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Abstract: Background and Objectives: Staphylococcus aureus is a prevalent bacterium capable of inducing
various infections, including skin and soft tissue infections, bloodstream infections, pneumonia,
and surgical site infections. The emergence of antimicrobial resistance in S. aureus, particularly
methicillin-resistant S. aureus, has raised substantial concerns within global healthcare settings. Prior
to antibiotic prescription, the ideal approach is antimicrobial susceptibility testing (AST); however, this
is frequently perceived as excessively complex and time-intensive. Lab-on-a-chip (LOC) technology
holds promise in addressing these challenges and advancing fundamental microbiological research
while also aiding in the development of therapeutic strategies. This systematic review aims to
evaluate the potential utility of LOC for AST of S. aureus. Materials and Methods: This study adhered
to the PRISMA guidelines. Various databases, including SCOPUS, PubMed/MEDLINE, SCIELO,
and LILACS, in addition to gray literature sources, were employed in the review process. Results:
Sixteen studies were included in this systematic review. All these studies detailed the effectiveness,
rapidity, and predictability of LOC systems for assessing S. aureus susceptibility to various antibiotics.
When comparing the LOC approach to traditional manual methods, it was evident that LOC requires
a minimal quantity of reagents. Furthermore, most studies reported that the entire LOC procedure
took 10 min to 7 h, with results being equally accurate as those obtained through traditional AST
protocols. Conclusions: The potential application of LOC for AST of S. aureus is emphasized by its
ability to provide rapid access to minimum inhibitory concentration data, which can substantially aid
in selecting the most suitable antibiotics and dosages for treating challenging infections caused by
this microorganism. Moreover, the rapid AST facilitated by LOC holds promise for enhancing the
appropriateness and efficacy of therapy in clinical settings.

Keywords: lab on a chip device; microchip; microfluidics; Staphylococcus aureus; microbial sensitivity
tests; minimum inhibitory concentration

1. Introduction

The major threat posed by antimicrobial resistance to the world’s healthcare systems
makes it difficult for modern medicine to control infectious diseases effectively. Infections
with antimicrobial resistance cause 33,000 fatalities annually in the European Union and
about 35,000 deaths annually in the USA [1–3]. Most bacterial-related deaths could be
treated with antibiotics, but according to the World Health Organization, the number
of deaths brought on by bacteria resistant to antimicrobials is expected to rise to almost
10 million per year by 2050 [4,5].

Staphylococcus aureus is a Gram-positive, human commensal bacterium that is regularly
found on healthy people’s skin. S. aureus can cause a range of infections, including skin
and soft tissue infections, bloodstream infections, pneumonia, and surgical site infections.
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It is a major pathogen that may originate bacteremia as well as more serious and difficult-
to-treat osteoarticular infections and heart infections such as infective endocarditis [5–7].
Antimicrobial resistance in S. aureus, particularly methicillin-resistant S. aureus (MRSA),
has been a significant concern in healthcare settings worldwide. MRSA infections can be
challenging to treat as they are resistant to commonly used antibiotics like methicillin and
other beta-lactam drugs [6,7].

The impact of deaths specifically attributed to antimicrobial resistance in S. aureus
can vary depending on several factors, such as geographic location, healthcare settings,
population demographics, and access to appropriate healthcare. It is difficult to provide
precise global figures on deaths solely caused by antimicrobial resistance in S. aureus, as
often these infections occur in conjunction with other underlying health conditions [5–7].
However, it is well-documented that MRSA infections can result in increased morbidity,
mortality, and healthcare costs compared to infections caused by non-resistant strains of
S. aureus. According to estimates from the Centers for Disease Control and Prevention (CDC)
in the United States, MRSA infections were associated with approximately 11,000 deaths in
2017. These numbers include both healthcare-associated and community-associated MRSA
infections [8]. To combat the impact of antimicrobial resistance in S. aureus and reduce
associated deaths, healthcare facilities have implemented strategies such as improved infec-
tion control practices, screening and isolation of patients carrying MRSA, and appropriate
antibiotic prescribing guidelines [1,2,4,6,8].

The vital first step in providing patients with appropriate care is the prompt and
correct identification of the causal agent responsible for infection [9,10]. This initial stage
directs patient treatment plans and the efficient use of antibiotics for bacterial infections.
To reduce the spread of antibiotic resistance, proper medicine use is essential [11,12].
Studying certain bacterial phenotypes requires an understanding of how bacteria interact
with cells in physiological settings. The minimum inhibitory concentration (MIC) of
antibiotics, which defines the likelihood of a specific drug’s therapeutic efficacy against a
given infection, is determined using antibiotic susceptibility testing. Conducting bacterial
categorization studies is also helpful in many applications as complementary elements to
support treatment decision-making. The collection of results from antibiotic susceptibility
testing and bacterial classification can take up to 48 h or longer, which can cause delays in
the prescription of appropriate antibiotics or the administration of inappropriate antibiotics
before obtaining antibiotic susceptibility results, impacting morbidity, mortality, the gravity
of infections, and the incidence of antibiotic resistance [13–15].

Microscopy, cell infection models, and more contemporary molecular, cellular, and
immunological assays are examples of traditional microbiological in vitro techniques [13].
These techniques have given and will continue to give invaluable information that will
help us understand the host-bacterial interaction’s molecular and cellular microbiology.
Nevertheless, traditional methods can have certain drawbacks [14]. Microorganisms that
cannot be cultivated in vitro still exist despite advancements in culture techniques. Ex vivo
and in vitro models, on the other hand, are unable to accurately replicate the physiological
environment [14,15]. As a result, outcomes obtained in vitro and in vivo are not necessarily
comparable. Moreover, some phenotypes, like the formation of biofilms, are conventionally
researched in simple settings that do not accurately reflect complicated physiological
circumstances [14,16].

The recent development of lab on a chip, however, can help to address some of
these issues and enhance fundamental microbiological research while also assisting in the
creation of therapeutic strategies.

A lab on a chip refers to a miniaturized device that integrates multiple laboratory
functions onto a single microchip or small platform. It aims to replicate and perform
various laboratory processes and analyses in a portable and efficient manner. Lab-on-a-chip
technology has gained significant attention in recent years due to its potential applications
in healthcare diagnostics, environmental monitoring, and biological research [14,17]. The
concept behind lab on a chip is to downscale and miniaturize laboratory processes, such as
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sample preparation, mixing, separation, detection, and analysis, onto a small chip or plat-
form. This integration of multiple functions onto a single device offers several advantages,
including reduced sample and reagent volumes, faster analysis times, improved precision,
and increased automation [14,18].

Lab-on-a-chip devices typically consist of microfluidic channels, chambers, valves,
sensors, and detection systems, all fabricated on a small chip using techniques such as
lithography, etching, and bonding. These microfluidic channels allow precise manipulation
and control of fluids, enabling the handling and processing of small volumes of samples
and reagents [14,17,18].

Recently, the use of microfluidics for assessing antibiotic susceptibility has gained
popularity. These devices provide quick, high-throughput, and inexpensive studies using
fluidic channels with a diameter of a few micrometers [19]. A droplet-based microfluidic
system that confines single bacteria and medications into plugs of small volume for single-
drug antimicrobial susceptibility tests has been reported to shorten detection times [20]. An
alternative method for quickly isolating microorganisms is to use an inertial microfluidic
chip to perform an antibiotic susceptibility test followed by a hybridization-based RNA
detection method [21]. Additionally, molecular diffusion has been used to detect microbial
growth on the surface of numerous gradient zones created in hydrogels by drugs or drug
combinations, and MIC data were achieved after 3 h of incubation [22]. It is important to
note that prior to prescribing antibiotics, antimicrobial susceptibility testing is ideal but is
typically viewed as being excessively complicated and time-consuming.

Considering what was previously described, this systematic review aims to assess the
potential application of lab on a chip for antibiotic susceptibility testing of S. aureus.

2. Materials and Methods
2.1. Search Approach

This study’s analysis followed PRISMA (Preferred Reporting Items for Systematic Re-
views and Meta-analyses) guidelines [23]. Several databases, including SCOPUS, PubMed/
MEDLINE, SCIELO, and LILACS, as well as the gray literature, were used in the review
framework. Up to April 2023, searches using keywords and MeSH terms included the
terms organ on a chip, lab on a chip, microphysiological systems, microfluidics, bioassays,
minimal inhibitory concentration, antimicrobial resistance, antimicrobial susceptibility test,
biofilms, Staphylococcus aureus, and studies published in all languages. The next explo-
ration included searching databases using Boolean operators (AND, OR): “organ on a chip”
OR “lab on a chip” OR “microphysiological systems” OR “microfluidics” OR “bioassays”
OR “minimal inhibitory concentration” OR “antimicrobial resistance” OR “antimicrobial
susceptibility test” OR “biofilms” AND “Staphylococcus aureus”.

2.2. Selection Criteria

The studies that were taken into consideration for this evaluation must use microfluidic
platforms or lab-on-a-chip devices and 3D printing and/or bioprinting methods to organ-
on-a-chip technology.

Abstracts, reviews, systematic reviews, meta-analyses, brief communications, confer-
ence articles, patents, case reports, and studies lacking critical information on the manufac-
turing process were also disregarded.

2.3. Question

This comprehensive review aims to answer the question, what potential clinical
applicability of lab on a chip for antibiotic susceptibility testing exists in experiments with
S. aureus?

P: experimentation with S. aureus
I: lab on a chip
C: control experiments
O: potential clinical applicability for antibiotic susceptibility testing
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2.4. Review Course

To identify publications that might be suitable, two researchers examined the titles
and abstracts. Given the probability of divergence in the choice of studies, a third author
(MZ) could mediate. The statistical test Kappa was used to determine the importance of
observer agreement (>90).

2.5. Data Compilation

The most significant information from the chosen studies was compiled into a table.
Each researcher completed this method individually. After that, the data were compared.
The data included the names of the authors, the publication date, the application of the
lab-on-a-chip device, and information about its key characteristics, such as the materials
used in building it, culture, bacterial strains and growth conditions, MICs, antibiotics
utilized, and the main findings.

2.6. Risk of Bias

Two authors evaluated the quality and potential for bias in the included studies using
a scale that had previously been published [24]. With the help of the tool, it is possible
to assess the study using 15 different criteria, including the following: design (objective,
sample, baseline characteristics, co-interventions), measures studied (measurement method,
blinding (examiner, statistician), described reliability, level of agreement), statistical anal-
ysis (appropriate analysis, co-interventions, subgroup analysis, statistical significance,
confidence intervals), and clinical significance.

3. Results

A total of 80 articles were identified after the initial search. Then, 53 publications were
excluded (because they did not study S. aureus or, because they were aimed only at the
identification of the microorganism, or they investigated genes or proteins and did not
assess antimicrobial susceptibility). Four papers that appeared twice were not included.
After reading the entire text, seven other studies were excluded since they did not meet the
selection criteria. Finally, 16 studies [19,20,25–38] were included in this systematic review
(Figure 1).
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The features of the included studies are shown in Table 1. Between 2008 [20] and
2021 [25], the studies included were published.

Table 1. Principal characteristics of the included studies.

Authors,
Publication
Date

Materials and Sensors
Used

Culture and Growing
Conditions Antibiotics and MIC Main Results

Lee et al.
2021 [25]

The chip consisted of
two polydimeth-
ylsiloxane layers (air
channel and liquid
channel layers) and a
glass substrate.

Methicillin-resistant
S. aureus was inoculated
and adjusted to ~108

colony-forming units/mL
with saline solution. The
bacteria suspension was
then fine-tuned to the
tested concentration in a
colorimetric media
containing brain heart
infusion broth
supplemented with an
oxidation/reduction dye.

Antibiotics: Ceftazidime,
meropenem, vancomycin,
gentamicin, and linezolid.
MIC: The MIC values of
the tested antibiotics were
determined by standard
broth microdilution
procedures as described in
the Clinical & Laboratory
Standards Institute
guidelines.

Time spent: The entire
liquid operation,
including uniform
sample distribution,
antibiotics of 2-fold
serial dilutions, and
multiple-drug
combinations for
on-chip antimicrobial
susceptibility tests,
could be automatically
completed within
10 min.

Spencer et al.
2020 [33]

Photolithography and
wafer bonding were
used to create
microfluidic chips.

Clinical breakpoints were
based on epidemiological
cut-off values extracted
from bacterial culture
collections and established
antibiotic concentrations
that allow MIC test results
to be used to identify
bacterial isolates (EUCAST
v10).

Antibiotic: Cefoxitin
MIC: The MIC of an
antibiotic was calculated
by measuring the electrical
response of the same
isolate when exposed to
varied antibiotic
concentrations. The
electrical MIC calculated
using iFAST was compared
to the MIC calculated with
traditional broth
micro-dilution.

Time spent: In a 30-min
incubation window, the
recorded electrical
features reflect the
phenotypic response of
the bacteria to the
method of action of a
certain antibiotic.

Wistrand-Yuen
et al. 2020 [32]

A microfluidic chip
was created using
three-dimensional (3D)
printed molds for
polydimethylsiloxane
casting and a 3D
printed chip holder
with an integrated
reservoir cover.

The EUCAST Development
Laboratory provided all
bacterial strains. S. aureus
isolates (n = 10) with
varying degrees of
sensitivity to the drugs
tested were utilized.
Cation-adjusted
Müller-Hinton broth and
MH-II agar were used to
culture all strains.

Antibiotics: Gentamicin,
ofloxacin, and tetracycline.
MIC: According to the
EUCAST, the antibiotic
doses employed in the
studies in the source
solutions for gradient
creation were 2.5-fold
greater than the clinical
breakpoints for resistance
for the tested antibiotic
against the tested specimen
in each case.

Time spent: Within 2 to
4 h, stable MIC values
were achieved, and the
results indicated
categorical agreement
with reference MIC
values established by
broth microdilution in
86% of the instances.

Huang et al.
2020 [26]

Both the microwell and
microchannel devices
were made with the
help of the soft
lithography technique.

S. aureus was transfected
with the green fluorescent
protein for fluorescent
imaging to verify the
effectiveness of the
bacterium trapping.
Bacteria were first
re-solubilized in 5 mL of
Mueller Hinton Broth and
cultured in an orbital
shaking incubator.

Antibiotic:
Chloramphenicol.
MIC: The study from the
Clinical & Laboratory
Standards Institute states
that the chosen antibiotic
concentration was the
required concentration to
identify resistant bacteria.

Time spent: the
Microwell-surface-
enhanced Raman
scattering system
demonstrated a 2-h
antibiotic susceptibility
test on susceptible and
resistant S. aureus.
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Table 1. Cont.

Authors,
Publication
Date

Materials and Sensors
Used

Culture and Growing
Conditions Antibiotics and MIC Main Results

Lee et al.
2019 [19]

Polymethylmethacrylate
molds of an air channel
layer and a liquid
channel layer were
microfabricated by a
computer-numerical-
control engraving
machine.

The isolated bacteria were
inoculated in saline
solution for the
antimicrobial susceptibility
testing assay and then
adjusted with a
nephelometer to
0.5 McFarland turbidity
standards. The bacteria
suspension was then
diluted to 106 CFU mL−1

with the pH-dependent
colorimetric broth.

Antibiotics: Vancomycin,
gentamicin, and linezolid.
MIC: Tests with
methicillin-resistant S.
aureus were conducted
using vancomycin and
linezolid, whereas
Gram-negative bacteria
were treated with
gentamicin. The tested
antibiotics’ MIC values
were calculated using
conventional broth dilution
techniques in accordance
with the Clinical &
Laboratory Standards
Institute recommendations
(CLSI).

Time spent: The ability
of this integrated
microfluidic system to
not only provide MIC
values for two
antibiotics within the
same incubation time
(24 h) but also increase
seven reaction
chambers (from 5 to 12)
on a single chip may
improve the
throughput for
antimicrobial
susceptibility testing of
a single drug and the
operational flexibility
for clinicians.

Yi et al.
2019 [34]

The integrated
dielectrophoresis
(DEP)-antimicrobial
susceptibility testing
SlipChip device was
created.

S. aureus ATCC 6538P
without exogenous
plasmid was employed as
the bacterial strain. Single
colonies of these strains
were injected into 5 mL of
Mueller-Hinton broth
(CAMHB) for overnight
culture at 37 ◦C from
cation-adjusted CAMHB
agar plates.

Antibiotics: ampicillin,
moxifloxacin, cephalothin,
and meropenem.
MIC: The entropy-based
image analysis method
was used to estimate
bacterial antimicrobial
susceptibility. The
bright-field images were
separated into matrices of
20 20-pixel segments,
which correspond to the
size of a few bacterial cells.

Time spent: After a
positive blood culture,
this inexpensive gadget
can provide reliable
antimicrobial
susceptibility testing
values to clinicians
within 3–8 h, allowing
for early antimicrobial
medication
administration.

Sun et al.
2019 [35]

3-D-shaped channel
design built with the
help of computer
simulation.

S. aureus (ATCC 29213) was
tested on the
polypropylene chip, and
the results were compared
to testing on the
polydimethylsiloxane chip.

Antibiotics: Ampicillin,
gentamicin, tetracycline,
and erythromycin.
MIC: The MIC values of
the various antibiotics were
determined using
CLSIS data.

Time spent: This
technology enables the
reliable tracking of
individual cells and the
acquisition of
antimicrobial
susceptibility testing
data in 1–3 h.

Kang et al.
2019 [36]

Photolithography of
the SU-8 master
template, soft
lithography of the
polydimethylsiloxane
replicas, and plasma
bonding of the device
to microscope slides.

Trypticase Soy Agar/Broth
was used to cultivate S.
aureus (ATCC 29213). The
bacteria samples were
prepared according to
ATCC methods.
Concentration of 20%
glycerol stock. Stocks were
kept at −80 ◦C.

Antibiotics: oxacillin and
tetracycline.
MIC: The MIC of
antibiotics in droplets was
calculated when there was
a low or no increase in
bacterial quantity in
droplets and a significant
delay in the bacteria’s
average doubling time to
2 h or more.

Time spent: This
method is substantially
faster than typical
antimicrobial
susceptibility testing
(30 min versus 16–24 h).
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Table 1. Cont.

Authors,
Publication
Date

Materials and Sensors
Used

Culture and Growing
Conditions Antibiotics and MIC Main Results

Hou et al.
2017 [37]

The device’s
fundamental structure
consists of a chamber
and two channels that
link to both sides of it.

S. aureus SH1000 was
isolated and cultivated for
18 h in 5 mL of LB broth.
Mueller-Hinton broth
medium containing
approximately 1.0 108
CFU/mL of each type of
bacterium strain was
combined with 1% low
melting
temperature agarose.

Antibiotic: Vancomycin.
MIC: The MIC was
calculated using 90%
growth inhibition (on a
grayscale, 75 and larger).
As reference studies, CLSI
Protocol MIC
determination and Etest
were performed.

Time spent: The chip
method saves a
significant amount of
time and labor because
experiments can be
completed in 4 h, and
findings may be
examined in real-time.

Srinivasan et al.
2017 [27]

The nBioChip is
printed robotically,
handled carefully, then
scanned with a typical
microarray reader.

S. aureus strain UAMS 1
frozen stock was
subcultured onto tryptic
soy agar plates and
propagated in 10 mL of
tryptic soy broth at 37 ◦C
in an orbital shaker. A
100-µL volume of the
overnight liquid culture
was subcultured into 10
mL of tryptic soy broth for
3 h to capture cells in the
log phase.

Antibiotics: Vancomycin,
clindamycin, ciprofloxacin,
tobramycin sulfate,
methicillin, and linezolid.
MIC: The antibiotics were
all diluted to a maximum
concentration of 100 g/mL
in phosphate-buffered
saline. The antimicrobial
susceptibility assays
required additional
dilutions to be done in
phosphate-buffered saline.

Time spent: It was
shown that the
susceptibility profiles
for the four
medications were
noticeably different at
6-, 12-, 18-, or 24-h
following exposure. In
contrast to vancomycin,
which had a much
steeper response curve,
the biofilms responded
to ciprofloxacin,
clindamycin, and
linezolid more
gradually.

Malmberg et al.
2016 [38]

CellDirector 3D is a
cell-based assay that
employs microfluidics
to produce a linear
gradient of chemicals
via diffusion through a
microscale
test chamber.

S. aureus (vancomycin
susceptible), S. aureus
ATCC 29213, and
heteroresistant
vancomycin-intermediate
S. aureus ATCC 700698
were used. Before the trials,
all strains were kept at −80
◦C and streaked on
Mueller-Hinton II blood
agar plates.

Antibiotic: Vancomycin.
MIC: The CellDirector 3D
test was initially evaluated
using S. aureus vancomycin
susceptible and
heteroresistant
vancomycin-intermediate
S. aureus, defined as MIC
2 mg/L but with a
subpopulation with
MIC > 2 mg/L). Etest’s
MIC determination was
carried out in accordance
with the manufacturer’s
instructions.

Time spent: The time to
probable readout was
between 2 and 5 h.
The microfluidic assay
under consideration
has the potential to
give rapid and accurate
MICs utilizing samples
from positive clinical
blood cultures.

Abeyrathne
et al. 2016 [28]

Laser ablation
lithography was used
to create and design
interdigitated
electrodes.

Reference strains of
S. aureus that were both
methicillin-susceptible
(ATCC 25923) and resistant
(ATCC 33591) were used.
The bacterial strains were
grown for 18 h at 37 ◦C in
Luria broth.

Antibiotics: Flucloxacillin
MIC: In Luria broth media,
different flucloxacillin
concentrations were
created. In a closed petri
dish, 20 µL of the antibiotic
solution was put on filter
papers that were
1 mm × 1 mm in size.

Time spent: A lab on a
chip demonstrated the
ability to detect S.
aureus in a sample in
under an hour.
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Table 1. Cont.

Authors,
Publication
Date

Materials and Sensors
Used

Culture and Growing
Conditions Antibiotics and MIC Main Results

Hou et al.
2014 [29]

A 3D microfluidic
culture system was
placed above an
inverted optical
microscope equipped
with a phase contrast
condenser.

S. aureus SH1000 bacteria
were the strains used.
From Lysogeny broth agar
plates, single colonies were
selected and cultivated in
5 mL of Lysogeny broth
medium for 5–6 h, or until
the OD595 reached 0.3–0.4.

Antibiotics: Ampicillin,
spectinomycin, tetracycline,
and vancomycin. MIC: The
MIC was determined by
the Clinical & Laboratory
Standards Institute
protocol and by the Etest in
accordance with the
supplier’s instructions to
compare this on-chip test
with conventional
static techniques.

Time spent: The entire
procedure, including
data analysis, took
2.5–4 h.
High-resolution growth
curves were produced
from the same analysis.

Choi et al.
2013 [30]

Polydimethylsiloxane
was used to create the
microfluidic agarose
channel chip, and
polydimethylsiloxane-
coated glass was used
to assemble it.

A common Clinical &
Laboratory Standards
Institute bacteria (S. aureus
ATCC 29213) was
combined with agarose to
validate the microfluidic
agarose channel
technology. The bacteria
were subcultured in a new
cation-adjusted
Mueller-Hinton broth
medium for one hour.

Antibiotics: Amikacin,
norfloxacin, gentamicin,
and tetracycline.
MIC: According to the MIC
range of the Clinical &
Laboratory Standards
Institute, six channels were
chosen to test six different
antibiotic concentrations.

Time spent: The full
antimicrobial
susceptibility test
procedure lasts 3–4 h,
and the results are
equally accurate to the
Clinical & Laboratory
Standards Institute’s
traditional
antimicrobial
susceptibility test
results.

Kalashnikov
et al. 2012 [31]

A polydimethylsiloxane
layer was placed on top
of an epoxy-coated
glass slide to construct
the microfluidic
channels.

Methicillin-resistant or
methicillin-susceptible
clinically relevant S. aureus
strains were used. S. aureus
strains ST22, ST80, SF8300,
TCH959, and other
meticillin-resistant S.
aureus strains were
investigated.

Antibiotics: methicillin and
oxacillin.
MIC: The S. aureus MIC
value of 60 ng/mL,
obtained from the
prototype strains using
conventional microdilution
broth methods, was almost
100 times lower than this
lysostaphin concentration.
Rates of killing for the
bacterial samples in the
presence and absence of
oxacillin were assessed.

Time spent: A metric
was developed to
distinguish between
susceptible and
resistant staphylococci
based on normalized
fluorescence levels
following 60 min of
exposure to stress and
antibiotics using model
susceptible and
resistant S. aureus
strains.

Boedicker et al.
2008 [20]

Devices made of
polydimethylsiloxane
with channel widths
between 200 and 800
µm were created.

S. aureus ATCC# 25923 and
S. aureus ATCC# 43300 cells
were obtained from ATCC.
Using Miller’s
Luria-Bertani medium
formulation, which
contains 30% glycerol,
stock solutions of the cells
were created and kept at
−80 ◦C.

Antibiotics: Ampicillin,
oxacillin, cephalosporin,
cefoxitin, levofloxacin,
vancomycin, and
erythromycin.
MIC: According to the
British Society for
Antimicrobial
Chemotherapy procedures
for antimicrobial
susceptibility testing,
antibiotics were tested at
the breakpoint
concentration.

Time spent: In less than
7 h, a bacterial sample’s
thorough functional
characterization was
completed.
Additionally, it was
shown that a bacterium
in a 1 nL plug could be
found in as short as 2 h.
Volume after a single
bacterium was
contained and
examined in plugs.
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As observed in Table 1, the studies evaluated different lab-on-a-chip technologies to
mainly establish the susceptibility of S. aureus to different antibiotics. All studies described
effective, rapid, and predictable systems to assess the susceptibility of S. aureus to different
antibiotics. Comparing the lab-on-a-chip approach to the traditional manual methods, it
was found that lab-on-a-chip needs a very small number of reagents. Besides, most studies
reported that the entire antimicrobial susceptibility test procedure lasted from 10 min to
7 h, and the results are equally accurate as the results of the Clinical & Laboratory Standards
Institute (CLSI) [39] and the European Committee on Antimicrobial Susceptibility Testing
(EUCAST, Europe) [40]. It was also observed that lab on a chip has the potential to identify
S. aureus with high sensitivity and speed in as little as 10 min by forming and measuring
small volume plugs and is less dependent on the initial concentration and growth rate of
bacteria in the sample [25]. This approach might make pre-incubation unnecessary because
tests can be run on a single bacterium. It was also reported that this method avoids MIC
measurements because it is not based on standard methodology.

Table 1 also shows that various materials and microfabrication processes can be used
to create a lab on a chip during the study of S. aureus. As a result, silicon wafers can be
produced with nanometer-scale chip features using photolithography. In microfluidic chips,
common compartment types include reservoirs, chambers, and microchannels. Addition-
ally, functional components such as valves, mixers, and pumps are made to transfer liquid
in a particular manner. According to the findings of this review, polydimethylsiloxane
silicone rubber is largely used in lab settings for the creation of the lab on a chip.

Different strains of S. aureus were explored in the same trial. Moreover, most of
the experiments were performed considering the recommendations of CLSI [39] and
EUCAST [40] with minor modifications.

The susceptibility of S. aureus to the following antibiotics was evaluated: gentam-
icin, ciprofloxacin, moxifloxacin, tobramycin, ceftazidime, meropenem, vancomycin,
linezolid, chloramphenicol, flucloxacillin, ampicillin, spectinomycin, streptomycin,
amikacin, norfloxacin, ofloxacin, tetracycline, oxacillin, ampicillin, cephalosporin,
cephalotin, cefoxitin, levofloxacin, and erythromycin. Most studies also considered
MIC ranges according to CLSI [39] and EUCAST [40] and evaluated the lab on a chip
on several antibiotics at the same time. It is also important to note that microfluidics
works with volumes in the microliter range, whereas standard approaches work with
milliliter volumes.

As was described here, lab-on-a-chip devices for assessing antimicrobial suscep-
tibility often utilize various types of sensors to detect and measure the response of
microorganisms to antimicrobial agents. These sensors are integrated into the microflu-
idic platforms to provide rapid and accurate analysis of antimicrobial susceptibility.
Some common types of sensors used in lab on a chip system for antimicrobial suscep-
tibility testing include microfluidic optical sensors, microfluidic impedance sensors,
microfluidic electrochemical sensors, microfluidic biosensors, microfluidic piezoelec-
tric sensors, and microfluidic acoustic sensors.

The level of risk of bias was minimal across all experiments examined (Table 2).
However, the aims, conception, and methods of each model varied. For these reasons, a
quantitative assessment is challenging.
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Table 2. Risk of bias of the assessed investigations.

Study * Design ** Measures *** Analysis
Statistical

Clinical
Significance Total

Lee et al. 2021 [25] 4 3 4 1 12
Spencer et al. 2020 [33] 4 3 4 1 12
Wistrand-Yuen et al. 2020 [32] 4 3 4 1 12
Huang et al. 2020 [26] 4 3 4 1 12
Lee et al. 2019 [19] 4 3 4 1 12
Yi et al. 2019 [34] 4 3 4 1 12
Sun et al. 2019 [35] 4 3 4 1 12
Kang et al. 2019 [36] 4 3 4 1 12
Hou et al. 2017 [37] 4 3 4 1 12
Srinivasan et al. 2017 [27] 4 3 4 1 12
Malmberg et al. 2016 [38] 4 3 4 1 12
Abeyrathne et al. 2016 [28] 4 3 4 1 12
Hou et al. 2014 [29] 4 3 4 1 12
Choi et al. 2013 [30] 4 3 4 1 12
Kalashnikov et al. 2012 [31] 4 4 5 1 14
Boedicker et al. 2008 [20] 4 3 4 1 12

* Design includes aim, sample, baseline features and co-interventions. ** Measures contain measurement mode,
blinding clinician and statistician, explained consistency, and level of agreement. *** Statistical analysis involves
suitable analysis, co-interventions, subgroup analysis, statistical significance, and confidence intervals.

4. Discussion

An illustrative depiction of the lab-on-a-chip concept includes a small, rectangular
chip or substrate that serves as a platform for miniaturized laboratory functions (Figure 2).
The chip is typically made of materials such as glass, silicon, or polymer, and it contains a
network of microfluidic channels, chambers, and functional components. On the chip, it
can see a variety of tiny channels interconnected like a maze. These channels are designed
to transport fluids, such as biological samples, reagents, or cell cultures. The microfluidic
channels allow precise control over the flow of fluids, enabling various processes. Along
the channels, it can visualize functional components, such as sensors, electrodes, and
optical elements. These components are integrated directly into the chip and can measure
parameters like pH, temperature, fluorescence, or electrical signals. In one part of the
chip, there is a sample loading area, where a small volume of the biological sample is
introduced into the system. The sample may contain bacteria, cells, or molecules that
need to be analyzed or tested. By following the channels, multiple regions where the
sample interacts with different reagents or undergoes various processes are noticed. For
example, one region might be designated for mixing the sample with specific antibiotics
or other test compounds. Further along, areas are seen where the sample is exposed to
different conditions, such as varying temperatures or incubation times. These conditions
mimic specific aspects of a laboratory environment but at a much smaller scale. In another
section of the chip, there are sensing elements. These sensors can monitor changes in the
sample’s properties, such as bacterial growth, fluorescence, or electrical conductivity. The
sensors provide real-time data, allowing researchers to observe how the sample responds
to different treatments. The final part of the chip contains output regions, where the results
of the analysis or testing are displayed or recorded. This could be in the form of color
changes, light signals, electrical readouts, or digital data.

Growth techniques for microorganisms, including S. aureus, for in vitro phenotypic
testing have often lagged behind other technological advances. Even currently, with
remarkable automation and robotics, the well plate is still referred to as the ultimate high-
throughput platform [27]. Because of the complexities of the procedures involved in the
assay, it is frequently limited to the use of 96-well plates when culturing microbial biofilms.
Even though liquid-handling stations can help with the initial dispensing of cells into
wells, eliminating the need for human interaction to complete the rest of the experiment
is difficult [26,27]. The delicate nature of biofilms, the three-dimensional architecture,
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various morphologies, possible disturbance, and cell loss during the washing processes
required in the test are some of the problems that impede the full automation of these
assays [27–29]. To address all these challenges, a completely automated lab-on-a-chip
platform for biofilm and planktonic culturing in nanoscale volumes has been developed.
Antimicrobial susceptibility testing and ultra-high-throughput screening applications, such
as those meant to prevent biofilm formation and those designed to assess established
biofilms, are excellent for lab on a chip [25–27].
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As noted in this systematic review, antimicrobial susceptibility testing of S. aureus
is a clinically important application of lab-on-a-chi- in antibiotics research [17]. Slow-
growing bacteria may take more than a day to be identified in phenotypic antimicro-
bial susceptibility testing because they must divide enough times to be seen under a
microscope [17,19,25–27]. This review demonstrated that there are several methods to solve
the detection time problem in antimicrobial susceptibility testing of S. aureus using a lab on
a chip; however, this approach also has its challenges.

It was observed here that following the growth of S. aureus in the presence of an-
tibiotics is a relevant technique [25–38]. Such assays have been found to produce MIC
quickly [26,29–31,33]. Nevertheless, methodologies created on single-cell imaging necessi-
tate high-resolution optics and time-lapse imaging at many locations [17]. This review also
found that there are different ways to perform rapid microfluidic antimicrobial suscepti-
bility testing of S. aureus. Although most of the studies included in this systematic review
reported rapid assessments of up to two hours, shorter times of up to 10–30 min have also
been described [25,33]. Solely microfluidic phenomolecular tests have been presented to
produce antimicrobial susceptibility testing findings from clinical specimens in such a brief
period; however, as was observed here, optical- or sensor-based microfluidic approaches
have also shown effective results in a very short time [17].

Integrating various experimental processes into a single platform can also reduce the
number of modifications performed by researchers, hence the danger of contamination and
methodological unpredictability [14,41]. As was observed here, droplet-based devices are
an excellent example of the integrative power of microfluidics [26]. This time savings and
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low technical manipulation are unquestionably essential considerations for the usage of
microfluidic devices in a clinical setting, where correct management of infected patients
with S. aureus demands predictable and rapid findings [14].

As was observed in this systematic review, it is also important to highlight that
whereas conventional approaches are limited to performing analysis on flat 2D surfaces,
including culture flasks, Petri dishes, or well plates, lab on a chip proposes a novel range of
constituents with interesting features, the most notable of which being polydimethylsilox-
ane [14]. It is good for cellular and microbiological cultures due to its biocompatibility and
gas permeability, but its optical transparency also enables microscope viewing and analysis.
It is important to note that its main benefit is the ability to combine it with various materials,
resulting in significant equipment composition diversity. Therefore, microfluidics allows
for the application of diverse stimuli, such as fluid flow or tactic gradients, in heterogeneous
or even three-dimensional settings [14,17,25–28,30–33].

As was described in this systematic review, the disparity in volume and S. aureus
populations employed in microfluidics versus traditional approaches is also an important
factor to recognize [14]. Microfluidics works with volumes in the microliter range, whereas
standard approaches work with milliliter volumes. This minor volume transforms mi-
crofluidic strategies into portable implements, allowing for cost reductions in reagents,
resources, and area, as well as more exact control of the study’s biological and physical
parameters [14,26,29–31]. The quantity of bacteria in a lab on a chip is reduced to hundreds
or even solitary bacterium, resulting in more exact results on a single-cell scale [14].

As was described here, various types of sensors were described in this systematic
review. The choice of the sensor depends on the specific requirements of the antimi-
crobial susceptibility assay, such as sensitivity, detection limit, and compatibility with
the microfluidic platform. As was observed here, the integration of these sensors into
lab-on-a-chip systems enables rapid, automated, and miniaturized antimicrobial suscepti-
bility testing, providing valuable tools for clinical diagnostics, research, and antimicrobial
stewardship [41,42].

Lab-on-a-chip technology, Raman spectroscopy, and Matrix-Assisted Laser Desorp-
tion/Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF MS) are all powerful tools
with distinct capabilities for antibiotic susceptibility testing. Lab-on-a-chip technology
excels in providing real-time, miniaturized, and integrated platforms for phenotypic and
genotypic antibiotic susceptibility testing [41,42]. Raman spectroscopy offers label-free,
non-destructive analysis and the ability to study subtle cellular changes related to antibiotic
response, while MALDI-TOF MS provides high-throughput bacterial identification and
potential insights into protein expression changes linked to antibiotic resistance. Each
technology offers unique strengths for antibiotic susceptibility testing, and their poten-
tial varies depending on the specific application and research objectives [43]. Integrating
these techniques and combining their capabilities may lead to comprehensive and accurate
assessments of antimicrobial susceptibility in the future.

Lab-on-a-chip systems designed for assessing antimicrobial susceptibility typically
require aseptic environments to ensure accurate and reliable results. The reason for this is
that antimicrobial susceptibility testing involves evaluating the response of microorganisms
to antibiotics, and any contamination from external sources could interfere with the test
results and lead to misleading interpretations [41–43].

Although the great advantages of lab on a chip are evident, this alternative also
presents some limitations. Despite the various benefits indicated for polydimethylsiloxane,
several disadvantages have been reported. Its main restriction in the cellular sector is its
ability to absorb tiny hydrophobic molecules or biomolecules, such as proteins, which
can interfere with assay results [14,41]. Therefore, to avoid these events, methods that
change the surface of polydimethylsiloxane are being established [42]. On the other hand,
there is a clear lack of established protocols in a lab on a chip-based investigation [44].
Microorganisms such as S. aureus are mostly observed through microscopy techniques,
which necessitate the use of reporter-labeled bacteria and/or specialized microscope equip-
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ment [14,45]. This limits lab-on-a-chip experiments to visual inspection and model mi-
croorganisms, and it is evident that molecular characterization is lacking [14]. However,
as was described in this systematic review, the elaboration of droplet-based technologies
has resulted in significant progress in this sector, allowing for the study of S. aureus at the
single-cell level [26].

This systematic review has several shortcomings as well. The existing evidence is
based on a few in vitro experiments that may have therapeutic applications. Besides,
these studies had different objectives, designs, and methodologies, giving them great
heterogeneity. The included investigations, on the other hand, exhibited a low degree of
risk and have conceivable applicability in antibiotic susceptibility testing.

Antimicrobial susceptibility testing through lab-on-a-chip systems offers several ad-
vantages, such as rapid, miniaturized, and automated testing [41–44]. However, there are
also challenges and perspectives that need to be considered for the successful implementa-
tion and widespread adoption of this technology. One of the significant challenges is the
need for standardization of antimicrobial susceptibility testing protocols on lab-on-a-chip
platforms [41,43]. Ensuring consistency in testing methods and interpretation of results is
essential for reliable and comparable data across different systems and laboratories. Prepar-
ing samples for testing on a lab-on-a-chip system can be challenging, especially when
dealing with complex clinical samples containing multiple pathogens or heterogeneous
populations of microorganisms. Sample preparation techniques must be optimized to
ensure accurate results [41,44]. Effective antimicrobial susceptibility testing requires the
integration of multiple parameters, such as bacterial growth, cell viability, and specific
markers of antibiotic resistance. Integrating different sensors and analytical techniques
into a single chip while maintaining sensitivity and specificity can be demanding. To
address the growing problem of multi-drug resistance, lab-on-a-chip systems need to
incorporate multiplexing capabilities to assess the susceptibility of multiple antibiotics
simultaneously [41,42]. Developing multiplexed assays on a small chip can be technically
challenging. Handling the vast amount of data generated by lab-on-a-chip systems can be
overwhelming. The development of automated data analysis algorithms and user-friendly
interfaces is crucial to ensure accessible and actionable results [41–44]. In short, lab-on-
a-chip technology offers numerous advantages, especially in terms of miniaturization,
speed, and integration of lab processes. However, it also comes with challenges related
to fabrication complexity, material compatibility, and scalability [46–48]. The choice to
implement lab-on-a-chip technology should be based on the specific needs and constraints
of the application or research project.

Future Perspective

The future perspective of lab-on-a-chip technology in the clinical field is promising,
and it holds the potential to transform various aspects of healthcare and diagnostics:

1. Point-of-Care Diagnostics: lab-on-a-chip devices are likely to become integral for
point-of-care diagnostics. They can enable rapid and accurate testing at or near the
patient’s location, reducing the need for centralized laboratories and providing quicker
results for timely decision-making in emergency situations and routine healthcare [47].

2. Personalized Medicine: lab-on-a-chip technology could play a crucial role in personal-
ized medicine by allowing for the rapid and cost-effective analysis of an individual’s
genetic makeup, enabling tailored treatment plans and medication choices based on a
patient’s unique genetic profile [49].

3. Early Disease Detection: The sensitivity and specificity of lab-on-a-chip devices make
them ideal for early disease detection. They can detect biomarkers associated with
diseases like cancer, diabetes, and infectious diseases at their earliest stages, increasing
the chances of successful treatment and reducing healthcare costs [47].

4. Remote Monitoring: Miniaturized sensors and microfluidic devices can be integrated
into wearable or implantable devices, facilitating continuous monitoring of patients’
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health parameters. This real-time data can be sent to healthcare providers, enabling
proactive interventions and better management of chronic conditions [50].

5. Drug Development: lab-on-a-chip technology can streamline drug development
processes by allowing for high-throughput screening of potential drug candidates
and the study of their effects on cells or tissues. This can accelerate the development
of new drugs and therapies [51].

6. Telemedicine and Telehealth: The portability of lab-on-a-chip devices makes them
suitable for telemedicine and remote health consultations. Patients in remote or
underserved areas can access high-quality diagnostics and medical advice through
telehealth platforms [43,47].

7. Reduced Healthcare Costs: By enabling early diagnosis, targeted treatments, and effi-
cient monitoring, lab-on-a-chip technology can potentially reduce overall healthcare
costs by preventing expensive late-stage interventions and hospitalizations [43,48].

8. Global Health Impact: In resource-limited settings and developing countries, lab-on-
a-chip devices can provide affordable and accessible diagnostic tools for diseases,
helping to address global health challenges [52].

9. Advanced Imaging and Analysis: Future lab-on-a-chip systems may incorporate
advanced imaging and analysis techniques, such as artificial intelligence and machine
learning, to enhance the accuracy and speed of diagnoses and data interpretation [53].

Research in the clinical assessment of S. aureus susceptibility using lab-on-a-chip tech-
nology has the potential to significantly impact the diagnosis and treatment of
S. aureus infections. As observed in the current systematic review, lab-on-a-chip tech-
nology can be used to perform rapid AST for S. aureus isolates. Traditional AST methods
can take 24–48 h [13–15], delaying the initiation of appropriate antibiotic therapy. Lab-
on-a-chip can provide results within hours, allowing healthcare providers to select the
most effective antibiotic sooner and reducing the risk of treatment failure and the spread of
antibiotic-resistant strains. In addition to these promising results, lab-on-a-chip has other
applications in clinical research on S. aureus. Lab-on-a-chip can be designed to identify
the specific strain or type of S. aureus, including MRSA. Rapid and accurate identification
is crucial for selecting the appropriate antibiotics, as MRSA is often resistant to common
antibiotics [28]. Lab-on-a-chip technology can be used in surveillance efforts to monitor
antibiotic resistance trends in S. aureus [54]. This data can help healthcare institutions and
public health agencies track the prevalence of antibiotic-resistant strains, guiding antibiotic
stewardship programs and infection control measures. Miniaturized lab-on-a-chip devices
can also be used at the point of care, such as in clinics or emergency departments, to quickly
assess S. aureus susceptibility [55]. This can lead to more targeted and effective treatment
decisions, especially in cases of severe infections. Moreover, by rapidly determining the
susceptibility of S. aureus to various antibiotics, lab-on-a-chip technology can support
personalized treatment plans for patients [49]. This can optimize antibiotic selection and
dosing, reducing the risk of adverse effects and improving patient outcomes. Lab-on-a-chip
technology can aid in the development of novel antibiotics and therapies for S. aureus
infections [27]. Researchers can use microfluidic devices to test the efficacy of new drug
candidates and study the mechanisms of antibiotic resistance. In summary, research in the
clinical assessment of S. aureus susceptibility using lab-on-a-chip technology has practical
applications that can enhance the diagnosis and treatment of S. aureus infections, reduce
antibiotic resistance, and improve patient care in various healthcare settings. It repre-
sents a promising approach to addressing the challenges posed by S. aureus and antibiotic
resistance in clinical practice.

5. Conclusions

The potential use of lab-on-a-chip technology for assessing the antibiotic susceptibility
of S. aureus is highlighted by its capability to quickly provide essential minimum inhibitory
concentration data. This data can greatly assist in the selection of the most appropriate
antibiotics and their dosages for addressing complex infections caused by this microorgan-
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ism. Furthermore, the swift antibiotic susceptibility testing made possible by lab-on-a-chip
holds great potential for improving the suitability and effectiveness of treatment in clinical
environments. It increases efficiency and conserves both time and resources.
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