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Abstract

Background: Antibiotic molecules ought to penetrate throughout the biofilm matrix to impact the
covered cells. The extracellular polymeric matrix influences the amount of the molecule, which is
transferred to the inner layer of biofilm and interacts with an antibiotic agent, so it provides an anti-
spread barrier for an antimicrobial agent. Biofilm EPS confers a physical barrier containing numerous
anionic and cationic molecules such as proteins, glycoproteins, and glycolipid that can bind charged
antimicrobial agents and provide shelter for microorganisms. For example in Pseudomonas
aeruginosa biofilms, Pel exopolysaccharides, an EPS component s able to spread cationic antibiotics
such as aminoglycosides and, thus, provides tolerance to these molecules. During growth in biofilm
structures, physiological heterogeneity happens due to the occurrence of oxygen and other
nutrients gradient in biofilms. This gradient is created because cells that are close to the surface of
the biofilm consume obtainable nutrient sources and oxygen before the nutrients disperse into
depth of the biofilm. In the biofilm, cells coexist with different genotypes and phenotypes. This leads
to expression of distinct metabolic pathways depending on the local environmental conditions in
the biofilm. The metabolic activity of bacteria is high in the outer part of the biofilm, while it is low
in the inner part. Many antibiotics are directed against processes occurring in growing bacteria e.g.
replication, transcription, translation & cell wall synthesis. So, increased antimicrobial tolerance will
be found in biofilm bacteria with low metabolic activity located in the inner part of biofilms.
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Introduction:

Antibiotic resistance is the increase in the minimum inhibitory concentration (MIC) value of an

antibiotic due to a permanent change in the bacteria such as mutation or resistance acquired by
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horizontal gene transfer. While, antibiotic tolerance is the ability of cells to survive the effect of an

antibiotic due to a reversible phenotypic state (Hathroubi et al.,2017).
Mechanism of biofilm resistance to antibiotics
A-Failure of antibiotics to penetrate biofilm

Antibiotic molecules ought to penetrate throughout the biofilm matrix to impact the covered cells.
The extracellular polymeric matrix influences the amount of the molecule, which is transferred to
the inner layer of biofilm and interacts with an antibiotic agent, so it provides an anti-spread barrier
for an antimicrobial agent. Biofilm EPS confers a physical barrier containing numerous anionic
and cationic molecules such as proteins, glycoproteins, and glycolipid that can bind charged

antimicrobial agents and provide shelter for microorganisms (Nadell et al.,2014)

For example in Pseudomonas aeruginosa biofilms, Pel exopolysaccharides, an EPS component is
able to spread cationic antibiotics such as aminoglycosides and, thus, provides tolerance to these

molecules (Colvin et al.,2011).
B-Slow rate of growth

During growth in biofilm structures, physiological heterogeneity happens due to the occurrence of
oxygen and other nutrients gradient in biofilms. This gradient is created because cells that are close
to the surface of the biofilm consume obtainable nutrient sources and oxygen before the nutrients

disperse into depth of the biofilm (Stewart et al.,2008).

Nutrient and oxygen concentration gradients develop and cause bacterial populations that display
different growth rates . The effect of many antibiotics depends on growth. Because most antibiotics
aim at some kind of produced macromolecule, it is unexpected that these agents will have much
impact on the microorganisms in biofilm that limit macromolecular production, so conventional

antibiotics are usually less affected against metabolically inactive or slow-growing cells (Blanco et
al.,2016).

C-Altered metabolism

In the biofilm, cells coexist with different genotypes and phenotypes. This leads to expression of
distinct metabolic pathways depending on the local environmental conditions in the biofilm. The
metabolic activity of bacteria is high in the outer part of the biofilm, while it is low in the inner
part. Many antibiotics are directed against processes occurring in growing bacteria e.g. replication,
transcription, translation & cell wall synthesis. So, increased antimicrobial tolerance will be found

in biofilm bacteria with low metabolic activity located in the inner part of biofilms (Ciofu et al.,
2015).
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D-Oxygen gradients

The oxygen tension is low in the inner part of biofilm. In P. aeruginosa, hypoxia increased
antibiotic resistance by changing the composition of multidrug efflux pumps. The anaerobic
environment within biofilms will mostly affect aminoglycosides action by inducing

downregulation of genes of energy metabolism and by enhancing changes in gene expression
(Taylor et al., 2014).

E-Persistent cells

This is a small subpopulation of bacteria that has entered a slow-growing or starvation state and
that is highly resistant to killing by antibiotics. The reduced metabolic rates of these cells make

them less susceptible to antibiotics compared to active exponential growth-phase bacteria (Conlon
et al., 2013).

This occurs especially in sites where immune components are limited, such as in biofilm. Persisters
exhibit enhanced toxin/antitoxin (TA) systems induced by starvation or DNA damage. In biofilms,
several TA systems have been associated with high numbers of multidrug tolerant persister cells,

but this tolerance is limited to specific antibiotics and toxin/antitoxins (Lewis, 2012).
F-Molecular factors
Mutation

It has been shown that biofilm-induced antibiotic susceptibility is a physiological state where
mutation is not involved. The biofilm mode of growth leads to oxidative stress, that may increase
mutability in biofilms. In biofilm cultures of P. acruginosa, a 105-fold increase in mutability was

detected in comparison to that of planktonic cells (Mah, 2012).
Quorum-sensing

Quorum sensing (QS) is cell-to-cell communication at the molecular level controlled by chemical

signaling molecules called autoinducers (Als) (Bhardwaj et al., 2013)

Due to QS, bacteria can recognize the population density by measuring the accumulation of
signaling molecules that are secreted from members of the community. The accumulation of the
signal in the extracellular environment is adequate to activate the response only when the

population density is high (Solano et al 2014)

Recent studies indicate that in many bacterial species, activation of QS happens in the formed
biofilm activating the maturation and disassembly of the biofilm. The initial adhesion step seems
not suitable for the accumulation of signal molecules. Then, with the next steps, the attached
bacteria are divided and form microcolonies, population density rises, and so signal molecules can

reach adequate levels to activate the maturation and disassembly of the biofilm in a coordinate
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manner. The time nutrients and other resources become limited and waste products accumulate,

biofilm dispersion is imperative to provide bacteria to escape and colonize new niches (Solano et

al 2014).
Carbamenases

Carbapenems are potent members of the lactam family of antimicrobials that are structurally
related to the penicillins. They are beta-lactam antimicrobial agents with an exceptionally broad
spectrum of activity. Carbapenems are a class of highly effective antibiotic agents commonly used
for the treatment of severe or high-risk bacterial infections. In terms of structure, the carbapenems
are very similar to the penicillins (penams), but the sulfur atom in position 1 of the structure has
been replaced with a carbon atom, and an unsaturation has been introduced—hence the name of

the group, the carbapenems (Aurilio et al., 2022).

The carbapenem antibiotics imipenem, meropenem, ertapenem, doripenem,panipenem-
betamipron, and biapenem have a broad antimicrobial spectrum, with activity against almost all

aerobic and anaerobic pathogens(Papp-Wallace et al., 2011).

Meropenem is slightly more active than imipenem against gram-negative bacilli and slightly less
active against gram-positive cocci. Doripenem combines the broad-spectrum coverage of
imipenem and meropenem, with more potent activity against P. aeruginosa. The activity of
ertapenem is similar to that of the other carbapenems, but ertapenem is not active

against enterococci and P. aeruginosa(Gales et al.,2011).

Unfortunately, the increased use of carbapenems has led to the emergence of carbapenem resistance
(CR) in Gram-negative bacteria (GNB), such as Enterobacterales, Pseudomonas spp., and
Acinetobacter spp., as well as the emergence of pathogens carrying up to three different
carbapenemase genes. These CR pathogens are capable of spreading in the hospital setting and, in
the community (Bush and Bradford,2020).

Action of carbapenem

The function of carbapenems is to inhibit cell wall synthesis by binding to penicillin-binding
protein (PBPs), thus, causing bacterial cell wall defect, bacterial swelling and killing bacteria.
Mammal’s cells without cell wall are not affected by these antibiotics, therefore, these antibiotics
with a selective bactericidal effect on bacteria and have little toxicity to the host. It has been proved
that the special protein PBPs is the target of this antibiotic on the bacterial cell. The binding of
imipenem to PBP, especially with the strong affinity, can hinder the synthesis of the cell wall, cause
rapid swelling and dissolve bacteria, and the effect is rarely affected by the amount of inoculating
bacteria . Meropenem can quickly penetrate into Enterobacteriaceae and Pseudomonas
acruginosa, and mainly targets PBP2 and PBP3. and on Escherichia coli and Pseudomonas
acruginosa were PBP2(Sarkar et al., 2017).
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Resistance of carbapenem:

Bacterial resistance against carbapenems is increasing at a signiﬁcant rate and has become a
common problem in the primary care medicine. There are three major mechanisms of carbapenem
resistance: overexpression of efflux pumps, porin-mediated resistance, and enzyme-mediated
resistance The latter is due to the production of carbapenemases, which are B-lactamase enzymes

capable of hydrolyzing B-lactam antimicrobials and carbapenems(Elshamy et al., 2020).

Carbapenemase production (blaKPCs, blaOXA, and MBLs), nonexpression or mutation of porin
genes (OmpK35 and OmpK36), and upregulation of efflux systems (AcrB) are all molecular
strategies used by bacterial strains to develop carbapenem resistance. The latter two mechanisms
are frequently combined with high levels of other types of lactamases (e.g. AmpC) (Pitout et al.,
2015). In some bacterial species, such as K. pneumoniae, a combination of these mechanisms can

result in high levels of carbapenem resistance (Mena et al., 2006).

Carbapenemase genes are transported predominantly by large conjugative plasmids, allowing for
horizontal transfer of carbapenem resistance between different bacterial strains and species. The
recent and rapid growth in global antimicrobial resistance has been attributed to the transfer of

plasmid-mediated antibiotic resistance genes (Miao et al., 2018).

Carbapenemases are categorized in Ambler classification system as follows, the class A serine
carbapenemases (GES, KPCs) which are inhibited by clavulanic acid; the class B or metallo-3-
lactamases (VIM, IMP, NDMs) which are inhibited by ethylene diamine tetra-acetic acid (EDTA);
and the class D oxacillinases(OX48) which are not affected by clavulanic acid or EDTA.( Baran
and Aksu, 2016).

Molecular classification:

According to molecular classification; Carbapenemases, -lactamases with catalytic efficiencies for

carbapenem hydrolysis, resulting in elevated carbapenem MICs, include enzymes from classes A,

B, and D (Patel et al.,2013)

a. MOLECULAR CLASS A CARBAPENEMASES Class A
carbapenemases may be chromosomally-encoded (SME,SFC-1, BIC-1, PenA, FPH-1, SHV-38),
plasmid-encoded (KPC, GES, FRI-1) or both (IMI). Chromosomally-encoded class A
carbapenemases have been identified in rare gram-negative species that appeared sporadically in

clinical or environmental samples since their first discovery, more than 20 years ago (Naas et al.,

2016).

Three major families of class A serine carbapenemases include the imipenem-hydrolyzing -
lactamase (IMI)/ not metalloenzyme carbapenemase (NMC), Serratia marcescens enzyme (SME),

and Klebsiella producing carbapenemase (KPC) enzymes. Their hydrolytic mechanism requires an
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active-site serine at position 70 in the Ambler numbering system for class A B-lactamases (Naas et
al., 2016).

All have the ability to hydrolyze a broad variety of B- lactams, including carbapenems,
cephalosporins, penicillins, and aztreonam, and all are inhibited by clavulanate and tazobactam. A
fourth member of this class, Guiana extended spectrum ( GES) B-lactamases, was originally
identified as an ESBL family, but over time variants were discovered that had low, but measurable,

imipenem hydrolysis (Bontron et al ., 2015).
KPC:

The class A KPC-type B-lactamases have been extensively and almost exclusively reported in K.
pneumoniae. KPC-1 was reported in the late 1990s in a K. pneumoniae isolate in North Carolina.
To date, more than 20 different KPC variants have been described, even though KPC-2 and -3

remain the most commonly identified variants (Munoz et al., 2013).

These enzymes provide resistance to the penicillins, carbapenems, cephalosporins, cephamycins,
and monobactams and are inhibited by B-lactamase inhibitors such as clavulanic acid (weakly),
tazobactam (weakly), boronic acid, and avibactam. KPC f-lactamases (especially KPC-2 and -3)
have been described in several enterobacterial species, especially Klebsiella spp. and to a lesser

extent in Enterobacter spp(Naas et al., 2016)..
b. CLASS B METALLO-B-LACTAMASES

The Verona integron—encoded metallo-B-lactamase [VIM], Active on imipenem [IMP], and New
Delhi metallo-B-lactamase-1 [NDM-1] are the most common MPLs. In Japan, the first acquired
ML, IMP-1, was discovered in Serratia marcescens in 1991. MBLs have been described all over
the world since then (Nordmann et al., 2011).

Except for aztreonam, MBLs can hydrolyze all B-lactams and are not inhibited by clavulanic acid,
tazobactam, or boronic acid. Because they have zinc in their active core, metal chelators like

ethylenediaminetetraacetic acid (EDTA) are used to inhibit them in-vitro (Meletis, 2016).

Carbapenems can be hydrolyzed via the interaction of Blactams with zinc ions in the active site of

the enzyme (Pitout et al., 2015).
NDM

NDM-1 positive Enterobacterales are a family of bacteria that has gotten a lot of attention recently
(Yong Dongeun et al., 2009). NDM-1 producers have a direct connection to the Indian

subcontinent (Nordmann et al., 2011).

Recently, production of New Delhi metallo B lactamases (NDM) have been reported in

Enterobacteriaceae, Acinetobacter spp. and Pseudomonas aeruginosa strains. NDM-producing
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bacteria can spread from human to human and from water sources, foods of animal origin, and

also from the polluted environment. (Karabay et al., 2016).

Many NDM-1 producers remain susceptible only to tigecycline, colistin and to a lesser extent

fosfomycin (Kumarasamy et al., 2010).

Plasmids carrying the blaNDM-1 gene are diverse and can harbor a large number of resistance
genes associated with other carbapenemase genes (OXA-48 types, VIM types), plasmid-mediated
cephalosporinase genes, ESBLs genes, aminoglycoside resistance genes (16S RNA methylases),
macrolide resistance genes (esterase), rifampin (rifampin modifying enzymes) and

sulfamethoxazole resistance genes as a source of multidrug resistance and pandrug resistance
(Nordmann et al., 2011).

IMP

Currently, up to 18 varieties of IMP-type carbapenemases have been identified. This type was first
recognized in the 1990s in Japan. The majority of these enzymes were investigated in Acinetobacter
and Pseudomonas species as well as those in the Enterobacteriaceae family. (Codjoe and Donkor,
2017). The current epidemiology of metallo-B-lactamase production generally follows patterns of
increasing occurrences that are country specific. Presumably this is due to multiple factors,
including antibiotic usage, dosing regimens, and local hospital practices concerning isolation of

patients with multiresistant pathogens (Quale et al., 2006).
C. CLASS D SERINE-CARBAPENEMASES: THE OXA BLACTAMASES

OXA (for “oxacillin-hydrolyzing”) B-lactamases represented one of the most prevalent plasmid-
encoded B-lactamase families in the late 1970 and early 1980 When the molecular class D OXA
B-lactamases were placed in a separate molecular class from the other serine - lactamases, they
had been identified mainly in the Enterobacteriaceac and P. aeruginosa and were functionally

described as penicillinases capable of hydrolyzing oxacillin and cloxacillin (Queenan and Bush,
2007).

The mechanism of class D carbapenemases is the formation of an acyl intermediate when the B-
Lactam ring is broken (Bush and Jacoby, 2010).

These B-lactamases are known as OXA enzymes because they can hydrolyze cloxacillin or oxacillin
at a higher rate than penicillin. Carbapenems and broad-spectrum cephalosporins, such as

ceftazidime and aztreonam are weakly hydrolyzed by these enzymes. Their activity is not inhibited
by EDTA or clavulanic acid (Poirel Laurent et al., 2004).

The Class D -lactamase family is very diverse, with over 400 variants currently recognized. This
diversity is a source of confusion within the literature for the description of class D -lactamases,

especially at the level of amino acid identity (Antunes and Fisher, 2014). The most prevalent
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variation discovered in carbapenem resistant isolates is OXA-48. However, OXA-181, OXA-232,
OXA-244, OXA-245 and OXA-484 are also reported (Findlay et al., 2017).

Although OXA-48 producers have been found in a variety of enterobacterial species, they are most
commonly found in K. pneumoniae and E. coli. When ESBL and permeability defects are present

together with OXA-48 production, the amount of carbapenem resistance is usually higher (Kalpoe
et al., 2011).

Detection of carbpenemases

The presence of a carbapenemase can be detected by a number of methods in clinical laboratories.
These include automated systems or disc diffusion, MICs, selective agar, modified Hodge test,
synergy tests (e.g., Etests or double disc tests), spectrometrics, whole genome sequencing and
molecular methods. Currently, detection of the enzymes is difficult because of the different
mechanisms involved and unreliable techniques practised in some clinical laboratories. On the
other hand, extended-spectrum -lactamase inhibitors, such as clavulanic acid, tazobactam and
sulbactam when used in combination with a carbapenem agent are also unreliable for

phenotypically detecting carbapenemase production in bacterial isolates (Codjoe and Donkor,

2017).

Rapid detection of the mechanisms of resistance is crucial for appropriate antimicrobial therapy

and infection control measures (Birgy et al., 2012).
Non molecular methods for carbapenemases detection.
1-Antimicrobial susceptibility tests

Antimicrobial susceptibility is tested according to clinical and laboratory standards institute (CLSI)
recommendations. The diffusion method on Mueller-Hinton agar (MHA) was used to test
susceptibility to amoxicillin (AMX), ticarcillin (TIC), cefepime (FEP), ticarcillin-clavulanic acid
(TCC), cephalotin (CF), ceftazidime (CAZ), amoxicillin-clavulanic acid (AMC), cefotaxime
(CTX), ertapenem (ETP), doripenem (DORI), aztreonam (ATM), cefoxitin (FOX), meropenem
(MEM), moxalactam (MOX), and imipenem (IPM). Carbapenem MICs (IPM, MEM, ETP, and
DORI) were determined with the epislometer (E) test and interpreted according to CLSI
guidelines (Clinical and Laboratory Standards Institute, 2021).

The first sign of carbapenemase production in a clinical isolate is an increase in carbapenem
minimum inhibitory concentration (MIC) or a decrease in inhibition zone diameter. This result
qualifies the bacterial isolate for additional analysis of carbapenemase production using more

specific methods (Miriagou et al., 2010).

3997
Tob Regul Sci. ™ 2022;8(1): 3990-4010



Wesam Abdel Moniem Hafez Boghdady et. al
Brief Outline about Biofilm resistance to antimicrobials

According to the 2021 U.S guidelines of the Clinical Laboratory and Standards Institute (CLSI),
these breakpoints for Enterobacterales are more than or equal to 4 mg/L for imipenem, doripenem

and meropenem and more than or equal to 2 mg/L for ertapenem (CLSI, 2021).

If the isolate harbors either class A or class B carbapenemase, it is expected to be resistant to
broader-spectrum cephalosporins like ceftazidime, ceftriaxone and cefotaxime. However these
antibiotics are not affected by the production of class D carbapenemases (MerieQueenan and
Bush, 2007).

Hence, the broth microdilution and disk diffusion approaches are thought to be more reliable for

detection of all types of carbapenemmediated resistance (Miriagou et al., 2010).
2-UV spectrophotometer

Detection of carbapenemase activity can be done using a UV spectrophotometer, which is

available in many microbiology laboratories. It is based on several steps, including:

(i) An 18 h culture (which can be shortened in some cases to 8 h).
(ii) A protein extraction step.
(iii) Measurement of imipenem hydrolysis using a UV spectrophotometer.

It has been shown that this spectrophotometry-based technique has 100% sensitivity and 98.5%

specificity for detecting any kind of carbapenemase activity (Bernabeu et al., 2012).

This cheap technique can accurately differentiate carbapenemase producers from non-
carbapenemase producers among carbapenem nonsusceptible isolates [outer membrane
permeability defect, overproduction of cephalosporinases or/and extended-spectrum [-lactamases
(ESBLs)]. It can be implemented in any reference laboratory, but this technique still requires time
(Nordmann and Poirel, 2012).

3. Phenotypic methods:
1. Modified Hodge test (MHT) :

The modified Hodge test is used to reveal carbapenemase production, it is performed as
recommended by CLSI. MHT is an original phenotypic approach used to detect carbapenemase
production among carbapenem resistant organisms (CRO). It entails plating of a carbapenem
susceptible E. coli strain with a carbapenem disc, commonly meropenem, in the center and plating

linear streaks of the carbapenem-resistant test isolate away from the carbapenem disc (Birgy et al.,

2012).
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The test is considered positive if there is enhanced growth of the carbapenem-susceptible indicator

strain toward the carbapenem disc along the linear streak of the test isolate forming a cloverleaf-
like indentation (Gniadek et al., 2016).

The MHT is easy to perform, but the CLSI 2021 no longer validates it in favor of other methods
with higher performance characteristics, such as the mCIM and the Carba NP (CLSI, 2021).

2. Inhibitor-based tests:

In the presence of specific carbapenemase inhibitors, the activity of certain carbapenemases

decreases and carbapenemase producers become more sensitive to 8-lactams (Hammoudi et al.,

2014).
2.1. Combined disc test:

The inhibitor is added to a commercially available disc of carbapenem; the combined disc and a
disc of the same carbapenem are placed on Muller Hinton agar streaked with the test strain
(Pasteran et al., 2009).

2.2. Double Disc Synergy Test (DDST) Discs of carbapenems are placed at variable distances from
sterile discs impregnated with the inhibitor; the observation of synergy between the carbapenem

and the inhibitor is considered a positive result (Pasteran et al., 2009).

2.3. Etest strips Strips using imipenem and imipenem combined with EDTA are available to test

for metallo-B-lactamase activity (Queenan and Bush, 2007).
3. Imipenem-EDTA synergy test:

EDTA (ethylene-diamine-tetraacetic acid) is a polyamino carboxylic acid that binds metal ions like
zinc and can inactivate the metallo-Betalactamases. Therefore, it is used for the phenotypic

detection of MBL production in clinical isolates (Miriagou et al., 2010).
4. Boronic acid test:

Phenylboronic acid acts as an inhibitor for KPC carbapenemases and class A and C beta-
lactamases. The boronic acid test is used for phenotypic detection of KPC producers because it is
casier to perform than the DDST and presents less false positive results (T'sakris et al., 2009) and
(Pournaras et al., 2010).

5. Chromogenic agar :

It has emerged for identification of MDR organisms from surveillance cultures such as
CHROMagar KPC and CHROMagar™ Acinetobacter (CHROMagar, Paris, France). Culture
media are made selective by adding chromogenic substrates and agents that inhibit growth of other

Gram positive, Gram-negative and yeast isolates. A new formulation, with the addition of
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»Klebsiella pneumoniae carbapenemase supplement™ was able to pick out carbapenem resistant
Acinetobacter baumannii. Recent modifications to CHROMagar Acinetobacter have improved

selective growth for organisms that are resistant to carbapenems(Arnold et al., 2011).

CHROMagar KPC has a sensitivity of 100% and specificity of 98.4% compared with polymerase
chain reaction (PCR). This technique is used for confirmatory identification of KPC production

though is expensive in terms of cost and is mostly performed in research laboratories (Arnold et
al., 2011).

The recently developed SUPERCARBA medium consists of Drigalski agar supplemented with
ertapenem, zinc sulfate to enhance expression of MBL producers and cloxacillin to inhibit AmpC
natural producers like Enterobacter cloacae, Enterobacter aerogenes, Morganella morganii and
Serratia marcescens, which are clinically important sources of carbapenem resistance associated
with an outer membrane permeability defect and their inhibition increases specificity of the
medium in detecting carbapenemase producers. This medium is also sensitive for detecting
carbapenemase producers with low-level resistance, such as KPC, VIM, IMP and OXA-48
(Nordmann et al., 2012)

Commercially available carbapenem-containing media are imperfect to differentiate between
carbapenem resistance caused by enzyme inactivation and resistance caused by other mechanisms.
SUPERCARBA medium has an advantage over other media as theoretically it inhibits

carbapenem-resistant but non-carbapenemase producing organisms (Nordmann et al., 2012).
6. Carbapenem inactivation method (CIM)

A newer phenotypic test. A suspension of the bacterial isolate of interest and water is made, and a
meropenem disc is incubated with this suspension. The meropenem disc is then removed and
placed on a Mueller-Hinton agar plate that is streaked with a susceptible laboratory strain of E.
coli. The absence of an inhibition zone indicates hydrolysis of meropenem in the first step and the
presence of a carbapenemase. The presence of a clearing zone indicates lack of meropenem
hydrolysis (no carbapenemase present). The initial data from this test show a sensitivity of 98
t0100% (Lutgring and Limbago 2016).

The mCIM is a modified version of the original Carbapenem Inactivation Method (CIM) which
was first reported in 2015 by van der Zwaluw and colleagues (van der Zwaluw et al., 2015).
When compared to the CIM, the mCIM uses 1-ul loopful of the CRO instead of a 10-ul loopful
for setup and tryptic soy broth (T'SB) instead of water for better detection of MBL producers that
require divalent cations for activity and the incubation time was increased to 4 hours from 2 hours
for enzymes with reduced hydrolytic activity during the meropenem disc inactivation step (Pierce
et al., 2017). After 4 hours of TSB inoculation with a carbapenem-resistant test isolate in the
presence of a meropenem disc, the meropenem disc is transferred onto Mueller-Hinton agar

(MHA) streaked with a carbapenem-susceptible E. coli indicator strain and incubated overnight
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(van der Zwaluw et al., 2015). The test is positive on the basis that carbapenemase producers
will rapidly hydrolyze the meropenem in the disc during the 4-hour incubation period so that
when the disc is removed and plated with the carbapenem susceptible indicator strain, the disc has
no activity and a zone diameter of 6 to 15 mm will be yielded. The tested organism is considered
carbapenemase intermediate when the zone diameter is 16-18 mm or of 219 mm with pinpoint
colonies within the zone. The non-carbapenemaseproducing CRO will not easily hydrolyze the
meropenem disc and will stay active against the indicator strain, providing zone diameters of > 19

mm after overnight incubation, indicating that the test is negative (CLSI, 2021).

The mCIM has excellent sensitivity and specificity of 299% and is a very cost-effective method
that just requires standard microbiology laboratory supplies. The TAT of 18 to 24 hours is the
most significant drawback of the mCIM test (Workneh et al., 2019).

The mCIM has been improved by adding EDTA, a cation chelator and MBL inhibitor, to further
differentiate MBL from serine carbapenemases. The EDTA mCIM (eCIM) is performed
concurrently with the mCIM, and a >5 mm zone diameter difference between the ¢CIM and the
mCIM for the E. coli indicator strain is indicative of MBL production, while a <4-mm difference

indicates production of a serine carbapenemase that is not inhibited by the addition of EDTA
(CLSI, 2021).

Additional CIM modifications have been recently published, including a CIMplus test that detects
carbapenemase in 8 hours (Caméléna et al., 2018), and the rapid carbapenem inactivation
method (rCIM) which reduces the time it takes to detect carbapenemase to less than three hours
(Muntean et al., 2018).

7. Combination meropenem disc test This test is a combination of EDTA and boronic acid test
in a single plate and has been introduced in Greece after the emergence of Gram negative isolates
co-producing KPC and ML carbapenemases, so it discriminates between carbapenem-
susceptible, KPC-producing, MBL producing and double-carbapenemase producing bacteria
(Zioga et al., 2010).

8. D-test:

D-test is used for the detection of inducible AmpC and beta lactamases, antibiotic is used as an
inducer for AmpC production (imipenem or cefoxitin) whereas others are used as substrates

(ceftazidime, cefotaxime, piperacillin/ tazobactam) (Dunne and Hardin, 2005).
9. Carba NP test:

Carba Nordmann-Poirel test is a recent biochemical detection method of carbapenemases in
Enterobacteriaceae, and Pseudomonas. The principle is based upon hydrolysis of the B-lactamring
of imipenemby the tested strain, followed by color change of a pH indicator, usually phenol red

from red to yellow/orange (Nordmann et al., 2012).
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10-Lateral Flow Immuno-Assays (LFIA):

LFIA use nanoparticles bound to a nitrocellulose membrane with antibodies to detect epitopes
specific to carbapenemase enzymes within the lateral-flow device. It had sensitivity of 100% for

class A, B and D carbapenemases and specificities of 95 to 100% (Glupczynski et al., 2016).

The most interesting development in this sector is a multiplex lateral-flow immunoassay, the
Carba5, for the rapid identification of NDM, KPC, IMP,VIM and OXA-48-like carbapenemases
in Enterobacterales (Gauthier et al., 2017).

Because it is reliable, sensitive, and simple to use, it is suggested that this newly developed test can

replace molecular detection of carbapenemases. However, it is specific for carbapenemase type
rather than subtype. For example, it can differentiate IMP from VIM or NDM but cannot
differentiate IMP-1 from IMP-2 or IMP-7, nor can identify novel mutations of target genes (Kitao
et al., 2011).

Molecular tests for carbapenemase genes:

Molecular techniques remain the gold standard for the precise identification of carbapenemase
genes (Nordmann and Poirel, 2012). Most of these techniques are based on PCR and may be
followed by a sequencing step if a precise identification of the carbapenemase gene is needed (e.g.

VIM type, KPC type, NDM type or OXA-48 type) (Poirel et al., 2011).

A PCR technique performed directly on colonies can give results within 4-6 h (or less when using
real-time PCR technology) with excellent sensitivity and specificity (Cuzon et al., 2012). The
main disadvantages of the molecular based technologies are their cost, the requirement for trained
microbiologists and the inability to detect novel unidentified genes. Sequencing of the genes is
interesting mostly for research and epidemiological purposes. Precise identification of the type of
carbapenemase is not actually needed for treating patients or for preventing outbreaks. We believe
these molecular techniques may be mostly used in reference laboratories (Nordmann and Poirel,
2012). Molecular methods such as simplex and multiplex PCRs, real-time PCR, DNA
hybridization and sequencing have been commonly used for the identification of carbapenemase
genes in research laboratories and reference centres. Nowadays, some of these methods, mostly
PCR, are routinely performed in some clinical laboratories in order to circumvent the problems of

the phenotypic detection of CP organisms (Miriagou et al., 2010).
1. Multiplex PCR

This system can identify metallo-B-lactamase genes such as blaVIM, blaIMP and blaNDM-1,
oxacillinase genes such as blaOXA-48-like encoding genes and all variants of blaKPC genes. DNA
was extracted from bacteria grew in 24-h culture. After PCR reactions, amplification products were

heat-denaturated to obtain single stranded DNA and loaded to microtiter plates coated with
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specific probes. Hybridization reaction principle was used to investigate carbapenemase gene loci

in loaded DNA (Baran and Aksu 2016).

A loop-mediated isothermal amplification (LAMP) method can be used for the rapid and sensitive

detection of carbapenemase genes (Qi et al., 2012).

LAMP consists of a strand-displacement Bst DNA polymerase with 4 to 6 primers that recognize
6 to 8 distinct regions of the target gene and generate the loop-mediated amplification under
isothermal conditions ranging from 60°C to 65°C for about 60 minutes, resulting in large amounts
of amplification products with many types of structures. LAMP is more specific and quicker to
perform than PCR. Furthermore, because the LAMP method provides large amounts of DNA, gel
electrophoresis is not necessary because the results may be easily recognized by turbidity or

fluorescence (Notomi et al., 2000).
2. Microarray technology

It utilizes a number of DNA probes that hybridize to DNA targets, including resistance genes.
Microarrays can be paired with PCR amplification of target sequences or can be used to directly
query DNA in bacterial isolates or patient specimens. The benefit of an array over PCR assays is
in the number of targets available for interrogation; while PCR can typically accommodate a
maximum of four to five targets per assay, microarrays can include dozens to hundreds of targets,
depending on the platform. Several microarray platforms for carbapenemases have been developed,
including Verigene, BioFire, and Check-Points. Sensitivities have been reported at 100% (Tuite
et al., 2014).

3. Whole genome sequencing (WGS)

This technology can provide resistance information for numerous antimicrobial classes, rather than
targeting only carbapenemases, and can identify other contributors to resistance, such as porin
mutations. WGS also provides information on the type of plasmid carrying resistance genes, the
evolutionary lineage of the bacterium, and the relatedness of isolates, all of which can help to
elucidate the source of the isolate or inform outbreak investigations. Furthermore, data generated
with WGS can be stored for future inquiry as new resistance determinants or virulence factors of
interest are identified. Currently, WGS is a rather expensive technology and its use is a fairly
specialized process, but as the price drops and analysis pipelines become more automated, WGS is

likely to become more widely available (Lutgring and Limbago 2016).
4. Real-time PCR:

Cunningham et al. reported the use of a real time PCR assay that applies fluorescence resonance
energy transfer (FRET) hybridization probe based detection of KPC and NDM-encoding genes
simultaneously, the assay was 100% sensitive and specific and it had a turnaround time of 90 min

from colony to results (Cunningham et al., 2013).
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5. Enterobacterial Repetitive Intergenic Consensus (ERIC) PCR

(ERIC)PCR can be used to determine clonal relatedness of strains in low resource settings. The
ERIC sequences are present in many copies in the genomes of E. coli, Salmonella typhimurium
and other Enterobacterales (Zulkifli et al., 2009).

These ERIC sequences are 126 bp long, contain a central core inverted repeat and are highly
conserved at the nucleotide level. The position of ERIC elements in enterobacterial genomes varies

between different species and has been used as a genetic marker to characterize isolates within a
bacterial species (Radu et al., 2002).

For subtyping Gram-negative enteric bacteria, ERIC-PCR produces a band pattern by
amplification of genomic DNA situated between ERIC elements or between ERIC elements and

other repetitive DNA sequences (Ferreira et al., 2011).
6. Pulsed field gel electrophoresis (PFGE)

It is a more accurate tool to establish clonality. The principles of this technique depend upon
cutting bacterial genomes by specific restriction enzymes and separating the resulting large DNA
fragments using an electric field switched periodically between different directions. The resulting
patterns can then be interpreted using well-accepted criteria to establish the degree of relatedness
(Hammoudi et al., 2014).

7. Multilocus sequence typing (MLST) method

Despite using PFGE, it appears nowadays to be more appropriate. The MLST procedure
characterizes isolates of a given microbial species using DNA sequences of multiple housekeeping
genes. Approximately 450—500 bp internal fragments of each of these genes are used, as these can
be accurately sequenced using an automated DNA sequencer obtained by importing sequences
into MLST database. In areas with long-term persistence of carbapenemase-producing isolates,
MLST offers the opportunity of tracking clones and the exchange of allelic information among
different geographic areas. In areas with low prevalence, MLST helps to identify emergence of

highly epidemic clones associated with specific carbapenemases (Hammoudi et al., 2014).

An example of such clones is carbapenem-resistant K. pneumoniae strain that is classified by MLST
as ST258. Carbapenem resistance in ST258 is presented by blaKPC within a transposon 4401
(Tn4401) that is present on a plasmid (Kobayashi et al., 2018).
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