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1 | INTRODUCTION  

Abstract 
ROSBacterial spores are highly resistant to 

heat, radiation and various disinfection 

chemicals. The impact of these on the bio-

physical and physicochemical properties 

of spores can be studied on the single-cell 

level using optical tweezers. However, the 

effect of the trapping laser on spores' ger-

mination rate is not fully understood. In 

this work, we assess the impact of 1064 nm laser light on the germination of 

Bacillus thuringiensis spores. The results show that the germination rate of 

spores after laser exposure follows a sigmoid dose-response relationship, with 

only 15% of spores germinating after 20 J of laser light. Under anaerobic 

growth conditions, the percentage of germinating spores at 20 J increased to 

65%. The results thereby indicate that molecular oxygen is a major contributor 

to the germination-inhibiting effect observed. Thus, our study highlights the 

risk for optical trapping of spores and ways to mitigate it. 
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anthracis being classed as biological warfare agents [3, 4]. 
It is, therefore, important to better understand their resil-

Bacterial spores are a dormant form of bacteria exhibiting ience to develop robust decontamination methods to be 
no cellular activity. They are highly resilient, able to sur- able to diagnose and detect spores. However, spores of 
vive for years in natural conditions, as well as capable of Bacillus and Clostridium species exhibit significant 
surviving a number of decontamination methods [1, 2]. heterogeneity, in which individual spores show great 
Due to their resilience, pathogenic spores are a hazard in variation in germination rate, metabolic activity and con-
healthcare alongside food production and storage, with ditions for heat activation before germination [5–7]. 
some bacterial spores like the anthrax-causing Bacillus Therefore, tools that can study these mechanisms on an 

individual spore level are needed since the heterogeneity 
Abbreviation: ROS, reactive oxygen species. is masked in bulk studies. 
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Optical tweezers are versatile tools that can measure 
the biophysical and physicochemical properties of indi-
vidual spores. For example, optical tweezers can be used 
to measure adhesion forces, hydrodynamic coefficients 
and Raman scattering from individual bacteria/spores 
[8–10]. An optical tweezers system focuses a laser beam 
down to a sub-micrometer spot, generating an attractive 
force sufficient to trap and hold micro-sized objects [11]. 
Laser trapping of biological objects has been considered 
largely non-invasive using near-infrared lasers (NIR) at 
low laser powers, order of mW. However, it has been 
shown that even laser traps with powers as low as 
3 mW, corresponding to an intensity of the order of 
105 W/cm2 at focal spot [12, 13], and doses as low as 
0.54 J [14] can affect cell viability. Previous studies sug-
gest that intense laser irradiation may inflict DNA dam-
age in cells, as well as produce reactive oxygen species 
(ROS). Particularly interesting is the generation of sin-
glet oxygen [15–17], which in turn affects the function 
and structural integrity of the cells [12, 13, 18]. However, 
compared to cells, spores are significantly more resilient 
to thermal and radiation damage from optical tweezers 
since they have several mechanisms, such as small acid 
soluble proteins (SASPs) to protect their DNA, and these 
have been implicated in the protection of spores from 
blue light and UV [19]. 

Optical tweezers have been used extensively to 
characterize and assess spore mechanisms on an indi-
vidual level [9, 20–26], but the number of studies 
detailing the impact laser trapping has on the spore is 
limited. In a recent work, it was shown that optical 
tweezers could cause structural changes at high dose 
levels. It was also shown that laser light can signifi-
cantly enhance chemical reactions in spores, such as 
spore degradation by sodium hypochlorite [10]. How-
ever, the mechanism responsible for this degradation 
was not clearly identified. 

In this work, we explore how the germination rate is 
affected by irradiating bacterial spores with a 1064 nm 
laser beam, a common laser wavelength used in optical 
tweezers. Based on previous literature, a 1064 nm wave-
length should generate a significant amount of ROS from 
dissolved oxygen [27]. Therefore, we exposed spores in a 
liquid growth media to various radiation doses and 
observed the subsequent germination process, seen as the 
increase in physical size. A decrease in the number of 
spores germinated in comparison to a control would indi-
cate chemical changes in the spores from laser exposure. 
To distinguish whether damage from light exposure is 
due to the generation of ROS, we further expose anaero-
bic spore samples to the same dose and observe whether 
the number of damaged spores is similar to that of the 
aerobic spores. 

2 | EXPERIMENTAL  METHODS  

2.1 | Laser system and microscope 

The laser system used is part of the optical tweezers 
(laser tweezers) Raman spectroscopy system previously 
described in References [28–30]. Briefly, a diode-
pumped Gaussian continuous wavelength laser 
(Rumba, 05-01 Series, Cobolt AB) operating at 1064 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 (UPlanSApo60, 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 �1 μm. The setup has 
been built to have low drifts keeping both sample tem-
perature, focal position and imaging conditions stable 
for several hours. 

2.2 | Sample preparation 

Bacillus thuringiensis ATCC 35646 cells were grown on 
BBLK agar (BD) plates, incubated at 30�C overnight. Cells 
were collected by scraping them off the agar and trans-
ferred to a 1.5 mL Eppendorf tube and centrifuged once 
to remove leftover growth media. To allow sporulation, 
the cells were then stored at 4�C overnight. 

The resulting spore suspension was then purified by 
centrifuging in deionized water at 5000 � g, for 5 min 
five times, discarding the supernatant and resuspending 
the pellet each time. After being purified, the culture was 
resuspended in deionized water and stored at 4�C. 

2.3 | Sample preparation and exposing 
spores to laser light 

A sample was made by adding a 1 cm diameter ring of 
1 mm thick vacuum grease on a 24 � 60 mm glass cover-
slip (no 1, Paul Marienfeld GmbH & Co). 2 μL of purified 
spore suspension was placed inside the ring and left to 
dry. Then, 10 μL of Tryptic Soy Broth (TSB) was added 
on top of the dried sample and sealed with a 
23 mm � 23 mm glass coverslip for observation under 
the microscope. 

For anaerobic experiments, the TSB broth was 
degassed overnight in a 2.5 L anaerobic jar (Oxoid), using 
anaerobic sachets (AnaeroGen 2.5 L, Oxoid). The TSB 
and dried sample were then placed inside a nitrogen 
flushed glovebox for 15 min to ensure oxygen displace-
ment from the box. The broth was then added and the 
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sample sealed. The rest of the experiment was carried out 
in the same way as the aerobic experiments. 

To irradiate spores, we first determined the focal posi-
tion of the laser beam by trapping a non-settled spore. 
The position of the trapped spore clearly indicates the 
focal position in 3D. This position was registered in a xy-
coordinate system using an in-house LabView program, 
indicated as a yellow dot in brightfield images. Spores set-
tled on the cover slide were then illuminated using differ-
ent dose levels (power, time). We used 1 J (1.0 W, 1 s), 
10 J (1.0 W, 10 s), 20 J (1.0 W, 20 s) and 50 J (1.0 W, 
50 s). We verified the power at the microscope objective 
using a PM-100D power meter (ThorLabs). 

After irradiating the spores, we heated the objective 
nosecone to 30�C to create favorable conditions for spore 
germination and growth. We observed the spores over a 
period of 120 min, taking an image of the field of view 
every 10 min. For each power setting, we imaged at least 
80 individual spores (technical replicates), over at least 
three separate experiments (biological replicates). We 
used non-exposed spores as controls. 

2.4 | SEM microscopy 

To perform SEM imaging, the spore incubation was 
carried out as detailed above, with two modifications. We 
replaced the grease ring with a PDMS ring to more easily 
open the seal. Furthermore, we stopped the spore incuba-
tion after 60 min instead of 120 min, as after 2 h many 
germinated spores were lost from the slide during the 
washing process. 

After 1 h of incubation, the sample was gently rinsed 
with 70% ethanol, followed by 100% ethanol. We then 
coated the sample with a �5 nm layer of platinum using 
a Quorum Q150T-ES sputter coater. We imaged samples 
using a Carl Zeiss Merlin FESEM electron microscope 
using the InLens imaging mode at a magnification of 
15 000�. 

2.5 | Data analysis 

To determine whether a spore was in the process of ger-
minating or not, we observed the morphological growth 
of the spore. The physical size of the spore increases as 
the spore germinates and grows into a vegetative cell. We 
measured the spore size as the area occupied by the 
spores in the previously mentioned field of view images. 
To analyze the images with a degree of automation, we 
used the area selection tools of ImageJ Fiji 1.53e [31]. 
The procedure used to obtain automated measurements 
is listed in the Supporting Information S1. We consider 

the spores germinating if they during incubation grow 
more than 50% from their initial size. 

Statistical analysis was done using Graphpad Prism 9. 
We used Kruskal-Wallis test with Dunn's multiple compar-
isons to determine the statistical significance of the changes 
in spore outgrowth. To compare binary outcomes (germi-
nation or lack of germination), we used Fisher's exact tests. 
We used the Wilson/Brown method to compute confidence 
intervals for the percentage of germinating spores, and all 
curves were fitted in Origin 2018. 

3 | RESULTS  AND  DISCUSSION  

Optical tweezers allow us to study trapped single spores' 
biophysical and physicochemical properties over longer 
periods of time. NIR-lasers are often used for trapping 
since measurements performed in water or buffer solu-
tions have low absorption in this wavelength region. 
Despite low absorption, the intensity of the laser beam is 
very high since a high-numerical objective is used to 
focus the beam into a diffraction-limited spot [32]. The 
total irradiation dose can therefore affect spores through 
phototoxic effects, which are well summarized for bacte-
rial cells in Reference [27]. Compared to bacterial cells, 
spores are extremely resilient to environmental stresses, 
but they are also metabolically inactive and, therefore, 
limited in their ability to respond to ROS. To investigate 
the influence of ROS on spores' germination rate, we first 
looked at how the germination rate of laser-irradiated 
spores exposed to various laser doses compares to that of 
non-irradiated spores. 

It should be noted that lack of germination after laser 
exposure does not necessarily mean the spores are dead. 
Spores exposed to laser light may grow slower or have 
delayed or inhibited germination. Similar effects were 
previously reported some chemicals that were speculated 
to be sporicidal [33]. Therefore, longer observation time 
and removing any dividing cells would be needed to 
investigate this further. However, since spores were given 
2 h to germinate in favorable conditions (high nutrition 
levels and 30�C), most likely non-germinating spores 
were significantly damaged. 

At low doses (1 J), spores in TSB germinated into veg-
etative cells within 2 h, with no difference seen between 
the exposed (inside red rectangle) and non-exposed parts 
of the field of view, see Figure 1A. By contrast, when 
spores are exposed to 50 J, most spores fail to germinate, 
while the non-exposed spores in the same field of view 
germinate normally, see Figure 1B. Some spores have 
even lost their stored calcium dipicolinate (CaDPA) store, 
as seen from the change in intensity. CaDPA is located in 
the spore core, so its loss is indicating that the high 
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irradiation dose might have damaged the spore body. The 
inhibited germination is in line with the prediction that 
generated ROS will react with and damage DNA as well 
important cellular machinery [34]. ROS are involved in 
base excision and moderately involved in single-strand 
DNA breaks and thymine dimerization [35–37]. It has 
been speculated that the lower hydration level of the 
spore core might offer some protection from ROS [38]. 
However, since the core is partially hydrated [39], ROS 
can likely be generated directly inside the core, bypassing 
the protective outer layers of the spore, such as the coat, 
cortex, and membrane. 

To further decipher ROS impact on germination rate 
we quantified the percentage of spores growing into vege-
tative cells (germinating) after exposure to different doses 
of irradiation, with examples of the changes in the field 
of view shown in Figures S1–S3 and germination curves 
shown on Figure S4. The percentage of germinated cells 
decreased from 87% (n = 112) in the unexposed control, 
to 83% (n = 94) with 1 J exposure, 76% (n = 83) with 
10 J, 15% (n = 94) with 20 J, and 7% (n = 91) with 50 J, 
see Figure 2A. We conclude that 20 and 50 J laser irradia-
tion had a statistically significant effect on spore germina-
tion compared to the control (P < .0001 for both). For 
spores that were exposed to 10 J, no statistically signifi-
cant effect was seen (P = .09) and no difference was seen 
between control and 1 J (P = .64). 

We observe a Boltzmann sigmoid relation between the 
laser irradiation dose and percentage of spores germinated, 
see Figure 2A. This is similar  to  classic dose-response  cur-
ves described in literature [40]. The sigmoid relationship 
indicates that spores can resist up to a few J of irradiation 
before losing the ability to germinate, but once the thresh-
old is passed, the percentage of spores capable of surviving 

FIGURE  1  Representative field 

of view brightfield images of a time 

series of spores incubated in Tryptic 

Soy Broth over 120 min. The spores 

inside the red rectangle have been 

exposed to 1 J (A) and 50 J (B) with a 

1064 nm laser. With low irradiation, 

many spores germinate and grow into 

vegetative cells (an example indicated 

by a yellow arrow), while some spores 

fail to germinate (orange arrow). The 

irradiated spores remain in spore form 

after 120 min with 50 J (orange 

arrow), even though some lose their 

CaDPA store (blue arrow). A close up 

of the spores indicated by the arrows 

is inset. The yellow dot indicates the 

aim of the laser. Scale bars are 5 μm 

decreases rapidly. We believe the reason for this threshold 
may be spores' defense against oxidative stress. Spores have 
several mechanisms to protect against ROS, including 
superoxide transmutases, small acid-soluble proteins and 
DNA repair mechanisms [41, 42]. However, the spore is 
metabolically inactive, and these mechanisms can be 
depleted, and once they are, generated ROS can damage 
the spores, as observed in our results. 

The Boltzmann sigmoid relation of spore germination 
also relates well to our quantified assessment of spore size 
change. From brightfield images, we measured the size of 
cells after 2 h for different doses in aerobic media, see 
Figure 2B. The change of spore size after exposure to doses 
of 20 and 50 J is significantly different than the controls. 

To visually assess if laser light exposure damaged the 
bacterial spore bodies, we used SEM imaging. A SEM 
image of 50 J laser-irradiated spores, in which the TSB 
broth was washed off after treatment, is shown in 
Figure 3A. As can be seen, there is a large variation in 
spore appearance, with some spores (orange arrows) 
appearing intact while others (blue arrows) are collapsed. 
Both the intact (with CaDPA) and collapsed (without 
CaDPA) spores did not germinate. This is consistent with 
a previous study using laser tweezers Raman spectros-
copy which detected that CaDPA leaked out of spores 
after a high dose of laser irradiation [10]. The results in 
this study thus confirm previous results and show that 
germination-inhibited spores do not necessarily need to 
appear collapsed. Compared to the non-germinating 
spores, non-irradiated spores (Figure 3B) turn more 
elongated, with varying lengths as they are in different 
germination stages. This variation is expected since there 
is a high heterogeneity of spore germination rates for 
Bacillus [6]. 
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FIGURE  2  (A) Differences in the percentage of spore germination depends on spore  irradiation and  on  the oxygen in  the  environment.  

Spore germination rate follows a sigmoid dose-response relationship vs power used. Anaerobic incubation reduces phototoxic effects. (B) Violin 

plots show spores' outgrowth (% change in size) into vegetative cells depending on irradiation dose and incubation conditions. Lines within each 

plot indicate the median (thick line), upper and lower quartile (thin lines) of the distribution. Stars indicate statistical difference compared to the 

respective control set, with Fisher's test for A, and Dunn's multiple comparisons for B (ns indicates no statistical significance). 

FIGURE  3  SEM images of spores incubated in Tryptic Soy Broth for 60 min. Both images are taken from the same sample with 

different fields of view. Spores that were irradiated with the 50 J (A) appear either intact (orange arrow) or collapsed (blue arrow), while 

spores unexposed to the laser (B) have started to germinate into vegetative cells (yellow arrows). Scale bars are 2 μm 

We then tested whether ROS generation from 
molecular oxygen is the mechanism inhibiting germina-
tion as predicted. As discussed previously, the primary 
ROS generation mechanism reported in the literature for 
NIR lasers is singlet oxygen generation [27]. While sev-
eral possible strategies exist to limit the effect of ROS, 
such as using different ROS scavengers [43], these have 
disadvantages. The first disadvantage is that these ROS 
scavengers can have other chemical effects, with, for 
example, sodium azide being bactericidal and glucose 
oxidase decreasing the glucose content in growth media. 
The second is that these scavengers will not necessarily 
permeate inside the spore, where ROS may more 
effectively damage the spore. 

A more direct method that can be used with faculta-
tive anaerobes such as B. thuringiensis is to simply 

remove the oxygen from the growth media by degassing 
it in an anaerobic environment and then growing the 
cells anaerobically. The hypothesis is that anaerobic incu-
bation would reduce the amount of oxygen within the 
spores, and thus reduce the effect of the laser beam in the 
optical tweezers on the spores. We found this hypothesis 
to be valid and the effect of the laser exposure on spores 
was significantly smaller on spores in an anaerobic envi-
ronment (Figure 2A, Figures S5–S7). We saw that 92% 
(n = 109) of the non-irradiated spores germinated in 
anaerobic conditions, similar percentage as in aerobic 
conditions. Of the irradiated spores, 84% (n = 93) of the 
spores germinated with 10 J, 65% (n = 92) with 20 J and 
19% (n = 97) with 50 J. The germination of spores 
exposed to 10 J was not significantly different from con-
trol (P = .99), while germination of spores exposed to 20 
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and 50 J was significantly below control (P = .005 and 
P < .0001 respectively) but significantly above the germi-
nation rate of spores incubated in an aerobic environ-
ment (P < .0001 and P = .01). The results thereby 
indicate that molecular oxygen is a major contributor to 
the germination-inhibiting effect observed. However, 
other mechanisms still exist since there is still a measur-
able decrease in spore germination with 20, and at 50 J 
irradiation. 

We have considered photothermal damage as a poten-
tial source of phototoxicity seen in anaerobic environ-
ments. However, based on published studies, 
temperature increases from laser power are expected to 
be small. We previously created a multiphysics simula-
tion model for spore irradiation by a laser beam [25], and 
after adapting it to the new laser power and wavelength, 
the temperature increase of the spore content from a 1 W 
1064 nm laser was calculated to be only 2.4�C. Such a 
temperature increase would not affect the germination 
ability of spores, which can tolerate temperatures 
>100�C, nor would it be expected to cause mechanical 
damage from thermal expansion. 

At high laser intensities, multi-photon absorption 
becomes possible and can be a nonlinear ROS generation 
source; for example, two 1064 nm photons absorbed in a 
very short time would behave like a single 532 nm photon. 
Multi-photon absorption can create effects equivalent to 
visible and UV intense irradiation and lead to cell death 
[44]. At higher laser powers the intensity in optical twee-
zers can amount to several MW/mm2, at this intensity 
multi-photon absorption is possible. Multi-photon absorp-
tion can generate ROS and cause photodamage indepen-
dently from molecular oxygen, so that it can account for 
the smaller but still statistically significant reduction in 
spore germination for 20 J anaerobic experiments. Testing 
whether this is the case would require a long-time low-
power exposure, to minimize the possibility of multi-pho-
ton absorption while maintaining the same total irradiation 
of each spore. However, this type of assay would be compli-
cated to perform since spores may begin to germinate 
before the irradiation process is completed. 

4 | CONCLUSION  

Optical tweezers are  a very useful  tool  for  characterizing  
biophysical and physicochemical properties of small biolog-
ical objects such as cells, bacteria, and spores. However, 
phototoxicity due to ROS production from optical tweezers 
must be accounted for during experiments. Typically, 
spores are assumed to be highly resilient to environmental 
damage. However, we show that phototoxicity from 
1064 nm optical tweezers can decrease the viability of 

spores, with irradiation above 10 J significantly suppressing 
their ability to germinate. This germination suppression 
follows a dose-response sigmoid relationship, indicating 
depletion of the spore's mechanisms to counter oxidative 
stress. We further show that this effect is in large part 
driven by the molecular oxygen dissolved in water. The 
germination-inhibiting effect from a laser is reduced when 
spores are incubated in anaerobic broth, in line with theory 
prediction that ROS are generated from singlet oxygen gen-
eration. Overall, we hope this study highlights the risk for 
optical tweezers to unintentionally affect spores and ways 
to mitigate it. 
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