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Abstract:

Urinary tract infections (UTIs) are potentially life threatening infections that are associated with
high rates of incidence, recurrence and mortality. UTIs are characterized by several chronic
infections which may lead to lethal consequences if left undiagnosed and untreated. The
uropathogens are consistent across the globe. The most prevalent uropathogenic gram negative
bacteria are Escherichia coli, Proteus mirabilis, Pseudomonas aeruginosa, Klebsiella
pneumonia. Early detection and precise diagnosis of these infections will play a pivotal role in
health care, pharmacological and biomedical sectors. A number of detection methods are
available but their performances are not upto the mark. Therefore a more rapid, selective and
highly sensitive technique for the detection and quantification of uropathogen levels in extremely
minute concentrations need of the time. This review brings all the major concerns of UTI at
one’s doorstep such as clinical costs and incidence rate, several diagnostic approaches along with
their advantages and disadvantages. Paying attention to detection approaches with emphasizing
biosensor based recent developments in the quest for new diagnostics for UTI and the need for
more sophisticated techniques in terms of selectivity and sensitivity is discussed.
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1. Introduction

Biosensors are biological sensing molecules that are associated with a transducer, which
produces signals that are proportional to specific analyte concentration (Turner., 2013).
Biosensors are used in modern biotechnology to detect cellular substrates such as enzymes (Kim
et al., 2016), proteins (Chang et al., 2016), hemoglobin (Yazdanpanah et al., 2015); chemicals
such as mercury (Li et al., 2016), acrylamide (Batra et al., 2016); activity of toxins (Boczek et
al., 2015; Das et al., 2015a); and different pathogens such as food pathogens (Adley et al., 2015),
waterborne pathogens (Bridle et al., 2014) and uropathogens (Altobelli et al., 2015; Liu et al.,



2014). Urinary tract infections (UTIs) are the second most prevalent type of infection with
estimated to be nearly 25 % of all the infections (Foxman., 2003). UTIs are the fourth most
prevalent type of health care associated infections (HAIS) in the United States. UTIs comprise
about 13% of the total HAIs reported annually (Magill et al., 2014). It is estimated that more than
1 million cases in the hospitals are due to catheter associated UTIs, the most common
nosocomial infections. In USA, the estimated cost per urinary tract infection ranges from $750-
$1000 and the total cost exceeds $3.5 billion annually (Mireles et al., 2015). UTI is the third
most prevalent infection in India (Saha et al., 2014) and is the common bacterial infection in
infants and children (Kaur et al., 2014). Males have higher risk of developing UTI during the
first year of life, but beyond 1-2 years females are more prevalent to infection than men with a
ratio of 10:1 (Kaur et al., 2014; Arvind et al., 2001). The epidemiology varies with age, gender
and various factors of genetic susceptibilities. The UTIs are classified into two types based upon
the site of localization of pathogenic bacteria in the urinary tract. If pathogenic E.coli is in the
urinary bladder, it is uncomplicated UTI. If left untreated, it may spread upto the ureters to the
kidneys and leads to complicated UTI, which can be accompanied by urinary tract obstruction
and renal failure (Noormandi et al., 2015). The effects and symptoms of UTIs are shown in fig 1.
The uropathogens are consistent throughout the world. Both gram negative and gram positive
bacteria have been isolated from infected urine samples. Most of the urinary tract infections
associated pathogens are gram negative bacteria such as Escherichia coli, Pseudomonas
aeruginosa, Proteus mirabilis, Klebsiella pneumonia, K.oxyntoca, Salmonella paratyphi,
Citrobacter freundii, ~Vibrio cholera, Serratia marcescens, Providencia stuartii.
Enterobacteriaceae constitutes 81% of the reported cases (Soubra et al., 2014), of which E.coli is
the most common pathogen (Bouamri et al., 2015; Bokil et al., 2011) in both community
acquired and catheter associated urinary tract infections (Floyd et al., 2015). Although E.coli is
the most common in the UTIs of both sexes, it is predominantly found with greater incidence in
female patients (Linhares et al., 2013). Pseudomonas aeruginosa represents the fourth most
common uropathogen in males, and ninth most common in females (Linhares et al., 2013). Gram
positive bacteria include Enterococcus facecalis and Staphylococcus saprophyticus.
Actinobacuulum schaali, facultative anaerobe, gram positive, rod shaped bacteria,
phylogenetically related to actinomyces is an emerging uropathogen in human genitourinary

tract. Since 1997, A.schaalii has been responsible for a large number of urinary tract infections



mainly in the elder people usually older than 60 years (Cattoir.,, 2012). Most common
uropathogens are listed in Table 1. A comprehensive literature survey has been assessed over the
past ten years with an emphasis on uropathogen detection (Fig. 2).

2. Transmission routes of uropathogens
Uropathogen control is of a prominent requirement regarding health and medical issues. There
are various areas demanding rapid identification of uropathogen levels such as health care,
pharmaceutical, agriculture, food and beverage industries, sewage treatment. Uropathogens can
be transmitted or spread through various routes such as fecal, oral, contact, contaminated water,
food and transplacental passage. E.coli are transmitted through fecal-oral route, direct contact,
through food or water, and can also be foodborne (Foxman et al., 2002). Salmonella typhimurium
is spread through contaminated food (Gebreyesus et al., 2014), through fecal-oral route (Wijburg
et al., 2006) and occasionally through direct contact and contaminated water. Treponema
pallidum can be transmitted through sexual contact and via transplacental passage (Burgess et
al., 1994). Uropathogenic E.coli produces biofilms on polystyrene plates and glass tubes and on
flint shingles from fresh water streams located in agricultural areas (Cooper et al., 2007) and may
survive even after the treatment stages in sewage treatment (Anastasi et al., 2013).

3. Detection of uropathogens
Uropathogen detection has been one of the major interest and concern in global health care
issues. Rapid detection, monitoring and quantification of uropathogen levels in the samples have
always been a major focus. Failure of detection in the early stages frequently resulted in lethal
effects. Therefore, diverse range of methods using various techniques have been discovered and
tested for identification of uropathogens (Table 2).

3.1. Conventional methods
Conventional methods are established techniques that are being used from several years such as
non-culturing and culturing methods, enzyme linked immunosorbent assay, polymerase chain
reaction, and isothermal microcalorimetry.

3.1.1. Non-culturing methods

Bacteriuria can be diagnosed microscopically by gram staining of urine specimens. The
important advantage of urine Gram stain test is that, it provides rapid information of the nature of
the infectious bacterium allowing the physician to select an empiric antimicrobial therapy. The

most important disadvantage of this technique that limits its use in clinical settings is that it is an



insensitive technique as it cannot detect concentrations of bacteria <10° cfu/ml of urine (Wilson
et al., 2004). Bacteriuria is detected when the bacteria produce nitrite from nitrate, the
characteristic feature of Enterobacteriaceae (John et al., 2006). The drawback is that nitrite
production is not a characteristic of other uropathogens such as Pseudomonas species,
S.saprophyticus (Wilson et al.,, 2004). Even pyuria can be detected microscopically by
measuring urinary leukocyte excretion rate. An alternative for microscopic leukocyte counts is
leukocyte esterase test that is based on the hydrolysis of ester substrates by esterolytic activity of
the proteins (Rangaiahagari et al., 2015). This test may yield false positive results if the urine is
contaminated with bacteria present in vaginal fluid (Pezzlo., 2014). Overall, these non-culturing
methods are time consuming with less sensitivity, selectivity and low positive predictive values
(Nostrand et al., 2000).
3.1.2. Culturing method

Culturing method is the oldest known traditional method that has been employed as a standard
technique for the detection of uropathogens for many years. The major disadvantages involve, a
separate culture media and particular supplements are required by each and every microbe for its
optimum growth (Graham et al., 2001). As most of the uropathogens are gram negative bacteria,
blood and MacConkey agar are often used for culturing. Moreover, the incubation time is
different for every microorganism. The time of incubation for uropathogens is a controversial
issue as some studies suggest that most of the uropathogens can be detected in 6 hours or less,
while some studies conclude that 24 hours is adequate, but many laboratories perform for 48

hours (Cavagnolo., 1995).

3.1.3. Polymerase Chain Reaction (PCR)
PCR based molecular methods have been developed for identification of pathogens and
diagnosis of infections (Kubista et al., 2006). PCR methods have been developed for the
detection of Bacteriuria, pyuria from blood, urine and other clinical samples with the ability to
obtain results in a much shorter time compared to other conventional methods (Dark et al.,
2009). Universal primers or selective primers that amplify specific DNA are generally used for
the detection. However, universal primers have an advantage of detecting a large number of
bacterial species in the sample. Most of the researchers use primers for 16S rRNA gene

amplification. The uropathogen detection and analysis is achieved in a single vessel. The most



important PCR variant may be real-time PCR, which allows monitoring the products being
formed continuously as the reaction proceeds (Catanzaro et al., 2012). To monitor the
amplification of products, either DNA binding nonspecific fluorescent dyes or DNA binding
specific fluorescent probes are used (Parks et al., 2001). Several different sequence specific
probes with different fluorescent labels can be used in the same reaction that allows simultaneous
determination of amplification of multiple products. A multiplex PCR assay has been developed
for the detection of E.coli, P.mirabilis, P.aeruginosa and K.pneumonia (Padmavathy et al.,
2012). This technique would be more convenient when the clinical sample contains several
pathogen species.
3.1.4. Isothermal microcalorimetry
Isothermal microcalorimetry (IMC) is based on the principle of that heat produced by any
growing microorganism is proportional to their metabolism and replication rate. This heat is
recorded by IMC and plotted as heat flow versus time. The mean detection time for fast
replicating and more virulent uropathogens such as Escherichia coli and Proteus mirabilis is
shorter as compared to slower replicating and less virulent organisms such as Staphylococcus
aureus and Enterococcus faecalis (Bonkat et al., 2013). This technique is a non-destructive
method and can measure heat flow less than a microwatt. As few as 10,000 bacterial cells in
culture are adequate to produce a real-time signal (Braissant et al., 2010). Quantification of
microbial activity over periods of hours to days has been done using IMC. Most of the
isothermal microcalorimeters are of heat conduction type, where heat liberated in the reaction
vessel flows to a heat sink. A thermopile placed between vessel and sink acts as a sensor for heat
flow (Wadso et al., 2002). The limitations include: the samples need to be equilibrated for
approximately 1 hour before measurements to achieve high sensitivity, chemical factors like
oxygen depletion have to be considered for measurements, and heat flow is not specific as
several other phenomena may produce heat (Braissant et al., 2010).
3.1.5. Enzyme linked immunosorbent assay

Due to its high reproducibility, feasibility to conduct a large number of assays simultaneously
and versatility to apply to medical devices, pharmaceuticals and blood derived products, ELISA
is being used widely to determine the bacterial components present in the sample (Mohanan et
al., 2011; Ivnitski et al., 1999). Sandwich ELISA, which involves two antibodies, is considered

as the most efficient form among all variants (Zhao et al., 2014). A 96 well plate is the



commonly used where the first wells are used to draw the standard curve. The samples are added
in duplicate or triplicate and then the mean results are calculated. A paper-based ELISA has been
developed recently that can detect E.coli or bacteriuria in 5 hours (Shih et al., 2015). However,
the disadvantages include less sample volume of the microtitration plate, long incubation time
required for each step (Ivnitski et al., 1999), requires extensive sample cleaning and biomolecule
purification and are label dependent (Skottrup et al., 2008).
3.2.Biosensor based detection methods
The development of rapid and sensitive biosensor technologies for uropathogen detection has
been one of the major focuses in the current research. Although the traditional culture-based tests
and conventional methods are confirmative to identify uropathogens, these methodologies
require considerable time and skilled persons to perform, and a requirement in the increase in
sensitivity (Yamada et al., 2016). Hence development of rapid molecular approaches for
uropathogen detection is key to improving the treatment of urinary tract infections (Sun et al.,
2005). Advances in biosensor based detection methods have the capability to push away the
general practices in medicine (Gaster et al., 2009).
3.2.1. Dual signal amplification via enzyme-based target recycling

Dual signal amplification process has been coupled to various biosensor based methods to
increase the sensitivity (Hou et al., 2014; Fang et al., 2015; Cui et al., 2016). Similarly, Most of
the methods use the target recycling process or primer regeneration process that helps in lesser
usage of primer (Ye et al., 2016; Su et al., 2011). Su et al. developed a nucleic acid based
biosensing detection method that involves a dual signal amplification process, which combines
the enzymatic target recycling technique with the quantum dot (QD) layer-by-layer (LBL)
assembled labels to acquire signal enhancement and sensitivity simultaneously. The enzyme
based target DNA recycling aids to use each target DNA sequence multiple times and results in
direct amplification and signal improvement (Chen et al., 2016). The sensitivity is further
enhanced by the LBL assembled QD labels (Deshmukh et al., 2013). The linker DNA is
designed specifically to bind to the target DNA to form double stranded duplex. Exonuclease 111
enzyme exclusively cleaves linker DNA when present along with target DNA in duplex (Xu et
al., 2016). In the absence of target DNA (uropathogens), Exo Il is inactive against single
stranded linker, so that the linker hybridizes with complementary DNAs present on polystyrene

(PS)-(CdS), assemblies and magnetic beads. Upon magnetic separation, PS-(CdS),-linker-



magnetic bead complexes are dissolved to release Cd?*. The released Cd** ions exhibit large
voltammetric response. On the other hand, in the presence of target DNA, linker binds to the
target to form duplex. Exo 111 digests the linker and the released target can bind to other linkers,
this is called enzyme based target recycling. As the concentration of the linker reduces, the level
of PS-(CdS),-linker-magnetic bead complexes also decreases and thereby lesser Cd**, that
ultimately results in the suppression of voltammetric response. The overall process is showed in
Fig. 3. The stripping current of Cd®* is inversely proportional to the amount of target DNA. The
sensitivity of this technique is as high as 5 femto molar (fM) of target DNA can be detected (Su
etal., 2011).
3.2.2. Magnetoelastic sensor based technology

Using electrochemical aptamers to detect targets has some limitations such as limited aptamer
loading density due to lesser surface to volume ratio of its planar substrates, long incubation
period for binding step and difficulty in removing nonspecific targets during washing step (Yoon
et al., 2013). Therefore researchers developed aptasensors that employ magnetic beads to detect
the targets and overcome the limitations. Use of magnetic beads has been reported by several
researchers in biosensing methods in conjugation with immunocomplexes and aptamers (Reverte
et al., 2015). Magnetic beads have been employed for the detection of E.coli (Geng et al., 2011),
measurement of bacterial growth and susceptibility (Sinn et al., 2011). Zuo et al. developed
magnetoelastic sensor based method that employs two aptamers against endotoxin, magnetic
beads (MB), a fluorophore labeled single strand DNA that is complementary to one of the
aptamers. This method involves primarily of three steps: MB-aptamer B2 complex formation,
characterization of MB-B2 complex and endotoxin conjugated sandwich complex formation.
Magnetic beads were added to a solution containing carboxyl groups and the magnetic beads
covered by carboxyl groups were separated with a magnetic stirrer from the solution. NHs-
modifed aptamer-B2 were then added to suspension of carboxyl groups covered magnetic beads
in morpholinoethane sulfonic acid (Mes) buffer. MB-B2 complexes were separated using a
magnetic separator (Fig. 4a). Characterization of MB-B2 was performed by adding carboxy
fluorescein fluorophore labeled complementary single stranded DNA to solution of MB-B2
complexes. Bare magnetic beads are used as controls and flow cytometry was used for detection.
Carboxyfluorescein labeled aptamer-B9 was then added to endotoxin solution so that endotoxin-

B9 complexes were formed. MB-B2 complexes were added to the solution containing endotoxin-



B9 complexes (Fig. 4b). The formed endotoxin conjugated sandwich complexes were observed
under scanned confocal laser microscopy (Papp et al., 2003). The interaction between MB-B2
with other substances like glucose, bovine serum albumin protein, RNA and sucrose was found
to be absent. This method had detected endotoxin within a range of 10 to 10° ng/ml. MB-B2
complexes were regenerated seven times and the deviation in detection was 5.5% after all
regenerations. Detection of endotoxin required only 2 pl of MB-B2 complexes (Zuo et al., 2014).
This assay is thought to provide an excellent approach for performing rapid endotoxin detection
in medical and food sectors.

Ong et al. developed a technique based on the same principle that monitors the change in
viscosity in the LAL assay as a function of time by measuring resonance amplitude of the
immersed magnetoelastic sensor. The maximum clot rate and the time-to-clot have showed a
strong correlation to endotoxin concentration (Miao et al., 2013). The maximum clot rate is
proportional to the power of endotoxin concentration whereas the clot time is inversely
proportional. The sensitivity of this technique is very high as it can detect the presence of
endotoxin at 0.0105 EU/ml and the detection time is several tens of minutes (Ong et al., 2006).

3.2.3. Electrochemical endotoxin sensors based on TLR-4/MD-2 complexes

Electrochemical sensors are widely used for detection of pathogens (Dechtrirat et al., 2014; Liao
et al., 2007), bacterial DNA and RNA (Sun et al., 2005; Tosar et al., 2010), lactoferrin in urine
(Pan et al., 2010). Yeo et al. developed an electrochemical sensor based approach that is based
on immobilization of a human recombinant toll-like receptor 4 (rhTLR4) and myeloid
differentiation-2(MD-2) complex which specifically bind to endotoxin (Shen et al., 2014), on
gold electrodes through a self-assembled monolayer (SAM) technique. The electrochemical
signals generated from interactions between the complex and endotoxins were measured by
cyclic voltammetry and differential pulse voltammetry (Yadav et al., 2016; Guerreiro et al.,
2014). The detailed view of this technique includes fabrication of a gold electrode on a glass
slide, fabrication of endotoxin sensors on the gold electrode, electrochemical characterization
and testing specificity to endotoxin. Titanium deposition on a glass slide at the rate of 2A/s, and
then gold deposition at the rate of 2A/s was performed. Nanosurface profiler was used to
measure the thickness of the gold electrode. Scanning electron microscopy (SEM) and Atomic
force microscopy (AFM) was used to check the surface morphology (Zeng et al., 2016; Medina
et al., 2015). In the next step, the gold electrode was immersed in Tetrahydrofuran solution



containing Dithio bis(succinimidyl undecanoate) (DSU) (Zhu et al., 2015). DSU/gold electrode
was dipped in reaction buffer containing rhTLR4/MD-2 complexes. rhTLR4/MD-2/DSU/gold
electrode was then dipped in bovine serum albumin solution to prevent non-specific binding
(Kovalchuk et al., 2015) of endotoxin (Fig. 5). Electrochemical analysis was done through cyclic
voltammetry and differential pulse voltammetry with an electrochemical analyzer. To analyze
the specificity of this sensor, Dipalmitoyl phosphatidyl choline was used as a substitute for
endotoxin as its structure resembles the lipid chain of endotoxin. The detection limit was fairly
low as it can detect 0.0002 EU/mI. The binding of endotoxins on the electrodes requires 30 mins
(Yeo et al., 2011). The electrochemical sensors have some limitations such as weak stability or
shelf life of the electrode and less selectivity (Grieshaber et al., 2008; Mehrvar et al., 2004).
3.2.4. Aptamer based biosensors

Aptamer is a type of synthetic oligonucleotides that can bind to various targets such as
hormones, proteins, or even whole cells with a very high specificity and can be discriminated by
screening in vitro (Wang et al., 2012). Systemic Evolution of Ligands by Exponential
Enrichment (SELEX) is an efficient screening technique that progressively selects the aptamers
by repeated cycles of separation and amplification from a huge random synthetic oligonucleic
acid library (Nezlin., 2016). For the preparation of aptamers, a specific DNA/RNA that binds
specifically to the target has to be obtained from the whole library, which is amplified and
sequenced to get the aptamer (Fig. 6). Using aptamers as biosensors for the detection of
pathogenic organisms possess many advantages like easy preparation, simple modification and
high stability (Guillén et al., 2012; Bunka et al., 2006). A single aptamer may be useful and
sufficient if the target is a protein or a small molecule, whereas for whole cell or whole bacterial
detection, a single aptamer might produce false negative results. Cao et al. designed aptamers
against Staphylococcus aureus, and to improve the specificity of these aptamers they used
Streptococcus and Staphylococcus epidermidis for counter selection. Initially eleven sequences
from eight families were chosen, out of which five aptamers were concluded to be specific to
S.aureus and were not cross reactive to S.epidermidis and Streptococcus (Cao et al., 2009).

Ravindranath et al. reported a surface enhanced Raman spectroscopy (SERS) aptasensor to
detect Salmonella typhimurium, Staphylococcus aureus and E.coli O157:H7 simultaneously.
This method has higher selectivity and sensitivity with a detection limit of 107 cfu/ml.

Chemiluminiscence technique offers high sensitivity (2 pg/ml) due to its detection of emitting



photons. Fluorescent aptasensors are based on the change in fluorescence intensity produced by
binding of aptamers labeled with fluorescent probes and targets.
Su et al. developed an electrochemical biosensor using a lipopolysaccharide (LPS) specific
single stranded DNA aptamer as a probe and was immobilized on gold electrode. A wide range
of concentration of LPS (1 pg/ml to 1 ng/ml) could be detected by this aptamer based impedance
biosensor without any cross reactivity to plasmid DNA, RNA and bovine serum albumin used in
this experiment. This method offered higher specificity to LPS, lower detection limit of 1 pg/ml,
lesser cost and easy operation (Su et al., 2012).
Queiros et al. developed a DNA aptamer biosensor to detect outer membrane proteins (OMPS) of
E.coli. ECA-I and ECA-II aptamers were immobilized on different electrodes. Thiol groups at 5’
ends of aptamers were covalently bound to Au on the electrodes. The aptamer immobilized
electrodes were immersed in 6-mercapto-1-hexanol (MCH) solution, a blocking agent, to prepare
SAM (Garcia et al., 2014). The surface density of aptamer was estimated by chronocoulometry
(Chen et al., 2012). ECA folds around the OMPs to form OMP-ECA complex, which prevent
electron resistance; as a result electron transfer resistance (Re;) increases. A small resistance was
observed even before the formation of OMP-ECA complex that has to be subtracted from the
resistance increased due to interaction of OMPs. Increase in R is directly proportional to the
incubation time up to 90 min. Ultraviolet-visible absorption technique was used to monitor the
interaction of aptamers and proteins. The OMPs alone have showed almost no absorption
spectra. Both aptamers have showed peak absorption at 260 nm, whereas the absorption peak of
both the complexes (ECA-I-OMP and ECA-11-OMP) has been shifted to 250 nm and extended.
BSA was used as a control, which exhibited no increase in R (Queiros et al., 2013). The
detection range of this assay is 1 x 107 to 2 x 10°M of OMPs. The main drawback is that the
tertiary structure of aptamers is highly dependent on solution conditions and is easily degraded in
blood samples (Keague et al., 2012).

3.2.5. Microcantilever array biosensors
Cantilever biosensors can be used in three modes of operation; dynamic or resonance mode,
static mode and differential static mode (Simoni et al., 2015). In dynamic mode of operation,
desired analyte molecules interact with molecules on functional layers of cantilevers, changing
their chemical structures, adsorption, desorption or inducing binding or release of molecules

from the functional layers. The variation in the adsorbed mass could be analyzed by monitoring

10



the resonance frequency of cantilever (Johnson et al., 2012). In static mode of operation, the
change in the analyte may cause change in chemistry of cantilever’s surface and leads to surface
stress on the side where reaction takes place that causes cantilever to bend. The measurement of
this bending is the basic principle behind this mode of operation (Kim et al., 2015; Arlett et al.,
2011). However, the bending may be caused by several phenomena other than analyte, for
instance, temperature. Therefore, precise measurement of bending caused by analyte has to be
measured by eliminating the bending influenced by other factors. This is achieved by differential
static mode of operation in which an additional reference cantilever is used which does not react
with the analyte. Hence, by comparing the measurements of both the cantilevers, it is possible to
calculate the exact bending caused by the analyte (Boisen et al., 2009; Fritz., 2008).

A new cantilever based sensor technique using antibodies against LPS of Hafnia alvei, a
prominent uropathogen, was introduced by Nieradka et al. 2014. They used differential static
mode of operation to detect the endotoxins. Whole or killed cells of H.alvei PCM 1185 or
H.alvei PCM 1186 were injected into six week old BALB/c male mice with incomplete Freund’s
adjuvant subcutaneously for immunization (Dag et al., 2004). Splenocytes were isolated from the
immunized mice and fused with myeloma cells of mice to produce hybridomas (Sroubek et al.,
2012; Lin et al.,, 2010). Anti-LPS antibodies producing hybridomas were discriminated and
selected. Cell culture supernatant of hybridomas was taken and monoclonal antibodies were
purified by ammonium sulfate precipitation (Mariam et al., 2015) and affinity chromatography
(Zhang et al., 2015) using protein A-Sepharose column. Using mouse immunoglobulin isotyping
kit, the isotype of H.alvei 1185 antibodies were found to be IgG2a with kappa light chain and
that of H.alvei 1186 to be 1gG3 with kappa light chain. SDS-PAGE (Sodium dodecyl sulphate
polyacrylamide gel electrophoresis) was performed to check the purity of the antibodies
(Ganguly et al., 2015) and ELISA was done to analyze the specificity (Yang et al., 2016) (Fig.
7a). Silicon wafers were covered with a gold layer and then the sensor was dipped in water to
generate OH groups on silicon surface. The sensor was then dipped in a solution of 3-
aminopropyltriethoxysilane (APTS) in ethanol to form a self-assembled monolayer base on the
oxide side (Lu et al., 2011; Rao., 2012). Then the sensor was immersed in solution of methyl
polyethylene glycol-N-hydroxysuccinimide (mPEG-NHS) in water to create methoxy-glycol
surface that prevents binding of antibodies on the oxide side. The reference cantilever was now

engrossed in a solution of polyethylene glycol methyl ether thiol (mPEG-SH) and 2-
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mercaptoethanol (ME) in water to generate a non-binding methoxy glycol surface on the gold
surface. The test cantilevers were engrossed in a solution of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide) hydrochloride (EDC) and N-hydroxy succinimide (NHS) to
generate protein binding sites. 1gG antibodies against H.alvei 1185 and H.alvei 1186 were then
added for measurement. Cantilevers were arranged as shown in Fig. 7b. This biosensor technique
based on micromechanical cantilevers showed high specificity in detecting endotoxins (Nieradka
et al., 2014). Microcantilever sensors have the potential of detecting minute concentrations of
targets in parts per billion or parts per million (Vashist., 2007) but lack specificity (Hansen et al.,
2005).
3.2.6. Limulus amoebocyte lysate assay

Limulus amoebocyte lysate assay was first approved in United States in the early 1980s to test
parenteral drugs instead of rabbit pyrogen test and then all other nations followed (Sakata et al.,
2009). In 1995, the application of this assay was spread to antibiotics and then to a wider range.
LAL assay was proved rapid, accurate and highly sensitive in detecting endotoxin and used for
vaccines, antibiotic products and blood products. The Limulus reaction is basically an
application of the natural antibacterial defense mechanism or immune response of horseshoe crab
(Limulus polyphemus) for the detection of endotoxins secreted by uropathogens in which the
uropathogen infection leads to the clotting of its hemolymph (Noda et al., 2010; Chalupniak et
al., 2014). The detection of uropathogens can be done using blood sample, urine sample and any
other body fluids. When using blood samples, the hemoglobin from erythrocytes inhibits the
assay system. Therefore, the erythrocytes were eliminated by adding an erythrocyte-aggregating
agent, hydroxyethyl starch (HES) to blood before the assay (Kan et al., 2013). The hemolymph
of limulus contains granular amebocytes that act as the major defense system in horseshoe crabs
(Das et al., 2014). The lysate is the aqueous extract of amebocytes of horseshoe crab that
contains all the proteins necessary for the cascade of reactions mentioned below (Miao et al.,
2013). The cascade of enzymatic reactions is initiated by the reaction between factor C and the
endotoxin present in the sample that results in the autocatalysis of factor C and eventually leads
to the activation of factor C (Das et al., 2015b). The activated factor C cleaves factor B to
activate it. Activated factor B cleaves proclotting enzyme converting it into coagulase (the
clotting enzyme). Coagulase is the main enzyme in this enzymatic cascade. The cleavage pattern

of the enzyme is studied for the development of several varieties of LAL assay including the
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chromogenic based approach. Coagulase converts coagulogen into coagulin, which leads to
either gelation of the solution or increase in the turbidity (Hurley., 1995) (Fig. 8). The gelation
time is dependent upon the concentration of the endotoxins in the sample (Obata et al., 2008).
Endotoxins can induce the above mentioned coagulation reaction, but this reaction can also be
induced in an independent way by B-D-glucan from fungal cell walls (Yabusaki and aoyagi.,
2012), the presence of which may result in false positive results. f-D- glucan reacts with factor G
to give the coagulation reaction. Therefore, to increase the specificity of the LAL assay, many
variants have been developed by the removal or suppression of factor G in lysate reagents which
eliminated the cross reactivity to glucan (Noda et al., 2010). However, it was proved that the
pyrogenic activity of endotoxin is nearly 10,000 fold greater than that of other substances such as
B-D-glucan, lipoteichoic acid and peptidoglycan. For the detection of endotoxin, gelation or
turbidity or fluorescence modified peptide could be used. There are several LAL methods
employing turbidimetric and chromogenic end-point assays as well as turbidimetric and
chromogenic kinetic methods for endotoxin detection. The end-point methods possess some
limitations regarding their sensitivities with a detection limit of about 0.01-0.1 EU/mI (Smulders
et al., 2012) and the kinetic methods have limitations regarding the detection time of
approximately 60 minutes. The principle of end-point methods is a protease reaction of
coagulogen or between a chromogenic substrate and the lysate that leads in the increase of
turbidity or color in the endotoxin presence. The time of the reaction is about 15-30 min and the
sensitivity is 0.1-0.01 EU/mI. The kinetic chromogenic method depends on the time of start of
turbidity increase or the color reaction and is based on the amount of endotoxin present in the
sample. As the detection limit of this method is 0.002 EU/mI with a measurement time of 76
min, it is applied for detection of minute amounts of endotoxin in the sample. The detection limit
of kinetic turbidimetric method is 0.0005 EU/mI with a detection time of 138 min (Marinho et
al., 2015). Therefore, to check the contamination of endotoxin, end-point methods are used and
for detection of minute amounts of endotoxin in the samples, kinetic methods are used.

The most common chromogenic substrate used for LAL assay is para Nitroaniline (pNA) (Inoue
et al., 2012). pNA is conjugated as Benzoyl-Leu-Gly-Arg-pNA, as the clotting enzyme, a serine
protease cleaves coagulogen (A-chain—peptide C—B-chain) at two terminals of peptide C at
Arg-Lys and Arg-Gly linkages joining A- and B-chains. This proteolytic activity of clotting
enzyme can be used on the chromogenic substrate that separates pNA that is yellow in color
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(Ostronoff et al., 2015). pNA can be substituted with a luminescent substrate such as
aminoluciferin (luminescent substrate method). Noda et al. used a mutant North American firefly
(Photinus pyralis) luciferase enzyme that generated ten-fold higher luminescence intensity than
that of wild type luciferase. The mutant luciferase detected aminoluciferin at concentrations of
1pM, whereas wild type luciferase could not detect concentrations lower than 10pM (Noda et al.,
2010). The detection limit was 0.0005 EU/ml with a measurement time of 15 min. This assay
was reported to give inaccurate results for blood samples of healthy females as serum proteins
may slow down the initial phase of the enzymatic cascade (Gnauck et al., 2015). Furthermore,
this test cannot distinguish between dead and living bacteria (Sushruta et al., 2011).
LAL assay has been successfully applied in detecting pathogenic toxins from shake antivenoms
(Solano et al., 2015), liposomal cholesterol and monophosphoryl lipid-A (Beck et al., 2015),
concentration of ATP in human blood plasma (Onodera et al., 2012) and assessing anti-
lipopolysaccharide antibodies to Vibrio cholerae (Chang et al., 2001).

4. Commercially available biosensors
The first commercial biosensor kit was pioneered in 1970 and after seven years Food and Drug
Administration (FDA) mentioned the regulations for the application of LAL assay for end
product test in clinical samples and medical instruments for detection of toxin. Important
companies that manufacture biosensing detection kits are Charles River, Lonza BioSciences,
Seikagaku, Biomerieux, Invivogen, Pyrostar, Associates of Cape Cod Incorporated, etc (Das et
al.,, 2014). Seikagaku manufactures endotoxin detecting reagents such as Pyrochrome®,
Endospecy®, Toxicolor®, etc. PYROGENT™ kit from Lonza Company and Endosafe® kit
manufactured by Charles River Company are two commercial kits for LPS detection that rely on
LAL reagents. There are many other endotoxin detection Kits that are not approved by the FDA,
but are marketed for instance, EndoLISA® and PyroGene®. These kits are based upon
recombinant factor C and a fluorescent substrate (Zuzuarrequi et al., 2015). Commercially
available sensors are based on various principles and have diverse detection limits (Table 3).

5. Future prospects
The first biosensor was documented in the early 1960s (Dinh et al., 2001). Since then, there has
been a tremendous research in this field. Biosensors are used in various areas such as
environmental monitoring, food and beverage industries, pharmaceutical industries, agriculture

and medical fields (Lévéque et al., 2015). Biosensor and biochip technologies have witnessed
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many new interventions and diagnostic approaches. More than 50,000 articles have been
published in the area of biosensors in the last fifteen years. The number of articles from the year
2000 (954) to 2015 (6143) clearly shows the demand and use of biosensors in the present
situation. Biosensors may be bioreceptors such as antigens, antibodies, enzymes, nucleic acids,
cellular structures and whole cells, or transducers such as optical, electrochemical and mass-
sensitive. Bioreceptors specifically bind the analyte of interest to be monitored. Antibodies bind
to the target molecules with higher affinity; therefore antibodies conjugated with fluorescent
label can be used to detect the presence of a specific target. The resulting antibody-target
complex produces fluorescence, which is proportional to the quantity of antigen bound. Enzymes
possess catalytic activity that makes them function as biosensors. They catalyze a specific
reaction or hydrolyze the substrates to change one or more parameters like pH, color, and
specificity of the substrate that is monitored (Pile., 2013). Nucleic acids have the characteristic of
complementary binding that forms the basis DNA biosensors, often called genosensors. Surface
Plasmon resonance and SERS are used to monitor the binding of ligands to DNA. The whole cell
or cell structure based biosensors are based on recognition and binding to specific species (Dinh
et al., 2000). Electrochemical biosensors have the potential to recognize large number of targets
in complex matrices (Kumar et al., 2012). Electrochemical strategy is relatively cost effective as
it is portable and does not need much instrumentation (Queiros et al., 2013). Although,
electrochemical techniques are sensitive, they should be more selective in diagnosing UTIs (Das
et al., 2014). Solution based circuits have been developed for detecting uropathogens from both
blood and urine, and are harnessed on a chip to boost the level of multiplexing that can even
detect single base modifications in the sequence (Lam et al., 2013). In the last decade, biosensor
based diagnostics have moved more than expectations, validating clinical samples for rapid
recognition of pathogens (Wark et al., 2010). The next generation UTI diagnostics would use
biosensor platform for the multiplex detection of DNA, RNA and proteins (Mohan et al., 2011).
The biosensor array for UTIs offers a hopeful technology platform without the necessity of labor
intensive and time consuming methods (Mach et al., 2011). The future integration of biosensors
in UTI diagnostics will generate vast interest as this will certainly lead to emergence of miniature
biosensors that would selectively detect uropathogenic components in minute concentrations in

all biological samples. These biosensors will provide information regarding key parameters that
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determine the quality of the sample and severity of the infection. The biosensors will be portable,
sensitive, time saving, easy to use and cost effective (Mozaz et al., 2004).
6. Conclusion

This review discussed recent developments in biosensing methods for UTI diagnosis. Diverse
approaches have been explored for the production of novel biosensors that use bioreceptors and
transducers as sensing elements. The demand for advanced technologies having potential to
detect uropathogens rapidly with high affinity and sensitivity in intricate environments helps to
continue the quest for novel analytical methods. Biosensors meet the requirement of increasing
demand for a rapid, highly specific, precise and cost effective analytical method to detect
uropathogens. Worldwide effort is being made towards the progress of biosensors that can be
employed for recognition, quantification and monitoring of specific bacterial species. The
requirement for ultrasensitive biosensors and the demand towards early UTI diagnosis have
made biosensing methodologies one of the most fascinating fields of research.

Current detection methods used for identification of uropathogen mainly rely on conventional
culture based methods that require about 48 hours to provide consistent results. By that time
infection steps forward and patients may reach critical situation before an empirical treatment
could be given. The objective of this review on biosensors is not to eradicate the use of clinical
laboratory methods but to accompany them for better results in relatively shorter time.
Biosensors are being applied in both research and diagnostics. Various cellular and bacterial
markers and transducers have been employed as biosensors to detect UTI. Research on UTI
biosensors is accelerating further to construct even smaller, economical, faster and efficient tools
that would eventually lead to successful amalgamation of electronic sensing and cellular
systems. The future biosensor based diagnostics for UTI would be more informative in addition
to being sensitive and rapid. The biosensor array for UTIs is the promising means in the
management of these infections. The applications and science of biosensors will contribute to the
future commercial diagnostics in the upcoming years. Ongoing interest and Progress in this field
will change the future of UTI diagnostics and health care sector. Further studies are essential for
expansion to other uropathogens and improving clinical management of UTIs. We foresee that
development of new UTI diagnostics on biosensor platforms will feature significantly in the near

future as this electrifying area of research goes on developing. We expect biosensors will
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overcome the present limitations and meet the challenges to become an economical and easy-to-

use UT]I diagnostic approach.
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Fig.1. Flow diagram depicting lethal effects of uropathogens. Uropathogens initially
colonizes urethra, and then moves to urinary bladder. Pathogens may ascend to ureters
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failure that may result in death if left untreated.
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Fig. 8. Mechanism of enzymatic cascade of LAL assay.

Table 1: List of common uropathogens corresponding with their toxins produced and

sources
SL. Uropathogen Toxin produced Source References
No.

1. Escherichia coli Endotoxin Contaminated Dasetal., 2014
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10.

11.

12.

13.
14.
15.
16.
17.

18.
19.

Proteus mirabilis

Klebsiella pneumonia

Pseudomonas
aeruginosa

Salmonella paratyphi
Staphylococcus
aureus

Providencia stuartii
Enterococcus faecalis
Proteus vulgaris

Staphylococcus
epidermidis

Morganella morgani

Citrobacter freundii

Serratia marcesens

Coagulase negative
staphylococci
Klebsiella oxyntoca

Vibrio cholera

Brucella melitensis

Treponema pallidum
Corynebacterium

Cytotoxin,
agglutinin

Endotoxin

Exotoxin A,
endotoxin

Endotoxin

Endotoxin,
cytotoxin
(hemolysin alpha,
beta, gamma)

Endotoxin;
cytolysin
Cytotoxin
(hemolysin Hpm
A)
Polysaccharide
intercellular
adhesion (P1A)
molecule
Haemolysin

Cytotoxin

hemolysin
hemolysin
Endotoxin
Endotoxin

O-Polysaccharide

Endotoxin

38

food & water
Soil, water,
human intestinal
tract

Soil

Soil, water, skin
flora, normal
environment
Feces,
contaminated
food & water
Skin flora, nasal
secretions

Urine, human
feces

Root canal
treated teeth
Soil, water, fecal
matter

Skin flora,
mucosal flora

Normal intestinal
flora of mammals
and reptiles

Soil,
contaminated
food and water,
intestinal tract of
animals

Damp
environments
Human skin flora

Soil, water and
intestinal flora
Feces
Unpasteurized
dairy products,
infected aerosols
External genitals
Human skin flora

Praveen & Mobley 2008

Cahill et al., 2015
Liu., 1974

Linetal., 2001

Alexander., 2001; Dinges et al.,
2000

Shima et al., 2012
Rocas et al., 2004; Coburn et al.,

2003
Praveen et al., 2009

Fey et al., 2010; Otto., 2009;
Cogen et al., 2008

Singla et al., 2010;

Rath et al., 2014; Wang et al.,
2000

Hertle 2000
Tufariello & Lowy., 2015

Khalifa et al., 2012; Wojtusik et
al., 2015

Dasetal., 2014

Ortuno et al., 2006; Vigeant et al.,
1995

Das etal., 2014
Mandar., 2013



jekeium

20.  Vibrio Thermostable Raw or Noria et al., 2010
parahemolyticus direct haemolysin  improperly
(tdh) cooked sea food
(eg., oysters)
21.  Acinetobacter Endotoxin Contaminated Rath et al., 2014; Mishra et al.,
baumanni environment 2013; Luke et al., 2010
22. Pseudomonas Hemolysin Contaminated Thomson et al., 2012; Ryall et al.,
cepacia disinfectant 2008
solutions, moist
environment
23.  Proteus rettgeri Endotoxin Improperly Kushwaha et al., 2014; Tu et al.,
stored food, fecal 2014
contaminated
food
24.  Actinobaculum Hemolysin Commensal flora Cattoir., 2012; Bank et al., 2010
schaali of human
genitals
25. Hafnia alvei Cytotoxin Dairy and poultry Rahman et al., 2014; Abbott et al.,

products, meat, 2011

sewage, soil.

Table 2: Represents uropathogen detection method along with the sensitivity, incubation
time and organism

SL. Method Sensitivity  Incubation Organism References

No. time

1.  Rabbit pyrogen test 0.5 EU/mI >180 mins - Hoffman et al,
2005

2. ELISA 10 pg/ml 5h - Mohanan et al,
2011

3. Colorimetric cell based assay 0.0084 uM 15 mins E.coli 055:B5 Wangetal., 2014

4.  Human endothelial cell based 1 pg/ml 4 h E.coli Unger et al., 2014

assay 0111:B4
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10.

11.

12.

13.

14.

15.

16.

17.

Dual signal amplification

Magnetoelastic sensor
TLR-4/MD2 complex based
biosensors

Urinary  lactoferrin based
biosensor

Solution based circuits

Electronic tongue for detection
of LPS

Aptamer  based impedance
biosensor

DNA biosensor

Titanium based MALDI

bacterial chips

Bioluminescence using mutant
luciferase enzyme
End-point LAL assay

Kinetic chromogenic LAL assay

Kinetic turbidimetric method

5fM

0.0105
EU/mI

0.0002
EU/mI

145 pg/ml

1 cfu/ pl

10 pg/ml or
0.03 EU/mI

1 pg/ml to
Ing/ml

5 ng of
DNA

10° cfu/ml

0.0005
EU/mI
0.125

EU/mI
0.002

EU/mI
0.0005
EU/mI

60 mins

20-120

mins

30 mins

120 mins

2-5 mins

15 mins

15 mins

10 mins

180 mins

15 mins

15 mins

76 mins

138 mins

E.coli
0111:B4

E.coli 055:B5

E.coli,

S.aureus, P.

aeruginosa

Salmonella

enterica

E.coli 055:B5

Vibrio

cholerae

S.aureus,

P.aeruginosa

Suetal., 2011

Ong et al., 2006

Yeo etal., 2011

Y.Panetal., 2010

Lam et al., 2013

Heras et al., 2010

Suetal., 2012

Chuaetal., 2011

Gopal et al., 2013

Noda et al., 2010

Lindsay et al., 1989

Noda et al., 2010

Lindsay et al., 1989
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Table 3: Depicts companies manufacturing toxin detection Kits, basic principle and
detection limits

SL. Manufacturi  Kit Principle Detection limit
No. ng Company (EU/mI)
Pyrostar Pyrostar'™ ES-F/plate  Kinetic turbidimetric LAL 0.1
1. Pyrostar™ ES-F Kinetic turbidimetric LAL ~ 0.001
Limulus color KY Chromogenic LAL 0.0002
series
Limulus PS Adsorption on Pyrosep resin ~ 0.001
Associates of  Pyrochrome® Chromogenic LAL 0.001
2. Cape Cod Pyrosate® Gel-clot LAL 0.03
Corporated Pyrotell® Gel-clot LAL 0.03
Pyrotell®-T Turbidimetric LAL 0.001
Chromo-LAL Kinetic chromogenic LAL 0.005
3. Lonza QCL-1000 Endpoint chromogenic LAL 0.1
BioSciences  Pyrogent 5000 Kinetic turbidimetric LAL 0.01
4. Charles river KTA Kinetic turbidimetric & Gel-  0.015
clot
KTA2 Kinetic turbidimetric LAL 0.005
Endochrome-K™ Kinetic chromogenic LAL ~ 0.005
Endosafe® gel-clot Gel-clot LAL 0.015
5. Sigma E-toxate Endpoint chromogenic LAL  0.05
6. InvivoGen HEK-Blue LPS Interaction between TLR4 0.03
detection kit and LPS
Highlights:
1. This review highlights the recent advances in biosensor based uropathogen detection
methodologies.
2. Representation of the common uropathogens in a tabular form.
3. [lllustration of working mechanism behind each biosensor system.
4. Special attention has been given for LAL based assay and its successful fabrication into a
biosensor.
5. A brief study on the commercially available diagnostic kits available in market.
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