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ABSTRACT: The assessment of DNA damage by means of appropriate
fluorescent probes is widely spread. In the specific case of UV-induced
damage, it has been suggested to use the emission of dimeric
photoproducts as an internal indicator for the efficacy of spermicidal
lamps. However, in the light of fundamental studies on the UV-induced
processes, outlined in this review, this is not straightforward. It is by now
well established that, in addition to photodimers formed via an electronic
excited state, photoionization also takes place with comparable or higher
quantum yields, depending on the irradiation wavelength. Among the
multitude of final lesions, some have been fully characterized, but others
remain unknown; some of them may emit, while others go undetected
upon monitoring fluorescence, the result being strongly dependent on
both the irradiation and the excitation wavelength. In contrast, the
fluorescence of undamaged nucleobases associated with emission from ππ* states, localized or excitonic, appearing at wavelengths
shorter than 330 nm is worthy of being explored to this end. Despite its low quantum yield, it is readily detected nowadays. Its
intensity decreases due to the disappearance of the reacting nucleobases and the loss of exciton coherence provoked by the presence
of lesions, independently of their type. Thus, it could potentially provide valuable information about the DNA damage induced, not
only by UV radiation but also by other sanitizing or therapeutic agents.

1. INTRODUCTION
Numerous studies report detection of DNA damage by
monitoring the fluorescence of appropriate labels chemically
attached to nucleic acids, of intercalating dyes, or even that of
tryptophane and tyrosine present in bacterial membranes,1−11

with the objective to control the progress of therapeutic
treatments or the efficacy of various sanitizing agents. In the
specific case of damage induced by UV radiation, an alternative
method was suggested, exploiting the emission of a particular
class of UV-induced lesions, the pyrimidine (6−4) pyrimidone
photoadducts (abbreviated as 64PP). It was first proposed five
decades ago by Hauswirth and Wang, who examined a series of
model dimeric compounds, as well as calf thymus and influenza
virus DNA in solution.12 They found that the fluorescence
intensity monitored at 400 nm with excitation at 310 nm
increases linearly with the irradiation dose. This perspective
resurfaced recently, in the context of the COVID-19 pandemic,
with the increasing utilization of germicidal lamps for
disinfection purposes.13−19 Surprisingly, despite the fact that
the SARS-CoV-2 virus genome is composed of single-stranded
ARN, the most recent studies focused mainly on thymine
phototoproducts.20,21 The fingerprint of 64PP was searched in
irradiated DNA duplexes, both synthetic and genomic; while the
authors concluded that their emission appears in the systems

containing adenine-thymine pairs, they also noticed unexpected
spectral alterations in the absence of such pairs.21

From an opposite standpoint, the alteration of the intrinsic
DNA fluorescence during spectroscopic measurements has been
a serious obstacle to its characterization (Figure 1). However,
the problem was overcome thanks to specific experimental
protocols.22,23 Boosted by the development of the femtosecond
spectroscopy23−26 and the availability of UV-sensitive detectors,
our understanding of the DNA fluorescence advanced rapidly. It
was shown that its properties are modulated by the secondary
structure, with the electronic coupling among nucleobases
playing a pivotal role.23,27 Recently, the use of the intrinsic
fluorescence of nucleic acids for analytical purposes, such as the
screening of a large number of sequences,28 the detection of
target DNA29 and Pb2+ ions,30 or the authentication of COVID-
19 vaccines,31 started to be explored.
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In parallel, our comprehension of the fundamental processes
leading to DNA damage upon direct UV absorption made
considerable progress. The picture emerging from time-resolved
spectroscopic techniques, associated with computational and
analytical methods, is more complex than initially thought.
Thus, for example, it was shown that energy transfer among
nucleobases provokes remote photodamage33 and that photo-
induced charge separation may lead to self-repair of the damage
in the absence of proteins.34 Likewise, it was evidenced that
photoionization, more efficient at short wavelengths,35 is still
operative over the entire absorption spectrum of DNA.36

The objective of the present review is to examine how the
changes, both chemical and conformational, resulting from the
DNA damage, may affect its intrinsic fluorescence. It is not
intended to be exhaustive regarding the various aspects that are
tackled−such specialized reviews already exist and they are cited.
It simply outlines recent advances on the fundamental processes
triggered in DNA by direct photon absorption, whose outcomes
have not yet penetrated the scientific communities working on
the DNA damage, as well as on the development of UV
sanitizing equipment and associated sensing devices. It
endeavors to establish a connection among topics that are
usually not treated together. The effort is worth it because,
should the above approach prove reliable, it would greatly
facilitate the development of sensing devices. The reason is that
it does not require the synthesis of nucleic acids containing
labels and bypasses uncertainties arising from noncovalent
interactions between nucleic acids and dyes.

The review is structured as follows. In Section 2 we examine
the main factors governing the fluorescence of undamaged
DNA. In Section 3 we discuss the fluorescence properties of
dimeric photoproducts in relation with the quantum yields of
their formation. In Section 4 we present the photoionization
mechanisms, comparing their efficiency with those of photo-
dimerization reactions. In Section 5 we discuss in a global way
the effect of the DNA damage on its intrinsic fluorescence.
Finally, we argue that the decrease of the intrinsic fluorescence
of undamaged DNA at short wavelengths should be more
informative regarding its damage compared to that of the
numerous lesions.

2. FLUORESCENCE OF UNDAMAGED DNA
Measurements on the intrinsic fluorescence of undamaged DNA
reported in the recent literature concern, in addition to steady-
state spectra, the determination of fluorescence decays and
fluorescence anisotropies from the femtosecond to the nano-

second time scales, as well as time-resolved spectra.23−25,37−42

The latter have largely contributed to comprehending the
factors governing photon emission. The main outcomes of these
studies are highlighted in ref 23. The emission stemming from
guanine quadruplexes (G-quadruplexes) is outlined in ref 43, in
view of its potential application in biosensors. Below we focus
mainly on single and double strands, drawing attention to
aspects that are important in relation to damage detection.

2.1. Large Range of Quantum Yields. The early
observation that the fluorescence quantum yields (Φfl) of
nucleic acids at room temperature are extremely low,44

associated with the above-mentioned technical difficulties to
characterize its emission properties correctly, created the
reputation of DNA as nonfluorescent. However, the most
recent studies showed that the Φfl of nucleic acids exhibits
variations of at least 2 orders of magnitude, depending on the
examined system and the excitation wavelength.

The Φfl determined for the mononucleosides and mono-
nucleotides of the four major bases fall in the range of (0.7−1.5)
× 10−4.45 Such low values, concomitant to ultrafast decays of
their bright excited states, are due to the existence of conical
intersections connecting the potential energy surfaces of the first
singlet excited state and the ground state.46 However, the
monomeric chromophores of minor, also naturally occurring
nucleobases, such as the epigenetic ones, may exhibit
significantly higher Φfl values; for example, 5.6 × 10−4 for 5-
methyl cytidine47 or 3.8 × 10−3 for N7-methyl guanosine.48

Going form monomeric to multimeric nucleic acids, the
fluorescence behavior becomes much more complex, strongly
depending on the secondary structure. The ranges of the Φfl
values determined for monomers and multimers23,43,49−51

containing solely major nucleobases are depicted as histograms
in Figure 2. Notably, the emission of G-quadruplexes may be up
to 1 order of magnitude more intense compared to their
constitutive monomeric chromophores.43

When the excitation wavelength moves toward longer
wavelengths, dramatic changes are observed in the fluorescence.
In this respect, we note that both genomic and synthetic DNA
exhibit a long absorption tail extending over the UVA spectral
domain.52,53 And the Φfl determined for the duplex dA20•dT20
with excitation at 335 nm (2 × 10−2) is 2 orders of magnitude
higher than that determined for the same system with excitation
at 267 (3 × 10−4).54 Moreover, the UVA induced fluorescence of
dA20•dT20 is significantly higher compared to that of its
constitutive single stands dA20 and dT20 (Figure 3).

Figure 1. Alteration of the fluorescence of calf thymus DNA due to its
damage by femtosecond laser pulses at 267 nm. Fluorescence spectra
recorded exciting at 255 nm before (blue) and after (red) irradiation.
Reprinted from ref 32. Copyright ACS 2010.

Figure 2. Dependence of the fluorescence quantum yield on the
secondary DNA structure: mononucleotides (yellow), single strands
(cyan), duplexes (pink), and G-quadruplexes (green). The shaded
areas indicate the range of Φfl values determined for each type of
structure with excitation at 255−270 nm.
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2.2. Excited States Responsible for DNA Fluorescence.
Due to the proximity of nucleobases within DNA multimers,
they may be electronically coupled. This means that the excited
states are delocalized over two or more of them (collective
states). The electronic coupling depends on both the type of
nucleobases and their geometrical arrangement. It determines
the excited states responsible for photon absorption giving rise
to the well-known hypochromism55,56 exhibited by duplexes at
260 nm and the long absorption tail in the UVA spectral
domain.57 It also affects the shape of the fluorescence spectra
and the associated quantum yields (Figure 3).

For a specific sequence and secondary structure, the
electronic coupling is influenced by the conformational disorder
of the nucleic acid.58,59 The amplitude of this disorder depends
on the duplex size60,61 and the ionic strength of the solution,62

both factors affecting the DNA photophysical properties.23,42

Given the dependence of the electronic coupling on the
conformational disorder, the absorption and fluorescence
spectra of DNA multimers are the envelope of a multitude of
electronic transitions. Emission stems from various types of
electronic excited states, localized on individual nucleobases or
collective, some of them being stronger emitters than others. We
can distinguish two limiting cases of collective emitting states:
excitons, which can be viewed as linear combinations of the
bright excited states (ππ*) of individual nucleobases; and
excited charge transfer (CT) states, involving two stacked
nucleobases, with an atomic charge being transferred between
them. However, the majority of the emitting states have mixed
ππ*/CT character.

In duplexes, the fingerprint of collective states with dominant
exciton character appears mainly at short wavelengths of their
emission spectrum; they can be differentiated from the localized
ππ* states via their lifetime and their anisotropy.23,42 A typical
example is the duplex d(GC)n•d(GC)n, whose narrow
fluorescence spectrum, peaking at ∼300 nm (Figure 4a), has
been correlated with excitons extended over at least four
nucleobases across both strands.64 CT states are devoid of
oscillator strength and, in principle, do not fluoresce. But if the
charge transfer is not complete, they may emit weakly at long
wavelengths; their fluorescence usually appears as a long tail on
the visible spectral domain. Finally, some nucleic acids exhibit a
second emission band, located at longer wavelengths compared
to the ππ* emission and attributed to excimers/exciplexes. This
is the case of polymeric duplexes d(AT)n•d(AT)n duplexes,24,65

whose fluorescence peaks at 320 and 407 nm in (Figure 4b).66

For comparison, we mention that the fluorescence maxima of all
mononucleosides and mononucleotides are located below 334

nm,45 while those of equimolar mixtures corresponding to G•C
and A•T pairs at 330 and 325 nm, respectively.42

2.3. Strand Flexibility: A Key Player. Once an excited state
is populated by photon absorption within a DNA multimer, the
system finds itself out of equilibrium and, before decaying to the
ground state, it starts evolving so that to minimize its energy.
This process involves small geometrical rearrangements of the
nucleic acid itself, as well as reorganization of the aqueous
solvent and the metal cations in the vicinity. The extent in which
such modifications take effectively place depends on the
flexibility of the system. Conformational motions have a
dramatic effect on the excited state relaxation and, hence, on
the fluorescence. First, they tend to break down the coherence of
the exciton states formed by photon absorption. The latter may
evolve toward either ππ* states localized on single nucleobases
or toward CT states. Depending on the degrees of freedom, it is
also possible that the system reaches a minimum in the potential
energy surface of the first excited state involving two nucleobases
(excimers or exciplexes). Below we provide some examples
illustrating how these effects are manifested in the emission
spectra.

The rigidity of a duplex increases, among others, with the
number of hydrogen bonds per base pair: two for A•T pairs,
three for G•C pairs. Thus, the fluorescence spectrum of
d(GC)n•d(GC)n, dominated by emission stemming from long-
lived excited states with strong exciton character, is narrower and
located at shorter wavelengths compared to those of d(AT)n•d-
(AT)n and d(A)n•d(T)n (Figures 4b and 4c). Although the
spectra of the latter duplexes also contain such exciton
components,66,67 their contribution is smaller and other types
of emitting states are dominant.

Following the same reasoning, a given DNA sequence is much
more flexible as a single strand than when it is paired, forming a
duplex. Consequently, excimer/exciplex formation is easier in
single than in double strands. This is shown in Figure 5, where
the fluorescence spectra of two duplexes are presented together
with that of their purine-rich constitutive strand. The latter,
although they have numerous degrees of freedom, are
sufficiently structured so that to allow the interaction between
nucleobases. For the system with a random base sequence
(Figure 5a), we observe two peaks both for the single and the
double strand, at 326/322 nm and at 436 nm. But their relative
intensity is inversed, that at 436 nm being dominant in the case
of the single strand. A more drastic change is encountered for
adenine tracts. When they are paired with thymine single
strands, the adenine excimer band, peaking at 360 nm, is
completely suppressed and the entire fluorescence spectrum is
shifted to shorter wavelengths, peaking at 327 nm (Figure 5b).
This difference has been rationalized by quantum chemical

Figure 3. Steady-state fluorescence spectra of dA20•dT20, (red), dA20
(green), and dT20 (cyan). Excitation wavelength: 335 nm. The spectral
areas are proportional to the quantum yields. Adapted from ref 54.
Copyright ACS 2011.

Figure 4. Steady-state fluorescence spectra of polymeric duplexes with
simple repetitive sequence. The spectral areas are proportional to the
quantum yields (a) d(GC)n•d(GC)n, Φfl = 1.5 × 10−4; (b)
d(AT)n•d(AT)n, Φfl = 1.4 × 10−4; (c) dAn•dTn, Φfl = 3 × 10−4.
Excitation wavelength: 267 nm. Adapted from references 63 and 42.
Copyright ACS 2010 and 2023.
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calculations, which showed that structural constrains within the
duplex prevent the two involved adenines to adopt the
geometrical arrangement corresponding to the excimer.50,68

A comparison between the duplexes d(AT)n•d(AT)n and
d(A)n•d(T)n is also instructive. Molecular dynamics simu-
lations have shown that the amplitude of conformational
motions is significantly higher in the former duplex.58 Thus,
configurations appropriate for adenine-thymine exciplexes are
more likely to be reached in the case of the alternating sequence,
explaining the appearance of a second peak in its fluorescence
spectrum (Figure 4b).

In a more general way, any external factor hindering
conformational motions enhances the DNA fluorescence.69

The most striking effect is observed upon temperature lowering:
the Φfl at 77 K is 2 orders of magnitude higher compared to
room temperature;44 that is why the early studies on DNA
fluorescence were performed at such low temperatures.70,71 An
important enhancement is caused also by increasing the
viscosity of the solution.72

3. PHOTODIMERS
In this Section we examine the DNA lesions resulting from
reactions that occur on an excited state and involve two
nucleobases. The main representatives are cyclobutane
pyrimidine dimers (CPD) and 64PP;73 those formed by two
thymines are shown in Figure 6. But other types of photodimers
are also known. Although thousands of publications deal with
photodimers, only a few of them discuss fundamental processes
related to their formation, describe their photophysical proper-

ties or report quantum yields. And below we focus mainly on
them.

3.1. Cyclobutane Pyrimidine Dimers. CPD are the most
abundant dimeric photoproducts formed following UV
irradiation in both purified genomic DNA in solution (Table
1) and in cellular DNA.73 They absorb below 260 nm74 and

irradiation at their absorption band induces the reverse reaction,
regenerating the initial pyrimidines with a quantum yield close
to 1. There is no report on their fluorescence.

The excited states responsible for CPD formation are exciton
states, whose population requires an appropriate geometrical
arrangement.27,75 Their population in a given pyrimidine-
pyrimidine step is affected by neighboring nucleobases, with
which they may form CT states.76 Femtosecond transient
absorption experiments on thymine single strands showed that
the CPD formation occurs within 1 ps.77 The quantum yield of
their formation (ΦCPD) in these strands is constant along the
main absorption spectrum (50 × 10−3), but it drops abruptly to
10−4 for UVA irradiation,49 because exciton states are not
populated directly by UVA.78 While the ΦCPD determined for
UVC excitation decreases upon base pairing, the opposite trend
is observed for UVA irradiation.54

Coming to duplexes, the ΦCPD reported in the case of
d(A)20•d(T)20 is 22 × 10−3 and 0.5 × 10−3 for excitation at 266
and 330 nm, respectively.54 In double-stranded calf thymus
DNA, the thymine CPD represent ca. 56% of the ensemble of
detected CPD (ΦCPD ∼ 10−3, Table 1), this percentage being
affected by the ionic strength of the solution and the
temperature.79

3.2. Pyrimidine (6−4) Pyrimidone Photoadducts.
According to quantum chemical calculations, 64PP are formed
via an excited CT state.27 In TC steps, the reaction evolves
directly toward the 64PP, while in TT and CT steps, an oxetane
intermediate is initially formed. Transient absorption measure-
ments on (dT)20 showed that the oxetane intermediate is
transformed to 64PP within 4 ms.83 Moreover, the existence of
an energy barrier in the photoreaction leading to the oxetane
intermediate accounts for the decrease of the quantum yield
(Φ64) for T-T 64PP observed upon increasing the irradiation

Figure 5.Comparison of duplex fluorescence spectra (red) with that of
the constitutive purine rich single strand (green). (a) d-
( C G G A C A A G A A G ) • d ( C T T C T T G T C C G ) a n d d -
(CGGACAAGAAG). Adapted from ref 51. Copyright RSC 2013. (b)
d(A)20•d(T)20 and d(A)20. Adapted from ref 54. Copyright ACS 2007.
Excitation wavelength: 267 nm. The intensities are normalized at the
maximum.

Figure 6.Chemical formulas of thymine dimers: cyclobutane dimer (CPD), (6−4) photoadduct (64PP), and spore photoproduct (SP). R denotes the
backbone.

Table 1. Quantum yields (Φ × 104) Determined for the
Formation of Selected Photoinduced Species in Genomic
DNA Following Irradiation at 254/266 nm

CPDa 64PPa AA*b A�Ab TA*a (G−H)•a 8-oxodGa

9.879 3.279 0.0680 0.1980 0.1481 2036 0.582

aCalf thymus DNA. bEscherichia coli.
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wavelength.49 The direct, one-step mechanism, explains why the
quantum yield of T-C 64PP in calf thymus DNA is significantly
higher compared to those of the T-T and C-T analogs (Table 2);
no C−C 64PP were detected in this case.79

Hauswirth and Wang determined the Φfl of model 64PP
formed just by two pyrimidines.12 Two decades later, Blais et al.
published an extensive study on the 64PP fluorescence and
evidenced the effect of various factors (types of nucleobases,
phosphate group, dehydration) on both their absorption and
emission spectra, as well as on their Φfl (Table 2).84 That found
for the T-T 64PP (0.028) is in good agreement with the value
determined later by Marguet and Markovitsi for the same lesion
formed within (dT)20, whose fluorescence maximum is located
at 394 ± 2 nm (Figure 7).83

In view of the Φ64 and Φfl values in Table 2, it appears that for
relatively short excitation wavelengths (290−315 nm) of
irradiated double-stranded calf thymus DNA, T-C 64PP should
be stronger emitters than that T-T 64PP. And their combined
fluorescence is expected to peak a slightly below 400 nm.

Light absorption by 64PP leads to formation of Dewar valence
isomers which are not fluorescent.87 A study of T-T 64PP,
combing time-resolved experiments and quantum chemistry
calculations, showed that the formation of Dewar valence
isomers takes place on the excited singlet state with a quantum
yield of about 8%.88

3.3. Spore Photoproduct. Although this review is
concerned with the processes taking place in purified DNA
dissolved in aqueous solution, we cannot omit to mention the
so-called spore photoproduct (SP),89 which is formed in
microbial organisms, targeted precisely by the sanitizing UV
lamps. Its formation involves two thymines and was identified as

5-thyminyl-5,6-dihydrothymine (Figure 6). When the hydration
of DNA is low and it adopts A-form configuration, SP is by far
the dominant bispyrimidine photoproduct detected following
UVC irradiation (93%). Its absorption spectrum peaks at 265
nm with a molar absorption coefficient of 8200 M−1Lcm−1.
There is no information regarding its fluorescence properties.

3.4. Other Types of Photodimers. Early experiments
demonstrated that irradiation at 254 nm leads to the formation
of two different types of adenine dimers, AA* and A = A (Figure
8), and suggested that they have a common azetidine

intermediate.90 Later, studies combining quantum chemistry,
molecular dynamics and time-resolved spectroscopy, identified
the reaction path in the first excited state leading to this
intermediate, whose lifetime is comprised between 2 s and a few
minutes.91 The quantum yield for adenine dimer formation in
(dA)n is 3 × 10−3, but it drops by at least 1 order of magnitude in
double-stranded DNA (Table 1).80

A dimeric photoproduct, coined TA* and identified as 1,3-
diazacyclooctatriene, is formed only in TA steps with a quantum
yield of 5 × 10−4 in (dAT)n single strands, 1 × 10−4 in
d(AT)n•d(AT)n and 1.4 × 10−5 in duplex calf thymus DNA.92,93

When generated in dTpdA dinucleotides, its absorption appears
at longer wavelengths, between 290 and 340 nm.81 The reaction
involves a cyclobutane-like intermediate formed from an exciton
state with significant CT character.94 Another “adenine-
thymine” reaction product was detected in irradiated calf
thymus DNA;95 although its quantum yield is at least twice as
high as that of TA*, its structure has not been characterized yet.

According to an article published in 1986, adenine−adenine,
adenine-thymine, adenine-guanine and guanine−guanine pho-
todimers would give rise to more or less intense fluorescence.96

However, those measurements were not performed with well-
defined structures, as determined in later studies.

4. PHOTOIONIZATION
In this section we discuss the one-photon ionization process,
according to which a single photon absorbed directly by DNA
induces ejection of an electron and generates an electron hole
(radical cation) on the nucleic acid. Radical cations are
precursors to oxidative damage. The study of photoionization
by nanosecond transient absorption has brought valuable
information because it allows determination of the associated
quantum yields Φi and characterizes the time evolution of the
generated radicals in a quantitative way. Intense laser sources
may provoke two-photon ionization, according to which a first
photon populates an excited state, while a second photon
absorbed by this excited state provokes electron ejection. This
method allows discriminating chemical species formed in an

Table 2. Selected Properties of Pyrimidine (6-4) Pyrimidone
Photoadducts

Φ64 × 104a λabs,max
b(nm)

εmax
b

(L mol−1cm−1) λfl,max
b(nm) Φfl

b

T-T 0.33 325 4600 393 0.028
T-C 2.86 315 1400 397 0.007
C-T 0.01 325 3500 400 0.015

aFormation quantum yields (Φ64) in double-stranded calf thymus
DNA for irradiation at 254 nm.79 bPhotophysical properties
determined for dinucleoside monophosphates 64PP; λabs,max:
absorption maximum; εmax: maximum molar absorption coefficient;
λfl,max: fluorescence maximum.84,85

Figure 7. Normalized steady-state fluorescence spectra. Red: (dT)20
after irradiation at 255 nm (excitation at 320 nm). Green: 8-oxodG
(excitation at 255 nm). Adapted from references 49 and 86. Copyright
ACS 2005 and 2012.

Figure 8. Schematic drawing of the two adenine photodimers.
Reprinted from ref 91. Copyright ACS 2016.
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excited state from those stemming from radical cations, whose
ratio decreases with increasing laser.91,97−99

4.1. Two Different Mechanisms of Electron Photo-
ejection. For long it was considered that only high-energy
photons, corresponding typically to wavelengths shorter than
210 nm, are capable of ionizing DNA. But on 2005, Kawai et al.
observed electron ejection from a telomeric G-quadruplex
following UVB irradiation.100 Later on, more sensitive experi-
ments, performed with 266 nm excitation, determined one-
photon ionization quantum yields (Φi) for a large number of
DNA structures. These measurements, combined to quantum
chemistry calculations,27 revealed that the low-energy photo-
ionization mechanism differs from that operative at high-
energies.36,101

At high energies, the electron is detached directly upon
photon absorption, without any prior geometrical rearrange-
ment. The Φi of calf thymus DNA at 193 nm (0.04102/0.06103)
is roughly the average of the values found for its monomeric
constituents.

At low-energies, Φi depends strongly on the secondary
structure. The highest values, up to 1.5 × 10−2, were found for G-
Quadruplexes,43 but could not be determined for mononucleo-
sides and mononucleotides (Φi < 5 × 10−4). Those obtained for
selected single and double strands are presented in Table 3.

Low-energy photoionization takes place via a multistep
indirect mechanism. A small fraction of the CT states populated
during the excited state relaxation may undergo charge
separation, already evidenced for DNA.34,104 Finally, under the
effect of conformational motions, which may prevent charge
recombination, the electron is ejected from the “negatively
charged” nucleobase, whose ionization potential is much lower
compared to that of “neutral” ones. In view of this mechanism,
electron ejection is in principle possible as far as photon
absorption leads to the population of a CT state, explaining its
observation upon UVB irradiation.100

The electron holes formed either via high- or via low-energy
irradiation, following a charge transfer process, eventually reach
the sites with the lowest oxidation potential, i.e. guanines, or, in
the absence of guanines, adenines.36,105,106 In all cases, the
concentration of the generated purine radicals was found to be
the same as that of the hydrated ejected electrons.

As the Φi values determined for high-energy photoionization
are much higher than those found for the low-energy process
(20−30 times for calf thymus DNA), far-UVC lamps are likely to
be more efficient in provoking oxidative damage than the
medium range UVC lamps. This contrasts with ΦCPD, which is
constant over the wavelengths corresponding to the thymine
ππ* transitions.49 And the maximum molar absorption
coefficients of the thymidine chromophore are similar at high
and low-energies.107

4.2. Fate of Generated Radical Cations. Purine radical
cations are unstable in neutral aqueous solution and tend to lose
a proton. The proton lost by the guanine radical cation in single
and double strands is shown in Figure 9a; a more complex
pattern was found in G-quadruplexes, described in detail in
references 108 and 109. The deprotonation process in single and
double strands, occurring on the nanosecond time scale,109,110 is

faster than other reaction paths. Consequently, the quasi-entire
population of the radical cations undergoes deprotonation. In
calf thymus DNA, the quantum yield for the formation of
deprotonated radicals (G-H)• at 266 nm equals that of the
photoionization process (Table 1), the experimental error being
±5%.109 This has important consequences regarding the final
damage, because radical cations and deprotonated radicals give
rise to different reaction products.111 For example, 8-oxo-7,8-
dihydroguanine (8-oxodG; Figure 9b) and 2,6-diamino-4-
hydroxy-5-formamidopyrimidine (FapydG) stem from radical
cations, which undergo further reactions upon photon
absorption.112,113 Oxidative lesions resulting from deprotonated
radicals include imidazolone, oxazolone, strand breaks and
cross-links between purines and pyrimidines.114,115

Notwithstanding the important range of oxidative lesions
reported in the literature, quantum yields are blatantly lacking.
The reason is that, the large majority of studies were performed
using external oxidants, which do not allow quantification of the
final reaction products in respect to the initially generated radical
cations. In addition, such experiments require that all the species
added in the solutions (oxidants, buffer ingredients) are of high
purity, because impurities may react with radicals formed at very
low concentrations.116

A quantitative correlation of the final oxidative lesions with
the initially formed radical cations can be achieved by combining
time-resolved spectroscopy with analytical techniques. Although
high-energy photoionization studies performed in the 1990s
brought valuable information,102,117,118 they encountered
limitations in this respect, due to the fact that 193 nm laser
pulses, ionize, not only the DNA, but also the water,119

provoking side reactions. And the low-energy photoionization
started to be systematically studied less than 10 years ago. The
only quantum yield values associated with the latter studies
concern 8-oxodG: it is 5 × 10−5 in calf thymus DNA irradiated at
254 and 295 nm,82 corresponding to 2.5% of the UV generated
radical cations, in perfect agreement with the finding that more
than 95% of the radical cations undergo deprotonation.36 A
higher percentage (7%) was found for 8-oxodG formation in
irradiated human telomeric G-quadruplexes, where part of the
radical cations survive longer than in duplexes and have more
time to react.120 The fluorescence properties of 8-oxodG have
been fully characterized; its emission spectrum peaks at 354 nm
(Figure 7) and the Φfl is 5 × 10−5.86

Despite the lack of quantitative characterization of the
ensemble of lesions resulting from photoionization, recent
publications provide interesting indications.

Table 3. Photoionization Quantum Yields at 266 nm (Φi × 103) of Selected Single and Double Strandsa

d(T)20 d(A)20 d(A)20•d(T)20 d(AT)10•d(AT)10 d(GC)5•d(GC)5 CT-DNAb

<0.5 1.1 ± 0.1 1.4 ± 0.1 1.1 ± 0.2 1.2 ± 0.2 2.0 ± 0.2
aValues from reference 36. Copyright ACS 2020. bCalf thymus DNA.

Figure 9. Chemical formulas of (a) guanosine and (b) 8-oxodG. The
proton encircled in (a) is that lost upon deprotonation of the radical
cation in single and double strands. R denotes the backbone.
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Kufner et al. developed a novel method for the detection of
sequence-dependent UV damage with associated quantum
yields.121 After exposing a large number of short single strands
to 266 nm irradiation, they observed damage in sequences
GTGT and GGGT, in which photodimers are not expected to
be formed. The latter could correspond to guanine-thymine
cross-linked adducts resulting from deprotonated radicals.115

Carroll et al. reported that, after irradiation of polymeric
d(GC)n•d(GC)n and d(AT)n•d(AT)n at 254 nm, they
observed an important decrease (∼30%) in the intensity of
the initial absorption peak at ∼260 nm; under the same
irradiation conditions, the corresponding decrease observed for
calf thymus DNA amounts to 53%.21 These relative numbers
cannot be explained by the induction of dimeric photoproducts,
which are not expected to be formed in d(GC)n•d(GC)n and
their yield in d(AT)n•d(AT)n should not exceed 3 × 10−5,95

while it is 1.3 × 10−3 for calf thymus DNA.79 In contrast, the Φi
values of all three systems are quite similar: 1−2 × 10−3 (Table
3).

The spectra obtained by Carroll et al. for d(AT)n•d(AT)n
irradiated at 254 nm exhibit a red tail extended to, at least, 365
nm.21 In contrast, the red tail induced by 254 nm irradiation of
the dinucleotide dTpdA does not exceed 345 nm.92 Using as
irradiation source laser pulses at 266 nm and varying their
intensity, it was established that the reaction products resulting
from photoionization of d(AT)10•d(AT)10 absorb at longer
wavelengths compared to those due to photoreactions99 (Figure
10). This is in agreement with the UV-induced absorption

spectra of dTpdA, which does not undergo one-photon
ionization at 266 nm;36 therefore, the red tail appearing upon
their irradiation is limited to shorter wavelengths than that of
d(AT)10•d(AT)10 undergoing photoionization (Table 3).

5. EFFECTS OF THE DNA DAMAGE ON ITS
FLUORESCENCE

According to the points discussed in the previous sections, the
DNA damage will affect its intrinsic fluorescence in two ways.
On the one hand, some of the generated lesions will emit at
different wavelengths in respect to the undamaged DNA. On the
other hand, lesion formation will alter the emission stemming
from undamaged nucleobases. Below we compare the
information conveyed by these two effects regarding the extent
of DNA damage.

5.1. Lesion Fluorescence: Too Many Variables. The
rational underlying the suggestion that lesion fluorescence can
be used in order to check the efficacy of UV germicidal
equipment is that this emission has well-identified features,

which can be correlated with the degree of damage. But this is far
from true. First, because the formation and the fluorescence
quantum yields of 64PP, acting as internal fluorescent probes,
strongly depend on the constitutive pyrimidines, the variations
being higher than 1 order of magnitude (Table 2). Second, 64PP
are probably not the most fluorescent lesions. In this respect, the
findings by Carroll et al. are again very informative. The
fluorescence spectra obtained following irradiation of calf
thymus DNA at 254 nm peak at 402 nm. Surprisingly, the
corresponding excitation spectra, as well as those recorded of
d(A)n•d(T)n, peak at 298 nm, i.e. they are blue-shifted by at
least 17 nm compared to the absorption spectra of the three
64PP (Table 2). And, as these authors stressed, a similar
fluorescence band, albeit less intense, appears upon irradiation
of d(AT)n•d(AT)n.

The above discrepancies are not surprising given that, despite
the large number of final lesions that have been well
characterized to date, many of them remain unknown. They
concern in particular oxidative lesions ensuing from deproto-
nated radicals. Thus, the photoionization quantum yield at 266
nm (2 × 10−3) of double-stranded calf thymus DNA36 is roughly
the same as the sum of the quantum yields determined for the
ensemble of CPD and 64PP (1.4 × 10−3) at 254 nm79 (Table 1).

Another complication arises from the irradiation wavelength.
As mentioned before, ΦCPD is expected to remain roughly the
same in the 200−300 nm range, while Φi increases by at least a
factor of 10 when approaching 200 nm. This is due to
modification of the photoionization mechanism and could be
one reason for the better efficacy of far-UVC lamps to inactivate
various types of microorganisms.122 The same reasoning is valid
for laser sources, capable of provoking two-photon ionization.123

The corollary is that lesions with different emission properties
are generated by each type of irradiation source. Some of them
may emit, while others remain undetected upon monitoring
fluorescence, the result being strongly dependent on the
excitation wavelength. Thus, the fluorescence of calf thymus
DNA induced by UV irradiation peaks at 402 nm when the
excitation wavelength is 298 nm,21 but excitation at 255 nm
gives rise to a band peaking at 460 nm, exhibiting shoulders at
∼400 and 420 nm (Figure 1). We note that in the former study
irradiation was performed by means of a continuous light source
emitting at 254 nm, while the latter using femtosecond laser
pulses at 267 nm.32

5.2. Emission from Undamaged Nucleobases: A
Promising Approach. As explained in Section 2, the
fluorescence spectra of all B-form duplexes exhibit a peak at
wavelengths shorter than 330 nm, even if, for some sequences, a
second one, due to excimer/exciplex emission, is also present at
longer wavelengths (Figures 1, 3 and 5). The “high -energy”
peak is dominated by ππ* transitions, localized or excitonic.

When a nucleobase disappears, its contribution to the
fluorescence spectrum vanishes, independently of the type of
the reaction taking place. But the fluorescence of undamaged
neighboring nucleobases is also expected to be altered. As a
matter of fact, the presence of lesions, and in particular those
arising from reactions involving two nucleobases, such as
photodimers or cross-links, induces structural distortions in
their vicinity.124−132 The nucleobases which were paired with
those that have reacted lose their hydrogen bonding, become
more flexible and the electronic coupling giving rise to exciton
states is locally weakened.

The effect of the UV-induced DNA damage on the electronic
coupling was examined by a study combining absorption

Figure 10. Difference between the steady-state absorption spectra
recorded before and after irradiation of d(AT)10•d(AT)10 with 266 nm
laser pulses. Adapted from reference 99. Copyright RSC 2018.
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spectroscopy and mass spectrometry.133 By comparing the
behavior of d(T)20 and (A)20•d(T)20 irradiated at 266 nm, it
was shown that the hypochromism, due to orbital overlap,
decreases in the damaged region of the duplex with concomitant
shift of the absorption maximum. This was attributed to the
“local melting” of the complementary adenine strand. And, as
explained in Section 2.3 (Figure 5), an increase in local flexibility
provoked by CPD, which are not fluorescent, creates favorable
conditions for the appearance of excimer/exciplex emission.

The combined result due to the vanishing of the reacting
nucleobases and the enhanced flexibility of those located in their
vicinity is the decrease in intensity of the high-energy peak, as
observed in Figure 1. Furthermore, the low-energy emission is
expected to increase because of excimer/exciplex fluorescence.
But the latter band probably overlaps those stemming from
various lesions and it is difficult to disentangle each contribution.

Finally, we note that, throughout this review, we focused
specifically on the steady-state fluorescence spectra, because
their modification is easier to be implemented in sensing
applications. Yet, changes in the fluorescence lifetimes may be
particularly informative regarding the DNA damage.

6. CONCLUSIONS AND PERSPECTIVES
From the above analysis, it appears that the fluorescence of the
UV-induced reaction products cannot provide relevant
information regarding the DNA damage. This is due to the
multitude of final lesions, some of which have been fully
characterized, but others remain, partially or completely,
unknown. Given that the intensity and the position of the
fluorescence band arising from the ensemble of the lesions
depend on the quantum yields associated both with the
formation and emission of each one of them, as well as of the
individual absorption and fluorescence spectra, it is unlike to
determine monitoring conditions that are valid for all types of
irradiation sources (lasers, lamps) and irradiation wavelengths.
In contrast, the ππ* fluorescence stemming from undamaged
nucleobases, located at wavelengths shorter than 330 nm and
observed with excitation at the 255−270 nm range, is a
promising perspective. A prerequisite for future developments is
to examine in a systematic way the variation of this fluorescence
as a function of the absorbed photons−the spectra in Figure 1
were simply obtained while searching for the optimal conditions
to study the DNA fluorescence without damaging it.

The above conclusions were reached from fundamental
studies performed on solutions with neutral pH, using purified
nucleic acids and high purity salts for the buffer preparation, so
that to grasp the intrinsic DNA properties. Molecular crowding
in cells is expected to slow down the conformational motions
and, consequently, enhance the DNA fluorescence (Section
2.3). But this effect has not been assessed so far. The cell
fluorescence in the UV spectral domain is implicitly considered
arising from other cellular components. Thus, two studies on
bacteria associated arbitrarily an emission peak at 330 nm to a
mixture of tyrosine and tryptophane while assigned to DNA a
peak around 450 nm (for comparison see Figure 1). It is worthy
to examine also this aspect in a systematic way, taking into
account the current knowledge of the fundamental processes
underlying the DNA fluorescence, especially because important
viscosity changes in cells have been correlated with various
diseases.134

In any case, the characterization of the intrinsic behavior of
naked DNA in a quantitative way (in terms of quantum yields)
constitutes a solid ground for apprehending more complex

situations. Would this approach prove realistic, it could be
possibly used for optoelectronic devices sensing of the damage
caused, not only by UV irradiation, but also by other sanitizing
agents and anticancer therapies.
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