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Photoprocesses of the tyrosine kinase inhibitor
gefitinib: from femtoseconds to microseconds and
from solution to cells}

Lorena Tamarit, ©2° Meryem El Ouardi,®® Inmaculada Andreu, ©2°
Ignacio Vaya @ *2 and Miguel A. Miranda © *2°

Gefitinib (GFT) is a tyrosine kinase inhibitor currently used for the treatment of metastatic non-small cell
lung cancer. Although it has been suggested that GFT can be phototoxic, there are no systematic studies
on this issue. Here, the photosensitizing potential of GFT has been assessed by means of NRU assays and
protein photooxidation. In addition, a thorough photophysical study is presented based on ultrafast
transient absorption spectroscopy, fluorescence and laser flash photolysis. Transient species generated
after excitation of GFT have been characterized in solution and in biological environments (i.e. HSA and
HaCaT cells) to gain insight into the mechanisms involved in photodamage. The photobehavior of GFT
was strongly medium-dependent. Excitation of the drug resulted in the formation of locally excited (LE)
singlet states (\GFT*), which were found to be the main emissive species in non-polar solvents and also
within HSA and HaCaT cells. By contrast, in polar solvents, LE states rapidly evolved (~1 ps) towards the
formation of longer-lived intramolecular charge transfer (ICT) states. The triplet excited state of GFT
(*GFT*) can be formed through intersystem crossing from GFT* in non-polar solvents and from ICT
states in the polar ones, or in the particular case of ethanol, by photosensitization using 2-
methoxyacetophenone as an energy donor. In the HSA environment, >GFT* was hardly detected due to
quenching of its LE *GFT* precursor by Trp through an electron transfer process. Accordingly, HSA
photooxidation by GFT was demonstrated using the protein carbonylation method. In summary, a good
correlation is established between the photophysical behavior and the photobiological properties of GFT,
which provides a mechanistic basis for the observed phototoxicity.

tyrosine kinase inhibitors (TKIs) are of high interest due to their
ability to block the kinase activity of these receptors.*®

The epidermal growth factor receptor (EGFR) family is
composed of four members (HER1-4), which are trans-
membrane glycoproteins with tyrosine kinase activity. They are
able to regulate a number of signaling pathways within cells
including cell proliferation, migration, differentiation, tissue
repair and wound healing."” Mutations and overexpression of
tyrosine kinase receptors, especially HER1 and HER2, may
result in the appearance of different types of cancers and may
promote solid tumor growth.* Therefore, EGFRs are major
targets for the design of anticancer agents. In this regard,
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Gefitinib (GFT) is an orally active first-generation TKI.® It is
clinically used for patients with locally advanced or metastatic
non-small cell lung cancer; the mode of action involves specific
binding of GFT to the ATP site of HER1 preventing autophos-
phorylation in tumor cells.® Although the benefits of this drug
are evident, it can also induce adverse effects, which are normally
associated with rash, diarrhea, dry skin, nausea and vomiting."*

Many drugs are known to absorb solar radiation and can
induce photosensitivity reactions, such as phototoxicity or photo-
allergy, but also photoaging, weakening of the immune system and
skin cancer.”” These side effects can be associated with damage to
biomolecules (lipids, proteins and DNA) caused by radicals or
reactive oxygen species (ROS) arising from excited singlet or triplet
states."** Interestingly, drugs containing the quinazoline moiety
are known to produce photodermatosis.’ In this regard, it has
recently been reported that lapatinib (LAP), a TKI used for the
treatment of breast and lung cancer, can induce protein photo-
oxidation and phototoxicity.” The excited states arising from
irradiation of LAP with UV light have been investigated by means
of spectroscopic techniques in solution and in the presence of

Chem. Sci., 2021, 12, 12027-12035 | 12027


http://crossmark.crossref.org/dialog/?doi=10.1039/d1sc03154f&domain=pdf&date_stamp=2021-09-18
http://orcid.org/0000-0001-9615-5004
http://orcid.org/0000-0003-3409-9443
http://orcid.org/0000-0003-1682-9342
http://orcid.org/0000-0002-7717-8750
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc03154f
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC012036

Open Access Article. Published on 13 jdlius 2021. Downloaded on 2025. 10. 23. 12:02:06.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

human serum albumin (HSA)."** It has been shown that short-
lived (ps scale) intramolecular charge transfer states (ICT) are
formed in the bulk solution, while longer-lived locally excited (LE)
states predominate in the protein-bound LAP; these states must be
related to the photosensitizing potential of the drug.

In this context, preliminary in vitro studies suggest that GFT
may be phototoxic,” although there are no reports about the
involved photochemical mechanisms. In the present work, the
photobiological response of GFT is investigated; thus, its
phototoxic potential is evaluated by means of the NRU assay,
while its photooxidation activity is assessed towards HSA, the
main transport protein in human serum.** Besides, fluores-
cence and transient absorption spectroscopies from the
femtosecond to the microsecond time-scale are used to inves-
tigate the photobehavior of GFT in solution and in the presence
of HSA, in addition to human keratinocytes (HaCaT) cells. As
aresult, it has been observed that the excited state properties of
the drug are strongly affected by the environment: LE states are
mainly formed in organic non-polar solvents and within HSA or
HaCaT cells, while ICT sates are predominant in organic polar
solvents. The triplet excited state of gefitinib (*GFT*) has been
identified and completely characterized for the first time, and
its potential to generate ROS has been assessed. All these
features are of key importance in connection with the photo-
sensitizing potential of this drug.

Experimental
Chemicals and reagents

Gefitinib was purchased from Quimigen. Chlorpromazine
hydrochloride (CPZ), sodium dodecyl sulphate (SDS), anthra-
cene, human serum albumin (HSA) were purchased from
Sigma-Aldrich. For cell culture experiments, HaCaT cells and
Dulbecco's Modified Eagle Medium (DMEM), fetal bovine
serum (FBS), and penicillin-streptomycin (1.0 x 10° U mL*,
1.0 x 10° pg mL™") were supplied by invitrogen. Trypsin-EDTA
(0.25-0.02%) and glutamine solutions were provided by Cultek.
2,4-Dinitrophenylhydrazine  hydrochloride (DNPH)
purchased from Santa Cruz Biotechnology (Dallas, USA). PBS
buffer was prepared by dissolving phosphate-buffered saline
tablets (Sigma) using ultrapure water from a Millipore (Milli-Q
Synthesis) system. Spectrophotometric HPLC solvents were
obtained from Scharlab and used without further purification.

was

Irradiation equipment

Irradiations were performed using a LCZ-4 photoreactor fitted
with six top and eight side Hitachi lamps (Anax = 350 nm,
Gaussian distribution; Luzchem, Canada). Irradiation for in
vitro NRU assay was performed in 96-well transparent plates
while 6-well transparent plates were used for photooxidation
assay. All experiments were performed keeping the plates on ice
inside the photoreactor to avoid overheating.

Spectroscopic measurements

Steady-state absorption spectra were recorded in a JASCO V-760
spectrophotometer. Steady-state fluorescence spectra were
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obtained using a JASCO spectrofluorometer system provided
with a monochromator in the wavelength range 200-900 nm,
with an excitation wavelength of 340 nm at 25 °C. Measure-
ments on drug@protein complexes were performed in aerated
PBS of 1 : 1 molar ratio mixtures at 10 uM. The absorbance of
the samples at the excitation wavelength was kept below 0.1.
Phosphorescence measurements were performed in a Photon
Technology International (PTI, TimeMaster TM-2/2003) spec-
trophotometer equipped with a pulsed Xe lamp, operating in
a time-resolved mode with a delay time of 0.5 ms. The sample
was dissolved in ethanol, introduced in a quartz tube of 5 mm of
diameter and cooled with liquid N, (77 K).

Time-resolved fluorescence measurements were performed
using an EasyLife X system containing a sample compartment
composed of an automated peltier cuvette holder to control the
temperature, a pulsed LED excitation source and a lifetime
detector. The employed LED excitation source was 340 nm, with
an emission filter of WG370.

Laser Flash Photolysis (LFP) measurements were performed
using a pulsed Nd:YAG L52137 V LOTIS TII at an excitation
wavelength of 355 nm. The single pulses were ca. 10 ns dura-
tion, and the energy was ~12 mJ per pulse. The laser flash
photolysis system consisted of the pulsed laser, a 77250 Oriel
monochromator and an oscilloscope DP04054 Tektronix. The
output signal from the oscilloscope was transferred to
a personal computer. The absorbances of all solutions were
adjusted at ~0.20 at 355 nm. All UV, fluorescence and LFP
measurements were performed using 10 x 10 mm?® quartz
cuvettes at room temperature under deaerated conditions
(25 min N, bubbling), or in the case of the protein complexes
and/or singlet oxygen detection in an aerated atmosphere.
Control experiments indicated that the degree of decomposi-
tion of the samples after photolysis was lower than 5%.

Femtosecond transient absorption experiments were per-
formed using a typical pump-probe system. The femtosecond
pulses were generated with a compact regenerative amplifier
that produces pulses centered at 800 nm (7pyise 100 fs approx., 1
m] per pulse). The output of the laser was split into two parts to
generate the pump and the probe beams. Thus, tunable
femtosecond pump pulses were obtained by directing the
800 nm light into an optical parametric amplifier. In the present
case, the pump was set at 330 nm and passed through a chopper
prior to focusing onto a rotating cell (1 mm optical path) con-
taining the samples in organic or aqueous solution. The white
light used as a probe was produced after part of the 800 nm light
from the amplifier travelled through a computer controlled 8 ns
variable optical delay line and impinged on a CaF, rotating
crystal. This white light was in turn split in two identical
portions to generate reference and probe beams that then are
focused on the rotating cell containing the sample. The pump
and the probe were made to coincide to probe the sample. The
power of the pump beam was set to 180 pW. Under these
conditions, the degree of photodegradation of the samples was
lower than 5%. A computer-controlled imaging spectrometer
was placed after this path to measure the probe and the refer-
ence pulses to obtain the transient absorption decays/spectra.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The experimental data were treated and compensated by the
chirp using the ExciPro program.

Phototoxicity assay

A neutral Red Uptake phototoxicity test (NRU) was selected for
the study of the cellular phototoxic properties of GFT. The assay
was performed in accordance with the OECD Guideline 432
(OECD 2019) in HaCaT cells instead of the 3T3 cell line from
BALB/c, the standard method, due to the similarity with human
skin cells.*

The positive and negative phototoxic controls were CPZ and
SDS, respectively. Chlorpromazine is a commonly used anti-
psychotic drug which has demonstrated relevant phototoxic
properties.” Briefly, two 96-well plates were seeded at a density
of 2.0 x 10* cells per well, and cells were treated the next day
with GFT at eight concentrations ranging from 2.5 to 500 uM.
Additional plates were treated with CPZ (from 1.57 uM to 500
uM) and SDS (from 3.13 puM to 500 uM) as the references for this
experiment. Then, one plate was irradiated with 5 J cm™> UVA
dose (UVA light) whereas the other plate was kept in a dark box
(DARK). The next day, cells were incubated with neutral red
solution (50 ug mL™') and further dye extraction from lyso-
somes was accomplished with a mix buffer [distilled water 50%
(v/v), ethanol 49.5% (v/v) and acetic acid 0.5% (v/v)]. Afterwards,
the absorbance of the plates was read at 540 nm on a Synergy H1
microplate reader. Dose-response curves for GFT and controls
were obtained to determine the concentration causing a reduc-
tion of 50% of the neutral red uptake (IC5,) under dark and UVA
light conditions. Lastly, the photoirritation factor (PIF) values
were calculated using the following equation:

ICs\DARK

PIF= ——————
IC50UVA llght

Conforming to OECD guideline 432, a substance is labelled
as “non-phototoxic” when PIF is <2, “probably phototoxic” if PIF
is between 2 and 5 and “phototoxic” if PIF is >5.

Protein carbonyl content assay

Protein carbonyl content assay was carried out following the
protocol described elsewhere,** but with minor modifications.
Briefly, a solution of HSA (5 mg mL ", 1 mg protein/sample) was
prepared in PBS and irradiated alone or in the presence of 100
uM of GFT followed by the exposure to UVA light at doses of 5,
10 and 15 J cm™ 2 Then, the amount of HSA oxidation was
monitored spectrophotometrically after incubation of the
samples with 2,4-dinitrophenylhydrazine (DNPH) 10 mM in
order to generate quantifiable DNPH adducts. Later, proteins
were precipitated with 20% trichloroacetic acid solution and
a sequence of two washes was performed with ethanol/ethyl
acetate 1: 1 (v/v) containing 20% trichloroacetic acid. Finally,
dried protein pellets were resolubilized with guanidine buffer (6
M) and absorbance was registered at 375 nm using a Synergy H1
microplate reader. Conclusively, the potential of protein
oxidation was measured based on the content of carbonyl

© 2021 The Author(s). Published by the Royal Society of Chemistry
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generated (nmol of carbonyl per mg protein) in the presence of
GFT.

Results and discussion

As mentioned in the introduction, TKIs can exhibit photo-
sensitizing potential in combination with sunlight."” Hence, it
appeared interesting to assess the phototoxicity of GFT in vitro
based on the established neutral red uptake (NRU) method.
Thus, human keratinocytes were incubated with GFT and irra-
diated with a UVA light dose of 5 ] cm™>. The cytotoxic profiles
were determined by measurements of the irradiated samples in
comparison with those kept in the dark, using neutral red as
a vital dye. Thus, from the obtained dose-response curves (see
Fig. S1 in the ESIf), ICs, was determined, and the photo-
irritation factor was calculated as the ratio of IC5, between dark
and UVA conditions (see the Experimental section). The PIF
value of GFT was found to be 13. Therefore, following the OECD
432 guide (OECD 2019), GFT can be considered a phototoxic
drug (Fig. 1 and 2).

In view of the phototoxic potential of GFT, its photobehavior
was studied by means of fluorescence and transient absorption
spectroscopies. The photophysical properties of the drug were
first investigated in organic solvents of different polarities. The
UV absorption spectra barely varied from acetonitrile to

Fig. 1 Chemical structure of GFT.
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SDS GFT CPz

Fig. 2 In vitro phototoxicity of GFT in the NRU assay. The concen-
tration causing a reduction of 50% of the neutral red uptake (ICsq) was
calculated both in the dark (filled bars) and under UVA light conditions
(empty bars). The represented data correspond to the mean + SD from
4 independent dose-response curves. Chlorpromazine (CPZ) and
sodium dodecyl sulfate (SDS) represent the selected positive and
negative phototoxicity controls, respectively. The PIF value was
determined from the ratio between ICsq dark and I1Csg UVA for each
compound. According to the OECD 432 guide (2019), PIF < 2 means
“non-phototoxic”; 2 < PIF < 5 means “probable phototoxicity” and PIF >
5 means “phototoxicity”. Asterisks indicate significant differences by
the t-Student test (ns: non-significant, ***p < 0.001).
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Fig. 3 Normalized fluorescence spectra (A) and decays (B) under
aerated conditions for GFT in acetonitrile (black), 1,4-dioxane (red),
toluene (blue) and cyclohexane (green) after excitation at 340 nm.

cyclohexane (see Fig. S2 in the ESIf) while the fluorescence
properties were strongly affected by the polarity. This is in
agreement with previous observations in n-hexane, chloroform
or in alcohol solutions, where no detailed explanation was
given.”*?¢ The results show that the emission spectra of GFT
were broad and unstructured in polar solvents (see Fig. 3A),
displaying low quantum yield (¢r) and peaking at long wave-
lengths (Amax > 450 nm). By contrast, ¢y values were much
higher in non-polar solvents, and emission occurred at much
shorter wavelengths with a lower fwhm (see Table 1). To give
a comparison, the fluorescence quantum yield of GFT in
acetonitrile was 0.05, with A, ~ 473 nm and a fwhm of about
118 nm, while in cyclohexane ¢y was 0.19, and the spectrum
showed a fwhm of ca. 71 nm and A5 ~ 378 nm. In addition,
the fluorescence decay kinetics (see Fig. 3B) showed the longest
lifetime for the emitting species in acetonitrile, while the
shortest one was detected in cyclohexane. Due to the short
fluorescence lifetimes (1-3 ns), the presence or absence of
oxygen had only a marginal effect (see Fig. S3 in the ESI{).

Table 1 Fluorescence properties of GFT in solvents of different
polarities and within HSA and HaCaT cells at Aexc = 340 Nnm

Amax/TM fwhm/nm o Tp/NS
MeCN 473 118 0.05 3.4
1,4-Dioxane 458 116 0.09 2.5
Toluene 421 101 0.18 2.6
Cyclohexane 378 71 0.19 1.3
HSA 390 95 0.02 1.3
HacCaT cells 390 70 0.05 —

“ ¢r were determined using anthracene in ethanol as ref. 27.
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The combined results from both steady-state and time-
resolved measurements can be interpreted as emission from
locally excited (LE) singlet states in non-polar solvents or from
intramolecular charge transfer (ICT) states in the polar ones.
The energy of LE in cyclohexane, determined from the crossing
point between the normalized excitation and emission spectra
(see Fig. S4 in the ESIT), was ~82 kcal mol ', while that of ICT in
MeCN was roughly estimated to be of about 64 kcal mol™" from
the bathochromic shift between the maxima spectra of cyclo-
hexane and MeCN. At low temperatures, the fluorescence signal
of GFT in a solid cyclohexane matrix at 77 K was very similar to
that found in solution at 298 K. For acetonitrile, it was not
possible to record the spectrum of a solid sample. Hence, low
temperature measurements in a polar medium were performed
in frozen ethanol, where two components were clearly distin-
guished in the 350-425 and 430-550 nm regions (see Fig. S5 in
the ESIt), attributed to the LE and ICT states, respectively. From
the wavelength corresponding to the first maximum of the ICT
emission, a value of 65 kcal mol™" was obtained for the energy
of this state, which is compatible with the 64 kcal mol * esti-
mated in MeCN from the bathochromic shift of the maximum
(see above). In ethanol solution, at room temperature, the
emission was very weak and no clear spectrum was recorded.

In order to get more insight into the formation of both LE
and ICT states, femtosecond transient absorption measure-
ments were performed on GFT in toluene, acetonitrile and
ethanol (cyclohexane was not used due to solubility limitations).
This is a highly sensitive technique which allows studying the
formation of transient species in terms of spectral shape and
kinetics resolution, and provides direct information on
processes such as intersystem crossing (ISC), energy or electron
transfer (ET) and charge separation.?*° Thus, excitation of the
drug at 330 nm in toluene gave rise to an absorption band
peaking at Anax ~ 460 nm. It evolved through two nearly iso-
sbestic points (415 and 560 nm) towards the formation of a new
band with two maxima ca. 605 and 410 nm (see Fig. 4A), which
became clearly defined on the nanosecond scale. This band,
mostly formed in about 10 ps (see Fig. S6 in the ESIt), can be
tentatively ascribed to the triplet excited state of gefitinib
(*GFT*). By contrast, in acetonitrile, the band at around 460 nm
evolved in about 1 ps towards other species with a maximum ca.
430 nm, which persisted up to the nanosecond scale (see
Fig. 4B). This behavior is comparable to that previously
observed for LAP in MeCN, where LE was the precursor species
of the ICT state, formed in about 1.5 ps and decayed in the
nanosecond time-scale.’® Accordingly, a similar interpretation
can be done for GFT in MeCN; thus, the band at 460 nm is
associated with LE, while that at 430 nm to a ICT state. Inter-
estingly, the transient absorption band at ~605 nm was again
visible on the ns scale, coexisting with that of ICT. A similar
photobehavior was detected in ethanol; so, LE rapidly evolved
(ca. 1.4 ps) towards the formation of ICT, which disappeared in
about 700 ps (see Fig. 4C). Surprisingly, the long-lived band
associated to *GFT* with maxima around 410 and 605 nm was
not detected.

In order to further characterize the excited species of the
drug at longer time scales, nanosecond LFP measurements were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Femtosecond transient absorption spectra of GFT in (A)
toluene, (B) acetonitrile and (C) ethanol, after excitation at 330 nm. The
spectra were recorded from 0.5 ps (black line) to 2 ns (blue line) in (A)
and (B), and from 0.5 ps (black line) to 0.7 ns (blue line) in (C).

performed at A... = 355 nm. The transient spectra obtained in
toluene showed two maxima around 400 and 600 nm (see
Fig. 5A), very similar to those detected in the ns window from
ultrafast spectroscopy; the two bands decayed in a similar
manner (ca. 2 ps), indicating that both are associated with the
same species in the excited state. The photobehavior in aceto-
nitrile (see Fig. 5B) was very similar to that observed in toluene,
but with slightly lower efficiency and the excited species dis-
playing shorter lifetimes (~1.7 ps).

The signal at 600 nm, assigned to *GFT*, was strongly
quenched by oxygen (kg ~ 5.6 x 10° M~ s~ ). In order to better
characterize its triplet nature, photosensitization LFP measure-
ments using naproxen (NPX) as an acceptor were performed. The
energy of *NPX* is 62 kcal mol *,*" while that of *GFT*, deter-
mined from the 4% rise of its phosphorescence spectrum in
a solid matrix of ethanol at 77 K (see Fig. S7 in the ESI}), was of
about 69 kcal mol . Selective excitation of GFT at 355 nm in the
presence of NPX resulted in a strong quenching of the signal at
600 nm with a concomitant formation of *NPX* (Apax ~ 430 nm)
through a triplet-triplet energy transfer process from GFT to NPX
(see Fig. S8 in the ESIT). Therefore, the transient band peaking at
~600 nm can be undoubtedly assigned to the first triplet excited
state of the drug. It is worth noting that *GFT* was much lower in
ethanol (see Fig. S9 in the ESIT); all these results are in agreement
with those obtained from ultrafast spectroscopy.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 LFP spectra (from 0.2 to 3 ps) and decay traces at 600 nm of
GFT in toluene (A) and MeCN (B), after excitation at 355 nm under
deaerated conditions.

In this context, an interesting point of discussion is the
formation of *GFT* in both non-polar and polar solvents, as it
can arise from different precursors (LE and/or ICT states,
respectively). Interestingly, excitation of the drug in non-polar
solvents such as toluene gives rise to LE states, which would
evolve towards the formation of *GFT* in ca. 10 ps through ISC.
In contrast, ICT predominates in polar solvents such as aceto-
nitrile; therefore, in this case, *GFT* would be mainly formed
from ICT rather than from LE states, as the latter disappear in
a few ps. The minor formation of *GFT* in ethanol might be due
to an enhanced stabilization of the ICT species, whose energy
becomes lower than that of *GFT* (65 vs. 69 kcal mol %),
resulting in an endothermic ISC. However, markedly higher
formation of triplet gefitinib was accomplished through triplet-
triplet energy transfer from 2-methoxyacetophenone (MAP) as
the photosensitizer.*” Thus, excitation of a mixture containing
GFT and MAP in deaerated ethanol resulted in enhanced
formation of *GFT* (see the difference spectrum in the inset in
Fig. 6A). The growth and decay of this species at its absorption
maximum (ca. 600 nm) are clearly shown in Fig. 6B.

From a photobiological point of view, triplet excited species
are key intermediates that can induce damage to proteins and
other biological targets.*® This can involve radical pathways
initiated by electron transfer or hydrogen abstraction (type I
mechanism), and/or energy transfer from a photosensitizer to
molecular oxygen, leading to singlet oxygen (*O, type II mech-
anism).*»* In this context, it has been observed by means of LFP
(Aexe = 355 nm) that GFT can induce formation of '0,, which
has been detected by time-resolved NIR emission at 1270 nm. In

Chem. Sci., 2021, 12, 12027-12035 | 12031
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Fig. 6 (A) Transient absorption spectra of GFT (black), MAP (red) and
a mixture of GFT/MAP (blue). The inset shows the spectrum obtained
from subtraction of the MAP spectrum to that of the GFT/MAP spec-
trum 0.6 ps after the laser pulse. (B) LFP decay traces at 610 nm for GFT
(black), MAP (red) and a mixture of GFT/MAP. All measurements were
performed in deaerated ethanol at e, = 355 Nnm at concentrations of
40 uM for GFT and 30 mM for MAP.

the case of GFT, the singlet oxygen quantum yields, determined
using ketoprofen as a reference,* were of about 0.17 and 0.1 in
aerated toluene and MeCN, respectively; this agrees with the
enhanced triplet formation in the former.

As GFT is phototoxic to cells (see above) and membrane
proteins are major targets for photosensitized oxidation,*”*® the
photobehavior of GFT was investigated in the presence of
human serum albumin, a model protein which is the most
abundant in plasma.* It is known that GFT highly binds to
HSA.* Selective excitation of the protein-bound gefitinib at
340 nm (see Fig. S10 in the ESI}) evidenced a significant
enhancement of its fluorescence compared with the drug free in
aqueous solution, which is insignificant (see Fig. 7A). The
stronger emission of complexed gefitinib may result from the
higher restrictions in its degrees of freedom for conformational
relaxation within HSA. Interestingly, the spectrum profile
displays its maximum at ~390 nm, and decays with a lifetime of
about 1.3 ns, showing a very similar behavior to that observed in
cyclohexane (see Table 1). Accordingly, the excited species
detected for GFT@HSA can again be associated with LE singlet
states. However, the lower fluorescence quantum yield of the
drug within the protein compared with cyclohexane (0.02 vs.
0.19) is worth noting; this decrease can be the result of an
electron transfer process to GFT in its excited state from
appropriate donors, for instance the only tryptophan (Trp)
residue of HSA.* A similar process was previously observed for
other drug@HSA systems.*»** In order to check this possibility,
application of the Weller equation,” considering the singlet
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Fig. 7 (A) Fluorescence spectra of isoabsorptive solutions at the
excitation wavelength for GFT in the bulk aqueous solution (dashed
line) and GFT@HSA at 1 : 1 molar ratio (solid line). The inset shows the
normalized fluorescence decay for GFT@HSA at 1: 1 molar ratio (10
uM) in PBS. (B) Normalized fluorescence spectra of GFT within HaCaT
cells. All measurements were performed at Aexc = 340 nm. The vertical
dotted line marks the maximum emission at ca. 390 nm.

energy of GFT and the corresponding redox potentials,”” agrees
with an exergonic electron transfer from Trp to the excited drug
(AG = —18.5 kcal mol ). As a matter of fact, the feasibility of
this process was confirmed experimentally from fluorescence
measurements. Thus, decay kinetics of "GFT* was recorded in
the non-polar solvent cyclohexane in the presence of increasing
amounts of 3-methylindole, the chromophore present in the
Trp residue (see Fig. S11 in the ESIT); a quenching rate constant
of ~4.3 x 10" M~* s was determined. Therefore, the low ¢x
observed for gefitinib within HSA can be explained as a result of
an electron transfer from Trp to the LE "GFT*.

An interesting point to highlight is the similarity of the
emission spectra detected for GFT within HSA and HaCaT cells
after selective excitation of the drug at 340 nm. As it can be
observed, the emission of the drug in a cellular milieu (see
Fig. 7B) was centered at the same position as in the protein
(~390 nm), showing a slightly higher quantum yield of about
0.05 (see Table 1). This may suggest that the photobehavior of
GFT in the protein environment is similar to what could be
expected in cells.

In order to obtain further information about the early
processes occurring inside HSA, femtosecond transient
absorption measurements were performed upon selective exci-
tation of the protein-bound gefitinib at 330 nm. This resulted in
the formation of a single transient band with a maximum at
~460 nm (see Fig. 8A), assigned to LE 'GFT*. This species
decays following a multi-exponential law (see Fig. 8B), which

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Femtosecond transient absorption spectra from 0.5 ps (black
line) to 2 ns (blue line) (A), and decay trace at 460 nm (B) for GFT@QHSA
at 1: 1 molar ratio in aerated PBS at Aexc = 330 nm.

can be associated with parallel processes arising from the drug
located in different binding sites of HSA. Thus, the shortest
component, of ca. 5 ps, can be related to the binding of GFT in
a site close to the Trp residue, where the electron transfer
process from the amino acid to 'GFT* might take place. By
contrast, the longest component, which persists up to the
nanosecond time-scale, could correspond to the location of GFT
in another site far from Trp, where the electron transfer process
cannot occur.

It should be emphasized that *GFT* was hardly detectable in
the protein medium, where the band at ~600 nm is marginal. In
this regard, nanosecond LFP measurements on GFT@HSA at
Aexe = 355 nm indicated a very weak absorption around 600 nm
compared with MeCN (see Fig. S12 in the ESIt). This may be the
result of the LE 'GFT* quenching through electron transfer
from the Trp residue of HSA. As stated above, this process might
occur in about 5 ps, which is faster than ISC (~10 ps); conse-
quently, the yield of *GFT* within HSA is greatly decreased. This
has clear biological implications, since the photosensitization
of GFT in biological media could involve the participation of LE
singlet states rather than *GFT*.

In this context, as the electron transfer process from Trp to
'GFT* has been detected not only in solution but also in the
HSA-bound drug, it appeared interesting to evaluate the capa-
bility of GFT to induce protein photooxidation, since this
process could be the origin of the above mentioned GFT-
photosensitized damage occurring in HaCaT cells. To this
end, the protein carbonylation method was used, which repre-
sents the most frequent irreversible oxidative modification
affecting proteins. In this regard, PBS solutions containing HSA
and GFT were irradiated at different UVA light doses (5, 10 and
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Fig.9 Protein photooxidation by GFT. Solutions of HSA (5 mg mL™%) in
the presence or absence of 50 uM or 100 uM of GFT were irradiated at
5J cm~2 UVA dose (dark gray bar), 10 J cm~2 (light gray bar) and 15 J
cm™2 (empty bar) of UVA dose or kept under dark conditions (black
bar). The carbonyl content was quantified spectrophotometrically
after derivatization with 2,4-dinitrophenylhydrazine (DNPH). Data
represent the mean + SD of 4 independent experiments. Asterisks
indicate significant differences relative to the carbonyl content in HSA
in darkness by the t-Student test (*p < 0.05, **p < 0.01, ***p < 0.001,
ns: non-significant).

15 ] em™?), and the carbonyl content, as an early biomarker of
oxidative damage, was quantified using 2,4-dinitrophenylhy-
drazine (DNPH). The results shown in Fig. 9 revealed that GFT
promotes a consistent photooxidative effect towards HSA,
which agrees with the results obtained from the phototoxicity
NRU assay.

Scheme 1 summarizes the main species generated upon
excitation of the drug in different media. In all cases, an
instantaneous formation of LE 'GFT* is observed. In non-polar
solvents, this species emits light at wavelengths around 380 nm
within ca. 1 ns; in addition, LE '"GFT* undergoes ISC to the
triplet excited state (~10 ps), which displays a maximum at ca.
600 nm. By contrast, in polar solvents, LE rapidly evolves (~1 ps)
towards the formation of ICT states, which emit at longer
wavelengths (~470 nm) with much lower yields. In these media,
3GFT* is mainly populated from ICT states; surprisingly, it is
formed in very low efficiency in ethanol solution, where
conversion of ICT '"GFT* to *GFT* is thermodynamically dis-
favored. Finally, in the biological environment, i.e. HSA and
HacCaT cells, LE 'GFT* is the only detected species; its lifetime is
significantly decreased through ET-quenching by electron
donors.

non-polar 3GFT*

T *Ethanol

L L IICT-GFT]*

hv Polar

GFT —
X -

Organic
—_—
solvent

1LE-GFT]* —

3GFT*

- 1LE-GFT]* — .
Protein/Cell ET-Quenching by

electron donors

—_—
Scheme 1 Schematic representation of the main species arising from

the excited gefitinib in different environments: non-polar or polar
organic solvents, and biological media such as protein or cells.
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Conclusions

The photophysical behavior of GFT has been investigated in
solution and in biological environments, from the femtosecond
to the microsecond time-scales, whereas the photosensitizing
properties of the drug have been studied by means of the NRU
and protein carbonylation methods. In vitro NRU assay using
human keratinocytes (HaCaT) has proven the phototoxic
potential of GFT. The main excited species arising from selec-
tive irradiation of the drug are the locally excited (LE) and
intramolecular charge transfer (ICT) singlet states, as well as the
triplet state. In general, the LE singlet is the only emitting
species both in organic non-polar solution and in biological
media (i.e. HSA and HacCaT cells). In the former, intersystem
crossing to the triplet excited state of GFT occurs in the pico-
second scale. By contrast, in organic polar solvents, LE states
rapidly evolve towards the formation of ICT states. This species
emits at longer wavelengths and shows higher lifetimes than LE
states; they are also able to populate *GFT* in acetonitrile.
Surprisingly, ISC is not observed in ethanol, since ICT states are
rapidly deactivated (in about 0.7 ns); however, >GFT* is gener-
ated in this solvent by photosensitization with 2-methox-
yacetophenone as an energy donor. In the HSA binding sites,
formation of *GFT* is hardly detected; instead, quenching of its
LE singlet precursor by Trp through an electron transfer
mechanism is observed. Accordingly, GFT photosensitized
oxidation of HSA is demonstrated using the protein carbonyl-
ation method. In summary, a good correlation is established
between the photophysical behavior and the photobiological
properties of GFT, which provides a mechanistic basis for the
observed phototoxicity.
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