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Abstract. The study reports an investigation of the photoproducts obtained by exposure of chlorpromazine
hydrochloride in ultrapure water (concentration 2 mg/mL) to a 266-nm laser beam obtained by fourth harmonic
generation from a Nd:YAG laser (6-ns full time width at half maximum, 10-Hz pulse repetition rate). The photo-
products were analyzed by steady-state UV-Vis absorption, laser-induced fluorescence, Fourier transform infra-
red spectroscopy, and liquid chromatography—tandem time-of-flight mass spectroscopy. Two figures showing
pathways that take place during irradiation for obtaining the final products are shown. The quantum yield of
singlet oxygen generation by chlorpromazine (CPZ) was determined relative to standard Zn-phthalocyanine
in dimethyl sulfoxide. To outline the role of fluorescence in photoproducts formation rates, fluorescence quantum
yield of CPZ during exposure to 355-nm radiation (third harmonic of the fundamental beam of Nd:YAG laser) was
investigated relative to standard Coumarin 1 in ethanol. The CPZ solutions exposed 60 and 240 min to 266-nm
laser beam, respectively, were tested against Staphylococcus aureus ATCC 25923 strain. For 25 uL of CPZ
samples irradiated 240 min, a higher diameter of inhibition has obtained against the tested strain than for
the 60-min exposed ones. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.20.5.051002]
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A recently reported property of some phenothiazines is that
under controlled exposure to ultraviolet (UV) laser beam,
CPZ for instance undergoes molecular modifications, new pho-
toproducts are generated, and the irradiated solutions gain activ-
ity against a Staphylococcus aureus reference strain,'>'* which

1 Introduction

Phenothiazines are compounds that contain two benzene rings
ortho-fused with a thiazine ring, known for their pharmaceutical
properties. They are used as sedative, tranquilizer, antitubercu-
lotic, or bactericide agentsl'4 and can form radical-cations due to

their low oxidation potential.> A more recent application of phe-
nothiazines uses them as markers for DNA.°

Chlorpromazine (CPZ) is a phenothiazine derivative, well
known for its intensive use in psychotherapy,” which was lately
discovered to have a potential use in cancer treatment. It inhibits
the proliferation or induces the apoptosis in cultured cells like
leukemia cells without affecting the viability of normal lympho-
cyte® or melanoma cells’ where CPZ induces a dose-dependent
decrease in the cell viability. It can enhance the cytotoxic effect
of tamoxifen in tamoxifen-sensitive and tamoxifen-resistant
human breast cancer cells,'® as well.

Besides these properties, it was demonstrated that CPZ acts
as an efflux pump inhibitor, playing an important role in the
fight against the resistance at antibiotics acquired by bacteria.'!

*Address all correspondence to: Mihail Lucian Pascu, E-mail: mihai.pascu@
inflpr.ro

Journal of Biomedical Optics

051002-1

is otherwise insensitive to the CPZ parent compound.

An even more recent study showed that a mixture of the pho-
toproducts obtained after irradiation with a 266-nm laser beam
of a CPZ water solution enhances the antimicrobial activity
against S. aureus and Escherichia coli compared with the uni-
rradiated compound and becomes a good efflux pump inhibitor
for Salmonella Enteritidis."* Though, for future applications on
bacteria, it is important to identify each newly generated mol-
ecules and separate the photoproducts in order to know which of
them has bactericide properties and if they have synergistic
effects on bacteria cultures or not. To do this, we diversified
the methods and techniques used to analyze the composition
of the CPZ liquid samples exposed to laser radiation.

In this paper, the study of photocleavage of 2-mg/mL CPZ in
order to obtain photoproducts with enhanced antibacterial prop-
erties is reported. The products generated by CPZ as a
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consequence of exposure to UV laser radiation were analyzed
by steady-state absorption, laser-induced fluorescence (LIF),
Fourier transform infrared spectroscopy (FTIR), and liquid
chromatography—tandem time-of-flight mass spectroscopy
(LC-TOF/MS). Singlet oxygen generation quantum yield was
determined relative to the standard ZnPc in dimethyl sulfoxide
(DMSO), and the CPZ fluorescence quantum yield was deter-
mined relative to the standard Coumarin 1 in ethanol.

Compared with Ref. 13, the same concentration of 2 mg/mL
of CPZ was investigated but more methods and techniques
(mainly LC-TOF/MS correlated with LIF, FTIR, and standard
optical absorption) were applied in order to elucidate the forma-
tion pathways of the photoproducts resulted from the irradiation.
Using LC-TOF/MS, the concentrations of each photoproduct in
percentage were extracted for the respective time intervals of
irradiation. In Ref. 13, the main focus was set on 20-mg/mL
CPZ irradiated 24 h and the high-performance liquid chroma-
tography with diode-array detection (HPLC-DAD) and high-
performance liquid chromatography (HPLC) with tandem
mass spectrometric (MS/MS) detection (HPLC-MS/MS) analy-
ses have shown that 200 compound were produced/recorded as
the result of the laser beam interaction with the sample.
Compared with Ref. 13, in this study was chosen a lower con-
centration, 2 mg/mL, and a shorter exposure time of 240 min in
order to analyze the formation pathways and to lower the num-
ber of unknown factors used in data analysis. This was made
because literature reports show that 10-mg/mL CPZ in water
is most probably the critical micellar concentration (cmc) of
CPZ in water, although a large range of cmc values is men-
tioned.'>'® The exposure to UV laser beams of 20-mg/mL
CPZ in water reported in Ref. 13, although dominated by the
interaction of laser radiation with monomers, does not exclude
the contribution of micelles to this process since at 20 mg/mL
production of micelles in the first steps may be present. So we
have chosen to work at 2 mg/mL in order to avoid the possible
contribution of micelles at the interaction of the laser radiation
with CPZ molecules in water solution. We also used exposure
time durations of, at most, 240 min, since this was long enough
from the point of view of the generation of photoproducts of
interest for our experiments on bacteria.

In the following, the article will be organized in three sec-
tions: Results, Materials and Methods, and Discussions and
Conclusions, showing the data from the biological results to
the identification of the photoproducts generated in CPZ solu-
tions in water by exposure to UV laser radiation.

2 Results

2.1 Biological Assay. Antimicrobial Activity of CPZ
Solutions in Water Exposed to UV Laser Beam
Against Staphylococcus aureus ATCC 25923

The biological assay consists of using the agar disk diffusion
method,!” where the evaluation of the activity of the test
drug was analyzed by determining the growth response of
the microorganism. The bacteria were swabbed on the agar,
after which the paper disks were placed and increasing quan-
tities of irradiated samples were applied. After the incubation
of the plates, the inhibition zones around the disks were mea-
sured for different irradiation time intervals of CPZ.

In Fig. 1, the biological assay shows that 2 mg/mL of CPZ in
ultrapure water irradiated 60 and 240 min presents the antimicro-
bial activity against S. aureus ATCC 25923 wild-type strain. The
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Fig. 1 The antimicrobial activity of 2-mg/mL CPZ in water irradiated
60 and 240 min against Staphylococcus aureus ATCC 25923 strain.
Diameter on y-axis is the diameter of the inhibition zones around the
disks for different quantities of samples represented on x-axis.

inhibitory effect for both irradiation time intervals appears starting
with the fifth filter paper (25 uL) and the area around it is increas-
ing slightly as the quantity of CPZ is increased. The activity of the
irradiated compound for different time intervals against this strain
shows that for the same amount of mixture applied, 25 and
30 uL, the 240-min irradiated CPZ presents a larger zone of
inhibition. Above 35 uL applied on the disks, the 60-min irradi-
ation sample presents higher diameter of inhibition than the
240-min irradiated CPZ. In Ref. 12, it is shown that 20-mg/mL
unirradiated CPZ tested against S. aureus has no antimicrobial
activity and consequently for a smaller concentration of CPZ,
the antimicrobial effect/activity is not present.

For 60-min irradiated CPZ, the major compound is
Promazine (PZ) followed by Promazine sulfoxide/2-hydroxy
Promazine (PZ-SO/PZ-OH) and for 240-min irradiated CPZ,
the major compound is PZ-SO/PZ-OH (see Sec. 2.6). The
rest of the photoproducts have higher concentrations for
60-min irradiated CPZ than the one at 240 min. The 60-min irra-
diated CPZ presents higher diameters of inhibition than the
240-min irradiated sample above 35 puL of mixture applied
on the disks. This is probably due to two factors: one is the
toxic concentrations of the photoproducts in the samples
which are different between 60 and 240 min and the second
may be the different synergistic action of the photoproducts
in the same two cases, due to their difference in concentrations.

2.2 UV-Vis Absorption Spectra

The UV-Vis absorption spectrum of unirradiated CPZ is char-
acterized by two absorption bands with peaks at, respectively,
254 and 307 nm [Fig. 2(a)]. The 254-nm band intensity shows
a hypochromic effect until 120 min and then it starts to increase
until 240 min. The band at 307 nm presents a bathochromic
shift to 344 nm by the end of the irradiation and its shape starts
to change after 30 min, becoming broader. The changes in the
UV-Vis spectra indicate that the substituents of the phenothia-
zine ring are changing and at the same time exhibit the effect of
the structural modification, new compounds being formed. '8

Due to the interaction of the laser beams with the sample,
after 30 min of irradiation, two other peaks appear at 503
and 540 nm [Fig. 2(a)]. According to Ref. 19, these peaks
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Fig. 2 UV-Vis absorption spectra of the samples. (a) UV-Vis absorption spectra of 0.2-mg/mL CPZ sol-
ution in water measured between 200 and 800 nm for irradiation time intervals between 1 and 240 min. In
the inset, a part of the spectrum is plotted in close-up; (b) First-order derivative of the absorption spectrum
in the range 450 to 570 nm for 240-min irradiated CPZ.

could be responsible for the oxidized forms of CPZ (525 to
530 nm) and PZ (510 to 515 nm). Due to the overlapping of
the bands in the absorption spectra, the wavelengths are shifted
to 540 and 503 nm.

One method to solve the overlapping bands from a spectrum
can be the use of derivative spectra to enhance the differences
within the spectrum.” Figure 2(b) presents the first-order
derivative of the absorption spectrum in the range 450 to
570 nm for 240-min irradiated CPZ, obtained using
Savitzky—Golay algorithm. This reveals two individual bands
that overlap to obtain the peaks at 503 and 540 nm, respectively.

2.3 LIF Spectra

The LIF spectrum of 2 mg/mL solutions of CPZ in ultrapure
water irradiated for 240 min shows a band with a peak at
504 nm. The fluorescence intensity increases for exposure
times up to 5 min, after which it starts to decrease (Fig. 3),
and the peak shows a bathochromic shift of 38 nm at the end
of the irradiation time suggesting the formation of new
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Fig. 3 Laser-induced fluorescence (LIF) spectra of 2-mg/mL CPZ.

photoproducts. The intensity of the fluorescence is not influenced
by the substituents at position 10, as shown in Ref. 19, so that no
changes can be observed in the LIF spectra. A different substitu-
ent at position 2 of the phenothiazine ring may induce changes in
the florescence spectra.'” The change in the wavelength for the
maximum of the emission spectra indicates the modifications in
the CPZ molecular structure at position 2.

Factors that can influence fluorescence intensity are the pH
and the irradiation time.'® The change in pH affects the reconfig-
uration of the fluorophore’s z-electron system that occurs upon
protonation.?! The pH analysis shows a decrease for the CPZ sol-
ution from 5.75 to 2.23 during irradiation. This behavior can be
justified by the formation of the hydronium cation due to the
cleavage of the chlorine from the aromatic structure of CPZ.*

The fluorescence spectra show a decrease in intensity until total
bleaching, which takes place after 120-min exposure, at the same
time with the total photodestruction of CPZ from the sample.

2.4 FTIR Spectra

The solutions of unirradiated/irradiated CPZ were also analyzed
by FTIR and the stretching vibrations of different bonds belong-
ing to CPZ have been identified (Fig. 4). The spectrum of uni-
rradiated CPZ was compared with that of the 240-min irradiated
sample and differences were envisaged. The formation of new
compounds can be proven by the appearance of new bands in
FTIR spectra.

For CPZ solutions at 2 mg/mL in ultrapure water, while irra-
diating 240 min, the new band formed at 1265 cm™! is attributed
to the stretching vibration of the C—O bond of a phenol, indicat-
ing the formation of a hydroxyl—photoproduct. The band at
1085 cm™! is due to the stretching vibration of S—O bond
from sulfoxide, indicating the formation of oxidized com-
pounds. The band at 804 cm™! assigned to C—Cl disappeared
in the spectrum of the irradiated samples, this fact indicating
the formation of PZ.

The shift of 6 cm™! toward longer wavenumbers observed
for all bands is due to the total disappearance of CPZ and
the formation of new products that present different vibrational
characteristics.
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Fig. 4 FTIR spectra of 2-mg/mL CPZ solutions unirradiated and irra-
diated 240 min.

2.5 Singlet Oxygen Generation: CPZ Fluorescence
Quantum Yield

Singlet oxygen generation quantum yield was determined rela-
tive to the standard ZnPc in DMSO (0.67% reported in Ref. 23).
The quantum yield for the singlet oxygen generation by CPZ in
D, 0 solution of 3.3% was measured. To estimate the interaction
of the singlet oxygen with CPZ, time-resolved phosphorescence
transients were registered for different CPZ concentrations in the
range 5.75x 10~ M to 5.6 x 10~ M. From the Stern—Volmer
plot, a dynamic quenching rate constant of the singlet oxygen
for CPZ results in 1.53 x 103 M~'s!.

The CPZ fluorescence quantum yield was determined rela-
tive to the standard Coumarin 1 in ethanol (0.5 reported in
Ref. 24); 15% fluorescence quantum yield was obtained out
of the total rates of de-excitation processes that take place during
irradiation.

2.6 LC-TOF/MS Analysis

Extremely accurate mass measurements (<5 ppm) obtained with
a TOF detection were used to provide quick and accurate quali-
tative information and to deduce the identity of the compounds
with a high degree of certainty.

Based on exact mass measurements of the generated ions and
subsequent fragment ions of TOF/MS after in-source collision-
induced dissociation, there were evaluated the extracted ions
chromatograms and were identified the corresponding com-
pounds after the exposure of CPZ to the laser beam.

The 2-mg/mL solution of CPZ was analyzed after laser irra-
diation for 1, 5, 15, 30, 60, 120, and 240 min. The full-scan
chromatogram revealed the presence of seven species and a
gradual decrease of CPZ, after different irradiation times. In
extracted ion chromatogram, it was possible to detect the
[MTHT] = 285.1473,  292.1371,  300.1360, 301.1440,
308.1321, 317.1370, 319.1114, and 335.1044 amu.

The evaluation of the results showed that after 120 to
240 min, the signal of CPZ disappeared, and the concentration
of the known products increased or decreased. This is function
of the time of irradiation and of the competitive photoreactions.
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Figure 5 presents the LC-TOF/MS spectra of irradiated and
irradiated chlorpromazine and the inset graphs show the spectra
in which the most important modifications could be observed.
The spectrum shows the single-molecular ion at 319 amu and by
comparing mass spectra of unirradiated CPZ with those of irra-
diated sample, photoproducts resulting from the interaction of
CPZ with the UV laser radiation were identified.

Figure 6 presents the proposed structures for photoproducts
resulted from the interaction of UV radiation with CPZ water
solutions. In general, the primary photochemical transfer reac-
tions in an aromatic structure are fragmentation of a-bond to the
aromatic ring, fragmentation of -bond to the aromatic ring, and
addition and substitution reactions directly in the aromatic ring
and cicloaddition.® Upon photolysis, the aryl halides undergo
homolysis to produce radicals and halogen atoms, so that the
formed photoproducts contain hydrogen from the solvent
instead of the halogen.”®

The compounds are: PZ, PZ-SO, PZ-OH, 2-hydroxy proma-
zine sulfoxide (PZ-OH-SO), chlorpromazine sulfoxide (CPZ-
SO), and other three compounds with m/z values of 292,
300, and 308 amu labeled P;, P,, and P;, respectively. For
P, and P,, the structures are shown in Fig. 6, but the P; chemical
structure is not yet identified.

From the total ion chromatogram, the concentrations in per-
centage units of each photoproduct at the irradiation time inter-
vals mentioned above were extracted and they are shown in
Fig. 7. In the case of CPZ, at the end of 120 min of irradiation,
there is no compound left in the sample. The time dependence
of CPZ-SO shows a maximum of concentration at 5 min
(6.84%), after which it starts to decrease, being 1.1% at the
end of the irradiation. PZ shows a maximum of its concentra-
tion at 60 min (46.58%) and is 28.31% at the end of the experi-
ment. The same behavior is present in the case of P; but at
different concentrations: at 60 min is 2.36% and at 240 min
is 0.56%. As for P; and P,, a maximum is at 15 min
(2.5%) and 30 min (6.02%) and at 240 min is 1.39% and
0.93%, respectively. PZ-OH-SO has a maximum concentration
at 120 min (5.41%) and at the end of irradiation, it starts to
decrease, reaching 4.26%. The most abundant compound in
the sample until 60 min was PZ, but after all the amount of
CPZ disappeared from the sample, at 120 min, PZ-OH/PZ-
SO became the major compound. The most significant change
in concentration is that of PZ-OH/PZ-SO, which from the
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Fig. 5 LC-TOF/MS spectra of 2-mg/mL CPZ solution for unirradiated
and irradiated samples between 1 and 240 min.
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beginning until the end of the irradiation presents an increase in
concentration, reaching, at 240 min, 63.41%.

The second compound at 240 min, looking at its abundance,
is the PZ. These results suggest that there is a competition
among the photoproducts newly generated.

3 Materials and Methods

The compound studied is a phenothiazine derivative, CPZ in the
hydrochloride form , purity 98.9% (Sigma Aldrich, St Louis,
Missouri). For the measurement of singlet oxygen quantum yield
and fluorescence quantum yield, Zn-Phthalocyanine (ZnPc)
(Sigma Aldrich) and Coumarin 1 (Coumarin 460, Exciton,
Dayton, Ohio) were used, respectively. In Fig. 8, the result about
the CPZ geometry optimization is depicted after running calcu-
lations using Gaussian 09.>" In order to obtain an accurate geom-
etry optimization of the CPZ molecule, the density functional
theory and the B3LYP functional were used, along with the 6-
31G* basis set, a combination of which is known as yielding

Fig. 8 The optimized geometry of CPZ obtained using Gaussian 9.0.
The out of plane distribution of the S, Cl atoms, and the benzene rings,
as well as the side chain are evidenced. The bending and stretching
vibrations coupled with the rotation of the atoms and groups of atoms
are shown (Video 1, MP4, 8.5 MB) [URL: http://dx.doi.org/10.1117/1
.JB0O.20.5.051002.1].

accurate results when used for organic compounds.”® In order
to reach an optimization as close as possible to the experimental
conditions, the IEFPCM module for solvation was used, with
water as the solvent.

For the photochemical study of CPZ solutions in ultrapure
water, 2 mg/mL was irradiated with a pulsed laser beam having
6.5-mJ average pulse energy at 266 nm [the fourth harmonic of a
Nd:YAG laser, Continuum (San Jose, California), Excel
Technology laser, model Surelite II, 6-ns full time width at
half maximum (FTWHM), 10-Hz pulse repetition rate]. The
experimental setup is given in Fig. 9. The optical path length
was 1 cm, the area of the beam spot on the cuvette was
0.38 cm?, and the beam fluence was 17.1 J/cm?. The laser
pulse energy was measured during the experiment by monitoring
a part splitted from the laser beam with a Gentec Laser (Quebec,
Canada) energymeter equipped with a QE25LP-H-MB-DO0 head.

The irradiation was made different time intervals: 1, 5, 15,
30, 60, 120, 180, and 240 min. Each sample was investigated
by steady-state UV-Vis absorption spectroscopy, FTIR spectros-
copy, LIF, and LC-TOF/MS.

The absorption spectra were registered between 200 and
800 nm using a Perkin Elmer Spectrophotometer, model Lambda
950, having a standard error of £0.004%. For the LIF studies, the
same irradiation beam was used to excite the fluorescence emis-
sion.”” The LIF spectra were acquired in real time by an Ocean
Optics (Winter Park, Florida) spectrometer, model HR4000.

The IR spectra of unirradiated and irradiated solutions were
recorded using a FTIR Nicolet™ (Madison, Wisconsin) iS™ 50
spectrometer in the range 750 to 4000 cm™! at 4-cm™! resolu-
tion. The samples of CPZ solutions in water were dried on a
KRS-5 (thallium bromo-iodide) supports, and the background
due to KRS-5 was subtracted from all the spectra.

The singlet oxygen time-resolved phosphorescence was
detected by a cooled NIR photomultiplier Hamamatsu (Iwata,
Japan) H-10330, the output of which was fed to a digital oscillo-
scope Tektronix (Beaverton) DPO 7254. This experimental
setup is described in detail in Ref. 30.

For the singlet oxygen generation study, the CPZ was dis-
solved in deuterium oxide at 0.2 mg/mL (5.6 x 10™* M) and
the excitation was made at 355 nm (the third harmonic of
the Nd:YAG laser fundamental beam). The solvent used was
D, 0 due to the longer lifetime of the singlet oxygen in it, com-
pared with the same parameter in water (30 us and, respectively,

Beam splitter

Fig. 9 LIF/irradiation experimental setup for the CPZ study.
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3 to 4 us).3! The quantum yield was obtained by a relative
method, using as standard the ZnPc in DMSO.

The time-resolved phosphorescence signals were measured
under the same conditions, and the singlet oxygen quantum
yield was given in Ref. 32:

I A 2
=@ T (1)
I ref A Nt Tref

where @ stands for the quantum yield of the singlet oxygen and
I for the phosphorescence intensity of it. A is the absorbance of
the solutions at 355 nm, 7 is the singlet oxygen lifetime, and 7 is
the solvent refractive index, while subscript ref corresponds to
the standard ZnPc in DMSO. The phosphorescence intensity is
obtained by extrapolating to t = 0, the mono-exponential fitting
curve of the phosphorescence kinetics.

For the determination of the fluorescence quantum yield, the
CPZ was dissolved in ultrapure water at 0.1 mg/mL
(2.8 x 10™ M), which corresponds to 0.1 absorbance at
355 nm. In this way, the fluorescence intensity is free from reab-
sorption and self-quenching effects. The excitation wavelength
was set at 355 nm in order to obtain a Sy — §; excitation so that
nonradiative transitions between higher electronic levels are
avoided. The quantum yield was obtained using the
Coumarin 1 5.2 uM in ethanol as standard and the same con-
ditions were assured as in the CPZ case.

The fluorescence spectra were recorded using an UV-Vis opti-
cal fiber (400-um core diameter), fixed at 90 deg with respect to
the incident beam that passes the cuvette, connected to a spectro-
graph coupled with an ICCD camera for detection and analysis of
the emitted light. The spectrograph used is an Acton Research
(Trenton, New Jersey) model, SpectraPro SP-2750 (Czerny—
Turner configuration), focal length 750 mm, and resolution
2.2 nm when a 150 lines/mm grating is utilized. The attached
camera detector was an ICCD from Princeton Instruments
(Trenton, New Jersey), model PIMAX 1024RB (25-nm intensi-
fier, resolution 64 Ip/mm, 2-ns gate speed) provided with a pro-
grammable controller unit (2-ns time resolution). The gate of the
detection system was opened for 20 ns after the laser pulse. The
average energy of the laser pulse was 7.4 mJ at 355 nm wave-
length, and 100 pulses were averaged to obtain each spectrum.

The time-resolved fluorescence spectra of the sample and the
standard were measured under the same conditions, and the CPZ
fluorescence quantum yield was calculated using the equation
from Ref. 33:

I A n?
O =Q—
refIref A n2

ref

2

where @ stands for the fluorescence quantum yield, I for the
fluorescence-integrated intensities (areas), A for the absorption
factor of the solutions at 355 nm, and » for the solvent refractive
index, while subscript ref corresponds to the standard Coumarin
1 in ethanol.

The 2 mg/mL solution of CPZ irradiated at the time intervals
mentioned above was analyzed by LC-TOF/MS, using an
Agilent Technologies (Santa Clara, California) 1200 Infinity
Series LC system, consisting of 1260 quaternary pump, a
1260 ALS auto-sampler coupled to an electrospray ionization
(ESI) source, and a 6224 TOF/MS, controlled by the Mass
Hunter Acquisition software. The chromatographic separation
was accomplished using a Zorbax Extend-C18-1.8 (2.1 i.d.X
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50 mm) (Agilent Technologies, California) column, and as
mobile phase a mixture of 30% acetonitrile and 70% water con-
taining 0.15% heptafluorobutyric acidat a flow rate of
0.25 mL/ min is used.

For MS, the ESI was used in the positive mode with the fol-
lowing settings: dual spray needles for continuous infusion of
reference mass solution, drying gas flowing at 9.0 L/ min,
nebulizer pressure of 40 psig, capillary voltage of 3000 V,
and fragmentor voltage of 100 V.

The TOF was tuned and calibrated using Agilent ESI-TOF
calibration and tuning mix. The system was flushed with 100%
HPLC flushing solvent for 30 min after every sample injection
to wash off accumulated nontarget analytes. The data acquisition
mass range was 200 to 400 m/z, at 9894 transients/scan
and 1 scan/s.

For the biological assay, 2-mg/mL CPZ irradiated 60 and
240 min were tested against S. aureus ATCC 25923 in order
to determine the antimicrobial activity of the mixture of the gen-
erated photoproducts. The protocol for this study is presented in
detail in Ref. 13. The eight filter papers were impregnated with
multiple 5 pL aliquots solution for 60- and 240-min irradiated
samples after being placed on top of the agar containing the
swabbed bacteria. In this respect, disk number 1 contained
5uL of 2 mg/mL CPZ irradiated for 4 h, disk number
2-10 uL, disk number 3-15 uL, disk number 4-20 uL, disk
number 5-25 ul, disk number 6-30 yL, disk number
7-35 pL, and disk number 8 contained 40 uL. The impregna-
tion with 5 L. was made at 5- to 10-min intervals to ensure the
evaporation of the water and care was taken not to overflow the
compound from the filter paper. The results were analyzed by
measuring the zone of inhibition diameter for each quantity of
CPZ irradiated for 60 and 240 min, having as reference the
diameter of the filter paper of 6.19 mm.

The combination of these techniques was used to achieve a
better understanding of how the photoproducts are formed and
the possible pathways that lead to their formation and to deter-
mine if, at the used concentration, the obtained mixture in sol-
ution is a good antimicrobial agent against S. aureus ATCC
25923 strain.

4 Discussions and Conclusions

This work is part of a larger effort to develop new antimicrobial
platforms to be used in the treatment of the multiple drug resis-
tance (MDR) cases acquired by bacteria. Along this line, it is
necessary to first understand the interaction of the CPZ with
laser radiation whereas the understanding of the formation path-
ways of the photoproducts becomes mandatory; so, one may
establish a relation between the antimicrobial activity and the
newly formed photoproducts. This method could be a fast
and inexpensive approach of developing new antimicrobial
agents, having as final products a new model to obtain in a
short time, without any use of chemical agents and time-con-
suming synthetic chemistry, new compounds that are able to
fight MDR of bacteria and/or cancer.

CPZ was chosen for this study because previous experiments
showed that exposing it to UV radiation, its antimicrobial activ-
ities are enhanced compared with the unirradiated compound.'
In those studies, CPZ at 20 mg/mL in ultrapure water was
exposed to 266-nm radiation for 24 h and tested on a S. aureus
strain. The result showed an enhanced antimicrobial activity as
compared with the unirradiated CPZ. In a different study,14 the
CPZ at the same concentration and 4-, 8-, 16-, and 24-h exposure
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time was tested against Gram-negative and Gram-positive bacte-
ria strains, both having a wild-type and MDR representatives.
The microbiology analysis includes the minimum inhibitory con-
centration (MIC) and the real-time ethidium bromide accumula-
tion assays. It was demonstrated that the mixture of
photoproducts which resulted at the end of irradiation was active
against S. aureus and E. coli and with respect to the Salmonella
Enteritidis strains it had a significant activity against the organ-
ism’s efflux pump.'* An important step in obtaining a better anti-
microbial compound is to identify if it has a lower toxicity. This
study is shown in Ref. 34, where the same concentration and irra-
diation time as above were used. The best in vitro cytotoxicity
against human cells assay was obtained for CPZ exposed 4 h
at 2.59 mg/L, suggesting that this method produces compounds
with greater bioactivity and lower toxicity than the parental spe-
cies.>* At the same time, studies performed on species of
Mpycobacteria of human interest showed that irradiated CPZ
could be a good candidate in treating tuberculosis.*

Further studies to elucidate the generation of the photoprod-
ucts resulted from the interaction of CPZ with laser radiation
considered a semiquantitative theoretical approach. This was
made to calculate the maximum amount of molecules needed
to absorb the radiation in order to obtain molecular modifica-
tions of CPZ.%

These results lead to another kind of analysis, which consid-
ers the modifications at molecular level following the interaction
of 2-mg/mL CPZ in water with a laser beam emitted at 266 nm.
Compared with our previous studies, Ref. 13, the photochemical
reactions were studied using additional techniques: FTIR, TOF-
LC/MS, and LIF. It was also evidenced that the absorption spec-
tra present two other bands, which are highlighted by the first-
order derivative of them. The concentration and the time interval
of irradiation were selected in order to have a low number of
possible photocombinations to create a starting point in the

cPZS
. e cpzm

rates of photoproducts formations and to establish a scheme
of reaction.

After the absorption of the photons by CPZ, the possible de-
excitation pathways of excited molecules are fluorescence and
phosphorescence emissions, photochemical transformation,
conformational changes, energy transfer, internal conversion,
and singlet oxygen generation. All these processes are in com-
petition to each other. The fluorescence quenching is a result of
combined processes such as singlet oxygen generation, phos-
phorescence emission, photodegradation of the parental com-
pound, and pH modification.

In Fig. 10, we present the possible pathways of the CPZ evo-
lution as a result of its interaction with the laser beam at 266 nm.

The figure with possible pathways of the CPZ photodecom-
position was drawn using authors’ experimental results as well
as literature reports.'$3#¢ Ultrapure water was chosen as sol-
vent due to its compatibility with the biological systems. The
exposure of CPZ was performed in aqueous solution without
extraction of the molecular oxygen so that, in this respect, its
presence can lead to the formation of free radicals and singlet
oxygen.*

There are three proposed ways for the formation of sulfoxide
compounds following the CPZ interaction with the optical radi-
ation. In aqueous solution, in Ref. 37, it is suggested that the
molecular oxygen is incorporated as the oxygen atom in the sulf-
oxide due to aerial oxidation; in Refs. 38 and 39, it is proposed
the possibility of the participation of singlet oxygen as an oxi-
dant agent of CPZ ground state; and in Ref. 40, the hydrolysis of
the cation radical in order to obtain CPZ-SO is considered. After
the interaction of aqueous CPZ solution with the photons, the
phenazathionium cation has a tendency to form CPZ-5-oxide
due to the low-electron density at the sulfur atom in water.!®
At the same time, the sulfoxide compound cannot be formed
if water and/or oxygen is not involved.*'

hv @266 nm
Fluorescence

PZ-OH-SO
PZ" + "OH
1+PZ'

PZ-OH

Fig. 10 Possible pathways of CPZ that result in the formation of the photoproducts. CPZ: chlorproma-
zine; CPZ*(9); excited singlet state chlorpromazine; isc: intersystem crossing; CPZ*(7): excited triplet
state chlorpromazine; PZ*: promazyl radical; CPZ"*: phenazathioniumcation; CPZ-SO:chlorpromazine
sulfoxide; CPZ-STOH*(ST): excited triplet-state chlorpromazine sulfoxide; *OH: hydroxyl radical; 'O:
singlet oxygen; 30,:ground state oxygen; PZ-OH:hydroxypromazine; PZ**:promazylcation; PZ-SO: pro-
mazinesulfoxide; PZ-OH-SO:hydroxypromazinesulfoxide; ClI~: chloride anion; PZ: promazine.
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CPZ Charge-transfer intermediate

Fig. 11 The reaction path for CPZ-singlet oxygen interaction that leads to P, formation.

The formation of PZ is obtained by dehalogenation of
CPZ from the triplet state [CPZ*(™)], the proposed process
being the homolytic cleavage of the C—Cl bond followed by
the hydrogen atom abstraction from the solvent by the proma-
zinyl radical.*?

The percentage change of the CPZ-SO during irradiation is
an indication that this compound is also affected by the UV radi-
ation. In Ref. 43, it is indicated that at the sulfur—oxygen bond of
CPZ-SO, a homolytic cleavage takes place and hydroxyl radi-
cals can be formed. The cleavage of the CPZ-SO at the sulfur—
oxygen bond is also supported in Ref. 44, where it is postulated
that the electronic excitation weakens the bond in the excited-
state protonation resulting in a single bond with charge separa-
tion (+S-O-).

The formation of PZ-OH can be due to a recombination of
the promazinyl and the hydroxyl radicals and is supported by the
visible absorption peaks shifted to longer wavelengths by
hydroxylation.'®

Another process involved in the generation of photoproducts
is the quenching of the singlet oxygen by tertiary amine. This is
possible via two mechanisms that result from the formed charge-
transfer intermediate: chemical quenching where photoproducts
are obtained and physical quenching where the tertiary amine
and the singlet oxygen in ground state result.*>%

The P; and P, compounds can be formed by the interaction
of the singlet oxygen with the tertiary amine from dimethyl-
amino-propyl side chain. Figure 11 presents the reaction
path for CPZ-oxygen singlet interaction that leads to the P,
formation.

From the same reaction path, P, can be obtained as a result of
CPZ-SO/singlet oxygen interaction or as a result of the P, oxi-
dation process. The increase in intensity in the FTIR spectra of
the band at 3401 cm™!, responsible for the O-H stretch vibra-
tion (alcohol), supports the formation of P;.

As for their antimicrobial activity, it is known that CPZ is not
a good candidate in MDR bacteria assays'*** and also there is
inhibition of the bacteria (Fig. 1) for the 240-min irradiated sam-
ple even though there is no CPZ left in it. At the same time, PZ
has a greater MIC value than CPZ for all the bacteria tested in
Ref. 14 (unpublished data), so that this compound is not respon-
sible for the inhibition of the S. aureus strain used in this study.
In the CPZ-SO case, in Ref. 47, it is demonstrated that the sur-
face activity of this compound at interfaces covered with insol-
uble monomolecular films, simulating the orientated structure of
biological membranes, is lower than that of CPZ. This suggests
that CPZ-SO may have a smaller antimicrobial activity against
bacteria than CPZ, due to the lower interaction with the simu-
lated biological membrane. For the rest of the photoproducts, no
interaction with biological membranes or MIC values was found
in literature. The interaction of these compounds with bacterial
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strains should be subject for further studies. The mechanism of
action of these compounds against bacterial strains could be the
following: action on the permeability of the bacterial membrane,
blocking the efflux capacity of the bacterial cell,*® secretion of
toxins,* reverse resistance to antibiotics, inhibition of bacte-
rial enzymes, and elimination of plasmids from infected Gram-
negative bacteria®® or the lysis of bacteria.’

In conclusion, the photochemical breakdown schemes of
CPZ in aqueous solution during irradiation with a laser beam
emitted at 266 nm and the formation of photoproducts have
been suggested. The rates of photoproducts formation are influ-
enced by the generation of singlet oxygen and fluorescence
emission by CPZ. In this paper, the singlet oxygen quantum
yield and the fluorescence quantum yield of CPZ are measured,
obtaining 3.3% and 15%, respectively. The UV-Vis absorption,
FTIR, and LIF techniques can be good spectroscopic tools in the
investigation of the mixtures of compounds formed during irra-
diation. Combining them offered an insight of the transforma-
tions which occur in the CPZ molecular structure:

e Decrease of the 254-nm peak and the appearance of two
additional bands in the absorption spectra, which mean
the destruction of CPZ and formation of new compounds.

o Bathochromic shifts in the LIF spectra, which mean new
functional groups added to the CPZ molecular structure.

o FTIR spectra, which give indications about the formation
of new bonds.

This is in agreement with the data obtained by LC-TOF/MS
analysis.

These techniques also allow to follow the time stability of the
solutions exposed to laser radiation. After ending the irradiation
sequences, the obtained solutions/compounds are stable in time
for weeks and even months™>* which do not recommend
restrictions about the time interval in which they may be
used for applications, provided the samples are kept between
the room (20°C) or fridge (4°C) temperatures and in dark.

The discovery of compounds with direct antimicrobial
effects or of compounds with synergistic effects, obtained by
laser irradiation of a drug, that are good candidates in MDR bac-
terial treatment is a further step in overcoming the gap created in
antimicrobial research. Developing new efflux pump inhibitor
could have a major benefit in allowing the reuse of the existing
antibiotics affected by these systems.
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