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� NIR laser light in optical tweezers can
disrupt the body of thermal-resistant
bacterial spores.

� A dose exposure of 60 Joules causes
notable alterations of the structure of
a spore.

� Spore damage is related to a
photochemical effect rather than
photothermal.
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Micro-Raman spectroscopy combined with optical tweezers is a powerful method to analyze how the
biochemical composition and molecular structures of individual biological objects change with time. In
this work we investigate laser induced effects in the trapped object. Bacillus thuringiensis spores, which
are robust organisms known for their resilience to light, heat, and chemicals are used for this study.
We trap spores and monitor the Raman peak from CaDPA (calcium dipicolinic acid), which is a chemical
protecting the spore core. We see a correlation between the amount of laser power used in the trap and
the release of CaDPA from the spore. At a laser power of 5 mW, the CaDPA from spores in water suspen-
sion remain intact over the 90 min experiment, however, at higher laser powers an induced effect could
be observed. SEM images of laser exposed spores (after loss of CaDPA Raman peak was confirmed) show a
notable alteration of the spores’ structure. Our Raman data indicates that the median dose exposure to
lose the CaDPA peak was �60 J at 808 nm. For decontaminated/deactivated spores, i.e., treated in sodium
hypochlorite or peracetic acid solutions, the sensitivity on laser power is even more pronounced and dif-
ferent behavior could be observed on spores treated by the two chemicals. Importantly, the observed
effect is most likely photochemical since the increase of the spore temperature is in the order of 0.1 K
as suggested by our numerical multiphysics model. Our results show that care must be taken when using
micro-Raman spectroscopy on biological objects since photoinduced effects may substantially affect the
results.

� 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Laser Tweezers Raman spectroscopy (LTRS) is a powerful ana-
lytical and reagentless method that provides a biochemical finger-
print of a trapped biological object. For example, LTRS can trap and
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simultaneously analyze eukaryotic cells, bacteria, and spores [1]. In
general, trapping different objects has been considered non-
invasive at low laser power [2]. However, even though the laser
power used may be low, the strongly focused beam results in a
high-intensity spot �MW/cm2, possibly capable of causing photo-
damage to the trapped object. Previous studies have assessed how
optical traps cause damage to living cells, where early investiga-
tions indicated no DNA damage to cells with laser powers up to
100 mW in eukaryotic cells [3]. In contrast, later studies noted a
decrease in viability of cells trapped using optical tweezers and a
dose-related relationship between total irradiance and cell viabil-
ity could be observed. The proposed mechanisms of action were
absorbance of light by NADH and flavins for laser light in the
650–750 nm range, and absorbance by water at wavelengths
800–1064 nm [4,5], leading to DNA damage [5]. In these studies,
wavelengths in the region 800 nm and 1064 nm were found to
be the least damaging to the cells. However, reactive oxygen spe-
cies (ROS) production and DNA damage were still detected [6].
Similar effects have also been observed on trapped bacterial cells
where, for example, it was shown that a 1064 nm laser could inhi-
bit the growth and division of E. coli cells at laser power as low as
3 mW [7,8], and dose ranging from 0.54 J to over 10 J[9]. In addi-
tion, it was shown that bacterial cells trapped in optical tweezers
are less efficient at regulating their pH, indicating disruption of
the membrane [10].

As mentioned above, how laser light interacts and the effects on
a trapped bacterial cell have previously been investigated. How-
ever, a gap exists in the literature regarding the effects of laser light
on bacterial spores. While optical tweezers and LTRS in combina-
tion are widely used to manipulate spores and measure various
properties, such as classification of sporulated and germinated
forms, response to heat treatment, changes in chemical composi-
tion and surface properties [11,1,12–16], any effect of the incident
laser light on the spore has not been considered thoroughly. Spores
are resilient, dehydrated inactive forms that some bacteria species
can convert to when under stress. Spores are strongly resistant to,
for example, chemical and thermal damage [17], where spores
have several mechanisms to protect their DNA [18]. Thus, a higher
resistance to any photoinduced (photothermal and/or photochem-
ical) damage by the laser light is expected compared to vegetative
bacterial cells or eukaryotic cells.

In this work we address the photoinduced damage from a laser
beam on spores and how it might affect the experimental results
by monitoring the intensity of the CaDPA main Raman peak using
a LTRS instrument. CaDPA is found in abundance in the spore core
(protecting the DNA), making up to 25 % of its dry weight, and has a
strong characteristic Raman peak at 1017 cm-1 [1,19]. Therefore,
when the intensity of this peak is reduced, we know that CaDPA
is lost from the spore core, most likely by spore body disruption
and diffusion to surrounding medium. This approach also allows
us to investigate how different decontamination protocols affect
the CaDPA loss [9], allowing many common spore decontamination
agents such as hydrogen peroxide, sodium hypochlorite, and
peracetic acid [20] to be investigated. Sodium hypochlorite and
peracetic acid are oxidizing agents used as decontamination chem-
icals where sodium hypochlorite acts by saponification of fatty
acids and neutralization and chloramination of amino acids, [21]
and peracetic acid oxidazes, for example, sulfhydryl and sulfur
bonds [22].

Finally, to gain further insight in the mechanisms of the
interaction between the laser light and the spore, we also sup-
port the experimental data and conclusions with a multiphysics
simulation model of a spore to estimate any photothermal
contribution.
2

2. Experimental methods

2.1. LTRS system

To measure Raman spectra from spores, we use our optical trap
and Laser Tweezers Raman instrument that is described in [23,24].
Briefly, a Gaussian laser beam operating at 808 nm is coupled into
the microscope using a dichroic shortpass mirror with a cut off
wavelength of 650 nm. Imaging and focusing of the beam is done
by a 60� water immersion objective (UPlanSApo, Olympus) with
a numerical aperture of 1.2 and a working distance of 0.28 mm.
This provides a diffraction limited spot diameter in the focal plane
of �nm.

We measure Raman spectra by collecting the back-scattered
light with the microscope objective and the Rayleigh scattrered
light is reduced by a notch filter (NF808-34, Thorlabs) [24]. To
increase the signal to noise ratio, we spatially filter the beam using
a 150 lm diameter pinhole before coupling the light into our spec-
trometer (Model 207, McPherson) through a 150 lm wide
entrance slit and an 800 grooves/mm holographic grating disperses
the light onto a Peltier cooled 2D CCD detector (Newton 920 N-BR-
DD XW-RECR, Andor) operated at �95 �C. Our setup has a spectral
resolution of <2 cm�1 in Raman shift.
2.2. Sample preparation and measurements

A stock of Bacillus thuringiensis (B. thuringiensis) ATCC 35646
spore suspension is made with a concentration of 106 spores per
ml. To re-suspend the spore stock, we vortex them at 2,800 rpm
(VM3 Vortex, M. Zipperer GmBH) for 10 s. A sample is made by
adding a 1 cm diameter ring of 1 mm thick vacuum grease on a
24 mm� 60 mm glass coverslip. Then we add 5 ll of the spore sus-
pension inside the ring and seal the sample by placing a
23 mm � 23 mm cover slip on top. We then place the sample in
the LTRS-system and locate a single free floating spore for Raman
measurements. The system has an inherent selectivity as only
objects with sufficient symmetric shape and refractive index con-
trast remain in the trap, thus allowing Raman spectra collection.
Raman spectra presented herein are recorded by using 2 accumu-
lations. The acquisition time depends on the laser power used,
from 30 s for 5 mW laser power to 5 s for 40 mW laser power
and spectra were captured until the main CaDPA peak vanished
or during a maximum of 90 min.
2.3. SEM imaging

To perform SEM imaging, we air dry a drop of spore suspension
on a glass slide. We then coat the sample with a �5 nm layer of
platinum using a QuorumQ150T-ES sputter coater. We image sam-
ples by a Carl Zeiss Merlin FESEM electron microscope using InLens
and SE-2 imaging modes at a magnification of 50,000�.
2.4. TEM imaging

We prepare samples for TEM imaging as a liquid suspension of
spores using the method described in [16]. Spores are fixed with
2.5% Glutaraldehyde in 0.1 M PHEM buffer and postfixed in 1%
aqueous osmium tetroxide, then dehydrated in ethanol, acetone,
and finally embedded in Spurr’s resin. 70 nm sections are then post
contrasted in uranyl acetate and Reynold’s lead citrate. We exam-
ine samples using a Talos L120C (FEI, Eindhoven, The Netherlands)
operating at 120 kV. Micrographs were acquired with a Ceta 16 M
CCD camera.
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2.5. Spectrophotometry measurements

We measure the absorbance of liquid solutions using a Lambda
1050+ UV/VIS/NIR spectrophotometer (PerkinElmer). To remove
scattered light signal from that of the absorbed light, we use an
accompanied integrating sphere with a center mount cuvette (UV
grade quartz, l = 10 mm, Mettler Toledo) sample holder. We dis-
solve our materials in suitable solvents as listed below. We pour
3 ml of the solution into cuvettes and measure the absorbance in
the wavelength range of 700–1200 nm. This absorbance is then
compared to that of the lone solvent to extract the absorbance of
the spore material. 30 mM DPA and 1% d-DNA (Sigma-Aldrich)
solutions in deionised water were analyzed as representative of
the core and 1% Soy Phospholipid in ethanol (Sigma Aldrich) as
representative of the membrane. To extract the solubilized spore
coat from B. thuringiensis spores, we used sodium deocyl
sulphate + dithiothreitol and the sodium hydroxide methods
described in [25,26]. We confirmed the loss of spore coat by TEM
microscopy.
2.6. Numerical modeling

To simulate the interaction between the spore and the laser
light, we build a numerical 3D-model of a spore in water using
COMSOL Multiphysics 5.5 software. The spore is constructed as a
six-layer ellipsoid, with dimensions 1000 nm � 700 nm, similar
to the model described in [27]. The layers represent, from inside
out, the core (700 nm � 400 nm), membrane (23 nm thick), cortex
(85 nm), coat (40 nm), interspace (111 nm), and exosporium
(40 nm) of the spore. See schematic as inset in Fig. 1.

Each layer is given a set of parameters. Spore parameters such
as real part of the refractive index [28,29] and thermal conductivity
[30–33] were gathered from literature. To find the complex part of
the refractive index, k, we measure absorbance of the spore com-
ponents (spore coat, CaDPA, DNA and phospholipid). From the
absorbance we convert values for the complex refractive index of
the spore layers: core (k = 6 � 10�7), membrane (k = 5.5 � 10�7),
cortex (k = 4.5 � 10�7), coat (k = 2 � 10�6), interspace
(k = 2 � 10�7), and exosporium (k = 2 � 10�6).

We use a high resolution mesh inside and close to the spore,
while keeping the rest coarse. The mesh size in the volume closest
to the spore is 10 nm and growing to 500 nm at a distance 10 lm
from the center of the spore.

We model the laser beam to represent the experimental setup
using the Wave Optics Module. To model the heating effect on
the spore we use the Heat Transfer and the Wave Optics Module
in combination. We then use this model to simulate the tempera-
ture increase in a spore placed in the laser beam focus of our LTRS
system.

To validate the model, we place a cube with known dimensions
and thermal parameters in the focus of the simulated laser beam.
By comparing the temperature change obtained from the simula-
tion to that of the theoretically calculated average temperature
of the cube, we determine that the model accurately simulates that
system within 30%.
2.7. Statistical method

Considering the nature of data, where the peak intensity
remains constant over different times after which a rapid decay
until vanishing occurs, survival plot analysis was performed on
some of the data sets in Graphpad Prism 9. Different data sets were
also compared using the Mantel-Cox test.
3

3. Results and discussion

3.1. Laser power effect on spores in water

For samples with weak Raman peaks or when the LTRS instru-
ment has inefficient collecting optics, higher laser power is often
applied to shorten the integration time. To monitor the influence
of laser power on spores, the time to signal loss of the CaDPA
Raman peak was investigated for laser powers of 5, 20 and
40 mW in the sample plane. (Note that the highest value,
40 mW, in this study is still lower than some works reported in
the literature.)

As mentioned earlier, CaDPA has a strong characteristic Raman
peak at 1017 cm�1 (see Fig. 1) and the rapid decay of this peak is a
good indicator of spore core leakage due to damage [34]. Thus, we
monitored the intensity of the 1017 cm�1 peak and the time to
complete decay for a number of individual spores. We present
these data sets as Survival plots as shown in Fig. 2. See also
Fig. S1 for an example behavior of the CaDPA peak over time. We
believe the spore decomposition is triggered by the high intensity
of light passing through the spore and generating reactive species
that degrade the spore. We have also created a model of a spore in
a focused 40 mW laser to determine if thermal or electric field can
contribute to the spore decomposition observed (see Sections 3.4
and 3.5).

For a laser power of 5 mW, which is more-or-less the lower
limit used in LTRS for spores in the literature [11,1,12–14,19], all
investigated spores remain intact over the duration of the experi-
ments (90 min), however, 20 and 40 mW laser power clearly has
an effect on analyzed spores, see Fig. 2.

We observed that the lifetime of the spores (defined as time
from start of exposure until 1017 cm�1 Raman peak vanishes)
when trapped at 40 mW ranges from 1.5 to 50 min (3.6–120 J total
energy exposure), with one outlier at 72 min (173 J). The median
survival time is 24 min (58 J) (n = 25). By comparison, when trap-
ping spores at 20 mW laser power, the lifetime ranged from 4.5 to
over 90 min (5.4–108 J total energy), with a median survival time
of 48.5 min (58 J) (n = 25), with four spores (16%) retaining the
CaDPA peak until we stopped the measurement, as shown in
Fig. 2. The difference between the survival times at 40 mW and
20 mW is significant (p = 0.0008). As mentioned, when further
decreasing the power to the lower limit, 5 mW, spores (n = 10)
do not lose their CaDPA over the measurement time (27 J). The
5 mW result is consistent with previous studies, indicating no
CaDPA release when using low laser power in LTRS setups
[35,16]. Compared to reported values for vegetative bacterial cells
[9], spores require a significantly higher dose for noticeable dam-
age. It it also notable that the total energy for spores to lose DPA
(58 J median) is approximately 2 orders of magnitude greater than
the energies reported to inactivate E. coli bacteria (0.54 J) [9] high-
lights the resilience of spores to damage.

Parallel to a rapid release of CaDPA, as monitored by the loss of
1017 cm�1 peak intensity, the spores also lose their contrast when
viewed in the optical microscope and tend to fall out from the opti-
cal trap, suggesting a large alteration of the spore body. To better
assess and visualize this alteration, we deposited eight laser dam-
aged spores on a cover-slip using the LTRS system and imaged
them using SEM. The SEM images reveal that all spores that lost
the CaDPA Raman signal during the LTRS measurement appear col-
lapsed, see Fig. 1D, compared to unexposed spores which appear to
retain their structure intact see Fig. 1C. Since the spores appear sig-
nificantly damaged in the SEM, after optical trapping at high laser
powers, they were most likely not viable after losing the CaDPA
(which embeds and protects the DNA).



Fig. 1. Spore Raman spectra and SEM micrographs (representative images for a sample size of n = 50 untreated spores and n = 10 laser-trapped spores). A) An LTRS spectrum
of a spore before losing the CaDPA peak at 1017 cm�1 and B) after the CaDPA Raman peak vanished. C) Shows SEM micrograph of an unexposed spore, and D) shows a SEM
micrograph of a spore that lost the CaDPA Raman peak during a LTRS measurements at 40 mW. Scale bars are 1 lm. Inset in B): A schematic representation of a bacterial spore
and its multi-layer structure.

D. Malyshev, R. Öberg, T. Dahlberg et al. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 265 (2022) 120381
3.2. Laser power affects spore CaDPA lifetime in peracetic acid

Peracetic acid is an effective sporicidal chemical known to deac-
tivate spores by several log within 1 min [36,20], and with our own
data showing a 5 log reduction in 1 min [16] for the concentration
used herein. We investigated the effect of laser power on the
CaDPA Raman peak lifetime similar as described in the subsection
above. Again, the laser power affected the lifetime, where already a
laser power of 5 mW induced a CaDPA loss (interpreted as a dam-
age of the spore coat) and shorter lifetimes was observed for spores
trapped with a 20 mW laser (p < 0.0001), see Fig. 3. The median
survival time was 9.2 min for 20 mW power (11 J), compared to
22.7 min at 5 mW (27 J). There was also a significant difference
between spores deactivated by peracetic acid compared to spores
in water (p < 0.0001), i.e., this chemical deactivation make the
spores more susceptible to laser induced damage. Note, however,
that spores unexposed to laser light appear intact over the whole
duration of the experiments (90 min) and that time in peracetic
acid did not affect the lifetimes, see Figs. S3 and S5C-D. Peracetic
acid deactivate spores by oxidation of bonds such as sulfhydryl
and sulfur bonds [22], in the case of spores by targeting the spore
membrane [37,38]. This weakening of the membrane may then
reduce the overall resistance for, e.g., ROS resulting in spore body
4

damage and subsequent loss of CaDPA already at low (5 mW) laser
power.

3.3. Degradation rate of spores in sodium hypochlorite increase in a
laser beam

Sodium hypochlorite is another sporicidal chemical that also
can significantly alter the body of the spore as seen in TEM images,
see Fig. S5A-B. In a previous work, on a smaller sample size, we
noted similarities in the DPA release for peracetic acid and sodium
hypochlorite [16], and also recorded a 1 log reduction in viable
spores after 1 min and a 5 log reduction after 10 min, that is, a
slower rate of deactivation as compared to peracetic acid for con-
centrations used in this study. We also observed that the spores
degrade completely after longer exposure time to sodium
hypochlorite and that no spores could be found and trapped after
50 min of immersion (Fig. S4, S5B), that is, there exists a chemically
induced component on similar time scale as the possible laser
induced effects.

To assess the laser light influence on CaDPA loss from spores in
hypochlorite, we exposed spores to a 0.5% solution and measured
the lifetime of the CaDPA Raman peak, see Fig. 4. In this case, how-
ever, the measurements revealed an additional dependence on the



Fig. 2. Survival analysis plots for spores in deionised water trapped in the LTRS at 5
(n = 10), 20 (n = 25) and 40 mW (n = 25), respectively. The 50% survival corresponds
to the median time to CaDPA loss for the spores. The solid lines are the actual
survival times, and the shaded region represents a 95% confidence interval. Note
that each ”death” event represents a loss of the spore’s CaDPA peak with an
associated lifetime.

Fig. 3. Survival analysis plots for spores deactivated in 1% peracetic acid, trapped in
LTRS and analyzed at 5 mW and 20 mW (n = 25 for each plot). Again, each ”death”
event represents a loss of the spore’s CaDPA peak with an associated lifetime.

D. Malyshev, R. Öberg, T. Dahlberg et al. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 265 (2022) 120381
total time in sodium hypochlorite, which could not be observed for
spores in water and peracetic acid, see Figs. S2 and S3. This effect is
not entirely unexpected and can be explained by the mechanism of
action of hypochlorite and its degradation effects on spores over
time.

To better illustrate the data, we plot the lifetime of the charac-
teristic CaDPA peak when trapped in LTRS against the pre-
incubation time in sodium hypochlorite. There is a clear depen-
dence on time in hypochlorite solution and CaDPA lifetime, where
5

the mean lifetime decreases for longer exposure to the decontam-
ination chemical. In addition, a higher laser power further
decreases the lifetime of the CaDPA peak, see Fig. 4.

For 5 mW power, our data indicate that even this low power can
affect the spore. If the laser beam did not influence the spores, we
would expect to have at least some trapped spores with CaDPA life-
time comparable to 50 min. However, 99% of spores with a pre-
incubation time between 0 and 10 min time were degraded in the
LTRS measurement within a total time of 25 min, which is signifi-
cantly shorter than the expected degradation time. This is consis-
tent at longer pre-incubation times: at 10–20 min pre-incubation
time, 99% of spores were degraded in the LTRSmeasurement within
a total time of 35min. That 5mW laser power should have an effect
on spores is further supported by TEM images. Spores appear visu-
ally intact (Fig. S5A) after 5 min exposure to sodium hypochlorite,
after which a continuous chemical degradation takes place as indi-
cated by the TEM micrograph at 30 min (Fig. S5B).

For laser powers of 10 and 20 mW it is clear that the degrada-
tion is further enhanced by the laser light, see Fig. 4, as the average
lifetimes are reduced in comparison to 5 mW. The mean lifetimes
for spore CaDPA loss within the 0–10 min interval, were 7.8 min at
5 mW (2.3 J), 5.6 min at 10 mW (3.4 J) and 3.2 min at 20 mW (3.9 J).
Note that for 20 mW laser power, average lifetimes for all intervals
are similar, further confirming the effect from the laser light.

3.4. Numerical modeling indicates negligible laser heating

To gain further insight in the mechanisms involved in the laser
beam induced spore degradation and subsequent release of chem-
icals at higher laser powers, we created a 3D multiphysics simula-
tion model to estimate the laser induced heating. We modeled a
spore in water exposed to a focused Gaussian laser beam (TEM00

mode). In this model we included all spore layers, i.e., from the
innermost layer to the outermost; the core, membrane, cortex,
coat, interspace, and exosporium. Relevant values for the layers
are given in the method section.

The spore was modelled in the focus of a 40 mW, 808 nm Gaus-
sian laser beam, see Fig. 5A. Laser light penetrates the spore, which
refracts and absorbs light based on the refractive indices of the
spore layers. Because of the relatively low absorbance of the differ-
ent spore building blocks at 808 nm, we expect only a slight
increase of the temperature of the spore, also supported by previ-
ous studies found in the literature [39,40].

Considering thermal effects from the laser, we found the overall
spore temperature to increase by <200 mK while exposed to the
beam. The temperature increased from 293.15 K to 293.32 K, see
Fig. 5C. This increase is within the expected values at similar wave-
lengths [39,40]. To confirm the robustness of the simulation, we
increase the complex refractive index values in all the spore layers
by a factor of 100. This resulted in an overall 100-fold temperature
increase, thus yielding a spore temperature of 303 K, further indi-
cating the physicality of our model. Smaller increases on the order
10% to the complex refractive index increased the overall spore
temperature by 0.02 K, suggesting small changes in complex
refractive index do not significantly alter the results of our model.
Within and between spore layers, we did not see any significant
temperature differences. Temperature changes of the order 100
mK can be considered negligible and unlikely to cause thermal
damage to the spore, indicating that the damage induced by the
laser on the spore is non-thermal.

3.5. Numerical modeling shows high localised electric fields, inducing
electron polarisation

We found the electric field surrounding the spore to be around
3 MV/m, see Fig. 5B from the simulation. A high electric field is



Fig. 4. Time for CaDPA release from spores in sodium hypochlorite during LTRS compared to the pre- incubation time clustered in 10 min intervals for three laser powers. A)
5 mW (n = 142) B) 10 mW (n = 75) C) 20 mW (n = 112). A one minute resolution plot of all data is shown in Fig. S4.

Fig. 5. A 3D model of a spore in the focus of a 808 nm Gaussian laser beam (A). Differences in absorption by spore layers are seen. The focus of the laser beam generates an
electric field on the order of 3 MV/m surrounding the spore (B). The spore absorbs parts of the EM-radiation, resulting in a temperature increase in the order of 100 mK (C).
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expected, owing to the highly focused laser beam with a waist of
approximately 400 nm. At the frequency of near infrared electro-
magnetic radiation (�1014 Hz), the primary interaction of the field
with the sample is by electron polarisation of the sample. Unlike,
for example, microwave interaction, which can change the orienta-
tion of polar molecules, electron polarisation is lossless why there
is no sample heating from this interaction [41]. However, electron
polarisation can contribute to reactions, including that of enzymes
as detailed in literature [42–44]. Considering the high electric field,
such a polarisation-enhanced reaction speed could be a contribut-
ing factor to the effects observed at higher laser powers. In future
work, modeling the polarisation similar to as described in [45]
could be beneficial.

There were small but not insignificant (approximately 25%) dif-
ferences in the electric field between layers, with the protein coat
and exosporiumexperiencing aweaker electric field than surround-
ing layers because of their higher refractive indicies. Additionally,
the difference in refractive indices between layers induce a bending
of the electric field. This bending results in a pattern of alternating
high and low electric field strengths along the beam path. The parts
of the spore exposed tomore intense laser irradiance, as indicatedby
a stronger electric field, may then be subject to an increased proba-
bility of photochemical reactions such as the generation of ROS
resulting in a more rapid degradation of the spore.
4. Conclusion

Optical tweezers combined with micro-Raman spectroscopy are
valuable tools for investigating bacterial spores. However, any
6

effect of the trapping laser on the spore must be noted. Spores
are normally considered very resilient to environmental stress,
but as we show in this work they can be affected when trapped
in a NIR laser beam. We show that for high laser powers 40 mW,
which has been used in some studies, the laser beam can affect
and disrupt the spore directly in pure water. We show with our
experimental data and our multiphysics model that this spore dis-
ruption is laser power dependent but likely not of photothermal
character. We also show that even at low laser powers, down to
5 mW, the laser may have an effect on spores deactivated by differ-
ent chemicals, such as spore deactivation by peracetic acid or
sodium hypochlorite. We hope this study highlights the effects of
optical tweezers on spores and that this effect may need to be
taken into account.
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