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ABSTRACT: Contamination of toxic spore-forming bacteria is
problematic since spores can survive a plethora of disinfection
chemicals and it is hard to rapidly detect if the disinfection
chemical has inactivated the spores. Thus, robust decontamination
strategies and reliable detection methods to identify dead from
viable spores are critical. In this work, we investigate the chemical
changes of Bacillus thuringiensis spores treated with sporicidal
agents such as chlorine dioxide, peracetic acid, and sodium
hypochlorite using laser tweezers Raman spectroscopy. We also
image treated spores using SEM and TEM to verify if we can
correlate structural changes in the spores with changes to their
Raman spectra. We found that over 30 min, chlorine dioxide did
not change the Raman spectrum or the spore structure, peracetic
acid showed a time-dependent decrease in the characteristic DNA/DPA peaks and ∼20% of the spores were degraded and collapsed,
and spores treated with sodium hypochlorite showed an abrupt drop in DNA and DPA peaks within 20 min and some structural
damage to the exosporium. Structural changes appeared in spores after 10 min, compared to the inactivation time of the spores,
which is less than a minute. We conclude that vibrational spectroscopy provides powerful means to detect changes in spores but it
might be problematic to identify if spores are live or dead after a decontamination procedure.

■ INTRODUCTION

A spore is an inactive seed-like form that some bacteria species
can take to survive in a hostile environment. When faced with
unfavorable conditions such as lack of food, these bacteria
form spores to protect themselves in a process called
sporulation.1 During sporulation, the vegetative cell undergoes
an asymmetric division and engulfs the future spore (called the
forespore). The mother cell then builds multiple protective
layers around the forespore before finally bursting and
releasing the completed spore into the environment.2 Spores
are metabolically inactive but they contain the complete
genome of the species as well as the cellular machinery and
receptors needed to germinate back into vegetative cells again
upon contact with favorable conditions. As long as the bacteria
remain in spore form, they can survive circumstances that
would kill a vegetative cell. For example, spores can survive
temperatures below freezing and above 100 °C, exposure to
strong acids (including stomach acid), antibiotics, ethanol,
quaternary ammonium, and peroxide-based agents.3 Further,
spores can survive in the environment for a very long time,
easily into decades, such as with B. anthracis spores, unless
decontaminated with strong chemical agents like formaldehyde
or sodium hypochlorite.4

This extreme durability poses many problems for society as
spores cause diseases in both humans and animals. For
example, spores such as B. cereus and C. perfringens are
common causes of food poisoning5 and C. difficile is a cause of
colitis diarrhea. Canned food can become contaminated with
C. botulinum spores producing dangerous botulin toxin. In
cases of infection by these bacteria, their durability puts extra
strain on society due to the harsh decontamination methods
needed to deal with them.6 For example, hospital fabrics from
C. difficile patients in hospitals cannot be washed with other
fabrics as the spores will survive the high-temperature washes
and contaminate all fabrics in the batch.7 Further, spores from
the Bacillus genus such as those of B. anthracis present a
potential biological warfare hazard since these spores are lethal
and difficult to decontaminate.8

Several effective decontamination methods using chemicals
exist. Chlorination is a popular approach; however, many
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strains of the Bacillus genus exhibit apparent resistance toward
chlorination disinfection.9 Other proven effective decontami-
nation chemicals for Bacillus strains are chlorine dioxide,
sodium hypochlorite, and peracetic acid.10 Even though these
are indeed effective, care must be taken since these compounds
are unstable in regular conditions: chlorine dioxide and sodium
hypochlorite decay and release chlorine (in itself a toxic gas),
especially in the sunlight, while peracetic acid decays back to
acetic acid and hydrogen peroxide (which, in turn, decays to
water and oxygen).11 While these chemicals decay into
nonlethal components, they are initially very toxic to a
plethora of organisms as well as human skin cells.12 Thus, to
assess if a decontamination procedure is successful without
overusing the sporicidal chemical, it is important to detect if a
bacterial spore is dead or alive.
To identify viable bacteria in samples, vibrational spectros-

copy techniques, such as Raman spectroscopy, have been
suggested and used.13−16 With Raman spectroscopy, it is also
possible to identify key molecular components of bacterial
spores not found in vegetative cells. For example, dipicolinic
acid (DPA), a major protective component in the spore core in
dormant spores,17 and amide peaks related to the spore protein
content.18 Raman spectroscopy has also been used for species-
specific spore detection and assessment of inactivation
procedures.19 However, whether Raman methods can reliably
differentiate between intact, damaged, and inactivated spores
has not been investigated thoroughly. Therefore, in this work,
we use laser tweezers Raman spectroscopy (LTRS) and
electron microscopy (SEM/TEM) imaging to determine
whether spore inactivation affects the Raman spectrum and
the spore structure. LTRS allows us to isolate and move a
single spore (“trap it”) and simultaneously measure its Raman
spectrum to gain insight into its molecular changes during
chemical exposure, and EM imaging allows us to observe
exterior and interior cell structure changes.

■ EXPERIMENTAL SECTION
Laser Tweezers Raman Spectroscopy Setup. We used

our optical trap and an LTRS instrument that is built around a
modified inverted microscope (IX71, Olympus).20,21 We have
shown an illustration of the system in Figure 1. To trap spores
and acquire their corresponding Raman spectra, we used a
Gaussian laser beam (TEM00, M2 < 1.1−1.3) from a
continuous wave laser (CRL-DL808-120-S-US-0.5, CrystaLas-
er) operating at 808 nm. To measure the Raman spectrum, we
collected the back-scattered light with the microscope
objective. First, we passed the back-scattered light through a
notch filter (NF808-34, Thorlabs) to remove the Rayleigh
scattered light.22 Then, to maximize the spectral resolution, we
expanded the beam to fill the spectrometer’s numerical
aperture using a telescope. Further, to increase the signal to
noise ratio, we placed a 150 μm diameter pinhole in the focal
point of the telescope to avoid collecting unwanted light.
Finally, we coupled the light into our spectrometer (Model
207, McPherson) through a 150 μm wide entrance slit where
an 800 lp/mm holographic grating disperses the light, and the
spectrum was imaged using a Peltier cooled CCD detector
(Newton 920N-BR-DD XW-RECR, Andor) operated at −95
°C. Please see the Supporting Information for more details.
Verifying Viability of Treated Spores. Spores were

incubated with the sporicidal compound for 1, 10, or 30 min.
Treated spore samples were centrifuged twice and the
supernatant was discarded to remove the leftover sporicidal

agent and resuspended in a 5% sodium thiosulphate
neutralizing solution for at least 10 min. The untreated control
was centrifuged in a similar manner for consistency.
Neutralized samples were then serially diluted in deionized
water to 10 m−7 concentration and 10 μL drops were plated
onto TSA plates and grown at 30 °C overnight. Colonies were
counted and compared with the untreated control.

SEM Imaging. For SEM imaging of samples, we first
prepared a glass coverslip by adding a 20 μL drop of a 0.1%
poly-L-lysine solution (Sigma-Aldrich) to the coverslip and
allowed the drop to evaporate. We marked the location of the
drop on the opposite side to make it easier to find the spores.
Excessive lysine was removed by gently pouring 2 mL of water
to flow over the slide. A 3 μL drop of the spore suspension was
then added on top on the poly-L-lysine drop. When imaging
with sporicidal chemicals, we added the chemical on top of the
spores and incubated for 30 min. Then, the sample was cleaned
by again allowing 2 mL of water to flow over the sample to
remove the sporicidal chemical and the sample was left to dry
completely. We then coated the sample with a 5 nm layer of
platinum, using a Quorum Q150T-ES sputter coater. The
samples were then imaged using a Carl Zeiss Merlin FESEM
electron microscope to see the spores using InLens and SE-2
imaging modes at a magnification of ×50,000. To ensure that
the observed spores are representative of the sample, 20 fields
of view were imaged for each sample.

TEM Imaging. Samples for TEM were prepared as liquid
suspensions of spores after 30 min of treatment with peracetic
acid, sodium hypochlorite, and chlorine dioxide as before, as
well as an untreated sample suspended in water. After the
incubation, samples with sporicidal chemicals were centrifuged
and resuspended in MQ water twice to wash off the chemical.

Figure 1. Illustration of the LTRS setup used to acquire Raman
spectra of individual spores. The optical system consists of a spatial
filter (SF), beam expander (BE), 808 nm line filter (LF), 808 nm
notch filter (NF), dichroic 650 shortpass mirror (DM), confocal
pinhole (CP), and coupling optics for a spectrometer (CO). To
illuminate a sample, we used an LED and acquired images using a
CMOS camera.
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Spores were fixed with 2.5% glutaraldehyde (TAAB Labo-
ratories, Aldermaston, England) in 0.1 M PHEM buffer and
further postfixed in 1% aqueous osmium tetroxide. They were
further dehydrated in ethanol and acetone and finally
embedded in Spurr’s resin (TAAB Laboratories, Aldermaston,
England). Ultrathin sections (70 nm) were then post
contrasted in uranyl acetate and Reynolds lead citrate. Samples
were examined using a Talos L120C (FEI, Eindhoven, The
Netherlands) operating at 120 kV. Micrographs were acquired
with a Ceta 16M CCD camera (FEI, Eindhoven, The
Netherlands) using TEM Image and Analysis software ver.
4.17 (FEI, Eindhoven, The Netherlands).

■ RESULTS AND DISCUSSION

Mapping Vibration Peaks of the Spores Using LTRS.
To measure the impact of the sporicidal chemicals on the
spores’ Raman spectra, we first assessed the vibrational peaks
in the absence of chemicals on purified B. thuringiensis spores
using LTRS. One of the main constituents and the most
common biomarker for these spores is CaDPA, which accounts
for approximately 20% of the spore core weight.23 CaDPA is a
protective component located in the core and is essential for a
spore’s full resistance to wet heat. Figure 2A top panel shows
the average Raman spectrum of (A) three dormant spores
sequentially trapped in the LTRS, a spectrum of pure DPA
(B), and DNA (C), and the spectra of purified sporicidal
chemicals used in this study (D−F). In previous studies, it has
been reported that there are no significant changes in the
amide bands >1400 cm−1 in the presence of chemicals.19 To
verify this, we investigated the 1580 cm−1 amide band for
changes in the Raman intensity (Figure S1). We saw no change
for chlorine dioxide or peracetic acid. For sodium hypochlorite,
the changes in amide I band intensity followed the changes in
the DPA peak intensity. Therefore, to allow for a fast
acquisition rate of Raman signals, we limited the spectral

measurement range of our system to 600−1400 cm−1, which is
where CaDPA and DNA peaks are to be found.17

Raman spectra of purified DPA and DNA are seen in Figure
2B,2C, respectively. We marked the major CaDPA and DNA
peaks at 1017 and 782 cm−1 in the top panel. These peaks are
slightly shifted in the purified DPA and DNA spectra as in the
purified solutions, the bond length may be slightly different
than when located in the spore. In particular, this is true with
regards to pH and interactions with other spore components.
For DNA, the 782 cm−1 peak is related to the O−P−O
backbone or the cytosine ring breathing mode. Another visible
peak in the pure DNA Raman spectrum is at 1086 cm−1,
related to the phosphodiester stretching peak. This peak,
however, is difficult to observe in the whole spore
spectrum.24−26 We also marked the phenylalanine peak, a
major structural component of the spore, with the Raman peak
at 1001 cm−1. Overall, the peaks observed using our LTRS are
consistent with what is found in the literature using similar
approaches. We have also added SEM and TEM images of
untreated spores in Figures 4A, 5A, and S2.

Chlorine Dioxide Treatment Does Not Affect the
Raman Signal and the Spore Structure. Chlorine dioxide
is a microbicidal and sporicidal chemical, and it has been
proven effective during decontamination of spores without
being very harmful to human beings. However, the reported
mechanism of action is not consistent in the literature,
especially for DNA. For example, Zhu et al. reported that
chlorine dioxide at concentrations higher than 100 ppm
damages DNA in Saccharomyces cerevisiae.27 At the same time,
other publications suggest that chlorine dioxide does not
damage DNA directly.28,29 Another proposed effect is protein
denaturation by oxidation of tryptophan and tyrosine.30 The
concentrations used in these studies vary significantly from
only a few ppm to several hundred ppm. To investigate the
impact of chlorine dioxide on the Raman peaks and the spore
structure, we treated spores with chlorine dioxide at
concentrations of 200, 400, and 750 ppm, with the latter

Figure 2. Raman spectra of spores, their major components, and the sporicidal chemicals used. We marked the major peaks with arrows. Each panel
is an average of three spectra. (A) B. thuringiensis spores, (B) dipicolinic acid (DPA), (C) double-stranded DNA, (D) chlorine dioxide, (E) sodium
hypochlorite, and (F) peracetic acid.
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being the upper end of the concentrations used in the literature

and carefully recorded the time of exposure.
Spores were trapped using our LTRS and the Raman

spectrum of individual spores was acquired. We found that the

Raman spectrum of spores was not affected by incubation with
chlorine dioxide. That is, we saw no detectable spore protein
degradation or DNA disruption even at the highest
concentration of 750 ppm (Figures 3A and S5A). Note that

Figure 3. Change in the normalized intensity of the Raman (smoothed using Loess smoothing) peak associated with DPA (1017 cm−1) and DNA
(cm−1) of single B. thuringiensis spores (n = 10 for each panel). (A) Spores were treated with 0.075% chlorine dioxide (B), 0.5% sodium
hypochlorite (C), and 1% peracetic acid. The solid gray lines are averages of all data. Vertical purple lines indicate the time for a minimum 3 log
reduction in viable spores.

Figure 4. SEM of B. thuringiensis spores treated with different sporicidal chemicals for 30 min, imaged at 50,000 magnification. The loose
exosporium surrounding the spore (white arrows) can be seen for spores in (A) purified and deionized water, (B) chlorine dioxide, and (D)
peracetic acid. No exosporium in spores treated with (C) sodium hypochlorite is seen. A partially degraded spore is also seen in the image of (D) a
peracetic acid-treated spore (yellow arrow). Scale bars are 1 μm.
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this is 75 times higher than the 10 ppm reported lethal to
spores.28 Indeed, the spores were confirmed inactivated using a
viability study with a 3 log reduction in CFU after 1 min and a
minimum 5 log reduction compared to the control after 10
min, (Figures S6 and S7). We noted a gradual minor decrease
in the signal intensity of 4% for DPA and 6% for DNA over the
30 min measurement time. Due to the smaller absolute
intensity of the DNA peak (Figure 3A), the changes in the
normalized intensity had more noise than in the DPA peak.
Since these observed drifts are small and occur over a 30 min
timescale, they do not influence the results.
Chlorine dioxide has been reported to react with and

damage proteins, targeting the sulfur bonds in cysteine and
methionine in particular.31−33 However, we did not see a
decrease in Raman peaks associated with proteins, such as the
amide I and amide II band. We used SEM and TEM imaging
to look for surface and internal structural differences between
untreated and treated spores that may not be seen with Raman
alone. Both SEM (n = 112) and TEM (n = 107) images of
spores treated with chlorine dioxide (Figures 4B, 5B, and S8)
do not show any visible damage to the exosporium, spore coat,
or internal structure, confirming the data obtained using
Raman spectroscopy.

It is notable that although the spore coat is rich in
cysteine,34,35 there appears to be no significant sign of spore
protein degradation in Raman spectra and EM images. This
may be due to the way the chlorine dioxide reacts with
cysteine. After attacking the sulfur bond and forming a free
radical, the likely reaction product when not at low pH is
dimerization into cystine.36 While this works for free-floating
amino acid solutions, this will be far slower with a tightly
packed spore coat protein in a suspension in water. The
degradation of tryptophan would be prevented for the same
reasons and any localized degradation of tryptophan would be
difficult to see in a spore Raman spectrum, as the main peak of
tryptophan is at 1005 cm−1 and would be masked by the
phenylalanine and DPA peaks. Overall, our data show that
chlorine dioxide inactivates spores but not by general protein
degradation.
Note that the specific Raman peak of chlorine dioxide at 944

cm−1 in Figure 2 is consistent with previously published data.37

This peak decreased in intensity during the measurement,
being completely gone after approximately 15 min. This
disappearance indicates that chlorine dioxide left the solution,
either by chemical decomposition into chlorine or by diffusion
out of the water. In summary, we conclude that spores
inactivated by treatment with chlorine dioxide did not show

Figure 5. TEM of B. thuringiensis spores treated with different sporicidal chemicals for 30 min, imaged at 73,000 magnification and 27,000
magnification (inset). We labeled the structural layers of the spore as follows: green arrows: exosporium; black arrows: spore coat; blue arrows:
cortex; and yellow arrows: core. (A) Untreated spore in water. (B) Spores treated with chlorine dioxide appear no different than control. (C)
Spores treated with sodium hypochlorite are degraded, and the core is no longer electron-dense, indicating DPA release. (D) Spores treated with
peracetic acid have a fragmented spore coat.
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any major changes in their Raman spectra as measured by
LTRS, or exosporium and spore coat as visualized using SEM,
or internally as visualized using TEM.
Sodium Hypochlorite Treatment Causes Rapid DPA

Loss after a Lag Time and Spore Decomposition. Next,
we analyzed spores treated with a 0.5% solution sodium
hypochlorite (bleach) with a pH of 11.55. This concentration
was previously reported to be sporicidal.38 Sodium hypochlor-
ite is a cheap and prevalent decontamination agent that works
by degrading organic material in several reactions: saponifica-
tion of fatty acids and neutralization and chloramination of
amino acids.39 As such, hypochlorite causes oxidative damage
to lipids, protein, and DNA. We found that sodium
hypochlorite causes the largest change in the Raman spectrum
of a spore and strongly affects the DPA peak (Figures 3B and
S5B). We observe that only one spore shows no DPA peak
reduction over the entire measurement time. Though initially
unaffected, the rest of the spores completely lose their major
DPA peak at 1017 cm−1. However, there is a lag time before
the decrease in the Raman-associated DPA peaks begins. The
lag time varies from 4 to 22 min, but when the DPA starts to
decrease, it does so rapidly. In general, the DPA signal can go
from a full peak to a complete loss in less than a minute (2 min
for the slowest spore). Finally, we note that the Raman peak of
DNA correlates with the DPA peak in both the lag time and
the rate of decrease. The loss of DPA in hypochlorite-treated
spores is interesting. It was previously reported that spores
treated with hypochlorite do not lose their DPA from
treatment, but they do germinate slowly and then release
their DPA but cannot grow further.40,41 When observed using
SEM, the spores treated with sodium hypochlorite appear to
have significant changes to the exosporium layer (Figure 4C),
whereas the spore coat is still intact. A total of 33 of the 189
(17%) spores imaged had a visible exosporium, while it was
missing in the rest. Exosporium degradation is expected since
the exosporium is a thin protein layer that is permeable to
small molecules like hypochlorite, and will lose integrity more
easily than the spore coat.39

Our TEM observations confirm that the spores lose their
DPA (Figures 5C, S3, and S9) and the core appears very
discolored in 24 of the 27 spores imaged, (88%) compared to
untreated spores Figure 5A. There is also visible degradation of
the cortex, spore coat, and exosporium. The level of disruption
of the spores varied from still having recognizable spore
structural features to very pale outlines with completely
unstained internal content. The TEM samples of hypochlor-
ite-treated spores had very few visible spores in general, despite
starting from the same high concentration stock. This is why
we only imaged 27 spores.
Loss of DPA from spores exposed to chemicals has been

reported with spores releasing DPA rapidly after an initial lag
phase.28,40 A similar behavior was also seen in spores
germinating in nutrient broth and germinants.42 However, in
these studies, the DPA release from the spore took several
minutes from the end of the lag phase to a complete loss of the
DPA signal. By contrast, in our experiments, the DPA release
takes only 1 min, typically the time between two individual
measurements. It is unlikely for this difference to be due to
temperature or germinants (the spores were suspended in
germinant-free MQ water at 25 °C). It is also unlikely that
heating from the Raman laser beam catalyzed the DPA release
since the laser power was only 5 mW, which is comparable to 3
mW used for B. subtilis in studies such as by Peng et al.41

We attribute the observed differences in similar studies to
the different species used. We used B. thuringiensis, whereas B.
subtilis was used in the decontamination studies.28,40 A key
difference is that unlike several other Bacillus species, B. subtilis
spores lack an exosporium, which means that their germination
mechanics is independent of exosporium damage.1 This means
that sodium hypochlorite acts on the spore coat and cortex,
starting its breakdown.43,44 In exosporium-producing spores,
the exosporium has been reported to be involved in regulating
germination.1,45 Therefore, its degradation can lead to DPA
release in B. thuringiensis. This effect also needs to be
thoroughly studied for other Bacillus species. Thus, we
conclude from our experiments with 0.5% sodium hypochlorite
that it affects the Raman spectra of the spores by significantly
reducing the DPA and DNA peaks after a lag time of a few
minutes up to about 22 min. After the lag time, the DPA
release is initiated, and within 1 min, all DPA is released. SEM
and TEM images together show significant changes to the
exosporium layer and moderate degradation of the spore coat,
cortex, and core. We verified that spores were inactivated by
growing the treated spore suspension and noted a 1 log
reduction after 1 min and a 5 log reduction after 10 min
(Figures S6 and S7).

Peracetic Acid Treatment Causes Rapid DPA Loss
after a Lag Time and Spore Coat Fragmentation.
Peracetic acid is an oxidizing disinfectant agent efficient in
inactivating microorganisms. It inactivates via denaturation of
proteins, enzymes, and metabolites by oxidation of sulfhydryl
and sulfur bonds.46 Peracetic acid has been shown to work
against spores and it is effective in solution.47 We first
measured the Raman spectrum of peracetic acid itself (Figure
2F) and confirmed that it is consistent with previous studies
and that it does not decrease over the measurement time.48 We
treated and investigated spores incubated with 1% peracetic
acid. This concentration was chosen as the upper end of the
reported sporicidal concentrations of peracetic acid.49 As with
sodium hypochlorite, there was a variation in the lag time
before DPA loss, ranging from 5 to 18 min. The speed with
which the spores lost the DPA also varied. Out of 10 spores,
only 2 lost their DPA in a minute, similar to the spores treated
with sodium hypochlorite, while 7 lost the DPA peak more
slowly, taking from 2 to 10 min (Figures 3C and S5C). One
spore did not lose its DPA over the measurement time. There
is a similar downward trend in the peak intensity of DNA. This
trend continues over the measurement time (30 min), which is
significantly slower than the reported inactivation time of the
spores; at the concentration of 1% peracetic acid, spores are
expected to be inactivated in less than a minute.10 As with the
other experiments, we verified that the treated spores were
inactivated by growing the treated spore suspension and noted
a 5 log reduction in CFU after 1 min (Figure S7).
When observed using SEM, some spores appeared broken

down and degraded, while others were still intact (Figure 4D).
The panel shows both a degraded and intact spore in the same
field of view. Out of the 148 spores imaged, 25 were degraded
(17%). The degraded spores may correlate with the ones that
lost their Raman DPA and DNA signal rapidly in the LTRS
experiments. This variation observed in the SEM is plausible
since spores are heterogeneous.50

When observed under TEM, spores treated with a peracetic
acid showed a clear difference from the untreated spores. In
the untreated spores, the spore coat can be seen as several dark
layers (Figure 5A), consistent with its dense multilayer
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structure.1 The spore coat in 63 out of 64 (99%) peracetic
acid-treated spores (Figures 5D, S4, and S10) appeared
fragmented, separating and breaking into small pieces. The
core, cortex, and exosporium appeared intact. This is
consistent with the SEM observations, as spores with a
damaged spore coat can lose their structural integrity. The
exosporium and the core did not change visually.

■ CONCLUSIONS
Rapid detection, whether a spore disinfection procedure was
successful or not, is of significance in many areas. We treated B.
thuringiensis spores with common disinfection chemicals,
chlorine dioxide, peracetic acid, and sodium hypochlorite,
and measured changes in the spore structure and Raman
spectra. Chlorine dioxide does not change the Raman
spectrum or the spore structure. Peracetic acid shows a time-
dependent decrease in the characteristic DNA/DPA peaks;
however, it happens much later than the spore inactivation
itself. Approximately, 17% of the spore structure is degraded
and collapsed, and TEM imaging shows the degradation of the
spore coat. Sodium hypochlorite-treated spores show an abrupt
drop in DNA and DPA Raman peaks within 20 min. The spore
structure was overall intact, though internal structural
degradation was observed using TEM and the exosporium
layer was reduced in size or removed. In all of these
experiments, structural changes appeared over several minutes,
compared to the inactivation time of the spores, which is
multiple logs in a minute for chlorine dioxide and peracetic
acid and 1 log in a minute for sodium hypochlorite. We
conclude that vibrational spectroscopy provides powerful
means to detect changes in spores. However, it might be
problematic to use Raman methods to identify if spores are live
or dead directly after a decontamination procedure; no
changes in the Raman spectrum occur for chlorine dioxide
and changes for the other two chemicals occur significantly
slower than the inactivation process itself.
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