THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCB

UVA Radiation Induced Ultrafast Electron Transfer from a Food
Carcinogen Benzo[a]pyrene to Organic Molecules, Biological
Macromolecules, and Inorganic Nano Structures

Soma Banelrjee,Jr Soumik Sarkar,” Karthik Lakshman,* Joydeep Dutta,” and Samir Kumar Pal*"

TUNANST, Department of Chemical, Biological & Macromolecular Sciences, S. N. Bose National Centre for Basic Sciences, Block

JD, Sector III, Salt Lake, Kolkata 700 098, India

*Water Research Center, Sultan Qaboos University, P.O. Box 17, 123 Al-Khoudh, Sultanate of Oman

ABSTRACT: Reactions involving electron transfer (ET) and
reactive oxygen species (ROS) play a pivotal role in
carcinogenesis and cancer biochemistry. Our present study
emphasizes UVA radiation induced ET reaction as one of the
key aspects of a potential carcinogen, benzo[a]pyrene (BP), in
the presence of a wide variety of molecules covering organic p-
benzoquinone (BQ), biological macromolecules like calf-
thymus DNA (CT-DNA), human serum albumin (HSA)
protein, and inorganic zinc oxide (ZnO) nanorods (NRs).
Steady-state and picosecond-resolved fluorescence spectrosco-

py have been used to monitor such ET reactions. Physical consequences of BP association with CT-DNA have been investigated
through temperature-dependent circular dichroism (CD) spectroscopy. The temperature-dependent steady-state, picosecond-
resolved fluorescence lifetime and anisotropy studies reveal the effect of temperature on the perturbation of such ET reactions
from BP to biological macromolecules, highlighting their temperature-dependent association. Furthermore, the electron-donating
property of BP has been corroborated by measuring wavelength-dependent photocurrent in a BP-anchored ZnO NR-based
photodevice, offering new physical insights for the carcinogenic study of BP.

1. INTRODUCTION

Benzo[a]pyrene (BP), a polycyclic aromatic hydrocarbon
(PAH), is one of the most potent carcinogens to which people
are frequently exposed.' > Its evolution during fuel and tobacco
combustion and presence in grilled and smoked food products
has made it the most studied carcinogen since its isolation.’®
The accepted hypothesis for carcinogens is that they are first
converted to electrophilic metabolites which react covalently
with the nucleophilic DNA. Such DNA adducts are the ultimate
molecular lesion leading to the activation of oncogenes and
ultimately giving rise to neoplasia.” Earlier studies'® indicate the
significance of one-electron oxidation as a possible primary step
in the chemical carcinogenesis of BP. ET reactions are well-
known for their importance in DNA damage,'' and recent
findings suggest the role of ultrafast ET in inducing single-
strand and double-strand breaks in DNA through reductive
DNA damage.12 Previous reports investigating BP—DNA
complexes through fluorescence and triplet flash photolysis
techniques have proposed that the majority of the fluorescence
in these complexes originates from BP bound to GC—-GC
intercalation sites."> Such conclusions are supported by the
relative quenching efficiencies of BP by mononucleosides
dissolved in aqueous ethanol mixtures suggesting 2'-deoxy-
thymidine as an efficient quencher compared to cytidine, 2'-
deoxyguanosine, and adenosine. Furthermore, it has also been
reported"® that the fluorescence of BP in aqueous BP—DNA
complexes gets strongly quenched upon the addition of Ag"
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ions which bind predominantly to guanosine in DNA,
validating the fact that the fluorescence of BP in BP—DNA
complexes originates from GC sites. However, the study does
not preclude the possibility of BP binding at AT-rich sites. The
same study reports shorter lifetime of BP in DNA complexes
compared to that in degassed benzene, suggesting strong
fluorescence quenching of BP upon complexation with DNA.
BP fluorescence quenching by nucleoside solutions shows no
association between the quencher and BP in the ground state,
while a short-lived charge-transfer complex is formed when an
excited-state BP collides with a nucleoside."® In such charge-
transfer complexes, determination of the electron donor and
acceptor is based on the relative ionization potentials and
electron affinities of the two molecules forming the complex.
The ionization potentials of the aromatic hydrocarbons are
generally lower than the nitrogenous bases,* and calculations
indicate that pyrimidines are better electron acceptors than
purines. However, strong experimental evidence highlighting
the electron-transfer (ET) reaction from BP to DNA is still
lacking in the current literature.

Earlier studies'* report that genotoxic carcinogens interact
not only with DNAs but also with proteins. In this regard,
serum proteins are particularly important because hepatocytes
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are not only the cells in which serum proteins are synthesized
but also the cells in which most xenobiotic metabolism,
including microsomal oxidations which activate carcinogens,
takes place. Among serum proteins, serum albumin being
abundant and because of its role as a carrier of fatty acids,
endobiotics, and xenobiotics, there is a high probability that it
will bind and form covalent adducts with ultimate carcinogens.
There have been extensive studies on the adduct formation of
BP with serum albumin,">'® yet there is no information
regarding the ET reaction between the two in the present
literature. Moreover, it is of great interest to investigate the
effect of temperature on such ET reaction between BP and
biological macromolecules like DNA and protein.

Apart from chemical carcinogens, ionizing radiations play a
significant role in the induction of cancer.'”'® Certain
radiations like UVA are also known to cause DNA damage
through ET in the presence of certain photosensitizers.'”
Earlier studies have shown how coexposure to BP and UVA
induces double strand breaks (DSBs) in DNA, in both cell-free
system (in vitro) and cultured Chinese hamster ovary (CHO-
K1) cells,***" resulting in phototoxicity and photocarcino-
genesis. A singlet oxygen scavenger sodium azide (NaN;)
effectively showed inhibition in the production of DSBs,
suggesting singlet oxygen is the principal ROS generated by BP
and UVA both in vitro and in vivo.”" It has also been suggested
that the mechanism of DNA damage by BP in the presence of
UVA differs in cell and cell-free systems. In spite of such
extensive reports, the exploration of the photophysics lying
behind the coexposure of DNA to BP and UVA radiation is
lacking in the literature to the best of our knowledge.

Recently, an ultrasensitive photoelectrochemical immuno-
assay comprising bifunctional gold nanoparticles modified with
PAH antigen and horseradish peroxidise (HRP) on nano-
structured TiO, electrode decorated with antibodies has been
proposed as a means to quantify PAH, based on the changes in
photocurrent with respect to the control (without PAH).**
However, studies emphasizing the application of nanostructure-
based photodevices in the detection of ET reaction, where flow
of electrons can be directly monitored in the form of
photocurrent, are sparse in the literature.

In our ;)resent study, we have used a well-known electron
acceptor,” p-benzoquinone (BQ), as an organic molecule to
emphasize the electron-donating efficiency of BP upon
excitation with UVA radiation, using a laser source of 375
nm. Both DNA and protein have been used as biological
macromolecules to monitor the ET from BP in presence of
UVA radiation. In addition, we have used zinc oxide (ZnO)
nanorods (NRs)-based photodevice to directly monitor such
photoinduced ET reaction from BP to the NRs. In order to
study ET reaction from BP to organic molecules and
macromolecules along with inorganic NRs, we have used
both steady-state and picosecond-resolved fluorescence spec-
troscopy. Structural perturbation of DNA in the presence of BP
has been investigated through temperature-dependent circular
dichroism (CD) spectroscopy. Furthermore, to monitor the
effect of temperature on ET from BP to biological macro-
molecules, we have performed temperature-dependent steady-
state and time-resolved fluorescence spectroscopic studies.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. All chemicals used in this study
were of analytical grade and were used without any further
purification. Solutions of benzo[a]pyrene (BP, obtained from
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Sigma) and p-benzoquinone (BQ, from Fluka) were prepared
in dimethyl sulfoxide (DMSO, from Spectrochem). Calf
thymus-DNA (CT-DNA) was obtained from Sigma and all
the DNA samples were prepared in 0.05 M phosphate buffer to
maintain its double helix structure.”* Human serum albumin
(HSA, from Sigma) solutions were all prepared in 0.01 M
phosphate buffer. In the present study, DNA concentration is
expressed in terms of base pair concentration. Both nucleotide
and protein concentrations were determined by absorption
spectroscopy using the average extinction coeflicient per
nucleotide of the DNA as 6600 M~' cm™' at 260 nm*® and
36500 M~' em™ at 280 nm for HSA.>® BP—DNA complexes
were prepared as per the methodology reported previously™ by
Geacintov et al. In the fluorescence experiments of BP and CT-
DNA, concentration of BP was 1 uM while that of CT-DNA
was 1 mM. For performing temperature-dependent circular
dichroism (CD) experiments, concentration of DNA was
maintained at 10 yM. The concentrations of BP and HSA used
in the fluorescence experiments were 1 and 200 uM,
respectively.

2.2. Preparation of BP-ZnO-Based Photodevice.
Detailed processes for the hydrothermal growth of the single
crystalline ZnO NRs are described in our previous reports.””**
Briefly, a 1 mM Zinc acetate dihydrate, Zn(CH;COO),-2H,0
(Merck), solution in isopropanol was used to prepare the ZnO
seed layer on a fluorinated tin oxide (FTO) substrate followed
by annealing in air at 350 °C for 5 h. A 20 mM aqueous
solution of zinc nitrate hexahydrate, Zn(NO;),-6H,O (Sigma-
Aldrich), and hexamethylenetetramine, C¢H;,N, (Aldrich), was
used as a precursor solution for ZnO NR growth and the
seeded FTO substrates were dipped into it at 90 °C for 40 h.
As-grown ZnO NRs on the FTO substrates were then taken
out from the precursor solution and rinsed with deionized (DI)
water several times to remove unreacted residues from the
substrate. Finally, the substrates with ZnO NRs were annealed
at 350 °C for 1 h in air and dipped into 3.9 mM DMSO
solution of BP and kept in the dark. After 24 h the
photoelectrodes were removed from the BP solution and
rinsed several times with DMSO in order to remove weakly
adsorbed dye molecules. Since BP does not have any functional
group through which it can bind to inorganic NRs, the only
possible way of binding is physisorption. Platinized FTO glass
was used as a counter electrode where a thin platinum layer was
deposited on FTO-coated glass substrates by thermal
decomposition of platinum chloride, H,PtCl¢-H,O (Fluka), at
385 °C for 15 min. The counter electrode was then placed on
top of the photoelectrode and a single layer of 50 pm thick
Surlyn 1702 (Dupont) was used as a spacer between the two
electrodes. The photodevices were then sealed and filled with
the liquid electrolyte, consisting of 0.5 M lithium iodide (Lil),
0.05 M iodine (1), and 0.5 M 4-tert-butylpyridine (TBP) in
acetonitrile (ACN), through two small holes (¢ = 1 mm)
drilled on the counter electrode. Finally, the two holes were
sealed by Surlyn to prevent electrolyte leakage. A control ZnO
NR photoelectrode without BP was also prepared for
comparison.

2.3. Steady-State and Time-Resolved Measurements.
Steady-state absorption and emission were measured with
Shimadzu Model UV-2450 spectrophotometer and Jobin Yvon
Model Fluoromax-3 fluorimeter respectively. CD measure-
ments were carried out on a JASCO 815 spectro-polarimeter
with a temperature controller attachment. The scan speed of
the measurements was 50 nm/min and each spectrum was the
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average of five scans. For baseline correction, CD measurement
for buffer solution, in which DNA was prepared, was subtracted
from those of the DNA samples. Scanning electron microscope
(SEM, JEOL JSM-6301F, operating at 20 kV) was used to
study the morphology of the as-grown ZnO NRs.

All picosecond transients were measured by using
commercially available (Edinburgh Instrument, UK) pico-
second-resolved time correlated single-photon-counting
(TCSPC) setup (instrument response function, IRF of 80
ps) using 375 nm excitation laser source with temperature
control setup from Julabo (model F32). Fluorescence from the
sample was detected by a photomultiplier after dispersing
through a double grating monochromator. For all transients the
polarizer in the emission side was adjusted to be at 54.7°
(magic angle) with respect to the polarization axis of the
excitation beam. Time-resolved study of BP—ZnO adduct was
done on thin film where ZnO NRs grown on quartz plates by
following the same procedure described in section 2.2. For
fluorescence anisotropy (r(t)) measurements, emission polar-
ization was adjusted to be parallel or perpendicular to that of
the excitation and the anisotropy is defined as

r(t) = Ly = Gloegp)/ Upaea + 2GI ]

The magnitude of G, the grating factor of the emission
monochromator of the TCSPC system, was found by longtime
tail matching technique.”

2.4. Data Analysis. Curve fitting of observed fluorescence
transients was carried out using a nonlinear least-squares fitting
procedure to a function (X(t) = [{E(t')R(t-t') dt') composed
of convolution of the IRF (E(t)) with a sum of exponentials
(R(t) = A + YN Be ") with pre-exponential factors (B)),
characteristic lifetimes (7;), and a background (A). Relative
concentration in a multiexponential decay is expressed as

_ n
n N
Z,‘;lBi

The average lifetime (amplitude-weighted) of a multiexponen-
tial decay”’ is expressed as

N
Tov = Z T
i=1

After the deconvolution, obtained time constants which are
one-fourth of the IRF may be reliably reported within the
signal-to-noise ratio of the fluorescence transients.

X 100

3. RESULTS AND DISCUSSION

Figure la shows the steady-state fluorescence quenching of
benzo[a]pyrene (BP) in DMSO with increasing concentration
of p-benzoquinone (BQ), which is a well-known electron
acceptor.”**" The fluorescence spectrum of BP in the absence
of the quencher strongly corroborates with the spectral nature
of BP emission reported earlier in different solvents.>> While
BP monomers produce three well-characterized emission peaks
around 410, 430, and 455 nm and a weak band near 485 nm
due to different vibrational bands, BP aggregates are known to
produce an emission feature that peaks around 490 nm.> Since
a very low concentration of BP (1 #M) has been used in our
sample, the contribution of aggregates does not appear to be
significant. The observed decrease in fluorescence intensity of
BP in the presence of BQ can arise either due to collisional/
dynamic or static quenching or both or even through
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Figure 1. (a) Fluorescence quenching spectra of 1 uM benzo[a]-
pyrene (BP) in DMSO with increasing concentrations of benzoqui-
none (BQ) (0, 1.25, 2.50, 3.75, 5.0, 6.25, 7.5, 8.75, 10, and 11 mM).
Plots of Fy/F vs BQ concentration at 410 nm (b), 430 nm (c), and 455
nm (d). F, and F represent fluorescence intensity of the fluorophore
(BP) in the absence and presence of the quencher (BQ), respectively.
Excitation wavelength (4., = 375 nm).

nonmolecular mechanisms where fluorophore itself or other
absorbing species attenuates the incident light.*® For a better
insight on the mechanism of the observed quenching, the
relative change in fluorescence intensity of BP has been plotted
as a function of the quencher (BQ) concentration at the
different vibronic peaks of 410, 430, and 455 nm as shown in
Figure 1, b, ¢, and d, respectively. For collisional quenching, the
decrease in fluorescence intensity is described by the well-
known Stern—Volmer (SV) equation30

F

L=l kzolQ =1 + Koy [Q] W
F, and F are the fluorescence intensities in the absence and
presence of quencher, respectively; k; is the bimolecular
quenching constant; 7, is the lifetime of the fluorophore in the
absence of quencher, and [Q] is the concentration of quencher.
The Stern—Volmer quenching constant is given by Kgy = k7.
In the case of dynamic quenching, the SV plot (Fy/F vs [Q])
becomes linear with an intercept of one on the y-axis and a
slope equivalent to the dynamic quenching constant (Kp).*
However, as evident from Figure 1, b, ¢, and d, the SV plots for
the fluorescence quenching of BP by BQ (monitored at
different wavelengths) appear as an upward curvature, concave
toward the y-axis. Such curved SV plots are typical for
fluorophores which are quenched simultaneously by collisions
(dynamic quenching) and nonfluorescent ground-state com-
plex formation (static quenching) with the same quencher.’
When both static and dynamic quenching occur for the same
fluorophore, the SV equation gets modified as>®

Fy
0= (14 Q)+ Q) "
where Kg represents the static quenching constant. The
modified form of the SV equation, being second order in
[Q], accounts for the upward curvature in our SV plots shown
in Figure 1b—d.

The dynamic portion of the observed quenching has been
determined by lifetime measurements. Fluorescence transients
of BP in the absence and presence of different concentrations of
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Figure 2. Picosecond-resolved fluorescence transients of BP in DMSO in the absence and presence of different BQ concentrations and the
corresponding plots of 7,/7 vs BQ_concentration monitored at (A,,,) 410 nm (a,d), 430 nm (b,e), and 455 nm (c,f). 7, and 7 represent lifetimes of
the fluorophore (BP) in the absence and presence of the quencher (BQ), respectively. Excitation wavelength (4., = 375 nm).

BQ monitored at 410, 430, and 455 nm are presented in Figure
2, a, b, and ¢, respectively. The lifetime components of the
transients are tabulated in Table 1. As evident from Table 1, a
fast component of 2 ns appears in the fluorescence transients of
BP at emission wavelengths of 430 and 455 nm both in the
absence and in the presence of the quencher, which accounts
for the presence of some BP aggregates in the experimental
solution, having higher contribution at 455 nm compared to
that at 430 nm, while at 410 nm the fluorescence originates
essentially from the BP monomers. Furthermore, it has also
been observed that the contribution of the 2 ns component in
the fluorescence transient of BP enhances with the increase in
BP concentration due to the progressive formation of BP
aggregates. As BP monomers are known to produce a weak
band near 485 nm,** at 490 nm both the emission from BP
monomers and BP aggregates have significant contribution.
However, as expected, the 2 ns component (due to BP
aggregates) is found to have higher contribution (27%) in the
fluorescence transient of BP at 490 nm compared to that at 430
(7%) or 455 nm (15%). The relative contribution of 2 ns
component in the fluorescence transients of BP further
increases at 520 (31%) and 560 nm (33%), due to the
relatively higher contribution of BP aggregates (data not
shown). For dynamic quenching, the average lifetimes in the
absence (7,) and presence (7) of quencher are given by30

T
?" =1+ k7[Ql =1+ Kp[Q]

©)

The numerical values of 7, and 7 at three different wavelengths
are given in Table 1. 7, values are obtained as 19.32, 18.75, and
17.53 ns at 410, 430, and 455 nm, respectively. Plots of 7,/7 vs
quencher concentrations for the lifetime quenching of BP with
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increasing concentrations of BQ_yield a straight line with an
intercept of one as shown in Figure 2, d, e, and f, for emission
wavelengths (4,,,) 410, 430, and 455 nm, respectively. The Ky,
values are obtained as 0.21 + 0.01, 0.21 # 0.01, and 0.29 + 0.02
mM™! and the corresponding values of kq are 10.87 X 10°,
11.20 X 10%, and 16.54 X 10° M~! s™! while monitoring lifetime
quenching at 410, 430, and 455 nm, respectively. The k; values
obtained for BP are comparable to that of hypericin
fluorescence quenching by the same quencher BQ, reported
previously.33 As shown in Figure 1, b, ¢ and d, upon fitting the
plots of Fy/F vs [Q] with eq 2 considering the Ky, values
obtained from time-resolved studies, the values of K¢ obtained
at 410, 430, and 455 nm are 0.57 + 0.08, 0.51 + 0.08, and 0.38
+ 0.06 mM "/, respectively. The quenching in lifetime being a
measure of the rate process that depopulates the excited state
can arise either due to energy transfer or electron-transfer (ET)
reactions. Since there is no overlap between the emission
spectrum of BP and the absorption spectrum of BQ, the
possibility of energy transfer from BP to BQ_can be neglected,
attributing the quenching to ET reactions. As evident from
Table 1, at low quencher concentrations (1.25, 2.50, and 3.75
mM) the fluorescence transients of BP exhibit an ultrafast
component around 500 ps while at higher BQ_ concentrations
(5—11 mM) the fluorescence transients of the same exhibit two
ultrafast components (~100 and ~800 ps) comparable to the
ET components reported earlier in porphyrin—BQ_models
separated by different distances.>* Such multiple ET
components in the fluorescence transients of BP at different
BQ_concentrations strongly corroborate the nonexponential
nature of ET reactions and those components are attributed to
the various modes of association (side to side or face to face)
along with the different distances between BP and BQ_in the
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Table 1. Lifetime Components of BP at Its Characteristic Emission Peaks in the Presence of Different Quencher (BQ)

Concentrations ( [Q] )u

[Q] (mM) e (nm) 7, (ns) 7, (ns)
0.00 410 19.32 (100%)

430 2.00 (7%) 20.01 (93%)

455 2.00 (15%) 20.27 (85%)

125 410 0.50 (10%) 16.67 (90%)
430 0.50 (4%) 2.00 (9%)

455 0.50 (8%) 2.00 (16%)

2.50 410 0.5 (12%) 14.72 (88%)
430 0.50 (6%) 2.00 (10%)

455 0.50 (12%) 2.00 (18%)

3.75 410 0.5 (16%) 13.22 (84%)
430 0.50 (6%) 2.00 (14%)

455 0.50 (14%) 2.00 (20%)

5.00 410 0.10 (4%) 0.80 (14%)
430 0.10 (8%) 0.80 (8%)

455 0.10 (9%) 0.80 (13%)

625 410 0.10 (8%) 0.80 (15%)
430 0.10 (8%) 0.80 (8%)

455 0.10 (11%) 0.80 (15%)

7.50 410 0.05 (14%) 0.80 (16%)
430 0.05 (14%) 0.80 (9%)

455 0.05 (21%) 0.80 (18%)

8.75 410 0.05 (15%) 0.90 (17%)

430 0.05 (15%) 0.80 (12%)

455 0.05 (21%) 0.80 (20%)

10.0 410 0.04 (20%) 0.80 (17%)

430 0.04 (21%) 0.80 (11%)

455 0.04 (26%) 0.80 (20%)

11.0 410 0.04 (21%) 0.80 (18%)

430 0.04 (18%) 0.80 (15%)

455 0.04 (28%) 0.80 (21%)

75 (ns) 7, (ns) 7,, (ns) 7o/T
19.32 1.00

18.75 1.00

17.53 1.00

15.05 128

17.32 (87%) 15.27 123
17.24 (76%) 13.46 1.30
13.01 1.49

15.34 (84%) 13.12 143
15.33 (70%) 11.15 1.57
11.19 1.73

13.83 (80%) 11.37 1.65
13.76 (66%) 9.55 1.84
12.06 (82%) 10.01 1.93
2.00 (12%) 12.46 (72%) 9.28 2.02
2.00 (19%) 12.42 (59%) 7.82 224
11.13 (77%) 8.70 222
2.00 (13%) 11.52 (71%) 8.51 2.20
2.00 (20%) 11.42 (54%) 6.70 2.62
10.22 (70%) 7.29 2.65
2.00 (13%) 10.62 (64%) 7.14 2.63
2.00 (16%) 10.46 (45%) 5.18 3.38
9.57 (68%) 6.67 2.90
2.00 (12%) 9.83 (61%) 6.34 2.96
2.00 (16%) 9.72 (43%) 4.67 3.75
8.84 (63%) 5.71 3.38
2.00 (13%) 9.23 (55%) 543 345
2.00 (18%) 9.20 (36%) 3.84 4.57
8.34 (61%) 524 3.69
2.00 (13%) 8.68 (54%) 5.07 3.70
2.00 (18%) 8.61 (33%) 3.38 5.19

“Aem represents the emission wavelength. 7 represents the time constant in nanoseconds, and the numbers in parentheses represent the relative
contributions of the components. 7,, represents the average lifetime in nanoseconds and is equivalent to 7, at [Q] = 0. 7,, = 7 at [Q] # 0. Error +5%.

solvent which control the ET rates.>* As evident from earlier
studies,>® BQ_has a positive electron affinity of 1.89 eV and
forms a stable negative ion through charge-transfer collisions.
Furthermore, pyrene class of molecules is known to have a
lower electron affinity (0.59 €V)** compared to BQ which
turther supports the ET from BP to BQ leading to the observed
quenching in the fluorescence lifetime of BP with increasing
BQ_concentrations.

Upon monitoring the ET reaction from BP to BQ molecule
as shown in Scheme la, another macromolecule, calf-thymus
DNA (CT-DNA), has been considered to investigate the mode
of interaction between BP and CT-DNA upon exciting the
former with UVA radiation (Scheme 1b). It has to be noted
that, as CT-DNA absorbs weakly above 300 nm,* it will have
negligible effect on the emission property of BP upon exciting
the solution of BP—CT-DNA complex at 375 nm. Figure 3a
shows the temperature-dependent fluorescence spectra of BP—
CT-DNA complex. Emission spectra of BP in the presence of
CT-DNA show that the relative emission intensities of BP at
the resolved peaks (410, 430, and 455 nm) are much higher
compared to that of the aggregate peak around 490 nm. The
relatively lower emission intensity of the aggregate peak
compared to that of the monomer BP peaks in the presence
of CT-DNA is a clear evidence of association between the two,
particularly at low temperatures where the solubility of BP in
aqueous medium is negligible being at around 107 M. As
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shown in the Figure 3a, the emission intensities of BP in CT-
DNA enhance with the increase in temperature. Figure 3a inset
shows the emission intensities of the same, monitored at 410
nm as a function of temperature, where the enhancement in the
emission intensity appears to initiate at about 25 °C. To
selectively monitor the interaction between BP monomers and
the CT-DNA, fluorescence transients have been monitored at
410 nm where the contribution of BP aggregates is minimum
or negligible. Figure 3b shows the picosecond-resolved
fluorescence transients of BP—CT-DNA complex at 20 and
87 °C. The purpose of choosing high temperature around 87
°C was to attain the melting temperature of genomic DNA,
which has earlier been reported®” to be 83 °C. The
corresponding lifetime components of the complex have been
tabulated in Table 2. The ultrafast time components of 50 and
900 ps, being comparable with the ET components observed in
the fluorescence transient of BP undergoing ET reaction with
BQ, are attributed to the UVA radiation induced ET between
BP and DNA. Ionization potential of aromatic hydrocarbons
being lower than the nitrogenous bases in DNA' and
pyrimidines being better electron acceptors than purines, it
can be concluded that, in the ET complex between BP and CT-
DNA, electron flows from BP to DNA through the pyrimidine
bases. As evident from Figure 3b and Table 2, the relative
contribution of the ET components of 50 and 900 ps decreases
from 40 to 4% and from 33 to 11%, respectively, with the
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Scheme 1. UVA Radiation Induced Electron Transfer (ET) from Benzo[a]pyrene (BP) to (a) Organic Molecule, Benzoquinone
(BQ), and (b) Biological Macromolecule, DNA. (c) Schematic Representation of a Model ZnO NR (gray)-Based Photodevice®
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“BP (purple) molecules are anchored on ZnO NRs (gray rods) by surface adsorption. The charge separation and interparticle charge migration

processes of the entire photodevice structure are shown.

increase in temperature from 20 to 87 °C. The time-resolved
studies strongly corroborate with the temperature-dependent
steady-state emission results of BP in CT-DNA as shown in
Figure 3a, endorsing the fact that, with the melting of DNA, the
ET pathway from BP to DNA gets interrupted, resulting in the
enhancement of emission intensity of BP along with its excited-
state lifetime. The interruption in ET pathway from BP to
DNA with the DNA melting can arise either due to the release
of BP from DNA or due to the binding of BP to single-stranded
DNA in an orientation unfavorable for ET. As evident from
Figure 3b and Table 2, the fluorescence transient of BP in CT-
DNA at 87 °C can be fitted triexponentially with time
components of 100 ps (4%), 800 ps (11%), and 22.04 ns (85%)
while BP in buffer at 87 °C produces a single lifetime
component of 23 ns. Therefore, upon comparing the lifetime of
BP in CT-DNA with that in buffer at 87 °C, it can be
concluded that, at such high temperature, 85% of the DNA-
bound BP molecules get released to the surrounding buffer.
The observed perturbation of ET from BP to CT-DNA, with
the increase in temperature, motivated us to investigate the
structural change of the latter associated with such thermal
enhancement. Figure 4, a and b, shows the absorption spectra
of CT-DNA at different temperatures in the absence and

presence of BP, respectively. As evident from the Figure 4a,b,
the absorption spectra of CT-DNA do not show any significant
change while enhancing the temperature up to 70 °C. The
corresponding melting curves of CT-DNA, constructed from
the absorbance at 260 nm** while increasing the temperature
up to 90 °C, are shown in the insets of Figure 4, a and b,
respectively. As evident from the insets of Figure 4a,b, both the
curves look alike and do not reach the saturation at 90 °C (up
to which the temperature was enhanced) which suggests that
BP-induced structural changes in CT-DNA cannot be
manifested through temperature-dependent absorption spec-
troscopy. Hence we have used the temperature-dependent CD
spectroscopy to monitor the BP-induced structural changes in
the CT-DNA. Insets of Figure 5, a and b, show the
temperature-dependent optical rotation of CT-DNA in the
absence and presence of BP, respectively. As evident from the
insets of Figure Sab, at low temperatures a positive peak
around 270 nm and a negative peak around 245 nm in the far-
UV spectrum are in accordance with the average secondary
structure of DNA® and the corresponding UV absorption
spectra are dominated by the DNA absorption as shown in the
Figure 4ab. Therefore, it is difficult to infer the structural
perturbation of CT-DNA in the presence of BP at low
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Figure 3. (a) Fluorescence spectra of BP in CT-DNA at different
temperatures. Inset shows the fluorescence intensity of the same at 410
nm as a function of temperature and the bold line is the cubic
polynomial fit. The broken line is the extrapolated linear fit of the
exponentially rising part of the plot, where the intercept at x-axis
represents the initiation temperature for such rise in the fluorescence
intensity. (b) Picosecond-resolved fluorescence transients of the same
at 20° and 87 °C. Excitation wavelength (4., = 375 nm).

temperatures. It is clear from the insets of Figure Sa,b that the
peak at 270 nm is mostly affected by the temperature-induced
melting of the DNA. The change in the optical rotation
associated with this peak has been monitored to construct the
temperature-induced melting of the CT-DNA in the absence
and presence of BP, as shown in Figure S, a and b, respectively.
As evident from the figure, the corresponding DNA melting
curves do not reach the saturation level at 90 °C, up to which
the temperature of the DNA has been raised. Thus, melting
temperatures of CT-DNA in the absence and presence of BP
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Figure 4. Temperature-dependent absorption spectra of CT-DNA as a
function of wavelength in the absence (a) and presence (b) of BP.
Insets show the respective optical density (OD) at 260 nm with
increase in temperature where solid lines are the guide to the eye.

cannot be calculated from the respective melting curves
following the standard procedures. However, the temperature
at which the melting initiates for either case can be
approximated by extrapolating the exponential part of the
melting curves on x-axis. Though the temperatures are deduced
from only three data points in each case, the overall nature of
the temperature-dependent change in the optical rotation of
CT-DNA at 270 nm is completely different in the absence and
presence of BP, as shown in Figure Sa)b. The uncertainties in
the temperature at which the DNA melting initiates, being the
same for both the cases (in the absence and presence of BP),
have not been considered. The corresponding temperatures, at
which DNA melting initiates in the absence and presence of
BP, have been found out to be 65 and 59 °C, respectively. The
initiation of DNA melting at comparatively lower temperature
in the presence of BP is a clear signature of the association of
BP with DNA, leading to the weakening of hydrogen bonds

Table 2. Fluorescence Lifetime Components (7) of BP in Buffer and upon Interaction with CT-DNA at Different Temperatures

along with the Rotational Time Constants (7,)”

anisotropy
sample temp (°C) 7, (ns) 7, (ns) 75 (ns) 7,, (ns) 7, (ns) offset
BP in CT-DNA 20 0.05 (40%) 0.90 (33%) 5.61 (27%) 1.52 0.14 0.15
87 0.10 (4%) 0.80 (11%) 22.04 (85%) 18.83 0.07 0.01
BP in buffer 87 23.08 (100%) 23.08 0.05 0.00

“Emission wavelength (4.,) and excitation wavelength (A,,) are 410 and 375 nm, respectively. The numbers in parentheses represent relative
contributions of the components. 7,, represents the average lifetime in nanoseconds. Error +5%.
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Figure S. Difference in optical rotation (mdeg) of CT-DNA at 270 nm
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of the CT-DNA as a function of wavelength. Solid lines are the cubic
polynomial fit. The broken lines are the extrapolated linear fits where
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corresponding melting processes.

between the two DNA strands. Thus, lower thermal energy is
required to initiate DNA melting in the presence of BP
compared to that in its absence. Here, it has to be noted that
the initiation temperature observed for the enhancement in
emission intensity of BP in CT-DNA (Figure 3a inset) is much
lower compared to that of BP-assisted DNA melting, which
signifies that perturbation in ET from BP to CT-DNA initiates
at some lower temperature prior to the DNA melting. Such
perturbation in ET before the onset of DNA melting can arise
due to some changes in the orientation of DNA bound BP
molecules, interfering in the ET pathway.

For better understanding of the fate of BP with the melting
of DNA, the fluorescence anisotropies of BP have been
monitored in the presence of DNA at 20 °C and at DNA
melting temperature (~87 °C), as shown in Figure 6, a and b,
respectively. The rotational time constants (z,) of BP in DNA
have been calculated from the respective fluorescence
anisotropies and have been compared with that of BP in
phosphate buffer at 87 °C (inset of Figure 6b). The values of
the respective 7, have been tabulated in Table 2. The
fluorescence aniosotropy of BP in CT-DNA at 20 °C produces
a 7, value of 140 ps which corresponds to the rotational motion
of the probe BP in the DNA, along with a residual offset of
0.15. The origin of such offset is due to the overall motion of
the DNA which does not decay within the experimental time
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Figure 6. Fluorescence anisotropy of BP in CT-DNA at (a) 20 °C and
(b) 87 °C and in S0 mM phosphate buffer at 87 °C (inset of b). Solid
lines indicate exponential fitting of the experimental data points.

window. Using the time-resolved fluorescence anisotropy study,
Ghiggino and co-workers®® have documented the dynamics of
energy transfer in multiporphyrin functionalized dendrimers
where they observed a fast decay (~80 ps) in the anisotropy
profile with a residual offset similar to our observation. As
shown in Figure 6 and Table 2, the rotational time constant of
BP in CT-DNA decreases from 140 to 70 ps and the residual
offset becomes negligible as the DNA reaches its melting
temperature. The 7, value calculated for BP in CT-DNA at 87
°C is close to that calculated for BP in buffer at the same
temperature, indicating the release of BP to buffer with the
melting of DNA. Here it has to be noted that the solubility of
BP in aqueous medium at low temperatures being extremely
low, experiments could not be performed with the aqueous
solution of BP at low temperatures. However, the solubility of
the same in aqueous buffer medium increases from 1075 to 1077
M, with enhancement in temperature from 20 to 87 °C.
Therefore, with the dilute aqueous solution of BP at 87 °C in
0.05 M phosphate buffer, anisotropy experiments have been
performed which gives the rotational time constant of 50 ps
without any offset. The higher solubility of BP in buffer at
elevated temperature further supports the release of BP from
DNA at the DNA melting temperature around 87 °C. Thus,
unlike ethidium (Et), a well-known DNA intercalator which
significantly remains bound to single-stranded (ss) DNA upon
DNA melting producing a characteristic lifetime component™
of about 18 ns and a DNA minor groove binder, Hoechst
33258 (H258), which also remains associated with DNA at
high temperatures,”” BP almost completely dissociates from
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DNA at high temperature (beyond the melting temperature of
DNA) with no signature of binding to ss DNA.

After investigating ET reaction from BP to CT-DNA in a
temperature-dependent manner, we further investigated such
interaction with another biological macromolecule, human
serum albumin (HSA), as carcinogens are known to interact
not only with DNAs but also with proteins.'**’ Figure 7a
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Figure 7. (a) Fluorescence spectra of BP in HSA at 20 and 87 °C;
inset shows the corresponding time-resolved fluorescence transients.
Fluorescence anisotropy of the same at (b) 20 °C and (c) 87 °C. Solid
lines indicate exponential fitting of the experimental data points.

shows the emission spectra of BP in HSA at 20 and 87 °C upon
excitation with UVA radiation. The relatively lower emission
intensity of BP at the aggregate peak around 490 nm compared
to the monomer peaks at 410, 430, and 455 nm, similar to our
observation for BP upon complexation with CT-DNA (Figure
3a), is again a clear evidence of association between the
carcinogen and HSA. As evident from Figure 7a, the emission
intensity of BP in the presence of HSA also enhances with the
increase in temperature from 20 to 87 °C similar to that
observed for the BP—CT-DNA complex. However, the extent
of enhancement in the emission intensity of BP in the presence
of HSA is much lower compared to that in the presence of CT-
DNA. Therefore, with the increase in temperature the ET
pathway of BP in the presence of HSA gets perturbed to some

lower extent, compared to our previous observation in the
presence of CT-DNA. Figure 7a inset shows the time-resolved
fluorescence transients of BP—HSA complex at 20 and 87 °C
while exciting with UVA radiation. The corresponding lifetime
components have been tabulated in Table 3. The ultrafast time
components of 70 and 870 ps in the lifetime of BP upon
association with HSA strongly corroborate with the ET
components observed in the fluorescence transients of BP
while participating in ET reaction with BQ and DNA,
mentioned above and thus have been attributed to the UVA
radiation induced ET from BP to HSA. Amino acids in HSA
possessing lower oxidation potential compared to BP can be
involved in such ET reaction from BP to HSA. For example, the
oxidation potential of tryptophan in HSA being lower (~1 V)*!
than that of BP (~1.18 V),** supports the flow of electrons
from BP to HSA in the observed ET reaction between the two.
In contrast to our previous observation in the presence of CT-
DNA, the contributions of ET components of 70 and 870 ps in
the fluorescence transient of BP in the presence of HSA are
found to get decreased from 39 to 37% and from 23 to 13%,
respectively, with the similar increase in temperature from 20 to
87 °C. The major contribution of the ET components in the
fluorescence transient of BP in HSA even at 87 °C, where the
protein gets significantly unfolded,” suggests that BP remains
bound to unfolded HSA unlike CT-DNA at high temperature.
For further confirmation regarding the association of BP with
unfolded HSA, the fluorescence anisotropy of BP at 87 °C has
been compared with that at 20 °C as shown in Figure 7b,c. At
both the temperatures 20 and 87 °C, the anisotropy exhibits
biexponential decay with a residual offset of 0.22 and 0.16,
respectively. The corresponding 7, values are tabulated in Table
3. The offset observed in the BP—HSA complex at 20 and 87
°C is due to the overall motion of the protein HSA which does
not decay within the experimental time window. The ultrafast
time component ~70 ps with a huge offset, observed in the
temporal decays of the rotational anisotropy of BP bound to
HSA at 20 and 87 °C, is comparable to the electronic energy
transfer component in the anisotropy profile of multiporphyrin
functionalized dendrimers®® mentioned before. The presence of
electronic energy transfer component along with a significant
residual offset in the rotational anisotropy of BP in unfolded
HSA at 87 °C confirms the association of BP with unfolded
HSA unlike denatured CT-DNA. The association of BP with
unfolded HSA strongly corroborates with one of our earlier
studies,”> where it has been shown that an extremely
hydrophobic probe can reside in the subdomain IIIA of the
protein even at its thermally unfolded states.

Our investigation on the ET reaction from BP to organic
molecules and biological macromolecules (shown in Scheme
la,b) has been further extended with inorganic zinc oxide
(ZnO) nanorods (NRs). The purpose of this study is to probe
whether ET from BP to ZnO NRs is achieved in terms of

Table 3. Fluorescence Lifetime Components () of BP upon Interaction with HSA at Different Temperatures along with the

Rotational Time Constants (z,)

anisotropy
sample temp (°C) 7, (ns) 7, (ns) 75 (ns) 7,, (ns) 7, (ns) offset
BP in HSA 20 0.07 (39%) 0.87 (23%) 19.09 (38%) 7.48 0.07 (46%) 2.99 (54%) 0.22
87 0.07 (37%) 0.90 (13%) 20.12 (50%) 10.20 0.06 (76%) 1.89 (24%) 0.16

“Emission wavelength (4.,) and excitation wavelength (A,,) are 410 and 375 nm, respectively. The numbers in parentheses represent relative
contributions of the components. 7,, represents the average lifetime in nanoseconds. Error +5%.
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photocurrent. By making the use of the basic working principle
of a dye-sensitized solar cell, we have designed a photodevice,
as schematically shown in Scheme Ic. Figure 8a, left inset,
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Figure 8. (a) Time-resolved fluorescence transient of BP—ZnO
complex in thin film; the right inset shows the same in a narrow time
window, while the left inset shows the scanning electron micrographs
(SEM images) of ZnO NRs. (b) Wavelength-dependent photocurrent
obtained from ZnO NR fabricated photodevices in the presence and
absence of BP. Bold lines represent the Gaussian fits of the respective
plots, and the broken lines represent the deconvoluted plots of BP—
ZnO complex having peaks at 350, 382, and 400 nm. Inset shows the
variation of power over the same wavelength range where the bold line
is the guide to the eye.

shows the scanning electron micrographs (SEM images) of
ZnO NRs. Morphological characterization by SEM (Figure 8a,
left inset) indicates the formation of arrays of ZnO NRs with a
preferential growth along the polar facets [002 direction] of the
hexagonal wurtzite crystal. The NRs growing perpendicular to
the substrate are nearly uniform in length (~3 gm) and possess
a characteristic hexagonal cross section with diameter in the
range of 180 nm. For the investigation of UVA radiation
induced ET reaction between BP monomers and ZnO NRs,
picosecond-resolved fluorescence transient of BP has been
monitored at 410 nm on thin film in the presence of ZnO NRs
as shown in Figure 8a and it is fitted with the values given in
Table 4. As evident from Figure 8a and Table 4, ultrafast
components of 50 and 880 ps appear in the fluorescence
transient of BP in the presence of ZnO NRs, along with a long
component (~39 ns) comparable to the lifetime of BP in
degassed benzene." To differentiate the ultrafast component of
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Table 4. Lifetime Components of BP monitored at 410 nm
(Aem) on Thin Film in the Presence of ZnO NRs”

7; (ns)

39.64 (5%)

7, (ns)
0.88 (6%)
“r represents the time constant in nanoseconds and the numbers in

parentheses represent relative contributions of the components. Error
+5%.

7, (ns)

0.05 (89%)

sample

ZnO NR anchored BP

50 ps from IRF, the fluorescence transient of ZnO NR
anchored BP is shown over a narrow time window of 0.7 ns in
Figure 8a, right inset. The ultrafast components in the
fluorescence transient of BP in the presence of ZnO NRs
being comparable with the ET components observed in the
fluorescence transients of the same while undergoing ET
reaction with organic molecules and biological macromolecules
(mentioned before) validates the ET from BP to ZnO NRs.
Here it has to be noted that the observed ET components in
the lifetime of BP in different systems are similar but they are
exactly not the same and this difference can be attributed to the
difference in redox properties of the systems. Moreover, the
picosecond resolved lifetime measurements were all done in
time-correlated single-photon-counting (TCSPC) setup having
instrument response function (IRF) of 80 ps and hence very
fine variations (in femtosecond time scale) of the ET process
are beyond the resolution of the used setup. The ET from BP
to ZnO NRs has been further confirmed by monitoring the
flow of electrons in terms of photocurrent. Figure 8b shows the
wavelength-dependent variation in photocurrent, monitored in
ZnO NR fabricated photodevice in the presence and absence of
BP. As shown by the broken lines in Figure 8b, the
photocurrent versus wavelength curve in the presence of BP
can be deconvoluted into three characteristic peaks at 350, 382,
and 400 nm similar to the absorption peaks of BP** while that
in the absence of BP produces a single peak corresponding to
the absorption peak of ZnO at 382 nm. The enhanced
photocurrent obtained in the presence of BP from ZnO NR
fabricated photodevice confirms the role of BP as the
photosensitizer. Inset of Figure 8b indicates that in the
wavelength range of 300—380 nm, power remains almost
constant while there is a constant enhancement in photo-
current, suggesting that the photocurrent measured is solely
dependent on the flow of electrons irrespective of the power.

4. CONCLUSION

Electron-transfer (ET) reactions are well-known for their
importance in DNA damage and cancer biochemistry. In the
present study, we explored the strong affinity of the carcinogen
benzo[a]pyrene (BP) to donate electrons to different class of
molecules like p-benzoquinone (BQ), biological macromole-
cules like calf-thymus DNA and human serum albumin (HSA),
and inorganic nano structures like zinc oxide (ZnO) nanorods
(NRs). While steady-state and time-resolved fluorescence
spectroscopy results reveal the quenching of the emission of
BP in the presence of organic molecules, biological macro-
molecules, and nano structures, CD spectroscopy results
monitoring the BP-induced structural changes in the CT-
DNA and ZnO-NR based photodevice confirm the charge-
transfer reaction from BP by directly monitoring the flow of
electrons in terms of photocurrent. Our ultrafast electron
transfer studies from BP to four different types of molecules
suggest BP as a strong electron donor which can be considered
as one of its vital characteristics responsible for its carcinogenic
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activity. Therefore, our work hints that the ET pathway from
BP can be targeted to prevent BP-mediated carcinogenesis. It
has to be noted that carcinogenesis of BP may involve other
modes of interaction with biological macromolecules apart
from ET which our objective does not include. We emphasize
one of the key aspects of BP which can assist in further research
on this carcinogen.
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