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a b s t r a c t

Spore-forming pathogenic bacteria are adapted for adhering to surfaces, and their endospores can
tolerate strong chemicals making decontamination difficult. Understanding the physico-chemical
properties of bacteria and spores is therefore essential in developing antiadhesive surfaces and disin-
fection techniques. However, measuring physico-chemical properties in bulk does not show the het-
erogeneity between cells. Characterizing bacteria on a single-cell level can thereby provide mechanistic
clues usually hidden in bulk measurements. This paper shows how optical tweezers can be applied to
characterize single bacteria and spores, and how physico-chemical properties related to adhesion, fluid
dynamics, biochemistry, and metabolic activity can be assessed.
© 2023 The Author(s). Published by Elsevier Masson SAS on behalf of Institut Pasteur. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

A pathogenic microorganism’s ability to aggregate, colonize a
surface, or infect a host depends on its physico-chemical properties
[1]. These properties are also essential for bacterial fitness and
survival in harsh environments. Some pathogenic species within
the genera Bacillus and Clostridium are experts in surviving tough
environments thanks to their ability to sporulate (turn from vege-
tative cell to endospore) in response to unfavorable conditions.
They form bacterial endospores (spores) that are highly resistant to
environmental challenges compared to their vegetative cell form
[2]. Spores can survive high heat (including boiling water), radia-
tion, and chemical exposure to common antimicrobial agents [3],
and their resistance increases when adhered to a surface [4].
Pathogenic spore agents are therefore problematic in many areas of
society, from contaminating equipment in food production facilities
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[5] and hospitals [6], to spores of Bacillus anthracis being highly
potent agents for biological warfare [7].

Part of what makes pathogenic spores problematic is their sur-
face properties. Bacteria and spores have a sophisticated nano-
machinery, being able to express proteinaceous fiber-like surface
organelles that help facilitate adhesion to host surfaces. These
structures are commonly denoted as pili or fimbriae and are
widespread within both Gram-negative and Gram-positive bacte-
ria, as well as their spore forms [8e10]. In Fig. 1(A) we show a SEM
micrograph of a Bacillus cereus spore expressing pili (green arrows).
Pili are composed of multiple pilin subunits, which are synthesized
through distinct pathways and contribute to the diverse structural
and functional characteristics observed across different types of pili
[11]. In vegetative bacteria, pili are involved in adhesion, biofilm
formation, cell aggregation, host cell invasion, and motility, as well
as the secretion and uptake of DNA and proteins [12]. In addition,
the presence of pili affects the bacterium’s surface characteristics.
The intrinsic physical properties of adhesion pili are crucial for
infection since bacteria expressing mutant pili with compromised
physical properties have been shown to lose their capacity to cause
infection [13]. Understanding the physical properties of pili can
help reveal structural features explaining not only pili’s funda-
mental role and function in attachment but also provide critical
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Fig. 1. Microorganisms can stick to surfaces and create biofilms, resulting in problems in healthcare facilities and food industries. Spore adhesion is strongly related to physico-
chemical properties (pili, exosporium, hydrophobicity, charge, surface structure, etc.). Panel (A) shows a micrograph of a spore with pili (green arrows) and the exosporium
(red arrow) clearly visible. (B) Optical tweezers can trap single spores inside a suspension by focusing a laser beam with a microscope objective. (C) By trapping a probe bead, it is
possible to measure the mechanical properties of nanofibers, like pili, by attaching the bead to a pilus and monitoring the bead’s position in the trap. (D) By rapidly moving
(oscillating) a trapped spore inside the suspension, its hydrodynamic properties can be measured, and with an applied electric field its electric charge can be measured. (E) The
trapping laser also produces inelastically scattered light (Raman scattering) from the trapped spore, which contains information on the biochemical content making it possible to
identify a specific molecule. (F) Monitoring the Raman scattered light also allows non-invasively measuring metabolic activity in the spore by adding a small amount of heavy water.
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targets for new therapeutics to combat and prevent microbes from
adhering. However, since pili are nanometer-wide andmicrometer-
long fibers, sophisticated nanotools are required to quantify their
physical properties governed by interactions on the nanometer
scale.

Bacterial and spore adhesion, as well as resistance to chemical
disinfection treatments, also depend on their intrinsic chemical
properties. Therefore, several bulk studies have aimed to charac-
terize properties such as hydrophobicity and zeta potential [4,14] in
relation to surface adhesion. However, measuring these properties
using population-based methods does not disclose heterogeneities
within a population. Cell divergence and heterogeneity between
cells within the same strain and environmental condition have
received more attention in the last decade among researchers in
microbiology and related fields [15e17]. This is especially impor-
tant for spore-forming bacteria, where large variations in stages of
the life cycle and sporulation might occur in the same culture, or
biofilm [16,18]. Thus, characterizing bacteria on a single-cell level
offers insight into cell properties beyond that of bulk measure-
ments and helps provide a better understanding of their patho-
genic mechanisms.

There are many ways to study a single cell, but one of the most
versatile nanotools are optical tweezers [19,20]. Optical tweezers
are a technique that makes use of the fact that micrometer-sized
objects (inorganic as well as biological objects) can be trapped by
well-focused laser light. It is thereby possible to non-intrusively
control and manipulate living biological objects (bacteria, organ-
elles within cells) in a fully controlled manner with great precision
solely by light. Therefore, optical tweezers can be used to trap,
move, and manipulate microspheres, bacteria, and spores, as
illustrated in Fig. 1(B). This makes optical tweezers especially suited
for measuring receptor-ligand bonds or the mechanical properties
2

of proteins (C), hydrodynamic drag and electric charge of a spore
(D), chemical markers (E), and metabolic activity (F) in cells. With
optical tweezers it is possible to study the mechanics of cell
membranes, surface organelles, track the chemical content of a
single cell over time, and non-invasively detect and characterize
pathogens [20,21].

Optical tweezers work by focusing laser light to a diffraction-
limited (smallest possible) spot using a microscope objective. If a
cell is close, it interacts with the light and is pulled into the trap by
gradient optical forces [19]. When pulling on a trapped particle, the
force that is required increases with the displacement in the trap,
similar to a mechanical spring. Thus, knowing the trap stiffness
(spring constant) allows us to measure external forces acting on a
particle by measuring its displacement. Further, a trapped particle
can be moved in all three dimensions by either moving the focal
spot or by translating the sample chamber (keeping the trap sta-
tionary). The sample chamber can be made from two microscope
glass slides, separated by a thin liquid layer. Moving a trapped
particle back and forth in the liquid also makes it possible to
measure hydrodynamic drag forces.

In addition to the capability of light to trap a particle, light
will also interact with the molecular bonds in the particle. This
results in inelastically scattered light that has either gained or
lost energy during the interaction. This inelastically scattered
light is called Raman scattering [22]. By using a spectrometer to
analyze the Raman scattered light, it is possible to extract in-
formation about the particle’s molecular composition. The
resulting Raman spectrum is a unique fingerprint of the particle
that can be used to identify the chemical composition of the
particle and follow how it changes with time non-invasively [23].
Thus, there are many biological applications where optical
tweezers can be used to measure the physical and chemical
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properties of single bacteria or spores. In this review, we describe
a few of these applications.

2. Applications of optical tweezers

2.1. Moving, sorting, and isolating single spores with light

To conduct measurements on a single cell, the cell must first be
separated from the larger population. Since optical tweezers can be
applied to both trap micro-sized objects and move them through a
liquid at tens of micrometers per second, they provide a uniqueway
of separating, sorting, and isolating single cells to study heteroge-
neity [24,25]. For example, to assess the laser power threshold for
causing spore damage in an optical trap, Malyshev et al. exposed
spores to different laser powers. After trapping, the spores were
deposited on a cover slide and organized in a pattern to keep track
of each individual spore. The cover slide with deposited spores
could thereafter be evaluated using high-resolution SEM imaging
and the visual damage could be correlated with prior laser expo-
sure [26]. Correlation assays, in which cells are first exposed to
physical or chemical damage on the single-cell level and later
studied using imaging methods (SEM, fluorescence, AFM, etc.),
allow for new types of mechanistic studies.

2.2. Measuring physical properties using force spectroscopy

Optical tweezers can also be used to measure forces by adding a
detector suitable for the laser light wavelength. When light in-
teracts with a particle in the trap, some light is scattered from the
particle and some is transmitted. The interference of the light
produces a diffraction pattern that gives a direct measure of the
particle’s displacement in the trap. By calibrating the bead before
measurement, it is possible to derive the absolute force acting on
the particle with high resolution. Thanks to both the high spatial
and temporal resolution it is possible to study a multitude of
physical properties and assess structural, kinetic, and cell param-
eters, for example, adhesion pili mechanics, molecular motor-
driven flagellar rotation, and the hydrodynamic diameter of cells.

2.2.1. Forces on bacteria and spore appendages
There is a broad repertoire of surface pili found on bacteria with

distinct structural and functional properties [12]. Variation of
properties can be investigated using optical tweezers that allow
quantitative measurements where force is applied andmeasured in
the range from sub-piconewton to hundreds of piconewton. These
forces are what is needed to separate receptor-ligand interactions,
unfold proteins, extract tethers from cell membranes, and charac-
terize nanopolymers [21,27]. In particular, optical tweezers force
measurements have proven exceptionally useful in measuring the
physical properties of bacterial pili [28,29].

A simple and cheap assay to measure the physical and me-
chanical properties of cell-surface expressed nanofibers, is to trap a
bacterium (or spore) using optical tweezers and position the bac-
terium onto a poly-L-lysine coated 10 mm microsphere, that is
immobilized to the cover slide [30]. Thus, the microsphere (anchor
bead) serves as a mount for the particle under study, see Fig. 2(A).
With the bacterium attached to the anchor bead, a 2 mmprobe bead
is subsequently trapped andmoved close to the bacterium to attach
a pilus, in general, the longest expressed. Separating the bacterium
and probe bead, tensile force is applied, and the force-extension/
contraction response is measured with sub-piconewton force and
nanometer spatial resolution. Examples of forceeextension curves
of a P pilus expressed by Escherichia coli and a S-Ena pilus of a
B. cereus spore are shown in Fig. 2(B and C). Two types of ap-
pendages have been described on the B. cereus NVH 0075/95
3

spores, denoted S-Ena and L-Ena appendages [31]. The S-Ena fibers
are longer and thicker, while the L-Enas are shorter and thinner.
Force extension and retraction curves using the setup described
illustrate significant differences in mechanisms and functionality
between the S-Ena of B. cereus and the E. coli P pili. The force data
indicate that the P pilus can be unwound, and with a constant
extension force they extended significantly (6� its initial length).
During extension, the quaternary structure of the fiber undergoes
several conformational transitions. The S-Ena, on the other hand,
does not unwind at these forces and shows limited axial extensi-
bility and no conformational changes to its structure at these force
levels. These two examples highlight the variety of mechanistic
differences that forcemeasurements are able to reveal on the single
fiber level. By applying physical models to the data, for example, the
worm-like chain model, intrinsic physical parameters can be
assessed such as persistence length, contour length, stretch
modulus, spring constant, and flexural rigidity [32]. An example of
a worm-like chain fitted to the S-Ena force response is shown in
Fig. 2(C).

2.2.2. Measuring motility of single bacteria
Bacteria face numerous challenges in their natural environ-

ments and have developed different approaches to both sense
chemicals and swim away from danger. For example, many bacteria
swim using flagellar rotation driven by molecular motors at the
base [33]. Some bacteria, such as Bacillus subtilis, B. cereus or E. coli,
even express multiple flagellar filaments that bundle together in
the so-called run sequence. Nevertheless, this bundle can be
disturbed, causing a sequence in which some flagella may change
the speed or direction of their rotation, resulting in a change in the
swimming or tumbling behaviour of the bacteria [34]. Furthermore,
the mechanics behind swimming can vary between bacterial
strains, with the same flagellar rotation able to cause different
bacterial motion [35].Understanding how bacteria switch between
the run and tumble motility, as well as how the molecular motor
changes its frequency in the presence of nutrients and chemicals, is
relevant in chemotaxis studies. However, observing these events on
the nanometer scale of free-swimming bacteria is challenging us-
ing bulk methods. Therefore, optical trapping of free-swimming
bacteria opens a new door to characterizing such events.

By acquiring the scattered light from the optically trapped
bacterium, the rotation motion of the bacterium’s body and the
flagellum can be determined. A schematic of this is shown in
Fig. 3(A), in which the angular velocity of the bacterial rotation U
and flagellum u rotates in opposite directions. These rotation fre-
quencies are clearly visible in a power spectrum graph, as illus-
trated in Fig. 3(B). Using optical tweezers assays, several important
research questions have been solved related to bacterial motility.
For example, how flagellar rotational variation of B. subtilis depends
on changes in pH or the nutrient concentration in the fluid [34];
how dynamic properties such as power and the thrust of E. coli
relates to the angular velocity of the motor [36]; and the impor-
tance of elastic properties of flagella in E. coli and Streptococcus
bacteria to work as propellers, as well as to form bundles [37].

2.2.3. Hydrodynamic drag of spores
Endospores are, in general, hydrophobic and strongly adhere to

a variety of surfaces, including stainless steel, glass and plastics.
This makes spores amajor contamination hazard in food processing
environments, particularly strains of B. cereus. These bacteria are
also problematic since they produce biofilms that facilitate
attachment and protect vegetative cells and spores from fluid
forces and disinfection chemicals [38,39]. Since both vegetative
bacteria and spores often are exposed to fluid forces in their envi-
ronments, and there is large heterogeneity in their surface



Fig. 2. Force-extension experiments on bacteria using optical tweezers. Panel (A) shows the process of an optical tweezer’s force measurement. (Left) A pili-expressing bacterium or
spore is trapped and mounted to a microsphere (anchor bead), and subsequently, a probe bead is trapped and attached to a pilus. (Middle) The probe bead and microsphere are
separated to extend the pilus. (Right) After the pilus has been extended, the beads can be brought back together to relax the pilus. Panel (B) shows the force response of a helical P
pilus expressed from an E. coli bacterium. The blue curve shows first a linear region, thereafter a constant force region with extension, and finally, a sigmoid region related to
conformational changes of pilin subunits. Panel (C) displays the force response (black) of a S-Ena pilus expressed by a B. cereus spore fitted with a worm-like chain model (purple).
Initially, the force slowly increases with extension, however, when the pilus is stretched closer to its contour length, the force rapidly increases with extension.

Fig. 3. Characterising the motility of single bacteria with optical tweezers. Panel (A)
illustrates an optically trapped bacterium, in which the body and flagellum rotate in
opposite directions. Panel (B) shows how the corresponding power spectrum can
reveal the rotation frequencies. By changing the fluid environments (pH, nutrients,
chemicals, etc.) this method allows for direct assessment of the nanomachinery that
rotates the flagellum.
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properties, assessing surface properties on the single cell level can
reveal mechanistic details that help us better understand their
ability to attach to surfaces and each other.

Optical tweezers can measure surface properties by trapping a
single cell and oscillating the sample chamber so that the cell is
exposed to a fluid drag force from the liquid, see Fig. 4(A). From this,
it is possible to obtain the cell’s hydrodynamic drag coefficient and
calculate its effective diameter. The optical tweezers method also
benefits from using very small sample volumes (microliters).
Further, the high sensitivity means that it can be used to observe
the effect of extracellular physiological variations, like the expres-
sion of surface organelles. For instance, oscillating optical tweezers
have previously been used to quantify the degree of surface pili
expressed on E. coli bacterial cells [40]. The study showed that
4

highly piliated cells experience more than a 2-fold effective diam-
eter (higher drag force) compared to bald cells. The implication of
expressing “too” many pili was studied using a motility assay and
supports that a large effective diameter can be negative in fluid
environments since the swimming capability is significantly
impaired and bacteria with many pili tend to formmore aggregates
[41].

Surface appendages can also affect the drag experienced by
spores. A similar procedure can been used to investigate the effect
of pili and the exosporium on hydrodynamic drag on B. cereus NVH
0075/95 endospores, which expresses both S-Ena and L-Ena ap-
pendages. An example of the significant role these surface organ-
elles have on the drag force is shown in Fig. 4(B). There, wild-type
spores (Sþ Lþ) are compared with knock-out mutant spores
depleted of S-Enas (S- Lþ), both types of Enas (S- L-), and spores
depleted of their exosporium (exp.-). Additionally, a (S- L-)-strain
with its exosporium mechanically removed by sonication is also
included (son.) The results illustrate the sensitivity of using optical
tweezers to quantify the difference in drag force (effective diam-
eter) betweenwild-type spores andmutants. The oscillating optical
tweezers method can also be taken one step further to simulta-
neously measure the hydrodynamic drag coefficient and the elec-
tric charge, as shown by Pesce et al., when they trapped B. subtilis
spores. By employing thismethod, theywere able to distinguish the
electric charge between wild-type spores and spores of isogenic
mutant strains that lacked or had a defective outer coat layer [42].
2.3. Characterization of chemical properties using Raman
spectroscopy

Optical tweezers can also be used to characterize the chemical
properties of single bacteria and spores using Raman spectroscopy.
Suchmeasurements provide information on the status and viability
of bacteria in response to different treatments. When light interacts
with a molecule in the trapped particle, some light scatters
inelastically off the molecules, gaining or losing energy depending
on the energy of the molecular vibrations. This process is called
Raman scattering and can be used to acquire Raman spectra, which



Fig. 4. Measuring hydrodynamic drag of a spore with optical tweezers. Panel (A) illustrates how the trap can be oscillated rapidly to expose the spore to a fluid drag force. By
measuring the displacement of the spore in the trap the effective hydrodynamic diameter can be calculated. Panel (B) shows the effective hydrodynamic diameter of wild type spore
(Sþ Lþ), spores with only L-Ena pili (S- Lþ), spores lacking S-Ena and L-Ena pili (S- L-), spores lacking an exosporium (exp.-) and sonicated spores (son.). Boxes cover the 25e75
percentiles in the data distribution (with the median as a solid line) and the whiskers cover the 5e95 percentile. Stars indicate the statistical significance of the difference compared
to the wild-type spores, either p � 0.001 (***) or p � 0.0001 (****).
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give information on themolecular bonds present. Raman scattering
has the advantage of relatively narrow bands compared to fluo-
rescence and absorbance measurements, making the technique
very specific in distinguishing between molecules. Another major
advantage is that water is not Raman active, so aqueous samples
can be measured without noise from the solvent. However, Raman
scattering is rare and the signals are weak, so intense light is
needed for these measurements, making it well suited for optical
tweezers, where laser light is highly focused on a particle. The
resulting technique, called laser tweezer Raman spectroscopy
(LTRS) allows for single particle measurements, reducing the noise
both from surrounding media and from the surface of the sample
chamber, since the trapped particle can be moved into the center of
the sample channel during a measurement. LTRS has been used in
several applications characterizing and monitoring chemical
properties and changes within bacterial spores [43e45].
2.3.1. DPA release from single spores
Bacterial spores are dormant until environmental conditions

become more suitable. Then, they can turn back into vegetative
cells via a process called germination. Tracking the germination
process is important in studies on spore biochemistry and spore
resistance to chemicals. During germination, or if damaged by toxic
chemicals or high mechanical stress, bacterial spores will release
dipicolinic acid (DPA). DPA is abundantly found in calcium chelate
form (CaDPA) in the spore core, making up as much as 25% of the
spore dry weight. This makes it an excellent biomarker for spores
when using Raman spectroscopy [46,47]. Thus, by using LTRS,
spores and the germination process can be tracked using the
Raman peak for CaDPA at 1017 cm�1 [48]. In addition, it is possible
to follow chemical changes in single bacterial spores as they are
exposed to various decontamination processes [49], as summarized
in Fig. 5(A). As an example, Fig. 5(B) shows a time-series of the
release of CaDPA from a single spore [50]. Note that this release,
when initiated is a rapid process, taking place within the span of a
minute, see spectra between 45 and 46 min. Further, it was shown
with this technique that the DPA release from chemically exposed
Bacillus thuringiensis spores is faster when exposed to near-infrared
light [45]. This shows that although spores are highly resilient,
5

photo-chemical effects can arise when spores are exposed to both
chemicals and light.

2.3.2. Impact of chemicals on spores
Understanding the effect of chemicals on spores is essential in

developing robust decontamination and disinfection protocols.
Similarly to tracking DPA release, LTRS can track chemical changes
in spores during chemical-based decontamination processes.
Earlier studies have used Raman spectroscopy to look at the release
of DPA from spores [51] and the mechanism of common disinfec-
tion agents [52]. However, these are done as bulk studies and in-
formation on how individual spores respond is lost. LTRS offers the
advantage of measuring and selecting individual spores [53], and
has been used on several occasions to investigate spore inactivation
in response to disinfectants [22,54]. For example, Zhang et al. used
LTRS to measure the effectiveness of wet-heat inactivation of Ba-
cillus spores [55]. Further, LTRS has also been used to track chemical
changes in B. thuringiensis spores as they were exposed to chlorine
dioxide, sodium hypochlorite, and peracetic acid [45]. By following
Raman peaks at 782 and 1017 cm�1 during the disinfection process,
the amount of DNA and CaDPA, and thus the release of these
chemicals from the spore over time, could be quantified. Using this
method, it is possible to evaluate the spore damage caused by these
chemical treatments and thus evaluate their efficiency.

2.3.3. Metabolic activity of single cells
The possibility to track the metabolic activity of cells in real-

time is advantageous as it presents a rapid way to monitor a bac-
terium’s response to antimicrobials, chemicals, and environmental
changes. A simple and low-cost method to track the metabolic
activity of single bacteria and spores during outgrowth, is to use
LTRS in combination with a small amount (approx. 30%) of heavy
water (deuterated water). Water is used as a reactant in cell
metabolism, such as the TCA cycle and is gradually incorporated
into cell proteins, lipids and DNA. When water is substituted for
heavy water, the incorporation of deuterium results in C-D bonds.
These bonds can be detected using Raman spectroscopy as a broad
band centered at ~2190 cm�1. This band is in a quiet Raman region,
so themagnitude of this band is a direct indicator of the cumulative



Fig. 5. Measuring chemical properties of a single cell using laser tweezers Raman spectroscopy (LTRS). Panel (A) shows that we can use Raman spectroscopy to measure chemical
components such as CaDPA, DNA, proteins, and lipids when trapping a single spore or bacterium. Panel (B) shows that the loss of CaDPA from a single spore can be tracked as a rapid
decrease in intensity of the 1017 cm�1 peak (at 45e46 min for this particular spore).
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metabolic activity in the cell to this point. This method has been
used to track metabolic activity and viability of bacterial cells
[56e58], including cells that appear inactivated, but remain
metabolically active [59]. We have also shown this method to work
on monitoring the germination and outgrowth of spores [60], as
summarized in Fig. 6.

Metabolic analysis using LTRS has several advantages. First, with
minimal sample preparation needed the method is rapid and
cheap. Second, heavy water is non-toxic (up to ~50% can be added
in buffer solution) to the cells studied. Third, it is versatile and
applicable to a wide range of bacterial and spore samples and can
be used on all samples that are metabolically capable, including
Fig. 6. Metabolic activity of germinating B. cereus (A) can be tracked using a heavy water assa
(B), and the resulting C-D bonds from heavy water can be seen as a new broad Raman ban

6

samples directly from the field. Finally, the assessment of bacterial
viability is rapid and does not require any culturing.

3. Considerations

3.1. Instrumental limitations and possible solutions

Even though optical tweezers are powerful nanotools, it is
important to consider limitations when designing experiments. To
generate a strong trap, an optical tweezers setup needs a high-
numerical aperture objective (preferably >1.2) and a stable laser
source (intensity and pointing stability). Between the objective and
y. Water is taken up and incorporated into proteins and lipids during metabolic activity
d centered at 2190 cm�1 (C).



Fig. 7. Laser light from optical tweezers can affect the viability of spores. Individual spores in a chosen area (A) were sequentially trapped with a 1064 nm laser (red rectangle) and
imaged using bright field microscopy (Olympus IX71) and a 60 �water immersion objective (NA ¼ 1.2, UPlanSApo, Olympus). After 120 min in nutrient broth, most of the irradiated
spores failed to germinate, even as surrounding non-irradiated spores in the same field of view germinated and proceed to grow into vegetative cells. (B). Some irradiated spores
release their DPA (A-B inset, blue arrows), while others retain it (inset, orange arrows), however, both groups fail to grow into vegetative cells. Overall, the spore’s ability to
germinate follows a doseeresponse relationship and is affected by the oxygenation of water (C).

Fig. 8. The Raman peaks for pure DPA in an aqueous solution shift as it changes into
different ionic forms depending on pH. At pH 3, the major peaks of aqueous DPA are
1017, 1388, and 1603 cm�1, with smaller peaks at 1000, 1430, and 1575 cm�1. With
increasing pH, these smaller peaks increase in prominence, while the 1017, 1388, and
1603 cm�1 decrease. At pH � 6, the 1017 and 1603 cm�1 are no longer detectable.
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the sample, an immersion medium is used to reduce reflections. Oil
is commonly used; however, this causes spherical aberrations that
limits the trapping distance inside the sample making manipula-
tion and force measurements deep into the sample difficult. A
water immersion objective fixes this issue, but water evaporates
much faster which limits the experimental time, making long-term
measurements more difficult. However, by using a micro dispenser
offered by microscope manufacturers this issue can be resolved.
When preparing samples, it is also important to find a suitable
balance between enough particles for the purposes of the experi-
ment and not too much to avoid trapping multiple particles.

A setup for measuring forces on the piconewton scale is very
sensitive to environmental disturbances. Vibrations and electrical
interference can add noise to the data unless the setup is well
isolated. For this, everything from signal filters to acoustic damp-
ening should be considered. When using LTRS, the glass slides that
make up the sample chamber can produce a significant background
signal, masking Raman peaks of interest. This can be mitigated by
using quartz slides, or by moving the trapped particle away from
the glass surface. In addition, Raman spectra will periodically ac-
quire cosmic rays, usually appearing as very narrow and intense
peaks. This can be circumvented by using multiple accumulations
for each spectral acquisition and removing the outlying peaks.

3.2. Laser phototoxicity affect cell viability

Optical trapping may be considered non-invasive for inanimate
objects [61], but it is not the case for living organisms. Evenwithout
direct thermal or photo-ablative effects, a 1 W optical trap gener-
ates a high-intensity spot of several MW/mm2. It has been shown
that even optical traps with power as low as 3 mW [62,63] and
doses as low as 0.54 J [64], affect cell viability. Trapping introduces
DNA damage as well as the production of reactive oxygen species
(ROS) such as singlet oxygen [65,66], which in turn affects the
function and structural integrity of the cells [62,63]. In addition, the
strongly focused laser beam (high intensities) in an optical trap can
result in two or more photons being absorbed simultaneously by an
atom (non-linear effects). This implies that damage, similar to those
from ultraviolet irradiation, can be seen despite trapping the spore
with near-infrared light.

These effects are not limited to vegetative bacterial cells. Bac-
terial spores, despite their resilience, can also be inactivated by
optical trapping, see Fig. 7(C) [45]. Spores have several mechanisms
to protect against ROS and radiation damage, including superoxide
transmutases, small acid-soluble proteins, and DNA repair mecha-
nisms [67,68], but a sufficiently high dose will deplete them. For a
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1064 nm laser, the spores can tolerate approx. 10 J total illumina-
tion, with higher energies leading to the spores being unable to
germinate, as shown in Fig. 7(A-B). However, laser photo-toxicity
effects can be mitigated by using either lower trap power or trap-
ping time. Lower laser power will also reduce the non-linear ef-
fects. Finally, ROS generation can be mitigated by degassing the
suspension or adding ROS scavengers like glucose oxidase or pro-
tocatechuate dioxygenase to the suspension [69].
3.3. Raman peak is dependent on solution pH

Raman peaks of complex organic molecules are affected by so-
lution composition. For example, the bond vibrations giving the
spectral peaks of these molecules can be affected by the ionic state
of the molecule and by chelates bound to it. When comparing
spectra in the literature, it is therefore important to evaluate any
differences in how solutions were prepared. Also, this implies that
reported spectra in the literature can be inconsistent with
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measurements. As an example, the DPA molecule that typically has
a peak at 1000 cm�1, increases to 1017 cm�1 when in the chelate
(CaDPA) form. Aqueous DPA can have peaks at both 1000 and
1017 cm�1 depending on solution pH [50], as shown in Fig. 8.
Similar studies on biologically relevant compounds such as amino
acids reveal similar pH-induced changes in Raman activity [70,71],
further showing the importance of knowing and tracking envi-
ronmental conditions in a measured sample. The change of Raman
peaks with pH-condition, is not only something negative, it also
provides an opportunity to experimentally derive the pKa of a
chemical [50].

4. Conclusion

Since its invention in the 1970s, optical tweezers have proven to
be powerful tools in microbiology. The possibility to trap single
cells allows for precise micro-manipulation and characterization of
physico-chemical properties. These properties include force mea-
surements on single pilus structures and measuring the hydrody-
namic drag and electric charge of cells. In addition, the possibility to
simultaneously trap andmeasure Raman signals on particles means
that optical tweezers are an effective tool to detect chemical
markers in a non-destructive manner. This makes it possible to,
among other things, track germination and metabolic activity in
real-time.
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