≤ w)

𝜌 = 𝑞𝑁!

Eq. 2.7

This is true for any point inside the depletion layer, and if we assume for simplicity that the
positive charges (holes) are not present beyond the depletion layer, then:

(z > w)

𝜌 =0

From integrating Eq. 2.3, the electric field in the depletion becomes:
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Eq. 2.8

𝐸=

−!

!
! !!

𝑑𝑧 = − !

!

𝑧 + 𝐶!

! !!

Eq. 2.9

since the field is 0 at the boundaries of the depletion layer:

Eq. 2.10

𝐸 𝑧=𝑤 =0
therefore:

𝐸 = −!

!
! !!

𝑧+

!
!! !!

𝑤=

!
!! !!

(𝑤 − 𝑧)

Eq. 2.11

Then the electric potential would be:

𝑉=

!
!! !!

𝑤 − 𝑧 𝑑𝑧 =

!
!! !!

!

𝑤𝑧 − !!

! !!

𝑧 ! + 𝐶!

Eq.2. 12

The band bending potential, as defines in Eq. 2.6, is applied to the depletion layer such that the
potential in the bulk is assumed to be zero:
𝑉 𝑧=𝑤 =0

Eq. 2.13

and thus:
𝑉=

!
!! !!

!

𝑤𝑧 − !!

! !!

𝑧! − !

! !!
! !!

Eq. 2.14

!
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which by applying Eq. 2.7 throughout the width of the depletion layer can be rewritten as:

!!!

𝑉 = − !!

! !!

𝑧−𝑤

!

0≤𝑧≤𝑤

Eq. 2.15

from Eq. 2.6 and Eq. 2.15, the width of the depletion layer is [49]:

𝑤=

!!! !! (!!"" !!!" )

Eq. 2.16

!!!

this width, depending on the practical conditions, can be in the range of tens of nm to a few µm
[50].
2.1.4. Charge states in electrolytes
Having explained the charge transfer in a semiconductor, one should bear in mind that an
electrolyte behaves differently from a metal. In an electrolyte, charge transfer is done by means
of ions in the electrolyte. At the interface of the electrolyte with an electrode, which can be a
solid or liquid metal, a semiconductor or even carbon, the charges existing near the interface
form what is called an electric double layer. The electrode/electrolyte interface, that can be
described as a double layer capacitor at any applied potential (although the two charged surfaces
are not completely distinct) with a capacitance of Cdl. This capacitance, unlike for real
capacitors, can change with the applied potential and is in the order of 10-40 µF/cm2 [51].
Theoretically, the charge on the electrolyte side should equal that of the electrode side and are
often used as charge density.
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The electrolyte side of the double layer consists of many layers. The layer near the electrode
surface is called the Helmholtz layer and the layer following the Helmholtz is called the diffuse
layer (figure 2.5). This is all valid for higher ionic concentrations in the electrolyte. At lower
ionic concentrations, a gouy layer can be defined that is not the focus of this report.
The Helmholtz layer itself is composed of an inner Helmholtz layer and an outer Helmholtz
layer. The inner Helmholtz layer consists of adsorbed ions or molecules near the interface with a
charge density in the orders of µC/cm2 . The length of this layer is controlled by the center of the
specifically adsorbed ions. The outer Helmholtz layer includes the solvated ions surrounded by
the molecules of the solvent. The solvated ions, or nonspecifically adsorbed ions, interact with
the charges of the electrode only in a long range electrostatic fashion. Due to the thermal
aggitations in the electrolyte, the nonspecifically adsorbed ions distribute throughout the solution
in the diffuse layer [51]. The diffuse layer length changes with the ionic strength of the solution.

Figure 2.5. Schematic representation of the double layer
electrode/electrolyte interface on the side of the electrolyte [51].
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The electronic states in an electrolyte can be classified as reduced states (filled states), oxidized
states and the redox potential state (electrochemical potential) which is the equivalent of the
fermi level for the electrolyte. The distribution of the electronic states is often described with a
Gaussian distribution as follows:
𝐷!" = exp(−

(!!!!"#$% !!)!

𝐷!"# = exp(−

!!"#

)

!!!!"#$% !! !
!!"#

Eq. 2.17

)

Eq. 2.18

in which Eredox is the redox energy level of the electrolyte, k the Boltzman constant, T
temperature and λ is defined as the reorganization energy of electron transfer (solvent
reorganization energy) [52]. The position of the redox energy level is determined by where the
reduced and oxidized state distributions coinside and can be explained by the Nernst equation
(Eq. 2.19) when the activity (or concentration) of the oxidized and reduced species are
considered [53]. In Eq. 2.19, n is the number of charges transferred and F is the Faraday
constant.
!"

[!

]

!
𝐸!"#$% = 𝐸!"#$%
+ !" 𝑙𝑛 [! !" ]

Eq. 2.19

!"#

The same can be expressed in terms of electrochemical potential since E= µ/e :

!
𝜇!"#$% = 𝜇!"#$%
+ 𝑅𝑇𝑙𝑛

[𝑐!" ]
[𝑐!"# ]

Eq. 2.20

Standard electrochemical potentials are commonly given compared to a normal hyderogen
electrode [52].
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The importance of energy states is discussed in the next section.
2.1.5. Electrolyte-semiconductor interface
The behavior of the electrolyte in contact with a metal is different from its contact with a
semiconductor since the charge carrier density is lower in semiconductors. When an electrolyte
is in contact with a semiconductor, if the fermi level of the semiconductor and the redox potential
of the electrolyte do not match, band bending occurs in the semiconductor until equilibrium is
reached by charge transfer (figure 2.6). The direction of band bending would still depend on the
position of the redox potential compared to the fermi level of the semiconductor.
Band bending in the semiconductor, in contact with an electrolyte also happens when voltage is
applied between the semiconductor (from an ohmic metal contact) and the RE, in the electrolyte.
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Figure 2.6. Upward band bending for an n type semiconductor (a) before contact
(b) after contact with an electrolyte with a redox potential lower than the Fermi
level of the semiconductor.
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Eredox

Change in the solution pH will result in different band bending energy values since the redox
potential in the system changes by the change in H+ ions concentration.
The potential profile along such a junction can be described in figure 2.7; however, the inner
Helmholtz layer has a different capacitance than the outer Helmholtz layer and therefore there is
a slight change in the potential before reaching the interface. UR indicates the potential of band
bending, UGa the band gap potential, UH the Helmholtz potential and UG represents the diffuse
layer (gouy) potential [54]. The Helmholtz layer is considered to be free of charge.

Figure 2.7. Distribution of potential throughout the semiconductor and
electrolyte in contact. The inner and outer Helmholtz layers have different
potentials [54].
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2.1.6. Electrolyte-insulator-semiconductor connection
Let us assume that the insulating layer, like the natural oxide layer on the semiconductor,
completely blocks all charge transfer. In this case, the electrostatic charge phenomena will be
dominant. The insulating layer will be free of charge and therefore the potential will drop
linearly from one side of the insulating layer to the other. A schematic representation of the
potential profile when an insulating layer separates the semiconductor and electrolyte can be seen
in figure 2.8 where the semiconductor is in a state of depletion. The drop in the potential across
the capacitance created by the inner Helmholtz layer is too small to show. It is worth mentioning
that the capacitance of the electric double layer in the electrolyte is larger than the capacitance of
the semiconductor space charge region.

Insulator
Diffuse layer
Potential

Semiconductor

Electrolyte
bulk

bulk

Distance

Helmholtz
layer

Figure 2.8. Schematic representation of the potential profile across the
semiconductor, insulator, electrolyte in contact.
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2.1.7. Photoeffect
Let us consider a LAPS system where the semiconductor is covered by an oxide layer and the
electrolyte is in contact with the semiconductor oxide layer. As light is shone on the
semiconductor with an energy equal to or greater than the semiconductor band gap energy,
electrons and holes are generated. Electrons gain energy to move into the conduction band and
holes will be left in the valence band. The electric field generated by the applied voltage to the
LAPS system will separate the electrons and holes (bearing in mind that band bending has also
created an electric field when the semiconductor/insulator come into contact with the
electrolyte). The movement of the separated charges in the field alongside the drift current
produced by the movement of charges from the semiconductor bulk to the surface will create a
photocurrent. Figure 2.9 represents the schematic separation and movement of charge carriers
when the semiconductor is illuminated for an n type semiconductor.
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Figure 2.9. Illustration of charge separation in the electric field when the
semiconductor is under illumination for an n type semiconductor in (a) depletion
and (b) accumulation.
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If the semiconductor is in a state of accumulation, electron hole pair recombination happens too
quickly for the photocurrent to be measured and there is virtually no total current. When the
semiconductor is in a state of depletion however (in reverse bias), the generated photocurrent can
be measured.
Two competing currents appear in the semiconductor even with no illumination. Drift current is
defined as the movement of the charges (both majority and minority charge carriers) as a result
of the electric field. On the other hand, the diffusion current happens due to the gradient in the
concentration of the charges from surface to the bulk and vice versa (Figure 2.10). If illumination
is continuous, not only will recombination of the electrons and holes diminish the photocurrent,
but the diffusion of the charge carriers back into the semiconductor bulk will cause the net
current to decay to zero as it cancels out the drift current.

Figure 2.10. Schematic illustration of the diffusion
current and drift current in an n type semiconductor.
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As the light is turned off, the diffusion current will dominate and current will be generated in the
opposite direction (figure 2.11(a)). To avoid the transient decay of the photocurrent and to ensure
faster measurements, light is normally modulated in a LAPS setup and an alternating
photocurrent will be produced as electron holes are generated, separated in the field and
recombined (figure 2.11(b)) [55].
Using light illumination is an advantage for the LAPS system since it makes the sensing system
spatially sensitive. This means that the photocurrent that is measured is only produced where
light is illuminated and that is where the sensing has occurred. Next, the dependence of the
generated signal on the pH of the solution is discussed.

Figure 2.11. (a) Generation of photocurrent with continuous illumination in a LAPS system.
Photocurrent decays as diffusion current overcomes drift current and as light is turned off,
diffusion current becomes dominant; (b) Generation of an alternating photocurrent as light
is modulated in a LAPS setup [55].
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2.1.8. LAPS response
The semiconductor substrate of the LAPS system is driven from accumulation to depletion (and
vise versa depending on the type of semiconductor) while biased voltage is applied between the
semiconductor and the electrolyte, through the reference electrode. As light is irradiated, the
ammeter or potentiostat measures the generated photocurrent. Typical photocurrent profiles for n
and p type semiconductors are depicted in figure 2.12. The inflection point of the photocurrent
versus the applied voltage curve shows the flat band potential. For an n type semiconductor, any
voltage smaller (more negative) than the flat band potential drives the semiconductor into
depletion and any voltage bigger (more positive) will drive the semiconductor to accumulation
and cause the photocurrent to decrease (figure 2.12(a)). For a p type semiconductor this happens
the opposite way (figure 2.12(b)).

depletion
Photocurrent
(µA)

Photocurrent
(µA)

depletion

flat band

accumulation

flat band

accumulation

Bias Voltage

Bias Voltage
(b)

(a)

Figure 2.12. Typical photocurrent response of a LAPS system for (a) an type
semiconductor (b) a p type semiconductor substrate.
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The pH dependence of the LAPS system is attributed to the change in the redox potential of the
electrolyte (Eredox) that in turn changes the flat band potential of the system. According to the
Nernst equation introduced earlier (Eq. 2.19), 1 unit change in pH results in 59 mV of change in
the redox potential as follows:
!"

[!

]

!
𝐸!"#$% = 𝐸!"#$%
+ !" 𝑙𝑛 [! !" ]
!"#

𝑎𝑛𝑑

𝑝𝐻 = − log[𝐻! ]

Eq. 2.21

The Faraday constant is 96485 C/mol and n is considered 1 for 1 mol of charge transfer. Thus, at
room temperature we have:

∆𝐸!"#$% = 2.303

!.!"#×!"#
!×!"#$$

Eq. 2.22

= 0.059 𝑉

It is worth mentioning that the response can be super-Nernstian (over 59 mV/pH) if the ion
activity on the surface is different from the activity in the bulk (lower on the surface) as a result
of localized ion depletion [56]. This can be attributed to surface properties of the material used
(such as the hydrogel NFs used here where H+ ion concentration varies locally when the NFs
swell and deswell).
The change in the flat band potential can be traced through the shift of the photocurrent curves at
the inflection point. An example of this shift is illustrated in figure 2.13 for a p type
semiconductor in a LAPS system. The profile of the LAPS response deals with a complex
relationship between the photocurrent and the biased voltage but different computational and
modeling works have been conducted to try and explain this behavior. If we take into account
only the inflection point of the profile, the voltage of the inflection (for a p type semiconductor)
can be more accurately described by:
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Figure 2.13. Shift in the photocurrent curve with change in the electrolyte pH for a
LAPS system with a p type semiconductor. The shift in the inflection point shows
the change in the flat band potential.

𝑉!" = 𝑉!" + 𝑉!! +
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Eq. 2.23

!!

in which Vip represents the voltage of the inflection point, Na is the number of acceptor atoms
(dopants) and Ci is the capacitance of the insulating layer [57]. Overall, the last term represents
the voltage that is applied to the insulating layer, but the charge is attributed to the
semiconductor as a capacitor in series with the insulator.
In order to understand the shape of the I-V curves illustrated in Figure 2.13, different models
have been proposed; however, one of the most intuitive models was introduced by Sartore et al.
[58]. Figure 2.14(a) and 2.14(b) show a schematic of a LAPS device and the equivalent circuit,
respectively, which was developed based on the semiconductor/insulator layer interface and
insulator/electrolyte interface.
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(a)
(b)
Figure 2.14. (a) Schematic of a LAPS structure showing the interface between
the semiconductor, insulator and the electrolyte. (b) The equivalent circuit of a
LAPS structure [58].

In this work, the current for the equivalent circuit has been calculated based on the equivalent
capacitance and impedance modeled in figure 2.15 to be:
𝐼 = 2

!!! !!"
[!!! !! !!!

Eq. 2.24

!! !!!" ! ]

Changes in solution pH change the value of COHP (capacitance of inner Helmholtz plane) and
CGC (capacitance of diffuse layer) according to the Nernst equation and the flat band potential
influences the Cs and CINS, capacitance of semiconductor and insulating layer, respectively. The
role of the width of the depletion layer (Eq. 2.13) is indicated in the CS since:
𝐶! =

!! !!

Eq. 2.25

!
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Figure 2.15. Simplified equivalent of the LAPS circuit used to
deduce the measured photocurrent (I) [58].

Having explained this model, it should be noted that there are no unified formula correlating the
photocurrent to the applied voltage that would explain all experimental data due to the complex
nature of the interactions between the semiconductor, insulator and electrolyte in a LAPS
system. Incorporating all the aspects of these interactions can model the responses seen in LAPS
experiments.
The biggest advantage of LAPS over other sensors used in liquid sensing is the fact that since
once illuminated parts of the sensing platform generate a response, the sensor is spatially
sensitive. This brings forth the opportunity to image the changes in the system based on
illumination.
2.2. Motivation and objectives
More than 1 billion people around the world, mostly in Asia, are without improved drinking
water resources. In even more devastating numbers, almost 4000 children die from dirty water
and related diseases each day [59]. A 4-fold increase in number of water related outbreaks in the
course of 18 years (1991-2008) as mentioned in chapter 1 (section 1.1.2) and fatalities are
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reported because of those outbreaks. All these statistics and unfortunate inequality in access to
safe drinking water raises the global need for water monitoring, especially in areas where access
to sophisticated facilities is scarce. Therefore, sensor devices should be developed to allow onsite monitoring of the safety of drinking water with shorter response times.
The primary aim of this research will be to develop a sensor capable of detecting harmful
pathogens, particularly E. coli, in drinking water that can ultimately be used for on-site water
monitoring. Measures will be taken to fabricate a sensitive and selective sensor based on LAPS
to be functional at lab scale. The role of integrating hydrogel NFs into the system will be
investigated in the sensitivity of the system. Functionalization of the sensing surface towards E.
coli will be conducted to achieve selectivity towards the target bacteria and the ability of
developing a system responsive to more than one type of pathogen will be examined. The
versatility of the NF-LAPS system will be tested for media other than water. Eventually, a
prototype of a NF-LAPS setup will be manufactured.
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Chapter 3: The detection of Escherichia coli (E. coli) in water with NF-LAPS1
In this chapter, a simple, rapid and cost effective detection technique for E. coli using LAPS
integrated with electrospun PVA/PAA hydrogel NFs as a sensing layer (NF-LAPS) is reported.
Changes in pH of the media are detected as E. coli cells ferment sugar molecules and increase
acidity of the surrounding. The high sensitivity is associated with the pH sensitive behavior of
the NFs on the surface. Detection of acidic species released in cellular metabolism of pathogens
in the presence of carbon source renders the sensing mechanism cheaper, less time consuming
and more practical than the antibody-antigen interaction based approach. Selectivity towards E.
coli for detection applications in drinking water is ensured by the incorporation of d-mannose, a
sugar monomer, for specific binding [60]. Figure 3.1 summarizes the detection method in this
chapter.

Figure 3.1. A summary of the detection method using the NF-LAPS. The pH sensitive
hydrogel NFs act as a pH sensitive layer. The E. coli cells bind to the d-mannose on the
surface of the NFs. The fermentation of glucose added to the system results in the drop in pH
over time. The LAPS system with a p-type semiconductor WE responds to the changes in the
pH. Photocurrent curves shift towards lower potential values as pH decreases.
1

Parts of this chapter have been published in our work in Sensors and Actuators B: Chemical
[60]
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3.1. Objectives
In this study, the use of biocompatible electro-spun PVA/PAA hydrogel NFs fabricated by a
simple electrospinning method, followed by annealing in a vacuum oven for crosslinking is
reported. The annealed NFs act as the pH sensitive sensing layer in a LAPS system for E. coli
detection after functionalization with d-mannose, for selective binding to E. coli. Divinyl sulfone
is used as the cross linker between the NFs and d-mannose. Moreover, unlike conventional
studies in which antibody-antigen interactions or Urease hydrolysis are set as the basis for E. coli
detection, the fermentation of sugar molecules by E. coli as the sensing mechanism is selected.
As previously studied by Werner et al. to determine the extracellular acidification of E. coli in a
LAPS system, this phenomenon works when the bacteria produces acidic products such as
acetate, lactate, succinate, etc. from fermenting sugar molecules [61].
The products decrease the pH of the environment, which can be detected by the NF-LAPS
system. It should be noted that the use of antibody-antigen interactions makes biosensing more
complex and detection less reliable. Byrne et al. have provided a thorough review of the
principles of antibody based sensors and their problems [62]. The complexity may arise from
additional steps such as verifying the specificity of the antibody, or complicated surface
chemistry procedures for the conjugation of the molecules. Reproducibility is also an issue, when
facing problems such as unsuccessful binding or loss of biological activity. The proposed sensor
deals with no such issues. The NF layer is simply and inexpensively fabricated on the sensing
chip through electrospinning. The surface functionalization is a one step process and the
detection takes 60 min as opposed to days.
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3.2. Experimental
This section focuses on the experimental processes and procedures to fabricate and characterize
the NF-LAPS and steps used for E. coli detection.
3.2.1. NF-LAPS fabrication
All chemical reagents, except for divinyl sulfone, were purchased from Sigma Aldrich and used
without further purification. Divinyl sulfone was provided by Alfa Aesar. Phosphate buffered
saline (PBS) solution with an original pH of 7.4 was prepared by dissolving PBS in powder form
into MilliQ water. Solutions for pH sensing were obtained by adding proper amounts of HCl or
NaOH to the PBS solutions. To prepare the solution for the hydrogel sensing layer, the ratio of
PVA/PAA was kept at 1/5 w/w with a sum of 3 g of material. The PAA (450,000 Da) was first
dissolved in 50 ml of MilliQ water and left for stirring for 24 h. PVA (146,000–186,000 Da) was
then gradually added and the solution was stirred for an additional 24 h to ensure a homogeneous
mixture.
A homemade electrospinning setup was used for the fabrication of the hydrogel NFs. Clean ptype Si substrates with a thickness of 525 ± 25 µm and a natural SiO2 layer were used as the
collecting target. Electrospinning is a well-known method that uses high voltage to produce
nanostructures, mainly NFs. High electric field is applied to a Newtonian fluid (mostly
polymers) through a conductive needle. When the electric filed is high enough to overcome the
viscoelastic properties of the electrospinning solution, a jet is formed. The jet travels towards a
grounded target and the solvents evaporate under the electric field. Due to bending instability of
the jet, the solution splits into smaller and smaller jets until nano-sized fibers reach the target.
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We have extensively explored the optimization of the homemade setup in our previous work
[63].
To prepare the NFs for the NF-LAPS chips, firstly an aqueous solution with pH=9 was
electrosprayed followed by divinyl sulfone to assure the adhesion of the NF mat to the substrate.
Immediately after, the PVA/PAA solution was electrospun. Electrospinning was done at a high
voltage value of 20 kV, distance between the collector and syringe was 15 cm and a flow rate of
0.3 ml/h was maintained. The procedure was performed at room temperature. The as-spun
samples were annealed under vacuum for 30 min at 145 °C to help the crosslinking and the
evaporation of the residual solvents. Eutectic GaIn was used as the ohmic contact of the sensing
chip.
Following the annealing step, the sensing chips were functionalized with d-mannose by
immersing in an aqueous solution containing 0.1 mol d-mannose and 1 ml divinyl sulfone as the
crosslinker. The solution pH was kept at 9 for activation of divinyl sulfone. The chips were kept
in solution overnight for functionalization.

PVA/PAA

Divinyl sulfone

D-(+)-mannose

Figure 3.2. Schematic representation of the surface functionalization of d-mannose on the
PVA/PAA hydrogel NFs. Divinyl sulfone is used as the cross linker between the polymer
and the sugar.
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Figure 3.2 represents the proposed mechanism of the surface functionalization with divinyl
sulfone as the cross linking agent.
3.2.2. Characterization of NF-LAPS
In this section, the experiments to assess the PVA/PAA hydrogel NFs and the success of the
surface functionalization are explained. In addition, the procedures to evaluate the performance
of NF-LAPS towards changes in pH are described.
3.2.2.1. Characterization of PAA/PVA hydrogel NFs
As-pun and annealed hydrogel NFs were characterized before the sensing experiments to verify
the nature and surface morphology. For the purpose of imaging, scanning electron microscopy
(SEM VEGA-3, Tescan) was performed with an acceleration voltage of 20 kV. The average
diameter of the NFs was determined by image processing available in the SEM software. Fourier
transform infrared spectroscopy (FT-IR) study on the PVA/PAA hydrogel was carried out
(Nexus 670 FT-IR) to examine the thermal crosslinking of the gel after annealing as well as the
success of the surface functionalization step. Swelling studies were performed by first drying
hydrogel NF mats at 60◦C for 1 h in vacuum. Dry samples were weighed, then immersed in
aqueous solutions with various pH values and weighted at different time intervals. Swelling
ratios were calculated in the following equation:
𝑆𝑅! =

!! !!!

Eq.3.1

!!

where SRw is the swelling ratio in terms of weight, Ww is the weight of the wet samples at a
given time and Wd is the initial weight of the dehydrated samples.
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3.2.2.2. Evaluation of NF-LAPS in pH sensing
As seen in Figure 3.1, pH sensing measurements were conducted in a three-electrode system
with the sensing chip acting as the WE. A pseudo Ag/AgCl electrode was used as the RE; Pt
wire was chosen as the CE. Red LED light from the digital light processor, DLP® LightCrafterTM
Evaluation Module (EVM) illuminated the backside of the sensing chip, modulated with a
frequency of 12 kHz. A potentiostat (Gamry Reference 3000TM) was used to measure the
generated photocurrent. Direct current (DC) potential was applied to the system with a 2 mV
increase step and scan rate of 40 mV/s. The aqueous solutions had pH values ranging from 4 to
9.
3.2.3. Cell cultures and sample preparations
E. coli ATCC 25922 (American type culture collection) from a −80 °C stock was cultured in
Luria–Bertani (LB) broth overnight at 37 °C. The cultured E. coli was washed and suspended in
1xPBS for detection usage. Consequently, E. coli cells were stained by propidium iodide (PI) for
fluorescence microscopy (red) characterization. E. coli cells were incubated with PI at 37 °C for
30 min before use. Colonies of Pseudomonas fluorescens (P. fluorescens) CHA0 (wild type)
from −80 °C bacterial stock were streaked onto an LB agar plate. Then, the agar plate was
incubated in incubator at 30 °C for 24 h. Next, a colony of P. fluorescens was transferred and
inoculated into LB broth medium from the agar plate. Afterwards, the solution was kept in
shaker incubator (New Brunswick Scientific Co., NJ) at 30 °C and 150 rpm for about 24 h.
According to the required concentration for the experiment, we diluted the bacterial solution with
LB broth medium. Furthermore, this bacterial strain expresses green fluorescent protein (GFP)
constitutively, which gives us the opportunity to use fluorescent microscopy for their
visualization.
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3.2.4. Detection of E. coli in Phosphate Buffer Saline (PBS) solution
The method used here is similar to that explained for pH measurements in Section 3.2.2.1;
however, E. coli cells were added to the buffers to achieve 400 µl samples with known
concentrations in the range of 103–107 CFU/ml. 20 µl of 0.15 g/l (80 µM) glucose in MilliQ
(MQ) water was added for the fermentation process.
NF-LAPS measurements started immediately after the addition of glucose (40 µl) and continued
for 60 min. Control samples included a blank sample with glucose and a sample containing 107
CFU/ml of P. fluorescens bacterial cells. The rate of acidification for the E. coli samples was
also calculated. Fluorescence microscopy was conducted on the NFs for bacteria samples of E.
coli and P. fluorescens to examine the selectivity of the binding between d-mannose and E. coli.
The NF mats were immersed in solutions containing the bacteria and imaged after washing with
PBS using a fluorescence microscope (Nikon EclipseTi). P. fluorescens exhibits fluorescence
without further processing; however, E. coli cells were stained as mentioned in Section 3.2.3.

3.2.5. Detection of E. coli in Real Water Samples (RWS)
To be able to detect the bacteria in real water samples (RWS), a portable device was fabricated
based on NF-LAPS. A 3D printed sensor chamber is used to hold the NF-LAPS chips. A red
LED with a wavelength of 635 nm and a frequency of 12 kHz illuminates the backside of the
sensor. The WE is connected to a compact EMStat3 PalmSens potentiostat. DC voltage is
applied through the potentiostat with 2 mV steps and a speed of 40 mV/s. The potentiostat
communicates the I-V curve readouts to a generic tablet. EMStat3 uses the PStouch application
for measurements and analysis.
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RWS from the city of Edmonton were collected according to accepted protocols. Samples were
stored immediately at 4 °C and used shortly after collection. The samples were filtered twice to
remove large particles before sensing. 1 ml of filtered samples were filtered again to obtain 400
µl samples and tested for 1 h, with and without adding glucose. Experiments were also carried
out after washing the surface to assure selective binding. Moreover, to ensure accurate detection
outcome, 100 ml water samples were filtered through a 0.25 µl mesh filters. 400 µl samples
achieved from filtering (from 1 ml samples) were tested in the NF-LAPS prototype. This step
was conducted as a pre-enrichment approach.
3.3. Results
Here, the results obtained from the experiments explained in the previous section are reported
(3.2). Characterization results are presented first, followed by results obtained from the NFLAPS sensor unit in the lab as well as results from the portable NF-LAPS prototype unit.
3.3.1. Characterization of NF-LAPS
3.3.1.1. Characterization of PAA/PVA hydrogel NFs
SEM images of as-spun and annealed PVA/PAA mats clearly confirmed the formation of the
NFs (figure 3.3). The as-spun sample displayed a uniform morphology in the form of cylindrical
NFs with an average diameter of 340 ± 50 nm (figure 3.3(a)). Imaging the annealed NF mat
showed that thermal processing has not compromised the integrity of the NFs and the
morphology is preserved during heating. The average diameter of the annealed NFs is 350 ± 50
nm (figure 3.3(b)).
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The results of FT-IR on the prepared NF samples after thermal processing confirmed the
crosslinking of the polymers and the formation of PVA/PAA hydrogel. Figure 3.4(a) shows the
FT-IR spectrum of the annealed NF sample as well as the surface functionalized NFs. In the
annealed NFs, by adding PAA, the dissymmetry stretching vibration of C−O in PVA has moved
from 1094 cm−1 to a higher wavenumber of 1098 cm−1. The peak at 1413 cm−1 is associated with
C−O as well, while the peak at 1269 cm−1 is linked to the stretching vibration of C−O, which has
become broader in the hydrogel.

(a)

(b)

Figure 3.3. SEM images of (a) as-spun PVA/PAA hydrogel NFs prior to annealing showing
an average diameter of 340 ± 50 nm. (b) annealed PVA/PAA hydrogel NFs with an average
diameter of 350 ± 50 nm; the formation of cylindrical NFs with uniform morphology is
evident. The integrity of the NFs has been preserved during annealing (The scale bar is 5 µm).
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The peak at 1245 cm−1 represents the vibration of −CH2 connected to the carboxyl group. C−H
stretching vibrations become evident in wavenumbers of 1449 cm−1 and 2921 cm−1. The
dissymmetry stretching vibration of C−O in the carboxyl group attributed to PAA has shifted to
1718 cm−1 in the PAA/PVA hydrogel. The absorbance peak at 3377 cm−1 is linked to the O−H
stretching vibration of the hydrogel that has shifted from the 3288 cm−1 wavenumber for pure
PVA. The findings are in agreement with the works of Manavi-Tehrani et al. [64] and Wang and
colleagues [65].

(a)

(b)

Figure 3.4. (a) FT-IR absorbance spectra of the PVA/PAA hydrogel NFs annealed at 145
°C for 30 min and d-mannose functionalized NFs. The spectra confirm the crosslinking in
the hydrogel by thermal processing and the successful incorporation of the sugar by
surface functionalization. (b) Swelling behavior of the NFs in terms of weight in different
pH conditions. The hydrogel NFs swell with time before reaching a final volume;
moreover, the acidic hydrogel NFs used here swell more as pH increases.

56

The spectrum associated with the surface functionalized NFs shows the successful integration of
d-mannose on the NFs (Figure 3.4(a)). The peaks in the wavelength region of 1050–1085 cm-1
and 1085–1150 cm−1 pertain to the various stretching vibrations of the aliphatic chain and the C–
H stretching in d-mannose, respectively. The peaks arising in the region between 2800 and 3000
cm−1 indicate the –CH3 and –CH2 stretching vibrations.
Finally, the broad band at the 3300–3500 cm−1 range indicates the O–H stretching vibration. The
spectral information is in accordance with what was reported by Witoonsaridsilp et al. [66].
Figure 3.4(b) shows the swelling behavior of the PVA/PAA hydrogel NF mats in different pH
conditions as a function of time. It is clear that the swelling rate of the hydrogel increases as pH
increases. This is advantageous for the LAPS system since the capacity of the sensing layer is
changing with pH. Maximum swelling is observed at SRw=18.83 for the sample in pH=9. In
addition, all hydrogel NF samples show saturation in swelling under 1 h. The stability of the
swelling over longer periods of time ensures the reliability of the sensing layer.
3.3.1.2. Evaluation of NF-LAPS in pH sensing
Figure 3.5(a) depicts the photocurrent (Ip) measured for the hydrogel NF-LAPS as a function of
applied voltage for solutions with different pH values. The photocurrents are in the order of µA.
There is an apparent shift in the LAPS response to higher applied voltages as pH increases.
Furthermore, the onset of the depletion state in the energy bands of the Si substrate, accompanied
by the generation of the photocurrent, shifts towards higher potentials as pH increases.
This shift is proportional to the change in the width of the depletion layer in the semiconductor
layer, as mentioned in Eq.2.16 (section 2.1.3 in chapter 2).A super- Nernstian response from the
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(a)

(b)

Figure 3.5. (a) NF-LAPS generated photocurrent as a function of applied voltage for different
pH values. Photocurrent curves shift to higher potentials as pH increases. (b) The inflection
point potential of the NF-LAPS response, vip, from the photocurrent curves is illustrated at
various pH values of the electrolyte. A super-Nernstian response is obtained in the system
through a 74 mV/pH shift in vip (R2=0.96). The response of the sensor chip without any NF
layer is also demonstrated as a control experiment. There is virtually no change in vip when no
sensitive layer is present with a slope of -0.003 mV/pH (R2=0.93).
hydrogel NF-LAPS is seen in figure 3.5(b) where the inflection point, vip, of the photocurrent
curves is shown as a function of solution pH. The slope of the linear fitting indicates an
approximate 74 mV upward shift in the response of the system with a unit of change in the value
of pH. The R2 value of 0.96 indicates the linearity of the shift as pH increases, as predicted by
the Nernst equation (Eq. 2.19). Compared to the conventional Si3N4, the response is much higher
than the reported values of 55-58 mV/pH [67,68]. This shows that the hydrogel NF layer is more
sensitive to pH changes in the electrolyte. The super-Nernstian response seen here is probably
due to the fact that Nernst equation considers the activity of the sensing layer to be uniform
throughout the bulk and neglects the activity of the surface. In this case the lower activity of the
surface of the NFs causes the super-Nernstian response as mentioned earlier. The complex
interactions near the surface of the NFs between the PVA/PAA hydrogel and the ions present can
be a reason for such a response. Moreover, the physical swelling of the NFs contributes to the
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overall signal from the NF-LAPS system. Figure 3.5(b) also demonstrates vip as a function of pH
when no NF layer is present. The slope of -0.003 mV/pH clearly shows that the presence of an
ion sensitive layer is required in order to get a valid LAPS response for different pH values.
3.3.2. Detection of E. coli in Phosphate Buffered Saline (PBS) solution
Figure 3.6(a) illustrates the change in pH over time for the various samples tested. The pH is
determined through vip of the photocurrents for all the experiments. In the case of the E. coli
samples, pH begins to decrease after the addition of glucose to the electrolyte as a result of the
fermentation process. For the testing period of 60 min, pH shifts towards more acidic values and
decreases further with higher concentrations of E. coli. The blank sample with only PBS and
glucose shows little change in pH over the course of the experiment. The overall change with
time in the blank sample can be attributed to the drift in the current of the system. Moreover, the
selectivity of the NF-LAPS towards E. coli is confirmed when the solution with P. fluorescens is
introduced into the system. P. fluorescens was chosen as it could represent interference in the
detection of E. coli in drinking water. Most other sugar fermenting bacteria such as Salmonella
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(a)

(b)

Figure 3.6. (a) pH change as a function of time in the NF-LAPS system is shown at different
concentrations of E. coli. E. coli ferment the glucose added to the electrolyte, generating
acidic products yielding in a decrease in pH value. The pH decreases further with time at
higher concentrations of the bacteria. Experiments with P. fluorescens as a negative control
indicated minimal alteration in the pH value, suggesting that no fermentation occurs in the
case of P. fluorescens. In addition, a control experiment where only glucose was used in the
system exhibited little pH changes in comparison to the E. coli-containing samples. The
overall change in the signal with time is merely due to the drift of the current. (b) Shows the
response of the NF-LAPS after 60 min for different concentrations of E. coli in terms of
change in pH (the concentration axis is in logarithmic scale). A linear sensor response is
apparent with a slope of 0.118 pH per CFU/ml and an R2= 0.997. The response indicates a
theoretical limit of detection (LOD) of 20 CFU/ml for E. coli based on the slope of the line
and signal to noise ratio (SNR).
are found in food, which is not the target of this study in water. As Figure 3.6(a) indicates, no
evidence of fermentation is present, as the pH value remains virtually the same with respect to
time. Once again, the small change in the value could most probably be caused by the sensor
drift. Figure 3.6(b) shows the total pH change for all the different concentrations of E. coli in the
NF-LAPS after 60 min (the concentration axis is in logarithmic scale). The response of the
sensor is linear with aslope of 0.118 pH per CFU/ml and an R2= 0.997. The response indicates a
theoretical limit of detection (LOD) of 20 CFU/ml for E. coli, taking into account the noise level
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of the system and a signal to noise ratio (SNR) of 3. The error bars appear as a result of multiple
experiments with fresh sensing chips. Sensor chips are used once since E. coli is bound to the
surface of the NFs after each experiment as biological residue. These biological residues prevent
the use of the chips for repeated experiments without sterilization. As a result sensor chips are
used only once.
In addition, we took fluorescence microscopic images to further investigate the selectivity of the
functionalized NFs. The images comparing the binding of the E. coli and P. fluorescens tested,
after washing with PBS, can be found in Figure 3.7(a) and (b), respectively. Figure 3.7(a) clearly
shows the binding of E. coli cells, seen as the smaller glowing features, onto the surface of the
NFs. The P. fluorescens cells however, were washed away with PBS and none were left bound to
the surface (Figure 3.7(b)).
The images in the insets also show different magnifications of the two samples. The microscopic
images con-firm the selectivity of the NF layer, with d-mannose on the surface, towards E. coli.
The lack of binding to P. fluorescens is desirable, since P. fluorescens can interfere with the
signal in real water samples.
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(a)

(b)

Figure 3.7. Fluorescence microscopic images illustrate the selectivity of the NFs towards E.
coli. (a) The d-mannose on the surface of the NFs has specific binding towards E. coli; after
washing the NF mat, the E. coli are still bound to the NFs as seen by the smaller glowing
features. E. coli has been stained by propidium iodide (PI) for red fluorescence.(b) P.
fluorescens are not bound to the surface since there are no P. fluorescens cells present after
washing. P. fluorescens strains imaged here have innate green fluorescence. The scale bars
indicate 20 µm.

The rate of acidification for the E. coli samples based on the rate of fermentation in the NFLAPS system was explored. Figure 3.8 demonstrates the acidification rate with respect to sample
concentration in terms of H+/s.cell (the concentration is in logarithmic scale). In theory, the rate
of acidification should be the same per unit cell, for the same strain of cells; however, here we
see different values as concentration changes. The disagreement with theory can probably be
associated with the fact that the amount of sugar available to the E. coli cells remains constant
even though the number of cells changes. In other words, in practice, lower concentrations of E.
coli have more nutrients to ferment, leading to higher acidification rates at lower concentrations.
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(a)

(b)

Figure 3.8. (a) The rates of reaction k, for different concentrations of E. coli. These k values
are used to determine the rate of acidification . (b) The rate of acidification for the E. coli cells
is depicted for different concentrations, based on the NF-LAPS pH change in 60 min (the
concentration is shown in logarithmic scale). Although in theory the rate should be identical
per cell for all the concentrations, the value varies here; this is probably due to the fact that the
amount of nutrients remains the same even though the number of cells increases. In other
words, higher concentrations of E. coli have fewer nutrients available per cell; therefore, a
decrease in the rate of acidification is seen for the same duration of experiments. This is more
evident for concentrations higher than 104 CFU/ml.

This has also been explained in the work of Werner and colleagues [61]. The effect is more
prominent for concentrations of 104 CFU/ml and the acidification rate might have slightly
decreased for the lowest concentration due to saturation in the amount of nutrients.
3.3.3. NF-LAPS prototype
An image of the portable NF-LAPS is depicted in figure 3.9. The device consists of a 3D printed
sensor chamber, a red LED with frequency driving unit, an EMStat3 PalmSens potentiostat and
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Figure 3.9. An image of the portable NF-LAPS prototype device that includes a sensor
chamber, a red LED and a potentiostat. The unit communicates data to a generic
handheld tablet, with the analysis android application, PStouch.
RE and CE. The sensor communicates the data to a generic handheld tablet through the android
application PStouch. The entire prototype is approximately 30 cm long and 20 cm wide.
The device can be carried to any desired destination and has the potential to become even
smaller. The sensor chips used in the prototype have demonstrated a lifetime of 6 months and are
still in good condition. It is worth mentioning that sensor chips that have detected E. coli need
immediate replacement since the binding to the surface is not reversible. The LED has so far
been used for almost 400 h.
The portable NF-LAPS prototype has the capability to be used in the field without the need for
highly trained personnel or sophisticated laboratory equipment. In the next section, the results
obtained from experiments with the prototype will be presented.
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3.3.4. Detection of E. coli in Real Water Samples (RWS)
RWS were tested in the portable NF-LAPS device without any signal hampering due to the more
complex nature of the samples. Figure 3.10(a) illustrates the response of the prototype over time
for RWS. Without adding any glucose, the samples show no pH change with time. However,
when glucose is added, pH decreases with time, proving the presence of sugar fermenting entities
in the media. To investigate the existence of E. coli, the sensor chamber is triple-washed so that
there is no interference from possible sugar fermentation caused by other sources. The results in
figure 3.10(a) from washed experiments show that there is still pH change, indicating that there
is in-fact E. coli present in the RWS. The pH change is less compared to when there is no
washing. This could be due to other interfering entities being washed away; moreover, not all E.
coli cells might have bound to the surface before the washing step. It is worth noting that the
collected RWS were not from drinking water sources. Plating samples in agar plate also showed
the presence of colony forming units in RWS (figure 3.10(b)). Distinguishing the nature of the
different colonies is not the focus of this work and can be pursued in the future.
The results presented here demonstrate the capability of the NF-LAPS prototype in handling real
samples with no manipulation in the laboratory. This shows that with further testing in harsher
conditions, the prototype can be used on-site for water monitoring.
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(a)

(b)

Figure 3.10. (a) RWS tested with NF-LAPS. The results show that there are in fact E. coli
cells present in RWS. The control experiment confirms the validity of the results. Washing
the surface shows that binding is still occurring on the surface; however, other sugar
fermenting entities do not remain in the system. pH change is not as significant after washing.
This could also be due to some E. coli cells not binding prior to washing. (b) Colony forming
units are evident after RWS were cultured on agar plate, some indicated by circles around the
colonies.

In addition, to pre-enrich the water samples, 100 ml samples of RWS were filtered with 0.25 µl
filter pads in order for E .coli not to pass. 400 µl of filtered samples were tested in the prototype.
The surface of the sensor is washed to ensure selectivity. Figure 3.11 illustrates the fermentation
of sugars by E. coli with time, by showing the drop in pH to more acidic values. The E. coli cells
have remained on the sensor surface after washing by binding to the d-mannose on the surface of
the NFs. Based on the obtained calibration curve, approximately 105 CFU/ml of E. coli is
detected in RWS by the NF-LAPS prototype device.
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Figure 3.11. The response of the portable NF-LAPS to the pre-enriched RWS.
Over time the pH decreases after glucose is added, indicating the presence of E.
coli in water. Since the surface has been washed, E. coli is the only possible
candidate to have fermented the glucose by binding to the d-mannose on the
surface of the NFs. Approximately105 CFU/ml E. coli is detected, based on the
calibration curve obtained for the NF-LAPS prototype.

It should be noted that more studies would be required in the future to compare different strains
of E. coli to perhaps distinguish between pathogenic and non-pathogenic strains of the bacteria.
This would help ensure the reliability of the prototype in field detection.
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Chapter 4: The detection of Escherichia coli (E. coli) in orange juice with NFLAPS2
In this chapter, the versatility of the NF-LAPS system is explored, particularly the prototype, by
evaluating its performance towards the detection of E. coli in orange juice. Orange juice has a
more complex composition with different molecules present in the medium. Moreover, orange
juice is acidic by nature; therefore, the stability of the device is tested for use in acidic
environments.
Various reports of outbreaks linked to Escherichia coli (E. coli) from different food products
have recently surfaced following either minimally processed products or improper practices [69–
71]. E. coli poses serious danger as one of the leading causes for foodborne diseases in
developed countries [72]. Specific strains of E. coli can cause infections including diarrhea,
bloody diarrhea, hemorrhagic colitis or even kidney failure due to the production of Shiga toxin
[10]. Amongst all fruit juice, orange juice is the most widely consumed beverage and demands
high priority in the case of pathogen contamination prevention. Interestingly, acidic fruit juices
were not considered as hosts for bacterial life until recent years [73]. However, the occurrence of
outbreaks has validated the possibility of pathogen growth in such beverages. Accordingly, the
United States Food and Drug Administration (FDA) has imposed a number of treatments,
inactivation processes and chemical sanitizations to ensure the safety of fruit juices available for
consumption [74].
During the various stages of production processing and disinfection treatments, it is imperative
that the quality of the beverage be monitored for possible infection with pathogens such as E.
2

Parts of this chapter have been submitted to Sensors and Actuators B: Chemical for publication.
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coli. Traditional detection techniques for E. coli consist of plating and colony counting methods,
polymerase chain reaction (PCR) and enzyme-linked immunosorbent assay (ELISA). The merits
of these methods cannot be denied as they are reliable, accurate and repeatable. On the other
hand, these techniques require time consuming measurements, intensive training of highly
qualified personnel and separate laboratory facilities.
For shorter detection times and approaches that can be deployed where food products are
manufactured, packaged or distributed, methods are required that do not demand long processing
times and are available on-site. Although SPR sensors have come close to producing bench-top
devices for sensing purposes, electrochemical sensors offer a number of advantages. Firstly, the
sensing mechanism is simpler in electrochemical sensors and their simplicity does not
compromise the element of sensitivity. Secondly, electrochemical platforms have the capacity to
be miniaturized and instrumentation is uncomplicated. Furthermore, electrochemical sensors
have capability to be integrated with optical methods to form photoelectrochemical sensors for
further sensitivity [75].

Figure 4.1. An illustration of the NF-LAPS sensor used for the detection of E. coli in orange
juice. The bacterial cells bind to the surface of the NFs functionalized with d-mannose.
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That is the case for the NF-LAPS system used for this work. Figure 4.1(a) shows a schematic
representation of the NF-LAPS sensor chamber and its use for the detection of E. coli in orange
juice.
4.1. Objectives
Here the application of a portable NF-LAPS system to selectively detect E. coli in orange juice
in less than 1 h is demonstrated. We base our sensing mechanism on the metabolic activity of E.
coli towards sugar molecules and the production of acidic products such as lactates and acetates.
By functionalizing the surface of the NFs with d-mannose, we eliminate the need for antibodyantigen interactions as they are complex and reduce sensor reliability over time. In addition, to
ensure the selectivity of the NF-LAPS towards E. coli, we used Salmonella typhimurium (S.
typhi). S. typhi is a sugar fermenting bacteria that can also be found in foods and fruit juices
[76,77]. Selectivity against non-fermenting bacteria has already been established for this NFLAPS in chapter 3. The sensitivity of the system is in no manner hindered by the presence of the
opaque analyte with a variety of molecules in type and concentration. The illumination of light
from the backside of the LAPS instead of the front ensures that the opaque samples do not
interfere with the overall photocurrent. The simplicity of our photoelectrochemical sensor has the
advantage of offering a compact and portable device for on-site sensing applications.
4.2. Experimental
All chemical reagents were purchased from Sigma Aldrich and used without further purification.
Commercially pasteurized orange juice was purchased without additional preservatives and
stored at 4 °C before use. A calibration curve for different pH values was obtained using
phosphate buffer saline (PBS) solutions with HCl and NaOH for pH adjustments.
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The sensor chips were fabricated according to methods explained earlier in chapter 3 including
electrospun PAA/PVA pH sensitive hydrogel NFs. Si substrates of a p-type nature and a
thickness of 525 ± 25 µm were used as the sensor chip substrates. The natural SiO2 layer on the
Si substrates was kept intact to ensure the insulation on the surface. After electrospinning, all
sensor chips were annealed at 145 °C for 30 min before surface functionalization. The surface of
the NF sensitive layer was functionalized with d-mannose according to previously established
procedures (section 3.2.1). The experiments conducted for this work are explained further in this
section.
4.2.1. Stability of NF-LAPS
Before E. coli detection measurements in orange juice, the stability of the NF-LAPS is tested for
acidic environments by adding different concentrations of HCl to tap water. The concentrations
tested are 1.5 mM, 3 mM and 4.5 mM To reach equilibrium with the swelling of the NF layer, 20
min experiments are performed for each concentration. The acidity is then reduced by diluting
the solution in two consecutive steps. Repeatability is evaluated by alternately making tap water
acidic with a 3 M HCl concentration and consequent dilution back to the original pH of 7.
4.2.2. Cell cultures and sample preparations
E. coli strain ATCC 25922 and S. typhi strain ATCC 19585 from a −80 °C stock were cultured in
LB broth overnight at 37 °C. The cultured cells were washed and suspended in 1xPBS for
detection usage. Bacterial cells were used from storage for sensing purposes after cooling to
room temperature.
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4.2.3. Detection of E. coli in orange juice
Orange juice is initially tested in the NF-LAPS with dilution factors of 1 (no dilution), 2, 4 and 6
to examine the response and stabilization time with respect to dilution. The bulk pH values are
measured in all solutions for comparison. Orange juice is then spiked with E. coli to achieve
concentrations in the range of 102 – 106 CFU/ml. For all the E. coli sensing measurements,
glucose is added to the solution with a concentration of 80 µM to verify the fermentation of
sugars and subsequent pH change. Glucose is added after 20 min to ensure the equilibrium of the
solution in the NF-LAPS. Experiments each last 1 h after adding the sugar. A series of control
experiments are performed to verify the response of the sensor. Orange juice without any E. coli
is tested for the same duration. Glucose alone is added to orange juice in a separate set of
experiments, each running for 1 h. E. coli is added to orange juice as well and tested for 1 h
(after signal stabilization) without added glucose to compare with conditions where glucose is
added manually. All experiments are performed at room temperature and repeated at least three
times. Each test uses 400 µl of solution. New chips are used every run to ensure reproducibility.
To examine the selectivity of the sensor towards E. coli, S. typhi is used as a sugar fermenting
bacteria. Orange juice is spiked with 106 CFU/ml S. typhi and tested with and without washing
the surface of the sensor chip. The same is done for E. coli for comparison.
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4.3. Results
4.3.1. Stability of NF-LAPS
Figure 4.2 depicts the photocurrent curves obtained with the NF-LAPS device for 106 CFU/ml E.
coli in orange juice for the first 25 min after glucose is added. At lower applied potentials (0.60.8 V) where the sensor is in a state of accumulation, there is no photocurrent. As the potential
increases, a photocurrent is produced which indicates a state of depletion for the sensor. After
initial stabilization, I-V curves shift to the left towards lower applied potentials. This means that
the pH of the medium is lowering as a result of the metabolic activity of E. coli. The inflection
point of the curves is used to determine the pH value, based on previously obtained calibration
curves.

Figure 4.2. Photocurrent curves with respect to applied voltage for the NFLAPS. Orange juice spiked with 106 CFU/ml E. coli after signal stabilization,
when glucose is added. The photocurrent signal shifts towards lower applied
voltage values, indicating a more acidic environment as a result of sugar
fermentation by the bacterial cells.
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Response of the portable NF-LAPS system to stepwise increase in the acidity of the medium is
illustrated in figure 4.3(a). When tap water (pH 7) was added to the sensor, an initial jump was
observed. This initial jump during the first few minutes in the calculated pH is due to the fact
that the hydrogel NFs begin swelling from a dry state. After 5 min, the pH values vary minimally
and eventually reach pH 7, 15 min later. As tap water is acidified in three steps with 1.5 mM
HCl, the measured pH decreases in the NF-LAPS as well. The deswelling of the NFs from higher
pH values dictates the obtained signal with time. Following the last acidification step, the
solution is diluted in two 20 min steps with the same volume as the added acid. The pH would
not go back to 7, as changes in pH are not linear with respect to volume. The adaptation of the
NFs to sudden pH changes might seem lengthy. In the case of extracellular acidification
however, changes in acidity are gradual. Figure 4.3(b) represents the repeatability of the NFLAPS response towards acidification. Each cycle consists of acidification with 3 mM HCl
solution and subsequent dilution back to the original pH value of 7. The repeatability of the NFLAPS is evident which is one of the important features of biosensors. The error bars indicate
multiple experiments.
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(a)

(b)

Figure 4.3. Response of the portable NF-LAPS system to (a) stepwise increase in the acidity
of the medium. The initial shift in the calculated pH value is a direct effect of the swelling of
the NF layer from a dry state into a wet state. Therefore, accurate values are taken after the
initial stabilization. By increasing the acidity of the medium, measured pH values begin to
decrease accordingly. Consequent dilution causes the increase in pH. Stabilization occurs
after 20 min in each stage. The response time is a result of the swelling and deswelling of the
pH sensitive NF layer; (b) cyclic acidification and dilution. Notice that each cycle is 60 min
long. The 20 min stabilization time is designated to the acidification and the 40 min is
appointed to the dilution required to increase the pH back to its initial value. All pH values
are calculated based on the pH calibration curve of the NF-LAPS obtained previously with a
sensitivity of 74 mV/pH [60].

4.3.2. Detection of E. coli in orange juice
We firstly examined the effect of dilution in orange juice with dilution factors of 1 (no dilution),
2, 4 and 6. Figure 4.4(a) and 4.4(b) show that the signal in NF-LAPS is most stable where there
is no dilution. A dilution factor of 2 is also suitable, however a drop in the voltage after 10 min
indicates that swelling of the NFs might have been countered by a separation in the phases of the
solution, as shown in figure 4.4(d). It is worth mentioning that the calculated pH for diluted
samples during the initial stages (shown in figure 4.4(b)) does not represent the actual pH of the
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orange juice with time; it merely points to effects of dilution that delays equilibrium in the
system. For instance, without dilution, the calculated pH is very close to the true pH value of
orange juice (3.9). In addition, the variation in measured pH is small over time. When orange
juice is diluted 6 times with tap water (with pH 7) it is expected that the pH is higher than 3.9.
However, the initial measured values (first 5 min) are far from the real pH values, a possibly
because the water is trying to separate from the cloudy portion of the orange juice. Despite the
longer equilibrium times for diluted samples, the final pH at 20 min is accurate for all samples.
Figure 4.4(c) also confirms the increase in pH for diluted solutions. Orange juice with no dilution
has a pH of 3.9 and a pH of 4.5 with a dilution factor of 6. Figure 4.4(d) verifies the assumption
that there is a separation of phases in diluted samples. All of these findings demonstrate that
there is no need to dilute orange juice for the sensing measurements. In addition, according to
Anvarian et al., clarification and loss of the cloudy component of orange juice affects the
viability of microorganisms in the beverage and may in fact increase it [78]. Therefore, it is vital
that we do not tamper with the physiological interactions of E. coli and orange juice.
We then investigated the ability of NF-LAPS to detect E. coli by spiking orange juice, without
dilution, with 106 CFU/ml of the bacteria. As seen in figure 4.5, the pH value of the environment
decreases when E. coli is added. Due to the variety of sugars already present in orange juice,
fermentation occurs even when no glucose is added to the E. coli spiked orange juice.
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(a)

(b)

(d)

(c)

Figure 4.4. The effect of orange juice dilution on the NF-LAPS signal. (a) Shift in the
inflection point of the I-V curves with time for different dilution factors in orange juice. The
signal is most stable where there is no dilution. This means that although the stabilization time
is equal for all dilution factors, the overall signal is more consistent when the orange juice is
directly used without further dilution. The difference is probably due to the separation of the
added water from the orange juice, with time. (b) The calculated pH values with time for the
various dilution factors. The graph shows the change in the pH values as a result of dilution.
Performing measurements on orange juice samples without any dilution has not hindered the
sensitivity of the NF-LAPS towards pH. (c) The final pH of the solutions after stabilization of
the NF-LAPS. The measurements match bulk pH readings. (d) Image of the orange juice with
different dilutions, depicting the separation between the phases. Solutions without dilution
proved to be the most reliable samples.
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However, for real life applications, pH might have already been lowered if the beverage is
contaminated beforehand with E. coli. For this reason, it is paramount to add glucose to the
mixture to see if further fermentation takes place. It is evident that adding glucose has led to
further extracellular acidification (figure 4.5). Bear in mind that when there is no E. coli in the
solution, pH does not show significant change with time as evident in figure 4.5.
To determine the sensitivity of the NF-LAPS device, we tested a range of different E. coli
concentrations from 106 CFU/ml down to 102 CFU/ml. It is worth reiterating that the NF-LAPS
is stable when glucose is added. Figure 4.6(a) displays the pH change with time for E. coli in
orange juice after adding glucose. The higher the concentration of the bacterial cells, the lower
the final pH of the media.

Figure 4.5. Drop in the pH of the media, as a result of the fermentation of sugars in
orange juice spiked with E. coli. There is no noticeable change in pH with time in
the absence of E. coli, with or without any sugar added. When E. coli is introduced,
the media becomes more acidic due to the presence of a variety of sugars in orange
juice; however, pH decreases even further when glucose is added to the medium.
This is crucial for the sensor to function for real samples tested, since the initial pH
may already be lowered by the presence of bacteria.
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The sensitivity line is achieved for the device based on the overall change in the orange juice pH
as a result of the metabolic activity of E. coli. The slope of the sensitivity line depicted in figure
4.6(b) is 0.149 per CFU/ml of E. coli in orange juice and R2=0.989. The slight deviation from the
fitted line is associated with the lower concentrations of 102 CFU/ml and 103 CFU/ml, probably
because the amount of sugar available for the bacteria has been saturated. Hence the change in
pH is somewhat close despite the fewer number of E. coli cells present. The measured limit of
detection (LOD) of the NF-LAPS is shown to be 102 CFU/ml; considering the signal to noise
ratio of the device, the theoretical LOD of the system is calculated to be 20 CFU/ml.

(a)

(b)

Figure 4.6. (a) Change in pH with time for various concentrations of E. coli in
orange juice after adding sugar. Higher concentrations of the bacteria produce more
acidic products, thus reducing the pH further. (b) Sensitivity of the NF-LAPS
towards different concentrations of E. coli in orange juice. The fitted sensitivity line
has a slope of 0.149 per CFU/ml of E. coli in orange juice and R2=0.989. Lower E.
coli concentrations of 102 and 103 CFU/ml do not show significant difference in the
final pH probably due to the fact that sugar may be excess in the media and saturated
the fermentation process.
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Figure 4.7(a) illustrates the selective detection of E. coli in orange juice when compared to the
sugar fermenting S. typhi. When the surface of the sensor is unwashed, S. typhi causes pH change
in orange juice but acidification occurs more rapidly for E. coli at the same concentration as S.
typhi (106 CFU/ml) for the same duration. More importantly, when the surface of the NF-LAPS
sensor chip is triple washed before adding glucose, only in the case of E. coli does the pH value
drop with time. This shows that the E. coli has preferred affinity towards the d-mannose on the

(a)

(b)

Figure 4.7. The selectivity of the portable NF-LAPS is tested against S. typhi. (a)
demonstrates the pH of the orange juice with time after the introduction of 106
CFU/ml of either E. coli or S. typhi. When the surface is not washed prior to testing,
pH changes for both types of bacteria. However, pH becomes more acidic for E. coli
in the same time period. The acidification in the presence of S. typhi is due to the
sugar fermenting nature of the bacteria. In order to ensure that only E. coli cells bind
to the surface of the functionalized NFs, the surface of the sensor is washed before
glucose is introduced. Due to the higher affinity of E. coli to the d-mannose on the
surface of the NFs, there is no change in pH seen for S. typhi after the surface is
washed. On the other hand, the pH value decreases with time for E. coli even after
the surface is washed. (b) The response of the NF-LAPS for E. coli after washing is
compared to the known concentrations tested. The comparison and the sensitivity
line of the NF-LAPS show that approximately 102 CFU/ml of E. coli remains on the
surface after washing.
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surface of the NFs as opposed to S. typhi. The difference in specifity of various bacterial genera
towards mannose is also established by Firon et al. According to that report, the term mannosespecific bacteria is too general and the combining lectin sites in E. coli differ significantly from
those of S. typhi. In fact all the S. typhi strains tested showed a different mannose binding
behavior compared to E. coli [79].
To further investigate the effect of washing, pH measurements are further continued for E. coli.
According to the sensitivity line obtained, approximately 102 CFU/ml of E. coli is estimated to
have remained on the surface after washing. This is also verified in fig. 6(b) when results are
compared to acidification curves for known concentrations of E. coli, shown in figure 4.6(a). The
selectivity aspect of the NF-LAPS is an undeniable requirement when testing real samples,
especially when a portable device is used. This eliminates the need for additional testing at
sophisticated laboratory facilities. Therefore, the portable NF-LAPS device would be a great
candidate for monitoring the safety of orange juice for consumers at different stages of
production and distribution.
Overall, the NF-LAPS offers many advantages compared to other sensing techniques, as
mentioned earlier in chapter 1. It offers high sensitivity, especially due to the incorporation of the
NFs. It is more versatile than methods such as SPR or QCMs since it is easier to use, uses
inexpensive sensor chips and can be used for a variety of target media. Pathogen detection with
the NF-LAPS is desirable especially since the portable NF-LAPS can be used for on-site
monitoring. The mass production of electrospun NFs is still a challenge for large scale
applications in any system; however, for the NF-LAPS system a small volume of NFs are
required and can be accommodated in daily production.
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Chapter 5: Alternate application of the NF-LAPS: Study of cancer cell
metabolism 3
The NF-LAPS system is quite versatile for the detection of pH changes, especially due to the
metabolic activity of different living cells. The LAPS platform can be of great assistance in
biomedical applications, especially point of care applications due to its merits, as discussed
before. The sensitivity that NF-LAPS offers alongside its capability to be used outside the
laboratory environment through portable devices gives it a great advantage over other
techniques. Therefore, we propose the use of this versatile method in biomedical applications. To
this end, we have studied cancer cell metabolism with the NF-LAPS.
The metabolic properties of cancer cells differ significantly from that observed with normal cells
[80,81]. Emerging evidence shows that tumor cells utilize glucose and glutamine metabolic
processes to meet the increased energy demands needed for proliferation, invasion, angiogenesis
and metastasis. The production of energy in cancer cells relies abnormally on anerobic
glycolysis, a phenomenon known as the Warburg effect [82]. The Warburg effect is defined by
an increased level of glucose utilization via glycolysis. In addition, such highly proliferating cells
depend on other atypical metabolic properties like increased fatty acid synthesis and elevated
rates of glutamine breakdown [82]. Previous studies have shown that many characteristics of
cancer cells, such as dysregulated Warburg-like glucose metabolism, fatty acid synthesis, and
glutaminolysis, are linked to therapeutic resistance in cancer treatment [83–85]. Furthermore, a
number of recent reports have shown that targeting cellular metabolism may improve the

3

Parts of this chapter have been published in our work in ACS Sensors, doi:
10.1021/acssensors.6b00632.
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response to cancer therapeutics [86]; thus, combining chemotherapeutics with metabolic enzyme
inhibitors may represent a promising strategy to overcome drug resistance in cancer therapy.
5.1. Objectives
In this study, we report on measuring cancer cell acidification and monitor their response to
therapeutics over a period of 2 h using NF-LAPS in an effort to contribute to the current
understanding of cancer metabolism (Figure 5.1).

Figure 5.1. The NF-LAPS setup used for the detection of cancer cell metabolism. The pH
sensitive hydrogel was fabricated on top of p-type Si substrate to work as a pH sensitive layer
(Scanning electron microscopy shows the NF layer).
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We also explored the implications of the metabolic enzyme inhibitors in extracellular
acidification, tumor proliferation and potential shifts of tumor metabolism in combination with
cancer chemotherapy.
5.2. Experimental
Fabrication of the sensor chips with pH sensitive PVA/PAA hydrogel NFs was carried out using
a homemade electrospinning setup as described previously in section 3.2.1. However, there was
no additional functionalization on the surface. The formation of NFs was confirmed by SEM
imagine (figure 5.1). The cell culture steps and cell metabolism experiments are further
explained in this section.
5.2.1. Cell cultures and sample preparations
The human breast cancer cells line MDA-MB-231 (ATCC, Manassas, VA) was used in this
study. The cells were cultured in Dulbecco's modified eagle medium (DMEM) containing 10%
fetal bovine serum (FBS), 100 IU/ml penicillin and 100 IU/ml streptomycin. The human
mammary epithelial cell line MCF10A was also used as a representative of normal breast cells.
MCF10A was cultured in a minimal essential growth medium (MEGM, Lonza, Cedarlane)
supplemented with the same additives as above. Resistant type cancer cell line (MDA-MB-435MDR) was used as a resistive breast cancer cell in order to investigate the chemoresistance and
response to antibiotics in the presence of metabolic enzyme inhibitors. All cells were cultivated
at 37 °C in a 5% CO2–95% O2 incubator, and the growth media were replaced every 48 h.
5.2.2. Cell experiments
As indicated earlier, we base our study on measurements of the extracellular pH fluctuation
(acidification) initiated by cancer cells in the surrounding media. Due to the high sensitivity of
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the hydrogel NFs, very small changes (down to ~0.02 pH) can be easily detected. In the first set
of the experiments, we calibrated the physiochemical properties of the NF-LAPS with DMEM
medium at pH 7.3 using a linear sweep voltammetry (LSV) method. In 400 µL culture medium
and at a concentration of 1 × 105 cell/ml, harvested cancer cell lines MDA-MB231 or the
noncancerous cell line MCF10A, were transferred to the sensor chamber and kept under standard
culture conditions for growth. The NF-LAPS readings were recorded directly after addition of
the culture and continued for approximately 90 minutes. Control samples included a blank
medium free of cell lines and a culture medium containing noncancerous cell lines were used as
a reference for comparisons. The rate of acidification was simply calculated from the
photocurrent measurements. The acidification of cells was also recorded in the absence of
glucose and in the presence of different glucose levels (2 mM to 10 mM). In addition, to measure
sensitivity of the sensor, we recorded the acidification in the presence of different concentrations
of cancer cells (103 – 106 cells/ml).
5.2.3. Metabolic inhibitor experiments
For monitoring drug resistance, we used the multidrug resistant cell line (MDA-MB-435-MDR)
and monitored the acidification as above, for approximately 90 min in the presence of
doxorubicin (solely at 1 µM) or doxorubicin with metabolic enzyme inhibitors, 2-deoxyglucose
(2-DG), or Oxamate at 1 µM. Statistically, experiments were performed using multiple chips and
run under same conditions to ensure the reproducibility of the experiments. All measurements
were carried out under STP settings. All measurements were averaged and each experiment was
performed at least three times. Data are presented as mean standard deviation (± SD) throughout
the chapter. Multiple chips were used to exhibit the reproducibility of the results. Unlike bacteria
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tests, sensor chips can be reused for cell acidification studies, since there is no irreversible
binding to the surface of the NFs.
5.3. Results
The SEM images confirmed the formation of PAA/PVA hydrogel NFs with an average diameter
of 330 ±50 nm (figure 5.1). The results of the experiments are presented in this section.
5.3.1. Cell experiments
We initially tested the performance of the sensor using the culture medium (DMEM at pH 7.3).
This was also used as a standard reference for our next experiments (Figure 5.2(a)). From the
statistics, the fluctuation in the potential of the NF-LAPS was found to be stable. For subsequent
stability testing, we monitored the extracellular acidification (the pH sensitivity of the NF-LAPS)
by scanning the photocurrent versus voltage characteristic curves under a series of pH
conditions. The fluctuation in the pH can be easily generated from the photocurrent change with
respect to applied voltage and the pH sensitivity of the calibrated curve. First, results obtained
with low glucose level (DMEM low glucose) media spiked with breast cancer cell lines (MDA
MB231), or normal breast cell line (MCF10A) at a concentration of 105 cells/ml, showed no
significant changes in the pH over 80 min of monitoring (Figure 5.2(b) and 5.2(c)). However,
when a glucose supplement (10 mM) was added to the media, a decrease in the pH in the cancer
cells spiked medium compared to the normal cells contains medium as well as to the reference
control (medium free of cells) was observed.
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Figure 5.2. Metabolic monitoring of cancer cells by detecting the extracellular
acidification on microenvironment. (a) standard pH fluctuation monitored in a culture
medium (DMEM pH 7.3) to show stability of the NF-LAPS sensor performance, (b)
the detection of extracellular acidification (pH change) of breast cancer cells (MDA
MB231) in microenvironment (400 µl sample) at low and high level of glucose
moieties. As indicated the level of acidification was compared to normal cell lines
(MCF10A) in same environment with low and high levels of glucose; (c) shows the
∆pH max where statistics of different pH changes were recorded and averaged values
(mean ±SD) were presented from three replicates carried at same environment and
different time periods.
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Furthermore, experiments where different concentrations of glucose were added showed
different degree of shifts towards acidic pH. Higher acidity (lower pH) was observed when a
higher concentration of glucose was injected (~0.4 pH change, which is equivalent to about 29
mV, Figure 5.3(a)). The noise level of NF-LAPS was less than 5 nA, and the sensitivity of
detection was approximately 74mV/pH. The sensitivity for different concentrations of the cancer
cells (with glucose added) shows a slop of 0.092 cell/ml and pH resolution reaches 0.02 pH. This
was very consistence with previous results of sensor performance tests. We strongly believe that
pH begins to decrease after the addition of glucose as a result of the accelerated glucose
fermentation process by cancer cells. In contrast, there was no evidence of fermentation in the
media spiked with normal cell lines, as the pH value remained virtually the same with respect to
the tested time period. These results are also in agreement with previous reports and confirm
further that the energy production in cancer cells is abnormally reliant on aerobic glycolysis
[87,88].
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Figure 5.3. NF-LAPS sensitivity and concentration dependence measurements. (a) pH
shift as a function of time at different glucose levels and fixed concentration of cancer
cells (106 cells/ml). Figure b represents the correlation between pH and the different
concentrations of cancer cell after stabilization in the sensor chamber. The results
suggest that the extracellular pH decreases with time at higher number of cancer cells; i.
e., the values of pH scales inversely with number of cancer cells in the sample. The
fitted curves indicate the exponential decay in pH change. c, pH shift in the NF-LAPS
after exposure to serial concentrations of cancer cells shows the sensitivity of the sensor.
The corresponding fit is a linear function and error bars represent standard deviations
(n=3). All data represents an average of 3 replicates and error bars correspond to
standard deviations.
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To identify sensitivity of the NF-LAPS in detecting extracellular acidification, a series of
experiments where glucose rich media having various concentrations of cancer cells (MDA
MB231) were tested for pH change over 90 min period. Figure 5.3(b) shows the pH change over
time for different concentrations of cancer cells after stabilization in the sensor chamber. The
fitted lines represent exponential decay of the pH change with time. While in Figure 5.3(c), we
observe the sensitivity line for the NF-LAPS with respect to concentration of the cancer cells in
the presence of glucose. It is clear that the pH scales inversely with the number of cancer cells in
the sample. The detection limit, the minimum number of cells which can show detectable change
in the pH, was found to be 103 cell/ml for an SNR of 3. The rate of acidification of cancer cells,
based on the serial concentrations of cancer cells used, was found to vary with the NF-LAPS
sensor. Although acidification rate per cell should be the same for all the concentrations, the
observed values vary, most probably due to the increase in the number of cells while the amount
of nutrients remains the same. Therefore, at lower concentrations, the cancer cells may have
more glucose to ferment leading to higher rates of acidification. On the contrary, at higher
concentration of cancer cells, cells may get less glucose to ferment causing lower level of
acidification.
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5.3.2. Metabolic inhibitor experiments
Next, we determined the extracellular acidification of the multidrug resistance cancer cell line
(MDA-MB-435-MDR), alone and in presence of doxorubicin in glucose rich media. Monitoring
the extracellular acidification over a period of ~ 90 min showed a dramatic drop in the pH due to
glucose fermentation by cancer cells (Figure 5.4(a) and 5.4(b)). This is in contrast with what is
observed with the non-resistant cancer cells (MDA MB231) when they were treated with the
same anticancer drug (Figure 4(b)). The results suggest that resistant cancer cells are not
provoked by the introduction of doxorubicin. Instead, their metabolic processes remained active
by generating lactic acid metabolite. Further, to estimate the effect of metabolic enzyme
inhibitors on cancer cells, culture media with or without doxorubicin was treated with metabolic
enzyme inhibitors (2-deoxyglucose (2-DG), or Oxamate) at 1 µM. The results are illustrated in
Figure 5.4(a) and 5.4(b), which show the effect of metabolic enzyme inhibitors on cancer cells
acidification over a 90 min period. While in the presence of enzyme inhibitors alone, the pH has
dropped to acidic, a notable increase in the pH (lower acidification) was observed when
doxorubicin was co-administered with the enzyme inhibitors. It appears that both enzyme
inhibitors have generated a synergistic mechanism by which the anticancer activity of
doxorubicin was improved. The 2-DG is a glucose analog metabolic inhibitor that acts with other
chemo and radiotherapy to enhance the anticancer activity. The analog is phosphorylated by
hexokinase enzyme to generate a stable 2-DG-phosphate. This stable product accumulates in the
cells, inhibits further metabolic process, decrease glycolysis and cause ATP depletion [86,89].
The Oxamate, on the other hand, is a pyruvate analog that blocks glycolysis by blocking the
conversion of pyruvate to lactate [86,90]. Results illustrate that the combination of doxorubicin
with 2-DG or Oxamate generate a glycolysis inhibitory effect on doxorubicin resistant cells,
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Figure 5.4. Experiments display response of the NF-LAPS system to the resistant cancer cell
line (MDA MB435-MDR) in the presence of Doxorubicin (DOX) alone or in combination
with metabolic enzyme inhibitors, 2-DG or Oxamate. (a) the detection of extracellular
acidification due to the resistant cancer cells (MDA MB435-MDR), alone, in the presence of
DOX, or in the presence of DOX with metabolic enzyme inhibitors, as specified. As results
indicated, a significant drop in pH was observed when cancer cells incubated alone or with
DOX; however, lower acidification rate (no change in pH) was observed when DOX was coadministered with the enzyme inhibitors, 2-DG or the Oxamate. Results suggest a synergistic
effect of the combined therapy on cancer metabolism. An exponential decay trend is observed
for the changes in pH in the absence of inhibitors, seen as the fitted curves; (b) represents
statistical data derived from three replicate studies conducted at the same environment.
Averaged values are presented with error bars indicating standard deviations.

which may have led to a synergistic anticancer effect on cancer. Although a number of key
studies remain to be explored, we anticipate these finding will contribute well to the current
understanding of cancer metabolism and its related mechanism of drug resistance. The device
will be very useful for a variety of applications including drug discovery and testing
pharmaceutical ingredients.
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Chapter 6: Conclusions and Future Directions4
The biocompatible PAA/PVA hydrogel NF network is successfully fabricated by means of
electrospinning and subsequent thermal crosslinking and functionalized for biosensing
applications. The swelling study of the NFs demonstrates the increase in swelling ratio with pH,
as expected. The hydrogel NF-LAPS system shows quality performance in the detection of
changes in pH with an overall super-Nernstian response. The biosensor shows a linear response
with regards to the concentration of the bacteria. The NF-LAPS is successful in the detection of
E. coli with a theoretical LOD of 20 CFU/ml based on the sensitivity line and SNR. The
selectivity of the system towards E. coli is confirmed compared to the control sample containing
P. fluorescens. The mannose specific lectins of E. coli render the d-mannose functionalized NFs
a highly suitable platform for biosensing. Furthermore, the acidification rate of the E. coli
(calculated as H+/s.cell) is different for the various concentrations tested.
Testing the prototype device in detecting E. coli in RWS has also been successful. This means
that the device shows great promise in the field of water monitoring, particularly where
biosensors are needed, especially since it has been made into a portable device and can be used
for on-site detection of E. coli in water.
In addition, we have investigated the detection of E. coli in orange juice using the portable NFLAPS device, where we have a more complex media. The sensing measurements have
determined the presence of E. coli in less than 1 h. We have also demonstrated the sensitivity of
the device towards E. coli down to 102 CFU/ml and calculated a theoretical LOD of 20 CFU/ml.
Furthermore, we have established that there is no need for dilution of orange juice prior to
4

Parts of this chapter have been published in Sensors and Actuators B: Chemical. Some parts
have been submitted to ACS sensors.
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testing, which is an advantage for the sensor device. Repeatability of the experiments has
indicated the reliability of the sensor for applications outside the laboratory. We have shown the
selectivity of the NF-LAPS by ruling out interference from the sugar fermenting S. typhi. Even
without washing the surface of the sensor, we can differentiate the acidification of E. coli and S.
typhi; however, for accurate results we would recommend washing prior to testing. Lastly, we
believe the portable NF-LAPS has great potential to be used as a monitoring device to ensure the
safety of orange juice as well as other fruit juices at various stages of production, distribution and
consumption.
Tom demonstrate the versatility of the NF-LAPS system, we have successfully monitored the
metabolic activities of cancer cells in a non-invasive fashion. Results show the ability of the NFLAPS to monitor the extracellular acidity of cancer cells in real time. It was used to investigate
chemoresistance of cancer cells and shows the effects of metabolic enzyme inhibitors on the
anticancer activity when they are combined with chemotherapeutics. Reducing drug resistance
would have a significant boon for cancer patients. Designing simple tools to detect drug
resistance and measuring drug efficacy would have significant impact on the current use of
drugs, efficacy monitoring and in future for new drug discovery. More studies will be needed to
explore the possibilities of using the NF-LAPS to further study cancer cell behavior.
The next step in this endeavor would be to examine the portable NF-LAPS prototype device in a
variety of environmental conditions and using various real samples. This would help to get the
device closer for use in remote areas where there is need for on-site monitoring of water without
long wait times and sophisticated laboratory equipment. Moreover, efforts will be made to fully
automate the process for data acquisition and analysis using the potentiostat system incorporated
in the prototype.
94

In addition, there is a need for further study regarding the different strains of E. coli to
differentiate between pathogenic and non-pathogenic strains for applications in onsite detection.
More field tests will help to validate the success of the NF-LAPS prototype.
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