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ABSTRACT
Rapid identification and enumeration of bacteria are critical, given the surge of antibiotic-resistance, global exchange of food products, and
the use of bacteria for bioremediation, pharmaceutical, and food production. In response, a wide range of methods are being developed
that can be broadly classified as nucleic acid-based, structure-based, mass spectrometry-based, and optically based. Optical methods have
generated interest given the potential for rapid, non-destructive, high-throughput, and amplification-free measurements that require minimal
sample preparation. This Perspective reviews optical methods, which are applied to identification, enumeration, and greater understanding of
bacteria routinely and more importantly at the cutting edge of research, with the aim of identifying gaps and opportunities for development.
We have focused primarily on methods that directly measure bacteria and not their effect on the sample matrix or sensing, which requires a
biorecognition element (i.e., label specific to some component of the bacterium). We identify gaps in the existing techniques and avenues for
innovation. Finally, we suggest the parameters that should be considered and recorded when reporting the development of existing and new
methods for bacterial characterization. This Perspective is intended for physicists interested in developing new optical methods for the study
of bacteria and microbiologists in need of an optical technique for bacterial applications.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0057787

I. INTRODUCTION

Bacteria are ubiquitous in our everyday life, with applications
in food production, as probiotics, and in the sustainable utiliza-
tion of resources as well as their negative implications for food and
water safety, food spoilage, and human, animal, and crop infec-
tions. Growing rates of antibiotic-resistance; the increasing global
exchange of food products; and the use of bacteria for bioremedi-
ation, pharmaceutical, and food production mean that there is an
increasing need for rapid identification and enumeration of bacte-
ria, which has led to the development of a wide range of methods
that can be broadly classified as nucleic acid-based, structure-based,
mass spectrometry-based, and optically based (Table I).1–9 Optical
methods have proven to be particularly interesting, given the poten-
tial for rapid, non-destructive, high-throughput, and amplification-
free measurements that require minimal sample preparation. This

Perspective focuses on optical methods, which have been applied
to identification, enumeration, and greater understanding of bacte-
ria. These methods include monitoring of metabolic activity, antibi-
otic susceptibility testing (AST), and characterization of bacteria in
matrices, such as biofilms. Laboratory-based methods, translation of
these methods to environments outside the laboratory, and methods
already in routine use will be discussed. Furthermore, we suggest
several parameters that should be considered and recorded when
reporting the development of existing and new methods for bac-
terial characterization. This Perspective is intended for physicists
interested in developing new optical methods for the study of bacte-
ria and microbiologists in need of an optical technique for bacterial
applications.

The development of these optical methods requires both an
understanding of the biology of bacteria and how bacteria inter-
act with light. In Sec. II, we give a brief overview of the biology of
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TABLE I. Techniques that have been developed for the identification and enumeration of bacteria.

Detection methods Principle Examples of techniques

Culture and colony counting Viable and culturable cells grow on solid
growth media to produce colonies. A sin-
gle colony is assumed to represent a single
cell from original suspension

Growth of non-fastidious bacteria on standard media1

Growth of fastidious bacteria on enriched media
Growth of bacteria on differential agar
Growth of bacteria on selective agar

Nucleic acid-based Sensing for specific DNA/RNA sequences Polymerase chain reaction2,3

Nanostring4,5

Structure-based Sensing for specific structures, generally,
on the surface of the bacterial cell

Antibody-based: Enzyme-linked immunosorbent assay
and immunomagnetic separation6,7

Aptamer-based8,9

Mass spectrometry-based Profiles the biochemicals within cells, e.g.,
proteins within the cell

MALDI-TOF-MS2

Optics-based Sensing of some light/bacteria interac-
tion could be due to reflection, refraction,
scattering, or absorption

See Table II

bacteria with a strong focus on the properties that can potentially
produce a characteristic or quantifiable signal, we describe standard
bacteria enumeration methods, and we highlight bacterial concen-
trations of interest for different applications and industries where
bacteria enumeration is routinely performed.

II. BACTERIA
A. Characteristics of bacteria

Bacteria are unicellular organisms that lack membrane-bound
nuclei or organelles (Fig. 1).10 A bacterium typically contains a single
circular chromosome of DNA (0.16 to 13 mega base pairs depen-
dent on species, with a mean and median of ∼3.65 and ∼3.46 mega
base pairs, respectively11,12), plasmids (small extra-chromosomal
DNA), RNA, and proteins surrounded by a phospholipid membrane
and peptidoglycan cell wall.13 Bacteria are divided into two classes,
Gram-positive (G+) and Gram-negative (G−) on the basis of the
cell envelope structure (Fig. 1). These differences in the outer struc-
ture lead to differences in the uptake of compounds (e.g., fluorescent
stains) and antibiotic susceptibility. Bacteria are further character-
ized in terms of shape (Fig. 1), size, propensity for clustering (sin-
gle cell, diploids, chains, and clusters), and pathogenicity followed
by virulence. Pathogenic bacteria cause infectious diseases by pro-
ducing cell-damaging endotoxins that directly affect host cells or
over-stimulate the immune system and trigger an excessive response
that causes damage to host cells. The virulence of pathogenic bacte-
ria indicates the bacterial ability to infect or damage the host. Some
bacteria also have flagella for motility and fimbriae believed to be for
attachment. Several genera of G+ bacteria (e.g., Bacillus, Clostrid-
ium, Sporohalobacter, Anerobacter, and Heliobacterium) are further
characterized by an ability to form highly resistant dormant struc-
tures called endospores.14 Furthermore, bacteria are able to form

biofilms, which are cell aggregates within a polymeric matrix found
at surfaces in layers that may be a few micrometers, or a few hundred
micrometers, thick.10,13

Specific bacteria are identified by genus and species using a
binomial nomenclature (e.g., Escherichia coli) and may be further
identified at the strain or serotype levels. A strain is a genetic variant,
i.e., not different enough to be a new species but different enough for
note (e.g., E. coli K-12 MG1655). A serotype (or serovar) is a group
of organisms within a species that have the same type of cell surface
antigens (e.g., E. coli O157:H7).

Bacteria asexually reproduce via binary fission, and the opti-
mal growth conditions and doubling time are species specific.13 For
example, E. coli populations double every 20 min in a nutrient rich
environment at 37 ○C, while Mycobacterium paratuberculosis has
a doubling time of at least 1 day.15,16 The bacterial growth curve
occurs in four phases: lag, logarithmic, stationary, and death (Fig. 1).
During these phases, the relative amounts of biomolecules change
dramatically, for example, nucleic acid content is the highest during
the logarithmic phase.

B. Standard enumeration methods for bacteria
Within the laboratory, bacteria are grown using solid or liq-

uid media, both of which can be generic to allow multiple species to
grow or selective for specific groups or species of bacteria.13 Liquid
growth media are used when large volumes of cells are required or
when measuring growth. Growth measurements using liquid growth
media involve one of the most basic and widely used forms of optical
measurement in the study of bacteria, spectrophotometric (turbidi-
metric) analysis. In this analysis, light transmission, most commonly
600 nm,17 is observed through a sample as a measure of turbidity
or optical density and used as a proxy for the number of bacterial
cells. This extinction value is largely a consequence of scattering;
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FIG. 1. (a) Gram-negative and Gram-positive bacteria have different cell envelopes. (b) A range of bacterial shapes have been observed. Bacterial cells tend to be less than
5 μm. (c) Bacterial populations display four stages of growth defined by the viable cell count. (d) The traditional microbiological methods for counting bacteria are based on
dilution and cultivation.

hence, the spectrophotometric method is also referred to as the tur-
bidimetric method as increased turbidity results in increased scat-
tering. Measuring optical density is rapid but limited in terms of
bacterial concentration range and complicated by changes in bac-
terial cell size, formation of small to large clumps, and formation of
biofilms.13,17–19

Solid growth media are used to isolate colonies for pure cultures
of bacterial strains and for the enumeration of colony forming units
(CFUs). The streak plate technique is used to isolate pure cultures,
while the plate count method is used for bacterial enumeration. The
standard plate count method involves the inoculation of nutrient
loaded agar with an aliquot of bacterial suspension. The inoculated
solid growth medium is incubated for a period of time sufficient to
observe bacterial colonies by the “naked” eye. The assumption made
in this test is that each colony represents a single bacterium from the
original sample; hence, bacterial counts are expressed in terms of
colony, forming units per volume, area, or mass depending on sam-
pling (fluid, swab, and solid) and test requirements. This assumption
necessitates the testing of multiple dilutions from a sample to ensure
that colonies are well separated and that a reproducible number of
colonies may be counted (Fig. 1).

The unit by which bacterial concentrations are measured is
typically sampling dependent. Swab sampling is when sterile swabs
are passed over a surface and the swab immersed in some liquid
medium. This medium is agitated, and the resulting suspension is
used for bacterial testing. Bacterial concentrations recorded from
swab sampling typically are expressed per unit of area. Bacterial con-
centrations of water and other fluids are typically expressed per unit
of volume, while bacterial concentrations of semi-solids and solids
are typically expressed per unit of mass; in these cases, the mass
of the sample is severely agitated (e.g., paddle blended) after the
addition of fluid to create a bacterial suspension.

The standard plate count method only enumerates cells that
can grow on the media, while the spectrophotometric method gives
an indication of the total cell biomass, which includes both live and
dead cells. In microbiology, the concept of viability is important, and
in many applications, only the number and identity of live bacte-
ria are needed. Cell viability is generally characterized by respiratory
activity, metabolic activity, intact cell membrane, and reproduction.
Culture-based methods are dependent on reproduction; however,
the absence of growth is not indicative of non-viable cells. No growth
could be a consequence of incorrect culture medium, dormancy or

APL Photon. 6, 080903 (2021); doi: 10.1063/5.0057787 6, 080903-3

© Author(s) 2021

https://scitation.org/journal/app


APL Photonics PERSPECTIVE scitation.org/journal/app

injured states, low population density, or slow growing cells. Fur-
thermore, many bacterial species exist in a viable but non-culturable
(VBNC) state. The under-estimation of the total viable cells is prob-
lematic, for example, pathogens in the viable but non-culturable
state retain virulence, and under favorable conditions may revive
and cause infection.

C. Bacterial concentrations of interest
The bacterial concentration parameters of interest vary from

application to application. The most commonly determined mea-
sure is the total viable count; this is the total number of culturable
bacteria present within a sample irrespective of species. Beyond this,
counts of indicator organisms are important. Indicator organisms

are bacterial species that are used as a proxy for some condition.13

For example, coliform (Citrobacter, Enterobacter, Klebsiella, and
Escherichia) bacteria are commonly found in human feces and so the
number of coliform bacteria in water is used as an indicator of fecal
contamination. Greater degrees of specificity may be required where
concentrations are needed at the genus, species, serovar, and/or
strain levels. For example, ready-to-eat food products are typically
tested for the presence/absence of Listeria monocytogenes in some
amount of sample.

Many regulations and guidelines regarding bacterial concentra-
tions for the purposes of food, beverage, and water safety exist, and
these vary from country to country. When considering food, bev-
erage, and water safety, bacterial concentrations of interest are low.
Microbiological tests of fresh water for recreational use will cause

TABLE II. Optical methods that have been applied to the study of bacterial cells.

Optical method Optical property Bacterial property Applications

Spectrophotometric Scattering and absorption Cell size Enumeration17–19

Ultraviolet–visible Scattering and absorption Cell size Enumeration and cell size
spectroscopy Biochemistry characterization31

Fluorescence Absorption–emission Biochemistry Identification32,33

Enumeration34,35

Viability34,36,37

Metabolic activity38

Cell sorting39,40

Raman spectroscopy Inelastic scattering Biochemistry Identification41–43

Metabolic activity44,45

Antibiotic susceptibility testing46

Distribution of components in the cell47,48

Cell sorting49–51

Mid-infrared spectroscopy Absorption and transmission Biochemistry Identification52–54

Metabolic activity55

Enumeration within matrices56,57

Near-infrared spectroscopy Absorption and diffuse Biochemistry Identification58–60

reflectance Enumeration within matrices61–64

Elastic scattering Diffraction and reflection Colony morphology Identification65–67

Dynamic light scattering Speckle patterns Growth via cell division Viability and growth curves68,69

Zeta potential Viability after stress70

Autofluorescence Identification70

Dynamic laser speckle Speckle patterns Motility Chemotaxis71,72

Differential dynamic microscopy Intensity fluctuations Motility Swimming behavior73,74

Video microscopy Imaging changes over time Cell morphology and Antibiotic susceptibility testing75,76

cell division

Quantitative phase imaging Phase contrast and diffraction Cell morphology Identification77,78 and swimming
behavior79,80
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an alert when levels of 260, 61, and 70 Enterococci cells per 100 ml
are measured in New Zealand,20 USA,21 and Canada,22 respectively.
For ready-to-eat foods, Salmonella spp. and Listeria spp. should
be absent in 25 g of product in New Zealand23 and the European
Union,24 and in Canada, the limit for Listeria spp. is no cells in
125 g.25 In applications where bacteria are beneficial (e.g., probiotics
and production), concentrations are high.26 For example, fermented
foods have 105–107 CFU/ml or g of lactic acid bacteria; cultured
dairy products have even higher levels. In instances where bacteria
cause spoilage, concentrations are also high. For example, micro-
bial load of rejected “fresh” fish is usually between 107 and 109

CFU/g.27,28

Microbial thresholds for illness diagnoses are not common,
given the complexity of interactions that occur between the types
of bacteria present in an infection and the immune response of
the infected individual. One exception is urinary tract infections
(UTI); ≥105 CFU/ml of a uropathogen in a urinary culture has been
used by many laboratories as a threshold for urinary tract infec-
tion diagnosis, although this threshold has been debated in the last
decade.29,30

Characterization and enumeration of bacteria are required for
a wide range of concentrations in a diverse range of sample types,
which adds a level of complexity to method development. Devel-
opment of application specific measurement solutions can help
reduce this complexity. In the following, we review several types
of optical methods for bacterial enumeration and characterization
(Table II).

III. TECHNIQUES
We have focused primarily on optical measurement meth-

ods, which are not reliant on a highly specific biorecognition ele-
ment (e.g., biosensors81–84). The optical techniques can be classified
depending on the types of interactions that occur between bacteria
and photons. In this Perspective, we will consider techniques that
involve fluorescence, transmission, absorption, reflection, or scat-
tering (elastic and inelastic). For each technique, in this Perspective,
we will identify the current main applications and the potential for
future developments.

These optical techniques either detect the signal for a defined
wavelength range as one value using a photodiode or other broad-
band detector or resolve the signal as a function of wavelength (i.e.,
a spectrum) using a spectrally resolved detector. A spectrum repre-
sents the collective molecular signal from the sample (e.g., cell and
colony), and the level of chemical specificity within a spectrum is
dependent on the type of spectroscopy.

All the optical techniques examined have a variety of instru-
mental configurations by which the signal from bacteria may be
collected. Common to all is the ability to collect the signal with or
without spatial information. Signals recorded without spatial infor-
mation are generally recorded from a relatively large volume and can
be considered a “bulk” signal, i.e., the signal that represents an aver-
age of the sample (Fig. 2). Signals recorded with spatial information
tend to be recorded from smaller volumes, and a dataset of signals
with spatial information can be used to construct an image of a
sample, where parameters from the spectral information are used to
define contrast within the image. This process of spatial-spectral data

FIG. 2. Signal collection using optical methods may or may not include a spatial
component. (a) “Bulk” signals are collected to represent an average of the sample;
for this reason, sampling volumes for “bulk” measurements are relatively large as
indicated by the box on the sample [bacterial colonies (blue) on solid growth media
(yellow)]. The signal may be collected over a defined wavelength range to give a
single value or as a function of wavelength to give a spectrum. (b) Signals can
be collected with spatial information to construct an image of the sample. In this
example, a signal is collected from each of the small boxes to generate an image.
Again, the signal may be collected over a defined wavelength range to give a single
value at each sampling point; in this case image contrast is a function of this value.
If spectra are collected from each point, the resulting three-dimensional dataset is
called a hypercube. Each plane of the hypercube represents the signal recorded
across the imaged area at a single wavelength. This hypercube may be analyzed in
a variety of ways to generate image contrast. For example, classification models
may be applied to spectra to assign various regions to specific classes, which
are subsequently plotted as an image, e.g., the orange and green regions of the
classification image represent a spectral difference in the colonies.

collection and analysis is commonly referred to as chemical imag-
ing, multispectral imaging (MSI; imaging using generally fewer than
20 non-contiguous wavelengths), or hyperspectral imaging (HSI;
imaging generally using more than 100 contiguous wavelengths).85

The spatial resolution possible using spectroscopy has until rel-
atively recently been constrained by the wavelengths involved
(Rayleigh criterion). However, recently developed techniques have
circumvented this constraint, for example, optical photother-
mal infrared (O-PTIR)55 and tip-enhanced Raman spectroscopy
(TERS).86

Spectra are inherently multivariate; utilization of spectra for
the purposes of identification or quantification requires multi-
variate statistical analyses, chemometrics, or machine learning.
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Principal component analysis (PCA)42,52,58,87,88 is the workhorse
of spectral data exploration, beyond PCA partial least squares
(PLS),44,61,62 partial least squares discriminant analysis (PLS-
DA),52,59,89 support vector machines (SVM),41,42 and neural net-
works (NNs),53,90,91 and many other multivariate methods have been
applied to spectra for bacterial identification and quantification
purposes.

The application of optical methods to the identification of a
bacterium or bacterial colony is generally reliant on classification
using the aforementioned multivariate methods and databases of
measurements taken from known samples. For example, in the case
of Raman activated cell sorting (Sec. III C 1), this means record-
ing Raman spectra from individual cells of known species/strain, or
in the case of BARDOT (BActerial Rapid Detection using Optical
scatter Technology; Sec. III D 1), this means recording scattergrams
from bacterial colonies of known species/strain to develop a database
from which to calculate classification models. In the development of
these databases, multiple factors must be considered: level of classifi-
cation (e.g., genus, species, and strain), range of bacterial types (e.g.,
what different species likely to be encountered), inter- and intra-
group variation, and the influence of sample preparation on varia-
tion. These considerations relative to technique will be discussed in
Secs. III A–III E.

Development of devices for widespread implementation by
non-specialists in non-laboratory environments has been a tar-
get for many applications. In these cases, there is a focus on
making low-cost instrumentation that is easy-to-use, robust, and
potentially portable. Light emitting diodes (LEDs) as light sources,
and smartphones92,93 for detection and image processing, are
common approaches adopted for the development of such
devices.

This Perspective of techniques starts with the spectrophoto-
metric method and spectroscopic methods, which use ultravio-
let and visible wavelengths of light, followed by techniques based
on the phenomena of fluorescence, vibrational spectroscopy, and
scattering. We have also included techniques that are less widely
used and often have not yet reached the commercial stages. We
end this Perspective with future perspectives where we outline the
areas in microbiology where optical methods could prove useful
and future directions of optical methods for bacteria detection and
characterization.

A. Ultraviolet–visible spectroscopy
Ultraviolet–visible spectroscopy is an extension to the stan-

dard spectrophotometric enumeration method where an entire spec-
trum is collected rather than a single measurement across a spe-
cific wavelength region. Ultraviolet–visible spectroscopy is based
on the absorption of photons coincident with electronic energy
level transitions within the molecules of the sample (Fig. 3) and
scattering of photons caused by bacterial cells; as the name sug-
gests, these photons are in the ultraviolet to visible range. As men-
tioned in Sec. II B, in the standard spectrophotometric enumeration
method, the extinction value measured is largely a consequence of
scattering. Selection of the wavelength on which to base the spec-
trophotometric measurement has been described in terms of sen-
sitive and robust wavelengths.17 Robust wavelengths are primarily
the result of light scattering, while sensitive wavelengths also depend
on the absorption by the bacteria. For bacterial cell concentra-
tion calibrations, robust wavelengths are preferred. Optical density-
based calibrations for bacterial cell concentrations are influenced by

FIG. 3. Energy level transitions of
mid-infrared (MIR), near-infrared (NIR),
spontaneous Raman (RS), stimulated
Raman (SRS), coherent anti-Stokes
Raman (CARS), resonance Raman
(RRS), ultraviolet–visible absorbance,
and fluorescence spectroscopies.
Stokes (St.) and anti-Stokes (Anti-St.)
Raman scattering may be observed in
spontaneous and resonance Raman
spectroscopy experiments. The dashed
arrows indicate spontaneous emission
or scattering processes, and the solid
arrows indicate active input (e.g., laser
excitation). The light sources involved in
these spectroscopic methods are either
broadband (wave) or monochromatic
(single line).
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measurement parameters (e.g., spectrophotometer model and wave-
length) and culture conditions (e.g., media type, cell geometry and
growth stage) such that the conversion factors published in the liter-
ature should not be treated as constants, rather calibrations specific
to the system of interest should be determined. A standardized cali-
bration protocol using monodispersed silica microspheres has been
used to calibrate optical density to estimate the cell count.19 An
interlaboratory study spanning 244 laboratories found that the vari-
ability associated with calibrations for the cell count based on deter-
mining colony forming units from plate counting were highly vari-
able, whereas calibrations based on silica microspheres were more
precise and accurate.19 The silica microspheres of this study had a
refractive index of 1.4 as stated by the manufacturer and a diameter
of 0.961 μm. These silica microspheres were selected to approxi-
mate the volume and optical properties of E. coli (rod-shaped ∼1
× 3 μm, refractive index 1.33 at 600 nm18). For this method of
calibration to work best, the microspheres must have a similar vol-
ume and similar refractive index at the wavelength of interest (e.g.,
600 nm). The degree to which these parameters may differ between
the calibrating microspheres and bacterial cells has not been exten-
sively investigated and is a potential avenue for future optimization
of an inter-laboratory harmonization protocol. Development of low-
cost instrumentation of the spectrophotometric method has used a
single integrated circuit design, and a 740 nm light emitting diode
was used to measure optical density.94 This method was extended
to live monitoring through the construction of a modular test tube
rack with a built-in light emitting diode source and a photodiode
detector, which can be placed in an incubator.95

Extending beyond a single wavelength optical density measure-
ment, ultraviolet–visible transmission spectra have been analyzed
for scattering and absorption contributions. For non-pigmented
bacteria, the region between 400 and 1000 nm is generally char-
acterized by a gentle decreasing curve due to scattering, with no
obvious absorption peaks.17,31 This spectral region reflects differ-
ences in the number, size, and internal structures of the cells.
Below 400 nm, the optical density increases and includes both
scattering and absorption information.31 In this spectral region,
aromatic amino acids (tyrosine, phenylalanine, and tryptophan)
absorb (maximum absorption 280 nm), and the purine and pyrim-
idine bases of nucleic acids absorb in the 250–280 nm range.
Using Mie theory and the Beer–Lambert law, the respective scat-
tering and absorption contributions to E. coli ultraviolet–visible
transmission spectra were modeled.31 From these models, struc-
tural (e.g., cell volume and average diameter) and compositional
(e.g., nucleic acid and protein content) parameters were calculated
and compared favorably with experimental validation and literature
values.

Measurement of the absorption of bacteria alone requires
instrumentation that can decouple the contributions of scattering
and absorption in measurements. Recently, an ultraviolet–visible
spectrophotometer capable of these measurements has entered the
market, the CloudSpec.96 This instrument has two light paths: (1) the
traditional transmission geometry for collection of a spectrum due
to absorption and scattering (Fig. 4) and (2) an integrating sphere,
which allows all scattered light to be collected, resulting in a spec-
trum that is just due to absorption. The use of an integrating sphere
invalidates the Beer–Lambert law; however, the CloudSpec has a
proprietary calibration algorithm to transform raw spectra to spectra

representative of a 10 mm pathlength, therefore enabling the appli-
cation of the Beer–Lambert law to corrected data. Currently, there
are no published studies illustrating the error associated with the
application of this algorithm in conjunction with the Beer–Lambert
law. The novel technology in the CloudSpec enables measurement
of absorbance only from turbid samples efficiently; however, future
studies are needed to quantify the accuracy of these measurements
for assay applications.

Future development of the spectrophotometric method is likely
to involve harmonization across laboratories to allow for inter-
laboratory standardization for greater comparability. Future appli-
cations of UV-Visible spectroscopy to the study of bacteria are likely
to take greater advantage of integrating sphere measurements for the
measurement of absorption spectra alone, particularly if corrections
can be applied that allow the Beer–Lambert law to be applied to data
collected using an integrating sphere.

B. Fluorescence
Fluorescence occurs when a fluorophore interacts with light of

the right energy, which leads to the excitation of the fluorophore
from the ground state to a higher energy singlet state before decay-
ing to lower energy levels by emitting a photon (Fig. 3).98,99 A flu-
orophore is characterized by excitation and emission maxima, the
difference between which is referred to as the Stokes shift, the quan-
tum yield (the ratio of emitted to absorbed photons), the fluorescent
lifetime (the time the fluorophore is in the excited state), and the
photobleaching rate (the time under illumination that renders the
fluorophore non-fluorescent). In addition to analysis of the vari-
ous parameters of individual fluorophores is the potential to observe
Förster resonance energy transfer; the energy transfer between two
different fluorophores, the donor and acceptor, are within ∼10 nm
of each other. The extent of this energy transfer can be monitored by
measuring the loss and gain in fluorescence intensity of the donor
and acceptor, respectively, or the decrease in donor lifetime in the
presence of the acceptor.

Fluorescence techniques for the understanding, detection, and
enumeration of bacteria have been extensively studied. These tech-
niques have largely utilized the ultraviolet–visible range of the elec-
tromagnetic spectrum and can be broadly classified as characterizing
a population in suspension (e.g., dip probe and multiplate reader flu-
orimeter), a population not in suspension (e.g., full-field imaging)
and single cells (e.g., fluorescence microscopy and flow cytometry).
Fluorescence-based techniques may be further characterized by the
fluorophore being targeted, which can be broadly divided into native
and engineered100 fluorescence (Fig. 5).

Label-free techniques targeting native fluorescence are com-
mon for detection or monitoring of bacteria as several amino acids
and other biochemicals (e.g., dipicolinic acid) are natively fluores-
cent.101–104 A challenge for native fluorescence detection of clinically
relevant bacterial species is adequate sources in the deep ultravio-
let range105 where standard fluorescence sources have typically low
power density. This problem has been solved with the advent of deep
ultraviolet light emitting diodes,63 which allow for, for example, in
situ detection of pathogens. While label-free fluorescence is attrac-
tive for in situ measurements, detection is limited to compounds that
are natively fluorescent and therefore can lack selectivity.
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FIG. 4. (a) Ultraviolet–visible extinction, (b) ultraviolet–visible absorbance, (c) fluorescence, (d) near-infrared, (e) mid-infrared, and (f) Raman spectra of E. coli. (e) The
windows defined by Naumann et al.97 W1—lipids, W2—proteins/amides I and II, W3—phospholipids/DNA/RNA, W4—polysaccharides, and W5—fingerprint region. E. coli
saline suspensions were used to collect the ultraviolet–visible extinction (a) and fluorescence (c) spectra with a Perkin-Elmer EnSight and the ultraviolet–visible absorbance
(b) spectrum with a CloudSpec spectrophotometer. The near-infrared spectrum (d) is the average of spectra collected from colonies grown on solid growth media and using
a HySpex SWIR-384 near-infrared hyperspectral imaging system. The mid-infrared spectrum (e) was collected from a dried cell pellet of dead E. coli placed onto a diamond
attenuated total internal reflectance crystal in a Bruker Vector spectrophotometer. The Raman spectrum (f) was collected from a dried cell pellet of dead E. coli placed on
aluminum foil using a BWTek iRaman Plus with 785 nm excitation.

The low intrinsic fluorescence of bacteria has led to the innova-
tion and application of several methods for inducing fluorescence.
Many organic fluorophores have been developed for the staining
of bacterial cells to achieve improved fluorescent emission. Organic
fluorophores can be synthesized using a variety of techniques to
target proteins, DNA/RNA, and other bacterial properties, such as
membrane integrity or membrane potential.100,106 Quantum dots
have also been used for the fluorescent labeling of bacteria; in
these cases, the quantum dot is conjugated to elements capable of

binding to some component of the bacteria of interest. Quantum
dots are particularly interesting for application in multiplexing sit-
uations as quantum dots have broad excitation and narrow emission
bands, allowing for single light source excitation.107–110 When using
additives to fluorescently stain bacteria, there is a need to consider
the change in the quantum yield upon binding; ideally, the fluo-
rescent stain will exhibit an increase in the quantum yield upon
binding to limit the background signal due to unbound dye. In
instances where this is not the case, washing of the sample before
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FIG. 5. (a) Excitation-emission matrix of the native fluorescence of E. coli. Fluorescence spectra (b), flow cytometric plot (c), and fluorescence microscopic images (d)
recorded from live and dead E. coli cell suspensions stained with SYTO 9 and propidium iodide. The excitation-emission matrix was collected from an E. coli ATCC 25922
suspension using a Perkin-Elmer EnSight. The fluorescence spectra of stained live and dead E. coli ATCC 25922 suspensions were collected using a fiber optic-based
spectroscopic device known as the optrode.34 The flow cytometric data were collected using a BD Biosciences LSR II flow cytometer with 488 nm excitation and analyzed
using BD FACSDIVA software. The fluorescence microscopy data were collected from E. coli MG1655 using a Nikon Eclipse E600 microscope.

measuring fluorescence may be needed.111 Optimization of fluores-
cent staining may also include the addition of other molecules, par-
ticularly for the transportation of organic fluorophores through the
cell envelope.111 Beyond the addition of compounds to fluorescently
stain bacteria, there is the potential to genetically modify bacteria to
express fluorescent proteins;112,113 in these instances, the potential
problems of background fluorescence are mitigated. Bacteria mod-
ified to express fluorescent proteins are particularly well suited to
applications requiring in situ analyses.

1. Bulk fluorescence
“Bulk” or population-based fluorescence signals are collected

from bacteria in suspension or on surfaces using a range of config-
urations, e.g., cuvettes or microplates for sample containment and
0○ to 180○ offsets between excitation and emission light paths; fiber
optic probes are dipped within a sample or placed above a sur-
face to both deliver and collect excitation and emission wavelengths,
respectively. The utilization of these types of signal collection con-
figurations and native fluorescence of bacteria is often coupled with
excitation-emission matrix analyses. An excitation-emission matrix
is collected from a sample by recording the emission spectrum from
multiple excitation wavelengths (Fig. 5). Multivariate classification

analysis of emission-excitation matrices spanning excitation wave-
lengths 220–310 nm and emission wavelengths 270–659 nm has
been used to identify axenic suspensions of E. coli or Klebsiella
pneumoniae of different antibiotic-resistances.32

Analysis of population-based fluorescence from bacterial sam-
ples that were stained with a fluorescent dye or have been genetically
modified often takes the form of excitation at the excitation maxi-
mum and collection of light at the emission maximum. This form
of analysis has been applied to G− bacteria stained with propidium
iodide, a membrane impermeable dye, to identify quaternary ammo-
nium compound susceptible phenotypes and indicate the minimum
inhibitory concentration (MIC; i.e., minimum concentration that
prevents visible bacterial growth).36

Walsh et al.33 studied native fluorescence spectroscopy for the
identification of different strains of bacteria from a positive blood
culture broth using a fiber optic probe for the detection of flu-
orescence. Recently, Ou et al.34 used a fiber optic-based spectro-
scopic device known as the optode to measure the fluorescence spec-
tra from a mixture of propidium iodide and SYTO 9 nucleic acid
stained samples containing dead and live bacteria. Collected fluores-
cence spectra were analyzed using multivariate regression methods
to achieve a limit of detection of 105.7 CFU/ml34 while allowing for
fast processing of samples with minimal preparation. This limit of
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detection is too high for food safety applications; however, it could
be useful in applications requiring high levels of bacteria, such as
fermentations in food, pharmaceutical, and biotechnology indus-
tries. Bacteria genetically modified to express fluorescent proteins
were utilized to in situ monitor bacterial transport through a column
of sand, knowledge of which is important for better understanding
bioremediation of soil.114 Using this system, the effect of bacterial
hydrophobicity and addition of a surfactant were determined.

2. Full-field fluorescence imaging
Full-field fluorescence imaging allows for large fields of view

and has been used for direct real-time assessment of wounds, elimi-
nating the need for swabbing. For example, Serana et al. showed that
analysis of intrinsic fluorescence excited at 405 nm allows clinicians
to diagnose wounds with a bacterial load higher than 104 CFU/g and
with a sensitivity and specificity of 75%. This is much higher than
a simple clinical examination and much faster than biopsy followed
by a quantitative polymerase chain reaction (PCR).115

Smartphone cameras have been used as detectors in point-of-
care methods aimed at reducing antimicrobial resistance through
accessible measurement of bacterial concentration. A microfluidic
fluorescence immunoassay method for detecting E. coli strains asso-
ciated with urinary tract infection was prototyped.116 For E. coli
spiked in synthetic urine, it produced a result in 25 min with a limit
of detection of 240 CFU/ml. Importantly, smartphone and rasp-
berry pi-based microscopes can provide cost effective teaching and
research tools.117

3. Fluorescence microscopy
Fluorescence microscopy is a powerful technique that is used

for the characterization and direct visualization of the properties of
cell populations or single cells. Since the inception of microscopy
more than a century ago, and especially over the last decade, new
techniques from super-resolution118 to light sheet microscopy have
made it possible to optimize biological imaging and detection at
various spatial and time scales.119–122

Epifluorescence microscopes, where the sample is irradiated
and viewed from the same side, have been applied extensively in
microbiological laboratories. The simplest application has been the
use of microscopy imaging for cell counting.35,37,123 Beyond cell
counting, the amount of fluorescence in recorded images has been
used to quantitatively assess the concentration of the fluorophore.124

In addition to using the strength of fluorescence for imag-
ing, fluorescence lifetime has also been used. The advantage of
using fluorescence lifetime for imaging is that the fluorescence life-
time is independent of the fluorophore concentration; however, it
depends on the quencher concentration. Fluorescence lifetime imag-
ing microscopy can be measured in two ways: (1) time domain
fluorescence lifetime imaging microscopy that uses pulsed illumi-
nation and (2) spectral domain fluorescence lifetime imaging micro-
scopy that uses phase modulation. Native fluorescence from reduced
nicotinamide adenine dinucleotide phosphate [NAD(P)H] and fluo-
rescence lifetime imaging has been used to assess different metabolic
states of bacteria in response to growth phase and antibiotic stress.38

A recent and thorough review by Cambré and Aertsen of the
state of the art of fluorescence-based single bacterial cell measure-
ments highlights how fluorescence-based imaging allowed for bacte-
rial vivisection and the inner workings of bacteria to be revealed.125

Single cell imaging makes it possible to study single molecules in
vivo to gain a better insight into the biochemistry taking place, one
of the challenges being to isolate and immobilize a single bacteria
cell, which can be done using microfluidic techniques.126 Using flu-
orescence protein and time-resolved fluorescence microscopy, it is
possible to study intracellular signaling.127

4. Flow cytometry
Flow cytometry (FCM) uses focused light to interrogate one or

more physical characteristics of single cells or individual particles.
A typical flow cytometry system consists of a fluidic, an optical, and
an electronic system. The fluidic system has a flow profile that trans-
ports cells or particles in a focused stream for interrogation.107 The
optical system consists of light sources, which are optically focused
to interrogate the fluidically focused cells or particles suspended in
the sample stream. Most FCM systems are built using discrete laser
lines; however, with the advent of supercontinuum sources, fine tun-
ing of the excitation is possible.128 Flow cytometry systems are set
up to measure light scattering at forward and side angles.107 The
scattering of light is typically dependent on factors such as the size
and internal complexity of a cell or particle. The light scattered at
acute angles is called forward scatter (FSC), which gives informa-
tion about cell or particle size. The light scattered at wide angles
(90○) is called side scatter (SSC), which is proportional to the internal
complexity and granularity of the cell or particle.110 Flow cytometry
systems are also set up to measure fluorescence intensity by using
a series of dichroic filters to steer fluorescent light through specific
bandpass filters to a detector. Modern flow cytometers can detect
up to 16 channels. The electronic component of a FCM system typ-
ically involves detectors, such as a photodiode or photomultiplier
tube (PMT), for the collection of scattering and fluorescence signals
emitted from an excited sample.

Various sample preparation and staining techniques have been
developed with the aim of improving the limits of detection and
quantification and accuracy of bacterial cell enumeration in FCM
analysis. A commonly adopted sample preparation method for cell
counting is to use microspheres at a defined concentration to accu-
rately determine the volume interrogated.129,130 Multiple steps of
centrifugation have been used to concentrate bacterial cells in a sam-
ple prior to FCM analysis, thereby achieving a detection limit for the
initial sample medium of 1 CFU/ml.129 The importance of optimized
sample staining for improving detection limits of flow cytometric
enumeration has been highlighted by several studies. Native fluo-
rescence has been used in flow cytometry studies,102 although the
majority utilizes a fluorescent stain of some form. High-throughput
and potential for high selectivity mean that FCM is particularly well
suited to the differentiation of different types of bacteria in a sample
for microbiome profiling.131

Fluorescence-based flow cytometry has been augmented for
the purposes of recording images and for cell sorting. Imaging
flow cytometry has proven useful in infection biology studies;132,133

for example, imaging flow cytometry has been used to study how
Mycobacterium tuberculosis cells are internalized by cell hosts.134

Fluorescence-activated flow cytometry cell sorting has been used to
isolate cells for molecular analysis39,135 or isolate cells from environ-
mental samples, such as sea water.136

Advances in fluorescence techniques will come from the clever
microfluidic design for sample preparation and new fluorophores as
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well as multiplexed use of biosensors along with automated image
analysis and multiparametric data analysis using machine learn-
ing algorithms.100 Fluorescence relies mainly on the probes that are
used, and so considerable effort has been made to produce new tags
adapted to the environment for in vivo studies as well as targeted
to the biological mechanism of interest. We predict that the use
of full-field fluorescence imaging for the diagnosis of wound care
will continue to develop due to the relative ease of implementation,
and flow cytometers will continue to develop to the point of truly
spectral measurements rather than multiple color emission sensing.
The development of super-resolution imaging techniques will enable
more detailed intracellular studies of bacterial cells. The rapidity and
sensitivity with which fluorescence measurement can be made will
ensure further development of fluorescence techniques for bacterial
characterization.

C. Vibrational spectroscopy
Vibrational spectroscopic methods involve the observation of

differences between incident and transmitted/reflected/inelastically
scattered light (Table II). These differences occur because vibra-
tional modes of the molecules within the sample are excited (Fig. 3).
The energies of these vibrational modes are dependent on the
atoms involved, the bond type (e.g., single, double, and aromatic),
and the surrounding environment (Fig. 6). Infrared-based methods
require the illumination of the sample with multiple infrared (IR)
wavelengths and observation of the degree to which certain wave-
lengths are absorbed. Raman spectroscopy involves the illumination
of the sample with a single wavelength and observation of the light
inelastically scattered from the sample.

Mid-infrared (MIR) and Raman spectra are relatively chemi-
cally specific, while near-infrared (NIR) spectra are dominated by
broadbands (Fig. 3). Fundamental vibrational transitions (ground
to the first excited vibrational energy level) are observed in mid-
infrared and Raman spectroscopy (Fig. 4). Overtones and combi-
nation vibration modes are observed in the near-infrared region,
resulting in spectra with overlapped bands due to –N–H, –O–H,
and –C–H bond vibrations. IR and Raman spectroscopies provide
complementary information; within a sample, IR-active vibrational
modes are due to vibrations that alter the dipole moment, while
Raman-active vibrational modes alter the polarizability. Hence,
vibrational modes associated with polar bonds (e.g., O–H, N–H,
and C=O) are more IR-active, while vibrational modes associated
with electron dense bonds (e.g., C=C, conjugated bonds) are more
Raman-active. Consequently, water is a strong absorber of IR radia-
tion and is a weak Raman scatterer.

Infrared and Raman spectra can be thought of as a “chemical
fingerprint” of the sample (Fig. 4). A bacterium is a collection
of biomolecules, and a vibrational spectrum provides a collective
description of these biomolecules; a spectrum from a bacterium can
be called a “whole-organism fingerprint.”41 Identification based on
Raman or mid-infrared spectra relies on matching recorded spec-
tra to a database of spectra from known bacterial species. Because
Raman and MIR spectra are a consequence of the biochemical “mix”
that comprises the cell, and this “mix” changes with the growth con-
ditions and growth stage of the bacteria, many publications have put
forth the importance of using the same growth conditions to “grow
up” bacteria prior to the measurement of spectra.54,137 MIR-based

FIG. 6. The different vibrational modes of the –CH2 group of an organic molecule.
The arrows show movement of atoms in the plane of the page, the dot and cir-
cle indicate the movement out of the plane of the page, and the cross and circle
indicate the movement into the plane of the page.

classification models are now being developed that are more robust
to the effects of environment/growth conditions.138,139 Guliev et al.
developed a classification model to identify Staphylococcus aureus
from among taxonomically close and different species (i.e., species
of the same and different genera) independent of growth stage and
bacterial suspension concentration variations.139

Further abiotic factors, such as storage time and time on slide,
could influence spectral classifications. A Raman study of E. coli
DSM 2092 showed that using random forest analyses, the spectral
differences induced by growth media, sample storage, time on the
slide, and centrifugation could be identified with greater than 99%
accuracy.140 Transport and storage of bacterial samples are difficult
to control; therefore, the influence of these abiotic factors must be
well understood for the routine use of Raman spectroscopy for the
assessment of bacterial samples. Six species of bacteria were stored
at five different conditions of storage in terms of temperature and
time.141 Assessing mean spectra alone was generally not enough to
highlight spectral differences between the storage conditions; how-
ever, the use of PLS classification was able to highlight small spectral
changes that occurred for all bacteria across the different storage
conditions. Consideration of transportation paths in the develop-
ment of training datasets or when applying classification models
is necessary and needs to be considered, particularly when mov-
ing these techniques from the laboratory to clinical and industrial
environments.
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1. Raman spectroscopy

The spontaneous Raman scattering effect is inherently weak; ∼1
in 10 × 106 photons is inelastically scattered. This can be problem-
atic when the excitation wavelength coincides with an absorption
that leads to fluorescence. As fluorescence is a stronger effect than
spontaneous Raman scattering, the broad fluorescence peak may
dominate or effectively overwhelm peaks due to spontaneous Raman
scattering in spectra. The influence of fluorescence on the spectrum
can be mitigated by choosing an excitation wavelength to limit the
fluorescence-derived noise; this often means using near IR wave-
lengths, which are generally too low in energy to excite fluorescence
in biological samples. Alternatively, if evidence for Raman peaks is
present within spectra, the fluorescence signal can be removed by
spectral preprocessing (e.g., baselining and derivatization).

Spontaneous Raman spectroscopy for bacterial identification
is a phenotypic method where the Raman spectrum of the bac-
terial sample is the characteristic from which similarities are
determined. A common method to develop bacterial classification
models is to collect Raman spectra from samples dried on a sub-
strate with an inherently low background signal (e.g., calcium flu-
oride slide,140 quartz,41,142 stainless steel slides,42,43 and aluminum
foil143,144). Spontaneous Raman spectroscopy-based identification
of urinary tract infection relevant bacteria E. coli, K. pneumoniae,
St. aureus, Proteus vulgaris, and Proteus mirabilis has been investi-
gated.41 St. aureus was clearly distinguishable by peaks at 1153 and
1521 cm−1, which were due to the presence of higher concentra-
tions of carotenoids. A SVM classification of an independent test
set of these five species correctly identified 100% of all but E. coli,
in which case one sample of 15 was incorrectly identified. SVM clas-
sification has also been applied to the classification of eight strains of
bacteria that are known spoilage or pathogenic micro-organisms of
poultry meat.42 Using either a Raman microscope or a portable fiber
optic Raman system, it was possible to achieve classification accu-
racy greater than 99% despite the relatively high fluorescence back-
grounds and broaderbands of the Raman spectra measured using the
fiber optic probe.

Raman spectroscopic identification of bacteria does require
consideration of the growth conditions of the bacteria, i.e., the
growth media and phase. The intensity of DNA associated peaks
and the ratio of DNA to protein peaks decrease from logarithmic
to stationary phases.144 An increase in carotenoid peaks has been
observed from the log to stationary phase for mycobacteria. Spec-
tral datasets for the development of classification models need to
take into account these differences to ensure greater accuracy and
to transition Raman analyses from laboratory to clinical settings.

There are several enhancement mechanisms that increase
the sensitivity of Raman spectroscopy: resonance Raman spec-
troscopy, coherent anti-Stokes Raman spectroscopy (CARS),
stimulated Raman spectroscopy (SRS), and surface-enhanced
Raman spectroscopy (SERS). Surface-enhanced Raman spec-
troscopy has been used extensively for the study of bacteria145,146

using either of two approaches: (1) label-free detection—where
the surface-enhanced Raman spectroscopy substrate is not specific
to any particular bacteria and (2) label-based detection—where
the surface-enhanced Raman spectroscopy substrate selects for
specific bacteria via a biorecognition element85 (e.g., aptamer147,148

and antibody149,150). Label-free surface-enhanced Raman

spectroscopy substrates are ideal; however, for increased sen-
sitivity and repeatability, label-based surface-enhanced Raman
spectroscopy substrates may be required. Surface-enhanced Raman
spectroscopy substrates are rough or nanostructured noble metal
surfaces (e.g., gold and silver) that interact with the analyte resulting
in an enhancement of the Raman signal from the analyte. The
surface-enhanced Raman spectroscopy phenomenon is due to a
combination of the electromagnetic and chemical effects and can
result in an enhancement of up to 1010–1011 times151 (Fig. 7). The
electromagnetic effect only requires physisorption of the analyte and
exploits localized surface plasmon resonance, which enhances the
electromagnetic field at the surface.152 The chemical effect requires
a chemical interaction between the analyte and surface-enhanced
Raman spectroscopy substrates that allow charge transfer to occur
and increase the analyte molecular polarizability.

The most prevalent surface-enhanced Raman spectroscopy
substrates include noble metal colloids, roughened nobel metal
surfaces, template-directed deposition, and core–shell nanomateri-
als.154 The relatively low cost and easy preparation of noble metal
colloids had led to much research being directed toward the applica-
tion of these substrates. However, the need for greater accuracy and
repeatability has resulted in the development of surface-enhanced
Raman spectroscopy substrate alternatives, such as nanostructured
metal surfaces. Gold nanoparticles have been investigated for the
label-free detection and quantification of probiotic bacteria impor-
tant to pharmaceutical formulations.155 Using gold nanoparticles,
the detection and quantification of Lactobacillus rhamnosus GG
were possible over the concentration range of 7.6 × 105 to 9.2
× 106 CFU/ml.155 Many surface-enhanced Raman spectra are
recorded from dry samples; however, drying can be detrimental,
remove, or modify important biological information and does not
allow for dynamic study; hence, it is desirable to maintain cells
in a liquid environment. Consequently, investigations into surface-
enhanced Raman spectroscopy detection of bacteria have begun
to focus on the development of methods for use in suspension.

FIG. 7. (a) Chemical enhancement of surface-enhanced Raman spectroscopy is
the result of charge transfer between the substrate and the adsorbed analyte. (b)
Electromagnetic enhancement of surface-enhanced Raman spectroscopy occurs
when the excitation wavelength is resonant with the localized surface plasmon
resonance frequency (c) of the substrate, which generates a strong local electro-
magnetic field that enhances the Raman polarizability of the analyte. Adapted from
Fig. 3 of Ref. 153.
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For example, gold nanorods have been used to record surface-
enhanced Raman spectra from bacteria in suspension; it was found
that the higher the surface charge density of the bacterium, the
higher the surface-enhanced Raman spectroscopy enhancement.156

Further development of surface-enhanced Raman spectroscopy sub-
strates and protocols for the analysis of bacterial cells in suspension
is required.

The enhancement up to 104–106 times of Raman scattering
may also be achieved via the resonance Raman effect. To observe
the resonance Raman effect, the Raman excitation wavelength must
match, or be close to, the wavelength of an electronic transition of
the molecule (Fig. 2). Resonance Raman spectroscopy has largely
been used to study carotenoids levels in bacteria, which have been
shown to be biochemically distinct at a species level.157 For exam-
ple, Mycobacterium indicus pranii and Mycobacterium intracellu-
lare are two closely related strains that cannot be differentiated
via sequencing of 16S ribosomal RNA genes but can be distin-
guished via carotenoid content as measured using resonance Raman
spectroscopy.157

Stimulated Raman spectroscopy and coherent anti-Stokes
Raman spectroscopy are both nonlinear optical techniques that
rely on the frequency difference between a pump beam and a
Stokes beam being coincident with a Raman-active vibrational mode
(Fig. 2), inducing an enhancement of 103–105 times. Stimulated
Raman spectroscopy imaging has been used to image deuterium
oxide (D2O)158 and glucose159 metabolism in single cells; CARS has
been used in the study of bacterial endospores.160 Original exper-
imental configurations for both these Raman techniques targeted
a single vibrational mode. However, a need for greater informa-
tion and, therefore, greater spectral cover has driven the develop-
ment of broadband versions of these techniques. Various approaches
have been adopted, including the use of the broadband pump
and Stokes pulses and the use of a narrowband pump pulse and
a broadband Stokes pulse while simultaneously measuring Stokes
wavelengths.161–163 Broadband stimulated Raman and coherent anti-
Stokes Raman spectroscopies have been applied to the imaging of
eukaryotic cells;161–163 application of these methods to bacterial cells
remains to be reported.

Using Raman spectroscopic techniques to analyze “real-world”
samples requires consideration of whether to culture the bacteria
of the sample143,164 or if separation of the bacteria from the matrix
of the sample165,166 is necessary. For example, isolation of the bac-
teria is required for identification in the blood sample. An isola-
tion protocol of bacteria from blood specific to the requirements of
Raman spectroscopy (e.g., hemoglobin removal) has been investi-
gated using blood spiked with six species of bacteria.166 The removal
of hemoglobin was necessary to prevent the presence of hemoglobin
peaks in Raman spectra used to represent bacteria. This study was
able to record Raman spectra from isolated cells that allowed for
identification of bacterial species; however, the rate of cell recovery
was too low and required future improvement.

a. Raman microscopy. The application of Raman spectroscopy
to the study of bacteria has been particularly attractive due to the
capability of Raman microscopy to obtain information from sin-
gle cells. Single cell measurement circumvents the need to cultivate
bacteria prior to analyses, which enables greater understanding of
the microbiome as most micro-organisms (>99%) are not culturable

in the laboratory.167 Furthermore, isogenic bacterial populations
exhibit single cell heterogeneity; morphological traits (e.g., cell size)
and biochemical properties (e.g., protein and mRNA content) may
be different across different cells. Little research has focused on this
phenotypic heterogeneity in natural communities, which are invari-
ably mixed. A primary reason for this is the difficulty associated
with the assessment of a single bacterial group within mixed bac-
terial communities. Raman spectroscopy as a phenotypic technique,
and capable of the assessment of single cells, has subsequently been
used in the study of bacterial phenotypic heterogeneity.168 Stud-
ies have confirmed that interactions between populations result in
adjustment of the individual phenotypic diversities of the individual
interaction populations.

b. Raman activated cell sorting. The capacity to analyze sin-
gle cells has been extended to develop methods for Raman acti-
vated cell sorting.169 Raman activated cell sorting requires a cell
trap-and-release system; this traps a cell within the Raman inter-
rogation area so that a spectrum may be recorded and releases the
cell once a decision is made on the basis of the collected Raman
spectrum. The challenge for Raman activated cell sorting has been
to develop high-throughput systems. To develop high-throughput
systems, the sensitivity of Raman instruments has been increased or
enhanced Raman techniques (e.g., resonance or stimulated Raman
spectroscopy) have been used. For example, the time to collect sin-
gle cell Raman spectra from dried cells on a slide was reduced to 0.1 s
per cell by shortening the Raman light path using a low noise, sensi-
tive electron multiplying charge coupled detector and increasing the
incident laser power.49 Microfluidics have been extensively utilized
to move Raman activated cell sorting systems toward the realm of
continuous measurement systems. Cell isolation methods adopted
have been electronic (electrophoresis and dielectrophoresis), acous-
tic (acoustophoresis), mechanical (piezoelectric actuator and exter-
nal valve), and optical (optical switching and pulsed laser).169 Cell
throughputs of 200–500 cell/h have been reported.51 Recently, Nitta
et al. have developed Raman image-activated cell sorting, which uses
multicolor stimulated Raman scattering and spectra-based images
rather than spectra alone to make sorting decisions.50

Raman activated cell sorting must not render cells non-viable
to be useful. Raman spectra can be collected without inducing cell
death. However, laser irradiation can physiologically compromise
cells; a generic three phase response of bacteria to laser irradiation
has been observed: Phase 1—cells are inhibited but viable, phase
2—cells are non-viable but intact, and phase 3—cells physically dam-
aged.170 This physical destruction is due to photothermal effects. The
dose ranges are species dependent, and in general, G+ cells are more
susceptible than G− cells.

c. Assessment of metabolic activity and viability. Assessment of
bacteria metabolic activity using Raman spectroscopy is possible
using deuterium oxide (D2O), i.e., using a heavy water-containing
medium.142,170–172 A metabolically active cell incorporates the deu-
terium through NADPH mediated H/D exchange reactions.173 In
spectra recorded from these cells, there will be a C–D stretching
peak in the 2040–2300 cm−1 spectral range; the intensity ratio of
(C–D)/(C–H + C–D) (Fig. 3) is an indicator of the micro-organism
metabolic activity. This method has been used to assess viability
in response to laser irradiation,170 dose response to ultraviolet,172

and resuscitation of viable but non-culturable cells.171 The use of
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heavy water for assessment of metabolic activity has also been used
to determine the efficiency of bacteria in the degradation of cellu-
lose.174 The use of D2O labeling has also been applied in Raman acti-
vated cell sorting to isolate live cells suitable for single cell genomics,
mini-metagenomics, or cultivation.51,175 Stable isotope labeling can
also be used to label other biochemicals159 and assess more than
just viability.176 Shift in carotenoid bands by incorporation of 13C is
indicative of CO2-fixing activity of photosynthetic cells. By spiking
13C bicarbonate in seawater CO2-fixing, bacterial cells were isolated
using a Raman activated sorting system.176 The genes encoding for
metabolic pathways responsible for CO2 fixation were subsequently
identified through metagenomic sequencing of these cells.

A variety of approaches have been employed to use Raman
spectroscopy for antibiotic susceptibility testing (AST), including
deuterium oxide based measurement of metabolic activity.45,158

Raman spectra recorded from single cells post-antibiotic treatment
have been analyzed and spectral changes associated with antibi-
otic effect were identified.46 Positively charged silver nanoparticles
have been used to identify methicillin-resistant St. aureus (MRSA);
using these nanoparticles, it was observed that isolates with different
antibiotic-resistances had different surface-enhanced Raman spec-
tra.177 Antibiotic susceptibility testing is undoubtedly an avenue for
future Raman spectroscopy research.

Furthermore, Raman spectroscopy has been used to quantify
specific biochemicals concentrations in a population of bacterial
cells, identify the distribution of components within a bacterial
cell,47 and detect pathogenic toxins.178

Increasing the speed of measurement will be one of the primary
focuses of Raman spectroscopy for bacterial detection and charac-
terization for the next few years. Increased speed of measurement
is necessary for high-throughput applications, such as Raman acti-
vated cell sorting, where the phenotypic specificity of Raman spec-
troscopy could prove invaluable for sorting and characterization of
phenotypic heterogeneity within bacterial communities. We specu-
late that the optical design and microfluidic integration will continue
to be optimized to achieve the goal of high-throughput measure-
ments. Furthermore, enhancement mechanisms are likely to play a
role in the adoption of high-throughput Raman activated cell sort-
ing (e.g., stimulated Raman scattering). Surface-enhanced Raman
spectroscopy substrates will continue to be developed to increase
repeatability and reproducibility of measurements. We predict that
machine learning will play a large role in the future adoptions of
Raman spectroscopy to bacterial characterization. Currently, abiotic
factors can negatively influence classification models developed on
the basis of Raman spectra; by applying machine learning methods
to large databases of Raman spectra accompanied by detailed meta-
data (e.g., environmental conditions and growth conditions), it may
be possible to mitigate this problem.

2. Mid-infrared spectroscopy
Mid-infrared (MIR), or Fourier transform infrared (FTIR),

spectroscopy has been applied extensively to the identification of
bacteria on the genera, species, and subtyping levels.179–181 To that
extent, a commercial database of mid-infrared spectra for bacterial
identification is available (Bruker Optik),182,183 although most stud-
ies rely on purpose collated databases. Mid-infrared spectroscopy
has been applied to similar microbiological problems as Raman
spectroscopy, including identification of bacteria resistant to certain

antibiotics,87,137,184 identification of heavy metal acclimated bacte-
ria,185,186 and subtyping pathogenic and nonpathogenic forms of a
species.52,187

Naumann et al. were among the first to utilize mid-infrared
spectroscopy for the purposes of bacterial identification.97 This team
divided bacterial mid-infrared spectra into five windows of vary-
ing utility for identification (Fig. 3); windows three and four have
generally been found to be most useful in bacterial identification.179

These two spectral ranges contain contributions from a wide range
of molecule types, and window four, in particular, is dominated
by absorptions due to polysaccharides of the cell wall, which are
diagnostic of different bacterial cell types.

Transmission137,139 or attenuated total reflection (ATR)89,186,188

based measurements have most frequently been utilized to record
mid-infrared spectra from bacteria; diffuse reflectance has been
used in some instances.189,190 To circumvent the problem of strong
infrared absorption due to water, samples are often dried. For
transmission measurements, an infrared transparent substrate (e.g.,
calcium fluoride,137,139 and zinc selenide137,139) must be used, and
for ATR measurements, samples are dried directly onto the ATR
crystal (e.g., diamond and germanium).185,188 Transmission mea-
surements from dried suspensions samples do present several
challenges in terms of recording a repeatable signal; the sample
thickness is difficult to control and introduces variability in recorded
absorbances due to a change in the sample pathlength.180 Sample
drying is not necessary for ATR measurements as it is based on
observing absorbance of infrared light that penetrates the sample
in the form of an evanescent wave, which limits the effective path-
length in the sample. Hence, the absorbance due to water is not
complete or overwhelming and allows the chemical signature of bac-
teria to be observed.191,192 The limited penetration depth of ATR
does mean that the spectral signature collected is biased toward the
cell signature of the external cellular components (e.g., surface cell
polysaccharides); however, these measurements are still diagnostic
at genera, species, and subtyping levels.182 Given the lack of sam-
ple preparation and improved repeatability, ATR-based measure-
ments are generally preferred in bacterial studies. However, there
are commercially available microplate reading infrared instruments
that are based on the transmission principle to allow for high-
throughput measurements.52,193 To the authors’ knowledge, there is
no commercially available system that has adopted ATR-infrared for
high-throughput measurements; however, there are groups that are
working toward this goal.194,195

a. Single cell measurement. Mid-infrared microscopy has been
applied to the analysis of bacterial colonies, pellets, and similar, i.e.,
samples containing millions of cells.54,196,197 The spatial resolution
of mid-infrared is limited to several micrometers due to the wave-
length diffraction spatial resolution limit; imaging of individual cells
is not possible using conventional mid-infrared spectroscopic sys-
tems. To bypass this limitation, mid-infrared spectroscopy has been
combined with atomic force microscopy.198,199 When infrared is
absorbed, there is a thermal expansion of the sample, which can be
measured by the oscillation of an atomic force microscope cantilever
probe. This combination of techniques allows for a spatial resolu-
tion of 20 nm to be approached, thereby making imaging of a single
cell possible. A recently published alternative approach to defeating
the diffraction limit for mid-infrared imaging is ultraviolet-localized
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photoacoustic microscopy,200 and this method may one day be
applied to greater understanding of bacteria. Optical photothermal
infrared spectroscopy, another mid-infrared method capable of cir-
cumventing the diffraction spatial resolution limit, has been applied
to the isotopic analysis of single E. coli cells; the peak shifts in the
amide I and II regions of the mid-infrared spectra were used to
monitor uptake of 13C-glucose and 15N-ammonium chloride.55

Mid-infrared spectra have mostly been recorded from pure
strain samples and isolates; however, there have been investigations
into the analysis of bacterial levels within food matrices and bioflu-
ids.56,57,192 Partial least squares regression of ATR recorded mid-
infrared spectra from fresh chicken breast fillets has been used to
develop calibrations for the total viable count, lactic acid bacteria,
Pseudomonas spp., and Brochothrix thermosphacta, Enterobacteri-
aceae counts.57 These calibrations were associated with changes in
amide and amine peaks, and as such, they were largely a function of
matrix changes with spoilage rather than direct calibrations for cell
enumerations.

Raman and mid-infrared spectroscopies have been used con-
currently for bacterial studies, and this trend is likely to increase with
the development of new technologies.201 Adoption of these tech-
niques has been used to biochemically characterize intra-lag phase
changes.201 Mid-infrared spectroscopy has also been combined with
matrix-assisted laser desorption/ionization-time of flight (MALDI-
TOF) mass spectrometry for more accurate typing of bacteria.138

Similar to Raman spectroscopy, future research utilizing mid-
infrared spectroscopy for the characterization of bacteria is likely to
focus on the need to make classification models more resistant to
abiotic factors. Continuing developments in technology to enable
high-throughput attenuated total reflection mid-infrared spectro-
scopic measurements could allow for wider application of mid-
infrared spectroscopy to bacterial typing. The area of mid-infrared
spectroscopy that we speculate will develop the most over the next
few years is mid-infrared spectroscopic imaging. The now real abil-
ity to measure mid-infrared spectra from single bacterial cells is sure
to have a significant impact on the characterization of bacteria.

3. Near-infrared spectroscopy
Near-infrared studies of bacteria require high concentra-

tion bacterial suspensions,202,203 the presence of a colony on a
solid,58,60,204 or extended exposure of the matrices to the bac-
teria.63,205–207 Furthermore, the influence of the water signal is
not as overwhelming as in the mid-infrared region; hence, both
hydrated60,205 and dried204 samples have been analyzed using near-
infrared spectroscopy.

Near-infrared diffuse reflectance spectroscopy has been used
in the analysis of axenic bacterial suspensions.202 Near-infrared dif-
fuse reflectance spectra of bacterial suspensions have been used
directly as the input into classification models203 or further ana-
lyzed to extract scattering and absorption coefficients for the char-
acterization of bacteria.202 By using the scattering and absorption
coefficients from 1280 to 1620 nm, a particle swarm optimized
support vector machine classification model for seven bacterial
strains/species that are commonly associated with burn wound
infections was calculated with 100% overall correct classification.

Culture-based methods for species identification require the
use of selective media. Near-infrared spectroscopy has been inves-
tigated as a way to make standard plate counting (non-selective

media) methods more definitive with respect to identifying bacte-
ria.58,202 Near-infrared spectra of bacterial colonies are measured
from the growth plate, and these spectra coupled with classification
analysis methods are used to identify the genus58 or species58,60 of a
bacterial colony. The effect of colony age on the near-infrared-based
identification of bacterial colony species (Bacillus cereus, Salmonella
enteritidis, St. aureus, and Staphylococcus epidermidis) has been
investigated.60 It was found that near-infrared classification models
were most accurate when formed using near-infrared spectral data
collected from colonies grown for 60 h; however, these models could
be applied to colonies grown for 20 h with correct classification rates
of 83.1%–98.8%. Current reports of near-infrared spectroscopy for
identification of colonies grown on the solid growth medium focus
on samples with axenic populations; there are no reported exam-
ples of classification models applied to mixed species populations.
Real-world samples will most likely be multi-species; hence, this is
an area of investigation required before the utility of near-infrared
spectroscopy for this purpose can be assessed.

This colony age study was performed using a diffuse reflectance
hyperspectral imaging system spanning 1000–2300 nm.60 Dif-
fuse reflectance imaging using visible to near-infrared wavelengths
(400–1000 nm) has also been applied to the classification and
enumeration of bacterial species on agar plates, particularly chro-
mogenic agar, with a view to the integration of these methods
in the automated laboratory workflow. Pixels corresponding to
bacterial colonies are isolated and analyzed as three-dimensional
data cubes with two spatial dimensions and a spectral dimen-
sion; the spectral information is used to classify the pixels (i.e.,
colony).208,209 Visible-near-infrared hyperspectral imaging has been
investigated to replace the Gram stain classification step of a typi-
cal bacterial workflow210,211 and has achieved classification accuracy
of greater than 95% when applied across 38 strains of 14 bacterial
species.211

The rapid, non-contact nature of near-infrared spectroscopic
measurements holds appeal in medicine for the analysis of biofilms
on implants. St. aureus, St. epidermidis, and Pseudomonas aerugi-
nosa biofilms on surgical grade stainless steel have been analyzed
using Fourier transform near-infrared and soft independent mod-
eling by class analogy (SIMCA).207 The sensitivities achieved were
97%, 100%, and 77% for St. aureus, St. epidermidis, and P. aerugi-
nosa, respectively. The corresponding specificities were 86%, 89%,
and 70%. This study did not consider the influence of potential
contaminants from surrounding tissues. Further work is required
to expand the database of infecting organisms and to account for
the potential contaminants when applying this technology within
surgery.

Characterization of bacterial contamination of food is impor-
tant for quality (i.e., food spoilage) and safety. Near-infrared spec-
troscopy, particularly hyperspectral imaging, is a viable solution to
this analytical problem due to the inherent rapidity of non-contact
measurements, which can be made. Bacterial growth/contamination
has been investigated on meat,62–64,205,212 pulp,59 and other matri-
ces.203 These studies have focused on the total viable count,63 psy-
chrotrophic count, aerobic plate count, and imaging the distribution
of bacteria on the food stuff.63 Detection of bacteria is based on the
assumption that bacterial metabolites provide characteristic spectral
signals to indicate contamination; observation of these spectral sig-
nals is complicated by the heterogenous natures of food matrices

APL Photon. 6, 080903 (2021); doi: 10.1063/5.0057787 6, 080903-15

© Author(s) 2021

https://scitation.org/journal/app


APL Photonics PERSPECTIVE scitation.org/journal/app

that result in spectral complexity. The application of chemometric
methods can account for this spectral complexity, from both dif-
ferent food matrices and different bacteria at different phases of
growth; however, this is only possible if this variability is repre-
sented within databases/training sets. The training of vibrational
spectroscopic-based models for bacterial characterization beyond
proof-of-concept requires large datasets that contain variation in
both bacteria and matrices of interest.

Several studies have developed calibrations for bacterial counts
by measuring spectra from samples that have been stored for differ-
ent lengths of time; typically, the bacterial count increases with the
duration of storage.61,64 However, whether the calibrations formed
are a consequence of spectral changes induced by bacterial presence
or due to autolytic reactions within the matrix that are a conse-
quence of storage must be considered. A study of Atlantic salmon
during storage indicated that it was not until the total bacterial
count exceeded 8 log CFU/g that spectral changes observed were
due to bacteria; during storage time prior to the total bacterial lev-
els reaching 8 log CFU/g, spectral changes were a consequence of
matrix changes.212 There are studies that have used variable selection
to reduce the influence of spectral changes irrelevant to the bacte-
rial parameter of interest, and the improvement of these calibration
models over full spectrum models has been deemed indicative that
the variables selected are a consequence of bacterial metabolites, i.e.,
the model directly quantifies bacterial counts.61,64

We predict that near-infrared spectroscopy for bacterial detec-
tion and characterization will be limited to the analysis of colonies
grown on agar plates and enumeration of bacterial load based on the
effect of these bacteria on the surrounding matrix rather than detec-
tion of the bacteria directly. Near-infrared spectroscopy hyperspec-
tral imaging of colonies on agar plates has the potential to result in
more precise enumeration methods (due to better automatic differ-
entiation between background agar and colony) and identification
of colonies grown on non-selective agar.

D. Scattering
1. Elastic scattering

Elastic scattering techniques are differentiated by the observed
optical properties, the methods to make the observation, and the
analysis of the scattering pattern that is used to derive bacterial
characteristics.

Significant work has been done to characterize bacteria from
the morphology of their colonies on agar plates. In general, these
techniques comprise illuminating an isolated bacterial colony,
recording the scattering pattern (called a scattergram), extracting
features from the pattern, and using a classifier to compare to an
existing scattergram for identification.

From 2007 onwards, the Food Safety Engineering group at Pur-
due University has been developing an automated bacterial colony
screening system called BARDOT (BActerial Rapid Detection using
Optical scatter Technology)213 and in a later enhancement MS-
BARDOT (MultiSpectral-BARDOT).214 In brief, the group devel-
oped both the theory of light scattering from bacterial colonies on
agar plates, along with refinements to the BARDOT system that
extended its range to encompass the significant bacteria associated
with food safety, and demonstrated sensitive and accurate identifi-
cation down to the strain level and the potential for automation at

scale. BARDOT is based on forward scattering from a monochro-
matic laser source through transparent media and identification
via a supervised machine learning classifier based on Zernike and
Chebyshev moments and Haralick texture features extracted from
the scatter pattern. MS-BARDOT215 extends this approach by com-
bining three laser sources to enhance the pattern and classifier. Bac-
teria identified include L. monocytogenes,216,217 Vibrio spp.,218 Shiga
toxin-producing E. coli,67 Sa. enterica,219,220 Campylobacter spp.,221

Bacillus spp.,222 Enterobacteriaceae family,223 and St. aureus.224 The
group demonstrated that scattering patterns from colonies are con-
sistent across antimicrobial stresses (e.g., heat, pH, osmotic stress,
and antibiotic treatment)218 but can be modulated by the culture
medium (e.g., selective medium).214,224,225 The recent thrust of the
work has been to detect multiple common bacterial food contami-
nants in mixed culture in a single assay, hence reducing the cost of
detection while improving the timeliness.214

Another method to improve timeliness is to measure colonies
at an earlier stage of development.65,66 From the resulting scatter
patterns, Fourier–Bessel moments were extracted and used for clas-
sification.65 This approach has been adapted into a system called
MICRODIFF and trialed for early screening of methicillin-resistant
St. aureus (MRSA).

Building on this forward elastic scattering work, backward scat-
tering from colonies on opaque agar media (e.g., blood agar) has
been investigated.65,226 Opaque media is commonly used in clini-
cal microbiology, whereas transparent media is commonly used in
food safety. Bacteria identified in this approach were E. coli K12, L.
innocua, Sa. enterica serovar Typhimurium, and St. aureus,226 and E.
coli strains ATCC 25922, 35421, 11775, and 8739.65 A 93% correct
classification rate based on support vector machines and ten-fold
cross-validation was observed for differentiation of the four E. coli
strains after just 6 h of colony growth.65

The approach was extended227 to a clinical setting by fixing the
incubation time (16 h) and modulating the diameter of the laser
beam, illuminating the colony and the position of the detecting cam-
era, as opposed to incubating until the optimum colony size was
reached in a system with fixed geometry.

A near-infrared laser source at 980 nm was used to illuminate
colonies in a study,228 which also compared linear and nonlinear
pattern recognition methods. Compared to the previous methods
that used a visible laser source, the advantage of this technique is
that there is no absorption or autofluorescence due to the bacte-
rial colonies; therefore, a better signal-to-noise ratio (SNR) can be
achieved.

An automated system for bacterial colony identification
is called Bacteria Identification System by Light Diffraction
(BISLD).229,230 This system differs from the BARDOT system
through illumination of the colonies by converging spherical waves
to obtain Fresnel diffraction patterns, from which features can be
extracted for classification. The most recent innovation to the sys-
tem has been adding the two-dimensional transmission coefficients’
map of the colonies obtained in a single shot to enhance classifica-
tion and enable identification of multiple bacteria species (Bacillus
subtilis, Citrobacter freundii, E. coli, and Proteus mirabilis) in mixed
culture.231

The typical reliable identification accuracy of these techniques
has been greater than 90% for isolated colonies incubated to an
optimum size (typically, 1 mm diameter after a minimum of 19 h
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incubation depending on the growth rate). Identification is less accu-
rate and reliable when smaller colonies are analyzed after shorter
incubation periods (e.g., 6 h). These techniques are based on agar
plates, and as such, they are well placed for integration with micro-
biology laboratory workflows, where culture on solid growth media
is commonplace. Reducing the incubation time while retaining clas-
sification and identification sensitivity and accuracy and translating
the performance based on pure cultures to mixed cultures are key to
unlocking the potential of these techniques.

Similar methodologies have been used to identify bacteria at
the genus level in liquid suspensions using forward scattering and
achieving similar accuracy.232,233 These methods require pure sus-
pensions and, therefore, have similar constraints to the plate culture-
based techniques.

Methods utilizing Mie scattering to detect bacteria on natu-
ral surfaces illuminated by light emitting diode light sources have
been prototyped. Ground beef infected with E. coli to simulate food
spoilage was illuminated with a near-infrared light emitting diode at
880 nm and measured at various scattering angles using the digital
camera and gyroscope of a smartphone, which also ran an applica-
tion to analyze and report the data.234 The level of contamination
was deduced from the scattering intensity at different angles, with
limits of detection between 101–108 CFU/ml. Mie backscattering
was used to detect and differentiate E. coli K12, Sa. typhimurium,
and St. aureus on epidermidis and dermis wound models, simulat-
ing wound infection.235 The wound samples were illuminated using
a 650 nm light emitting diode, and backscattering was detected
using an angular array of photodiodes. The light source, detec-
tors, and data processing were translatable to a smartphone. Vari-
ation in wounds and skin and commensal bacterial populations are
challenges for future development of this method.

Forward light scattering collected using a darkfield imaging
configuration (light emitting diode illumination) was used in a
method that combined an inexpensive microfluidic channel device
with a smartphone camera detector to measure bacterial growth and
bacteriophage lysis (where lysis indicated the efficacy of a therapeu-
tic phage).236 The method produced optical density results com-
parable to spectrophotometers commonly used for optical density
measurement after 60 min incubation and confirmation of lysis after
4 h incubation; however, these methods need validation with clinical
samples.

As for near-infrared hyperspectral imaging, we predict that the
primary avenue of application for these elastic scattering methods is
the rapid counting and characterization of colonies grown on agar
plates. These elastic scattering methods, in particular, could lead
to shortened incubation times due to detection being possible on
smaller colonies than standard visual observation requires. Much of
the future development of these elastic scattering methods will likely
be concentrated on classification from samples with mixed species.

2. Quantitative phase imaging
Quantitative phase imaging (QPI) combines phase contrast

microscopy, holography, and light scattering to reveal the fine-scale
structure of cells and tissues. Cells and tissues are largely transparent
(phase objects), and the technique produces quantitative maps of the
optical path length delays introduced by facets of the sample mor-
phology (e.g., bacterial cell). From the image, recorded as a digital
hologram, the light scattering field in any other plane can be inferred

by Fourier transform, so the technique can also measure scatter-
ing.237 The ability to focus on multiple focal planes by numerically
processing the information in the holograms emulates the focusing
control of a conventional microscope.238 The application of quanti-
tative phase imaging in biomedicine was recently reviewed;239 here,
we focus on the application of quantitative phase imaging to bac-
teria. Quantitative phase imaging techniques are applied to single
bacterial cells as opposed to colonies.

a. Diffraction phase microscopy. Bacterial cells have been
imaged using diffraction phase microscopy (DPM), and Fourier
transform light scattering (FTLS) was applied to the recorded holo-
grams to identify individual bacteria via a classifier.77 Four species
with similar rod-shaped morphology (L. monocytogenes, E. coli, Lac-
tobacillus casei, and B. subtilis) were distinguished with an accuracy
higher than 94%. This was a single-shot technique and, therefore,
could be used in combination with a high-speed flow cytometer or
could be miniaturized in a microfluidic system for a point-of-care
application.

b. Optical diffraction tomography. Optical diffraction tomog-
raphy has been used to observe the response of E. coli and B. sub-
tilis to the antibiotic, ampicillin.240 The bacterial cells were scanned
at multiple illumination angles, and the three-dimensional refrac-
tive index distribution was determined from the recorded holo-
grams, which facilitated image reconstruction. Measurements were
made at various concentrations of ampicillin over time, and the
three-dimensional time-lapse images show various morphological
features of the response. From the refractive index measurements,
cell volume, cellular dry mass, and cytoplasm concentration were
determined and the bacterial lysis time was deduced through a sud-
den change in cell volume or cellular dry mass. Three-dimensional
refractive index maps extracted from optical diffraction tomogra-
phy were used to train a convolutional neural network classifier,
which was able to identify individual bacterial cells of E. coli, P.
aeruginosa, K. pneumonia, B. subtilis, St. aureus, St. epidermidis, and
Enterococcus faecalis with 85% accuracy.78

c. Digital holographic microscopy. Digital holographic micro-
scopy has been used to study motile bacteria. The swimming behav-
ior of P. aeruginosa was studied, and five distinct swimming patterns
were observed by reconstructing motion from three-dimensional
time-lapse holograms.79 Holograms recorded by digital holographic
microscopy, in conjunction with a spherocylinder light scatter-
ing model, were applied to track the swimming patterns and the
orientation in three-dimension of E. coli.80

The capability of quantitative phase imaging methods to ana-
lyze single cells could in the future prove useful in the study of phe-
notypic heterogeneity within bacterial communities and how this
affects response to different antibiotic/antimicrobial treatment and,
consequently, could identify potential resistant sub-populations.

3. Dynamic light scattering
Dynamic light scattering (DLS) measures the fluctuating inten-

sity patterns (called speckle patterns) due to Doppler broadening
of monochromatic light scattering off small particles in liquid sus-
pension undergoing Brownian motion. The speckle patterns are col-
lected over time, and analysis of the fluctuations reveals the diffusion
behavior of the particles. From this, the particle size and total scat-
tered light intensity can be derived, and from the latter, the density of
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the scattering particles can be derived.68 For bacteria in suspension,
which may be composed of viable and non-viable cells, the change
in total scattered light intensity is a measure of the growth rate of the
viable bacteria.

Dynamic light scattering has been compared to culture-based
enumeration and spectrophotometric methods with regard to deter-
mination of E. coli68 and St. aureus69 viability. Dynamic light scat-
tering produced results consistent with growth on agar plates, but
in a shorter time frame. In addition, dynamic light scattering can
measure particle size, which can indicate the physiological state of
the bacteria and the presence of contaminants. Dynamic light scat-
tering and autofluorescence were combined to examine biophysical
signatures of P. aeruginosa and St. aureus bacteria in liquid sus-
pension.70 In this study, the zeta potential at the bacterial outer
surface was related to dispersion measured by dynamic light scat-
tering to differentiate the bacteria at a genus level and measure
viability in response to heat shock and antibiotic treatment. Appli-
cation of dynamic light scattering produced comparable results to
culture-based enumeration in a shorter time frame.

The advantages of dynamic light scattering are the short time-
to-result, relative simplicity of the method, the equipment required
to perform it, and the extra metrics it produces. The limitations are
that the suspension must be at low concentration to limit multiple
scattering (though this can be suppressed by back scattering con-
figurations or through more complicated cross correlation), free of
artifacts (which can be achieved by filtration or centrifugation), and
the temperature must be constant.

4. Dynamic laser speckle (Biospeckle)
Dynamic laser speckle or biospeckle is a scattering technique

that has been used to study the dynamics of bacteria in turbid or
soft media (e.g., semi-solid agar) at the multiple scattering limit of
dynamic light scattering. A laser illuminates the bacteria on semi-
solid or solid agar plates, turbid suspensions, or a sample matrix,
and bacterial activity is characterized from the speckle pattern of
the scattered light collected over time. Dynamic laser speckle has
been applied to characterize the bacterial chemotaxis (movement in
response to a chemical stimulus) of P. aeruginosa,71 the motility of E.
coli and St. aureus,72 the antibiotic susceptibility of E. coli K-12,241,242

growth kinetics of Bacillus thuringiensis in liquid suspension,243 and
early detection of Vibrio natriegens colonies on agar.244 We specu-
late that the application of machine learning techniques to dynamic
laser speckle data will increase and enable the use of dynamic laser
speckle in a wider-range of applications.

5. Differential dynamic microscopy
Differential dynamic microscopy (DDM) is a near-field scat-

tering method that uses an ordinary microscope to collect a video
from an image plane in the sample. Intensity fluctuations can be
measured by applying Fourier analysis to the difference between
video images without having to resolve the individual particles in
the sample. While it derives properties similar to dynamic light
scattering, this technique can capture information over significantly
longer length scales than dynamic light scattering. This attribute
was applied to characterize the bulk motility of swimming E. coli
in a high-throughput method.73,74 Determinations made were the
swimming speed distribution, fraction of motile cells, and diffusivity
for E. coli; these measurements indicated that motile cells enhance

the diffusivity of non-motile cells. Differential dynamic microscopy
was used in a similar experiment to determine the swimming speed
distribution and fraction of motile cells for S. typhimurium.245

6. Video microscopy
Video microscopy has been combined with microfluidics and

neural network classifiers in the development of methods exploiting
phenotypic changes in bacteria to improve the timeliness of antibi-
otic susceptibility testing of urine samples.75,76 Urine samples spiked
with E. coli were imaged using phase contrast microscopy in a series
of 30 s videos every 30 min over a period of 3 h after treatment with
antibiotics. The videos were compressed to a single image that cap-
tured phenotypic features of cell morphology and division, which
were submitted to a neural network classifier to classify bacteria as
inhibited or uninhibited, and from that ratio, a minimum inhibitory
concentration of antibiotic was calculated. Video microscopy-based
minimum inhibitory concentration evaluated from 30 min treat-
ment samples was in agreement with the values obtained using the
gold standard broth macrodilution method, which required 16 h.
Video microscopy significantly reduced the time to determine
antibiotic susceptibility using relatively simple equipment and rel-
atively simple sample preparation (the bacteria do not need to be
immobilized or amplified); there is the potential to multiplex and
automate the method using microfluidics. However, the current
limit of detection of between 106–108 CFU/ml needs to be improved
and the method needs to be evaluated on clinical samples where the
impurities are high.

E. Optical coherence tomography
Optical coherence tomography (OCT) is a non-invasive imag-

ing technique that is based on white light interferometry.246,247 As
it measures the time of flight of light as it is reflected and scattered
deep into a turbid sample, it is often referred to as the optical ana-
log to ultrasound. The main contrast agents for optical coherence
tomography are the change in the refractive index at an interface
and scattering. In optical coherence tomography, the lateral resolu-
tion and axial resolution are decoupled; while the former depends
on the imaging lens properties as in standard confocal microscopy,
the latter depends on the light source properties. The short cen-
tral wavelength and broad bandwidth increase the axial resolution
that ranges typically between 1–2 and 10–15 μm for a 800 nm and
1300 nm central wavelength system, respectively. The lateral reso-
lution depends on the imaging lens and is typically around 20 μm,
as large numerical aperture lenses are used in typical optical coher-
ence tomography systems to extend the imaging range, but can be
below a micrometer in an implementation called optical coherence
microscopy (OCM)248,249 where the lateral resolution is then simi-
lar to confocal microscopy. The imaging depth of optical coherence
tomography is typically limited by the sample absorption to up to
a few mm in turbid media. However, in non-absorbing media, the
imaging depth can be up to a few cm depending on the system used.

Because of its limited resolution compared to confocal micro-
scopy, optical coherence tomography has been mainly used to image
bacterial biofilms250 or the impact of bacteria on organs or matrices
rather than directly imaging bacteria. The main advantages of optical
coherence tomography are its ability to detect bacterial effects in vivo
and in situ and to allow for dynamic imaging of the biofilm at the
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mesoscale. Moreover, using functional extensions of optical coher-
ence tomography, several parameters, such as thickness, roughness,
and mechanical properties, are determined. A recent comprehen-
sive review on the use of optical coherence tomography in biofilm
research has been written by Wagner and Horn 2017.250 While the
field is still in its infancy and lacking common protocols, advances
have been made on data processing protocols to better quantify
the intrinsic properties of biofilm, such as its structure and the

bacterial density.251 Optical coherence tomography studies of the
biofilm in infectious diseases have made it to clinical settings, and in
vivo studies have been performed in the ear or around orthodontics
brackets.252,253

We predict that optical coherence tomography will continue
to be used for the assessment of biofilms on different surfaces
of interest, particularly, to monitor deformation in real-time for
the purposes of better understanding fluid–structure interactions.

TABLE III. Suggested parameters that should be reported for bacterial characterization optical methods. Samples and sample acquisition and instrument metadata are particularly
important if data from the optical measurements are destined for a database to be used in the development of machine learning algorithms. This table incorporates suggestions
from Ref. 140.

Experimental overview Examples and suggestions

Variable(s) tested Total viable count; species identification; metabolic activity
Method Raman spectroscopy; fluorescence microscopy; BARDOT
Quality control (internal/external) Alignment check of the spectrometer

Samples and sample acquisition

Material and source Samples from a laboratory; samples from waterway x
Growing conditions/sampling Time and temperature of incubation; 100 ml of the sample

taken from the edge using the sterilized bottle
Sample preparation Dried sample on slide; fixed sample
Sample manipulation during measurement Microfluidics; optical tweezers

Instrument

Light source Type (e.g., laser and light emitting diode) and wavelength
range

Power at sample Power density the sample is exposed to
Signal detected Spectrum; image; single value per sample
Detector Photodiode; charge coupled detector
Spatial information If any, what is the sampling interval, spatial resolution
Sampling area/volume The area/volume sampled with one measurement

Data analysis

Background subtraction method If used report details of the method, in particular, what was
used a blank

Normalization method Peak; min–max; incident power; area under curve
Other signal processing Smoothing; interpolation; Fourier transform
Statistics/machine learning algorithm Peak comparison by ANOVA; principal component anal-

ysis; partial least squares regression; support vector
machines

Other relevant information Outlier detection and exclusion; computational require-
ments

Results

Range Concentration; species
Errors Specificity; sensitivity; root mean square error of prediction
Limits Detection and quantification
Other relevant information Time from measurement to the value of the variable; poten-

tial for automation
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Optical coherence tomography of biofilms would benefit from the
identification of molecular contrast agents that allow for greater dif-
ferentiation of structures within biofilms, or seamless multiplexing
with methods, such as fluorescence or Raman microscopy, to obtain
molecular information.

IV. FUTURE PERSPECTIVES
For any newly developed optical method for bacterial charac-

terization, a number of details should be reported (Table III), from
the method and the principles on which it is based to the instru-
ment and sample characteristics to the methods of data analysis and
the results obtained. The development of any new optical method
for bacterial characterization must begin with consideration of the
biological question to be answered. Species, serotype or strain iden-
tification, viability, metabolic activity, antibiotic susceptibility, and
count have all been the focus of optical method-based investigation.
We suggest that the testing of any new optical method or protocol
begins with testing axenic samples, i.e., a sample with a single geno-
type. The initial suite of samples for testing should include species
from the G+ and G− groups, unless the biological question relates to
just one group. It is also advisable for initial testing to use bacteria
of varying shapes and growth phases. Commonly studied bacteria
for proof of principle studies include E. coli (G−, bacillus), St. aureus
(G+, cocci), B. cereus (G+, bacillus), and Sa. enterica (G−, bacillus).
Samples from “real-world” situations will likely be mixtures, and so
the capabilities of the developed method to assess mixed populations
will need to be determined.

The influence of different media and matrices should be investi-
gated to establish the general applicability of the method and sample
preparation requirements. For example, the medium can affect the

strength of fluorescence when a fluorophore dye is added to a bac-
terial suspension.254 Optical methods may be stratified into three
classes: population-based requiring incubation (i.e., a number of
cells higher than those present in the initial sample are required),
population-based not requiring incubation (i.e., measurements are
recorded from multiple cells, and the initial sample contains enough
cells for measurement), and single cell measurements. Population-
based measurement may require concentration (e.g., centrifugation
to obtain a pellet of bacteria) or direction (e.g., microfluidic manip-
ulation) of the bacterial cells to increase the number of cells in
the collection volume or increase the likelihood of collecting sig-
nals from cells. The use of microfluidics in conjunction with optical
methods for bacterial characterization is likely to increase in the
future as interest in single cell and population-based without the
need for incubation measurements increases. Microfluidic devices
have been previously reported for the detection and characterization
of bacteria cells in food and biological samples using several detec-
tion techniques.255–262 Some of the most recent methods applied
for the improved sensitivity of bacterial detection in microfluidic
devices includes the polymerase chain reaction (PCR), interdigi-
tated electrode array (IDE array), and ethidium monoazide with
loop-mediated isothermal amplification (EMA-LAMP).255,256,259

Identification methods are reliant on databases and classifica-
tion methods. As machine learning methods continue to develop
for both spectroscopic data and image analyses, the range of these
databases in terms of numbers of different species/strains and envi-
ronmental conditions (e.g., growth media and storage time) will
expand to allow for wider spread application of the specific method.
To ensure, this wider applicability metadata across a range of
parameters should be recorded (Table III). We believe that a com-
prehensive repository of data pertaining to bacteria could greatly

TABLE IV. Needs of microbiology.

Need Reason
Possible techniques

to address need

Quantify the bacteria present To allow rapid response “Bulk” fluorescence
to any contamination Fluorescence flow cytometry

Dynamic light scattering

Identify the bacteria present To allow rapid response to the Raman spectroscopy
presence of a problem organism Mid-infrared spectroscopy

Near-infrared spectroscopy
Elastic scattering
Quantitative phase imaging

Sort bacteria To allow for phenotypically Fluorescence flow cytometry
uniform populations for study Raman activated cell sorting

Evaluate the viability of To determine the effectiveness of an “Bulk” fluorescence
bacteria present in suspension antibiotic or antimicrobial treatment Fluorescence flow cytometry

Evaluate the viability of To determine the effectiveness Full-field fluorescence imaging
bacteria present on a surface and of an antibiotic Raman spectroscopy
in biofilms or antimicrobial treatment Raman microscopy

Mid-infrared imaging
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support research into rapid optical methods to monitor and detect
bacteria.

Widespread adoption of optical methods for bacterial charac-
terization by non-specialists will continue to stimulate the devel-
opment of portable, robust, and low-cost instrumentation. These
developments are likely to continue to adopt light emitting diodes
as light sources and smartphones for detection and processing and
see wider spread utilization of micromirror arrays with photodiode
detection in spectroscopic applications.

In cases where the ultimate aim is for a method for widespread
use by non-specialists, or even automated analysis, then not only
must instrument variability be established but also the reproducibil-
ity of measurements at a specific location and across multiple
locations must be examined. Minimization of location variability
requires biological standardizations (e.g., transport conditions, cul-
ture conditions, and samples preparations) and optical standardiza-
tions (e.g., power of light source and time of optical measurement).
Data analysis protocols will generally be centrally developed and
controlled. However, for some quantitative optical measurements,
inter-location standardization may occur by measuring a standard
sample and using the offset from a master measurement of this stan-
dard sample to modify the data analysis protocol (e.g., use the off-
set to bias predictions to achieve greater accuracy). Achieving good
inter-location reproducibility allows for greater sharing of collected
data and the generation of large databases.

Development of existing and new optical techniques for the
purposes of bacterial study and analysis will continue due to the
inherent advantages of optical techniques and the increasing impor-
tance of bacterial characterization and enumeration. Specific areas
of interest to microbiologists where optical methods could prove
invaluable include the development of assays for rapid observa-
tion of cell death in liquid media for the purpose of antimicrobial
testing and assays to enumerate and determine viability of cells
within biofilms and determine antimicrobial mechanisms of action
(Table IV).
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