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A B S T R A C T

Understanding the characteristics of microbial growth is of great significance to many fields including in sci-
entific research, the food industry, health care, and agriculture. Many methods have been established to char-
acterize the process of microbial growth. Online and automated methods, in which sample transfer is avoided,
are popular because they can facilitate the development of simple, safe, and effective growth monitoring. This
review focuses on advances in online monitoring methods over the last decade (2008–2018). We specifically
focus on optic- and electrochemistry-based techniques, either through contact measurements or contactless
measurement. Strengths and weaknesses of each set of methods are described and we also speculate on forth-
coming trends in the field.

1. Introduction

Research and application of microorganisms are currently flour-
ishing in many fields, including in medicine, food industry, health care,
agriculture, and environmental monitoring (Ahmed et al., 2014; Tonner
et al., 2017). Characteristics of microbial growth, including their nu-
tritional and energetic physiologies, and survival and proliferation
under different conditions, are extremely valuable data to assess. Thus,
understanding growth processes is of great significance for various
goals related to the research and application of microorganisms
(Schuler and Marison, 2012). For example, growth-based measure-
ments are still considered the “gold standard” for antimicrobial sus-
ceptibility testing (Leonard et al., 2017; Theophel et al., 2014) and
fermentation (Peris and Escuder-Gilabert, 2013). Numerous measure-
ment methods have been established to assess the characteristics of
microbial growth, and these are primarily based on descriptions of
growth curves (Ahmed et al., 2014; Koch, 2007; Maia et al., 2016).
According to the working model, they are generally divided into two
categories: offline and online methods. Among offline methods, colony
counting is still popular in some situations because it can provide
conclusive and unambiguous results. However, it is a manual, opera-
tion-based method, is time-consuming, labor-intensive, and vulnerable
to subjective errors, and also carries a high risk for contamination (Jung
and Lee, 2016; Koch, 2007). Gene analysis-based methods, such as PCR

and DNA sequencing, are also popular offline methods (Si et al., 2016;
Syal et al., 2017; Zhang et al., 2017), and provide accurate results
within a relatively short time (Gopinath et al., 2014). However, the
tedious operations involved in gene-based analyses including manual
sampling, primer design, DNA extraction and purification, among
others, and their associated high costs decrease the likelihood of wide-
scale application (Shao et al., 2016; Syal et al., 2017). Immunometric
assays including enzyme-linked immunoabsorbent assays that use an-
tigen-antibody reactions to detect individual microbial types are an-
other commonly used offline method (Cho and Irudayaraj, 2013; Jain
et al., 2012; Si et al., 2016; Wang et al., 2013). Though these assays
provide sensitive and specific results, the analyses require considerable
amounts of expensive reagents. The short shelf-life of such biosensors is
another factor that limits the operational stability of these methods (Si
et al., 2016). Lastly, sampling of culture medium or other solutions at
discrete intervals to evaluate the growth of target microorganisms via
measurements of optical density (OD) is another classical offline
method (Lin et al., 2010). These techniques are generally time-con-
suming and cumbersome. In addition, the periodic manual sampling
that is required and perturbation of incubation environments and
growth can be problematic, especially for anaerobic microbes. Conse-
quently, results from these methods cannot reflect accurate target in-
formation (Chai et al., 2008; Qiu et al., 2017; Sun et al., 2011).
Therefore, increasing efforts have been recently geared towards online
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methods.
In this mini-review, we summarize up-to-the-minute advances in

online monitoring methods for microbial growth, discuss their emer-
gence, and provide evidence-based opinions on the future aspects. We
focus primarily on the most commonly used techniques. Given the vast
number of publications in this area, we have primarily focused on those
based on automated techniques and reports over the past decade. Even
with this focus, we will unintentionally and inevitably exclude many
exciting and emerging techniques in the growing body of literature. All
of the figures in the paper are reprinted with permission from related
publishers/authors, when it is necessary according to the journal's
policy.

2. Methods based on optical techniques

In most cases, optic-based methods are non-invasive, non-destruc-
tive, contamination-risk free, do not interfere with the metabolism or
culture microenvironments, and do not consume analytes. Therefore,
they have the highest potential for adaptation into high-throughput
formats. In this review, only methods without manual sampling steps
are discussed. For the convenience of comparison, the features of each
method are summarized in Table 1, and the details of typical protocols
and applications for each method are briefly stated in the following
sections.

2.1. OD

Using optical spectroscopies, OD measurements can be used to
characterize the amount of scattered or absorbed light. OD values
presumably correlate directly with microbial population sizes, thus
providing an alternative to time-consuming hemocytometry and plate
counting methods in order to monitor microbial growth (McBirney
et al., 2017). OD measurement is one of the most important and viable
methods that can be potentially adapted into a high-throughput format
(Qiu et al., 2017). Moreover, they can easily be adjusted for special
culture conditions (Toprak et al., 2012). Despite its popularity, the use
of OD for directly studying microbial growth kinetics with traditional
devices may yield problematic results (Lin et al., 2010). Therefore,
considerable attention has been paid to its development.

Maia et al. (2016) introduced a strategy for turbidimetric mon-
itoring of microbial growth in liquid cultures by employing an instru-
ment consisting of a light source, a customized 3D printed culture tube
holder, and a miniaturized spectrophotometer (the experimental setup
and typical growth curves are shown in Fig. 1). The growth rates ob-
tained with this simple method yielded no significant differences
against those obtained using a benchtop spectrophotometer. And a high
precision was observed.

Commercial systems for the online monitoring of microbial growth
have been extensively studied. The use of forward laser light scatter
(FLLS) to simultaneously measure the growth of multiple samples was
evaluated by Hayden et al. (2016). Using these techniques, three iso-
lates, S. aureus, E. coli, and Pseudomonas aeruginosa, were tested using
the Vitek2 and MicroScan commercial antimicrobial testing systems.
Comparisons indicated that the BacterioScan FLLS yielded a higher
degree of categorical concordance. Further, Mao et al. (2017) presented
a single path system for monitoring microbial growth using an open-
source microprocessor board in shaker flasks that are commonly used in
biological laboratories. A nonlinear calibration model of scattered light
could then predict offline OD with a mean relative error of 5.2%.

Auxiliary devices including microfluidics-based systems have been
developed for the continuous monitoring of microbial growth (Jakiela
et al., 2013). For example, a system comprising approximately ten input
and output channels controls more than 100 microdroplet chemostats
and enables the independent manipulation of chemical factors in each
microchemostat over time (Fig. 2). The dynamics of microbial popu-
lations in the microdroplet chemostats, and the cellular responses to a

range of stable, or changing, antibiotic concentrations were character-
ized using a waveguide spectrophotometer that measured the absor-
bance of light. This method allowed for parallel, long-term studies of
microbial ecology, physiology, evolution, and adaptation to chemical
environments.

When microbial growth is monitored with optical methods, the
scattering and absorbance of light from nanomaterials in the mixtures
commonly act as interferences that complicate quantitative analysis. To
address this issue, Qiu et al. (2017) developed an interesting solution by
introducing large-scale dilution. The data analysis for this technique
was inspired by that in quantitative PCR, where the delay in the am-
plification curve is correlated to the starting concentration of template
nucleic acids. Fast and robust data analysis was achieved by developing
computer algorithms. This high-throughput screening method would
facilitate rapid screening of nanomaterial toxicity.

Some optic-based methods for monitoring microbial growth in real-
time have also been developed by measuring metabolic products. Shao
et al. (2016) demonstrated swift and accurate determination of CO2

concentrations by use of a wavelength-modulated tunable diode-laser
based absorption spectroscopy technique. The method produced high
signal-to noise-ratio data, and both the maximum growth rate and lag
time had a strong temperature dependence that matched conventional
models for microbial growth very well. Using a dissolved oxygen sensor
that was based on oxygen-sensitive organosilica microparticles,
Kocincová et al. (2008) developed a phase-domain fluorescence life-
time-based method for simultaneously monitoring microbial growth in
24-well microplates. Further, Si et al. (2016) fabricated pH-sensitive
fluorescent nanoparticles that did not influence microbial growth and
were stable over several hours in a complex medium.

Measurement error in online monitoring of microbial growth would
give rise to reproducibility problems in a wide range of applications.
Therefore, it is critical that generated results are consistent. McBirney
et al. (2017) compared the conventional OD600 methodology with a
multi-wavelength normalized scattering optical spectroscopy method to
measure the growth rates of P. aeruginosa and S. aureus. The results
indicated that the multi-wavelength normalization process minimized
the impact of metabolic products and environmental noise on the
signal, thereby providing more accurate values with higher fidelity at
low concentrations.

2.2. Imaging and microscopy

Fluorescent and chemically reactive molecular probes of cell en-
velope components allow the visualization of microbial growth, divi-
sion, and antibiotic action, and advance our understanding of cell en-
velope biosynthesis. Hodges et al. (2018) synthesized a fluorogenic
probe, i.e., a quencher-trehalose-fluorophore, enabling continuous live
cell imaging inMycobacterium and related genera. Then, they developed
an online method for monitoring microbial growth with the help of a
fluorescence microscope (Fig. 3). Similarly, Kuru et al. (2015) also
developed an imaging method to monitor the growth of E. coli by using
fluorescent d-amino acids that are the basis for illumination. Intrigu-
ingly, an in vivo fluorescent imaging method was also developed that
could monitor the growth of V. alginolyticus polar flagella in real-time
(Chen et al., 2017).

Chandra and Singh (2018) developed a unique system for mon-
itoring microbial growth by using pH-sensitive carbon dots that de-
termine pH changes resulting from metabolic activities. The system
comprised a microgel that was constructed based on small scale culture
platforms, in which a small concentration of microbial cells and na-
noprobes were co-located. The changes in pH were immediately de-
tected by carbon dots, allowing real-time measurements of cell activ-
ities at significantly lower concentrations than with fluorescence
microscopy (Fig. 4).

London et al. (2010) presented a method for detecting and enu-
merating growing microcolonies over many generations using digital
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imaging of cellular autofluorescence. The method preserves the viabi-
lity of the detected microcolonies, thus enabling generation of pure
cultures for microbial identification. In comparison to visual colony
counting that permits detection of E. coli colonies containing about
5× 106 cells.

Commercial imaging systems (i.e., oCelloScope) for online mon-
itoring have also been investigated in detail. Unlike other high-resolu-
tion imaging methods, oCelloScope does not capture the growth of in-
dividual cells, but rather a population of cells in liquids, and
consequently eliminates the need to attach microbial cells to an inert
surface. Fredborg et al. (2013) described an optical screening system of
this type that is based on the time-lapse imaging of 96 bacterial-anti-
biotic combinations at a time (Fig. 5). The oCelloScope system provides
fast high-throughput screening and a real-time method for detecting
microbial antibiotic susceptibility by determining microbial growth
kinetics as a result of image stack processing. The use of this system in

studying the effect of a Fusarium-specific cyanoacrylate fungicide on the
growth and morphology of four Fusarium spp. was reported by
Wollenberg et al. (2016).

Jung and Lee (2016) reported an automated, real-time microbial
microcolony-counting system that was implemented on a wide field-of-
view, on-chip microscopy platform that was termed ePetri (Fig. 6).
Using sub-pixel sweeping microscopy with a super-resolution algo-
rithm, the system offered the ability to dynamically track individual
microbial microcolonies over a wide field-of-view. Of note, its perfor-
mance required neither stage nor lens moving. This approach not only
provides results that are comparable to conventional colony-counting
assays, but can also be used to monitor the dynamics of colony for-
mation and growth, thereby representing a platform that could reduce
the detection times of colony counting.

L-arabinose can induce recombinant microbes to synthesize green
fluorescent protein, which can be used to assess temporal changes in

Fig. 1. The miniaturized setup used for monitoring microbial growth and obtaining typical growth curves. a) Detailed view of the tube holder. b) Growth curves of E.
coli obtained by measuring the OD at 600 nm in the miniaturized setup (triangles), and the benchtop UV–Vis spectrophotometer (circles).

Fig. 2. a) Diagram of the microfluidic device layout. b) A sequence of micrographs illustrating the splitting of one microdroplet into a seed droplet and waste droplets
with pre-programmed volumes. c) Representative growth curve of E. coli in a microdroplet chemostat. Inset: Calculation of the growth rate by fitting the exponential
function. d) Three repetitive growth curves acquired over an extended period of time, and with different fractions of exchanged medium. Experimental data points
were in good agreement with theoretical curves as depicted by Monod's model (gray lines).
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Fig. 3. Live-cell imaging of mycolyltransferase activity during growth and division of M. smegmatis. (A, I) Asymmetric growth model for Mycobacteria. (A, II)
Summary of quencher-trehalose-fluorophore (QTF) fluorescence during M. smegmatis growth. (B) M. smegmatis was exposed to QTF (250 nM) and the cells were
continuously monitored in a custom microfluidic device. White arrows depict the direction and magnitude of growth. Scale bar: 5 µm (C) 7-Hydroxycoumarin-3-
carboxylic acid-3-amino-D-alanine (500 μM, pulse duration of 30min, 10% of one doubling time) with 1 μM QTF. Scale bar: 5 µm. (D) M. smegmatis expressing an
mCherry fused to mycolyltransferase Msmeg_6398 treated with QTF (1 μM). Scale bar: 5 µm. Error bars reflect standard deviations from all measured cells.

Fig. 4. a) Arrangement used for generating alginate microgels encapsulating E. coli and carbon dots. b) Cartoon showing growth of encapsulated E. coli resulting in
enhancement of fluorescence emission due to decreases in pH.
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Fig. 5. a) Picture of the oCelloScope detection system with a standard 96-well plate inserted into it. b) Simplified engineering drawing of the detection principle. A
50 μL volume of a growing microbial culture is scanned, resulting in a stack of images. Each image can be transformed to a 2D picture. c) Growth is measured by
oCelloScope segmentation and extraction of the surface area algorithm.

Fig. 6. Schematic diagram of the real-time microbial microcolony counter system using onchip microscopy. a) The ePetri platform consisting of a CMOS image sensor
chip, a camera board, and a thermoelectric cooler with a cooling fin. b) The preparation procedure for real-time measurement of microcolonies consisting of only two
steps: loading the microbial suspension onto the CMOS chip, and covering the CMOS chip with the nutrient agarose sheet. c) After the preparation steps, the ePetri
platform is placed inside an incubator to commence the acquisition of time-series images of microcolonies. d) An example growth curve obtained from the system
using on-chip microscopy.

Fig. 7. a) Representation of the SERS assay format, in which the target pathogen is “sandwiched” between SERS tags and superparamagnetic microparticles that are
conjugated with antibodies specific for the pathogen. b) Standard culture tubes with screw caps are loaded with the sample, growth medium, and SERS nanoparticles.
c) The culture tubes are then loaded into the SERS reader, and incubation of the samples at controlled temperatures results in the formation of pellets in the samples
on a predetermined schedule, and the pellets are scanned by Raman readings across the pellets. d) Samples are reported to the user as positive or negative when
growth is detected.
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fluorescent signals via microscopy and imaging analysis. Determination
of the temporal changes in total fluorescence intensity of the area oc-
cupied by fluorescent substances allows to monitor various stages of
growth in real-time. Based on this, Sun et al. (2011) developed a high-
throughput microfluidic system for the long-term culture and mon-
itoring of E. coli HB101.

2.3. Diffraction

Light diffraction is a straightforward, effective, and low cost ana-
lytical tool for monitoring kinetics and is used in quantification appli-
cations. Goh and Borisenko (2017) reported a diffraction-based sensor
incorporated into a microfluidic chip that captures microbial cells in an
array of traps and permits the monitoring of their growth rates in a
controlled environment. The diffraction method provides statistically
relevant data by averaging over a large number of diffraction centers
that then enables data collection and quantification without cell la-
belling, staining, or tracking. Therefore, the system is particularly sui-
table for real-time monitoring of ongoing processes in microbiological
systems and could be extended to monitoring individual cells within
communities comprising different microbial species.

2.4. Refractive index

By employing lasers and photodiodes, Zibaii et al. (2010) developed
an online method for monitoring microbial population growth. E. coli
were immobilized on the internal surface of a special taper. During their
growth, the refractive index of the tapered region increases, resulting in
changes of optical throughput.

2.5. Raman spectroscopy

Based on the employment of Surface Enhanced Raman Scattering
(SERS) and homogeneous immunoassays, Weidemaier et al. (2015)
reported an approach for the real-time detection and identification of
pathogens in complex culture matrices (Fig. 7). SERS-labeled im-
munoassay nanoparticles are included in the cultural enrichment
vessel, and the signal is monitored in real-time through the wall of the
vessel, while cultivation is ongoing. The continuous monitoring of
specific populations loaded throughout the enrichment process enables
rapid hands-free detection without interfering with microbial growth,
and significantly reducing the risk of contaminating the culture. How-
ever, there are limitations of unsatisfactory stability and robustness.

Fig. 8. Schematic representation of the mechanism for monitoring microbial
growth using a polyaniline nanoparticle- based colorimetric sensor.
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2.6. Visualization

Solution phase colorimetric methods that utilize chromogenic or
fluorescent probes carries constraints due to turbidity that is en-
countered during microbial growth. Nevertheless these methods have
become very important tools for the investigation of microbial viability.
Colorimetric methods, including visualization-based patterns, are more
sensitive than plate counting and provide quicker results, even with
turbidity of the complex matrix (Jung et al., 2017). In addition, it is
advantageous to use sensor films that show a visual color change that
can be observed macroscopically during the decomposition of food or
after pathogen growth. Thakur et al. (2015) reported a simple colori-
metric sensor for detecting microbial growth that relies on estimating
the presence of metabolic products. pH-sensitive polyaniline nano-
particles are added to an agarose gel to fabricate a sensing film (Fig. 8).
It has great potential for adaptation in real world applications in the
form of patch sensors on cartons to gauge the integrity and freshness of
food items and beverages in real-time. Similarly, other two colorimetric
methods, developed by Wang et al. (2013) and Kuswandi et al. (2012),
also work by the triggering of interactions between sensor particles and
metabolic products released by microbial metabolisms.

3. Methods based on electrochemical techniques

Electrochemical methods have numerous well-known character-
istics including relatively simple instrumentation, easy miniaturization,

cost-effectiveness, and easy automation of measurements (Ahmed et al.,
2014; Drummond et al., 2003; Peris and Escuder-Gilabert, 2013),
making them attractive tools for monitoring microbial growth. Direct
and indirect measurements are commonly based on sensing changes in
electrical properties of medium or electrode surfaces. The required time
for detectable changes depends on inoculum size, and if conditions are
permissible for growth. Insufficient selectivity and reproducibility in
real applications of these methods have been key problems limiting
their popularization (Peris and Escuder-Gilabert, 2013). To address
these issues, many advances have been reported recently. The main
characteristics of these methods are summarized in Table 2, and the
details of some typical methods are briefly described in the following
sections.

3.1. Impedance and capacitance sensors

Impedance and capacitance spectroscopy are sensitive techniques to
characterize the chemical and physical properties of solid, liquid, and
gas phase materials. Microbial growth increases the conductivity of
medium by converting uncharged, or weakly charged, substances in the
growth medium (e.g., yeast, peptone, and sugar) into highly charged
substances like amino acids, aldehydes, ketones, acids, and other me-
tabolic products (Varshney and Li, 2008, 2009; Wawerla et al., 1999).
In some instances, the new cells can attach to the surface of working
electrodes, resulting in changes of impedance and capacitance. The
attractiveness of impedance and capacitance methods is due to the

Fig. 9. a) Experimental setup of in situ monitoring of microbial growth with an impedance sensor. b) Schematic diagram of the working impedance electrodes.

Fig. 10. a) Photograph of an interdigitated microelectrode sensor. b) Cross-sectional view of the interdigitated microelectrode sensor, polystyrene chamber, and
urine sample during impedance measurement. c) Impedance change over time at 10 Hz within the first 12 h of cultivation, where initial E. coli cell abundances ranged
from 7×10° to 7×108 cells/mL.
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beneficial feature of measuring microbial metabolites and other related
kinetics, in addition to the ability to discriminate between live and dead
bacterial cells. Additionally, electrode surfaces can be reused in several
different tests if there is no bio-recognition element that is used on the
surface of working electrodes (Varshney and Li, 2009).

The total impedance resulting from microbial growth actually con-
sists of two components: the medium or electrolyte impedance and the
electrode/electrolyte interface impedance, and the two impedances can
be measured in different frequency ranges. Kim et al. (2009) described
an in situ impedance sensor for estimating microbial concentrations in a
lab-scale fermentor. The experimental set-up and disposable working
electrodes are shown in Fig. 9. As growth of E. coli increased, im-
pedance increased, and reactance decreased over the experimental
period. The correlation between E. coli population sizes and the im-
pedance data was linear, although there was considerable fluctuation of
impedance signals. However, multiple uses of working electrodes are
not recommended because the surfaces require cleaning prior to reuse
due to the adherence of cells and other biological materials to the
electrodes.

Settu et al. (2015) developed an interdigitated gold microelectrode-
based impedance sensor to detect E. coli by monitoring microbial

growth (Fig. 10). An equivalent electrical circuit model was used to
evaluate variation in impedance characteristics associated with growth.
Analysis of the equivalent circuit indicated that changes in impedance
values at low frequencies were caused by double layer capacitance re-
sulting from microbial attachment and the formation of biofilms on the
surface of the working electrode. A linear relationship was obtained
between the impedance change and initial E. coli cell numbers.

New methods have been recently developed based on the com-
mercial impedimetric analyzer, including the xCELLigence Real-Time
Cell Analyzer MP. Ferrer et al. (2017) assessed the effects of antibiotics
on microbial biofilm growth in real-time by measuring impedance in
96× microtitre plates with gold electrodes at 15min time intervals
over 24 h. The impedance data appeared to reflect both microbial
growth and matrix production, thus representing a measurement of
total biofilm mass production. Further, Duuren et al. (2017) described
the use of single frequency impedance spectroscopy to characterize the
growth dynamics of P. aeruginosa biofilms in a label-free manner over a
period of 72 h.

Choi et al. (2009) fabricated an impedance sensor by integrating
solid medium and two plane electrodes that were attached on adjacent
sides of an acryl well (Fig. 11). During analysis of impedance, the solid
medium displayed characteristics consistent with a homogenous con-
ductive material. Impedance changes of the solid medium were mea-
sured every 2 h during microbial growth over 10 h. Results indicated
that lower conductivity medium were optimal for monitoring microbial
growth due to the low threshold in variance of the impedance signal.

Ghafar-Zadeh et al. (2010) developed a complementary metal–oxide
semiconductor capacitance sensor for the online monitoring of

Fig. 11. Illustration of solid medium impedance sensors and typical growth
curves. The solid medium sensor is filled with solid medium. a) Two gold-
coated silicon electrodes are placed at adjacent sides of the well. b)
Interdigitated microelectrodes are placed at the bottom of the well. c) Detection
time for the solid medium sensor according to varying initial bacterial numbers.
B. subtilis growth on the solid medium surface at 102 (–·–), 103 (− − −), 104

(–··), and 105 (—) initial cell numbers. The arrows represent the detection time.

Fig. 12. a) Illustration of the fully differential microbial growth monitoring
system using an on-chip capacitance sensor. b) Electrical model of the LB
medium and microbial solution. c) Measurements of the decoded output over
time for 107 CFU/mL E. coli in LB medium.
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microbial growth. The sensor featured a differential capacitance
readout architecture with both reference and sensing interdigitized
electrodes, which were exposed to pure LB medium and E. coli sus-
pended in LB medium, respectively. The illustration, electrical model,
and capacitance of the sensing electrode over time are shown in Fig. 12.
The proposed sensor represented the basic requirements for monitoring
microbial growth, but further modifications would be necessary over
the structure of the system in order to optimize it.

Jo et al. (2018) reported a method for monitoring microbial growth
in real-time, termed the aptamer-functionalized capacitance sensor
array. A schematic of the system and a typical growth curve produced
by it are shown in Fig. 13a and b, respectively. The number of live cells
bound to the sensor surface via aptamers is closely related to the ca-
pacitance. Thus, microbial growth can be monitored in real-time by
measuring changes in capacitance. Growth of target microbes could be
identified within 1 h due to the selectivity of the aptamers, although
responses fluctuated considerably.

3.2. Contact conductivity

The metabolic activity of live microbes generally increases the ionic
strength of medium, thereby increasing conductivity. Thus, methods
based on measuring conductivity have been widely used for auto-
matically monitoring microbial growth (Yang et al., 2005). However, if
the microbes attach to the surface of the working electrodes, the

resistance of the whole measurement circuit will increase because the
resistance coefficient of a cellular membrane is much more insulating
than the culture medium (Yang and Bashir, 2008). Based on this prin-
ciple, Yao et al. (2011) developed a method for online monitoring mi-
crobial growth using a complementary metal–oxide semiconductor
(CMOS) conductometric integrated circuit. The experimental setup of
the system and typical growth curves obtained are shown in Fig. 14. A
unique property of the system is that an extremely low initial con-
centration of cells could be monitored, which is difficult to achieve with
many large sized commercially available systems.

Using voltammetric and conductometric methods to monitor mi-
crobial growth in a common culture medium or in a complex fermen-
tation medium brings several challenges. In particular, metabolic ac-
tivities produce chemically active products and electrochemically
active redox species that can interfere with sensor performance.
Chinnathambi and Euverink (2018) developed a simple approach to
effectively avoid this interference by coating Nafion films over the
working electrode. Using a polyaniline functionalized, electro-
chemically-reduced graphene oxide working electrode, continuous
monitoring of the Lactococcus lactis fermentation process was performed
by recording the change in resistance of the fermentation medium.

3.3. Magnetic field telemetry

Though methods based on electrochemical techniques exhibit

Fig. 13. a) Schematic of an aptamer-functionalized capacitance sensor array. DNA aptamers are immobilized onto the sensor surface between electrodes and
microbes that are recognized by aptamers contribute to increasing capacitance. b) Curves of capacitance against incubation times with cultivation of different
abundances of E. coli.

Fig. 14. a) Experimental setup for the microbial growth monitoring system based on contact conductivity measurements. b) Measured resistance characteristic curves
to monitor the growth of E. coli at different initial cell numbers.
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several advantages, electrode deterioration and nonspecific binding are
unavoidable since working electrodes must be in galvanic contact with
the medium. The requirement of a reference electrode is invasive and
possibly causes increases in potassium chloride impurities that may
have a big impact on medium. These issues result in erratic measure-
ments that then decrease the accuracy of the methods (Chinnathambi
and Euverink, 2018; Ong et al., 2001). Consequently, commercial
success of these methods has been rare, due primarily, to variable re-
producibility (Ahmed et al., 2014). To address this challenge, break-
throughs have been made by employing a wireless, remote, query re-
sonant-circuit sensor. The resonance frequency of a liquid-immersed
magnetoelastic sensor measured through magnetic field telemetry
generally changes in response to microbial adhesion to the sensor and
the liquid properties of the medium (e.g., viscosity, density, elasticity).
Subsequently, the decrease allows the enumeration of microbial cells.
The lack of any physical connection between the measurement sensor
and the culture medium facilitates aseptic operation and avoids elec-
trode deterioration, making the platform ideally suited for online
monitoring. Huang et al. (2008) developed a method for detecting the
growth of E. coli O157:H7 in real-time using this type of sensor
(Fig. 15). Shortly thereafter, the same research group reported its use in
the quantification of S. epidermidis (Huang et al., 2010). In addition, He
et al. (2009) reported a similar method for online monitoring of

Mycoplasma genitalium growth.

3.4. Field effect

The field-effect transistor involves a single-carrier-type operation,
and is also known as a unipolar transistor. The system uses an electric
field to control the electrical behavior of the device. In pH-sensitive
field-effect transistors, the electrical signal that is generated depends on
the surface potential of a gate insulator that can be modified by the
accumulation of charges at the insulator surface. These charges are
resultant from changes in pH within the solution (Lee et al., 2009).
Matsuura et al. (2013) reported a method for measuring microbial
growth in suspensions that is based on an ion-sensitive field-effect
transistor. Further, biofilm formation was measured in microfluidic
channels. Ibarlucea et al. (2017) reported a method capable of detecting
microbial growth by employing a nanoscale honeycomb-patterned si-
licon nanowire field effect transistor (Fig. 16). The use of such a field-
effect transistor enabled the quantification of parameters that were not
easily accessible by conventional optical methods in a label-free
manner.

3.5. Contactless conductivity

Many of the complex components in culture medium have a ten-
dency to influence the properties of electrochemical electrodes, re-
sulting in lessened accuracy and reproducibility of measurements. To
eliminate this interference, commonly additional steps, such as re-
newal, are necessary. These requirements impair the ability of contact
electrochemical methods to online monitor microbial growth with high
resolution. Moreover, the invasive nature of the process may introduce
the risk of contamination, or disturb the incubation conditions (Syal
et al., 2017). To address this issue, Zhang et al. (2018) developed a
system for noninvasive online monitoring of microbial growth by em-
ploying a multichannel capacitively-coupled contactless conductivity
detector (C4D) as a sensing component to record changes in con-
ductivity of medium. The working principle, structure, picture of the
head stage, and typical growth curves obtained are shown in Fig. 17.
Unlike some common methods, it doesn’t require any chemical (e.g.,
pH-sensitive fluorescent nanoparticles (Si et al., 2016)), biotic (e.g.,
antibodies (Goh and Borisenko, 2017) and aptamers (Jo et al., 2018)) or
physical (e.g., magnetic beads (Kinnunen et al., 2011)) compounds as
indicators or auxiliary materials.

4. Methods based on the magnetic bead rotation microviscometer

Single microbial cell growth can be directly and continuously ob-
served using optical imaging methods (Chandra and Singh, 2018; Chen
et al., 2017; Deris et al., 2013; Hodges et al., 2018; Kuru et al., 2015).
However, there are limitations to using these methods based on issues
inherent to diffraction and interference in absorption. Kinnunen et al.
(2011) reported a high-resolution method to address the problem by
employing an asynchronous magnetic bead rotation sensor (Fig. 18). A

Fig. 15. a) Operation of the wireless magnetoelastic sensor. b) The time de-
pendent shift in magnetoelastic sensor resonance frequencies, and CM 2–1
medium, as a function of initial E. coli cell abundances: 1—3×106 CFU/mL;
2—3×104 CFU/mL; 3—2×102 CFU/mL; 4—Negative control.

Fig. 16. a) Conceptual schematic of the
field effect transistor measurement.
The effects of microbial activity are
measured on a field effect transistor
consisting of a silicon nanoweb and
electrodes. b) pH change in the abso-
lute value and field effect transistor
signal during microbial incubation in
medium, including the addition of 30%
fresh medium after saturation was ob-
served.
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single E. coli cell was immobilized onto the surface of a magnetic bead
via immune capture. The growth of the cell was then online monitored
by varying the torque-based magnetic bead sensor over multiple gen-
erations. In another study (Sinn et al., 2012), the same research group
reported that the minimum inhibitory concentration of gentamicin for
E. coli could be obtained within 100min using this method.

5. Methods based on microcalorimetry

Microbial growth involves metabolic processes that generate heat.
The heat flow rate is proportional to reaction rates, and the total heat
produced over some time period is proportional to the extent of the
reaction that takes place in that period. This principle makes isothermal
microcalorimetry a useful, non-specific tool for evaluating microbial
growth with the integration of proper mathematical models. Bonkat
et al. (2012) reported a method for online monitoring of microbial
growth based on isothermal microcalorimetry that could provide con-
tinuous data with high resolution. The experimental setup and typical
heat flow curves are shown in Fig. 19. The authors demonstrated that
the innovative method was useful in investigating the growth of urinary
pathogens in sterilized urine. von Ah et al. (2009) also demonstrated
the feasibility of monitoring the growth of E. coli and S. aureus with an
isothermal microcalorimetry instrument by continuously recording
changes in heat.

6. Methods based on resonant mass

Cantilevers containing small channels that facilitate microbial pas-
sage can be made to vibrate continuously. When microbes pass through
the channel, the change in weight results in a change in the frequency
of cantilever movement. The principle of monitoring microbial growth
based on resonant mass has been demonstrated, and some preliminary
trials of feasibility have been published (Knudsen et al., 2009). Godin
et al. (2010) reported a dynamic fluidic control system that enabled the
online measurement of non-adherent microbial cell buoyant mass with
a suspended microchannel resonator (Fig. 20). In addition, Cermak
et al. (2016) presented a high-throughput approach based on a resonant
mass sensor to precisely and rapidly measure microbial growth of many
individual cells simultaneously.

7. Methods based on gene analysis

As stated above, it is difficult to use gene analysis for online mon-
itoring of microbial growth due to sampling requirements and other
complicated operations that are time-consuming. However, there have
been recent developments in methods of gene-based applications.
Zhang et al. (2017) reported the development of a method for evalu-
ating the characteristics of growth for three phylogenetically distant
anammox microbial species by directly measuring 16 S rRNA gene copy

Fig. 17. Online monitoring of microbial growth with the multichannel C4D. a) Illustration of the working principle. Microbial growth activity transforms uncharged
or weakly charged substrates into highly charged end products, increasing the conductivity of the medium. b) The practical equivalent circuit of each unit of C4D. c)
Photograph of the head stage of the eight-channel C4D, with eight culture tubes inserted. d) Schematic of the device, consisting of two key functional modules (i.e.
temperature control and conductivity data collection). 1—bacterial culture tube; 2—mini electronic fan; 3—temperature sensor; 4—thermoelectric cooler; 5—ac-
tuator electrode; and 6—pick-up electrode. e) Typical growth curves from different initial E. coli abundances in LB medium. From left to right, the initial inocula of E.
coli were 1.54×109, 1.54×108, 1.54× 107, 1.54× 106, 1.54× 105, 1.54× 104, and 1.54× 103 CFU, respectively.

Fig. 18. a) Conceptual diagram for measuring single microbial cell elongation
using the asynchronous magnetic bead rotation method. An asynchronous
magnetic bead rotation sensor is placed on a microscope. 1-electromagnet coils,
2-the fluidic sample, 3-the asynchronous magnetic bead rotation sensor with an
E. coli cell attached, 4-the microscope objective. The elongation of the attached
cell increases the system's effective volume, causing a change (indicated as a
peak shift) in the rotational period of the sensor-bacterium complex. The single
E. coli cell is attached to a 2.8 µm magnetic bead as shown by the scanning
electron microscopy image. b) Schematic figures of the asynchronous magnetic
bead rotation sensor with an initial single cell attached, followed by subsequent
cell divisions. c) Cell growth and division as observed with the asynchronous
magnetic bead rotation sensor. After a period of growth, the first cell division
was observed at 104min and again at 177 and 199min. The error bars corre-
spond to the measurement error in the rotational period and the exponential fits
were used to aid interpretation.
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numbers with qPCR. The observed exponential increases in 16 S rRNA
gene numbers that were directly measured by qPCR were highly re-
producible, and thus considered accurate for the estimation of micro-
bial growth. Lankiewicz et al. (2016) reported the application of qPCR
assays for analyzing target genes of four marine microbes in pure cul-
tures and in the Delaware estuary environment. One of the limitations
of PCR assays is the inability to discriminate between active and in-
active cells (Zhang et al., 2017).

8. Comparative features in summary

Every method for the online monitoring of microbial growth is
unique invention and capable of addressing special problems under
certain conditions. Herein, the general features of the two mainstreams
(optics-based methods and electrochemistry-based methods), as well as
some of other emerging ones, were summarized for comparison in
specificity, sensitivity, instruments involved, simplicity, temporal re-
solution, accuracy, efficiency and cost (Table 3).

9. Forthcoming trends in online microbial growth monitoring

Though every method discussed above has limitations, some have
great potential to advance the development of online and automated
methods for monitoring microbial growth. There are significant ad-
vantages in optic-based methods. In particular, improvements in
mathematical modeling (Tonner et al., 2017), miniaturization of setups
(Maia et al., 2016), and the feasibility of more accurate measurements
and point-of-care applications results in promising applications of these
methods. In addition, advances in imaging methods, and especially
lensless methods, will result in greater insight into single cell activities
(Jung and Lee, 2016). Thus, it appears that optical methods will remain
the primary techniques for online monitoring of microbial growth over
the next decade. However, several issues with optic-based methods are

worthy of further study, including the requirement of transparency,
measurement noise, adhesion of materials, light dispersion by cell
debris, and interference from gas bubbles or other micro- and nano-
particles (Qiu et al., 2017). Further, time and cost efficacy, as well as
the potential inhibition of fluorescent reagents (Wang et al., 2011),
should be considered when developing new optic-based methods.

All of the electrochemistry-based online methods have involved
indirect measurements, and do not provide high-resolution measure-
ments (Ahmed et al., 2014; Settu et al., 2015; Yao et al., 2011). To
address this problem, electrode deterioration and nonspecific binding
are key obstacles should be overcome. Working electrodes coated with
Nafion film (Chinnathambi and Euverink, 2018) may represent a sig-
nificant breakthrough if the auxiliary material does not exhibit any
negative effects on biological activities. Furthermore, antifouling elec-
trodes may be an attractive alternative (Hui et al., 2017; Jiang et al.,
2016). Moreover, C4D is another credible candidate for developing
methods for online monitoring of microbial growth.

Gene analysis-based methods have great potential in simultaneously
measuring growths of multiple target microbes due to their good spe-
cificity. However, at present, PCR-based approaches are limited mainly
by labor-intensive operations and time consumption (Safavieh et al.,
2017). The application of loop-mediated isothermal amplification
(LAMP), which exhibits higher efficiency, higher specificity, higher
sensitivity and lower cost than PCR (Zhang et al., 2014; Zhao et al.,
2015), is promising to overcome these issues. Moreover, the sensitivity
of LAMP is less affected by substances that usually inhibit PCR reac-
tions, such as food ingredients and blood components (Abdul-Ghani
et al., 2012; Kaneko et al., 2007; Zhang et al., 2014). This is encoura-
ging news for developing online monitoring methods due to the like-
lihood of eliminating the toughest requirements of sample pretreat-
ments. In addition, high-throughput sequencing (or next-generation
sequencing) is also a promising method, provided that we can reduce
the cost.

Fig. 19. a) Experimental setup for continuously mea-
suring microbial growth with isothermal micro-
calorimetry. A microcalorimetry instrument equipped
with 48 measuring channels is used to measure and
record the heat flow. b) Heat flow curves generated
from E. coli cells at initial concentrations of 10°, 101,
103, and 105 CFU/mL.

Fig. 20. a) Illustration of the suspended microchannel resonator (SMR) trapping a single cell. Embedded channel cross-sections for microbial cells are 3×8 µm. b)
Schematic of fluidics: sample is injected in parallel through the left and right inlets (IL and IR) and collected at the left and right outlets (OL and OR). While trapping,
IL, IR and OL are kept at a constant pressure. Variable pressure at OR is applied by a computer-controlled regulator that determines the direction of fluid flow in the
device. c) Raw data showing 400 measurements of the buoyant mass from one B. subtilis cell. The increased frequency shift with time indicates cellular growth. Inset:
zoomed detail of a few peaks that show a locally stable baseline that forms after each pass through the SMR, allowing for drift compensation. d) Several B. subtilis cells
were sequentially trapped. Each point represents the amplitude of the frequency shift, converted to buoyant mass, as the cell transits through the cantilever. Each set
of points (for example, from 0 to 12min) represents one single cell.
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Electronic tongue/nose can recognize chemical fingerprint patterns
through an array of semi-selective sensors for volatile organic com-
pounds with non-invasive manner (Maugeri et al., 2018). Thus they are
also promising to be used for simultaneously monitoring microbial
growths of different species in the future.
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