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ARTICLE INFO ABSTRACT

Keywords: Superbugs such as infectious bacteria pose a great threat to humanity due to an increase in bacterial mortality
Bacteria leading to clinical treatment failure, lengthy hospital stay, intravenous therapy and accretion of bacteraemia.
Antibiotics These disease-causing bacteria gain resistance to drugs over time which further complicates the treatment.
AST . Monitoring of antibiotic resistance is therefore necessary so that bacterial infectious diseases can be diagnosed
EMTC‘?EZLZZ(;};;:I%ES rapidly. Antimicrobial susceptibility testing (AST) provides valuable information on the efficacy of antibiotic

agents and their dosages for treatment against bacterial infections. In clinical laboratories, most widely used AST
methods are disk diffusion, gradient diffusion, broth dilution, or commercially available semi-automated sys-
tems. Though these methods are cost-effective and accurate, they are time-consuming, labour-intensive, and
require skilled manpower. Recently much attention has been on developing rapid AST techniques to avoid
misuse of antibiotics and provide effective treatment. In this review, we have discussed emerging engineering
AST techniques with special emphasis on phenotypic AST. These techniques include fluorescence imaging along
with computational image processing, surface plasmon resonance, Raman spectra, and laser tweezer as well as
micro/nanotechnology-based device such as microfluidics, microdroplets, and microchamber. The mechanical
and electrical behaviour of single bacterial cell and bacterial suspension for the study of AST is also discussed.

1. Introduction global bacterial infections. There has been a significant rise in re-

sistance to most commercially accepted antibiotics. A detailed under-

Antibiotic resistance by pathogenic bacterial strains is a major
prevalent health crisis in the world today. Antibiotics are drugs that can
effectively kill (bactericidal antibiotics) or inhibit (bacteriostatic anti-
biotics) the growth of bacteria causing infections in both humans and
animals (Nemeth et al., 2015). Alexander Fleming, a Scottish physician,
is widely credited for the discovery of the world's first antibiotic (Pe-
nicillin G) from fungus Penicillium notatum in 1928. This discovery has
saved the lives of millions of people across the globe from bacterial
infections (Tan and Tatsumura, 2015). B-lactam antibiotics, a class of
broad-spectrum antibiotics including I, II and III generation cephalos-
porins, monobactams, carbapenems, B-lactamase inhibitors, and peni-
cillin are widely used in treating bacterial infections (Kong et al., 2010).
Cephalosporins are widely used as intravenous antibiotics and fluor-
oquinolones are major oral antibacterial drugs used in the treatment of
bacterial infections. Antibiotics are a widely used medication in treating
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standing of bacterial resistance mechanisms will help for developing
novel antibiotic testing platforms for rapid treatment of bacterial in-
fections (Heesemann, 1993). It is known that the bacteria acquire re-
sistance to antibiotics by producing extended spectrum (-lactamase
enzyme (Soltani et al., 2014). The [(-lactamase gene inactivates [>-
lactam antibiotics like penicillin and cephalosporins by hydrolyzing the
B-lactam ring that plays a crucial role in inhibiting bacterial cell wall
biosynthesis (Saravanan et al., 2018). Bacteria can mask the target drug
and reprocess DNA mechanisms, develop mutations, and express al-
ternative proteins. They can also protect their target sites from anti-
biotic action by modifying them. Certain enzymes produced by bacteria
are capable of altering the antibiotic molecule by inducing chemical
changes and thereby, destroying the molecule. In the case of gram-ne-
gative bacteria, drug uptake is prevented from permeating the inner
cytoplasmic membrane (Munita and Arias, 2016). Antibiotic resistance
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can also be acquired by either horizontal transfer of resistant genes by
conjugation, transformation, and transduction or vertical transfer by
mutation among different bacterial strains (Read and Woods, 2014). In
some cases, antibiotics are expelled out from the cells before it can
reach the target location.

The life-threatening condition of a patient can be avoided by iden-
tifying correct bacteria causing the condition and the most effective
antibiotic against this bacterium considering its resistance against an-
tibiotics. Biosensors being highly sensitive, specific, repeatable, rapid,
label-free, inexpensive, and compact are a preferred choice in devel-
oping point-of-care platforms for AST. A biosensor detects bacteria
through a two-step process viz. i) biological recognition element to
recognize pathogen of interest which may include antibodies, enzymes,
whole cells, nucleic acids, receptors, aptamers, peptides or lipids, and
ii) transducers to convert the biological signal generated by recognition
element into a measurable electrical signal (Bhalla et al., 2016;
Mehrotra, 2016; Turner, 2013). Currently, microbiological techniques
like bioassays, screening methods including disk diffusion, anti-
microbial gradient diffusion, broth dilution, and cell culture are some of
the common methods adopted by health care facilities for measuring
the effectiveness of antibiotics (Puttaswamy et al., 2018; Reller et al.,
2009a). The rapid detection and identification of pathogenic bacteria
that are typically present in low concentrations in patient samples is the
limitation of these methods. Such typical bacterial growth and sus-
ceptibility testing require more than 24 h to obtain results. In the cur-
rent scenario, accurate, evidence-based, and targeted antibiotic pre-
scribing by clinicians are problematic and hence they are forced to
prescribe broad-spectrum antibiotics. Thus, there is a pressing need for
highly sensitive, specific, repeatable, rapid, label-free, inexpensive, and
compact point-of-care platforms for antimicrobial susceptibility testing
(AST). AST profiling are performed in two ways: genotypic and phe-
notypic based methods. Genotypic methods, though rapid and accurate,
are however limited by their cost, labour intensiveness, and difficulty in
translating into point-of-care platforms in many cases (Nseir and Povoa,
2015; Schofield, 2012). Phenotypic methods, through their funda-
mental interactions with the physical environment, provide more ave-
nues for emerging engineering technologies to be applied to them to
improve their efficiency and versatility. In this review, we provide an
overview of different approaches for phenotypic AST developed over
the years after a brief discussion on conventional AST techniques. We
have primarily focused on devices/tools such as, microcalorimetry,
flow cytometry, microfluidics, microcantilever technology, high-fre-
quency electromagnet sensor, pH sensor, mass spectrometry, capaci-
tance sensor, nuclear magnetic resonance, microsound detection,
Raman spectroscopy, semiconductor quantum well, fluorescence de-
tection, and impedance methods to measure AST profile in terms of
simplicity, cost-effectiveness, and low processing time. The key tech-
niques discussed have been graphically portrayed in Fig. 1 and their
highlights have been summarized in Table 1. The publication statistics
for articles on antibiotic or antimicrobial susceptibility testing is shown
in Electronic Supplementary Information (ESI) along with a figure de-
picting past, present and future trends in AST.

2. Classical and commercial AST

Conventional ASTs are based on bacterial growth with and without
antibiotics on a solid agar plate or in a liquid growth medium. The test
is carried out on agar plate by identifying inhibition zones after culture
whereas, in liquid-based methods, change in optical density is mea-
sured. Several successful results have been achieved using this method
while testing on different bacteria and antibiotics (Reller et al., 2009b,
2009a; Syal et al., 2017a). In the disk diffusion method, a disk im-
pregnated with antibiotic drug is placed on an agar plate which is
coated with the test bacterium (Reller et al., 2009c). Then the plate is
incubated overnight to allow the antibiotic to diffuse from the filter
paper into the agar. If an antibiotic is effective, it stops the bacteria to
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grow around the antibiotic disk or kills the bacteria around the disk
forming a clear, visible ring around the disk. The diameter of the
growth area is a direct measure of the susceptibility of the bacteria to
the antibiotic. The advantages of disk diffusion process are its simpli-
city, cost-effectiveness, and easy interpretation. However, the main
disadvantage of this process is that it needs manual processing and
lacks automation. Further, this process provides only qualitative and
not quantitative results. Additionally, disk diffusion has been employed
in different ways to study AST. Khatoon et al. used silver nanoparticles
(AgNPs) in place of conventional drugs to study AST using disk diffu-
sion (Khatoon et al., 2017). Similarly, the antibacterial activity of al-
ginate films incorporated with graphene oxide was studied using disk
diffusion method (Frigols et al., 2019). AST using agar and broth di-
lution is one of the oldest methods used to determine the minimum
inhibitory concentration (MIC). In the agar dilution method, a known
number of bacterial cells are marked as a spot on an agar plate con-
taining different concentrations of antibiotic (Balouiri et al., 2016a;
Reller et al., 2009c). After incubation, the spots are examined for
bacterial growth. The agar dilution method is capable of testing one
antibiotic at a time whereas more than one antibiotic can be tested at
once in broth dilution. In the broth dilution method, antibiotics are
diluted two folds in a liquid growth medium and incubated after in-
oculation with a standard bacterial suspension. Post incubation samples
are examined to find out MIC. This method is also used to measure
time-kill i.e. rate of bacterial death for different concentration of drugs
over a period of time up to 24 h (Gupta et al., 2015). The advantages of
these dilution processes are reproducibility and cost-effectiveness.
However, it is labour-intensive and expensive in nature. A nearly si-
milar technique called microbroth dilution is now employed to reduce
reagents and processing time. The antimicrobial gradient method also
called E-test combines the principles of both dilution and diffusion
methods to determine the minimum inhibitory concentration (MIC) of
the drug (Belkum and Dunne, 2013; Citron et al., 1991; Puttaswamy
et al., 2018; Reller et al., 2009b, 2009a). This method provides direct
quantification of AST by dilution and diffusion of antibiotic in an agar
plate. The process relies on creating a predefined, continuous con-
centration gradient of the antibiotic to be tested in an agar medium to
determine susceptibility. In this procedure, an antibiotic-soaked strip is
taken with an increasing concentration gradient from one end to the
other and is deposited on the agar surface. The intersection of the
growth inhibition ellipse and the strip is determined as the MIC value of
the drug (Balouiri et al., 2016a; Reller et al., 2009¢c). This process is
simple to implement and thus, is regularly used. However, E-test is not
cost effective for large-scale AST measurement of multiple drugs. A
good correlation between the MIC values obtained through broth di-
lution or agar dilution method and E-test has been reported (Baker
etal., 1991; Berghaus et al., 2015; Gupta et al., 2015). E-test can also be
used to investigate the antibacterial effect when multiple drugs are used
(White et al., 1996). To profile AST of two antibiotics on a sample si-
multaneously, an E-test strip soaked with the first antibiotic is placed on
an agar plate coated with the bacteria under study. Another strip
soaked with the next antibiotic is used to replace the first strip after 1 h.
In the commercial version of E-test, 5-6 strips can be placed radially on
the surface of an agar plate coated with bacteria. After overnight in-
cubation, a growth inhibition area, in the shape of an ellipse, at the
immediate vicinity of the test strip can be observed and MIC can be
determined from this observation (Jorgensen and Ferraro, 2009). E-test
is also used to test critical samples like blood and cerebrospinal fluid
(CSF) with both gram-positive and gram-negative bacteria. The MIC
value in pg/mL range can be observed at the ellipse edge that intersects
the strip. The advantages of this method are easy test procedures, able
to determine contamination, and ability to test fastidious organisms
which are not reliable in disk diffusion methods. However, E-test is
relatively expensive compared to disk diffusion and dilution methods.
In comparison, liquid suspension-based methods are faster than those
based on solid-state medium owing to increased growth rate
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Fig. 1. Highlights of different techniques for AST applications.

capabilities. But liquid suspension-based methods are more laborious
than solid state ones. To address this problem, several instruments like
Phoenix (made by Becton-Dickinson, Franklin Lakes, NJ), Microscan
(made by Beckman Coulter, Brea, CA), Sensititre (made by Thermo
Scientific Waltham, Massachusetts, USA) and Vitek-1/Vitek-2 (made by
bioMérieux, Marcy-L'Etoile, France) have been developed for high
throughput AST. BD Phoenix is based on turbidity reading and colori-
metric change. This system can use up to 99 panels (cassettes) and
provide results in ~6-16 h. Similarly, Microscan uses 96-well micro-
dilution tray and is capable of handling more than 40 trays at a time. In
this system, AST is examined by recording bacterial turbidity using a
specialized photodetector and typical process time is ~4.5-18 h. Sen-
sititre uses 96-well plates and is capable of handling 64 plates. In this
instrument, bacterial growth is monitored by measuring fluorescence
intensity and the typical process time is over 18 h. The Vitek AST in-
strument uses 64 well plate and can handle up to 240 plates by pro-
viding results over 4 h. The major limiting factor of these commercial
systems is the need to culture large concentrations of bacteria for a
sufficiently long time to faithfully detect antibiotic effects on bacterial
growth.

However, these systems strictly follow the Clinical and Laboratory
Standards Institute (CLSI) and European Committee on Antimicrobial
Susceptibility Testing (EUCAST) guidelines for antimicrobial suscept-
ibility testing which comes across as a big advantage. Though these
instruments are compatible with a wide spectrum of bacteria and an-
tibiotics, they cannot handle polymicrobial bacteria and their corre-
sponding antibiotics. The turbidity method has the uncertainty that it
assumes bacterial growth and absorbance plot as linear. Also, these
instruments are prohibitively expensive to use in a low-resource setting.

3. Engineering technologies for AST
3.1. Flow cytometry AST

Flow cytometry is a technique where optical and fluorescence
characteristics are employed in cell counting, cell sorting, chromosome
preparation, and biomarker detection by suspending them in a stream
of fluid and passing them in front of a detector (Adan et al., 2017). Cell
morphology and cell counts are measured by considering light scat-
tering and excitation/emission spectra from different fluorescent ma-
terials such as FRET dyes, fluorophores or fluorescent proteins. In the
context of AST it is known that antibiotics induce changes in different
morpho-functional and physiological characteristics like membrane
potential, cell size, cytoplasmic membrane integrity, and amount of
DNA (Adan et al., 2017; Chaturvedi et al., 2004; Jepras et al., 1997;
Tracy et al., 2010). This is leveraged in the methods that use flow cy-
tometry to perform AST. This enables faster processing as compared to
conventional methods as changes in physiological parameters caused
by antibiotics is faster than growth inhibition processes (1-2h vs
16-24 h). A comparative study of AST using flow cytometry-based and
conventional techniques by Gauthier et al. showed 93.9% accuracy
(Gauthier et al., 2002). This method has been applied to several bac-
terial species and combinations of antibiotics by using various dye/
fixation combinations (Chaturvedi et al., 2004; Faria-Ramos et al.,
2013; Gauthier et al., 2002; Huang et al., 2015; Jepras et al., 1997).
Although flow cytometry can produce AST results within few hours, it
has not been used significantly due to inefficiency for complex patient
samples, staining inefficiency of dyes, autofluorescence of certain bac-
terial creating noise, and unable to differentiate the effect of bacter-
icidal or bacteriostatic antibiotics. Additionally, verification and vali-
dation of the clinical database require an enormous amount of work to
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be certified by CLSI (van Belkum and Dunne, 2013).
3.2. Isothermal microcalorimetry (IMC)

Isothermal microcalorimetry (IMC) enables heat flow measurement,
which is directly related to physical or chemical processes (based on the
metabolic activity of growing bacteria). In IMC, a microorganism con-
taining glass ampoule is placed in a measuring channel and heat flow is
continuously measured. These continuous signals of heat flow are
evaluated and calibrated with the amount of heat being produced in the
ampule. IMC experiment is designed in such a way that observed heat
flow is directly related to the process of interest by considering exo-
thermic and endothermic reactions in the ampoule (Lewis and Daniels,
2003). For example, growth of Escherichia coli (E. coli) in M9 medium
containing glucose and lactose as carbon sources induces metabolic
activities such as glucose respiration, glucose fermentation, and lactose
fermentation. Heat production from each metabolic process is calcu-
lated and evaluated by measurement data (Braissant et al., 2009). In-
stead of large volume ampule, researchers have developed chip mi-
crocalorimeters which use only a few micro/nanolitre of biological
samples (Johannessen et al., 2002; Lee et al., 2009). This chip calori-
meter has a heat power sensor developed using Micro Electro-
mechanical Systems (MEMS) technology where all essential compo-
nents like conductance sensor, heat sink, temperature sensors, heating
resistors, and sample containers are integrated on a single chip (van
Herwaarden, 2005). IMC has several advantages such as: (i) testing in
sealed ampules, assuring safety towards high-risk bacteria, (ii) no
manual manipulation of ampoules is needed, and (iii) antimicrobial
activity can be calculated during the lag phase which cuts down on the
wait time of measurement. Some of the limitations of this method are:
(i) it requires reference sample at the desired temperature, (ii) AST
measurement is carried out in a closed ampoule where environmental
parameters such as oxygen concentration available may change over
time, and (iii) non-specific heat flow may create problems. Overall, IMC
shows fast and quantitative AST performance at an affordable price.

3.3. Optical density (OD) measurement

Optical density measures the concentration of bacteria in a sus-
pension. When a light beam passes through a bacterial suspension, the
scattered light detected by a spectrophotometer is correlated with
bacteria density in colony-forming units (CFU). OD measurement of a
bacterial suspension with antibiotics added can delineate between re-
sistant and sensitive strains (Friedman et al., 2011). This method pro-
vides AST results in a few hours. However, it can neither calculate MIC
nor it is suitable for low concentrations of bacterial suspension.

3.4. Raman spectroscopy

Raman spectroscopy is employed to measure molecular vibrations
and thus is a useful technique to study biomolecules. In Raman spec-
troscopy intensity and wave number of in-elastic scattered light is
measured. However, Raman spectra signals from biological samples are
weak which limits its application. To work around this shortcoming,
several research groups have combined Raman spectra and machine
learning approaches (discriminant analysis) to differentiate between
live and dead bacteria (Athamneh et al., 2014; Kastanos et al., 2010;
Moritz et al., 2010b; Walter et al., 2011). Alternately, the weak Raman
signals are amplified by using metallic nanoparticles (plasmon resonant
particles such as silver (Ag), gold (Au)) through the process called
Surface-Enhanced Raman Spectroscopy (SERS). The efficiency and
sensitivity of SERS has also been further improved through the use of
covalently bounded fragmented antibodies conjugated with the nano-
particles(Baniukevic et al., 2013). The use of antibodies in AST im-
proves the capture efficiency of bacteria. SERS has been applied in
several bioanalytical processes including bacterial identification and
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their characterization in the presence of antibiotics (Galvan and Yu,
2018). Liu et al. have demonstrated SERS based AST of E. coli and S.
aureus using an array of Ag-nanoparticles imbedded in nanochannels of
anodic aluminium oxide (Liu et al., 2009). In this case, the character-
istic peaks of S. aureus and E. coli cell wall at 730 cm ™' and 1330 cm ™!
respectively were studied in the presence of lysostaphin and lysozyme.
The destruction of cell walls due to these antibiotics shifts the positions
of these peaks significantly. The same team has extended this work to
quantify MIC of oxacillin and imipenem when MSSA and wild-type E.
coli were treated with these antibiotics respectively by measuring the
intensities of specific biomarker peaks (Liu et al., 2016). The char-
acteristic peak intensities at 730 cm ™! of S. aureus and 654 cm ™! of E.
coli without (taken as reference) and with antibiotics were calibrated to
find out MIC. In 2016, Hadjigeorgiou et al. performed AST of Klebsiella
pneumoniae, 16 Proteus, and E. coli using SERS followed by the machine
learning method known as Linear Discriminant Analysis (LDA) and
Leave-One-Out Cross Validation (LOOCV) PC transformation
(Hadjigeorgiou et al., 2016). This method could differentiate between
resistant, intermediate, and sensitive bacteria with 94% correct classi-
fication. Similarly, Premasiri et al. studied 2 bacterial strains using
SERS and applied the post partial least squares-discriminant analysis
machine learning technique (Premasiri et al., 2017). This method
provided resistant and susceptible bacteria with > 95% sensitivity
and > 99% specificity. SERS-based AST is a label-free and non-invasive
method.

3.5. Laser tweezers

The study of biological samples using Raman spectra was extended
through a method called Laser Tweezers Raman spectroscopy (LTRS).
In LTRS, individual cells are trapped in a laser focal volume using a
Gaussian laser beam. LTRS provides unique advantages as it allows to
characterize single cells in terms of bacterial identification and their
metabolic activity. Moritz et al. have developed an inverted microscope
having a laser source of wavelength 785 nm for LTRS study of E. coli
(Moritz et al., 2010a). In this study, at a given time an average of five
bacterial cells were captured. The Raman spectra intensities in range
710-1280cm ™! of the trapped bacterial cells were studied over in-
cubation time. Principal component analysis (PCA) was used as a ma-
chine learning technique to differentiate bacteria under normal and
antibiotic influenced growth. Recently, Pilat et al. have used an opto-
fluidic platform to manipulate single cell using LTRS after transferring
individual bacteria cell into the microchambers (Pilat et al., 2018). In
this LTRS system, individual cells were placed in micro-chambers with
the help of optical tweezer and antibiotics induced morphological
changes were evaluated using Raman spectra and post PCA computa-
tion. In another study, Samadi et al. used a 1064 nm laser beam to trap
E. coli and studied the motility of the flagella in the presence of ethyl
alcohol (Samadi et al., 2015). The killing time of E. coli was calculated
using statistical analysis of power spectral density and their auto-cor-
relation function. LTRS is generally applied in cases where the bacterial
cell immobilizes upon antibacterial treatment owing to reduced avail-
ability of cellular energy for flagellar movement in comparison to
normal healthy cells. This difference in motility is detected using this
technique.

3.6. Surface Plasmon Resonance (SPR)

Surface Plasmon Resonance (SPR) is a physical process in which
electron attached to the metal surface oscillates (at the metal-dielectric
interface) under the influence of plane-polarized light. Since the oscil-
lations of electrons are extremely sensitive to the refractive index of the
dielectric, the change in the refractive index is measured when bio-
molecules are attached to the metal surface. SPR biosensors are label-
free, ultra-sensitive, and allows for real-time detection (Lee et al., 2015;
Martinez-Perdiguero et al., 2013; Nath and Chilkoti, 2004). In most
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known applications, SPR is used to detect and identify cells, bacteria, or
viruses based on affinity (Abdulhalim et al., 2008; Bai et al., 2012;
Chabot et al., 2013; Firdous et al., 2018; Piliarik et al., 2009; Yanase
et al., 2014). In 2009, Chiang et al. used SPR platform to test E. coli with
ampicillin and S. epidermidis with tetracycline qualitatively (Chiang
et al., 2009). In this study, one side of a prism was coated with a thin
gold layer to increase the phase of the propagating optical wave. Am-
picillin strongly affects the synthesis of the cell wall of E. coli JM109
and to detect this effect, the refractive index of cells near the cell-gold
interface is measured. A significant SPR angle shift of susceptible strain
and resistant strain of E. coli was observed. Also, significant SPR angle
shift was observed when the susceptible and resistant strain of S. epi-
dermidis was treated with tetracycline (a protein synthesis inhibitor).
Similarly, Tawil et al. have studied on methicillin-resistant, methicillin-
susceptible and borderline oxacillin-resistant S. aureus (Tawil et al.,
2013). In this study, genomic DNA was extracted from S. aureus and
amplified using the PCR technique and further evaluated using SPR by
detecting specific penicillin-binding protein. Similarly, Nawattanapai-
boon et al. have studied methicillin-resistant S. aureus by employing
SPR imaging as a DNA biosensor (Nawattanapaiboon et al., 2015). On
the other hand, Syal et al. have studied a unique phenotype AST
method using plasmonic imaging and tracking (PIT) of E. coli 0157:H7
as shown in Fig. 2(I) (Syal et al., 2017b, 2016). This plasmonic imaging
setup used a high numerical aperture objective (NA 1.49) and an in-
verted microscope for contrast imaging of 47 nm thick gold sensor chip.
The motion of individual bacterial cells was tracked with nanometer
precision by considering the contrast change of plasmonic image. The
action of antibiotic over period slows down nanoscale motions of the
bacterial cell, which was tracked by the plasmonic imaging technique.
In another scenario, Kee et al. used a plasmonic nanohole-based bio-
sensor for monitoring growth of E. coli and evaluating AST performance
(Kee et al., 2013). Plasmonic nanoholes were fabricated using standard
microfabrication processes involving thermal oxidation, low-pressure
chemical vapor deposition (LPCVD), lithography, sputtering, and
etching. A photonic crystal-like structure with different through-hole
diameters ranging from 200 nm to 350 nm was fabricated through a

()
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free-standing structure made of layers of SiO,, SisN4, and Au. The
growth of antibody immobilized E. coli on the gold surface of free-
standing structures was monitored using extraordinary optical trans-
mission (EOT). The bacterial growth in the presence of ampicillin and
tetracycline changes the refractive index of free-standing structures
resulting in shift of EOT peak. Though SPR based AST techniques are
rapid and consume a small quantity of analytes (down to single cell),
the system is costly, bulky and complex.

3.7. Optical path difference

In another case, Leonard et al. developed a biofunctionalized closely
spaced silicon micropillar array platform as a phase grating to study
AST (Leonard et al., 2017). These pillar arrays provided a platform to
colonize bacterial cells and act as an optical transducing element when
optical phase-shift is measured with the help of reflectometric inter-
ference spectroscopy as shown in Fig. 2 (II). Periodic Si micropillars
were functionalized with Wheat Germ Agglutinin (WGA) to bind bac-
teria. The optical path difference (OPD) between reflected light from
the top surface of the pillar array and the bottom surface was measured.
The OPD was strongly dependent on the refractive index of liquid-filled
medium and height of pillar. Post-colonization of bacteria, the re-
fractive index of the medium changes and this was measured as a
change in OPD. The refractive index decreases when antibiotic above
MIC was used as it inhibits the colonization, while untreated coloni-
zation over time increases the refractive index. This AST method pro-
vided result in less than 3h in real-time and can also provide MIC.

3.8. Photoluminescence

In another optical detection approach, Nazemi et al. developed an
innovative AST based on Photoluminescence (PL) emission of photo-
corroded GaAs/AlGaAs quantum well (QW) (Nazemi et al., 2017). The
QW was formed by depositing 30 pairs of 6 nm thick GaAs and 10 nm
thick Alg35Gages layers sequentially on a semi-insulating GaAs sub-
strate. The QW biochip was functionalized and kept in a bacterial
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Fig. 2. (I). (a) Schematic setup of plasmonic imaging and tracking of bacterial cells. Surface plasmons were formed when p-polarized light is subjected to gold coated
glass sensor chip and reflected light is detected using CCD, (b) Bacterial cell's movement with and without antibiotic treatment, (c) Image of bacterial movement with
respect to varying plasmonic image contrast. (d) The plot showing the vertical distance between the plasmon surface and live bacterial cell. (e)The plot showing the
vertical distance between the plasmon surface and dead bacterial cell. Reprinted with permission from (Syal et al., 2016). Copyright (2015) American Chemical
Society. Fig. 2(II). (a) Schematic representation of phase-shift reflectometric interference spectroscopy AST using photonic chip of pillar-type gratings, (b) Typical
reflectance spectra from the grating collected by a spectrometer, (c) seeding stage: bacterial suspension was allowed to settle inside Si pillar chip, (d) Schematic
representation of biochip below and above MIC values, (e) Schematic representation of increase in refractive index below MIC, (f) Schematic representation of
decrease in refractive index above MIC. Reprinted with permission from (Leonard et al., 2017). Copyright (2017) American Chemical Society.
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suspension flow cell so that the electrostatic interaction of bacterial
cells with the biochip surface can be monitored by analyzing the in-
tensity and maxima of the PL spectrum. Under the influence of anti-
biotics, the electrostatic interaction was observed to be decreasing
(owing to bacterial death). This caused changes in the PL maxima po-
sition over time. This method could provide AST results in less than 3 h
for two strains of E. coli. However, it used a complex and expensive
components and results of the evaluation with other bacterial species
have not been reported.

3.9. Bead-based AST

A group of researchers at the University of Michigan, have worked
on asynchronous magnetic bead rotation (AMBR) sensor to measure the
growth and drug susceptibility of individual bacterial cells (Kinnunen
et al., 2012, 2011; Sinn et al., 2012, 2011). In their sensors, magnetic
beads were introduced in bacterial suspension and placed within an
external rotating magnetic field to control the rotation of the beads.
Over time the bacterial cells attach to the beads forming bead-bacteria
complexes. The changes in shape, volume, magnetic moment, and en-
vironment (viscosity) of the bead-bacteria complex was measured by
considering the rotational frequency. In 2011, Kinnunen et al. used a
single ball-shaped magnet upon which a single E. coli bacterial cell can
be attached when the magnet is functionalized with anti-E. coli
(Kinnunen et al., 2011). During the growth of attached bacteria, the cell
length changes due to cell division which leads to change in rotational
dynamics. The affected growth dynamics creates a unique detectable
signature in the rotational dynamics after addition of antibiotics. By
measuring these torque variations, change in length of bacteria as low
as 80 nm was sensed. In the improvement of this technique, they had
used a self-assembled clustered magnetic microparticles to detect
streptomycin and gentamicin MIC against E.coli (Kinnunen et al., 2012).
This method was rapid (1.5 h) as small changes in bacterial growth was
clearly measurable over such a small timeframe. However, this process
requires delicately suspended cultures and was not effective for higher
concentrations of bacteria. To solve this problem, a novel 48-sensor
prototype using standard microwell plates stacked between an aligned
light source and photodiodes was used (Kinnunen et al., 2014). In this
case, the rotational frequency was temporally tuned to observe the
growth of a wide spectrum of bacterial concentrations ranging from 10°
to 5 x 103CFU/mL AST of S. aureus. In the AMBR sensor discussed
above, particle-to-surface stiction effects affect the efficiency and sen-
sitivity of the system leading to limited time for reproducing the results.
To alleviate this shortcoming Sinn et al. have used a water-in-oil droplet
microfluidics-based AMBR sensor to rapidly measure bacterial growth,
susceptibility, and MIC as shown in Fig. 3 (Sinn et al., 2011). In this
device, individual AMBR sensors were enclosed in the microfluidic
droplets and growth of the individual as well as small bacterial popu-
lations was monitored. In 2012, the same group developed a similar
droplet microfluidics platform using AMBR sensor-based viscometer to
measure AST. The change in the metabolism, motility, and concentra-
tion of bacteria changes the viscosity of the medium, which is leveraged
(Sinn et al., 2012). These studies are limited to E. coli and thus, more
studies are needed to be performed to make it more reliable for rapid
AST in clinics.

In another study, Chung et al. used carboxylate-/amine-modified
polystyrene particles and optical diffusometry principle to quantify the
Brownian motion of particles (Chung et al., 2016). The Brownian mo-
tion of particles was recorded using a high-speed camera at 10 Hz frame
rate for each measurement. When live bacteria (P. aeruginosa) are at-
tached to the surface of particles, they move more vigorously due to
gaining additional energy from bacteria. However, dead bacteria cause
more dragging and thus diffusivity decreases. In this AST method, the
temporal diffusivity of the particles is analyzed and it showed excellent
results for P. aeruginosa against gentamicin within 2h. Recently, Sab-
hachandani et al. have used bead-based biosensors combined with
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droplet microfluidic for capturing and AST monitoring of E. coli
(Sabhachandani et al., 2017). In this case, E. coli suspension and anti-
microbial agent are encapsulated in droplet form by using droplet mi-
crofluidics (MFD). In the encapsulated droplet, E. coli from the patient's
sample were easily captured by beads conjugated with antibody. Both
antibiotic-induced bacterial growth and phenotype filament formations
was studied via fluorescence imaging. This technique had the capability
to detect a single cell and produce AST results in 30 min. All these beads
assisted methods have a low throughput in screening for an antibiotic
or bacteria (in the case of detection) and are limited by an inability to
be multiplexed for different assays. He et al. integrated an im-
munomicrobead-based microfluidic platform for bacterial detection
and AST (He et al., 2014). In this study, four PDMS microfluidic units
(one for identification and three for AST with different antibiotics) with
common output were fabricated on a single chip. In one-unit, bacterial
suspension mixed with antibody-coated microbeads were examined
using via fluorescence imaging for identification. Remaining three MFD
made of linear concentration gradient generator was used for AST. This
device could identify bacteria (E. coli) in the range of 10*-10° CFU/pL
in 30 minutes and provide AST results in 4 h.

3.10. Nanomechanical sensor

In the field of phenotypic AST, nanomechanical sensor-based AST
has been an emerging approach in the last decade. A nanomechanical
sensor is an ultrasensitive oscillator (cantilevers in most cases) which
measures the change in mass induced by the adsorption or selective
chemical binding of specific target substance onto the substrate or
specimen under study. Atomic Force Microscopy (AFM) based canti-
levers are a versatile tool for biochemical sensing applications because
of its operational capabilities in different environments such as gases,
liquids, or even in vacuum (Lang and Gerber, 2008). It is well known
that drugs induce changes in the morphology of bacterial cells i.e. de-
pending on the concentration of antibiotics, varying effects from the
creation of pores to complete lysis of the cell wall. The change in
morphology of susceptible cells due to antibiotic treatment has been
successfully measured using AFM tip by several researchers (Du et al.,
2008; Eaton et al., 2008; Fernandes et al., 2009). However, this tech-
nique has several limitations such as the complexity of sample pre-
paration, the requirement of an AFM expert to perform the study, the
complexity of data interpretation, and an amount of time consumed
(Longo and Kasas, 2014). Additionally, it does not provide real-time
AST results. To overcome these problems, Longo et al. have developed a
microcantilever coupled with an AFM tip to study the micro-motions of
cells (Aghayee et al., 2013; Longo et al., 2013). Bacterial cells were
attached to the surface of the cantilever and its dynamic fluctuations
were measured as a function of time. Nanometer-scale motions of E.
coli, and S. aureus bacteria and their metabolic activities in the presence
of antibiotics was studied by measuring the amplitude of fluctuations. A
schematic representation of bacteria detection and AST profiling is
shown in Fig. 4(I)(Longo et al., 2013). This work was further extended
by Lissandrello et al. to measure the nature of force applied by bacterial
cells on the microcantilever (Lissandrello et al., 2014). It was observed
that the amplitude of the fluctuations strongly depends on the oscilla-
tion frequency as well as the number of bacterial cells attached to the
surface of the cantilever. Also, the nanoscale motions of prokaryotic
and eukaryotic cells and their viability (at a metabolic level) were de-
tected using this technique (Kasas et al., 2015). Thus, it is a promising
technology to study and characterize the real-time interactions of
bacterial cells with antibiotics. Recently, Johnson et al. studied bac-
terial vibrations by placing them on a resonant crystal (France et al.,
2016; Johnson et al., 2017). In this case, bacterial-induced phase noise
i.e. perturbations of resonant crystal boundary conditions and resonant
frequency was measured over time to study AST. On exposure of
polymyxin B and ampicillin to E. coli, the change in phase noise was
observed in 7 and 15 min respectively.
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Fig. 3. (a) Schematic representation of microfluidic channel fabrication using standard lithography process, (b) Image of the microfluidic device, (c) An image of the
microfluidic device placed inside the electromagnet to generate rotating magnetic field, (d) Magnified image of magnetic bead rotating in an external rotating
magnetic field, (e) Image of droplet formation containing magnetic beads. Reprinted with permission from (Sinn et al., 2011). Copyright (2011) The Royal Society of

Chemistry.

Another efficient mechanical sensing method is based on quartz
crystal microbalance (QCM). In 2015, Ma et al. utilized electrochemical
QCM-based lectin biosensor for AST profiling (Ma et al., 2015). Anti-
biotics induce changes in the carbohydrate and lectin adhesin structures
of bacterial cell walls, which leads to alterations of lipopolysaccharide
(LPS) chain lengths and lectin expressions. Thus, the binding strength of
bacteria cells on QCM surface via LPS was crippled. The effect of ci-
profloxacin, ceftriaxone, and tetracycline on E. coli suspension showed
at least 10% change in resonant frequency after 1 h.

3.11. Opto-mechanical techniques

In another approach, buoyant mass and instantaneous growth rates
of individual bacterial cells were measured with the help of MFD em-
bedded on resonant cantilever (Gfeller et al., 2005; Godin et al., 2010;
Knudsen et al., 2009). The position of individual bacterial cells in an
MFD was determined by measuring the changes in the resonant fre-
quency. This method could detect different bacterial cells and their
changes in volume, mass, and density. The difference between anti-
biotic-resistant and antibiotic-susceptible bacteria was also verified. A
similar approach was developed by Etayash et al. for AST measurement
by integrating photothermal infrared spectroscopy with a bi-material
microchannel cantilever (Etayash et al., 2016). This device was de-
signed to measure the adsorbed mass, adsorption stress, and mid-in-
frared spectroscopy of the adsorbates (in this case, bacterial cells)
which improved the sensitivity and selectivity. This scheme is shown in
Fig. 4(ID). In this case, antibodies captured specific bacteria cells on the
cantilever. These immobilized bacterial cells upon absorption of heat
from specific frequency ranges of the incident IR light caused changes
in the resonant frequency of the cantilever. The live and antibiotic-in-
duced dead bacteria was studied by measuring changes in the oscilla-
tion frequency of the cantilever. These nanomechanical sensors for AST
application are rapid as compared to other methods. However, it re-
quires a pure isolated bacterial culture and may not be useful for mixed
bacterial population or non-bacterial cells. Implementing multiplexing

to provide AST results for multiple antibiotics is also challenging. In this
regards, Kara et al. had used fine MFD filled with PBS solution to
monitor ultra-movement of bacteria via measuring electrical resistance
through the channel (Kara et al., 2018). When bacteria cells were
present inside the fine microfluidic channel, the effective diameter of
the channel was reduced resulting in a voltage drop due to resistance
faced by ions. These small voltage fluctuations were recorded with the
help of lock-in-amplifiers over a period of time to measure the effects of
the antibiotic on the E. coli. Though this method is simple, rapid, and
requires small to no sample preparation, it will be not useful for non-
motile bacteria (e.g. S. aureus). In another study, resonator frequencies
depend AST was carried out by placing multiple mass sensors in a
suspended microfluidic channel (Cermak et al., 2016). Here, these re-
sonant mass sensors were placed along the channel but separated by
‘delay: to give sufficient time to grow’ to measure growth rate i.e. in-
creased mass in the successive sensor. This serial suspended micro-
fluidic resonator was tested for various cells including Saccharomyces
cerevisiae, E. coli, and E. faecalis bacteria cells. For AST profiling, the
normal and bacterial suspension mixed with antibiotics was made to
flow through the channel and their growth was measured at 0.02 pg/h
resolution.

3.12. Microfluidics technologies

In microfluidics technology, an extremely small amount of fluid can
be accommodated and manipulated to yield interesting biophysio-
chemical changes and effects (Whitesides, 2006). The size of these
devices can vary from the nanometer to centimeter scales. With the help
of advanced nanotechnology and microfabrication techniques, re-
searchers have fabricated miniaturized chambers (micro-liter to pico-
liter), channels as well as other structures like porous membranes, slits,
etc. (Leester-Schiadel et al, 2016; Whitesides, 2006). Poly-
dimethylsiloxane (PDMS), glass, silicon, silicone elastomer, or plastic
are the most preferred material in microfluidics device fabrication. In
biological applications, the prime utility of ‘lab-on-chip’ platform is to
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Fig. 4. (I) (a) Schematic and SEM image of cantilever functionalized with bacteria, (b) In an optical image (bottom), several attached bacteria can be visualized, (b)
Schematic representation of acquisition chamber (A.C.) with help from laser beam, L and detector, D, (c) Schematic representation of cantilever fluctuations during
bacterial presence, (d) Bacterial presence fluctuations measured in presence of antibiotics. Reprinted with permission from (Longo et al., 2013). Copyright (2013)
Nature Publishing Group Fig. 4(I) (a) Schematic representation of microfluidic channel on a bi-material cantilever (BMC) for AST application, (b) Cross-sectional
Scanning Electron Microscopy (SEM) image of microfluidic channel, (c) Cross-sectional schematic of the microfluidic channel filled with bacterial suspension and
antibiotics, (d) Green fluorescent image of microfluidic channel filled with bacterial suspension, (e¢) SEM image of microfluidic channel tip, Time evolution of (f)
cantilever deflection, (g) Resonance frequency of cantilever beam, as more and more bacteria gets immobilized on the cantilever using mAb, and (h) Frequency range
over which bacteria absorbs IR light detected through nanomechanical deflection. Reprinted under creative commons licence from (Etayash et al., 2016) Nature

Publishing Group.

create a controlled physical or chemical environment via geometric
manipulations with the capability to manipulate liquids and study the
changes in the biochemical behaviour. Diverse microfluidic archi-
tectures have been used for different applications such as gradient
generation, droplet-formation, microchamber array formation, etc. The
changes in physical or chemical behaviour of biological samples in
microfluidics were monitored through various modalities such as op-
tical, magnetic, and electrical. Overall, these lab-on-chip platforms
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have several advantages like allowing for multifunctional im-
plementation (e.g. amplification, cell lysis, and hybridization), ensuring
high sensitivity, reducing the workload, and making the testing less
expensive.

In the last twenty years, several researchers have studied bacterial
culture using microfluidics and have found that bacterial division in
small volume is faster, which may potentially reduce AST time. Connell
et al. showed that bacterial behavior was strongly dependent on the
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geometry of microfluidics (Connell et al., 2013). In 2010, Chen et al.
demonstrated that growth of bacterial cell strongly depends on the
volume of the culture medium (Chen et al., 2010). They proved that the
enhanced surface area-to-volume ratio of growth chamber like in mi-
crofluidics increases the growth rate of cells. Researchers are interested
in single bacterial cell separation and its AST behavior over time. For
this, several techniques such as droplet microfluidics, microchambers,
bacterial capturing and their confinement, bacterial traps, and chan-
nels/tracks have been developed (Choi et al., 2014, 2013; Dai et al.,
2013; Long et al., 2013; Lu et al., 2013; Peitz and van Leeuwen, 2010;
Rowat et al., 2009; Sinn et al., 2011). Baltekin et al. used a narrow
microfluidic trap to study AST and were able to provide results in less
than 30 min (Baltekin et al., 2017). The growth of trapped E. coli in the
presence of antibiotics was studied using automated phase contrast
microscopy and post image processing.

With emerging engineering technologies, there is a wealth of work
dealing with microfluidic for AST applications as reviewed by Campbell
et al. and Dai et al. (Campbell et al., 2016; Dai et al., 2016). One such
study is a multiplexed microfluidics device developed by Mohan et al.
for AST application (Mohan et al., 2013). In this work, an array (4 X 6)-
of microwells, with each microwell straddled by fluid lines on either
side for loading antibiotics and bacterial suspension was fabricated for
the study of bacteria-antibiotic interaction. The effects of an individual
as well as multiple antibiotics with variable concentrations were stu-
died on E. coli. This multiplexed microfluidics device provided AST
results in less than 4 h and the total volume of reagents used for this test
was ~6pl. In their next work, a similar kind of multiplexed micro-
fluidic device was used for polymicrobial suspension (Mohan et al.,
2015). In majority cases in the literature, AST has been reported to be
performed on monomicrobial cultures whereas polymicrobial AST is
complicated due to inadequate antimicrobial dosing regimen of dif-
ferent bacteria. This device had 48 wells for diffusion mixing and, half
the part of each microwell was covered by polymicrobial suspension
and the other half by antimicrobial solutions. The analysis of the kill
curve after 16 h of incubation provided information about AST results.
In another study, Dai et al. have worked on multiplexed nanoliter re-
actors (1 nL) that allows for different cell cultures in parallel (Dai et al.,
2013). The device was designed in such a way that flow channels and
culture reactors will maintain uniform bacteria numbers in variable
environments in a single run. This device was integrated with a fluor-
escence imaging system to study bacterial growth in the presence of
various concentrations of antibiotics. Recently, Matsumoto et al. have
used four channel based microfluidics device with one shared inlet for
AST application (Matsumoto et al., 2016). This device allows for testing
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against three different concentrations of antibiotics against P. aerugi-
nosa. AST was microscopically evaluated by counting cell numbers and
morphological observation.

3.13. Gradient microfluidics

In a 96-well plate, a concentration gradient antibiotic can be gen-
erated and tested against bacteria. However, this process is laborious
and consumes large volumes of reagents. With the help of microfluidic
engineering technology, some research groups have developed on-chip
gradient generator (Hou et al., 2014a; Li et al., 2014). These gradient
generators were formed in discrete or continuous versions with the help
of different channel configurations, microfluidic traps, or hydrogel
slabs. Kim et al. have fabricated a fivefold gradient generator to
monitor biofilm disruption under the influence of several antibiotics
(Pil Kim et al., 2010). Similarly, Hou et al. have used a commercially-
available microfluidic device having a 6 uL chamber to test a range of
antibiotic concentrations against E. coli, S. aureus, and Salmonella Ty-
phimurium (Hou et al., 2014b). The bacterial response over a linear
concentration gradient of antibiotics was observed using a phase con-
trast microscope to determine growth over time and against various
concentrations to obtain the MIC value. A similar approach analogous
to classical E-test was used to determine MIC corresponding to an op-
timal bacterial concentration (Malmberg et al., 2016). Recently, Tang
et al. developed an automated linear concentration gradient generator
based on centrifugal microfluidics for AST applications (Tang et al.,
2018). This device consists of a multilayer microfluidics platform in the
shape of stacked discs where the individual layer was fed with DI water
(layer-1), ampicillin (layer-2) and E. coli suspension (layer-3) as shown
in Fig. 5. After spinning the disc at various speed, 16 linear gradient
antibiotic concentrations were generated in the metering chamber and
they were further mixed with an equal amount of E. coli suspension
after passing through capillary valves. Once each fluid reaches the
mixing chamber, the disc was incubated, and absorbance of each
chamber was measured sequentially. This device provided AST results
in 3h. Kim et al. have developed a miniaturized broth microdilution
platform based on concentration gradient microfluidics for AST appli-
cation(Kim et al., 2015). In this study, pressure driven microfluidics
was used to generate different concentrations of antibiotic which were
mixed with bacterial culture (5 X 10° CFU/mL) in 30-nL chambers.
Bacterial behaviour was monitored using standard phase contrast mi-
croscopy over time to determine the effect of antibiotics. In another
study, Derzsi et al. developed a gradient microfluidic based on geo-
metry controlled hydrodynamic traps that passively meter, merge,
route, and retain nanoliter samples via capillary action (Derzsi et al.,
2016). This device was operated through five pipetting steps, three for
loading the aqueous samples namely bacterial culture, antibiotic and
pure broth as a diluent and two steps for maintaining the flow in the
device. The metering requirements in the device are for creating equal
volumes of bacterial culture using pure broth and concentration gra-
dients of the antibiotics. The metering as well as the flow in the chip
creates the required droplets for analysis. This chip gave a dilution ratio
of 1.68 (although it was designed for 2) in 11-fold. It was successfully
tested with E. coli strain against ampicillin and provided AST results in
4 h after pipette loading.

In most cases, microfluidic chips are operated by means of pumps.
On the other hand, Ran et al. have developed a pump-free micro-device
for AST analysis (Ran et al., 2015). In this study, a circular well (5 mm
in diameter) and a V-shaped microfluidic channel (200 ym wide and
1000 pm length on each side) were fabricated in such a way that the
intersecting portion of the V-shaped channels would terminate by just
touching the well wall. The channel and the well wall were separated
from each other by a set of parallel micropillars as a diffusion barrier.
Upon loading antibiotic in the well, they start diffusing towards the
channels which were loaded with bacteria mixed agarose gel. The an-
tibiotic diffuses from the well towards the channels and as a result, a
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concentration gradient is generated along the channels. The bacterial
behavior in the presence of gradient antibiotic concentration was stu-
died using fluorescence imaging. Though this method was simple and
was able to perform AST within 4 h it was limited by the requirement
for large amounts of reagents. The gradient profiling is time dependent
and thus one has to wait till the diffusion process completes to start the
testing.

Instead of conventional microfluidics, Sun et al. have developed
hydrogel microfluidics by combining conventional plate culture to
study AST (Sun et al., 2016). A liquid mix of agar and sodium alginate
gel was cast on PDMS mold to solidify after which solid gel slices were
bonded with help of CaCl, solution. To generate a linear gradient of
antibiotics across the square shaped solid porous gel, four channels
were designed to surround this zone from four sides to flow antibiotics
and LB broth as shown in Fig. 6(a). Bacteria were cultured on above this
square region and their interaction with antibiotics were monitored via
fluorescence imaging. This device was capable of testing against two
gradients and the same group went on to improve this technique to test
with multiple antibiotics across a range of concentrations (Liu et al.,
2017). However, this design restricted the generation of complete
concentration gradient range of 0-100%. In their improvised version,
three layers of solid gel slices were bonded so that channels can bypass
each other as shown in Fig. 6(b). By designing parallel channels in one
layer and orthogonal parallel channels in another layer, several square
zones were formed. This device was able to generate multiple gradient
zones of individual or combination of antibiotics and also allowing for
the entire concentration range of 0-100% to be covered which was a
limitation in the previous design. The test results of E. coli against
ampicillin, gentamicin and their combination were produced in less
than 5 h. However, the durability of this device was not tested and thus,
more studies are needed.

3.14. Droplet microfluidics in AST

In droplet microfluidics, droplets are formed either by continuous
flow of the emulsion or by electrowetting. In AST applications, bacterial
cells and the antibiotics to be tested against were encapsulated in the
form of droplets in a favourable cellular environment (Kaminski et al.,
2016). In 2008, Boedicker et al. used droplet microfluidics to accelerate
S. aureus growth and measure AST against different antibiotics (Q.
Boedicker et al., 2008). This device provided results after 7h of in-
cubation and was limited only by the formation and measurement of
droplet volume. This device was also capable of delineating methicillin
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sensitive and resistant strains of S. aureus from human blood plasma. In
this case, separate devices were used for droplet generation, droplet
incubation, and droplet detection. To reduce AST time, Kaushik et al.
developed a droplet-based fluorescent AST device with inbuilt incuba-
tion zone as shown in Fig. 7. (Kaushik et al., 2017). This device provides
AST results in 1h and is one of the fastest phenotypic AST devices.
Similarly, Baraban et al. used a novel millifluidic droplet analyzer
(MDA) to determine the growth rate of E.coli and calculate its MIC
against specific antibiotics (Baraban et al., 2011). Digital screening of
multiple antibiotics or combined antibiotics on E. coli using an auto-
mated microfluidic platform was carried out by Churski et al. (2012). In
this case, resazurin (a fluorescent dye) was used to track bacterial be-
haviour and AST was performed within 3h. This device was pro-
grammed for automatic droplet formation and sequential detection
using optical imaging. The major advantages of droplet microfluidics
were the ability to fine-tune droplet size, bacterial density, antibiotic
concentrations, and reproducibility. In 2006, Jiang et al. demonstrated
a unique droplet-based millifluidic technique to study AST accurately
(Jiang et al., 2016). This millifludic system was analyzed with a Mil-
liDrop Analyzer and results were in good agreement with classical as
well as VITEK®2 technologies. However, droplet microfluidics has not
yet been tested with multiple bacteria or combinations of bacteria with
different antibiotics and thus, more studies need to be carried out in this
field.

3.15. Stress-induced AST

By applying mechanical stress and antibiotics, Kalashnikov et al.
have developed a microfluidics AST technique to accelerate the death of
susceptible strains (shown in Fig. 8) (Kalashnikov et al., 2018, 2017,
2014, 2012). Bacterial cells were immobilized on the channel floor by
epoxy coating to hold them in place under high flow rates. Mechanical
and enzymatic stress was applied on these immobilized bacteria by
flowing growth media containing Sytox green, which is a fluorescent
stain confirming the loss of cell viability. An enzyme Lysostaphin that
cleaves linkages in the bacterial cell wall, bacterial culture media, and
antibiotics at high speed by inducing enzymatic stress. The antibiotics
inhibit the cell wall repair pathways that get triggered by the stress-
inducing enzyme. The effect of antibiotics was examined via phase
contrast and fluorescence microscopy through visualization of the Sytox
Green dye. This stress-induced AST could distinguish between methi-
cillin-resistant S. aureus and methicillin-sensitive S. aureus in less than
30 min (Kalashnikov et al., 2014, 2012). In their next work, they
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successfully tested against several gram-negative bacteria namely, En-
terobacter cloacae, E. coli, Klebsiella pneumoniae, Pseudomonas aeruginosa
and gram-positive bacteria S. aureus(Kalashnikov et al., 2017). Most
recently as a next step, the temperature, mechanical stress, chemical
stress, and media compositions were varied to optimize the AST per-
formance (Kalashnikov et al., 2018). Despite uniqueness and robustness
of this measurement modality, there are several concerns that needs to
be addressed: such as requirement of large volumes of reagents, pos-
sibilities of leakage owing to high flow rate of liquid in the channels and
change in morphology of resistant bacteria after the experiment which
could be considered as a collateral damage of the experiment itself.
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3.16. Microchamber-based AST

In droplet microfluidics, droplets are motile and thus, manipulating,
handling, and tracking them is relatively complex. Recently, few re-
searchers have reported the development of microchamber (static)
based AST. In 2014, Weibull et al. fabricated nanoliter wells (336 wells
per device) which offers simple loading, multiplexing, and imaging for
AST applications (Weibull et al., 2014). The growth of E. coli in nano-
liter chamber against ciprofloxacin, cefotaxime, and ampicillin was
observed in real-time using optical density measurements. They have
developed a mathematical algorithm to calculate the lag phase of
bacterial growth which allowed for determining MIC within 4 h. Con-
sidering the design and structure of these microwells, it was difficult for
these wells to be completely isolated from each other during the testing
process, thereby casting apprehensions on the utility of this platform to
be used for multiplexing. Recently, Avesar et al. have developed che-
mically isolated nanoliter wells (8 nL) for rapid AST (Avesar et al.,
2017). Here, the multiplexing was carried out by creating rows of na-
nowells with a common delivery channel. The mixed bacterial culture
with antibiotics was used to fill the wells via a common delivery
channel. The wells were chemically isolated by flowing oil through the
same delivery path as shown in Fig. 9. Further, the biochemical activity
of the bacterial cells within each well was monitored using conven-
tional fluorescence imaging. Also, an algorithm was developed for the
automated analysis of susceptible/resistant strains. In another study,
eight individual microchambers (volume-360nL) with two flow chan-
nels were fabricated to determine the MIC for microbes (Takagi et al.,
2013). Channel 1 was used to load bacterial suspension and channel 2
was used for suction of suspension into the chamber. Prior to making
the device via bonding of PDMS with the glass substrate, antibiotics
solution with 0/5 wt% BSA was loaded onto the PDMS chambers and
freeze-dried to form a matrix. Variable concentrations of different
freeze-dried matrices were used to study the growth of E. coli.

3.17. Agarose based cell tracking
In most cases, cells in MFD are in constant motion and thus tracking

of individual cells is a difficult task. Also, shear flow affects the mor-
phology of cells. Few research groups have alternately used agarose in
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MED to freeze individual cells and study their AST profiles. Choi et al.
have worked on microfluidic agarose channel based systems for
tracking single bacterial cells and applied for rapid AST studies (Choi
et al., 2014, 2013). In their first system, liquid agarose with bacteria
and culture media containing antibiotics was flown in two channels
separated by a capillary valve (shown in Fig. 9) (Choi et al., 2013). In
the next step, bacteria cells were immobilized by solidifying the
agarose. The culture media containing antibiotic was allowed to diffuse
towards the agarose frozen channel. Bacterial growth in the presence of
different antibiotics with variable concentration was then monitored for
AST. The same group extended this work using microfluidic agarose
channel integrated with a 96-well platform i.e. individual well and
microfluidics channel were placed side-by-side and separated by a ca-
pillary valve (Choi et al., 2014). In this study, the morphology of in-
dividual cells was analyzed in the presence of antibiotics with the help
of time-lapse microscopy. An algorithm was developed to match with
gold standard broth microdilution technique (91.5% agreement). In
another study, the same device was used to carry out direct and rapid
antimicrobial susceptibility testing (ARAST) of bacterial samples from a
positive blood culture bottle and provided AST results (91.11% success)
in 6 h. This is of particular interest as most studies are only on clinical
isolates (Choi et al., 2017). Recently, the same platform was used to test
on Mycobacterium tuberculosis. The drug susceptibility test results were
obtained in 9 days, whereas conventional drug susceptibility tests for
Mycobacterium tuberculosis takes around 4-6 weeks (Choi et al., 2016).
In 2014, Li et al. worked on a unique AST device having a thin agarose
gel membrane coated with a monolayer of bacterial suspension which
was sandwiched between glass and PDMS layer (Li et al., 2014). Two
parallel PDMS channels (namely source and drain) were allowed to
flow amoxicillin and plain medium so that a concentration gradient of
amoxicillin formed between the source and drain through agarose.
Morphological dynamics of sandwiched bacterial cells under the in-
fluence of gradient of amoxicillin were recorded for AST.

3.18. Microfluidic pH sensor

During bacterial growth, the glucose-containing medium becomes
more acidic due to the accumulation of organic acids. Based on this
idea, Funfak et al. have used pH-dependent fluorescent polymer parti-
cles in microfluidic channels to study the metabolic activity of E. coli
cells (Funfak et al., 2009). In 2013, Tang et al. developed a microfluidic
platform to measure changes in pH for AST applications (Tang et al.,
2013). In this device, a microfluidic channel was fabricated on the
porous silicon surface by integrating pH-sensitive chitosan hydrogel.
Bacterial cells were confined in a nanoliter size channel which results in
rapid changes in metabolic activity and thus pH changes rapidly. Based
on the pH of the medium, the chitosan hydrogel either shrinks or swells
and this was recorded with Fourier transform reflective interferometric
spectroscopy (FTRIFS) which measure the effective optical thickness
(EOT) of chitosan hydrogel as shown in Fig. 10. E. coli suspension,
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cultured in glucose medium, was tested against ciprofloxacin, tetra-
cycline, azithromycin, and amikacin. It was found that the EOT is in-
versely related to the pH i.e. lower EOT results from bacterial inhibition
and higher EOT results from bacterial growth. This device provided AST
result within 2h. However, after Tang et al. no other researcher has
explored this technique further.

In general microfluidics devices require valves and actuators to
operate. However, Cira et al. developed a portable microfluidic device
that has dead-end chambers where bacterial samples were loaded and
isolated from others (J. Cira et al., 2012). In this case, a set of PDMS
chambers were fabricated and dried antibiotics were stored in them.
This PDMS layer containing chambers was bonded with a second PDMS
layer having microfluidic channels to connect the chambers. The
chambers, as well as the channel, were degassed via vacuum as PDMS is
permeable to the flow of gases helping the chambers and channels to be
degassed. The bacterial suspension is then sucked into the device during
the loading process because of the vacuum inside. In this degassing
driven device, the interaction of antibiotics and bacteria in the chamber
was visualized with a pH indicator (colorimetric change) i.e. as bacteria
grow, they produce organic acids by degrading glucose and thus pH
decreases. This is a self-loading device which needs only a few micro-
liters of the bacterial suspension. This AST device was tested with
various concentrations of vancomycin, tetracycline, and kanamycin
against Enterococcus faecalis, Proteus mirabilisHI4320, Klebsiella pneu-
moniae, and E. coli.

3.19. Dielectrophoresis

Dielectrophoresis is a nonlinear electrokinetic phenomenon in
which a force gets exerted on dielectric particles such as bacterial cells
when a non-uniform electric field is applied. The particle movement is
strongly dependent on the strength of the local electric field, medium,
and the permittivity of the particles. Based on this principle, Johari
et al. have studied the viability of bacterial cells by applying an electric
field of frequency 100-200 kHz (Johari et al., 2003). The movement of
the cells towards high and low electric fields was used to differentiate
between viable and non-viable cells. Similarly, Braff et al. discriminated
bacterial species at the strain level for P. aeruginosa and S. mitis by
immobilizing them with the electric field in a microfluidic channel
(Braff et al., 2013). The immobilized bacterial cells images were pro-
cessed to study bacterial behaviour. Chung et al. have worked on die-
lectrophoresis-based AST by measuring dielectrophoresis behaviour
and elongation rates of E. coli (Chung et al., 2011). They designed a
quadruple electrode to create a non-uniform electric field as shown in
Fig. 11(I) (a-c). Under the influence of B-lactam antibiotics, the cross-
over frequency (transition frequency as particles moves from high
electric field region to low electric field region) of the bacterial sus-
pension and cell elongation was measured. This test provided AST re-
sults in less than 2 h. Subsequently, they tested with cephalosporin-re-
sistant E. coli and cephalosporin-resistant K. pneumoniae against
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Fig. 10. Schematic representation of microfluidics pH sensor. The effective optical thickness of porous silicon and chitosan hydrogel was measured by considering
antibiotics induced pH change. Reprinted with permission from (Tang et al., 2013) Copyright (2013) American Chemical Society.

cefazolin(CEZ) successfully (Chung et al., 2012). According to these
results, CEZ treatment caused reduction of cross-over frequency of
bacterial suspension to hundreds of kHz and cell length increased more
than 10 um (which is usually the average cell length of healthy cells).
This work was further extended to study bacterial behaviour in a re-
sistant and susceptible mode in the presence of different antibiotics
with variable concentrations (Su et al., 2017). Cell elongation of anti-
biotics induced susceptible bacteria, cell swelling, or lysis, as well as the
behaviour of resistant bacteria (whether the numbers are unchanged, or
they increased), was monitored using this technique Fig. 11(I) (d).

In another approach, electrokinetic AST was used to capture bac-
terial cells at the edge of microelectrodes by dielectrophoresis method
and they were analyzed with an automated image processing to single-
cell resolution in the presence of antibiotics (Peitz and van Leeuwen,
2010). In this study, an additional DC field was applied between in-
terdigitated electrodes and a redox reagent was flown in the micro-
fluidic channel to capture and immobilize bacteria on the electrode
surface. AST of E. coli K12 against Polymyxin B was successfully mon-
itored and determined MIC as well as IC50 values. A similar approach
by Lu et al. for AST was carried out by narrowing the channel width to
the range of bacterial cell diameter (Lu et al., 2013). In this study, E. coli
cells were loaded onto the confined microchannels (0.5-10 pym width)
by the electrokinetic method and their growth was monitored at the
single cell level. The position of the bacterial cells inside the channel
was tailored by controlling the electric field and subsequently, the
growth rate was observed using phase contrast microscopy. The growth
rates with and without ciprofloxacin antibiotic were easily differ-
entiated in less than 1 h. All these dielectrophoresis-based AST studies
were performed on few bacterial species and strains and thus, may not
be generalized for an exhaustive antibiotic-bacteria combination yet.

3.20. Electrochemical sensing

Electrical biosensing is considered a robust, miniature, label-free,
low-cost, rapid, and easy-to-handle technique. These devices are highly
sensitive and are considered as the most practical assessment tool for
point-of-care diagnosis (Bhalla et al., 2016; Luo and J. Davis, 2013;
Mehrotra, 2016; Turner, 2013; Vigneshvar et al., 2016). In most cases,
biological targets are made to bind with the target antibody and the
perturbations in the current or voltage signal are measured. Several
biosensors like amperometric/voltammetric biosensors (current mea-
surement), potentiometric (voltage/charge measurement), conducto-
metric (medium conductance measurement), impedance biosensors
(electrical impedance measurement with varying input potential and
frequency) and field-effect transistor (FET) biosensors (current or po-
tential measurement across a semiconductor by tuning gate potential)
are widely used. Electrical biosensors have been frequently used to
detect bacteria and their growth over time. In most amperometric
electrochemical systems, ferri-/ferrocyanide is used to monitor
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bacterial suspension (Chotinantakul et al., 2014; Ertl et al., 2003, 2000;
Mann and Mikkelsen, 2008). The measured current in amperometric
electrochemical AST strongly depends on Fe(I) oxidation which is
proportional to the number of cells available in the suspension. Under
the influence of antibiotics above MIC, the current decreases as com-
pared to resistant bacterial suspension or a bacterial suspension with no
antibiotics added. Amperometric/voltammetric AST systems are rela-
tively faster than conventional as well as few engineered AST tech-
nologies. Besant et al. have studied a phenotypic electrochemical ap-
proach for AST applications (Besant et al., 2015). In this case, bacterial
cells were captured in confined nanoliter wells integrated with
working, counter and reference electrodes. The loaded bacterial cells
were cultured with antibiotics and an electrochemically redox-active
molecule like resazurin. Resazurin gets reduced actively when live re-
sistant bacterial cells are present in the suspension leading to changes in
current profiling. If majority susceptible cells are there the extent of
reduction reaction is lesser leading to negligible changes in the current
profile. This method provided AST results in one hour and is one of the
most efficient and low-cost techniques currently available.

3.21. Impedance spectroscopy

Impedance measurement is one of the simplest techniques used for
AST, where an alternating current (AC) signals of a wide range of fre-
quencies are applied to a suspension and its impedance response is
measured. Under the influence of AC field, live bacterial cells in sus-
pension act as polarized particles leading to charge build-up across their
cell membrane which acts like capacitors. The total capacitance
strongly depends on the number of bacteria cells available in the sus-
pension. In most cases, antibiotics above MIC value causes lysis of cells
which leads to the increase in conductive species like carbonate and
lactate in the suspension as it gets out of the cytoplasm of the cell into
the suspension medium. Total resistance, as well as capacitance change
of the suspension, is measured to find out the effect of antibiotics.
Recently, Jo et al. has performed AST experiment by measuring the
changes in capacitance of E. coli and S. aureus suspension in the pre-
sence of gentamicin, ampicillin, and tetracycline (Jo et al., 2018). In
this study, an array of interdigitated electrodes (IDE) was fabricated on
a glass substrate and each electrode area was confined by acrylic wells.
The sensor surface between the electrodes was functionalized by DNA
aptamers to immobilize bacterial cells. The frequency dependent ca-
pacitance of bacterial suspension with and without antibiotics was
measured in real-time. It was found that capacitance of the suspension
decreases over time when antibiotics above MIC was added and in-
creases when this concentration was below MIC, indicating bacterial
growth over time in the absence of effective antibiotics. In another AST
study, 3-aminophenylboronic acid (3-APBA) was used to bind to poly-
saccharides on the bacterial cell walls to immobilize them and measure
the changes in capacitance with and without the antibiotic drug



B. Behera, et al.

(U))

Biosensors and Bioelectronics 142 (2019) 111552

15
10
4
05 > &
-,

19 mm

Resistant Susceptible

(@) (b)
Function generator e -
400 kHz, 10 V,
_TL'\ E (V/im) A
x107 I\,
25
20 -7 Suspension drop

(c) -Control

.| Without Antibiotics

Susceptible | With Antibiotics

iil Eloniation

Lysis

W

(iv) No change

Contact Pads Heater

(a) for Heater Inlet ‘ Outlet (b

Interdigitated Microfludic Contact Pads
Electrodes  Channel  for Sensor

Schematic of Biosensor Photograph of Biosensor
Bactena-+Antibiotics

Plastic Substrate

(c)

o i® '.
C A

Captured Bactena Incubated
with Antibiotics

Bacteria Antibiotics Heater
Voltage

Modification

=@

White Red Bacteria Antibiotics Antibody

blood cells blood

emperature Sensor | gpiked Whole Blood

PMMA ‘ (d) ‘

. ® .0
Saten Yy
YYYYYYY
Spiked Blood Loaded on Captured Bacteria
the Chip with Immobilized Antibodies
Antibiotics

cells

Wash with PBS
—_—

Captured Bactena Incubated
with Antibiotics
Impedance Measurment of Bacteria on Microchip without Surface  On-Chip Bacteria Capture and Impedance Monitoring for Bacterial

Antiblotic Susceptibility

Fig. 11. (I) (a) Typical electric field distribution of a quadruple electrode array used in dielectrophoresis method-based AST application, (b) Schematic representation
of dielectrophoretic AST device, (c) Typical behavior of suspension while doing AST, (d) Image of bacteria in resistant and susceptible mode. Reprinted with
permission from (Su et al., 2017) Copyright (2017) American Chemical Society. Fig. 11(II) (a) Schematic representation of impedance biosensor with interdigitated
electrodes, heater, and PMMA microfluidic channel for AST application, (b) Image of the device, (c¢) AST measurement using label-free electrical sensing on a
biosensor without surface modification, (d) AST measurement using same biosensor with surface modification. Reprinted with permission from (Safavieh et al., 2017)

Copyright (2017) American Chemical Society.

16



B. Behera, et al.

(Niyomdecha et al., 2017). This 3-APBA on a polytyramine (Pty) coated
gold electrode enables reusability of the device and thus multiple
bacteria were tested with the same device after washing with an acidic
buffer. Under the influence of antibiotics binding of the number of
bacteria to the 3-APBA was affected thereby changing the total capa-
citance measured. This reusable sensing device produced AST results in
2.5 h and was reused for 35 times successfully thus making it a potential
candidate for developing a future diagnostic tool. In 2012, Puttaswamy
et al. have developed a microfluidic channel with electrodes for AST
applications (Puttaswamy et al., 2012). By measuring the capacitance
of the suspension, the viability of bacterial cells under the influence of
antibiotics was tested. In this case, the impedance of the bacterial
suspension was measured at 500 different frequencies to determine
charge-polarization of living and dead cell membranes. The highlight of
this work was that it could determine MIC in 4h and provide in-
formation about the antibiotic influenced bactericidal or bacteriostatic
activity. One major limitation of this method was that the loading of
suspension for each measurement makes it labour-intensive. Recently,
Safavieh et al. have used microfluidics-based impedance analyser to test
AST on E. coli and MRSA against gentamicin, methicillin, ampicillin,
ciprofloxacin, erythromycin, and daptomycin antibiotics (Safavieh
et al., 2017). In this study, silver electrodes for impedance measure-
ment and carbon microheater for temperature stabilization were fab-
ricated on a low-cost plastic substrate as shown in Fig. 11(II). A closed
microchannel was formed by attaching an engraved poly(methyl me-
thacrylate) (PMMA) sheets on the plastic substrate that carried the
channel design. This microchip was functionalized with Anti-MRSA
antibody to capture MRSA from the blood sample. The electrical im-
pedance of the bacterial suspension was monitored at frequency
1kHzat 1V in the presence and absence of antibiotics in both functio-
nalized as well as non-functionalized conditions to test the efficacy of
the chip for affinity-based and antibody-capture based sensing. This
device provided AST results in less than 90 min thus making it a po-
tential point-of-care technology for diagnosing patients suffering from
UTI. Recently, Zhang et al. have developed a unique AST technique
based on a multichannel capacitively coupled contactless conductivity
detector (C4D) which the team termed as electrical bacterial growth
sensor (EBGS) (Zhang et al., 2018). In C4D, the contactless conductivity
of the suspension was measured, which was proportional to the con-
centration and mobility of the ionic charge carriers in the suspension.
This EBGS system measured the conductivity of E. coli suspensions at
the excitation frequency of 2.0 MHzat 16V amplitude. The con-
ductivity of bacterial solutions in the presence of chloramphenicol,
penicillin G, and malachite green was monitored over incubation time.
This sensor was also monitored online. In addition to the inherent ad-
vantages of electrochemical sensing techniques, this method provided
more utilities such as freedom from polarization and elimination of
passivation risks.

4. Conclusion

The engineering technologies for AST discussed in this article will
help in reducing sample volumes, testing duration, improve sensitivity
up to the level of a single bacterial cell, and potentially improve the
portability of the overall system. Some of the emerging technologies
such as mechanical, magnetic, and optical sensing-based methods are
highly sensitive but are limited by the complexity and cost of the
system. With advanced optical imaging techniques, researchers have
studied AST on single bacterial cells. These bacteria cells were captured
by physical confinement, dielectrophoresis, and/or agarose gel. On the
other hand, different mechanical methods such as asynchronous mag-
netic bead rotation and cantilever fluctuation have been used to study
AST on bacterial colonies as well as single cells. The microfluidics-based
technologies provide several advantages as it require extremely low
sample volumes and provide high throughput enabling parallel testing
against multiple antibiotics. The efficiency of AST profiling improved
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significantly when a combination of optical, mechanical, and electrical
modalities was integrated with microfluidics. Different microfluidic
technologies such as gradient, droplet, and multiplexing enables testing
with a wide variety of bacterial species and antibiotics in minimum
time. These observations point to a trend that a multi-parametric sen-
sing modality combining existing and emerging technologies will help
improve the robustness of the systems. Emerging approaches such as
data mining and machine learning combined with critical automation
will hold the key for the next generation of AST systems. Considering
the increasing trend of susceptible bacteria gaining resistance to con-
ventional treatment, there will be added value in technologies that can
clearly delineate between resistant, susceptible and persistent bacterial
sample. This will pave the way for a more personalized treatment which
will provide the best prognostic outcome.

However, from a translational point of view, the demonstration of
the clinical value of these technologies is a critical aspect that is lacking
in the literature. Except for the classical AST techniques and semi-au-
tomated systems, none of the emerging technologies discussed have
gone through clearances by international bodies such as CLSI and
EUCAST. Only a handful of studies have reported measurements from
clinical patient samples or direct improvements in patient outcomes
using their reported technology. While the scientific potential of these
emerging technologies is immense and open up new and innovative
ways of handling an important healthcare challenge, their adaptability
into the existing clinical workflow and cost-effectiveness in comparison
with gold standard techniques needs to be explored. The trend towards
developing low-cost devices and point-of-care platforms is a positive
step in this direction.
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