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INTRODUCTION

The resurgence of bacterial infections has become one of 
the most significant health concerns around the world.1 
In 2019, nearly 13 million people died due to infections 
worldwide, and 7 million of those deaths were caused by 
bacterial infections.2 The majority of this mortality is at-
tributed to bacterial resistance to antibiotics.3 The lack of 
rapid methods for the early detection of bacterial infec-
tions is one of the primary reasons for the overuse of anti-
biotics, which may lead to further bacterial resistance.4–6 

Therefore, there is an urgent need for the development of 
advanced diagnostic tools that can quickly and reliably 
identify bacterial infections.

The current traditional diagnostic methods for infec-
tious bacteria include culturing the specimens on agar 
plates and counting the number of bacterial colonies 
formed.7 This process usually takes several days due to 
the fact that many bacterial species have relatively slow 
growth rates, thus require a quite long time to form detect-
able colonies.8 In addition, interpreting the results of these 
tests is usually difficult and requires expert laboratory 
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Abstract
With the rise of bacterial infections and antibiotic resistance, spectroscopic de-
vices originally developed for bacterial detection have shown promise to rapidly 
identify bacterial strains and determine the ratio of live to dead bacteria. However, 
the detection of the photoreactivated pathogens remains a critical concern. This 
study utilizes fluorescence and Raman spectroscopy to analyze bacterial responses 
to UV irradiation and subsequent photoreactivation. Our experimental results re-
veal limitations in fluorescence spectroscopy for detecting photoreactivated bac-
teria, as the intense fluorescence of tryptophan and tyrosine amino acids masks 
the fluorescence emitted by thymine molecules. Conversely, Raman spectroscopy 
proves more effective, showing a detectable decrease in band intensities of E. coli 
bacteria at 1248 and 1665 cm−1 after exposure to UVC radiation. Subsequent UVA 
irradiation results in the partial restoration of these band intensities, indicating 
DNA repair and bacterial photoreactivation. This enhanced understanding aims 
to improve the accuracy and effectiveness of these spectroscopic tools in clinical 
and environmental settings.
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personnel. Furthermore, a complicated sequence of tests 
is needed before confirmation of any diagnosis.9 As a re-
sult, the time- consuming nature of these procedures can 
elevate the risk of more severe infections, which may lead 
to higher rates of mortality.10

To overcome this problem, extensive research has been 
carried out over the past few decades towards the develop-
ment of novel devices that are capable of rapidly detect-
ing bacterial infections, even at low concentrations.11–13 
Recently, spectroscopic techniques have been widely used 
as an alternative to traditional methods for bacterial de-
tection owing to the fact that they are significantly faster, 
more sensitive, non- destructive, and relatively low- cost 
compared to the traditional methods.14–18 In addition, these 
spectroscopic instruments are designed to work with vari-
ous samples, including clinical specimens, and are used to 
detect bacterial contamination in food and water.19–23

In our earlier studies,24,25 we have shown that the fluo-
rescence spectra of bacterial samples or any other species 
can be recorded in situ within minutes by using our novel 
handheld fluorescence spectrometer. In addition, we have 
demonstrated that it is possible to determine the fraction of 
live to dead bacteria by inactivating these bacteria using UV 
irradiation or antibiotic treatment.26 Furthermore, these 
tests can be performed on body fluids, including urine, sa-
liva, or cerebrospinal fluid, to detect the presence of bacte-
ria and enumerate them either by subjecting these fluids to 
UV radiation and determining the shift in the proportion of 
live to dead bacteria, or by monitoring the increasing num-
ber of inactivated bacteria following antibiotic treatment. 
In a separate study, we have also designed, constructed, 
and utilized a novel handheld Raman spectrometer,27,28 
which provides means for the rapid identification of bacte-
rial strains, and determines the ratio of live to dead bacteria 
before and after UV irradiation. This is achieved by relying 
on the fact that the intensity of various vibrational bands 
in the Raman spectra of E. coli bacteria changes as a func-
tion of UV irradiation. For instance, a new Raman band 
is expected to be formed in the 1415 cm−1 region, which 
is linearly intensified as the duration of UV irradiation in-
creases. We have demonstrated that the increase in the in-
tensity of this band corresponds to the number of bacterial 
cells that have been inactivated by UV irradiation.

These spectroscopic devices find several applications, 
including the detection of bacterial pathogens that may 
present in different environments, such as drinking 
water,29,30 wound effluents31,32 and blood and urine sam-
ples from patients.33–36 In addition, they are used to iden-
tify bacteria present in food, which can cause foodborne 
illnesses, in order to ensure that the food is safe to con-
sume.14,37–39 Furthermore, they can also be used as a tool 
for determining the effectiveness of various antibiotics in 
treating specific types of bacteria.40–42

However, the operational characteristics of such de-
vices remain largely unknown under a range of condi-
tions. Understanding how these devices function under 
such conditions is critical in order to ensure their reli-
ability and effectiveness in clinical and environmental 
settings. One such condition is the photoreactivation of 
these bacteria after they have been inactivated by UV 
irradiation. This is due to the fact that photoreactivation 
can ultimately lead to an overestimation of the amount 
of pathogen removal.43 For example, after UV irradia-
tion for wound disinfection, the reactivation of patho-
gens can pose a significant risk, particularly if they 
remain undetected by spectroscopic or other means of 
bacterial detection. Similarly, the photoreactivation of 
these pathogens after water disinfection by UV irradi-
ation is also a critical concern, especially if these pho-
toreactivated bacteria remain undetected by the in- situ 
spectrometric devices used at various stages of the water 
testing process.44–47 Therefore, the reliability and accu-
racy of these spectroscopic devices, used to detect patho-
gen reactivation, are crucial factors for assessing their 
overall utility and effectiveness.

In this article, we conducted a detailed study for a 
better understanding of the operational behavior and 
functionality of our previously developed handheld 
spectroscopic devices in the context of photoreactiva-
tion. These devices, originally designed for bacterial de-
tection, are now being examined in order to determine 
whether they are capable of detecting the photoreac-
tivated bacteria after inactivation by UVC irradiation. 
Using fluorescence and Raman spectroscopy, we ex-
pect to have a deeper insight into the mechanisms that 
govern the bacterial response to UV irradiation and the 
subsequent photoreactivation process. This is achieved 
through a comprehensive analysis of the recorded 
changes in the fluorescence spectra and Raman patterns 
of bacterial constituents.

Photoreactivation

The ultraviolet (UV) spectrum is divided into three main 
segments according to its distinct effects on biological 
samples48–50: UVA (320–400 nm), UVB (290–320 nm) 
and UVC (200–290 nm). Each of these irradiation ener-
gies induces different bacterial inactivation effects. For 
example, UVC and UVB radiation are known to cause 
damage to the genetic constituents (DNA and RNA) in 
the nucleus of microorganisms, including bacteria cells, 
thus preventing them from reproduction and growth.27,51 
This is affected by the absorption spectrum of the DNA 
molecules, which display two bands, one with a maxi-
mum around 200 nm and the other at 265 nm.52 The 
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absorption of UVC photons by the thymine molecules in-
side the DNA results in the dimerization of the thymine 
molecules by producing cyclobutane dimers.53 These di-
mers disrupt the base pairing process during DNA repli-
cation, preventing the bacterial cells from replication and 
consequently induces the effective death of these cells.54 
UVA radiation, while less directly damaging to DNA, 
profoundly influences aromatic amino acids present in 
protein structures, such as tryptophan and tyrosine. As a 
result, these amino acids undergo photooxidation, lead-
ing to the formation of reactive oxygen species (ROS) that 
inflict indirect damage upon bacteria, causing inactiva-
tion of their vital functions.25,55–57

However, UVA radiation also exhibits a different bi-
ological effect on bacterial cells. It has been shown that 
exposing bacteria to UVA radiation either simultaneously 
with UVC or following UVC irradiation reduces bacterial 
inactivation.58 This is owing to the fact that the photolyase 
enzyme absorbs the energy of UVA, and dissociates the 
covalent bond formed between two adjacent thymine 
bases, and thus repairs the damaged DNA. This process is 
known as DNA photoreactivation.59–61

MATERIALS AND METHODS

Bacteria preparation and enumeration

The bacterium that is used for this study, E. coli K- 12 strain, 
was provided to us by the Bacteriological Epidemiology 
and Antimicrobial Resistance unit of the USDA- ARS. 
These bacteria were grown in 10 mL of Luria Bertani (LB) 
broth (ThermoFisher) and incubated for 24 h at 37°C in 
accordance with the supplier's product instructions. After 
incubation, the bacteria were harvested by centrifuga-
tion (Fisher Scientific Model 228) at 3300 rpm for 5 min 
and then washed twice with 0.9% w/v saline solution in 
order to remove the growth medium. This step is neces-
sary due to the fact that LB broth generates a significant 
fluorescence background during the spectroscopic meas-
urements. Ultimately, bacterial samples were diluted in 
saline solution to the desired concentration of ~108 cells/
mL before their absorption, emission, and Raman spectra 
were recorded.

In order to count bacterial colony forming units (CFU), 
bacterial solutions were collected after each UV irradia-
tion time step and then serially diluted in saline to 1/10 
concentrations. Subsequently, a 100 μL portion of each di-
luted bacterial solution was spread on tryptone soya agar 
(TSA) plates for bacterial growth. These plates were then 
placed on an incubator for 24 h at 37°C to enhance bacte-
rial growth and ultimately, the plates with 10–100 colonies 
were selected for counting.

UV irradiation

In this study, deep UV irradiation was performed using a 
Qniceuvc model excimer lamp (60 W, 222 nm). This lamp 
was selected specifically for its ability to emit radiation at 
222 nm, which has been proven to kill bacteria effectively, 
while remaining harmless to human cells.62,63 The lamp 
exhibited a peak wavelength emission at 221.8 nm with 
an FWHM bandwidth of 4 nm. The UVA photoreactiva-
tion experiments were conducted using an LED, with a 
maximum wavelength emission at 368.5 nm (referred to 
as 365 nm) with an FWHM bandwidth of 12 nm. Figure 1 
shows the emission spectra of both the excimer lamp 
and the 365 nm LED, recorded using an Ocean Optics 
USB2000+ spectrometer.

In order to accurately measure the power of the 
222 nm radiation directed onto the sample, we employed a 
Thorlabs DET10A2 Si photodetector. The combination of 
this photodetector with the excimer lamp allowed for con-
tinuous monitoring of the 222 nm UV irradiation power 
density during our experiments.

In this work, a quartz cuvette with a high UV trans-
mission and 1 cm pathlength was utilized to irradiate 
the bacterial solution with UV radiation. To ensure uni-
form exposure, a magnetic stirrer was used to maintain 
continuous mixing of the bacterial solution during UV 
irradiation.

The impact of bacterial inactivation on their fluo-
rescence and Raman spectra was studied by subjecting 
bacterial samples to 222 nm irradiation with a power 
density of 9 μW/cm2 for varying durations ranging from 
30 s to 60 min for recording fluorescence spectra and 10 
to 60 min for Raman spectra. Similarly, to test the effect 
of photoreactivation on both fluorescence and Raman 

F I G U R E  1  Emission spectra of the 222 nm excimer lamp and 
the 365 nm UV LED used in this study.
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spectra, a 3 mL aliquot of the bacterial solution was ini-
tially inactivated by using 222 nm UV irradiation for 
10 min to record the fluorescence spectra and 30 min for 
the Raman spectra. Subsequently, the samples were ir-
radiated with a 365 nm LED radiation with a power den-
sity of 163 μW/cm2 for different time durations, varying 
from 30 s to 1 h.

Spectroscopic measurements

The absorption, fluorescence, and Raman spectra were 
measured in a dark environment with dim red light at 
room temperature, before and after each UV irradiation 
time period. This precaution was taken due to the poten-
tial impact of ambient light on the inactivation and photo-
reactivation processes of bacteria.64

The absorption spectra were recorded by means of a 
Shimadzu 1201 UV–Vis spectrometer, while the emission 
spectra were recorded using a Shimadzu RF- 5301 spec-
trofluorometer. In order to record fluorescence spectra, 
the excitation wavelength was set to 222 nm, which cor-
responds to nearly the maximum cross section of the ab-
sorption bands, unless otherwise stated.

Furthermore, a Horiba Xplora plus Raman spectrome-
ter which is coupled to a microscope and a 25 mW, 638 nm 
laser were utilized to obtain the Raman spectra of the 
bacterial cells. The acquisition time was set to 100 s for 
each spectrum, and an average was taken from 10 spec-
tra for every measurement. Initially, a 5 μL aliquot of the 
bacterial solution at a concentration of approximately 108 
to 109 cells/mL, was placed on an aluminum mirror and 
immediately thereafter, the Raman spectra were recorded 
using a 10× objective lens of the microscope. As a result 
of recording spectra in wet condition, a prominent water 
band formed at 1650 cm−1. This band, which corresponds 
to the vibrations of the OH bonding, was dominant, 
whereas the recorded Raman bands of bacterial cells 

were significantly weaker. To avoid this condition, the 
bacterial solution was centrifuged at 3300 rpm for 5 min 
to reach a concentration of approximately 1011 cells/mL. 
Subsequently, the supernatant was discarded, and a por-
tion of 5 μL of the remaining bacterial pellets were dried 
on an aluminum mirror to record Raman spectra. To fur-
ther enhance the intensity of the bacterial Raman spectra 
bands and improve the signal to noise ratio, a 100× mi-
croscope objective was used.

For each time period of UV irradiation, the absorp-
tion, fluorescence and Raman spectra were measured at 
least five times, and their averages were used for spectral 
interpretations.

RESULTS AND DISCUSSION

Effects of 222 and 365 nm irradiation on the 
inactivation and photoreactivation of the 
bacteria

Our study focused on the inactivation of bacteria using 
222 nm irradiation and the subsequent photoreactivation 
of bacteria using 365 nm UV radiation. To that effect, the 
experimental data obtained from the inactivation experi-
ments revealed a significant reduction in bacterial viabil-
ity following exposure to 222 nm UV radiation, as shown 
in Figure  2A. Specifically, an irradiation dose of 16 mJ/
cm2 at 222 nm resulted in approximately a 4 log reduc-
tion in the E. coli bacterial population, which is consistent 
with the strong antimicrobial properties of 222 nm UVC 
radiation.65

Furthermore, our findings on the photoreactivation of 
bacteria using 365 nm UV irradiation after inactivation by 
222 nm UV irradiation demonstrated a partial recovery of 
bacterial viability, as shown in Figure 2B. This observation 
is in agreement with prior studies on the photoreactiva-
tion of bacteria.64

F I G U R E  2  (A) Reduction in the E. coli bacterial population with respect to 222 nm UVC irradiation time. (B) Photoreactivation of E. coli 
bacteria using 365 nm UVA after initial inactivation with 222 nm irradiation.
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Absorption, fluorescence and Raman 
spectra of E. coli bacteria

The absorption spectrum of the E. coli bacteria is shown 
in Figure 3. It has two prominent absorption bands with 
maximum intensities around 265 and 210 nm. These two 
bands, which mostly originated from the DNA component 
of the bacteria, specifically the thymine nucleotide base, 
have approximately the same absorption peaks.

Figure  4A shows the fluorescence spectrum of the 
E. coli bacteria, which is characterized by a broad band 
ranging from 280 to 500 nm and has a maximum inten-
sity around 330 nm wavelength. This peak at 330 nm in 

the fluorescence spectra of E. coli bacteria mainly corre-
sponds to the presence of tryptophan and tyrosine amino 
acids inside the bacteria. As a demonstration, Figure 4B,C 
show the synchronous fluorescence spectra of tyrosine 
and tryptophan in saline solution respectively, where the 
intensity maxima are observed at 310 nm for tyrosine and 
350 nm for tryptophan. These spectra were recorded by 
utilizing the synchronous method, a technique that in-
volves the simultaneous scanning of both the excitation 
and emission monochromators while a constant wave-
length interval (Δλ) is maintained between the emission 
and excitation wavelengths throughout the scanning pro-
cess. This approach enables us to selectively enhance a 
particular band of the fluorescence spectrum by choos-
ing an appropriate Δλ that corresponds to the difference 
in wavelength value of the intensity maxima between 
the absorption and fluorescence bands of the target flu-
orophore. Therefore, the fluorescence bands of tyrosine 
and tryptophan are distinctly separated and narrowed, as 
shown in Figure 4.

Figure 4 further demonstrates that the bacterial fluo-
rescence spectra are primarily composed of the spectra of 
the tryptophan and tyrosine components. Therefore, these 
two components in the fluorescence spectra of E. coli bac-
teria are more prominent than the spectra of other compo-
nents, such as DNA.

Raman scattering offers a distinct spectroscopic signa-
ture of the chemical bonds present within a material. This 
is due to the fact that the vibrational modes of different 
chemical bonds result in an inelastic transition in the en-
ergy of the scattered photon. In the context of bacterial 
samples, Raman scattering can provide valuable infor-
mation about different effects of UV exposure on various 
components inside bacteria. To that effect, Figure 5 shows 
the vibrational Raman spectra of the E. coli bacteria, with 

F I G U R E  3  Absorption spectrum of E. coli bacteria measured at 
room temperature.
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F I G U R E  5  Vibrational Raman spectra of E. coli bacteria. Bands 
corresponding to different bacterial components are highlighted.
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the bands corresponding to each bacterial component 
clearly indicated.

Effect of 222 nm excimer lamp irradiation 
on the fluorescence spectrum of E. coli 
bacteria

To determine the ratio of live to dead bacteria with respect 
to UV irradiation time using fluorescence spectroscopy 
technique, E. coli bacteria were exposed to 9 �W∕cm2, 
222 nm UV irradiation for varying time durations, rang-
ing from 0.5 to 60 min. The fluorescence spectra of the 
bacterial sample were obtained before and after each UV 
irradiation time step in order to determine the number 
of inactivated bacteria. To that effect, Figure  6A shows 
the variations in the fluorescence band intensity of E. coli 
bacterial cells versus UV exposure time. Furthermore, 
the change in the peak intensity at 330 nm with respect to 
222 nm UV irradiation time is plotted in Figure 6B.

Figure 6 shows that as the E. coli bacteria is exposed to 
222 nm UV radiation for a longer period of time, there is 
a continuous decrease in the intensity of the fluorescence 
band. This band is due to the tryptophan and tyrosine 
amino acids present in different protein structures inside 
the bacteria. As a result, Figure 6B shows the decay in the 
330 nm maximum of the emission band of E. coli bacte-
ria. This suggests that the decrease in this fluorescence 
band intensity corresponds to the decrease in tryptophan 
and tyrosine concentrations. The absorption of UV radia-
tion by tryptophan and tyrosine amino acid components 
of the bacteria leads to their photodissociation, which in 
turn destroys the bacterial membrane. This can expose 
the intracellular components of the bacterial cell to UV 
radiation which results in the dimerization of DNA. This 
process disrupts the normal function of the cell and in-
hibits the replication of DNA, which ultimately results 
in bacterial inactivation. This phenomenon is shown 
in Figure  6, where a consistent decay in the maximum 

intensity of the fluorescence spectra from E. coli bacteria 
is clearly visible.

Effect of 222 nm excimer lamp irradiation 
on the Raman spectrum of E. coli bacteria

The vibrational Raman spectra of E. coli bacteria, recorded 
before and after each 222 nm UV exposure time period 
ranging from 0 to 60 min, are plotted in Figure 7. These 
spectra were recorded under dry condition, using the 
100× Raman microscope objective lens, at a concentra-
tion of approximately 1011 cells/mL. Subsequently, the re-
corded spectra were normalized with respect to the band 
at 1450 cm−1, which corresponds to the lipid components, 
for comparison.

After UV irradiation, a distinct band emerged at 
1415 cm−1, as shown in Figure 7. The peak intensity of this 
band at 1415 cm−1 versus UV exposure time is illustrated 
in Figure 8A. This figure demonstrates that the band in-
tensity exhibits a linear increase proportional to the dose 
of UV radiation. This band corresponds to protein photo-
products, and the intensity increase in this band correlates 
with the number of bacteria that have been inactivated by 
UV irradiation.

Figure  7 also provides further information regarding 
the effect of 222 nm UV irradiation on the other bacte-
rial components. For example, Figures  7 and 8B reveal 
a detectable decrease in the Raman band intensity at 
1248 cm−1, which is indicative of degradation of thymine 
molecules due to UVC irradiation. Similarly, a decrease in 
the intensity of the 1665 cm−1 band, as shown in Figures 7 
and 8C, is found to be proportional to the formation of 
thymine dimers in the bacterial DNA.

In our earlier study,61 the Raman spectra of thymine 
solutions before and after UV irradiation were recorded 
in order to detect the formation of thymine dimers. The 
current experimental results are in agreement with our 
previous findings.

F I G U R E  6  (A) Fluorescence spectra of E. coli bacteria before and after exposure to 222 nm UV radiation. (B) Fluorescence peak 
intensity variation at 330 nm as a function of 222 nm UV irradiation time.
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Effect of photoreactivation on the 
fluorescence spectrum of E. coli bacteria

The fluorescence spectra of E. coli bacteria before and after 
10 min of 222 nm UVC irradiation, followed by 365 nm 
UVA exposure, at various time intervals are plotted in 
Figure 9A. In addition, Figure 9B shows the variations in 

the fluorescence intensity maximum at 330 nm as a func-
tion of UV irradiation time.

The fluorescence intensity peak serves as an indicator 
of the bacteria concentration in the sample. Therefore, a 
decrease in intensity suggests a reduction in the number 
of viable bacteria per milliliter of saline solution, while an 
increase in the fluorescence peak intensity indicates an 

F I G U R E  7  Normalized Raman spectra of E. coli bacteria before and after exposure to 222 nm UV radiation. The 1415 cm−1 band was 
formed as a result of UV irradiation.
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F I G U R E  8  (A) Linear increase in the Raman intensity of E. coli bacteria at 1415 cm−1 and continuous decrease at (B) 1248 cm−1 and 
(C) 1665 cm−1 versus 222 nm UV irradiation time. The two bands at 1248 and 1665 cm−1 correspond to the vibrational bands of thymine 
molecules inside bacterial DNA.

0 10 20 30 40 50 60
time (min)

94

95

96

97

98

99

100

101

In
te

ns
ity

 o
f 1

66
5 

cm
-1

 b
an

d 
(a

.u
)

0 10 20 30 40 50 60
time (min)

40

42

44

46

48

50

52

54

In
te

ns
ity

 o
f 1

41
5 

cm
-1

 b
an

d 
(a

.u
)

0 10 20 30 40 50 60
time (min)

68

70

72

74

76

78

In
te

ns
ity

 o
f 1

24
8 

cm
-1

 b
an

d 
(a

.u
)(A) (B)

(C)



   | 501ABADY et al.

increase in the number of viable bacteria.24 Consequently, 
we expected a decrease in the fluorescence intensity 
peak after 222 nm irradiation due to the dimerization of 
thymine molecules inside DNA and inactivation of the 
bacteria. After 365 nm irradiation, followed by 222 nm ex-
posure, we also expected to observe an increase in the flu-
orescence intensity maximum due to photoreactivation. 
However, it is evident from Figure  9A,B, that applying 

365 nm irradiation followed by 222 nm irradiation, the flu-
orescence intensity peak decreases continuously. This is 
due to the fact that the changes in the intensity of this flu-
orescence band mostly correlate with the changes in tryp-
tophan and tyrosine concentration rather than changes 
in DNA, because the fluorescing DNA component in the 
fluorescence spectrum is significantly weaker than trypto-
phan and tyrosine.

F I G U R E  9  (A) Fluorescence spectra of E. coli bacteria in saline solution irradiated with 222 and 365 nm UV radiation. (B) Fluorescence 
peak intensity changes at 330 nm as a function of 222 and 365 nm irradiation time.

(A) (B)

F I G U R E  1 0  (A) Raman spectra of E. coli bacteria before and after exposure to 222 and 365 nm. Raman intensity variations at (B) 
1248 cm−1 and (C) 1665 cm−1 corresponding to the vibrational band of thymine molecule inside bacterial DNA, with respect to the 222 and 
365 nm irradiation time.

1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman Shift (cm-1)

0

10

20

30

40

50

60

70

80

90

100

110

In
te

ns
ity

 (a
rb

. u
ni

ts
)

before Irradiation
30min 222nm Irradiation
30min 222nm + 30 min 365nm Irradiation

0 10 20 30 40 50 60
time (min)

68

68.5

69

69.5

70

70.5

71

71.5

72

72.5

In
te

ns
ity

 o
f 1

24
8 

cm
-1

 b
an

d 
(a

.u
)

222nm Exposure
365nm Exposure

0 10 20 30 40 50 60
time (min)

102

102.5

103

103.5

104

104.5

105

105.5

106

106.5

In
te

ns
ity

 o
f 1

66
5 

cm
-1

 b
an

d 
(a

.u
)

222nm Exposure
365nm Exposure

(A)

(B) (C)



502 |   PHOTOCHEMISTRY AND PHOTOBIOLOGY

This experiment was conducted five times, with a fixed 
initial dose of 222 nm UV radiation and varying doses of 
365 nm radiation, ranging from 1.63 to 587 mJ/cm2. In all 
of these experiments, the fluorescence bands were found 
to decay continuously after being subjected to 365 nm irra-
diation, followed by 222 nm UV exposure.

As a result, utilizing fluorescence spectroscopy for bac-
teria identification in various environments may pose a 
significant risk because the photoreactivated bacteria will 
remain undetected by these devices. This may ultimately 
result in an overestimation of pathogen removal and pose 
a potential threat to public health.

Effect of photoreactivation on the Raman 
spectrum of E. coli bacteria

The Raman spectra of E. coli bacteria after 30 min of 
365 nm irradiation, followed by 222 nm UV irradiation, 
are plotted in Figure  10A. These spectra were recorded 
under dry condition, using the 100× objective lens of the 
Raman microscope and normalized to the lipid band at 
1450 cm−1.

Upon close examination of the results presented in 
Figure 10A, we identified various changes in the Raman 
vibrations of several bacterial components as a result of 
UV irradiation. For example, a small decrease in the 1665 
and 1248 cm−1 band intensities after 30 min of 222 nm 
irradiation is observed, which is the result of the di-
merization of thymine bases inside DNA molecules. By ir-
radiating the sample with 365 nm after 222 nm irradiation, 
the covalent bond formed between two adjacent thymine 
bases dissociates and results in the repair of the damaged 
DNA. Consequently, the band maximum intensities at 
1248 and 1665 cm−1 increase, as shown in Figure 10B,C, 
respectively.

From the experimental data presented in this section, 
we can conclude that the handheld Raman spectrometer 
used for monitoring the changes in band intensity at 1248 
and 1665 cm−1, enables us not only to identify the ratio of 
live to dead bacterial cells, but also to detect the bacteria 
that have undergone photoreactivation as a consequence 
of UVA exposure.

CONCLUSION

In this study, we have made significant progress in un-
derstanding bacterial responses to UV irradiation and 
subsequent photoreactivation. This research provided 
insights on the spectral changes and vibrational patterns 
in bacterial constituents due to the irradiation of UVC 
and UVA, using fluorescence and Raman spectroscopy. 

We have identified the limitations of fluorescence spec-
troscopy in detecting photoreactivated bacteria, which 
could potentially lead to an overestimation of pathogen 
removal and pose a threat to public health. However, we 
show that Raman spectroscopy has proven to be more 
effective, enabling us to identify not only the ratio of 
live to dead bacterial cells but also detect bacteria that 
have undergone photoreactivation as a consequence of 
UVA exposure. These findings are crucial for improving 
the reliability and effectiveness of spectroscopic devices 
in clinical and environmental settings, particularly in 
cases that involve UV irradiation for disinfection pur-
poses. Our future research will focus on further improv-
ing these spectroscopic tools to enhance their accuracy 
in detecting photoreactivated pathogens, contributing 
to broader efforts in combating bacterial infections and 
antibiotic resistance.
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