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Abstract: Hospital-acquired infections (HAIs) are a growing concern around the world. They con-
tribute to increasing mortality and morbidity rates and are an economic threat. All hospital patients
have the potential to contract an HAI, but those with weakened or inferior immune systems are at
highest risk. Most hospital patients will contract at least one HAI, but many will contract multiple
ones. Bacteria are the most common cause of HAIs and contribute to 80–90% of all HAIs, with Staphy-
lococcus aureus, Clostridium difficile, Escherichia coli, Acinetobacter baumannii, Pseudomonas aeruginosa
and Klebsiella pneumoniae accounting for the majority. Each of these bacteria are highly resistant to
antibiotics and can produce a protective film, known as a biofilm, to further prevent their eradication.
It has been shown that by detecting and eradicating bacteria in the environment, infection rates can
be reduced. The current methods for detecting bacteria are time consuming, non-specific, and prone
to false negatives or false positives. Aptamer-based biosensors have demonstrated specific, time-
efficient and simple detection, highlighting the likelihood that they could be used in a similar way to
detect HAI-causing bacteria.

Keywords: aptamers; detection systems; hospital-acquired infections

1. Introduction

Health and healthcare are important considerations in both the developing and devel-
oped world. The healthcare systems’ main purpose is to arrive unwell, gradually regain
health and depart healthy. However, all over the world this is not always the case. Hospital-
acquired infections (HAIs) are a major contributor to morbidity, mortality, and healthcare
costs [1–4]. A HAI is an infection that occurs >48–72 h post-hospital admission [5,6] and are
prevalent in both developing (incidence rate of up to 40%) [7,8] and developed countries
(incidence of approximately 7%) [7]. Any patient admitted is at risk of developing a HAI,
with 5–10% of all hospitalizations in Europe and North America resulting in a HAI [8].
However, those at most risk are those with weakened immune systems, such as burn
patients, organ recipients, neonates, and intensive care unit (ICU) patients [5,7]. Patients
in the ICU have a 5- to 10-times higher risk of developing a HAI due to many having a
weakened immune system as a result of the use of mechanical devices such as catheters
and ventilators [2,7,9,10]. It has been shown that infection and infection-related sepsis are
the leading cause of death in non-cardiac ICUs with a mortality rate of 60% [2]. Due to
the severity of some HAIs, they can lead to scarring and functional impairment as well
as delays in recovery and death [2,5]. These delays in recovery lead to additional testing,
surgeries and medicine, all cumulating in increased healthcare costs [2,3,5,11,12].

It has been shown that the socioeconomic status of the country or area is correlated
with the incidence of HAIs. Lower socioeconomic status areas and developing countries
have up to a 20-times higher incidence rate than higher income areas [7,10]. HAIs are
caused by many pathogens, with viruses, such as human immunodeficiency virus (HIV)
and influenza, making up approximately 5% of all HAIs. Fungi, such as Candida albicans and
Aspergillus spp., also make up 5%, while bacteria by far are the most common cause of HAIs,
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accounting for approximately 80–90% of all HAIs [7,8]. The most common bacteria that
cause HAIs include Acinetobacter baumannii [6–10,13–15], Clostridium difficile [8,13,16–19],
Escherichia coli [5–9,13,20–24], Klebsiella pneumoniae [5,7–9,13,15,20,22,23,25], Pseudomonas
aeruginosa [5,6,8,9,13–15,20,24,26–30] and Staphylococcus aureus [5,6,8,9,13,15,22,24,27,31–33].
Many bacteria that cause HAIs are commensal bacteria that become opportunistic pathogens
upon moving to the infection site from their natural site [5,22,27]. This movement of
commensal bacteria is typically triggered by the weakening of the host immune system via
surgery, antibiotics, or open wounds [27]. S. aureus alone contributes to approximately 20,000
deaths in the US each year, which is a similar death toll to that of influenza, viral hepatitis,
and HIV/AIDs [33]. A retrospective study conducted in 2019 showed that for 49.3% of all US
hospitalizations; there were over 92,000 cases of S. aureus bacteriemia. Over 44,000 of these
cases were attributed to methicillin-resistant S. aureus (MRSA). Furthermore, the S. aureus
infections were closely associated with skin and soft tissue infections and pneumonia and
contributed to a death rate of over 11,000 [34]. C. difficile contributes to 500,000 cases in the
US, leading to 29,000 deaths. Due to this incidence rate, C. difficile is considered the leading
cause of HAIs in the US [17,18]. This high rate of infection also leads to a high economic
burden [3], with HAIs contributing to €1.5 billion per year in Europe and costing more than
$4.8 billion in the US [15,17,18,35]. In addition, it has been shown that in 2016, in Europe,
a prolonged length of hospital stay of up to 8 days accumulated an overall extra cost of
€1,228,782 per year, which has increased with time [11].

2. Transmission, Resistance, and Persistence

The transmission of HAIs is one of the most important factors to be considered.
It has been shown that the most common form of transmission is through person-to-person
contact, via health care workers (HCW) or other patients, through the environment, contam-
inated water and contaminated surgical instruments [5,26,36–40]. S. aureus is a commensal
bacteria that is typically found on the hands and nasal passages of many health care work-
ers [41]. P. aeruginosa and K. pneumoniae are environmental bacteria that colonize the lungs
and gastrointestinal tract, respectively. They are both known to colonize in moist [42], hu-
mid environments [38] such as sinks and drains, allowing for environmental transmission
to patients through drinking water, showers, baths and even during surgeries [26,38,39]. C.
difficile is also an environmental bacterium that typically colonizes the gastrointestinal tract
after person-to-person transmission; a niche environment is formed due to an imbalance in
the natural flora allowing for ease of colonization [16,19].

There are some ways to combat the spread of bacteria in the healthcare setting. It has
been shown that with improved hand hygiene, such as using the CDC’s recommended
“5 moments of hand hygiene” [5], that many infections caused by S. aureus and other
HAI causing bacteria can be prevented [36]. Daily cleansing using no-rinse cloths sat-
urated in 2% chlorohexidine has also been shown to decrease HAI incidence rate [1].
However, these methods only work to prevent some environmental spread.

The standard treatment for bacterial infection is the administration of antibiotics. An-
tibiotics were first discovered in the 1920s, and over the next 40 years, many new antibiotic
discoveries were made. However, after the discovery of trimethoprim in 1968, the new
discoveries began to dwindle. In the last 60 years, two new antibiotics were discovered, ox-
azolidinones in 2000 and lipopeptides in 2003 [43]. With the discovery and use of antibiotics
came the emergence of antibiotic resistance in multiple bacteria. Antibiotic resistance is cur-
rently on the rise and many bacteria including: MRSA, P. aeruginosa, vancomycin resistant
enterococci (VRE), and K. pneumoniae are known as multi-drug resistant [5,7,15,25,44–46].
Given the exponential rise of antibiotic resistance, it is becoming harder to treat bacterial
infections, so we must turn our sights toward prevention. The development of better
environmental detection systems could help to reduce the spread of bacterial infection by
approximately 70% [3].

A major contributing factor to antibiotic resistance is that many of the highly resistant
bacteria can form biofilms. A biofilm is formed when planktonic bacteria colonize a surface
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and some begin to breakdown forming a protective matrix composed of polysaccharides,
proteins and lipids [21,47]. Antibiotics cannot penetrate the biofilm, and when inside a patient,
complement and cell-mediated phagocytosis is also blocked [19,21,44–47]. Biofilms formed in
the environment are also a concern, as bacteria in a biofilm are resistant to most detergents
and disinfectants [37] and can survive in the biofilm for months [37]. Among the common
HAI-causing bacteria, S. aureus, P. aeruginosa, K. pneumoniae, E. coli and C. difficile all form
biofilms in response to harsh environments [19,48]. Biofilms are able to form on living and
dead tissue, environmental surfaces and medical devices [19,46,47]. Due to their ability to
form on internal medical devices, they are the leading cause of implant failure [19,44–46].

One of the major reasons why HAIs are so prevalent is the inherent difficulties in
detection in the environment. If we were able to detect HAI causing bacteria more rapidly
and efficiently in the environment, a minimum of 20% [49] and up to 70% of all HAIs could
be prevented [3]. Some bacteria, such as C. difficile, can produce no symptoms, allowing
for easier spread from person to person [17,19]. The isolation and detection of bacteria,
like C. difficile that are known to have asymptomatic carriers could go a long way towards
decreasing HAIs [17]. It has been shown that a rapid diagnostic, and by extension detection
in the environment, decreases morbidity and mortality rates, thereby decreasing healthcare-
associated costs [23]. The rapid detection, identification and isolation of pathogens are
essential for public health protection [50,51].

Bacteria cause many HAIs including pneumonia, surgical site infections (SSI), uri-
nary tract infection (UTI), bloodstream infections (BSI) and gastrointestinal (GI) system
infections [5–8,13,14,16–19,21,25,29,33,42,45,52–55]. Table 1 shows common HAIs and their
estimated overall incidence rates in hospitals. Among them, SSIs are more commonly
caused by S. aureus [5,7], pneumonia is commonly caused by P. aeruginosa [13], and UTIs
are commonly caused by E. coli [5,13,21].

Table 1. Common hospital-acquired infections and the most common bacteria associated with them [5].

Infection Overall Percentage (%) Most Common Organisms (%)

Surgical Site Infections (19.6%) Staphylococcus aureus (17.9%)
Pneumonia (19.4%) Pseudomonas aeruginosa (17.4%)

Urinary tract infections (19%) Escherichia coli (36.2%)
Bloodstream infections (10.6%) Coagulase-negative Staphylococci (18.5%)

Gastrointestinal system infections (7.6%) Clostridium difficile (48%)
Other Lower Respiratory Tract

Infections (4.1%) Staphylococcus aureus (12.6%)

Other infections (19.7%) Unspecified
Table 1 shows that surgical site infections (SSIs), pneumonia and urinary tract infections (UTIs) are the most
common hospital-acquired infections (HAIs). S. aureus is the most common cause of SSIs and other lower
respiratory tract infections. P. aeruginosa is the most common cause of pneumonia, E. coli is the most common
cause of UTIs, coagulase-negative Staphylococci are the most common causes of BSIs and C. difficile is the most
common cause of gastrointestinal infections.

Among these common HAIs, such as UTIs and pneumonia, there are more specific
types of these infections. Catheter-associated UTIs and ventilator-associated pneumonia
(VAP) make up the majority of UTI and pneumonia cases due to the presence of foreign
materials in the body weakening the immune system [7,52]. This is also in part due to
biofilms typically forming on inserted foreign bodies such as catheters and ventilators,
with approximately 50% of all HAIs being due to indwelling mechanical devices [5,44].
It has been shown that 86% of all pneumonia is considered VAP [7,14], which is highly
worrying due to the fact the P. aeruginosa and K. pneumoniae are both common causes of VAP.
Both bacteria are highly resistant [35,56], with K. pneumoniae being colloquially termed a
“collector” of resistance, typically gaining additional resistance via horizontal gene transfer
from other resistant bacteria like VRE and P. aeruginosa [25,57]. More worrying still is the
discovery that K. pneumoniae and P. aeruginosa can form multi-species biofilms, sharing
resistances and protection [25]. It has been shown that, in these joint biofilms, neither
bacteria outgrow the other, despite K. pneumoniae growing faster [25] than P. aeruginosa and
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that this multi-species biofilm is considered almost impossible to eradicate due to the high
resistance of both species [19,25,44].

UTIs are typically caused by E. coli [8] and make up 150–200 million cases globally
each year [52]. It has been shown that 40–50% of women and approximately 5% of men will
contract a UTI in their lifetime, with many UTIs becoming recurrent [21,52]. It is estimated
that due to the high incidence of UTIs, the US alone spends approximately $1.6–3.5 billion
each year on UTIs [52].

This high number of HAIs is incredibly concerning due to the fact the most common
cause of bacterial transmission is person-to-person contact [5]. It has been shown that the
prolonged use of antibiotics can lead to the disruption of the natural flora within the pa-
tients’ microbiome, leaving a niche environment for the colonization of pathogenic bacteria,
in particular C. difficile [52]. In many cases, these infections are quite complex, due to the
presence of multiple HAI causing bacteria [5,7–9]. C. difficile is one of the leading causes
of GI infections and the leading cause of health care-associated diarrhoea [16–19]. It is a
highly resistant bacteria that can lead to increased mortality and increased transmission
as it often presents as asymptomatic, causing it to be more difficult to detect and prevent
spread [16–19]. The spread of these HAIs between patients via HCW or the environment
is highly prevalent and can lead to increased mortality, morbidity, and costs. This ease of
transmission for bacteria further highlights the need for an environmental detection system
to attempt to reduce the prevalence of HAIs caused by bacteria [24].

3. Detection Systems

The current gold standard for detecting bacteria in healthcare is microscopy and cell
culture [4,24,40,50,58–67]. This technique was first developed by Antony van Leeuwenhoek
in the 1600s. Leeuwenhoek used the microscope to view the “tiny animals” that caused
illness. As seen in Figure 1, for approximately 200 years, viewing under a microscope
was the only detection system for microorganisms used and it was in 1883 that the next
stage of bacterial detection was developed, the Gram stain [68]. The Gram stain is used
to differentiate between Gram-negative and Gram-positive bacteria and allows for easier
visualization of the morphological structure. This was an excellent breakthrough for the
detection of bacteria and is still among the first points of call for bacterial detection today.
Despite being the gold standard, microscopy does have some disadvantages.
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Figure 1. Timeline of development of bacterial detection systems. Figure 1 shows the timeline of the development of
bacterial detection systems using different technologies, 1676—Discovery of bacteria and beginning of microscopy [68],
1883—development of the Gram stain [68], 1980—ELISA used to detect pathogenic bacteria [69], 1988—PCR used to
detect bacteria [70], 1999—Lateral flow detection of bacteria [71], 1999—Monoclonal antibody detection of bacteria [72],
1999–2000s–Aptamer detection of bacteria [73], 2009—NGS detection of bacteria [74].

As seen in Table 2, culturing bacteria alone can take up to a week, it is a non-specific
system, and can be prone to false negatives as many bacteria cannot be cultured or are in a
dormant state, such as in a biofilm [4,40,59–61,63–66,75,76].
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Table 2. Detection and diagnostic systems currently used and their advantages and disadvantages [65].

Detection and
Diagnostic System

Aptamer or Antibody
Applicable Advantages Disadvantages Location and Limit of

Detection

Culturing and
microscopy Neither applicable

Detects presence of bacteria
Easy technique

Does not require specialist
equipment

Relatively cheap

Some bacteria are
un-culturable

Prone to false negatives
Lack specificity—only

detects presence or absence
not species, which is not
desired for a diagnostic

Time-consuming
[24,39,58,60–62,76–78]

Pathology laboratory
Limit of detection: N/A,
time is the factor rather

than concentration,
the bacteria will grow but

will take longer with a
lower cfu/mL

ELISA Both applicable

Specific
Little chemical preparation

required
Cheaper

Expensive equipment
Requires specialist

equipment
Time-consuming

Requires culturing
[58,60–62,77,79]

Pathology laboratory
Limit of detection:
104–106 cfu/mL

PCR Neither applicable

Requires small amount of
bacteria

Specific—can identify
species

Easy technique Does not
require specialist equipment

Requires specific probes
Point mutations in bacterial

genes can lead to false
negatives and false positives

Time-consuming
Expensive

[62,80]

Onsite or pathology
laboratory

Limit of detection:
103 cfu/mL

Real time PCR Neither applicable

Time-efficient
Requires small amount of

bacteria
Specific—can identify

species

Requires specific probes
Point mutations in bacterial

genes can lead to false
negatives and false positives

[62,80]

Pathology laboratory
Limit of detection:

103 cfu/mL

Next generation
sequencing Neither applicable

Time-efficient
Requires small amount of

bacteria
Specific

Requires specialist
equipment

Requires bioinformatics
knowledge

[59]

Sequencing company
Limit of detection:

10–100 cfu/mL

Biosensors (Antibodies) Antibody Highly specific (nanomolar)
Time-efficient

Batch-batch variation
Expensive

Prone to steric hindrance
Degrades in heat and pH

changes
Can cause immune response

[24,60,61]

Onsite or pathology
laboratory

Limit of detection:
103 cfu/mL

Biosensors (Aptamers) Aptamer

Highly specific (nanomolar
to femtomolar)
Time-efficient

High signal density
Low steric hindrance

Easily modifiable
Cheaper

Does not use animals
Does not degrade in high

heat or changing pH
Reusable

No immune response

Nuclease degradation
Can be too small

[24,81–88]

Onsite
Limit of detection:

102 cfu/mL

Detection and
Diagnostic System

Aptamer or Antibody
Applicable Advantages Disadvantages Location and Limit of

Detection

Lateral flow devices Both applicable
Time-efficient

Cheap
Simple

Can be prone to false
binding

Can be complex to use
Can require complex

equipment
[63]

Onsite or pathology
laboratory

Limit of detection:
43 cfu/mL to 109 cfu/mL

Table 2 shows various diagnostic and detection methods used currently. It also shows each methods’ advantages and disadvantages as
compared to the other methods.



Int. J. Mol. Sci. 2021, 22, 149 6 of 19

Microscopy remained the only detection system for bacteria until the 1980s when
enzyme-linked immunosorbent assays (ELISA) were beginning to be used. An ELISA
involves the use of a “capture” molecule and a “reporter” molecule; typically an antibody,
to produce a readable signal which can be viewed on a plate reader [83]. As seen in Table 2,
ELISAs are a relatively simple detection system [63], they have also been developed against
a multitude of pathogens and can detect targets at a relatively low concentration [66,83].
However, ELISAs can be time consuming due to the need to pre-culture the bacteria
and they rely on complex equipment and specifically trained personnel. ELISAs are also
costly as they can use antibodies which are expensive to produce and are only single
use [40,63,64].

Antibodies are small peptides that are a major component of animal immune systems.
They are composed of a heavy and light chain and are developed by the immune system to
specifically target foreign bodies. Antibodies bind to their targets via the induced fit model
and are typically generated inside animal models when the animal has been exposed to
the desired target. More recently, antibodies have also been shown to be selected through
in vitro libraries, whereby the target is incubated with a randomized library of antibodies
and any that bind are collected [89]. Antibodies typically have a Kd value in the nanomolar
range, indicating high affinity binding and are currently being used for diagnostic purposes
in ELISAs and other molecular diagnostic systems.

Following the use of ELISAs, as seen in Figure 1, came the development of polymerase
chain reaction (PCR). PCR was revolutionary in detecting bacteria as the focus was on
the specific bacterial DNA rather than the whole bacterium, allowing for the detection
of smaller colonies [62,66]. PCR involves the replication and amplification of bacterial
DNA using specific primers generated to bacteria specific sequences. The presence of the
bacteria is then determined by running the PCR product on an agarose gel showing the
amplification of the desired sequences. PCR is a simple process that can provide real time
results. It is more specific as it can differentiate between bacterial species, which allows
for a more tailored treatment for infected patients. Due to its reliance on bacterial DNA
and specific sequences, there can be instances of false positives and false negatives due
to incorrect sequence pairing and bacterial DNA mutations [62]. PCR has further been
modified to include reverse transcriptase PCR and real-time PCR which, as seen in Table
2, increase the sensitivity of the assay but also increase the cost and time taken to com-
plete [40,58,60,62,64,65]. PCR also does not distinguish between viable and non-viable cells,
as only the presence of DNA is required; this lack of distinction can cause difficulties for
detection purposes. Non-viable cells are irrelevant, while viable cells are the desired target,
and without the differentiation, any detection test results could be irrelevant [65,66].

To continue with rapid detection sparked by the development of PCR came the
development of next generation sequencing (NGS). NGS allows for the sequencing of the
whole genome of an organism in a relatively short time. It is beginning to be used as
a diagnostic tool in some hospitals and can identify the taxonomic species of infectious
bacteria [59]. NGS is also able to provide a detailed analysis of complex systems, such as the
human microbiome and seawater samples [59]. However, as seen in Table 2, NGS requires
specialist equipment and a working knowledge of bioinformatics to interpret the data.
NGS is also an expensive route due to the equipment, analysis involved and that the
majority of NGS work is conducted off-site, although some hospitals are beginning to use
it in-house [23].

Lateral flow assays (LFAs) were developed prior to NGS, however, there is much
expansion in this area that could allow for them to be improved exponentially. LFA is
a rapid, simple, cheap classic point-of-care (POC) detection method [63,90]. Typically,
LFAs use a recognition element as a capture molecule [56], and use a signal-producing
molecule as the detector to provide a readable signal that can be detected with the naked
eye [40,90]. LFAs currently require a high concentration of bacteria to be effective and
require some pre-culturing and pre-enrichment steps, however, they do have the potential
to be improved upon allowing for the generation of a rapid, sensitive and specific POC
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test [60,90]. Antibodies are the typical recognition element used in LFAs, as such LFAs are
“targeted” to specific bacteria and an appropriate target needs to be selected.

Ideally for detection and diagnostics, a unique molecule, either expressed or secreted
by the target organism/cell, is desired. These molecules could include surface proteins,
lipo-polysaccharides (LPS), or toxins. Some bacteria, such as C. difficile, do produce toxins,
allowing for them to be an ideal target for single bacteria detection [16,17]. However, as not
all bacteria produce toxins, for multiplex detection systems, surface proteins and LPS are
more ideal. LPS can be unique to some bacteria, however all Gram-negative bacteria have
similar LPS, as do all Gram-positive bacteria, which would reduce the sensitivity and
specificity of a detection system. Surface proteins are an ideal choice, as there are many that
are specific to a particular species of bacteria, and there are even some surface proteins that
are strain specific. Using bioinformatics pipelines allows for the identification of conserved
and unique proteins [50]. Protein A (PA) is a conserved protein that is unique to S. aureus
and it is used in the evasion of the host immune response. Given that antibody-based
systems are generated using IgG antibodies which are the main antibodies used in the
immune response, PA is not ideal for antibody-based detection systems; however, it could
be used as a target for an aptamer-based system. Penicillin binding protein 2a (PBP2a)
is also a conserved protein found only on MRSA strains, allowing for further specificity
of detection [91]. Some bacteria, such as C. difficile, conserve non-host evasion surface
proteins. For example, N-acetyl-muramoyl-L-alanine amidase is a conserved and unique
surface protein to C. difficile, which is used to cleave the bacterial cell wall and membrane
during replication. It is another protein that could be ideal as a target molecule for bacterial
detection [92,93].

A study conducted in 2018 showed the use of polyclonal antibodies (pAbs). The pAbs
were bound to a nitrocellulose membrane and were used to capture Klebsiella spp. Once the
bacteria were captured, palladium nanoparticle labelled pAbs were added to produce
a signal [94]. This test showed that the Klebsiella strains, including K. pneumoniae and
K. oxytoca were successfully detected, as were Roaoultella ornithinolytica, Serratia grimesii,
Enterobacter aerogenes, Enterobacter cloacae and E. coli. Given the false positive results of the
detection of non-Klebsiella spp., this study also tested the urease activity of each culture,
whereby only Klebsiella spp. were urease positive. This additional test of urease activity
allowed for an extra element of specificity to detect only Klebsiella spp. and no others.
The less specific nature of pAbs could be a reason for the false positive LFA tests. This LFA
has a limit of detection of 104–106 cfu/mL, which is slightly less than PCR, NGS and
ELISA [94].

A recent study, conducted in 2019, also showed the use of antibodies in an LFA to
detect Salmonella enteritidis, however, this study had the novel addition of using an antibiotic
as an additional recognition molecule [90]. Due to the mechanism of action of ampicillin
(AMP), a beta-lactam antibiotic which binds to the cell wall of bacteria, it can be used as a
“capture” molecule, and in this study, was also conjugated with a magnetic nanoparticle
to isolate the “caught” bacteria. The antibiotic-bacteria complex is then immobilized by
binding to the monoclonal antibodies bound to the test line of the LFA. It was shown
that the antibody and the AMP each bind to different recognition sites on the surface of S.
enteritidis allowing for ease of dual recognition [90]. Due to the use of antibiotics which
bind non-specifically to many bacteria, this could be a good POC detection system for
environmental bacteria. The system also relies heavily on a specific “reporter” molecule,
in this case the antibody. This system has a 30-min reaction time and a limit of detection of
102 to 107 cfu/mL, highlighting the rapidity and sensitivity of LFAs [90].

LFAs can be highly modifiable to detect multiple targets in a single test, whereby
each capture molecule is at a different site along the strip or using a different colored
reporter molecule per infectious disease, creating a multiplex detection system [63,95].
This technology could be utilized to determine multiple HAI causing bacteria within
the hospital environment [63]. A study conducted in 2017 by Scharinger et al. showed
the detection and serotyping of Cronobacter sakazakii a bacterium responsible for sepsis,
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meningitis and necrotising enterocolitis in infants [96]. This detection system utilized
highly serotype specific monoclonal antibodies in a multiplex lateral flow format [40].
The samples were first incubated with the specific antibodies, whereby the 1C4 antibodies,
serotype O1 specific, was digoxigenin (DIG) labelled and dinitrophenyl (DNP) labelled to
form a sandwich complex with the antibodies binding to an LPS structure on the bacterial
surface. The 2F8 antibodies, serotype O2 specific, were DIG- and biotin-labelled, creating a
different sandwich complex. The LFA strip was lined with anti-DNP antibodies, test line
1, and streptavidin, test line 2. The serotype O1 sandwich complex would bind to test
line 1, while the O2 complex would bind to test line 2. Finally, gold labelled anti-DIG
antibodies would bind to the DIG-labelled antibodies on both test line 1 and test line 2,
showing a visible red band, with any additional anti-DIG antibodies binding to the control
line, a goat anti-mouse antibody. The presence of a red line at test line 1 or 2 with the red
line at the control would indicate the presence of C. sakazakii serotype O1 or O2 respectively.
The presence of red lines at all test lines indicated the presence of both serotypes, and a red
line at only the control indicates a negative result. The specificity was tested using multiple
strains of the O1 and O2 serotypes, as well as using O3, O4 and O7 serotypes, multiple other
Cronobacter spp. strains and three additional Enterobacteriaceae family members. Only the
O1 and O2 strains showed colored test lines 1 and 2 respectively, all other strains only
showed a colored control line. The entire process took approximately 15 min and has a
limit of detection of approximately 108 to 109 cfu/mL [96]. Due to the quick processing
time, it is an ideal example of how an LFA could be used as a rapid POC detection system.

This multiple style assay can also be used for multiple species of bacteria, as shown in
a study conducted by Zhao et al. in 2016, showing that ten common foodborne bacteria
were detected specifically in a single LFA. The individual strips for the ten bacteria were
combined in a disc using an up-converting phosphor (UCP) as the reporter molecule [63],
whereby the sample would be added to the center of the disc and would travel outwards
along the strips to generate the results via antibody binding. The limit of detection of the
strips was determined to be 104 to 105 cfu/mL depending on the target. It was determined
that the multiplex and single assays for 6 of the bacteria did not differ in sensitivity.
However, the single assays for E. coli O157:H17, Salmonella chloeraesuis, Vibrio cholera O1,
and Vibrio cholera O139 were more sensitive than the multiplex assay for those species [63].
The differing running buffers used were attributed to the change in sensitivity. This was
due to differing running buffers used in the single assays, while only one running buffer
could be used in the multiplex assay.

One of the major issues of using LFAs as a detection system is the lack of efficient quan-
titative analysis. The simple presence or absence test lacks the information of how much
of a target is present. A study conducted in 2018 aimed to resolve this issue. Wang et al.
utilized a surface-enhanced Raman scattering (SERS)-based LFA strip, which allowed
for both qualitative and quantitative analysis [97]. The assay was used to determine the
presence of three high rank bioterrorism agents, Yersinia pestis, Francisella tularensis and
Bacillus anthracis. Each of these bacteria have contributed to high mortality and morbid-
ity rates and are “Category A” bio-threat agents, which is the highest rank for potential
bioterrorism agents. The SERS-based LFA utilizes the typical LFA setup, in that there
is a test line, with an antibody specific to the target and control line, non-specific to the
target. However, during the assay, the Raman intensity of a characteristic Raman peak is
monitored allowing for qualitative analysis. Instead of AuNPs, Raman antibody-labelled
AuNPs of an increased size were used [97]. The assay took 15 min and the limit of detection
for this assay, to be viewed by the naked eye was determined to be 105 cfu/mL for all three
bacteria. For the SERS-based assay, the limit of detection was 43.4, 45.8 and 357 cfu/mL
for Y. pestis, F. tularensis and B. anthracis, respectively. These low values are estimated to be
approximately three to four orders of magnitude more sensitive than colorimetric LFAs.
Each strip was tested with each bacterium, showing Y. pestis only binding to the Y. pestis
specific strip, with both F. tularensis and B. anthracis only binding to their respectively strips
also. These results showed specificity between each LFA test [97].
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LFAs could be a good detection system for bacteria in the environment given their
rapid runtime and simplistic setup. LFAs are not without fault however, as seen in Table
2: LFAs can be prone to false binding causing false positive results and, in some cases,
require specific equipment to view the results. An alternative or potential addition to
LFAs are biosensors. Biosensors were also developed prior to NGS and have had rapid
expansion in the field like LFAs. Biosensors are devices that incorporate a recognition
element [62,64,95,98–100]. They also incorporate a transducer which generates a measur-
able signal, which can be optical, electrochemical, or mechanical [24,60,62,64,95,99,101].
Biosensors can be utilized in conjunction with LFAs, and in some cases, an LFA can be
classified as a biosensor.

There are, however, some disadvantages to using antibodies. They can be expensive
to generate due to the use of animals, they can be prone to degradation at varying tempera-
tures and pH levels and have been known to have variability between batches [64,65,81].
Traditional antibody generation can be difficult for some bacteria, as antibodies have been
known to have difficulty detecting certain bacterial species. There are many pathogenic
bacteria that have specific surface proteins to evade the host immune system. This can be
done by non-specifically binding to the Fc regions, making IgG antibodies unusable for
those bacteria. Leading to false positives due to the presence of the single proteins without
detecting the bacteria itself. This issue can be counteracted by utilizing IgY antibodies
found in chickens and reptiles [24] or through the use of antibody libraries used in in vitro
selection. It has also been shown that antibodies will bind preferentially and sometimes
non-specifically to Gram positive bacteria, which are highly abundant in the environment
and can lead to false positive results [58]. An alternative to antibodies is aptamers, colloqui-
ally termed “the chemical antibody” [50]. Aptamers are single stranded oligonucleotides
that fold into a three-dimensional conformation and bind via the induced fit model like
antibodies. They are generated synthetically via a process known as systematic evolution
of ligands via exponential enrichment (SELEX) [4,30,81,84,102–104]. A randomized pool
of oligos is incubated with the desired target, and those that bind are amplified via PCR
and the process is repeated 7–12 times to achieve an enriched pool of specific and sensi-
tive binders [82]. There is typically also a negative selection step to increase specificity,
whereby a similar target molecule is incubated with the pool and those that do not bind are
collected and amplified to remove any weak or non-specific binders [56]. Aptamers have
the advantage over antibodies in that they are more stable at varying temperature and pH
levels, can be generated to a wide range of targets, including those that do not generate an
immune response, such as toxins [50,82,88,100,102], as well as having comparable levels of
specificity and sensitivity to antibodies [4,30,50,81,88,102,103].

In 2018, Zou et al. generated an aptamer to bind specifically to Enterohemorrhagic E. coli
strain O157:H7. This aptamer Apt-5 was selected using whole-cell SELEX, whereby the
randomised library was incubated with the whole bacterial cell rather than a single protein,
peptide or LPS. Apt-5 has a Kd value in the nanomolar range and showed a low binding
rate to bacteria other than E. coli [105]. Additionally, as seen in Figure 2, aptamers have
also been shown to be able to bind to multiple targets by modifying the SELEX process,
whereby with each incubation step, the target is toggled between each of the multiple
targets, allowing for the generation of an enriched pool of specific aptamers that bind to
multiple targets [87,106]. This process is known as Toggle SELEX.

A study conducted in 2017 by Song et al. showed the generation of a single aptamer
that bound specifically to six different bacterial species [87]. Song et al. utilized the toggle
SELEX method by sequential “toggling” between each target in each incubation step. In this
experiment, E. coli, K. pneumoniae, E. aerogenes, Bacillus subtilis, Citrobacter freundii and Staphylo-
coccus epidermis were each incubated with the aptamer library. First E. coli then E. aerogenes
and so on until S. epidermis. This cycle was repeated three times to ensure accurate binding to
all six bacteria. Toggle SELEX could be an ideal method for the generation of a highly specific
detection system for environmental bacteria [87]. Currently, there are many aptamers already
characterized that could be utilized in an LFA or a biosensor in many industries, including
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hospitals. Table 3 shows some of the current characterized aptamers to different bacteria.
The authors acknowledge that not all generated aptamers have been listed but some seen in
Table 3 could be utilized for better detection systems in multiple industries.
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Table 3. Aptamers currently generated against bacteria.

Aptamers Type of Aptamer Organism Target

ML6, ML7 and ML12 DNA Bacillus anthracis [107] Lethal factor
PA1 DNA Bacillus anthracis [108] Protective antigen

ONS-23 DNA Campylobacter jejuni (strain A9a) [109] Whole bacteria
P12-31 DNA Escherichia coli (ATCC 25922) [110] Whole bacteria

EA1 and EA7 DNA Escherichia coli (strain 11775) [4] Whole bacteria
8.10A, 8.14B, 8.18B and 8.28A DNA Escherichia coli DH5α [111] Whole bacteria

AM1, AM2, AM3, AM4, AM5 and AM6 DNA Escherichia coli O157:H7 [112] Whole bacteria
Apt-5 DNA Escherichia coli O157:H7 [105] Whole bacteria
Hp4 DNA Helicobacter pylori [113] Whole bacteria

hemag1, mag1 and hemag3 DNA Lactobacillus acidophilus (strain 4355, 4356,
4357) [103] Whole bacteria

Antibac1 and Antibac2 DNA Multiple species [114] Peptidoglycan
Mtb36 DNA Mycobacterium tuberculosis (strain H37Ra) [115] Whole cell
NK2 DNA Mycobacterium tuberculosis (strain H37Rv) [116] Membrane proteins

JN17, JN21, JN08 and JN27 DNA Pseudomonas aeruginosa [117] Whole bacteria

33 DNA Salmonella enterica serovar Typhimurium [116] Outer membrane proteins
(OMPs)

S-PS8.4 RNA Salmonella enterica serovar Typhimurium [116] Type IVB pili

ST2, ST3, ST7 and ST9 DNA Salmonella typhimurium (strain ATCC
50761) [118] Whole bacteria

C5, C7, C10, C13 and C16 DNA Staphylococcal Enterotoxin A [119] Staphylococcal Enterotoxin A
A11 DNA Staphylococcal Enterotoxin B [120] Staphylococcal Enterotoxin B

SA20, SA23, SA32, SA34 and SA43 DNA Staphylococcus aureus (strain MRSA) [116] Whole bacteria
PA#2/8, PA#2/8[S1-58], PA#2/8[S1-50],

PA#2/8[S1-43] and PA#2/8[S28-50] DNA Staphylococcus aureus [121] Protein A

Pa-C10 and PA-C8 DNA Staphylococcus aureus [122] Protein A
RAB10, RAB20, RAB28 and RAB35 DNA Staphylococcus aureus [123] Whole bacteria

H1, H16, H4, L1, L10 and H19 DNA Streptococcus mutans [124] Whole bacteria
20A9, 20A24P, 20A9P, 20A12P, 20A14P

and 15A3P DNA Streptococcus pyogenes [125] M-Type bacteria

E-Cells 1, E-Cells 1P, E-CA 20, E-CA20P,
D-Cells 9 and D-Cells9P DNA Streptococcus pyogenes [126] Whole bacteria

VA2 and VA8 DNA Vibrio aliginolyticus [127] Whole bacteria
Ap1, Ap2, Apt3 and Apt4 DNA Vibrio parahaemolyticus (ATCC 17802) [128] Whole bacteria

Vapt2 DNA Vibrio vulnificus [129] Whole bacteria

Table 3 shows some of the current characterized aptamers to specific strains of bacteria and their specific targets.

Most of the aptamers in Table 3 have been characterized using flow cytometry to
determine the Kd value of the aptamers. Some, such as A11, ML12, ML6, ML7, JN17, JN21,
JN08 and JN27, have been further characterized through additional experiments. A11 was
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utilized in an enzyme linked apta-sorbent assay (ELASA) to determine if it influenced
cytokine production in peripheral blood mononuclear cells [120]. The experiment showed
that A11 did reduce cytokine production, however this was not due to a cytotoxic effect
on the cells, but due to binding to the staphylococcal enterotoxin preventing its action.
Wang et al. showed that the aptamer could be modified by chelating PEG to the 5′ end,
which did not interfere with binding. This PEGylated A11 contributed to a 90% recovery
from toxic shock syndrome in a mouse model [120], showing the use of aptamers, not only
as a diagnostic, but also as a vehicle for treatment.

The M12 aptamer was also further characterized using an ELASA method, whereby
the aptamer was biotinylated and visualized using the yellow coloring of TMB. It was
shown in this characterization that the M12 aptamer showed varying strengths of the yellow
color, corresponding to the aptamer concentration, while the ML6 and ML7 aptamers had
no color development [107]. It was hypothesized that ML12 mechanism of action could be
as a competitive binder, thereby blocking the B. anthracis lethal factor from cleaving MEK1.
This was tested via running the samples on a native gel with a specific line showing the
presence of lethal factor and a line showing MEK1 [107]. With increased addition of the
ML12 aptamer, there was an increase in strength of the MEK1 band, indicating that the
aptamer was preventing the cleavage of MEK1 by acting as a competitive inhibitor. A cell
viability assay was also conducted, showing that the cell viability was not significantly
affected by the presence of the aptamer [107].

Soundy et al. developed four aptamers that could be used as diagnostic tools.
They took a different additional characterization approach by determining if the JN17, JN21,
JN08 and JN27 aptamers had bacteriostatic or bactericidal effects to test if the aptamers
could be used as a diagnostic and therapeutic or, theragnostic [117]. The metabolic activity
of the bacteria was determined by adding 5-cyano-2,3-ditolyl tetrazolium (CTC) to the
LB broth, as in the presence of metabolically active cells CTC is oxidized to an insoluble
precipitate [117]. To determine if the aptamers were producing a bactericidal effect the
optical density of the LB broth was determined via plate reader. Soundy et al. concluded
that none of the aptamers were bactericidal or bacteriostatic [117].

There have been examples of bacterial detection systems incorporating antibodies
or aptamers as the recognition element and gold nanoparticles (AuNP) as the transducer
to produce an optical signal. The use of gold nanoparticles (AuNP) as the transducer in
biosensors is a common theme due to their ease of generation and ease of use [58,99]. Figure
3 shows a schematic of one such study, which showed the detection of bacteria using a
Co2+ enhanced N-aminobutyl-N-ethylisolumiol functional flower-like AuNP (Co2+/ABEI-
AuNF) as a donor, a WS2 nanosheet as the acceptor and rolling circle amplification (RCA).
This detection system involved an aptamer/primer complex where, when exposed to
S. aureus, the aptamer preferentially binds to the bacteria releasing the primer sequence
and allowing the beginning of RCA. Once the RCA occurs, T4 DNA ligase and DNA
polymerase allows the binding of the RCA product to the Co2+/ABEI-AuNF instead of the
WS2 nanosheet. In the absence of S. aureus, the primer sequence is not released, therefore
the RCA product is not produced, allowing the Co2+/ABEI-AuNF to bind to the nanosheet,
thereby quenching the nanoparticle signal [67].

Another example where aptamers have been used to detect bacteria, specifically
S. aureus, utilized two aptamers, one binding to PA, a unique and conserved protein found
on all strains of S. aureus, and one aptamer binding to PBP2a, a protein found only on
MRSA [24,33,53,91]. The PA aptamer was conjugated with streptavidin magnetic beads
to capture any bacteria expressing PA [56], which includes both MRSA and standard
S. aureus. The PBP2a specific aptamer is conjugated with a blocker sequence and when
exposed to MRSA, it detaches from the blocker and preferentially binds to the PBP2a
protein. Once the blocker is released it binds to the padlock completing the circular DNA
complex allowing for activation of RCA using Cas12a. This activation then allows a
CRISPR enzyme to cleave the product which contains Cy3, unquenching the fluorescent
molecule [91]. Aptamers can also be used in label free detection as certain nucleic acid dyes
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can be used to determine if the aptamers have bound to a target. Methylene blue (MB)
is an aromatic cationic dye that has optical and electrochemical properties. MB typically
binds to DNA via intercalation in between two guanine bases. By adding G-C bases pairs
in the stem of the bacteria specific aptamer, MB could be added as an electrochemical label
free detection, by viewing the change in peak density using a UV spectrophotometer [100].
In 2018, a study conducted by Brosel-Oliu et al. showed the generation of an aptasensor
to selectively detect the presence of E. coli O157:H7. This aptasensor was developed
using electrochemical impedance spectroscopy, whereby a three-dimensional interdigitated
electrode array was coated in mercaptosilane. The E. coli-specific aptamer was tagged
with a disulphide molecule allowing for a thiol/disulphide exchange reaction to bind the
aptamer to the array [64]. This binding of E. coli to the aptamer produced an impedimetric
change readable by the impedance sensor. This entire assay took approximately 30 min
and had a limit of detection of 102 cfu/mL [64]. Given the short time taken and low limit
of detection, this assay could help to pave the way for an easy and efficient POC bacterial
detection system.
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Figure 3. A schematic representation of an aptamer-based detection system developed by Hao et al. [67]. A representation of
an aptamer-based detection system utilizing RCA, whereby an aptamer is bound to an RCA primer. When in the presence of
S. aureus, the aptamer binds preferentially to the bacteria releasing the primer to begin RCA. The formation of the RCA product
acts as a target for an added signal probe, creating a readable signal. In the absence of S. aureus, the primer is not released and
the RCA product is not created, which leads to the signal from the probe being quenched by a WS2 nanosheet [67].

As previously mentioned, toggle SELEX could be an ideal method to generate a
multiplex detection system for HAI causing bacteria, as evidenced by a recent study
showing the development of an aptasensor that could differentiate between influenza
strains [56]. The aptamers are biotinylated and have a high specificity to a single strain
of the H3N2 virus. To determine binding specificity, the aptamers were compared to
commercially available antibodies, labelled with AuNPs. The process of adding samples
and completing imaging took approximately 15 min, indicating that this could be an
ideal POC detection system. The antibodies showed binding to the desired strain as well
as two other strains of H3N2, while the aptamer only showed binding to the desired
strain. These results show an increased specificity in the aptamer over the antibody and
demonstrates that potentially current biosensors using antibodies could be improved
with the addition of aptamers [56]. The aptamer was able to differentiate between the
different strains due to the inclusion of a negative selection round during the SELEX
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process [102,130]. The negative selection round allows for the reduction of cross-reactivity
between the final aptamers and undesired targets. By employing this round when selecting
for HAI causing bacteria aptamers could be selected to bind specifically to infection causing
bacteria only while ignoring bacteria that are important for the environment and within
the human microbiome. The negative selection round could be further improved upon by
utilizing a well-known technique of heterologous protein expression [131]. By determining
unique and conserved proteins for the bacteria and transfecting those proteins into a benign
undesired lab strain bacterium, the selection process could be greatly enhanced. Incubating
the multiple transfected bacterial strains with the aptamer library and then incubating with
the wild type strain could allow for the removal of non-specific binders and ensuring the
aptamers bind to the desired bacterial proteins in a biological relevant state. This could
also be included in a toggle SELEX method, allowing for multiple bacterial proteins to be
used one after the other as per toggle SELEX [87], while maintaining a strong negative
selection round, allowing for the reduction of non-specific binding.

The previously mentioned studies all show rapid POC detection with high speci-
ficity. Each detection takes between 15–30 min and has a limit of detection ranging up to
109 cfu/mL. By far the most sensitive detection system was the Raman SERS-based LFA
having a limit of detection of as low as 43 cfu/mL for Y. pestis when using the SERS tech-
nology. The naked eye detection was also quite low at 105 cfu/mL. This study has shown
some of the lowest limit of detection values for bacterial detection LFAs. The incorporation
of the SERS-based assay has shown to increase sensitivity however also increase cost and
the need for specialist equipment, reducing its ability to be used as a POC. The difficulty
is finding an appropriate balance between ease of use and sensitivity [50,51,60]. Both the
AMP-antibody S. enteritidis and aptamer-based impedance detection systems took 30 min,
with a low limit of detection of 102 cfu/mL [64,90]. Both assays were relatively cheap
and could be used as ideal POC detection systems. The influenza aptasensor showed that
aptamers can have a higher specificity than antibodies, indicating that with the addition
of aptamers in currently used antibody-based LFAs or biosensors, the specificity could
be significantly increased [56]. Compared to the current detection methods all assays
mentioned are more sensitive than PCR and ELISA, which have an approximate limit
of detection of 103 cfu/mL [80]. However, both assays take much longer time than the
previously mentioned biosensors and LFAs; PCR taking up to 2 h and ELISAs taking up to
3 h. NGS also has a high sensitivity however, in some cases has been shown to have a lesser
sensitivity than PCR or basic culture [132] and can take 24–48 h [133]. Given the rapidity
and ease of use of biosensors and LFAs, they are an ideal choice for bacterial detection in the
environment. The use of these rapid and cheap POC tests could be used to determine envi-
ronmental sources of infection and the effectiveness of current hospital cleaning practices.
Aptamers and antibodies are both excellent choices for recognition molecules [56,63,128],
however, given that aptamers are more stable at varying temperatures and pH levels,
and have been shown to be more sensitive than many antibodies, they would be a better
choice moving forward. Not only has the influenza assay shown that aptamers can be
more sensitive [56], but they are more easily modifiable during selection and can easily be
generated to specifically target multiple bacteria with a single aptamer [87], allowing for
cheaper and easier POC systems.

4. Conclusions

HAIs are responsible for high mortality and morbidity rates as well as contributing to
a high economic burden in developed and developing countries [7]. The introduction of
a portable and rapid POC detection system could greatly reduce these rates, potentially
preventing up to 10–70% of all HAIs [3]. It has been shown that with the addition of target
“capture” and “reporter” molecules such as aptamers, the sensitivity and specificity of
already established detection systems is increased. There is an immediate need for highly
sensitive and specific POC detection systems on the surfaces of hospitals as well as on
the hands and clothes of HCW. The spread of highly infectious HAI-causing bacteria is
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directly linked to the environment and person-to-person contact with HCW. These detection
technologies could also be used in areas other than bacterial detection. The recent COVID-
19 pandemic has shown the need for rapid, sensitive, and specific detection systems
with real-world applications [60,134]. By developing a POC test against COVID-19 many
patients who are waiting up to a week for results could know in a matter of hours, reducing
chances of spread and potentially increasing chances of survival [134]. A POC test using
aptamers could be in a LFA format due to them being cheap, quick and the results are easy
to interpret [40,56]. A biosensor detection system could also be used, allowing for an optical
fluorescence or an electrochemical readout [66]. As mentioned previously, an aptasensor
was developed to distinguish between different species of the H3N2 influenza virus [56]
and this technology could easily be utilized in both HAI-causing bacterial detection and
the COVID-19 pandemic. Regardless of which system is used the path ahead is clear.
A rapid, portable, POC detection test is needed and could be used not only in hospitals,
but also, the food industry, agriculture, environmental monitoring and homeland security
and defense [60,135].
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AuNP Gold nanoparticle
BSI Bloodstream infection
CAUTI Catheter-associated urinary tract infection
DNA Deoxyribonucleic acid
ELISA Enzyme-linked immune-sorbent assay
GI Gastrointestinal
HAI Hospital acquired infection
HCW Health care worker
HIV Human immunodeficiency virus
ICU Intensive care unit
LFA Lateral flow assay
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MDR Multi-drug resistant
MDRB Multi-drug resistant bacteria
MRSA Methicillin-resistance S. aureus
NGS Next generation sequencing
PA Protein A
PBP2a Penicillin binding protein 2a
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RCA Rolling circle amplification
SELEX Systematic evolution of ligands via exponential enrichment
SSI Surgical site infection
UTI Urinary tract infection
VAP Ventilator-associated pneumoniae
VRE Vancomycin resistant enterococci
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