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ABSTRACT OF THE DISSERTATION

Electrochemical Biosensors for Pathogenic Bacteria
by
Nuvia Maria Saucedo
Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, December 2015
Professor Ashok Mulchandani, Chairperson

Microbial diseases due to infections from bacteria and viruses constitute a major cause of
death. Though recent technological advances have allowed for sensitive and selective detection of
pathogenic bacteria, these methods are multi-step, have long assay times and require skilled lab
technicians. Owing to the lack of point-of-care detection methods, clinical infections are often
misdiagnosed as they rely on patient symptoms instead of empirical tests. This leads to prescription
of inappropriate medication and prolonged suffering from infection. The use of antibiotics for viral
infections and prescribing of ineffective antibiotics for bacterial infections have contributed to the
rise of a new threat, the emergence of antibiotic-resistant bacteria. Thus, there is an urgent need for
development of detection platforms which are sensitive, selective, point-of-care and allow for
determination of the pathogen.
To address this need, electrochemical biosensors were fabricated utilizing different
transduction materials, including carbon nanotubes (CNTs), conductive polymer 4-(3-pyrrolyl)
butyric acid, graphene and reduced graphene oxide (rGO). Owing to their high sensitivity,
robustness, and ease of device integration, these materials are ideal candidates for the
development of next generation biosensors. For selective capture of bacteria, the transducer
surface was functionalized with lectins which serve as the bioreceptor element. The lectincarbohydrate interactions, which are known to be highly specific, were exploited to result in
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unique binding profiles allowing for the distinction between bacterial and viral pathogens as well
as between different bacterial strains. Further, the biosensors were capable of probing the viability
of bacteria by detecting changes in pH caused by the excretion of metabolites from healthy
bacterial cells. The proposed detection scheme thus allowed for screening of antibiotics and
ranking of antibiotic efficacy against different bacterial strains. This work demonstrates the
performance of these biosensors as quick screens for distinguishing bacterial from viral
infections, a novel concept, and determining antibiotic efficacy prior to prescription thus
addressing antibiotic misuse and the emergence of antibiotic resistant-bacteria.
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Chapter 1: Introduction
Each year in the United States, 50 million people suffer from pathogenic infections1. Infections
caused by poor hygiene or ingestion of contaminated substances typically lead to short-term
illnesses such as diarrhea with recovery taking 2-7 days.2,3 Other infections, such as those of the
ear, throat, pulmonary system, and urinary tract, persist longer before subsiding, some requiring
treatment to improve health4. Because medical care is often sought for these types of infections, the
development of biosensors for these infections would contribute most to achieving proper diagnosis
and treatment of clinical infections. Thus, this work is focused on detection of clinically relevant
bacteria such as E. coli, Streptococcus, Enterococcus, and Salmonella.
Current detection methods of pathogenic infections rely on plating and culturing, polymerase
chain reaction (PCR), and enzyme-linked immunosorbent assay (ELISA)5. These are the same
methods used for food-borne pathogens. They are sensitive and selective which is optimal for
detection of specific target pathogens. However, when applied to clinical infections, each of the
aforementioned methods lacks one of three important characteristics desired for point-of-care
diagnostics which are timeliness, simplicity, and cost-effectiveness6.
For example, culturing and plating procedures range between a few hours to weeks depending
on prior knowledge of the suspected pathogen and difficulty of culturing the specific pathogen.7
PCR, a DNA amplification method, is a multi-step technique, that although has become automated,
still requires additional reagents7. ELISAs use bioreceptors, typically antibodies, to capture target
pathogen. The three general detection methods discussed all require trained operators or lab
technicians which increases the labor cost of their use.
Though these methods are available they are not used routinely, often being reserved for severe
or chronic cases of infections. Clinical infections are routinely diagnosed based on data such as
seasonal trends and patient symptoms instead of empirical tests8. This approach is prone to error
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since clinical infections share many symptoms. The result is: clinical infections are now among the
U.S top 10 most commonly misdiagnosed illnesses and leading causes of death3. When it comes to
determining bacterial from viral infections, the effects of misdiagnosis is even more grave since
bacterial infections often require antibiotic treatment whereas viral infections do not 9. Even for
confirmed bacterial infections, antibiotics are not typically tested for effectiveness prior to
prescribing it. These actions lead to a high number of unnecessarily prescribed antibiotics and
increases the risk of developing antibiotic-resistant bacterial strains which is a current national
threat as described by the Centers for Disease Control and Prevention (CDC)9 and the President’s
Council of Advisors on Science and Technology (PCAST)8. It has been estimated, by the CDC,
that about 50% of subscribed antibiotics are unnecessarily given and that nearly 140,000 deaths per
year result from antibiotic-resistant bacterial infections9.
There is a great need for the development of point-of-care diagnostic tools for clinical
infections. Ideally, they should have the ability to distinguish bacterial from viral infections,
distinguish between different bacterial infections, and determine the effectiveness of antibiotic
prior to their prescribing. This would result in firm steps towards addressing the concerns of
antibiotic misuse and the development of antibiotic-resistant bacteria which the CDC is calling the
“risk of our generation”9.
In designing and developing diagnostic tools for clinical infections, there are various factors
to consider, such as the vast number of pathogens that differ in size, structure, infection mechanism
and their capability to evolve and adapt rapidly10 aiding their evasion to detection and development
of antibiotic-resistance. Their structure enables the design of proper and customizable capture and
detection mechanisms11. It is therefore important to know the physical characteristics of pathogens
and how they differ.
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Bacteria are living microorganisms which have different shapes and sizes typically ranging in
the few micrometer range (Figure 1.1). They can have increased motility if they have flagella, silica,
or fimbriae which allow them to move and also adhere to a surface or host cell10 (See Figure 1.2).
These structures contain macromolecules which can be targeted for more specific binding of
pathogens. Bacteria can be classified by different characteristics. Gram-type is one of the broadest
ways to categorize bacteria and interrogates the composition of the outer most layer of bacterial
cells10. It determines whether a cell has a thick and exposed or thin and protected peptidoglycan
layer by the addition of crystal violet dye, which can penetrate peptidoglycan. Those cells which
stain have the thick, exposed peptidoglycan layer and are called Gram-positive while those that do
not stain are called Gram-negative and have the thin, protected peptidoglycan layer.

This

classification is very useful because it provides information on the specific layer composition of
cells and it can be used to detect bacteria in a broader manner than PCR and ELISA methods which
can give rise to false negatives due to their high specificity. Categorizing bacteria by Gram-type
can also narrow in on treatment options, as antibiotics can be classified by effectiveness against a
certain Gram-type.
Virus are much smaller than bacteria and are non-living entities ranging in the low-nanometer
size scale (Figure 1.1). They also differ in the composition of their outer surface, which is enveloped
with proteins, the extent of which depends on the type of virus10.
The research goal of this work is to develop biosensing devices which meet the performance
criteria for point-of-care application, specifically to aid in diagnosis of clinical infections. Thus, the
device will have detection limits and dynamic range at the relevant concentrations, allowing for
distinguishing bacterial from viral infections rapidly, and accurately and doing so at low cost. This
can be achieved through fabrication of electrochemical biosensing platforms.
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Biosensors are devices which take a physical or chemical change at the surface of the device
and translates it into an electrical signal. The two major components of a biosensor are the
bioreceptor, a biomolecule which selectively interacts with the target analyte, and the transducer
which can convert the interacting event into a measurable signal12 (See Figure 1.3). Electrochemical
biosensors generate signals based on the electrical properties of the system such as impedance,
resistance, conductance, and potential.
Currently, conductive polymers are used in a variety of biosensors as the transduction
material13. They are a unique group of materials with the electrical properties of semiconductors
and the flexibility and processing ease of a polymer14. In particular, polypyrrole (PPy) polymers
have been widely explored for sensing applications (Figure 1.4) due to the polymer’s
biocompatibility and ability to be electropolymerized from neutral pH solution. Furthermore, PPy
polymers can be chemically modified with functional groups to covalently bind molecules to the
polymer and/or provide improved sensitivity to changes in environment such as pH15. Although
conductive polymers are extensively studied for sensing applications, multiple cycles of swelling
and contracting of the polymers cause their disintegration and therefore they are not very robust.
Graphene-based materials such as carbon nanotubes (CNTs), reduced graphene oxide (rGO)
and graphene itself possess many intriguing physical, chemical and electrical properties which
make them desirable for electrochemical sensing purposes16. They are very robust materials of high
stability17. These materials are of nanometer scale in at least one dimension (Figures 1.1, 1.5 and
1.6). This results in a high surface to volume ratio, ensuring exposure of most surface atoms to
analyte molecules. The increased interaction between transduction material and analytes further
increases binding of analytes to the transduction material. Furthermore, because the Debye length,
λD, a measure of the electric field penetration into the bulk material, is comparable to the sizes of
these nanostructures, the electronic properties of these materials change considerably when
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exposure to analytes results in a chemical or physical change in the transduction material. These
changes can be monitored and used to achieve detection with high sensitivity18. It is also common,
due to the superior properties of these materials, to be able to design label-free detection schemes
and achieve lower limits of detection19. Integrating these materials into microelectronics has been
done with much ease as they can be incorporated to existing device fabrication processes.20
To selectively capture a biological molecule or organism, a transducer must be functionalized
with a bioreceptor. There are many bioreceptors which can be used. The most common for
biosensors are antibodies21, enzymes22, and DNA23 with newer bioreceptors being aptamers24 and
lectins25. Antibodies are very specific and exhibit high affinity towards their target. However, they
are not as economical as aptamers or lectins.26 Additionally, discovery of new antibodies is time
consuming.21 Enzymes suffer from instability and require specific environmental conditions to
work.22 Aptamers are short sequences of single-stranded DNA or RNA structures. They can have
high affinity and specificity comparable to antibodies27. However, their selection is time
consuming28. Lectins are saccharide-binding proteins which display high stability and can be
extracted from plants making them economical (See Figure 1.7). They have comparable binding
affinities as other bioreceptors29. And because they bind to saccharides, the saccharide composition
of the outer surface of bacterial cells can be exploited and therefore, the selectivity of the biosensor
can be tuned to different targets25. This is harder to achieve using antibodies and DNA since they
are selected to have a very narrow specificity and if altered to be broader would compromise its
high binding affinity18. For these reasons, lectins were chosen as the bioreceptor in this work.
The combination of broad selectivity from lectins and the high sensitivity of the abovementioned semiconductive material make an appropriate platform for the detection of pathogenic
bacteria.
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Figures

Figure 1.1. Size scale showing relative sizes of micro- and nanomaterials. Adapted from
reference 33.
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Figure 1.2. Depiction of outer layer components in Gram-negative and Gram-positive
bacterial cells. Adapted from reference 31.

Figure 1.3. Major components of biosensors listing common bioreceptors and transduction
modes. Adapted from reference 12.
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Figure 1.4. Common conductive polymers used in biosensors. Adapted from reference 32.
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Figure 1.5. Allotropes of carbon. From left: C60 (fullerene), CNTs, and graphene. Adapted
from reference 33.
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Figure 1.6. Graphene oxide derived from Hummers method. Functional groups make this
material sensitive to pH. Adapted from reference 34.
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Figure 1.7. Crystallographic structure of conA, a tetrameric protein having a binding site
for its respective saccharide at each subunit. Shows bound divalent cations (Ca2+ and Mn2+)
Adapted from reference 35.

16

Chapter 2: Carbon-nanotube-based chemiresistive device for the detection of pathogenic
bacteria and identification of infection-type
Abstract
Improvement upon and expansion of diagnostic tools for clinical infections have been
increasing in recent years. Simplicity and rapidity of techniques are imperative for their adoption
and widespread usage at point-of-care. Fabrication and evaluation of such device is reported in this
work. Use of a small bioreceptor array (based on lectin-carbohydrate binding) resulted in a unique
response profile, which has the potential to be used for pathogen identification as demonstrated by
Principal Component Analysis (PCA). Performance of the chemiresistive device was tested with
Escherichia coli K12, Enterococcus faecalis, Streptococcus mutans, and Salmonella typhi. The
limits of detection based on conA lectin as the bioreceptor are 4.7x103 cfu/mL, 25 cfu/mL, 7.4x104
cfu/mL, and 6.3x102 cfu/mL, respectively. Thus showing detection of pathogenic bacteria is
achieved for clinically relevant concentrations. Importantly, responses measured from spiked
artificial saliva showed minimal matrix interference. Furthermore, exploitation of the distinctive
outer composition of the bacteria and selectivity of lectin-carbohydrate interactions gave the ability
to discriminate between bacterial and viral infections, which are a current and urgent need for
diagnosing common clinical infections.
Introduction
Detection of bacteria is important for human health. However, according to reports by the
CDC, there are 50 million reported cases of infections each year. Eleven million of which can be
attributed to E. coli, the second most common bacterial cause of all infections, second to
Salmonella1. While E. coli is naturally found and is beneficial to the digestive system, exposure to
certain E. coli strains such as strain O157:H7 can lead to serious complications of resultant diarrhea,
fever, and/or urinary tract infections (UTIs). Consumption of feces-contaminated chicken and/or
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leafy greens is the main route of exposure. Symptoms begin just hours after exposure to pathogenic
strains of E. coli bacteria. While most infections last only a few days and then subside,
approximately 15% of cases can progress to hemolytic uremic syndrome (HUS)2. Rapid detection
and diagnosis is imperative when dealing with severe and fast-acting bacterial infections and is the
first step towards the treatment and recovery of patients. An accurate yet rapid and simple sensor
would be beneficial not only in cases of severe infections but also in diagnosing common infections
such as occur in the ear, throat, and sinus. Currently infections rank among the top 10 most common
medical misdiagnosis and top 10 causes of death3. Development and employment of sensors which
can determine if an infection is viral or bacterial would contribute enormously to curbing
misdiagnosis and antibiotic misuse4,5. Shorter infection duration and decreased numbers of 2nd
doctor visits for the same infection are additional benefits of developing such a technology. In this
work, we report a biosensor, which has a fast response time, is easy to use and has the potential to
distinguish bacterial from viral infections.
Current methods for the detection of pathogenic bacteria focus on the use of antibodies or
DNA. The standard methods are enzyme-linked immunosorbent assay (ELISA) and polymerase
chain reaction (PCR)6. These methods have high sensitivity and specificity. However, they require
trained personnel and have long assay-times. These limitations impede their use as real-time, broadrange detection platforms, which are critically needed in clinical settings. Methods currently in
research include electrochemical and colorimetric detection7,8. Electrochemical methods often are
robust, rapid, and simple. Development of these type of biosensors and improvements upon
culturing methods exemplify the advances in the field of pathogen detection and demonstrates the
interest and concern for addressing the lack of point-of-care diagnostics. However, though
interesting and relatively simple, developing and optimizing growth conditions for new bacteria is
time-consuming and material-intensive. The development of the biosensor reported here was

18

designed to detect any bacteria and inherently, by use of an array, generates a response profile,
which can be used to gain information on the pathogen’s outer structure. This can be used to identify
the bacteria without having to modify the receptors on the surface to increase selectivity.
Keeping in line with the goal of simplicity and robustness, the design of the biosensor began
with the development of a CNT-based chemiresistive device. Choosing an electrochemical method
for detection provides quick and simple measurement options, which are easily interpreted. A
bioreceptor which can capture bacterial cells onto the device surface regardless of strain yet
selective enough to generate a unique response pattern when used in array format can be found in
a special class of proteins called lectins. Lectins bind saccharides, each type of lectin binding
saccharides with different affinities9. In order to functionalize the device with lectin, the CNTs were
first incubated with a linker molecule, PBASE, as to not disturb the pristineness of the CNT
network, which introduces an amine reactive ester. Upon addition of the lectins to the PBASE
modified CNTs, the lectins are covalently bound to the surface. In this scheme, the saccharide
chains found on bacterial cells are targeted for capture. It is well known that the saccharides and
their sequence is unique to each strain of bacteria.10 Using lectins which have differing affinities, it
is possible, as is demonstrated in this work, to generate a binding profile for each bacteria.
Correspondingly, CNTs can be functionalized via the same amine chemistry to covalently bind
amine-modified saccharides. In this scheme, lectins, if any, existing on the surface of the bacterial
cells are targeted for capture. There are only a few reports providing information on these
lectins,11,12 however, the performances of the two detection schemes were evaluated, compared,
and used to compose arrays which result in unique profiles for identifying bacteria.
Experimental Procedure
Materials. Single-walled carbon nanotubes (SWNTs) were purchased from NanoIntegris
(Boisbriand, Quebec, Canada). To extend their shelf-life, SWNT stock was aliquoted and stored in
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the dark. 1-Pyrenebutanoic acid succinimidyl ester (PBASE, 95%), aminophenyl glucoside (Glc),
aminophenyl galactoside (Gal), and wheat-germ agglutinin (WGA) were purchased from Sigma
Aldrich (St. Louis, MO, USA) and used as received. Aminophenyl mannoside was purchased from
Santa Ana Biotechnology (Santa Ana, CA, USA). Lyophilized lectins, concanavalin A (ConA) and
arachis hypogeae (arachis) were purchased from MP Biomedicals (Santa Ana, CA, USA) and
BioWorld (Dublin, OH, USA), respectively. Ethanolamine (99%) was purchased from Acros
Organics (Pittsburgh, PA, USA). Polyethylene glycol sorbitan monolaurate (Tween 20) was
purchased from BioRad Laboratories (Irvine, CA, USA). Dimethylformamide (DMF) was
purchased from Fisher Scientific (Waltham, MA, USA). 10 mM phosphate buffer (PB) was
prepared with mono- and di-basic phosphate purchased from Fisher Scientific and pH was adjusted
to 7.4 using diluted hydrochloric acid (HCl) or diluted sodium hydroxide (NaOH), also purchased
from Fisher Scientific. PB was enriched with CaCl2 and MnCl2 purchased from Fisher Scientific
for lectin and bacteria incubations. All other chemicals and broth components were purchased from
Fisher Scientific.
Preparation of SWNT immobilized devices. Preparation of SWNT devices follows a previously
reported method.13 Figure 2.1 provides a schematic of device preparation. Briefly, the 3 µm-gapgold electrodes (Figure 2.2) were photolithographically patterned onto silicon/ silicon dioxide
wafers. These were, after 10 min of sonication in acetone, 30 min in piranha, oxygen plasma and
UV ozone, treated with 1-aminopropyltriethoxy silane (APTES) and incubated with SWNTs to
achieve a uniform assembly of SWNTs on electrode surface. Excess SWNTs were washed off
under running deionized water and devices annealed in a Lindberg Blue M tube furnace for 1 h at
250°C to improve contact between SWNTs and gold electrodes by removing solvents (SEM image
shown in Figure 2.3). Devices were incubated with linker molecule PBASE (3 mg/mL in DMF) for
1 h followed by rinsing with DMF and PB. Aminophenyl saccharides (3 mg/mL in DMF) were
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introduced onto different devices. After 2 h, they were rinsed with DMF and PB. Ethanolamine
(0.1% in DI) was used to block unreacted PBASE sites and 0.1% Tween 20 used to block open
SWNT areas, minimizing non-specific binding. The latter two incubations were 10 min long and
followed by rinsing with PB. To monitor the effectiveness and magnitude of each subsequent
functionalization, I-V measurements were performed before and after each incubation step using a
CHI 1202A electrochemical workstation and resistances calculated from the slope. See Figure 2.4.
The drive current in the CNTs-FET device at a given voltage decreased after modification by
pyrene-NHS and bioreceptor. It’s worth noting that the resistance is doubled with the bioreceptor
in the case where lectins were used (shown in Figure 2.4) and tripled when saccharides were used
(data not shown). The observed current decreases or resistance increases are attributed to π–π
stacking interaction between CNTs and pyrene in the case of PBASE and scattering potential
generated and/or electron donation from the molecules to the nanotubes in the case of bioreceptor.
The current remained similar after ethanolamine and Tween 20 blocking (data not shown here).
Bacteria growth. E. coli and Salmonella were grown in Luria Broth at 37 °C with shaking at
150 rpm and harvested during their exponential growth phase which occurred after 6-9 hours.
Enterococcus and Streptococcus were grown in BLH growth media at 37 °C with no shaking and
harvested during their exponential growth phase which occurred 6-9 h later. Bacteria were freshly
grown each day of testing. Optical density was measured at 600 nm wavelength on a Beckman
Coulter DU800 spectrophotometer to determine the concentration of bacteria. Serial dilution was
done with enriched PB and used to obtain desired concentrations.
MS2 phage and Influenza H1N1 virus preparation. Bacteriophage MS2 and H1N1 virus were
used to demonstrate ability of device to distinguish between viral and bacterial infections. The
bacteriophage was harvested via Single Agar Layer (SAL) EPA method 1602. H1N1 virus was
propagated in Madin Darby canine kidney (MDCK) cells. Serial dilutions were prepared in PB.
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Detection of virus was performed on both lectin and saccharide platforms and followed the same
methodology as bacteria detection described in the previous section.
Artificial matrices preparation. Two artificial matrices were prepared: urine and saliva.
Preparation of artificial urine included the following: 170 mM urea, 90 mM KCl, 90 mM NaCl, 25
mM NH4Cl, 7 mM creatinine, 7 mM K2HPO4, 7 mM KH2PO4, 2.5 mM CaCl2, 2 mM MgSO4, 2
mM MnCl2, and 0.4 mM uric acid mixed together in deionized water with pH adjusted to 6.25 by
addition of HCl and refrigeration at 4 °C14. Preparation of artificial saliva included the following:
2g/L mucin, 50 mM urea, 6.8 mM NaCl, 5.4 mM CaCl2, 5.37 mM KCl, 4.22 mM Na2HPO4, and
2.0 mM MnCl2 dissolved in deionized water, adjusted to pH 7.2 with HCl, sterilized by autoclaving
and stored in the refrigerator until use15. Both artificial matrices were used within 2 weeks of
preparation. Artificial matrices were spiked with bacteria followed by serial dilutions using the
respective matrix.
Results and discussion.
The electrodes prepared by the afore-mentioned process displayed very good reproducibility
in initial resistance, performance, and stability. Intra-chip resistances (55 electrodes) were within
19% of each other. An average of 25 electrodes over a one-month period retained 103% ± 12% of
their initial resistance. Besides showing the effects of functionalization on device resistance (slope
of I-V curve), Figure 2.4 also shows the sensor response towards E. coli at concentrations of 1X103
and 1X107 cfu/mL, which shows an increased signal with increasing bacterial cell concentration.
Initially, lectins having high or no specificity to aminophenyl saccharides used in these studies
were tested to demonstrate the ability of our device to bind bacteria through their naturally
occurring surface lectins (Figure 2.5). Literature reports ConA to have high affinity to glucose and
mannose, arachis to galactose and WGA to N-acetylglucosamine.16,17 Stock solutions of each lectin
were made fresh for each set of trials and prepared to be 3 mg/mL in PB enriched with 1 mM
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Ca2+and Mn2+ ions. These ions are used for specific lectins, called c-lectins, which have metal
binding sites and require them occupied to attain correct conformation to bind carbohydrates16.
Low concentrations were achieved through serial dilution. Each concentration was incubated for 1
h followed by rinsing with PB and the measuring of its resistance.
Validation of protocols and incubation methods through the detection of free lectins by their
respective saccharides, show good correlation to literature reports.17,18 Figure 2.5 shows the
selectivity of each lectin tested. While each lectin has a saccharide to which it binds strongest, the
strength with which these bind are different, affinity binding constants attest to this. 19,20,21 For the
detection of WGA which has an affinity for N-acetylglucosamine, capture through glucoside, for
which it has a lower affinity, resulted in a small signal. Because of these reasons, the signals for
lectin detection via their respective saccharides are not all large.
As stated above, PBASE can be reacted with amine-modified saccharides. This targets lectins
on the surface of bacteria for capture. Devices functionalized with aminophenyl saccharides were
each incubated with one of the four different bacteria used in this work at varying concentrations
for 1h followed by rinsing with PB and resistance measurements for quantitative detection,
sensitivity, dynamic range, and limit of detection. Figure 2.6a shows the normalized response of
the biosensor (R – R0)/R0, where R0 is the resistance of the device after functionalization and
blocking of unoccupied sites with Tween 20 and R is the resistance after incubation with bacteria,
determined from the inverse of the slope of the I–V curve from +0.2 to −0.2 V plotted as a function
of log of bacteria concentration. As shown in the figure, the response is linear over the detection
range, which differs for each bioreceptor used. Regression equations fitted for concentration range
2x103 to 2x108 cfu/mL were: y = 0.92x – 0.90 (R2 = 0.95) for E. coli on galactoside, y = 0.61x –
2.2 (R2 = 0.92) for E. coli on mannoside, and y = 0.31x - 1.1 (R2 = 0.62) for E. coli on glucoside
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were obtained, respectively, where y is the relative change in resistance ((R – R0)/R0) and x is the
logarithmic concentration of bacteria.
Alternatively, PBASE can react with the amines found on the lectins. This in turn targets the
saccharides on the surface of the bacteria for binding. In this case, stock solutions of lectins were
prepared in enriched PB and incubated on PBASE devices for 2 h followed by incubation of
bacteria. Figure 2.6b shows the normalized response of the biosensor [(R – R0)/R0]. As shown in
the figure, the response is linear over the detection range which differs for each bioreceptor used.
Regression equations fitted from 5.5x104 to 5.5x108 cfu/mL were: y = 0.16x – 0.64 (R2 = 0.82) for
Streptococcus on ConA, y = 0.027x + 0.037 (R2 = 0.90) for Streptococcus on WGA, and y = 0.056x
- 0.23 (R2 = 0.71) for Streptococcus on arachis were obtained, respectively, where y is the relative
change in resistance ((R – R0)/R0) and x is the logarithmic concentration of bacteria.
Detection of four bacteria, one bacteriophage and one virus was done in phosphate buffer on
the same three lectins and three saccharides as used for method validation. These results can be
seen in Figure 2.7 which reports the slopes of fitted calibration curves ΔR/R0%/ log cfu/mL. The
bacteriophage had little affinity to any of the 6 receptors while the H1N1 virus had a slight affinity
for each receptor, most notably for the lectins. This is corroborated by previous work which reports
virus separation from matrix through agglutination via lectins.21 However, detection of bacteria by
these 6 receptors resulted in much larger responses and unique profiles for each bacteria. Because
Gram-negative bacteria have LPS layers, which have high variation in their structure and
composition9, these bacteria produced the most different response patterns and are easily
distinguishable. On the other hand, Gram-positive bacteria are similar in their outer structure, which
is composed mainly of peptidoglycan. Because they are similar, the two Gram-positive bacteria
tested in this work resulted in similar response patterns. It is necessary to note that the responses of
saccharide-functionalized devices produced a higher response than the lectins and this provides
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higher sensitivity. Also, because not all bacteria have lectins on their surface, using saccharides as
the bioreceptor results in higher specificity. From these results, an array, whose components are
chosen carefully, could be used for distinguishing between bacterial and viral infections and has
the potential of discriminating Gram-type and in the case of Gram-positive bacteria, further identify
the species.
When detecting bacteria in relevant artificial matrices, several challenges were faced. For
detection of E. coli in artificial urine, detection was suppressed 10-fold by the presence of urea. It
is known that urea, at high enough concentrations, can unfold proteins22. For the detection scheme
employed here, unfolding of the protein means loss of the binding pocket and therefore loss of
detection.
In the case of Streptococcus mutans the mucin in the artificial saliva contributed some
background signal. To minimize the adhesion of mucin onto the device, the CNT device was treated
with 0.1% mercaptohexanol (MCH) prior to other functionalization steps23. The contribution from
the mucin after MCH treatment was determined to be 20% of the signal a result similar to
previously reported work.23
In order to statistically determine the responses of each bacteria to be unique or differentiable,
principal component analysis (PCA) was administered. PCA is a chemometric tool used to analyze
multivariable data.24 Often plotting the resulting PCA scores generates clusters. The proximity of
theses clusters can be interpreted as how close the data are related or similar i.e. distinguishable or
not, as was the goal for performing this analysis. From PCA analysis and subsequent plots, one can
extract which variables contribute most or most define the uniqueness of the analyte, in this case
the bacteria. This is useful for designing an array, which is composed of the strongest or most
important receptors for discriminating the bacteria. Therefore an optimized array with minimal
components can be designed to have high selectivity.
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Data consisting of individual measurements (ΔR/R0) for 6 receptors were arranged as an 18element row. Each row corresponds to a complete array. Three rows were generated for each of the
four bacteria. Ninety-five percent of the total variance across the array was captured by the first
two PCA factors. Plotting PCA scores for these two factors (Figure 2.8a) showed 4 individual
clusters, one for each bacteria, demonstrating that each is distinguishable regardless of Gram-type.
This analysis was repeated using different combinations of the 6 receptors in order to
determine which receptors contributed most to the uniqueness of the response profiles. Data from
the 3 saccharides and ConA resulted to be the tightest clustering from all combinations (Figure
2.8b). This means saccharides and ConA lectin were the four major contributors to the uniqueness
of the response profiles and that 4 receptors were sufficient to retain cluster separation (i.e. bacteria
identification). This method is useful for optimizing arrays to a minimum number, which will
improve cost-effectiveness and overall efficiency of devices.
An effective platform for capture of bacteria has been developed through exploitation of
lectin-carbohydrate interactions. Results demonstrate the possibility of using this sensor to
distinguish between viral and bacterial infections, which is greatly needed for point-of-care
applications and can do so for clinically relevant bacterial concentrations25. The resultant response
profiles can assist in determining Gram-type which can guide selection of antibiotics, another area
which relies too heavily on “trial and error” approaches. In the future, similar platforms will be
developed to distinguish viable from non-viable cells, providing a method for determining the
effectiveness of antibiotics against individual infections.
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Figures

APTES treatment, 30 min.
CNT incubation, 30 min.
Annealing, 1 h, 250 °C

Pyrene-NHS, 1 h

Bioreceptor, 2 h

Pyrene-NHS
Bioreceptor
Ethanolamine
Tween20

Ethanolamine
and Tween20
10 min. each

Figure 2.1. Device fabrication schematic. Using pyrene-NHS linker molecule, two
bioreceptors can be functionalized onto the surface, amine-modified saccharides or lectin
proteins.
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33 µm
5
5 µm

200 µm

Figure 2.2. Interdigitated gold electrodes on Si/SiO2 with twenty 200 µm long and 5 µm wide
digits separated by 3 µm gaps.

Figure 2.3. SEM image of CNT-functionalized interdigitated electrodes. Method results in
reproducible, dense and uniform surface coverage.

31

0.2

bare CNTs
pyrene-NHS
conA
3

1x10 cfu/mL

I/ mA

0.1

7

1x10 cfu/mL

0.0

-0.1
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Figure 2.4. I-V characteristics of the biosensor showing progression of device fabrication, surface
functionalization and E. coli bacteria detection (1x103 and 1x107 cfu/mL).
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lectin detection via saccharides

200

sensitivity (R/ R0%/ M)

160

mannoside
glucoside
galactoside

120

80

40

0
conA

arachis

WGA

Figure 2.5. Detection of different lectins on a saccharide functionalized CNT-device. The bar
graphs show relative binding affinity of saccharides for three lectins. The data points are average
measurements from 5 independent biosensors, and error bars represent ±1 standard deviation.
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Figure 2.6. Calibration curves for the detection of a) E. coli via saccharide-modified CNTdevices and b) Streptococcus mutans via lectin-modified CNT-devices. The data points are
average measurements from 10 independent biosensors, and error bars represent one standard
deviation.
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Receptor sensitivities for bacteria detection
sensitivity (R/ R0 % / log[cfu/mL])

200
galactose
glucose
mannose
cona
WGA
arachis

175
150
125
100
75
50
25
0
1
E. coli

2
3
4
5
6
7 (PB)
Enterococcus
Streptococcus
Salmonella
Influenza
MS2
blank
H1N1 virus bacteriophage

Figure 2.7. Bar graph comparing the average sensitivities for detection of E.coli, Enterococcus
faecalis, Enterococcus mutans, Salmonella, H1N1 Influenza virus, and M13 bacteriophage in PB
using the three lectins and saccharides. The data points are average measurements from 10
independent biosensors, and error bars represent ±1 standard deviation.
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a)

b)

Figure 2.8. PCA analysis and plot results in clustering respective to bacteria type with good
resolution using a) six receptors (3 saccharides and 3 lectins) and b) four receptors (3 saccharides
and ConA lectin). Shows reduced array retains ability to distinguish four bacteria.
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Chapter 3: Electrochemical biosensor for rapid detection of viable bacteria
and antibiotic screening
Abstract
We have developed a biosensor for the detection of live/viable bacteria based on the electrical
response of the conductive polymer 4-(3-pyrrolyl) butyric acid to glucose induced metabolites. The
polymer was electrochemically deposited and then functionalized with lectin through EDC/NHS
chemistry to capture cells near the sensor surface and introduce selectivity for analytes. The
addition of glucose to a three-electrode electrochemical cell containing 10 mM phosphate buffer
and the bacteria-immobilized sensor produced an increase in potential. When bound bacteria were
treated with antibiotics, addition of glucose produced a notably reduced signal exhibiting the
sensor’s potential to screen for the most effective antibiotic treatment. This biosensor having realtime responses, minimal sample preparation, and the ability to screen antibiotics demonstrates the
speed, ease, and suitability essential for application in point-of-care services. The detection range
was determined to be 6.0x103-9.2x107 cfu/mL.
Introduction
The detection of bacteria is of high importance for human safety and health. Increasing sensor
requirements have come about due to outbreak and resistance scares1. These events have also led
to increased interest in the development of quicker yet still accurate methods for the detection of
bacteria geared to be disposable1. The methods that are being developed for the detection of bacteria
span across various fields and range from DNA-based analysis2 to surface/ affinity interactions3-5
which allows for the development of an assortment of platforms. Current platforms such as ELISA
and PCR have their merits, strengths and specific applicabilities that shine in addressing such
challenges as strain identification and high selectivity and sensitivity.6 Though they continue to be
improved, cost and time limitations will still exist due to the inherent multi-step nature of these
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methods. However, the proposed method in this work addresses the pertinent need of an empirical
diagnostic tool for the determination of bacterial and viral infections as well as serving as a rapid,
accurate screening tool for determining antibiotic effectiveness against each case of infection.
Electrochemical sensors provide a quick, simpler method for detection of whole cell bacteria7.
Our technique is being developed to be most fitting for clinical and healthcare settings. This work
addresses the need for routine, inexpensive and quick tests for verifying bacterial infections. This
need has been identified not only by our lab but also various organizations such as the Centers for
Disease Control and Prevention (CDC 2013)8 and the Center for Integration of Medicine and
Innovative Technology (CIMIT 2013)9. We investigate our sensor’s ability to distinguish between
live and dead cells and screen antibiotics to provide the most effective treatment for an infection.
Designing a method of detection based on metabolic products inherently distinguishes between
viral and bacterial infections since viruses, as non-living entities, lack the ability to metabolize. By
the same reason, dead cells would also not provide the same signal as healthy live cells thus
providing a way of systematically determining the proper antibiotic treatment for bacterial
infections.
Experimental Procedure
Electrode preparation. Micropolish (1 µm, 0.3 µm, and 0.05 µm, respectively) was purchased
from Buehler (Lake Bluff, Illinois, USA) and used for 5 minutes on gold disk electrode surface in
order to remove any oxidized gold or residue /debris and to provide a smooth surface onto which
the polymer could be electrochemically deposited. The diameter of the disk electrode used was 2
mm and was purchased from CHI Instruments, Inc (Austin, TX, USA).
Polymerization of 4-(3-Pyrrolyl) butyric acid. A modified pyrrole derivative was chosen for
its pH sensitivity and high conductance. The electrolyte was prepared to contain 13 mM 4-(3Pyrrolyl) butyric acid from Sigma-Aldrich (St. Louis, MO, USA) in 150 mM LiClO4 in acetonitrile
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(ACN). A constant potential of 1 V was applied to reach a controlled charge of 50 mC/cm2. This
mode was preferred over cyclic voltammetry since potentiostatic mode produced the most
uniformly thick films in other studies10. The film was rinsed with ACN followed by phosphate
buffer (PB).
Functionalization of polymer with EDC/NHS and ConA. 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich and
stored at -20°C. EDC was prepared in 2-(N-morpholino) ethanesulfonic acid (MES, 0.1 M, pH 4.5)
buffer and NHS in dimethyl sulfoxide (DMSO). The film was placed in a fresh solution of 50 mM
EDC and 200 mM NHS for 10 minutes to activate the carboxylic groups on the film to be reactive
with the primary amines of Concanavalin A (ConA) and Arachis hypogaea (arachis), the lectins
chosen for this work. Both lectins were purchased from Sigma-Aldrich and stored at -20°C.
Dilutions were prepared in PB. After EDC/NHS incubation, the film was rinsed with PB (10 mM,
pH 7.46) and placed into a 1 mg/mL solution of lectin for 2 h at room temperature. The film was
then rinsed with PB.
Bacteria growth. Type K-12 Escherichia coli (E. coli ) stock was prepared in Luria Bertani
(LB) medium for 12 h at 37 °C with agitation. The approximate stock bacterial concentration, as
determined by measuring OD600 with a Beckman Coulter DU800 spectrophotometer (Fullerton,
CA, USA), was 2X1010 cfu/mL from which dilution were made using PB enriched with 1 mM
CaCl2 and MnCl2. Cell washings were done with autoclaved PB, 3x for 10 min at 4 krpm in an
Eppendorf 5415 D microcentrifuge (Mississauga, Ontario, Canada). Deionized water was used to
prepare LB broth and PB solutions.
Capture of bacteria and detection scheme. Two samples from a freshly grown batch of bacteria
were collected from the stock. One was autoclaved at 120°C for 20 min prior to capture in order to
show the sensor’s ability to distinguish between viable and non-viable cells (level of metabolic
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activity). It was important that the cells’ ability to be captured by the lectin not be negatively
affected by autoclave treatment. Cells remained largely intact as was observed under microscope.
High magnification images were taken before and after autoclave treatment obtained using a KH
7700 Hirox Microscope purchased from Hirox-USA, Inc (Hackensack, NJ, USA) (Figure 3.1).
The film was incubated for one hour with freshly grown and washed, live or dead cells then
rinsed with PB to remove unbound cells. The prepared electrode was placed in a standard 3
electrode electrochemical cell where a Ag/AgCl electrode was used as a reference and a platinum
mesh acted as the auxiliary electrode. Electrical measurements were performed with a CHI 760c
electrochemical workstation (Austin, TX, USA). The cell contained 10 mL of 10 mM PB as well
as a stirrer to distribute/mix the glucose additions evenly. Aliquots of 50 mM glucose were added
into the cell once the potential had steadied. After obtaining signal of live cells, the electrode was
treated with antibiotics to show the potential of this biosensor as an antibiotic-screening tool.
Antibiotics used in this study were tetracycline, erythromycin, and kanamycin. Tetracycline was
purchased from Sigma-Aldrich and all other antibiotics and chemicals were purchased from Fischer
Scientific (Waltham, MA, USA).
Results and discussion
Characterization of 4-(3-Pyrrolyl) butyric acid polymer. It was expected that using the
polymer film’s carboxyl groups for covalent functionalization of the lectin would decrease the
film’s pH sensitivity. The prepared films were subjected to pH sensitivity studies using 1 mM HCl
additions to determine the pH sensitivity of the film before and after functionalization with ConA
lectin. Figure 3.2 shows that about 60% of the film’s pH sensitivity was retained. High
magnification images of films, Figure 3.3, prepared on a 2 mm gold disk electrode were taken to
show film texture, color, and bacteria capture.
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Monitoring electrode fabrication via EIS. Electrochemical Impedance Spectroscopy (EIS)
was used to monitor and confirm completion of each fabrication step. After each step the film was
rinsed with PB and placed in a standard 3 electrode electrochemical cell where a Ag/AgCl electrode
was used as a reference and a platinum mesh used as the auxiliary electrode. The cell contained 10
mL of 5 mM ferric/ferrous cyanide buffer. EIS measurements were taken until cell stabilized
usually requiring 15 repetitions. Figure 3.4 shows an increase in charge transfer resistance due to
the insulating properties of the lectin and bacteria layers;11 thus verifying employed protocols to
achieve proper functionalization of film.
Bacteria detection. As can be seen from Figure 3.5, the potential increased significantly and
immediately after each addition of glucose. A net increase in potential occurred only when viable
cells were immobilized on the surface of the electrode and was due to the increased conductivity
of the polymer film which resulted from the protonation of its carboxy groups by the cell-secreted
acidic metabolites. A calibration curve (Figure 3.6) was obtained by sequentially testing live
bacteria of increase concentrations on same devices. Control tests, where the working electrode
was functionalized only with ConA or dead cells, showed a decrease in potential upon the addition
of glucose (Figure 3.7); thus verifying that the signal in the case of live cells is not due to the
addition of glucose; as the effect of this addition on cell potential is opposite. The decrease in
potential may be attributed to the interaction of ConA with glucose. 12 Noting that the addition of
glucose resulted in similar signals when no cells and autoclaved cells where used, it may be possible
that the bacteria suffered damage during autoclave treatment13, though damage was not evident via
microscopic inspection. This damage may have suppressed cell binding onto lectin thus resulting
in a response similar to the negative control test. Further investigation is needed to confirm this is
the case.
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Selectivity of sensor demonstrated via testing with MS2 bacteriophage. Bacteriophage MS2
was used to demonstrate ability of device to distinguish between viral and bacterial infections. The
bacteriophage was harvested via Single Agar Layer (SAL) EPA method 1602.14 As can be seen in
Figure 3.7, devices functionalized with virus produced negative changes in potential, a response
similar to the absence of cells. This is reasonable given the smaller size of the bacteriophage, 26
nm diameter, and its predicted low affinity to conA both of which allow for interaction of glucose
with conA.
Antibiotic screening. Though device can detect cell concentrations below 107 cfu/mL, high
concentrations of bacteria were used in antibiotic screening as low concentrations may not result
in clear ranking of antibiotics. Antibiotics were chosen based on their effectiveness towards killing
E. coli cells. Tetracycline and erythromycin have been reported to be effective against E. coli while
kanamycin has been reported to be much less effective. 15,16 Devices functionalized with live E. coli
cells were first tested with glucose to ensure cells were of good health followed by incubation for
30 min with antibiotics at a concentration of 4 mg/mL. Responses of antibiotic-treated cells to the
addition of glucose remained high when ineffective antibiotics were used. The use of more effective
antibiotics resulted in a smaller signal upon the addition of glucose (Figure 3.8) indicating the cells
had been killed by the antibiotic treatment. Ranking of antibiotics by magnitude of signal
suppression matched ranking reported in literature determined by culturing E. coli cells in presence
of the same antibiotics used in these studies.15,16
Identifying bacterial culprit. Timely diagnosis and identification of proper treatment is of high
priority for patient health. However, determining the identity of the culprit is important for
monitoring and record keeping. For these reasons, the responses of E. coli and Bacillus subtilis to
ConA and arachis lectins were compared. Literature reports selective binding of bacteria via
different lectins. There is consensus in literature regarding the strong interaction between ConA

42

and E. coli.17,18 ConA has a high affinity to glucose and mannose moieties19,20 which are present in
high concentrations on E. coli lipopolysaccharide chains.21 It has also been reported that ConA
agglutinates Bacillus subtilis cells.22 Arachis due to its lower binding affinity to its target
saccharide, galactose,23 was expected to bind less E. coli cells and therefore result in a lower signal.
Bacillus subtilis, a Gram-negative bacteria, having peptidoglycan as its outmost layer, was expected
to bind in lesser magnitude to both ConA and arachis than E. coli cells since peptidoglycan is
composed of N-acetylglucosamine and N-acetylmuramic acid.24 Preliminary data (Figure 3.9)
support these expectations and suggest an array of devices functionalized with different lectins can
be used to broadly categorize pathogenic species by carbohydrate content. The feasibility of this
identification method is supported by recent works demonstrating selective detection of pathogens
through the use of specific lectins.25,26 The resultant signature profiles may be used to identify the
pathogen more distinctly and guide the selection of antibiotics to be screened for any particular
case.
The reported biosensor has the potential to assist in diagnosing infection-type and in the case
of a bacterial infection determine the most effective antibiotic. Materials and processes for
manufacturing these devices are low-cost and simple. Development of technologies which can
expedite doctor visits and patient recovery from infection has clear, substantial benefits and should
be pursued more commonly.
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Figures

a)

b)

Figure 3.1. E. coli cells dried from Ca+2 and Mg+2 enriched PB buffer onto glass before (a) and
after (b) autoclave treatment (15 min at 120° C).
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Figure 3.2. Film response to 1 mM HCl additions in 10 mM PB. (a) polymer film and (b) conA
functionalized film. Sensitivity: 29.6 and 19.6 mV/pH, respectively.
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a)

b)

Figure 3.3. HYROX image of (a) polymer film and (b) bacteria captured onto ConA
functionalized polymer film. Scale bar for (b) is 2 µm.
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Figure 3.4. Nyquist plots taken in 10 mM PB buffer with 5 mM of [Fe(CN)6]3-/ [Fe(CN)6]4- . (a)
bare disk, (b) polymer film, (c) conA functionalized film and (d)after incubation with 9.2 x107
cfu/mL E. coli cells.
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Figure 3.5. Potentiometric measurements of glucose additions to concanavalin A functionalized
Ppy-COOH film on gold disk electrode a) prior to antibiotic treatment to E. coli cells (9.2x107
cfu/mL) (___), b) after 30 min incubation with erythromycin (4 mg/mL) (___) and c) after an
additional 30 min incubation with erythromycin (___).

52

1.6

0.8
7.5

6.0

E (mV)

V/ mV

1.2

0.4

4.5

3.0

500

1000

0.0

1500

Time (sec)

2

10

3

10

4

10

5

6

10

10

7

10

8

10

9

10

[E. coli]/ cfu/mL
Figure 3.6. Device response to sequential 50 mM glucose additions as a function of E. coli cell
concentration at 9.2x101, 6.0x103, 6.4x106, 6.5x107 and 9.2x107 cfu/mL. Inset shows raw data for
9.2x107 cfu/mL. Sensitivity: 0.211 mV/ log [E. coli] with an R2 value of 0.993. The data points are
average measurements from 3 independent biosensors, and error bars represent ±1 standard
deviation.
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Figure 3.7. From right, potentiometric measurements of 50 mM glucose additions to concanavalin
A functionalized Ppy-COOH film on gold disk electrode without E. coli cells (---), with
bacteriophage MS2 (109 pfu/mL) (---), with captured autoclaved E. coli cells (---), and with live
healthy E. coli cells (9.2x107cfu/mL) (---). A permanent negative change in potential is observed
when glucose is added in the absence of E. coli cells or in the presence of nonviable cells. The data
points are average measurements from 3 independent biosensors, and error bars represent ±1
standard deviation.
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Figure 3.8. Average response for E. coli (9.2x107 cfu/mL)-functionalized device pre- and postantibiotic treatment upon addition of 50 mM glucose. Devices were incubated with antibiotics for
30 min at room temperature at a concentration of 4 mg/ mL. The data points are average
measurements from 3 independent biosensors, and error bars represent ±1 standard deviation.
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Figure 3.9. Comparison of lectin efficiencies for capture of E. coli and bacillus cells at 9.2x107
cfu/mL. The data points are average measurements from 3 independent biosensors, and error bars
represent ±1 standard deviation.
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Chapter 4: Graphene-based chemiresistive biosensor for viable bacteria
and antibiotic screening
Abstract
In this report, we present a simple device for the rapid detection of pathogenic bacteria. Using
CVD-grown single-layer graphene as the semiconducting material in a chemiresistive device,
viable bacterial cells were captured onto a lectin-functionalized surface. Detection is based on
glucose prompted production of acidic metabolites resulting in a pH change. Such detection lends
itself well to the screening of antibiotics which was done as part of this work. E. coli served as the
model to demonstrate device performance. We conclude, for E. coli, a detection limit of 6x104
cfu/mL. This biosensor demonstrates a facile and quick method for distinguishing bacterial from
viral infections.
Introduction
The Center for Integration of Medicine and Innovative Technology (CIMIT) has identified
“the rapid differentiation between viral and bacterial infections” as a top priority technology which
is still not developed.1 Technologies which meet this need will diminish the number of
misdiagnosed infections. And if designed properly, can serve to indicate the proper treatment to
pursue. The CDC2 and President’s Council of Advisors on Science and Technology (PCAST)3 have
both declared the development of antibiotic-resistance strains to be a serious threat to this
generation. Current methods for the detection of bacteria commonly possess one or more of the
following limitations: untimeliness, complexity, and/or single-analyte specificity4. The most
established and trusted methods are culturing and plating, PCR and ELISA5. Although there have
been many technological advances such as automation and improved sample pretreatment required
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for these popular methods, the assays remain too technical for point-of-care applications due to the
use of reagents and assay length.6
Biosensors for the detection of whole-cell bacteria have begun to address the need for faster,
simpler methods applicable to point-of-care diagnostics. Electrochemical biosensors have been
rapidly increasing in number and demonstrate improved sensitivities comparable to established
methods. Such detection schemes are based on Electrochemical Impedance Spectroscopy (EIS)7
and Quartz Crystal Microbalance (QCM)8. As well, efforts for the detection of viable bacteria have
been recently reported9,10,11 but their use remains unspread. At the same time, lectins have emerged
as a suitable bioreceptor for the capture of bacterial cells. Lectins are saccharide-binding proteins
which bind to mono- or oligo-saccharides with moderate binding affinities12. Carbohydrate-lectin
interactions are usually studied in the context of infectivity mechanisms most importantly cell
adhesion in the body13 but have recently been exploited as bioreceptors. Lectins are abundant and
can be readily extracted from plants making them a cost-effective alternative to traditional
bioreceptors. Typically, antibodies14, enzymes15 or DNA/RNA16 are used to selectively detect
bacteria. However, these bioreceptors are costly and do not display the high stability of lectins 12.
The use of lectins as bioreceptors in electrochemical biosensors would result in increased simplicity
and cost-effectiveness. To complement these characteristics, a robust transduction material having
excellent electronic properties is needed. Graphene is a high-carrier, high-charge density twodimensional material which, since its discovery, has been prominent in fundamental research and
device fabrication.17 Graphene is highly compatible with current device fabrication methods and is
easily incorporated as a transducer in silicon/silicon dioxide -based biosensors.18 The ability to
detect viable bacteria in a widespread, rapid, simple, and cost-effective manner would allow for
quicker implementation of technology and increased community health. Here we report a graphenebased chemiresistive device for the detection of viable bacterial cells.
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Experimental Procedure
Materials. Polycrystalline copper foil (99.99% purity, 0.025 mm thickness) for the growth of
graphene was purchased from Alfa Aesar (Ward Hill, MA, USA). The sensors were fabricated on
a highly doped p-type silicon substrate (4” Prime Silicon Wafer, P/Boron doped, orientated, 525±25
µm thick, 0.01-0.02 Ohm-cm) with a 300 nm capping layer of silicon dioxide purchased from
Ultrasil Co. (Hayward, CA, USA). 1-Pyrenebutyric acid N-hydroxysuccinimidyl ester (PBASE,
95%) was purchased from Sigma Aldrich (St. Louis, MO, USA) and used as received. Lyophilized
lectins, concanavalin A (ConA) and arachis hypogeae (arachis) were purchased from MP
Biomedicals (Santa Ana, CA, USA) and BioWorld (Dublin, OH, USA), respectively. Ethanolamine
(99%) was purchased from Acros Organics (Pittsburgh, PA, USA). Polyethylene glycol sorbitan
monolaurate (Tween 20) was purchased from BioRad Laboratories (Irvine, CA, USA).
Dimethylformamide (DMF) was purchased from Fisher Scientific (Waltham, MA, USA). 10 mM
phosphate buffer (PB) was prepared with mono-basic and di-basic phosphate and pH adjusted to
7.4 using diluted hydrochloric acid (HCl) or diluted sodium hydroxide (NaOH), purchased from
Fisher Scientific. PB was enriched with CaCl2 and MnCl2 purchased from Fisher Scientific for
lectin and bacteria incubations. All other chemicals and broth components were purchased from
Fisher Scientific.
Instrumentation. The growth of graphene via chemical vapor deposition was done using a tube
furnace (Lindberg Blue M). All the electrical measurements were done on CHI 1202A
electrochemical workstation. For the characterization of graphene films, optical images were taken
using a Hirox KH-7700 digital microscope.
Graphene synthesis and processing. Large area graphene films were synthesized using
chemical vapor deposition using copper foil as the growth substrate and methane as the carbon
precursor.19 Briefly, a 1x1 inch2 piece of polycrystalline copper foil was cleaned in acetic acid,
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acetone and isopropyl alcohol for 10 min each to remove the residual oxide from surface. The
cleaned copper foil was annealed in a tube furnace at 1030°C in Ar (180 sccm) and H2 (10 sccm)
for 30 min. For the growth of graphene, CH4 (5 sccm) was introduced along with Ar (180 sccm)
and H2 (5 sccm) for 7 min. The furnace was turned off and cooled to room temperature while
keeping the Ar and H2 flow rates constant. The copper foil with graphene was then coated with a
support layer of poly(methy methacrylate) (4% PMMA in anisole) and baked at 110°C for 5 min.
The copper foil was then etched in 0.3 M FeCl3 and washed repeatedly with DI water. The resulting
graphene/PMMA film floating on the surface of DI water was transferred to a Si/SiO 2 chip and
dried in air. The PMMA layer was dissolved in acetone and the graphene chip was annealed at
250°C to remove the polymer residues and improve the contact between the graphene film and
substrate.
Device fabrication and characterization. The standard photolithography technique for
patterning electrodes17,19 increases the production cost, time and also damages the graphene due to
contamination from photoresists and other chemical. To avoid these limitations, in this work we
fabricate hand-made devices by writing the electrodes manually. 20,21 As shown in Figure 4.1, the
electrical contacts were written directly on the graphene with silver paint at 0.5 cm apart, extended
with copper foil and passivated with rubber cement creating a reservoir well. The number of layers
and crystalline structure of graphene was characterized using scanning electron microscopy and
Raman spectroscopy. The electrical performance of the graphene device was characterized by
measuring its initial resistance from the current-voltage characteristics and pH sensitivity using a
CHI 1202A electrochemical workstation.
Surface functionalization. The graphene surface was non-covalently functionalized with the
lectin molecules, which act as the bioreceptor for selective capture of bacteria, in a two-step
process. First, the bare graphene was incubated the linker molecule PBASE (0.3 mg/150µL DMF)
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for 1 h. Since the pyrene moiety of PBASE binds to the graphene through π- π interaction, it can
used to introduce functional groups to carbon-based material without compromising its structure.22
The linker-modified graphene device was then washed with PB (10 mM, pH 7.54) and incubated
with the lectin (conA and arachis) (0.3 mg/100µL enriched PB) onto the surface for 2 h at room
temperature. The lectins are immobilized via covalent binding of the primary amines found in the
lectins with the amine-reactive ester bonds in PBASE. Finally, the device is washed repeatedly
with PB (10 mM, pH 7.54) and is ready to be used.
Bacteria growth and sensing protocol. K-12 Escherichia coli (E. coli) was grown in Luria
Broth media at 37°C with continuous shaking. During the exponential growth phase, which ranged
between 6-9 h, the bacteria were harvested by centrifugation at 4000 rpm in an Eppendorf 5415 D
microcentrifuge. Cells were washed repeatedly and resuspended in phosphate buffer (10 mM, pH
7.54). The concentration of bacteria was determined by measuring the OD600 on a Beckman Coulter
DU800 spectrophotometer. For the sensing of bacteria, the desired bacterial concentration was
achieved using dilutions in 1 mM Ca2+ and Mn2+ enriched PB buffer. The lectin-functionalized
graphene devices were incubated with bacteria diluted in enriched PB for 1 h at room temperature.
In the final step, the unbound bacteria were washed away with PB. The divalent cations (Ca 2+ and
Mn2+) must be present and bound to the lectin in order for binding to occur.12 Their binding results
in the correct conformation of lectin for the formation of the saccharide binding pocket.23 The outermembrane of bacterial cells which are rich in polysaccharides are targeted for capture by lectins.24
The addition of charge coming from the negatively charged bacteria25 results in a change of device
electronic properties which can be monitored by measuring its resistance.20
Viability of cells and antibiotic screening. To determine viability of captured cells,
metabolization is induced by the addition of glucose, which results in the production of acetic
metabolites and thus, a change in pH. This can be observed online by applying a small potential
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and monitoring the current. Dead bacterial cells do not metabolize and therefore, addition of
glucose will not result in a registered pH change. This enables the use of the device to screen
antibiotics. After verifying cell viability by the addition of glucose and observation of a change in
current, the device was incubated with antibiotics for 30 min at a concentration of 5mg/mL. The
device was rinsed with PB and retested to determine cell viability and antibiotic efficacy.
Results and discussion
Figure 4.1 shows a hand-made device with the CVD graphene transferred on a Si/SiO2
substrate and silver paste electrical contacts. The devices fabricated had a sensing area of 0.3 cm x
0.3 cm and displayed an average initial resistance of ~ 1 kΩ. High resolution optical microscopy
(shown in Figure 4.2) indicate that the large area graphene films appear fairly continuous with the
absence of any structural defects such as tears or wrinkles. These defects arise from multiple steps
involved in the growth and transfer process of graphene films such as presence of residual polymer
(PMMA)26 and the free dangling bonds present on the edge sites and grain boundaries in graphene.27
However, it has been reported that these atomic scale defects are known to enhance the electrocatalytic activity and pH sensitivity of graphene. 21,28-30 The reaction of the defect sites with ambient
air generates terminal –OH groups which get protonated or deprotonated depending upon the pH
of solution.31,32 We tested the pH sensitivity of our fabricated graphene devices by measuring the
change in device current upon 1 mM HCl additions. As shown in Figure 4.3, the graphene devices
showed an average pH sensitivity of 0.577 µA/ pH. The high pH sensitivity enables us to confirm
the viability of the bacteria by monitoring the glucose-triggered metabolic activities of the captured
bacterial cells in real time.
Following the characterization of the structural and chemical properties, the graphene surface
was non-covalently functionalized with the lectin molecules using PBASE as a linker molecule. 33
After each successive step of surface functionalization, the resistance of the conducting channel
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increased. The resistance changes were in accordance with the literature and were a result of π−π
stacking, electron donation and/or scattering potential generated by the immobilization of the
different molecules on the graphene surface and thereby decreasing the charge carrier concentration
and their mobility.22,34
As discussed earlier, for the selective detection of bacteria, we explore the lectin-carbohydratelectin interactions. Though the binding affinity of the lectins for monosaccharides is usually weak,
with association constants (Ka) in the range of 10-3 M-1, the lectin-monosaccharide interactions are
highly selective. 35,36 We demonstrate the same by using two model lectins, Concanavalin A (conA)
and Arachis hypoganea (arachis), which are known to have high affinities for glucose/mannose and
galactose moieties, respectively. 10 For the selective capture of E. coli, conA lectin was chosen as
the bioreceptor due to the high content of glucose moieties present in its lipopolysaccharide (LPS)
chains.37,38 Upon incubation of the conA-modified graphene surface with increasing concentrations
of E. coli, the binding of the lectin with the saccharide moieties transduces into an electrical signal
and the bacteria concentration is quantified by measuring the change in current of the conducting
channel with respect to time. Figure 4.4 shows the real-time change in current as a function of log
value of bacteria concentration. The biosensor showed a linear response with an average response
of 12 nA/log (cfu/ml).
To confirm that the change in current of conductance channel actually occurs from the lectinmonosaccharide binding and to demonstrate the effectiveness of conA for capturing the E. coli, we
performed some control experiments. In the first control experiment, the graphene surface was
directly incubated with the bacterial cells, without the conA functionalization and the change in
current was measured. As shown in Figure 4.5, due to the absence of conA (bioreceptor) the change
in current was negligible upon addition of bacterial cells. The measured response which was less
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than 10% of the current change observed in the presence of conA confirmed the absence of any
non-specific binding of E. coli on graphene.
For testing the viability of captured bacteria, the metabolic activities induced by glucose were
detected by monitoring the real-time current. A negative control experiment was performed to
demonstrate that addition of glucose, with the absence of bacterial cells, did not contribute to the
detection signal, which is supported by literature reports.11,39 Upon addition of 50 mM glucose
directly on the conA-modified graphene, no change in current was recorded (Figure 4.5). However,
in the presence of live bacterial cells on the surface, the metabolism of glucose produced organic
acids which locally alter the pH of graphene and thus affect the current in the conducting channel.
As shown in Figure 4.5, with live bacteria captured on the conA-modified graphene (bacteria
concentration: 1 x 107 cfu/ml), a significant change in current of the device was recorded. This
detection scheme of the proposed biosensor can be utilized to distinguish the bacterial and viral
cells due to the inability of viral cells to metabolize the glucose and thus alter the pH of the graphene
channel. The device was incubated with H1N1 virus (1 x 107 pfu/ml) propagated in Madin Darby
canine kidney (MDCK) cells. Upon addition of glucose, there was no change in the current, which
confirmed the ability of the biosensor to distinguish between viral and bacterial cells (Figure 4.5).
The above results demonstrated the ability of the biosensor to detect E. coli bacteria based
on the conA-glucose/mannose interactions. We further extended the platform by using a different
lectin and probing similar lectin-saccharide interactions for targeting different bacteria. In this
experiment, the graphene was non-covalently functionalized with Arachis hypoganea (arachis), a
lectin known to have high affinities galactose moieties.10,36 The surface functionalization steps
(incubation time, reaction conditions) were the same as that reported for con A. The arachismodified devices were then separately incubated with E. coli and Bacillus thuringiensis (Bacillus
t.). Based on this small array of lectins, the ability of the biosensor to distinguish between different
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types of bacteria was determined by measuring the change in device current for all 4 possible lectinbacteria combinations. As shown in Figure 4.6, it can be seen that conA binds both Bacillus t. and
E. coli better that arachis. This is due to the combination of two reasons: the Bacillus t. surface
lacks the targeted saccharide, in this case, galactose moieties, and the binding affinity of arachis to
galactose is much lower than that of conA to glucose (7 x 10-4 M-1 and 5 x 103 M-1, respectively).36,37
Though these preliminary results do not show clearly the ability to distinguish between bacterial
infections, it is possible to build an arrays which result in unique binding profiles to achieve this
goal.38,40
Finally, the ability of the proposed biosensor to determine cell viability was used to screen
antibiotics. Ampicillin is a broad-spectrum antibiotic which is typically used for gram-negative
bacteria2 and has been reported to be of low to moderate efficacy towards killing of E. coli.41,42
Figure 4.7 shows the response of healthy cells before and after treatment with ampicillin, with
responses decreasing post-treatment. The regeneration of the device via the releasing of bacterial
cells from lectins was done by exposing surface to a solution of 10 mM HCl/glycine.43 Figure 4.7
shows that incubation of device with antibiotics or regeneration solution does not result in damage
to device or otherwise affect its sensitivity, as can be seen by signal generated with fresh bacteria
following antibiotic treatment and regeneration steps.
Chemiresistive devices are simple to use and provide easily interpretable signals based on
changes to their electrical properties following functionalization and capture of target.17 Here such
as device was used to demonstrate effective capture and detection of bacterial cells. Furthermore,
induced metabolization resulted in pH changes, which were monitored and correlated to device
current, gave the ability to distinguish bacterial from viral infections and screen antibiotics.
Development of such diagnostic tools will assist in decreasing the number of misdiagnosed
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infections and cases of unnecessarily prescribed antibiotics which has played a major role in the
development of antibiotics resistance, a current threat to human health.
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Figures

a)

b)

Figure 4.1. a) Graphene films on Si/SiO2 substrate after transfer, PMMA removal and baking. b)
Handmade devices having a sensing area of 0.3 by 0.3 cm dimensions. Silver paint electrodes
written 0.5 cm apart with a width of 0.2 cm insulated with rubber cement.
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Figure 4.2. High resolution optical image of large-area CVD-grown graphene film
transferred on Si/SiO2 substrate.
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Figure 4.3. A pH sensitivity of 0.577 µA/ pH was determined by the addition of 1 mM HCl
drops onto a graphene device in PB. The data points are average measurements from 3
independent biosensors, and error bars represent ±1 standard deviation.
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Figure 4.4. Calibration curve for the detection of E. coli bacteria on conA-functionalized
graphene devices. An average sensitivity of 12 nA/ log (cfu/mL) was obtained. The data
points represent the average of 3 measurements from a single independent biosensor, and
error bars represent ±1 standard deviation.
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from 50 mM glucose additions, and no response from H1N1 virus (1 x 107 pfu/mL)
compared to signal of viable E. coli cells (1 x 107 cfu/mL) on conA-functionalized device.
The data points represent the average of 3 measurements from single independent
biosensors, and error bars represent ±1 standard deviation.
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Chapter 5: Reduced graphene oxide for the detection of live bacteria
and antibiotic screening
Abstract
A chemiresistive device was fabricated on Si/SiO2 substrate with gold interdigitated electrodes
on which GO was electrochemically reduced. Employing lectin-carbohydrate interactions, cells
were captured onto a conA-modified surface with an L.O.D of 1x103 cfu/mL, a clinically relevant
concentration. Employment of rGO as a pH sensitive material enables the detection of whole, live
E. coli cells as is demonstrated in this report. The ability to screen antibiotics has also been achieved
by the same device.
Introduction
Microbial diseases due to infections from pathogenic microorganisms like bacteria and viruses
constitutes a major cause of death.1 According to a recent report by the Center for Disease Control
and Prevention (CDC), each year in the United States, at least 2 million people become infected
with bacteria that are resistant to antibiotics and at least 23,000 people die each year as a direct
result of these infections.2 It is imperative that technology advance in a predictive and preventive
manner as to detect evolving pathogens by quicker, simpler means to provide proper and accurate
treatment to patients with clinical infections.3 Serious infections such as septicemia and pneumonia,
which rank among the top ten leading causes of death in the United States 1, require timely and
accurate diagnosis which makes the identification of causative pathogen extremely important.
Despite the advances in the field of medicine, the most commonly reported infections such as those
of the ear, throat and urinary tract are often misdiagnosed resulting in prescription of inappropriate
medication and the prolonging of patients’ suffering.1 Prescription of inappropriate or ineffective
antibiotics also increases the chance of the pathogen developing antibiotic resistance.2
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The current detection methods such as culturing and plating, polymerase chain reaction (PCR),
enzyme-linked immunosorbent assay (ELISA) are highly sensitive and can achieve identification
of the pathogen.4 However, these methods have one or more of the following limitations: high cost
of labeling of reagents, nucleic acid extraction, complexity of multiple step process which require
a trained personnel, and long assay time.5 To overcome these limitations, electrochemical
biosensors based on carbon-based nanomaterials are an attractive alternative for developing
platforms for the detection of bacteria due to their simple operation and facile fabrication process. 6
Carbon-based nanomaterials like carbon nanotubes, graphene and reduced graphene oxide (rGO),
owing to their intriguing electrical, chemical and mechanical properties, are ideal candidates for
the transducer element of the biosensor.6 Recently there have been reports of conversion of
graphene oxide into reduced graphene oxide via thermal and electrochemical treatments, which
offers a low cost and scalable method of producing graphene for the applications of biosensors. 7
The planar geometry of rGO flakes makes it ideal to be deposited on a desired substrate and ensures
direct binding of the analyte molecules to the transduction materials.8 Additionally, the reduced
graphene oxide contains defect sites in the form of sp3 centers and oxygen-containing functional
groups which are known to enhance the electrochemical properties and pH sensitivity of rGO in
comparison to other carbon nanomaterials.9 These properties of rGO allow for rapid, simple, robust,
and sensitive allowing for reagent-less and label-free detection.6
To achieve the desired specificity, electrochemical biosensors typically use immobilized
receptor molecules such as antibodies10 or nucleic acids.11 An alternative detection scheme which
is more cost effective and tunable are carbohydrate-protein interactions.12 Most human pathogens
use carbohydrates expressed on the cell surface as receptors to facilitate cell adhesion. 13 Lectins
constitute a large class of carbohydrate-binding proteins and are known to bind to cell surfaces
through specific carbohydrate-containing receptor sites.12. For instance, E. coli has been known to
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bind to the host mannosides using the FimH mannose-specific lectin.14, 15 Concanavalin A (con A),
isolated from Jack bean (Canavalian ensiformis) is the most commonly used and well-studied
mannose- and glucose-binding lectin.12 Con A is known to aggregate on specific terminal
carbohydrates of bacterial surface lipopolysaccharides (LPS) with different binding ability.16 Given
the high specificity of lectins, they have the potential of being explored as a new class of
bioreceptors for biosensor applications.
In this work, we have developed a chemiresistor-based electrochemical biosensor for the
detection of bacteria by targeting the carbohydrate-lectin interactions. Reduced graphene oxide
(rGO) was used as the semi-conducting transducer material for bridging the gap between the
source-drain electrodes. For the capture of bacterial cells, we have proposed two detection schemes
and compared the performance of the biosensor for each scheme. In the first detection scheme, the
rGO surface was covalently functionalized with different amine-modified monosaccharides via a
linker molecule. These saccharides function as the bioreceptor and were used to target lectin
proteins on bacterial cells for capture onto the device surface. In the second detection scheme, the
rGO surface was functionalized with the lectin molecule and these lectins function as a receptor for
binding to the carbohydrates present in the bacterial surface LPS. The device fabrication, surface
functionalization and capture of bacterial cells were monitored by measuring the change in the
resistance of the conducting channel. Furthermore, we employ the high pH sensitivity of rGO for
monitoring the glucose triggered metabolic activities of the captured bacterial cells in real time.
Thus, the developed electrochemical biosensor provides a platform for rapid, label-free, sensitive
and selective method for detecting bacteria and also serves as a platform for determining the
viability of the cells, high throughput screening of antibiotics and more importantly distinguish
between the bacterial and viral infections.
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Experimental Procedure
Materials.1-Pyrenebutyric acid N-hydroxysuccinimide ester (PBASE, 95%) and 4Aminophenyl β-D-glucopyranoside (Glc) were purchased from Sigma Aldrich and used as
received. 4-Aminophenyl α-D-mannopyranoside (Mann) was purchased from Santa Cruz
Biotechnology, CA. Lyophilized lectin and concanavalin A (Con A) was purchased from MP
Biomedicals and BioWorld, Ohio respectively. Ethanolamine (99%) was purchased from Acros
Organics. Polyethylene glycol sorbitan monolaurate (Tween 20) was purchased from BioRad
Laboratories. Dimethyl formamide (DMF) was purchased from Fisher Scientific. 10 mM phosphate
buffer (PB) was prepared with monobasic phosphate and dibasic phosphate purchased from Fisher
Scientific and pH was adjusted to 7.4 using diluted hydrochloric acid (HCl) or diluted sodium
hydroxide (NaOH) also purchased from Fisher Scientific. PB was enriched with CaCl2 and MnCl2
purchased from Fisher Scientific for lectin and bacteria incubations. All other chemicals and broth
components were purchased from Fisher Scientific.
Graphene oxide (GO) sheets was synthesized using modified Hummers method. 17 The
resulting solid GO paper was suspended in deionized water (20 µg/mL) and sonicated for 30 min.
A 1 mL aliquot was taken and centrifuged for 10 min at g-force of 18400 rcf to remove nanometersized sheets in supernatant the pellet was then re-suspended in the same amount of deionized water.
Graphene oxide suspension remained stable without the use of surfactants.
Fabrication of rGO devices. The rGO-based chemiresistive biosensors were microfabricated
on a highly doped p-type Si substrate (Ultrasil Corp., 4” Prime Silicon Wafer, P/Boron doped,
<100> orientated, 525±25 µm thick, 0.01-0.02 Ohm-cm) capped with an insulating layer of 300
nm of SiO2. Electrodes were patterned on the substrate using standard photolithographic technique,
followed by deposition of 20 nm/180 nm of Cr/Au by e-beam evaporation. As Figure 1 shows, the
interdigitated fingers (20 fingers, 10 pairs) had a width of 5 µm and separated by a gap of 3 µm.
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The bare Si/SiO2 electrodes were pretreated by sonication in acetone and cleaning in piranha (1:3
H2SO4:H2O2 by volume) for 30 minutes to make the SiO2 surface hydrophilic. To achieve a dense
and uniform assembly of GO flakes on the electrode surface, the bare interdigitated electrodes were
treated with 3-aminopropyltriethoxy silane (APTES) for 30 minutes followed by washing with DI
water and drying. Subsequently, the electrodes were incubated with x mg/ml of GO solution for 30
minutes. The excess GO flakes was removed by rinsing the chips in DI water. GO flakes bound to
the APTES surfaces were reduced electrochemically in PBS (170 mM NaCl) by successive
potential scans from 0 to -1.5 V.18 Reduction of GO was monitored by following the decrease of
the reduction peak at -0.6 V (Figure 2). The rGO chips were then annealed in open air at 250°C for
1 h in a tube furnace (Lindberg Blue M) to improve contact between the rGO flakes and gold
electrodes.
Functionalization of rGO device. The rGO electrodes were non-covalently functionalized with
the saccharides using a linker molecule. Briefly, the device was incubated with PBASE (3 mg/ml
in DMF) for 1 h at room temperature, followed by rinsing with DMF and PB (10 mM, pH 7.4). The
PBASE-modified rGO electrode was then incubated with the aminophenyl saccharides (3 mg/ml
in DMF) for 2 h, followed by rising with DMF and PB (10 mM, pH 7.4). After the capture of
saccharides on the electrode surface, ethanolamine (0.1% in DI water) was used to quench the
unreacted succinimidyl ester groups on PBASE and 0.1% Tween 20 was used to block any
bare/open rGO areas, thus minimizing any non-specific binding. The latter two incubations were
10 min long and followed by rinsing with PB (10 mM, pH 7.4). The device fabrication and surface
functionalization steps were monitored by recording the current-voltage (I-V) characteristics of the
device between -1 and +1 V using a electrochemical workstation (CHI 1202A). All measurements
were done in PB (10 mM, pH 7.4).
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Functionalization of rGO devices with conA lectin followed a similar protocol. PBASE (3
mg/ml in DMF) linker molecule was incubated for 1 h at room temperature, followed by rinsing
with DMF and PB (10 mM, pH 7.4). The PBASE-modified rGO electrode was then incubated with
conA lectin (3 mg/ml in enriched PB) for 2 h, followed by rising with PB (10 mM, pH 7.4).
Ethanolamine (0.1% in DI water) was used to quench the unreacted succinimidyl ester groups on
PBASE and 0.1% Tween 20 was used to block any bare/open rGO areas, to minimize non-specific
binding. The latter two incubations were 10 min long and followed by rinsing with PB (10 mM,
pH 7.4). Fabrication and surface functionalization steps were monitored as described previously.
Bacteria growth and sensing protocol. A stock culture of K-12 E. coli was prepared by
growing the cells in Luria Broth at 37 °C with continuous agitation at 150 rpm. During their
exponential growth phase, which occurred after 6-9 h, the cells were harvested by centrifugation
and washed with PB (10 mM, pH 7.4). The concentration of bacterial cells was determined by
measuring the optical density (OD) at 600 nm wavelength using a Beckman Coulter DU800
spectrophotometer. Serial dilutions were done with enriched PB (10 mM, pH 7.4) to obtain desired
concentration of bacterial cells for sensing experiments.
The rGO devices functionalized with aminophenyl saccharides were incubated with different
concentrations of E. coli at room temperature for 1 h followed by rinsing with PB (10 mM, pH 7.4).
The capture of the E. coli was characterized by monitoring the change in resistance of the
conducting channel (determined from the inverse of the slope of I-V curve between -0.1 V and +0.1
V). For determining the viability of the bacterial cells, 50 mM additions of glucose were added to
50 µL of PB on the sensing area. The metabolism of glucose produces organic acids which alter
the pH locally and hence the conductance of rGO. The change in conductance was monitored by
measuring the change in current of the conducting channel in real time.
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Antibiotic screening. Following the capture of live bacterial cells on the rGO surface, the same
electrodes were treated with different antibiotics (kanamycin, tetracycline and erythromycin) at
room temperature for 30 min at a concentration of 4 mg/ml. Real time current measurements were
performed to characterize the effectiveness of different antibiotics against the bacterial cells. The
device was rinsed with PB (10 mM, pH 7.4) and retested with the addition of glucose for
determining the viability of cells.
Influenza H1N1 virus preparation. To demonstrate ability of the biosensor to distinguish
between virus and bacterial cells, H1N1 virus propagated in Madin Darby canine kidney (MDCK)
cells was used as the test virus. The desired concentration of virus was obtained using serial
dilutions prepared in PB (10 mM, pH 7.4). The capture of virus was performed using both lectin
and saccharide platforms. The experimental conditions were same as described in the previous
section.
Results and Discussion
The graphene oxide material, after sonication and centrifugation, had an average flake size of
5 µm in length and were of few-layer thickness as was determined by SEM (Figure 3). HYROX
and SEM images show flakes evenly distributed on the surface though only a few flakes bridged
the gaps between the interdigitated electrodes. Reduction of GO was determined to be successful
by Raman spectroscopy and the obtainment of conductivity as measured by I-V curves. Typically,
GO has an ID/IG peak ratio higher than one whereas rGO has an ID/IG peak ratio lower than one.18
Raman spectra (Figure 4) collected before and after reduction shows this change in ID/IG peak ratio
which demonstrates the reduction of defects and an increase in sp2 carbons. An average initial
resistance of 1140 Ω was obtained for 28 rGO devices with good batch-to-batch reproducibility
(±270 ohms).
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After reduction and annealing steps, rGO devices were subjected to pH studies to determine
their pH sensitivity. Citric acid buffers of pH 4, 5, 6, and 7 were prepared. Real time current
measurements were performed to monitor the effect of pH on current. As seen in Figure 5, as the
pH decreased the current also decreased. An average pH sensitivity of 5.79 µA/ pH was determined.
As discussed previously, pH sensitivity allows for the determination of cell viability.
To covalently bind lectins to the rGO, amine chemistry was employed using the existing
carboxylic acid groups on its surface. However, functionalization of lectins and subsequent
incubation with bacteria showed minimal changes in resistance, evidence that functionalization was
not successful. RGO has been reported to have too little carboxylic groups to result in significant
number of bioreceptor binding and require the material to be chemically treated to increase the
number of functional groups.19 Chemical modification would alter the desired device characteristics
and so a linker molecule, PBASE, was employed, to introduce amine-reactive groups to device
surface. Functionalization of reduced graphene oxide with bioreceptors through PBASE resulted
in measureable changes in resistance.
Detection of bacteria was done by exploiting lectin-carbohydrate interactions. After PBASE
functionalization amino-modified saccharides were reacted with the PBASE to covalently bind
them to the surface. The saccharides target lectin proteins on the fimbriae of bacterial cells for
capture. There are only a few reports providing information on these lectins,14,15 however, they
demonstrate successful capture of cells via this method.
To compare the effectiveness of binding bacteria through their fimbriae lectins to binding
bacterial cells through their saccharide chains (more common method) PBASE-modified devices
were functionalized with conA lectin. Literature reports conA to have high affinity to glucose and
mannose20,21 and has been matched to bind E. coli cells due to the high content of glucose on their
LPS. Stock solutions of conA were prepared in PB enriched with 1 mM Ca2+ and Mn2+ ions. These
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ions are used for specific lectins, called c-lectins, which have metal binding sites and require them
occupied to attain correct confirmation to bind carbohydrates.22 Lectin-functionalized devices
resulted in a higher change in resistance as can be seen in Figure 6. It is hypothesized that more
cells are captured by the lectin due to the high binding affinity of conA to glucose, one of the
strongest known.
Viability of cells was determined by the magnitude of pH change arising from excretion of
metabolites from bacterial cells. An instantaneous decrease in current was observed followed by
the stabilization (Figure 7). Due to the increased number of cells captured on lectin surfaces, a
greater change in current was obtained when lectin was used for live cell detection (Figure 7).
Control experiments were carried out on conA- functionalized rGO devices, since they proved to
be more sensitive.
The first control experiment was to determine the necessity of the bioreceptor for capture of
bacterial cells. Bacterial cells incubated onto a PBASE and Tween 20 blocked surface, without the
bioreceptor, resulted in a change in resistance of 0.89%/ (log (cfu/mL)). This confirms that cell
binding occurs primarily due to the presence of conA lectin and not due to unspecific binding.
Further, conA functionalized sensors upon the addition of glucose showed minimal change in
current equal to background noise (0 ± 0.145 µA). This demonstrates that the addition of glucose
contributes negligibly to the signal and is corroborated by previous studies.23,24
Capture of H1N1 virus on lectin functionalized device showed minimal change in resistance
(Figure 6), thus confirming the biosensor has the ability to distinguish between bacterial and viral
infections. For live detection, the addition of glucose onto a virus-modified device resulted in a
change in current comparable to that of background (Figure 7). This is expected since virus do not
metabolize and therefore a pH change will not result, further demonstrating the sensor’s ability to
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distinguish bacterial from viral infections. This can greatly reduce the number of misdiagnosed
infections as well as curb antibiotic misuse and over prescription.
Finally, devices with captured and viable bacterial cells were incubated with antibiotics.
Kanamycin, tetracycline, and erythromycin decreased the viability of cells and resulted in a lower
change of pH. Figure 8 shows, kanamycin to be the least effective and tetracycline and
erythromycin to be the most effective antibiotics against E .coli which is in accordance to literature.
25,26

A quick, easy, reliable detection platform employing lectin-carbohydrate interactions has been
developed for the detection of whole cell bacteria. It can achieve distinction between bacterial and
viral infections and has the ability to rank antibiotics by efficacy.
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Figure 5.1. Photograph and HYROX image of interdigitated electrodes and schematic
illustration of fabricated and functionalized rGO device.
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Figure 5.2. Reduction scans for GO device. Peak near -0.6 V is decreased to its minimum by the
3rd scan corresponding to the reduction of oxygen containing functional groups, namely carboxylic
acids.
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Figure 5.3. SEM image of annealed and few-layered reduced graphene oxide. Scale bar is 1 µm.
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Figure 5.4. Raman spectra showing decrease in ID/IG ratio after reduction of GO.
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Figure 5.5. RGO pH sensitivity demonstrated by change in current upon exposure to citric acid
buffers of pH 7, 6, 5, and 4. The data points are average measurements from 5 independent
biosensors, and error bars represent ±1 standard deviation.
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(---) with bare rGO (---) as a control upon the addition of 50 mM glucose. Arrows indicate time of
addition. b) Compiled data of live detection responses for captured and viable E. coli, H1N1
Influenza virus and bare rGO devices to 50 mM additions of glucose. Data points are averaged
measurements from 3 independent biosensors. Error bars represent ±1 standard deviation.
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Figure 5.8. Average response for E. coli (105 cfu/mL)-functionalized devices pre- and postantibiotic treatment upon addition of 50 mM glucose. Devices were incubated with antibiotics for
30 min at room temperature at a concentration of 4 mg/ mL. The data points are average
measurements from 3 independent biosensors, and error bars represent ±1 standard deviation.
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Chapter 6: Conclusion
This work has contributed to the advancement of biosensor development for detection of
pathogenic bacteria. Advancements include determination of cell viability which allows for
distinguishing bacterial from viral infections, a need which is presently unmet in clinical settings,
and the screening of antibiotics to determine their efficacy prior to prescription. This in turn can
improve the accuracy of selection of antibiotics and decrease unnecessary antibiotic use. Most
importantly, these advancements address the widespread emergence of antibiotic-resistant bacterial
strains which has quickly become a serious threat to human health.
Through the investigation of newly emerged bioreceptors, lectins, which are saccharide
binding proteins, these advancements were made possible. These bioreceptors can be used to
selectively bind bacterial cells based on the specific composition of their outer core membrane.
Gram typing, the easiest categorization of bacteria, can be achieved using a small array of lectins
and enables a narrower selection of antibiotics to choose from. In Chapter 2, CNTs were used as
the transduction material in a chemiresistive device which achieved distinction of bacterial from
viral infections, the primary goal of this work, and additionally could be used to distinguish between
bacteria. This was further validated through statistical analysis of data via PCA, a well-established
chemometric technique. The determination of cell viability and antibiotic screening required a pH
sensitive material. The pristine nature of CNTs rendered them insensitive to pH changes and thus
could not be used to achieve this goal.
The determination of cell viability and antibiotic screening were achieved through the
measurement of pH responses via pH-sensitive materials. In Chapter 3, conductive polymer 4-(3pyrrolyl) butyric acid, a pyrrole derivative, was the pH sensitive element. It was used in a standard
three electrode electrochemical cell as part of the working electrode. Here, as nutrients were added
to the lectin-captured cells, acidic metabolites were produced by the bacteria, resulting in a change
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in pH. This change was observed as a change in potential between the working and reference
electrode occurring from the protonation and subsequent conformational change of the polymer. A
limit of detection (LOD) of 1 x 104 cfu/mL for E. coli on conA was obtained. It can be compared
to the CNT-based device which had an LOD of 3 x 103 cfu/mL. However, though conductive
polymers can be synthesized easily and affordably, the material degrades over time. Use of
graphene and graphene-based materials would result in a more robust device.
Graphene and reduced graphene oxide (rGO) are robust materials which can be modified to
be pH sensitive. This enabled their use for detection of viable bacterial cells. Chapter 4
demonstrates the feasibility of fabricating a robust, low-cost device with comparable sensitivities
using CVD-grown graphene. The device was regenerated and reused three times with a simple
solution of 10 mM HCl and glycine which did not affect its sensitivity or otherwise damage the
device. The LOD for E. coli on conA was determined to be 6 x 104 cfu/mL. Because graphene is a
newer material, processing protocols are still being developed and have not reached optimization.
Washing and transferring of graphene is done manually resulting in production of one device at a
time. RGO, the newest carbon allotrope to be employed in sensing applications, can be synthesized
in large batches in solution. Minimal processing is required post-synthesis.
Chapter 5 relates the successful synthesis of rGO with the desired dimensions and
characteristics. RGO displayed a 10-fold higher pH sensitivity than graphene, which contributed
to detection signals being 20-fold higher. The rGO work resulted in the ranking of erythromycin,
tetracycline, and kanamycin antibiotics as most to least effective for treating E. coli infections. A
ranking which was supported when compared to literature reports and determined to be correct.

103

In conclusion, the devices developed in this work display high sensitivity, robustness,
simplicity and cost-effectiveness. Most importantly, they serve to meet the needs of point-ofcare diagnostics in addressing antibiotic misuse to curb the emergence of antibiotic resistantbacteria.
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