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s for point-of-care bacterial
detection and identification
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Linda Váradi, b David E. Hibbs a and Paul W. Groundwater *a

In addition to limiting the effectiveness of antimicrobial agents, antimicrobial resistance (AMR) is

a significant global health concern as it is responsible for significant mortality/morbidity and increased

economic burdens on healthcare systems. Diagnostic tests have been suggested as a means of

prolonging the effectiveness of current antimicrobials; culture and other conventional diagnostics are

hindered in their practicality as they are time- and labour intensive to perform. Point-of-care (POC)

testing is performed near where the patient is being treated and can provide timely results that allow

evidence based clinical interventions to be made. This review aims to outline the chemical principles

behind some novel and emerging diagnostic techniques which have the required speed, simplicity,

effectiveness and low-cost for incorporation into POC devices which can be used to inform and

optimize antimicrobial use.
1. Introduction
1.1 The unmet need for rapid bacterial identication
techniques

Antimicrobial resistance (AMR) is a signicant global issue
and has the potential to completely alter the landscape of
modern healthcare. AMR already has devastating conse-
quences on human health and the global economy as a result
of associated increases in patient morbidity and mortality,
increases in the length of hospital stays, risks associated with
surgical procedures, and a signicant economic burden due to
losses in productivity from illness. It has been suggested that,
at the current rate, AMR will be responsible for ten million
deaths each year by 2050 (more than all cancers combined).1

During the period to 2050, the annual reduction in global
gross domestic product (GDP) could be as large as the losses
incurred during the 2008–2009 global nancial crisis, with
signicantly greater implications, as the decrease in economic
growth for low-income countries will be inordinately high,
while the impacts will be felt during the entire period to 2050.2

Although a global problem, it is predicted that Asia and Africa
will continue to share the greatest burden due to AMR, with
4.73 and 4.15 million deaths p.a., respectively, by 2050 (Fig. 1).

Of particular concern to the growing trend of AMR are the
ESKAPE bacteria (Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
cy, Camperdown Campus, Sydney, NSW

ayton, VIC 3168, Australia. E-mail: paul.
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aeruginosa and Enterobacter spp.). These multiple and pan drug
resistant pathogens host a plethora of resistance mechanisms
and contribute to themortality of nosocomial infections.3 As the
single leading cause of nosocomial infections, Clostridium
difficile infections (CDIs)4–6 are also a major concern and are
responsible for 500 000 infections and 15 000 deaths per year in
the US.4

In response to the urgent threat posed by AMR, the World
Health Organization (WHO) initiated a global action plan
calling for international collaboration in order to address the
issue.7 The plan outlines ve core objectives (Box 1), expected to
be used by all countries during the development of their own
national plans, including increased investment in new diag-
nostic tools and the optimization of antimicrobial use. In the
last 20 years, there has been a 75% reduction in antimicrobial
agents approved by the FDA8 and only two new classes have
been developed with novel therapeutic actions.9 With few new
antimicrobials in the pipeline, emphasis is now being placed on
diagnostics to maintain the efficacy of current antimicrobials.
Now, more than ever, in the face of a global crisis, rapid and
accurate identication of infectious bacterial species and their
susceptibility prole is vital so that the appropriate directed
antibiotic therapy can be initiated, thus improving patient
outcomes and helping to retard the further development of
AMR. TheWHO report suggests that antibiotic prescriptions are
rarely based upon accurate/prompt diagnoses and that the
standard of care should be evidence-based prescribing and
dispensing, which could be informed by rapid, low-cost diag-
nostic tests, integrated into clinical, pharmacy, and veterinary
practices.7 The 2016 O'Neill report on ‘Tackling Drug-Resistant
Infections Globally’ suggests that by 2020 all clinicians should
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Predicted annual deaths (and mortality rates) due to AMR by 2050 (data taken from the 2016 O'Neill report1).
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perform a rapid diagnostic test before prescribing antimicro-
bials.1 Particular emphasis is being placed on the development
of point-of-care (POC) tests resulting in the rapid expansion of
this diagnostic eld, with the market volume estimated to grow
to US $75.1 billion by 2020.10

A useful denition of a POC diagnostic test is one ‘that is
performed near the patient or treatment facility, has a fast
Fig. 2 Advantages and disadvantages of biorecognition elements utilize

This journal is © The Royal Society of Chemistry 2019
turnaround time, and may lead to a change in patient
management’.11 Such tests, which do not require access to
centralised laboratory facilities, should ideally be sufficiently
rapid to allow clinically meaningful interventions (e.g. the
initiation of directed, as opposed to empirical, antibacterial
treatment) to be implemented at the place at which the patient
is being treated. For example, it has been estimated that the use
d in POC devices and discussed in this review.

RSC Adv., 2019, 9, 21486–21497 | 21487
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Fig. 3 Schematic of the ECL-based detection of M. tuberculosis through an antibody sandwich complex for the 5-methythio-D-xylofuranose-
lipoarabinomannan (MTX-LAM) epitope (adapted from https://www.mesoscale.com/en/technical_resources/our_technology/ecl).24
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of rapid tests for three of the leading causes of death due to
bacterial infections (community-acquired bacterial pneumonia
(CAP) [Streptococcus pneumoniae, Haemophilus inuenzae and
Moraxella catarrhalis], antenatal syphilis [Treponema pallidum]
Fig. 4 An example of a lateral flow immunoassay test platform (adapte
deposited on the sample pad and migrates towards the antibody biorec
analyte-conjugated antibodies are captured at the test line (positive outc
the control line (providing test validation).

21488 | RSC Adv., 2019, 9, 21486–21497
and tuberculosis [Mycobacterium tuberculosis]) could help
prevent more than one million deaths per annum in developing
countries.12 Meanwhile the implementation of POC for S.
pneumoniae and Legionella pneumophila in severe CAP cases has
d from Koczula et al.25). The sample solution containing the analyte is
ognition element (in this case conjugated to gold nanoparticles). The
ome), while antibodies which are not bound to analyte are captured at

This journal is © The Royal Society of Chemistry 2019
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Box 1. The ve objectives outlined by the 2015 WHO global
action plan on AMR7

/ Utilize effective communication, education, and training to improve
the awareness and understanding of AMR.
/ Use surveillance and research to generate knowledge and then trans-
late the evidence base into practice.
/ Utilize effective infection prevention (in conjunction with sanitation
and hygiene measures) to help reduce the incidence of infection.
/ Optimize human (and animal) antimicrobial usage.
/ Develop a case for sustainable economic investment, taking into
account the needs of all countries, in order to increase investment in the
development of a range of interventions, including new medicines/
vaccines and diagnostic tools.
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been shown to lower mortality rates by facilitating more accu-
rate diagnoses, thus allowing more appropriate empirical
treatment choices.13
1.2 The current diagnostic landscape14

Phenotypic methods, such as culture and staining, have long
been the gold standard for bacterial identication, but a major
limitation is that results can take up to 48 hours (or more) to
become available,15,16 and oen do not provide sufficient
information to inform antimicrobial prescription.14

In the time taken to identication of the causative bacte-
rium, the patient will probably receive empirical therapy, oen
with broad spectrum agents, the use of which is discouraged in
antimicrobial stewardship programs (in favour of narrower
spectrum, targeted agents) in order to minimize the use of less
effective agents which may contribute to AMR.17 For severe
infections such as sepsis, a delay in effective treatment can be
severely detrimental, with the mortality rate increasing by 7.6%
every hour targeted therapy is delayed.18 Furthermore, culturing
may not lead to the specic identication of the causative
bacterium in the presence of closely related species with similar
phenotypic and metabolic properties; culturing must also be
conducted by trained personnel.19 Molecular diagnostic
methods, which rely upon the analysis of genomic markers
(corresponding to nucleic acid sequences), can result in
signicantly shorter times to bacterial detection/identication
but oen require the use of specialized equipment and/or
require specialist interpretation.14

In summary, conventionally used techniques are burdened
by the length of time to diagnostic result, in some cases with the
additional requirement of the isolation of the causative micro-
organism, and the need for trained personnel, and costly and
highly specialised equipment.

While the denition of a POC device does not specify any
particular technology, diagnostic techniques that are poten-
tially low cost and can allow for rapid diagnostic results without
the requirement for expensive specialized equipment have the
potential to be implemented anywhere in the World, including
well-resourced and resource-limited locations (such as devel-
oping countries in both Africa and Asia). Similar performance
measures were also identied by, for example, the WHO
This journal is © The Royal Society of Chemistry 2019
Sexually Transmitted Diseases Diagnostic Initiative under the
ASSURED criteria of ‘affordable, sensitive, specic, user-
friendly, rapid and robust, equipment-free, and deliverable to
end-users’.20

2. Diagnostic techniques suitable for
the rapid detection and identification of
bacteria in point-of-care (POC) devices

The need for rapid diagnosis has resulted in the development of
novel diagnostic devices based upon the detection and quanti-
cation (e.g. colorimetric/uorimetric or electrochemical21) of
specic analytes by biorecognition elements that may be
implemented in both community and primary care settings.22,23

Many of the novel detection technologies discussed in this
review rely upon a combination of these approaches and we will
discuss these different approaches in terms of the bio-
recognition elements employed (Fig. 2) providing examples of
detection methods suitable for incorporation in POC devices.

2.1 Antibodies

2.1.1 Electrochemical detection. The development of an
electrochemiluminescence (ECL)-based POC assay which
targets the M. tuberculosis 5-methythio-D-xylofuranose-
lipoarabinomannan (MTX-LAM) epitope has recently been
described by Sigal et al.24 The authors screened 100 antibody
pairs targeting different LAM epitopes; the best antibody pair
consisted of a capture antibody (S4-20), which targets the M.
tuberculosis-specic MTX-LAM, bound to the electrode, and
a detection antibody (A194-01) labelled with the commercial
MSD SULFO-TAG™ label (Fig. 3a). Formation of the sandwich
complex with LAM could then be detected through the elec-
trochemiluminescence (ECL) generated by the Ru(bpy)3

2+

component of the SULFO-TAG (Fig. 3b) in which the oxidation
of the Ru(bpy)3

2+ and tripropylamine (TPrA) co-reactant results
in the formation of a luminescent excited state [Ru(bpy)3

2+]*;
the decay of this excited state to the ground state involves light
emission which is then detected (Fig. 3c). The optimised anti-
body pair resulted in femtomolar analytical sensitivity for LAM
detection and overall clinical sensitivity and specicity of 93%
and 97%, respectively.

2.1.2 Optical detection. Immunochromatography, also
known as lateral ow immunoassay (LFIA), is simple, rapid and
allows for portability. This technique has been commercialized
for several decades, however recent advancements in its sensi-
tivity, reproducibility and in the detection of multiple analytes25

makes LFIA suitable for the diagnosis of hospital-acquired
(nosocomial) infections. LFIA uses antibodies as the primary
recognition element of bacterial species, so they must demon-
strate high affinity and specicity for the bacterial antigen of
interest. A liquid sample is introduced onto the lateral ow strip
which is conjugated with antibodies labelled with coloured
particles, the liquid then migrates by capillary forces along the
test strip (Fig. 4). Recognition and binding of the antigen–
antibody complex to immobilized secondary antibodies (anti-
antibodies) will produce a signal at the test line, which is
RSC Adv., 2019, 9, 21486–21497 | 21489
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proportional to the concentration of the analyte.26 Ideally, this
result can be detected by the naked eye in the absence of
specialized equipment. A common issue for LFIAs is their poor
sensitivity, which is not comparable to more robust culture and
polymerase chain reaction-based techniques,27 while concerns
over false negative results have led to the development of more
advanced immunochromatographic methods for molecular
diagnosis.

Noble metal nanoparticles (NMNPs) have typically been used
in LFIAs due to their potential of producing a diagnostic signal
visible to the naked eye erasing the need for an external exci-
tation source or emission sensor.28 Gold NPs (AuNPs) have
typically been used as coloured conjugates due to their superior
optical properties and ease of use,29 however their lack of
sensitivity is an issue that needs to be addressed.

With the high levels of AMR among ESKAPE pathogens and
other bacteria responsible for nosocomial infections, the
combined ability to detect the presence of a bacterial species and
identify resistant strains is highly advantageous. Immunochro-
matography has been effective in detecting the presence of car-
bapenemase resistance genes; Carba5 (NG Biotech, France) is
a novel multiplex LFIA for the rapid detection of the ve most
prominent classes of carbapenemases, the NDM-, KPC-, IMP-,
VIM-, and OXA-48-like types.30 This assay uses antibody pairs
specic for these ve carbapenemase classes. One of the anti-
bodies is conjugated to AuNPs and the complementary antibody is
immobilized on different test lines along the ow membrane
surface. Carba5 exhibited 100% sensitivity and >90% specicity,
therefore this robust, rapid assay has the potential for the identi-
cation of CPE in a POC setting.

Methods such as this, which incorporate LFIA, are capable of
producing signals that can be detected by the naked eye within
15 minutes. They do not require large and expensive instru-
mentation, and so are relatively low in cost in comparison to
other conventional molecular diagnostics, at an estimated one-
quarter to one-third of the cost per test.30 As the colorimetric
readout is determined by the number of bacteria present in
a sample, these methods require large sample-sizes and inad-
equate sample volumes may give inaccurate results. The iden-
tication and preparation of unique antibody pairs are oen
time consuming, but with high stability and an unrefrigerated
shelf life of 24 months, these systems can be produced and
stored on a large-scale to minimize associated costs. With the
primary issue of sensitivity having been addressed in newer
LFIA systems, these techniques have demonstrated their suit-
ability for inclusion in POC diagnostic methods for pathogenic
bacteria. For example, a LFIA-based POC testing kit, aQcare
Chlamydia TRF, for Chlamydia trachomatis (a leading cause of
sexually transmitted disease), employs europium(III)-chelated
NPs as uorescent markers and had an overall sensitivity of
93.0% and specicity of 96.3%.31

A vertical ow immunoassay (VFI) demonstrated potential
for use as a POC test for bio-threat agents targeting 1,3-linked 2-
O-acetyl-6-dexoy-b-D-manno-heptopyanose, a capsular poly-
saccharide (CPS) from Burkholderia pseudomallei, the cause of
melioidosis. The limit of detection for the CPS in spiked buffer
solutions was 0.02 ng mL�1.32
21490 | RSC Adv., 2019, 9, 21486–21497
2.2 Aptamers15,33

Aptamers are short, single-stranded DNA or RNA oligonucleo-
tide biosensors that can interact with a wide variety of analyte
targets with high affinity and specicity.15,34 Upon binding to
their target analyte, aptamers fold into specic three-
dimensional structures with many surface interactions for
strong bonding,34 typically with a dissociation constant in the
nano- or pico-molar level.35,36

Aptamers are chemically synthesized in vitro by a process
known as Systematic Evolution of Ligands by Exponential
enrichment (SELEX), which involves three key steps: (1) the
incubation of an oligonucleotide sequence library with the
target analyte to assess which structures bind; (2) the elution of
unbound oligonucleotides, separating them from those bound
to the analyte; and (3) amplication of the remaining oligonu-
cleotide sequences by PCR. These three steps can be repeated
up to 20 times until a small collection of sequences with high
affinity for the target are identied.34,35

When used as a biosensor, aptamers offer many advantages
over antibodies; in contrast to antibodies, aptamers have low
toxicity, are stable over a wide temperature and pH range, and
are the products of simple and reproducible chemical
syntheses.34,36 Although the determination of aptamer structure
requires several steps, their in vitro synthesis is preferable to
that of antibodies, which require synthesis in biological systems
under highly specic conditions.33,37

Nucleic acid aptamers have been used with a variety of signal
transduction instruments for development into POC tests. For
example, for the detection of S. aureus, aptamer-based biosen-
sors utilise colorimetric, mass spectrometry, or uorescence-
based detection. Of particular interest are electrochemical
aptamer-based techniques due to their exceptional sensitivity,
low cost of production, simplicity, and portability.36

2.2.1 Electrochemical detection. Electrochemical detection
of aptamers relies upon changes in electrical properties
(current, impendence, potential and conductance) due to
interactions between the aptamer and an analyte.38 Several
electrochemical sensors have been developed that utilize an
electrical signal for the detection of S. aureus. One such system
employs electrochemical impedance spectroscopy (EIS), which
measures changes in electrode properties aer aptamer–
bacteria interactions.36,39 A thiolated single strand DNA
aptamer, linked to a gold NP reduced graphene oxide
composite, was used to capture the target bacterium. EIS is
extremely sensitive, with the ability to detect S. aureus in
concentrations as low as 10 CFU mL�1 within 60 minutes.
Binding of S. aureus to its capture aptamer causes a conforma-
tional change in the aptamer, which impedes electron ow; this
increase in resistance is measured and proportional to the S.
aureus concentration.39

An aptamer/graphene interlinked gold electrode has also
been developed that utilizes a piezoelectric sensor;36,40 the
aptamers are immobilized on a graphene surface and when
conjugated with S. aureus there is a frequency shi of the
piezoelectric quartz crystal, which is proportional to the bacte-
rial concentration. The limit of detection of S. aureus is 41 CFU
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Outline of the LTBI diagnostic test which is based upon biotin-linked aptamers specific for the M. tuberculosis glycolipid, ManLAM
(adapted from Li et al.41).
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mL�1 and results are obtained within 60 minutes,40 making this
rapid, simple, sensitive and label-free method suitable for use
in a POC diagnostic test for S. aureus.

2.2.2 Optical detection. An Android smartphone app for
latent tuberculosis infection (LTBI) is based upon the colori-
metric detection of a 30-biotin-labeled aptamer which was
designed to specically recognize mannose-capped lip-
oarabinomannan (ManLAM), a glycolipid from the M. tubercu-
losis cell wall discussed in Section 2.1.1, in a dot-blot assay.41

The M. tuberculosis (Mtb) was immobilized on a nitrocellulose
membrane which was then incubated with the biotin-labelled
aptamer, followed by streptavidin-labelled horseradish peroxi-
dase (HRP) (Fig. 5) forming a bioactive anchored layer. Quan-
titation of the capture dots employed the oxidation of the
colourless 3,30,5,50-tetramethylbenzidine (TMB) reduced (red) to
its blue oxidized (ox) form by HRP in the presence of hydrogen
peroxide. As would be expected, since the aptamer is specic for
binding to ManLAM, no signal response was observed for other
bacteria, including E. coli, S. aureus and E. faecalis. The assay
has a quantitation limit of 104 CFU mL�1 and can be performed
in 5 hours.
† The cycle-threshold (Ct) value is the number of PCR cycles required for the
uorescence signal to cross the threshold (background level), with lower values
suggesting high pathogenic bacterial loads.
2.3 Nucleic acids

Polymerase chain reaction (PCR)-based techniques form the
basis of many diagnostic tests for bacterial infections,14 e.g. the
use of PCR testing for nasal MRSA reduced the duration of
This journal is © The Royal Society of Chemistry 2019
empirical-MRSA therapy (vancomycin or linezolid) in patients
with suspected pneumonia by ca. 2 days, without an increase in
the number of adverse clinical outcomes.42 As it involves nucleic
acid amplication (for example, by a factor of 1 million) from
a small sample volume (e.g. a nasal swab), real time or quanti-
tative PCR (qPCR) has been able to address some of the issues
associated with culture-based methods (although some PCR-
based methodologies require broth enrichment). Key develop-
ments in qPCR have resulted in signicant diagnostic perfor-
mance advantages over conventional PCR; for example, qPCR
methods require small quantities of sample and provide rapid
results,43,44 and also require minimal sample manipulation
(thus further reducing the time required and the risk of
contamination) due to the measurement of changes in the
uorescence signal from the start of the PCR process.

On the other hand, as qPCR involves such high levels of
amplication, contamination or the detection of nucleic acids
which remain from a previously cleared infection is a genuine
concern. Further, the discrimination between an asymptomatic
colonization and a clinically relevant infection relies upon the
development of standardized quantitative cut off cycle-
threshold (Ct)† values.45 However, it is not clear that a relation-
ship actually exists between the number of microorganisms
RSC Adv., 2019, 9, 21486–21497 | 21491
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present in an individual's specimen and the presence of healthy
carriage or disease within the individual.

One means of overcoming the problematic amplication of
non-target DNA is to utilize multiplex-touchdown PCR (MT-
PCR), which combines the features of a multiplex PCR (incor-
porating primers for a number of DNA targets) with touchdown
PCR (which involves a cycling program, in which the annealing
temperature is gradually reduced from a value above the esti-
mated melting temperature (Tm) of the primers‡ until it reaches
the calculated annealing temperature [the touchdown temper-
ature]), to increase the PCR specicity, sensitivity and yield.46

Such a MT-PCR method47 simultaneously detects the pres-
ence of the mecA gene (which encodes the penicillin binding
protein 2a conferring MRSA resistance to methicillin48 by
resulting in reduced binding affinity), and blaSHV, blaCTX-M,
blaTEM and blaOXA49 (which encode extended spectrum b-lacta-
mases [ESBLs]) genes in MRSA and extended spectrum b-lac-
tamase (ESBL) positive blood cultures. This method resulted in
100% specicity for the detection of all genes, and an analytical
sensitivity of 103 and 102 CFU mL�1 for mecA and other genes,
respectively.

A proposed one-step multiplex PCR method targets the
chromosomal class A b-lactamase genes blaSHV of Klebsiella
pneumoniae, blaOKP of K. variicola and blaLEN of K. qua-
sipneumoniae and their anking gene (deoR) to create a rapid
(less than 2.5 hours) and accurate method which can
distinguish between these pathogens.50

The development of the above techniques has resulted in
signicant improvements in PCR, thus helping to satisfy the
requirements of POC methods; devices employing PCR have
become smaller, lower in energy consumption, more user-
friendly, and provide accurate results more rapidly.
‡ Tm is melting temperature of the primer–template pair, the temperature at
which half the molecules are single- and half are double-stranded.

21492 | RSC Adv., 2019, 9, 21486–21497
2.3.1 Electrochemical detection. Another specic biosensor
for M. tuberculosis used either colorimetric or electrochemical
detection of an RPA amplied target region within the early
secretory antigenic target-6 (ESAT-6) gene of M. tuberculosis.51 In
this case, biotinylated amplicons were produced by substituting
biotin-11 dUTP 1 for deoxythymidine triphosphate in the DNA
amplication process. Aer solid phase reversible immobiliza-
tion, followed by incubation with horseradish peroxidase-
streptavidin (HRP-SA) and SA-coated magnetic beads, TMB was
added and the quantitation of the captured HRP-biotinylated-
DNA performed either colorimetrically (as in the method of Li
et al.41) or electrochemically via the reduction of the TMB
(oxidized) form (produced by oxidation of the TMB (reduced) by
HRP/H2O2) using a screen printed carbon electrode. This assay
was highly specic, had a sensitivity approaching a single
bacterial cell and was inexpensive (3 USD) and rapid (75 min)

2.3.2 Optical detection. Recent advances in microuidic
technology have allowed the integration of multiple steps
involved in bacterial detection onto a single chip: sample pro-
cessing, nucleic acid extraction and amplication, uid
handling, signal generation and detection.28,52 A novel micro-
uidic diagnostic tool for the ESKAPE bacteria (except Enter-
obacter spp.) uses isothermal DNA amplication and is termed
the ‘B-chip’.19 This multiplexed system allows the detection of
multiple species of ESKAPE bacteria simultaneously in a single
sample recombinase polymerase amplication (RPA) method,
which also circumvents the thermocycling requirements of
conventional PCR assays, thus helping to minimize power
consumption. Unique primers and probes for each of the
ESKAPE bacteria were identied by multiple sequence align-
ment to locate genomic elements specic for the bacterium of
interest. Complementary nucleotide sequences were then
identied from an oligonucleotide database by assessing their
compatibility with the target sequence. The primers and
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Schematic representation of the steps involved in bacterial identification using multiplex barcoding: (1) the bacteria are captured on the
MNPs by a non-specific mechanism (presumably electrostatic attraction); (2) lysis of the bacterial cells on the MNP surface release the nucleic
acids, which are amplified by multiplex PCR; (3) the amplicons are linked to gold-MNPs (Au-MNPs) labelled with complementary oligonucle-
otides, followed by magnetic purification; (4) QDs labelled with complementary oligonucleotide sequences to the fnbA, mecA and wcaG genes
are added, followed by magnetic purification; (5) detection of fluorescence at different wavelengths (representative of the different QDs).57 This
system is able to detect the presence of bacteria in concentrations as low as 100 CFU mL�1.58 MNPS demonstrate good thermal and chemical
stability,58 are highly sensitive due to their high surface area to volume ratios, and have little interference from biological specimens.

Fig. 7 Oxidation of TMPD 2 by bacterial cytochrome c and reduction
of the oxidized form 3 on a gold electrode.63
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uorescent probes were added to the chip for direct interaction
with the DNA in a sample.

Recombinase polymerase amplication (RPA) amplies
target sequences in a sample by utilising an isothermal tech-
nique which operates at a relatively low constant temperature
(between 37–42 �C) and, unlike the Taq polymerase used in the
conventional PCR assay, does not require heating to 95 �C and
thermocycling.19,53 RPA does not require thermal denaturing of
the template; it employs recombinase–primer complexes which
enable strand exchange at cognate sequences, single-stranded
DNA binding proteins and a strand displacing DNA poly-
merase.54 This method had detection limits (of about 10 nucleic
This journal is © The Royal Society of Chemistry 2019
acid molecules) which are comparable to currently employed
diagnostic devices, but its speed, portability, low cost and
simplicity of operation make it suitable for use in any global
setting. One drawback with this system is its inability to
discriminate between live and dead bacteria, which may in
future be overcome by detecting mRNA rather than DNA.

The cobas®Liat®Cdiff system is a completely automated
approach to the diagnosis of C. difficile-associated diarrhoea by the
direct detection of the toxin B (tcdB) gene in patient stool
samples.55 This assay specically detects this toxin gene to assess
for a variety of toxigenic C. difficile strains (including a hyperviru-
lent epidemic strain). The cobas®Liat®Cdiff system combines
sample preparation, nucleic acid extraction, real-time PCR ampli-
cation and detection of target DNA sequences in a single sample
analysis that has a turnaround time of 20 minutes, 95.1% speci-
city and 93.1% sensitivity, with limit of detection of 45–90 CFU
per swab for toxigenic strains.55 A similar approach has also been
used for the detection of MRSA using the cobas®MRSA/SA test.56

A magnetic barcode assay system was also the basis for a multi-
plexed detection platform for S. aureus and K. pneumoniae,57 which
utilized bothmagnetic nanoparticles and uorescent quantumdots
(QDs) for the detection of the target bacteria (Fig. 6). Once again, as
this technique is able to distinguish single-genemutations, it is also
able to detect drug-resistant strains; for example, it was able to
differentiate between methicillin-sensitive (MSSA) and methicillin-
resistant (MRSA) S. aureus. A target gene specic for each bacte-
rium was selected for detection; fnbA for MSSA,mecA for MRSA and
wcaG for K. pneumoniae.57
RSC Adv., 2019, 9, 21486–21497 | 21493
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Fig. 8 Schematic representation of the processes involved in a magnetic nanoparticle-peptide probe for the detection of Staphylococcus
aureus (adapted from Suaifan et al.16): 1 Black coloured MNPs incorporating a terminal carboxyl group are conjugated to the N-terminus of
a peptide substrate for S. aureus proteases and 2 are then immobilized on a gold sensor platform; 3 when the biosensor is exposed to S. aureus,
enzymatic cleavage of the amide bond between the MNP and peptide substrate releases the nanoparticle; 4 the nanoparticles are attracted to
external magnets located at the back of the sensor platform and thus expose the gold coloured surface. The colour change from black to gold
occurs in 1 minute and can be detected with the naked eye.
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2.3.3 Magnetic detection. Recent advancements in nano-
technology have resulted in the development of a range of
diagnostic devices containing nanoparticles that provide
several advantages over conventional diagnostic platforms.
The unique properties of nano-scale systems for rapid
detection, such as their high sensitivity, capacity for minia-
turisation and portability make them suitable for application
in POC diagnostic systems. Nanoparticles have been utilized
in many conventional diagnostic tools to overcome barriers
to POC use by improving their sensitivity, speed and sample
consumption.59,60

A magnetic barcode assay has been developed for the
detection of Mycobacterium tuberculosis, and its clinical
utility proven by the detection of M. tuberculosis in all M.
tuberculosis-positive patient samples tested. Once more, this
technique uses PCR to amplify the target mycobacterial genes
21494 | RSC Adv., 2019, 9, 21486–21497
(aer off-chip DNA isolation from sputum) that are then
captured by complementary nucleotide sequences attached
to polymeric beads; the beads are then linked to magnetic
nanoparticles (MNPs) through the opposite end of the
amplicon.61 MNPs produce their own local magnetic eld
which can be detected by nuclear magnetic resonance spec-
troscopy (NMR) through its effect on the 1H NMR relaxation
rate of the target DNA sequence. A disposable microuidic
device was developed which contained the on-chip compo-
nents of this assay; PCR amplication, linkage of the
amplicons to capture beads then MNPs, followed by NMR
detection (through the incorporation of a microcoil NMR
probe). Drug resistant strains could be detected from sputum
samples within 2.5 hours, with estimated one-off costs for the
DNA extraction device and reader containing the magnet,
electronic circuit and thermocycler of $300 and $4000,
This journal is © The Royal Society of Chemistry 2019
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respectively, and disposable costs of less than $3 for each
assay.§
2.4 Proteins

2.4.1 Electrochemical detection.62 The semi-direct detec-
tion of Neisseria gonorrhoeae, the causative agent of gonor-
rhoea, a sexually transmitted disease (STD) which is the
second most common notiable disease in the US, has been
reported by Kuss et al.63 This detection relies upon the bacte-
rial expression of cytochrome c oxidase, and relies upon the
enhanced electrochemical current produced when this
enzyme oxidizes tetramethyl-p-phenylenediamine (TMPD) 2
(Fig. 7), which is then regenerated on the electrode surface.
The bacteria are immobilized on a biotinylated-thiol modied
gold electrode, to which neutravidin binds, allowing the
binding of a biotinylated antibody which recognizes and binds
to the bacteria. While the bacterial expression of cytochrome c
oxidase does not provide selectivity (other bacteria, e.g. E. coli,
express this enzyme) this could be achieved through the use of
a bacterial antigen-specic capture antibody. This method is
extremely rapid; clinically relevant bacterial levels could be
detected within seconds aer immobilization. Moreover, as
screen-printed electrodes are produced in large volumes for
less than 1 USD and 500 mL of antibody is sufficient for up to
600 functionalized SPE sensors, such tests are cheap at under
5 USD per test.

2.4.2 Optical detection. As we have seen, optical biosensors
are simple diagnostic tools that offer several advantages over
conventional techniques as they provide direct, rapid and label-
free detection of bacterial pathogens.64 A novel diagnostic
platform for the detection of S. aureus has been developed
which incorporates a combination of enzyme–substrate inter-
actions, nanotechnology and colorimetric techniques on
a single biosensor chip (Fig. 8).16 This system exploits the
proteolytic activity of protease enzymes, which contribute to the
virulence of S. aureus.

This system benets from its simplicity in design and its lack
of requirement for instrumentation, making it completely
portable. The limit of detection can be as low as 100 CFU mL�1

for environmental samples of S. aureus, meaning that no
sample pre-concentration or amplication steps are necessary.
This method was also shown to be specic for S. aureus, as no
colour change was observed when samples of P. aeruginosa,
Escherichia coli, Listeria monocytogenesis or Candida albicans
were tested. The test system was also stable upon storage for up
to six months and does not require sample preparation or
amplication prior to testing. S. aureus is a signicant
contributor to HAIs and this magnetic nanoparticle-peptide
probe is a simple, inexpensive, rapid, equipment-free mode of
detection that can be implemented in a wide range of settings. It
is, however, limited in that there is no multiplexing capability,
which is necessary for the timely diagnosis of severe HAIs, such
as sepsis.18,65
§ It is anticipated that these costs could be scaled down, from $4000 to $200 and
<$3 to <$1.

This journal is © The Royal Society of Chemistry 2019
3. Conclusions and future prospects

The discovery and development of antimicrobial agents have
arguably been the most signicant innovation in modern
medicine. However, their overuse and misuse could result in
society soon entering a ‘post-antibiotic’ era. Rapid POC tech-
niques for the detection and identication of bacterial patho-
gens can complement antimicrobial prescribing to help reduce
inappropriate use and extend the effectiveness of those agents
which still retain efficacy. With the advances being made in the
development of diagnostics that are suitable for POC tests,
relying on empirical antimicrobial therapy is no longer justi-
able; a rapid POC test for the diagnosis of bacterial infections
should be routinely implemented prior to antimicrobial
prescribing to enhance patient outcomes and limit AMR.

The techniques discussed in this review have signicant
advantages over conventional diagnostics in their rapidity, low
cost and ease of operation, as well as demonstrating specicity
and sensitivity similar to more robust laboratory-based tech-
niques. As evidenced by their low detection limits and time to
detection and potential for portability, many of the techniques
discussed in this review are suitable for use in a POC setting.

The role of emerging complimentary technologies to allow
for the extended use of the discussed bacterial POC techniques
in a variety of scenarios is undeniable. For example, the use of
smartphones in POC bacterial diagnostics66 provides signicant
advantages due to their portability and their high-quality digital
cameras, especially when incorporating complementary metal
oxide-semiconductor (CMOS) sensors. The combination of
these sensors, which enable detection and analysis through the
capture of high-resolution images, and increasing processing
power and memory storage, produces results which are read-
able and quantiable.67 Smartphones can also be used in
combination with external accessories, e.g. optics and light
sources, or be integrated into complete analytical platforms, e.g.
microuidic lab-on-a-chip (LOC) platforms.68 Advances in the
fabrication of materials also contributes to the accessibility of
POC diagnostics; disposable microuidic systems, e.g. screen-
printed enzyme electrodes, are now available, increasing
portability, affordability and opening up access to personalized
devices. Other emerging technologies which enable micro-
uidic device fabrication, such as so lithography69 and 3D
printing,70 offer rapid and cost-effective production of high
precision POC diagnostics.67

As evidenced by the examples given here, there have been
signicant technological developments, in terms of both
materials- and device-design, as well as in the ever-improving
performance and ease-of-use of POC technologies. However,
the uptake and acceptance of POC tests as part of the clinical
decision making process is burdened by a range of imple-
mentation issues, such as the lack of robust impact evaluations
relating to patient outcomes and cost-effectiveness, and the
development of effective guidelines or multi-level intervention
strategies. In this respect, the European Joint Programming
Initiative on Antimicrobial Resistance Translational Working
Group ‘Antimicrobial Resistance – Rapid Diagnostic Tests’
RSC Adv., 2019, 9, 21486–21497 | 21495
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(JPIAMR AMR-RDT) recommended that well-specied POCT
guidelines and interventions should be targeted at individuals,
communities, nations, and international networks.71 The
JPIAMR also suggested that POCT is the ultimate tool in the
combat against AMR, given that effective and efficient imple-
mentation strategies are in place as guidance and recommen-
dation tailored to the largely differing needs and goals of
healthcare providers, POCT innovators, and the general public.
In the meantime, a sustainable future in terms of both AMR
prevention and disease control should remain a primary focal
point. As such responsibility will fall to biotechnology compa-
nies for the commercialization of these novel diagnostic tools,
and to government and health strategists to ensure their
implementation into clinical settings.
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