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In this study, absorption, fluorescence, synchronous fluorescence,
and Raman spectra of nonirradiated and ultraviolet (UV)-irradiated
thymine solutions were recorded in order to detect thymine dimer
formation. The thymine dimer formation, as a function of irradiation
dose, was determined by Raman spectroscopy. In addition, the for-
mation of a mutagenic (6-4) photoproduct was identified by its syn-
chronous fluorescence spectrum. Our spectroscopic data suggest
that the rate of conversion of thymine to thymine dimer decreases
after 20 min of UV irradiation, owing to the formation of an equi-
librium between the thymine dimers and monomers. However, the
formation of the (6-4) photoproduct continued to increase with UV
irradiation. In addition, the Raman spectra of nonirradiated and ir-
radiated calf thymus DNA were recorded, and the formation of thy-
mine dimers was detected. The spectroscopic data presented make
it possible to determine the mechanism of thymine dimer forma-
tion, which is known to be responsible for the inhibition of DNA
replication that causes bacteria inactivation.

thymine dimer | DNA | spectroscopy | thymine dimer Raman spectrum |
UV inactivation

In the United States alone, each year 2.8 million antibiotic-
resistant infections occur that cause about 35,000 deaths (1).
Such resistant organisms are often acquired in the hospital (2)
and may well be from contaminated surfaces (3). Ultraviolet
(UV) light has become a critical means to control some of these
antibiotic-resistant organisms and to prevent them from infecting
vulnerable patients (4). Therefore, improving our understanding
of the microbiologic effects of UV light has become more im-
portant. Further, UV light also has an antimicrobial effect on the
RNA of viruses, including coronaviruses (5), which further in-
creases our need to understand the chemical basis for the bio-
logical effects of UV light. DNA damage, such as deamination,
oxidative damage, strand breaks, and dimer formation, can hinder
normal functioning of a cell, prevent DNA replication, and cause
cell death (6). UV-induced DNA damage results mainly in damage
to pyrimidine bases, thus inducing the formation of cyclobutane
pyrimidine dimers (CPDs), pyrimidine(6-4)pyrimidone photo-
products, and Dewar isomers (7). It is widely believed, but not
previously shown spectroscopically, that inactivation of bacteria by
UV irradiation is caused by the dissociation of the double bond of
the thymine base of the bacterial DNA followed by the formation
of a single bond formed between two adjacent thymine bases,
which results in the formation of thymine CPDs (8). These dimers
dissociate the hydrogen bonds between bases of complementary
DNA strands and consequently inhibit the replication of DNA (9,
10). It has been reported that the most abundant photoproduct
formed after UV irradiation is the thymine dimer T-T, followed by
thymine cytosine dimer T-C, thymine cytosine (6-4) photoproduct
T(6-4)C, and thymine (6-4) photoproduct T(6-4)T (11, 12). Many
studies have suggested that the thymine (6-4) photoproduct is as
mutagenic as the thymine CPD (13, 14); however, the (6-4) pho-
toproduct is formed with a smaller yield (12). Fig. 14 shows the
structure of thymine, thymine CPD, and (6-4) photoproduct (15).
Minor UV photoproducts include cytosine dimers (C-C), cytosine
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thymine dimers (C-T), and their respective (6-4) adducts, which are
formed in much smaller quantities (12).

Purine bases are considered to be virtually immune to UV
light. The formation of adenine dimers and adenine thymine
photoproducts has also been observed; however, their yield is
orders of magnitude smaller than that of the pyrimidine dimers
and their adducts (16, 17).

Previous studies have proposed that the thymine CPD, in frozen
thymine solutions, is formed by the combination of the excited
singlet state of the thymine monomers (18), whereas the (6-4)
photoproduct is formed from an oxetane intermediate (7). As a
result, thymine dimers can dissociate and reconvert into thymine
monomers by UV irradiation. However, we find, in accordance
with previous studies, that the (6-4) photoproducts are not con-
verted to thymine monomers by UV irradiation (13). When the
(6-4) photoproduct is irradiated with 313-nm light it is reversibly
converted to another UV photoproduct, known as Dewar isomer,
which converts back to the (6-4) photoproduct upon irradiation
with 240-nm light (19).

Spectroscopic analysis of bacteria provides a fast and cost-
effective method for the determination of bacterial strains and,
in addition, allows for the detection of live and dead bacteria
after UV irradiation (20, 21). In our study, aqueous solutions of
thymine and DNA were irradiated with UV light and changes in
their Raman spectra were compared, before and after irradiation,
in order to detect UV-induced photoproducts. Aqueous thymine
solutions were frozen at 240 K and then irradiated with 254-nm
UV light. The absorption spectrum of thymine is shown in Fig. 1B.
When aqueous thymine solution is frozen, water molecules
start to crystallize into a hexagonal structure in order to attain
the lowest energy configuration. The water crystallization process
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Fig. 1. (A) Structure of thymine, thymine dimer (CPD), and (6-4) photo-
product. (B) Absorption spectrum of thymine solution.

(ice formation) excludes thymine molecules and consequently
leads to separation of the solvent and solute components (22).
Therefore, as the water crystallizes, the thymine solution becomes
more concentrated and crystallizes into thymine monohydrate
crystals (23). The preferred structural orientation of these crystals
is such that the thymine monomers are stacked on top of each
other, yielding the perfect structural orientation for dimer for-
mation. This arrangement of the frozen thymine monomers
mimics the arrangement of the thymine monomers in DNA
strands, which also form thymine dimers upon UV irradiation at
room temperature (24).

In agreement with previous studies (25, 26), our experiments
show that when thymine solution is irradiated with UV light the
absorption band intensity at 260 nm decreases due to the dissoci-
ation of the thymine monomers and the formation of photoprod-
ucts. The thymine dimer, in contrast to the thymine monomer, does
not absorb at 260 nm, because the 260-nm absorbing C=C is
converted to C-C, while the (6-4) photoproduct exhibits an ab-
sorption maximum at 315 nm. To confirm the formation of thy-
mine dimers, after UV irradiation at 240 K we reirradiated the
irradiated solution at 300 K. We observed (Fig. 2) that the ab-
sorption band at 260 nm increases with thymine irradiation time at
room temperature, owing to the dissociation of thymine dimers
and their conversion to thymine monomers.

Thymine solution exhibits a weak fluorescence with maximum
intensity at 325 nm, when excited at 260 nm (27), and upon UV
irradiation with 254-nm light at 240 K the thymine fluorescence
decreases. We also observed that the (6-4) photoproduct fluo-
resces with a maximum at 375 nm, when excited at 315 nm,
whereas no thymine dimer fluorescence was observed. Therefore,
to detect thymine dimers which were not previously identified
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spectroscopically we recorded the Raman spectra of thymine be-
fore and after irradiation.

Raman spectroscopy is a well-known powerful method for the
study of biological molecules, including amino acids, proteins,
nucleic acids, lipids, and other molecules (28-33). This fast and
noninvasive technique, based on the inelastic scattering of mono-
chromatic light from a molecule, provides a structural fingerprint by
recording their vibrational and rotational transitions. As a result,
it is widely used for structural analysis and the identification of
molecules.

Results

Irradiation of Thymine Solution.

Absorption spectra. The absorption spectra of thymine solution
before and after irradiation for 5, 10, 20, 30, and 60 min are
shown in Fig. 34. This figure shows that, upon irradiation with
0.66 mW/cm? UV light, the maximum intensity at 263.8 nm,
which is assigned to thymine monomer, decreases as a function
of irradiation time.

Thymine dimers exhibit weak absorption at wavelengths
longer than 220 nm, whereas the (6-4) photoproduct absorbs at
315 nm. The decrease in optical density (OD) at 260 nm as a
function of irradiation dose is shown in Fig. 4.

Examination of Figs. 3 and 4 shows that the (6-4) photo-
product band increases with irradiation time; however, the de-
crease of the thymine monomer spectral intensity, at 260 nm,
does not follow the same trend. The OD at 260 nm decreases
from OD = 1.2, before irradiation, to OD = 0.2, after 10 min of
irradiation, and remains constant at OD~(.13 for 60 irradiation
minutes. We assign the OD plateau to thymine dimers’ dissoci-
ation and reconversion to thymine monomers. Prolonged UV
irradiation results in an equilibrium, established between the
thymine monomer and dimer, that is evidenced by the plateau of
OD vs. irradiation time, shown in Fig. 4. In contrast, the (6-4)
photoproducts do not convert back to thymine monomer, and
hence their concentration continues to increase as a function of
irradiation dose.
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a vt ———Thymine solution re-
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Fig. 2. (A) Absorption spectrum of thymine solution irradiated with 254-nm

light at 240 K and reirradiated at 300 K for 10, 20, and 30 min. (B) Change
in OD at 263.8 nm, after UV irradiation at 240 K followed by irradiation at
300 K, as a function of irradiation time (minutes).
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Fig. 3. Absorption spectrum of thymine solution irradiated with 254-nm UV
light for 0, 5, 10, 20, 30, and 60 min. (A) Decrease in OD as a function of
irradiation dose. (B) Same spectrum at OD interval 0 to 0.05. The band at
355 nm is due to the Hg lamp change intensity.

Fluorescence spectra. Aqueous thymine solution exhibits a weak
fluorescence, with a maximum at 325 nm, when excited at 260 nm
(Fig. 5). When this solution is irradiated with 254-nm light, at
240 K for 10 min, the 325-nm thymine fluorescence maximum
decreases and a new band with maximum at 375 nm is detected,
which we assign to the formation of the (6-4) photoproduct (34).
A much stronger fluorescence band of this photoproduct is
emitted when the irradiated solution of thymine is excited at 315
nm, where the absorption band has its maximum.

A lower concentration, 5.267 x 107> M, was selected for re-
cording these spectra because irradiation of higher concentrations
results in the formation of higher concentrations of (6-4) photo-
product, whose intense fluorescence masks the fluorescence
emitted by thymine monomers. As a result, the decrease in thy-
mine fluorescence is not clearly observed when a higher concen-
tration of thymine solution is irradiated.

The fluorescence emission spectra of the nonirradiated and
irradiated thymine solutions, excited at 315 nm, are shown in
Fig. 64. A new band at 375 nm is recorded, which corresponds to
the fluorescence maximum of the (6-4) photoproduct (34) that
increases with irradiation dose.

UV irradiation of thymine solution results in the increase of
the fluorescence band intensity at 375 nm and also in increase of
the absorption intensity at 315 nm (Fig. 6B). From these data, we
conclude that the (6-4) photoproduct concentration increases
with irradiation dose. We also observed that while the (6-4)
photoproduct has an intense fluorescence spectrum the thymine
dimer does not emit any detectable fluorescence. This is due to
the presence of conjugation in (6-4) photoproducts and its ab-
sence in thymine dimers.

The synchronous fluorescence spectra of the nonirradiated
and irradiated thymine solutions are shown in Fig. 74, where
A\ = 50 nm. The band with maximum at 369 nm is assigned to
the (6-4) photoproduct. Fig. 7B shows the increase in intensity at
369 nm as a function of irradiation dose, which follows the same
trend as the fluorescence emission; this validates further the
369-nm fluorescence band assignment to (6-4) photoproducts.
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Fig. 4. Decrease in OD of thymine solution at 263.8 nm as a function of
irradiation time (minutes).

Raman spectra. The maximum at 1,666 cm™" in the Raman spectra
of the unirradiated thymine solution (Fig. 84) is assigned to
C4=0 and Cs=C; stretching vibrations (35-37). When thymine is
irradiated, this peak shifts to 1,687 cm™' (Fig. 8B). This shift
occurs because the Cs=Cg bond of the thymine monomer dis-
sociates, when irradiated, to form a single C-C bond with an
adjacent thymine monomer, thus forming a thymine dimer. As a
result, the stretching mode of the C4,=0O bond shifts toward
longer wavenumbers, as the = electrons localize and strengthen
this bond. Fig. 9 shows the change in the ratio of the maximum
intensities at 1,687 cm™! to 1,666 cm™! as a function of irradia-
tion time, where the red dots represent the ratio of the intensities
at 1,687 cm™! to 1,666 cm ™ for each spectrum recorded and the
blue line represents the average of the aforementioned ratios for
each irradiation time interval.

Fig. 9 shows clearly that thymine converts to the dimer during
the first 20 min of irradiation and then remains constant, sug-
gesting that the thymine dimer dissociates and converts back to
the monomer(s). As a result, an equilibrium is established be-
tween the dimers and monomers.

The maximum, at 1,361 cm™, in the Raman spectrum of thymine
solution is assigned to the symmetric deformation (umbrella
bending) of the CH3 group connected with an sp” hybridized
carbon atom (Cs atom in this case) (35, 37). When thymine
monomer is irradiated, the band intensity maximum decreases
with irradiation time, as is clearly depicted in Fig. 8. This occurs

140 4
] Non-irradiated thymine
120 E solution
3100
o : = Thymine solution irradiated
z 80 ] for 10 minutes at 240 K
G :
T 60 7
£
40
20
0
295 345 395 445 495
Wavelength (nm)
Fig. 5. Fluorescence emission spectra of nonirradiated and irradiated thy-

mine solutions excited at 260 nm.
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Fig. 6. (A) Fluorescence emission spectra of nonirradiated and irradiated

thymine solutions excited at 315 nm. (B) Change in fluorescence intensity at
375 nm with irradiation time (minutes).

because, upon irradiation of thymine monomers, the Cs=Cgs bond
dissociates and therefore the CH; group is no longer bonded to an
sp> hybridized carbon but to an sp® hybridized carbon.

The Raman scattering intensit;l of the bending frequency of
the CH; group, bonded to an sp” carbon atom, is known to be
very weak, and therefore it is often not observed by Raman
spectroscopy. This occurs because the polarizability of the CHj
group decreases owing to the loss of = electrons as the Cs=Cg
bond dissociates to form Cs—Cs. The change in the ratio of the
maximum intensities of the bonds at 1,687 cm™" to 1,361 cm™! as
a function of irradiation time is shown in Fig. 10, where the red
dots represent the ratio of the intensities at 1,687 cm™ to
1,361 ecm™ for each spectrum recorded and the blue line rep-
resents the average of the aforementioned ratios for each irra-
diation time interval.

The differences observed in the Raman bands of the thymine
monomer and dimer in the 2,850 cm™! to 3,200 cm™! spectral
region yield information concerning the mechanism of formation
of a thymine dimer by the combination of two monomers. It is
therefore necessary to assign the spectral band maxima in this
region to the corresponding bond vibrations. Fig. 114 shows the
Raman spectrum of thymine monomer: The broad maximum at
3,000 cm™! and the maximum at 2,966 cm™! are assigned to the
asymmetric C-H stretch of the CHj group; the intense band at
2,933 cm™' and weak peak at 2,896 cm~' are assigned to the
symmetric C-H stretching of the CH; group and the maximum at
3,068 cm™~! to C¢H stretch vibration (36, 37).

The C-H stretch is located at 2,850 cm™' to 2,990 cm™! when
the Cis sp3 hybridized, at 3,000 cm™! t0 3,100 cm™~! when the Cis
sp> hybridized, and at 3,300 cm™" when the C is sp hybridized.
This occurs because, as the bond strength increases, the stretching
frequency also increases. When the thymine monomer converts to
a dimer, the hybridization of the Cg atom changes from sp? to sp°,
due to the dissociation of the Cs=Cq bond. Fig. 114 shows that the
Ce—H stretch in the Raman spectrum of the unirradiated thymine
solution is located at 3,068 cm™ because Cg is sp> hybridized. As
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Fig. 7. (A) Synchronous fluorescence spectra of nonirradiated and irradi-

ated thymine solutions, AL = 50 nm. (B) Increase in the synchronous fluo-
rescence intensity at 369 nm as a function of irradiation time.

thymine is irradiated, the Cs=C4 bond dissociates and forms a
C-C bond with another similarly dissociated Cs=Cs bond of an
adjacent thymine monomer, forming the thymine dimer. As a

Non-irradiated thymine
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Fig. 8. Raman spectra, after baseline subtraction, in the 1,300 cam' to
1,750 cm™" region of (A) nonirradiated thymine and (B) thymine irradiated
with 254-nm UV light for 10 min.
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1,687 cm™" to 1,666 cm™ as a function of irradiation time (minutes).

result, the C, becomes sp® hybridized, and the maximum at
3,068 cm ™! is expected to shift below 3,000 cm ™, owing to dimer
formation. To that effect, we observed that with UV irradiation
the band with maximum at 3,068 cm ™" vanishes and a new band
with maxima at 2,986 cm™! appears. This intense and broad band
is a superimposition of several vibrational bands (Fig. 11B).

Previous studies have reported the presence of a weak maxi-
mum, at 1,246 cm™!, in the Raman spectrum of thymine solution,
which was assigned to the ring-stretching vibration of thymine
(35, 37). We have recorded the same maximum in the Raman
spectrum of DNA which is assigned to thymine ring-stretching
vibration. In order to observe this maximum, we used the 100x
objective to record the Raman spectrum.

Fig. 12 shows the Raman spectra of the unirradiated and ir-
radiated thymine solution recorded using the 100x objective.
The maximum at 1,246 cm™" begins to decrease in intensity after
UV irradiation and vanishes after 10 min of continuous irradi-
ation. A similar decrease is also observed when DNA solution is
irradiated, as discussed later in this paper.

Irradiation of DNA Solution. The Raman spectra of nonirradiated
and UV-irradiated DNA solutions are shown in Fig. 13. The
maximum at 1,375 cm™' in the Raman spectra of the unirradi-
ated DNA solution (Fig. 84) is assigned to Raman vibrational
bands of thymine, adenine, and guanine. When DNA solution is
irradiated a decrease in this band is observed (Fig. 8B). A similar
decrease at 1,361 cm™ was also detected in the Raman spectrum
of the UV-irradiated thymine solution. The decrease in this band
in DNA can, therefore, be attributed to the dissociation of the
thymine base, as the UV irradiation-induced purine photo-
products are shown to be several orders of magnitude smaller
than thymine photoproducts (16, 17).

Fig. 14 shows the change in the maximum intensity at 1,375 cm™
as a function of irradiation time, where the red dots represent the
intensity at 1,375 cm™" for each spectrum recorded and the blue line
displays the average of the aforementioned intensities for each
irradiation time interval. It is evident that the decrease in the
maximum at 1,375 cm™! follows the same trend observed in the
thymine solution.

The maximum at 1,248 cm™ in the Raman spectra of the
unirradiated DNA solution (Fig. 8) is assigned to the Raman
vibration of thymine (38, 39). The same band observed in the
Raman spectrum of thymine is assigned to the ring-stretching
vibration of thymine. As DNA is irradiated with UV light thy-
mine photoproducts are formed whose formation alters the ring-
stretching vibration and causes a decrease in the intensity of this
band. We observed a similar change in this Raman band when

1

1
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Fig. 10. Change in ratio of the peak Raman intensities of thymine at
1,687 cm~" to 1,361 cm™" as a function of irradiation time (minutes).

thymine was irradiated in frozen solution: The band at 1,246 cm™

in the Raman spectrum of thymine solution vanishes within 10 min
of UV irradiation.

The broad band that we recorded at 1,665 cm™! is due to the
superimposition of Raman bands of thymine, cytosine, and gua-
nine, in agreement with ref. 38. We observed a decrease in this
Raman band which is similar to that seen in the Raman spectrum
of thymine solution after UV irradiation.

Fig. 15 shows the change in the maximum intensity at 1,665 cm™
as a function of irradiation time, where the red dots represent the
intensity at 1,665 cm™" for each spectrum recorded and the blue line
represents the average of the aforementioned intensities for each
irradiation time interval.

It is interesting to note that the changes in the Raman spectra
of nonirradiated and irradiated DNA solutions display changes

1
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Fig. 11. Raman spectra of (A) nonirradiated thymine and (B) thymine irra-

diated with 254-nm light for 10 min in the 2,850 cm™" to 3,100 cm™~' region.
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Fig. 12. Change in the thymine Raman maximum intensity at 1,246 cm™’,

corresponding to the ring-stretching vibration, on irradiation with
254-nm light.

similar to those observed in the Raman spectrum of nonirradi-
ated and irradiated thymine solutions. Therefore, we have shown
that the formation of thymine photoproducts in DNA can be
realized spectroscopically by Raman analysis.

The spectral changes reported in this paper strongly support
the mechanism that is proposed for the formation of a Cs—Cg
bond of thymine dimer from the Cs=Cg bond of the thymine
monomer and its subsequent dissociation due to further irradi-
ation. This process is also responsible for the irradiation-induced
DNA thymine dimer formation that prohibits DNA replication
and subsequently initiates DNA reconstruction with further ir-
radiation owing to dimer dissociation.

Discussion

By means of Raman spectroscopy we have identified the for-
mation of thymine dimers in both thymine and DNA which are
crucial for the determination of live and dead bacteria ratio
owing to the fact that dimer formation hinders the replication of
bacterial DNA (21). In this study, the mechanism of thymine
dimer formation and dissociation has been identified by their
Raman spectral band changes as a function of irradiation dose.
The absorption, fluorescence, and synchronous fluorescence
were also recorded and analyzed for nonirradiated and irradi-
ated thymine solutions. Upon UV irradiation, the formation of a
new fluorescence band was detected with maximum at 375 nm,
which we assigned to (6-4) photoproducts. The fluorescence in-
tensity of these photoproducts increased with irradiation dose,
indicating continuous (6-4) photoproduct formation as a function
of irradiation dose. We also recorded the Raman spectral bands of
the thymine monomer located at 1,666 em™! and 3,068 cm™ that
shift to 1,687 cm™" and 2,986 cm™, respectively, upon UV irra-
diation. We find that the thymine monomer Raman bands with a
maximum at 1,361 cm™! and 1,246 cm™! decrease and eventually
vanish upon continuous UV irradiation. We conclude, therefore,
that these changes in the Raman spectra occur due to the for-
mation of thymine dimers. Furthermore, the plot of the ratio of
the band intensities as a function of irradiation time shows that the
conversion of thymine to dimers and (6-4) photoproducts slows
after 20 min of irradiation and begins to saturate owing to the
establishment of an equilibrium between thymine monomer and
dimer concentration. We also established that this trend is similar
to the decrease of the thymine absorption maximum at 263.8 nm.
The observed continuous increase of the (6-4) photoproducts is
due to the fact that these photoproducts do not convert back to
thymine monomer, in contrast to the photo-reversible dimer. Four
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Fig. 13. Normalized Raman spectra in the 1,150 cm~" to 1,750 cm™" region
of nonirradiated DNA (blue) and DNA irradiated for 30 min with 254-nm UV
light (red).

experiments carried out under the same experimental parameters
were compared, and the data were found to be identical. We also
recorded the Raman spectrum of nonirradiated and irradiated calf
thymus DNA and observed that the bands at 1,375 em™, 1,248 cm ™,
and 1,665 cm™! all decrease in intensity with UV irradiation,
which is very similar to that observed in Raman spectrum of UV-
irradiated thymine.

Materials and Methods

UV Irradiation of Thymine Solution. One milliliter of aqueous thymine solution,
1.5342 x 107 M, at 240 K, was irradiated with 254-nm, 0.66 mW/cm? light
emitted by an Hg (Ar) pencil lamp. A bandpass UV filter, with 23.82% trans-
mittance at 254 nm, was used to filter out wavelengths other than 254 nm;
however, a minimal amount of 302-nm, 312-nm, and 365-nm lines were also
transmitted. A quartz lens focused the transmitted light onto the sample. The
procedure followed for UV irradiation was as follows: 1 mL of thymine solution
was frozen for 10 min then irradiated for time intervals of 5, 10, 20, 30, and
60 min and subsequently allowed to thaw at room temperature for 10 min.

Absorption, Fluorescence, and Raman Spectra of Thymine Solution. The ab-
sorption, fluorescence, and Raman spectra were recorded using Shimadzu
UV160U spectrophotometer, Shimadzu RF-6000 fluorophotometer, and
Horiba XploRA PLUS Raman microscope, respectively. The absorption and
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Fig. 14. Change in the Raman intensity of DNA at 1,375 cm™ assigned to
the vibrational bands of thymine, adenine, and guanine as a function of
irradiation time (minutes).
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Fig. 15. Change in the Raman intensity of DNA at 1,665 cm™" assigned to
the vibrational bands of thymine, guanine, and cytosine as a function of
irradiation time (minutes).

fluorescence spectra of nonirradiated and irradiated thymine solutions were
recorded for each irradiation period of time and dose. The spectra were
recorded at room temperature in a 1-cm optical path length quartz cuvette.
The spectral resolution of the absorption measurements was 2 nm and the
emission and excitation bandwidths were 3 nm, unless otherwise stated.

A 5-pL drop of the thymine solution was placed on a mirror and dried and
subsequently Raman spectra were recorded before irradiation and after each
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