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LABORATORY RESULTS ON INVESTIGATION OF LASER
BEAMS INTERACTION WITH CHLORPROMAZINE, TO
OVERPASS MULTIPLE DRUG RESISTANCE ACQUIRED BY
BACTERIA

Ruxandra Angela PIRVULESCU!?2, Andreea-Rodica STERIAN, Mihail Lucian
PASCU*>", Matei POPA-CHERECHEANU?®, Mihaela Oana ROMANITAN’

The paper presents a new approach in the treatment of multiple drug
resistance acquired by bacteria: generation of photoproducts by exposure of
Chlorpromazine to UV laser radiation emitted at 266 nm. This compound is not an
antibiotic used to treat infections, but a psychotropic medicine, developed for
psychiatric treatments. The methods to evaluate the results of irradiations are: UV-
VIS-NIR absorption, LIF, FTIR and LC-TOF-MS. It results that the solution which
contains the parental compound and the photoproducts obtained by irradiation are
efficient against Gram-positive and some Gram-negative bacteria which acquired
immunity by the development of multiple drug resistance properties.

Keywords: laser spectroscopy, chlorpromazine, Gram-positive bacteria, Gram-
negative bacteria, FTIR, LIF, optical absorption, LC-TOF-MS.

1. Introduction

The medical practice shows that the multidrug resistance (MDR) to
treatment in the case of bacteria, infections and tumors are often reported in the
literature. On the other hand, photochemistry is an already well established domain
which is continuously growing [1]. The combination of the methods and procedures
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of these two domains may lead to solutions for fighting MDR resistance in patients
and bacteria. This is a world-wide priority since reports of MDR acquired by
known Gram-positive and Gram-negative bacteria and tumors are alarming, not to
speak about new bacteria or even viruses developed by natural selection or
accident, for which there are not usable treatment procedures. So, the exposure of
solutions of medicines in water (water is chosen since it is biocompatible) to laser
radiation may lead to generation of new photoproducts that single or in
combinations with other photoproducts and parent compounds may be effective
against MDR targets. The lasers used in such applications may be chosen function
of the molecular structure of medicines implied in treatment. The Nd:YAG laser’s
emission at 1,064 nm and the harmonics of this wavelength are mostly used [2]. In
this paper are reported our results about the use of Chlorpromazine (CPZ) exposed
to laser radiation in destroying Gram-positive and Gram-negative bacteria.

2.Materials and methods
2.1 Medicine used for applications

The CPZ belongs to phenothiazine group. It is currently used to treat
psychiatric disorders [3,4] and is member of a larger class of medicines evaluated
for their properties to fight MDR after proper processing [5-10]. In general,
phenothiazine derivatives have the general chemical formula S(C¢H4)NH which
contains two heterocyclic rings united by a -NH— bond and a Sulphur atom (-S) in
median position [11]. They are used as insecticides, antiseptic and tranquilizers [12]
and have photosensitive properties at exposure to white/daily light. This
recommends them as candidates for use in the treatment of MDR by exposure to
laser beams. CPZ, or otherwise named 2-cloro-10-(3-dimetilaminopropil)
phenothiazine has a Cl atom in position 2 and an alkyl-amino lateral catena in
position 10. Its chemical structure is shown in Fig.1 A), and B) and C) where 2D
and 3D structures are presented, respectively; the specific chemical formula is
C17H19CIN2S and the molecular mass is 318.86 g/mol [13 -15]. Among other
properties of CPZ solutions in water that are important in applications is the pH
value; typically, a 5% water solution of Hydrochloride CPZ has the pH between 4
and 5.5. The CPZ absorption spectra show intense absorption peaks in the near
ultraviolet, but the samples show lower absorbance in the visible and near infrared
up to 1200 nm. Two absorption bands have high intensities, at 250 — 265 nm and
300 — 320 nm. The peak of 250-265 nm band is produced by n—n* and the peak in
the second band at larger wavelength, is produced by n—n* transitions. This
recommends the irradiation of CPZ solutions in water at wavelengths between 210
nm and 320 nm. The CPZ was purchased in powder form from Sigma, Madrid,
Spain, at biological grade (over 98.9%) purity and the solvent was ultrapure water.
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Fig. 1. Chemical structure of CPZ. A) Plane (2D) structure; B). 3D structure; C). 3D chemical
structure optimized using Gaussian 09. Yellow ball - Sulphur, dark blue - Nitrogen, green -
Chlorine.

2.2 Experimental set-up and samples’ complex analyses

The scheme of the irradiation set — up and the equipment used to analyze
irradiation results on samples is shown in Fig.2.

The samples were CPZ solutions prepared in ultrapure water at
concentrations between 2 mg/mL and 20 mg/mL. They were exposed to the fourth
harmonic of the Nd:YAG pulsed laser beam at 266 nm. The pulse full time width at
half maximum was 6ns at 10 pps repetition rate and the mean energy per pulse was,
typically, 6.5 mJ. For 10 mL cell, the optical path length was one cm and the laser
beam cross section on the cell was 0.38 cm?, showing a fluence of 17mJ/cm?.

The pulse energy was measured by a system: beam splitter (BS) - energy
meter. The status of irradiated sample was explored using measurements with
standard instruments to evidence modifications which might give information about
sample’s evolution due to exposure to laser beam:

(1) the absorption spectra using an UV- VIS spectrophotometer to evaluate
the modifications of the molecular electronic and vibrational states in the parent
compound;

(i1) the FTIR spectra to observe modifications within molecular vibrational
bands in infrared at longer wavelength;

(ii1) the LC-TOF-MS measurements to identify by liquid chromatography
coupled with mass spectrometry and time of flight detection the photoproducts
generated by irradiation. One laboratory system was used to evidence differences:
laser induced fluorescence (LIF) of samples measured in visible and near infrared;
LIF spectra may be measured in mL cells or pL droplets in real time, or after
irradiation [16].
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Fig. 2. Detailed scheme of the set-up containing: (i) irradiation system: Nd:YAG laser, beam splitter
BS, power meter, (ii) optical fiber to collect and analyze light emitted by the sample or extracted
volumes from it, (iii) equipment used to perform either in real time or on extracted samples their

comprehensive analyses: UV-VIS spectrophotometer, FTIR, LIF.

3. Results

In this chapter are presented the main original results obtained on the
modifications of the CPZ molecules in water solutions under laser radiation and
about the photoproducts generated during this process, which in cocktails, may
efficiently act on some MDR bacteria, killing them.

3.1 Measurements on Chlorpromazine

The absorption spectra of CPZ in water at 0.2 mg/mL and 2 mg/mL are
shown on Fig.3. They are modified for both concentrations function of irradiation
time; the overall intensity and the intensity distributions are different for the two
concentrations. Two peaks are evidenced, out of which the 254 nm is the main one;
both peaks show hypochromic shift during irradiation time up to 120 min and then
hyperchromic shift until 240 min. The secondary peak at 307 nm has a
bathochromic shift up to 344 nm. Two new bands show-up, at 503 nm (*) and 540
nm (**) for irradiation times longer than 30 min which may be due to the
production of promazine associated with CPZ destruction (inset in Fig.3) [17]. This
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is in agreement with Ref. [19] where the photoproducts were evaluated by Thin
Layer Chromatography; five photoproducts with higher polarity than CPZ were
observed.

The modification of the CPZ content in solution with increasing irradiation
time is confirmed by the fluorescence spectra shown in Fig.4. LIF spectra for CPZ
solution at 2 mg/mL have a broad emission spectrum with the peak at 504 nm.
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Fig. 3. The absorption spectra of CPZ in water from unirradiated to irradiated samples up to 240
min. A. Sample concentration 0.2 mg/mL (diluted from 2 mg/mL); spectra between 200 nm and
400 nm; B. Sample concentration 2 mg/mL; spectra measured between 280 nm and 700 nm.
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Fig. 4. LIF spectra of CPZ at 2 mg/mL when exposed to 266 nm: A). Recordings made in real time
between 350 and 750 nm, during irradiation of samples, when irradiation time is increased from 10 s
to 240 min; B). Fluorescence intensity variation during the irradiation; C) Bathochromic effect on

central peak in LIF spectra at different irradiation time intervals.

The fluorescence intensity increases in the first 5 minutes of irradiation and

then decreases with the increasing of exposure time. This shows that the beam
energy transferred to CPZ molecules in a first instance is higher than the lowest
binding energy within the molecule and, consequently, the molecules deplete [20].
The bathochromic effect increases with exposure time (Fig.4B) suggesting that the
ratios between photoproducts’ concentrations change during irradiation.
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Fig. 5. FTIR spectra of CPZ sample that contains unirradiated and 5, 15, 120 and 240 min irradiated
solution, recorded in the spectral range 3600-750 cm™.

Another type of measurements made to characterize sample’s composition after
irradiation is FTIR which allows to identify changes in the IR vibrational structures
of the molecules generated by exposure to laser beam. In Fig.5 is shown a
comparison of FTIR spectra obtained for a CPZ sample at 2 mg/mL in water that is
either unirradiated or irradiated 5, 15, 120 and 240 min. Modifications of the
vibrations that correspond to different chemical bonds in the CPZ molecule have
been identified showing the generation of photoproducts, starting with 5 min
exposure time. The peaks at 1590 and 1566 cm™! (marked between the black vertical
lines) responsible for stretching vibration of the aromatic ring C=C—C are modified
continuously during irradiation process. Changes can be observed even after 5 min
irradiation. In the same way, peak disappearance is observed in the domain 1340-
1200 cm™! (marked between the red vertical lines). The peaks at 1313 and 1286 cm™!
(in-plane bending vibration for four H atoms adjacent to the ring) and at 1248 and
1229 c¢cm™ (in-plane bending vibration of C-H from aromatic ring) which are
present in the unirradiated spectrum disappear after 15 min irradiation and are
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replaced with peaks at 1289 cm™! and 1232 cm™. This suggests modification at the
ring structure of the parental molecule, possibly the addition of functional groups to
it. At 120 min exposure a new band appears at 1266 cm’'. This is also visible for
240 min irradiated CPZ, which is assigned to the stretching vibration of the C-O
bond within a phenol group. So, the formation of hydroxyl group is indicated. The
new band at 1086 cm! that appears in the 240 min irradiated CPZ spectrum is
assigned to the stretching vibration of S-O sulfoxide group indicating the formation
of oxidative photoproducts. The band at 804 cm™ (marked between the blue vertical
lines) characteristic to the C-Cl stretching vibration disappears after 15 min
irradiation, which indicates the formation of promazine (PZ) that is another
phenothiazine. The observed modifications suggest the complete degradation of the
parental CPZ and the generation of photoproducts that contain phenol and sulfoxide
group [14].

These measurements may be completed by liquid chromatography coupled
with mass spectrometry and time of flight (LC-TOF-MS) studies. The accurate
measurements of the molecular mass (< 5 ppm) allow to identify photoproducts, as
shown in Fig.6, where LC-TOF-MS spectra of 2 mg/mL CPZ unirradiated and
irradiated water solutions are shown.

The photoproducts were identified from the plot which shows the intensity
of the measured signals function of the m/z ratios (the mass to charge ratio for each
produced ionized fragments or ions).

The chromatograms were obtained on CPZ solution irradiated between 1
min and 240 min and suggest the generation of 7 photoproducts accompanied by
the constant decrease of CPZ presence. In Fig.6 the LC-TOF/MS plots show
modifications of intensity (number of ions) function of the m/z ratio for CPZ, out of
which the molecular ion at 319 u.a.m. is identified, which corresponds to CPZ ions.
One may observe that after 120 min exposure, CPZ does not exist anymore in
solution and the concentrations of the photoproducts vary during irradiation due to
exposure time and to the competitivity between photoreactions triggered by the
irradiation process.

The identified photoproducts are: promazine (PZ), promazine sulfoxide
(PZ-S0O), 2-hydroxy promazine (PZ-OH), 2-hydroxy promazine sulfoxide (PZ-
OH-SO0), chlorpromazine sulfoxide (CPZ-SO) and other 3 compounds found at the
values of m/z 292, 308 and 300 u.a.m, respectively.

Out of the overall chromatogram, the percentual concentration was
extracted for each compound and each irradiation time. Although it is the parent
compound, CPZ disappeared from the sample after 120 min irradiation.
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Fig. 6. LC-TOF-MS spectra of 2mg/mL CPZ unirradiated and irradiated water solutions.

The time dependence of CPZ-SO shows a maximal concentration of 6.84% after
5 min exposure and then, decreases down to 1.1% at the end of exposure (240min).
PZ-OH-SO shows maximum concentration of 5.41% after 120 min which
decreases to 4.26% at the end. For PZ, the maximum concentration is 46.58% after
60 min irradiation and 28.31% at the end. These data show that the maximum
abundance of products is obtained after 60 minutes irradiation; the parent
compound CPZ disappears from the solution after 120 min.

At longer time intervals, the dominating product is PZ-OH/PZ—-SO that shows a
constant increase in concentration with irradiation time, up-to the maximum of
63.41% after 240 min.

In accordance to these data, during the irradiation of the parent compound
solution, the sample has an inner evolution extremely dynamic which is
characterized by the disappearance of the parent compound and formation of
photoproducts whose concentrations vary during irradiation, so that at the end the
mixture is dominated by PZ-OH/PZ-SO.
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3.2 Applications on bacteria cultures

The applications of the solutions were made on cultures of Gram-positive
and -negative bacteria such as several strains of the Gram-positive Staphylococcus
aureus, which are not absolutely immune to the treatment with “standard”
antibiotics, but show a high resistance to unirradiated CPZ.

The schemes for bacterial samples preparations and for evaluation of results
are described in detail in [21,22].

Bacteria cultures are harvested and cultivated in Agar cells and nourished in
standard conditions; they are exposed to CPZ unirradiated solution in water at 20
mg/mL, on one hand and to irradiated CPZ solutions from time intervals between
one min and 20 min, on the other.

In Fig.7 are shown results of the exposure of Staphylococcus aureus ATCC
25923 to irradiated solution which is applied on the discs placed in bacteria
environment in quantities between 100 ug and 600 pg.

This kind of qualitative results is obtained for the interaction of solutions
with other Gram-positive bacteria, as well [23,24].

In Fig.7 is shown that the unirradiated water solution of CPZ does not have
any effect on the bacteria culture. For CPZ irradiated 1 min, starting from 500 pg
on, the bacteria are killed, as results from the transparent discs 5 and 6. This effect
is even stronger for CPZ solution irradiated 240 min, where the action is observed
from 400 ug on, and the quantities of killed bacteria are slightly higher than for
CPZ irradiated 1 min.

CPZ CONTROL

Figure 7. Qualitative data about the biological activity of CPZ exposed at 266 nm, against ATCC
25923 Staphylococcus aureus strain. Numbers 1 to 5 in each disc correspond to the quantities of
solution placed on discs: 1 (100 pg); 2 (200 pg); 3 (300 pg); 4 (400 pg); 5 (500 pg); 6 (600 pg).

These results may be completed with quantitative data obtained about the
minimum inhibitory concentration (MIC) for Staphylococcus aureus ATCC 25923
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and Escherichia coli 8735 (which is a Gram-negtive bacterium) when CPZ
irradiated solution is applied. For the solution exposed 240 min at 266 nm, MIC
values expressed in pg/mL are 32 times lower. This demonstrates that the use of
CPZ irradiated solutions for application on the two strains is efficient, which is in
agreement with data reported in Ref. [22, 24].

5. Conclusions

The reported results are ground breaking in one of the most actual domains
in biomedicine and, in particular, in post-surgery care and epidemiology. The MDR
fight can be made by preparing new medicines which remains anyway a quite
costly and time-consuming alternative, or by finding new ways of acting on
existing medicines which leads to the development of associated treatment
procedures. One of the most recent methods is based on the modification of
molecular structures of some medicines and generation of photoproducts starting
from a parent compound exposed to laser radiation. We demonstrated that the
successful fight against MDR of some Gram-positive and Gram-negative bacteria
may be achieved by exposure of CPZ to laser beam emitted at 266 nm. When
exposed to UV laser radiation the CPZ molecules generate new photoproducts
which were identified and the resulting solutions contain cocktails of photoproducts
which were applied on Gram-positive and Gram-negative bacteria such as
Staphylococcus aureus ATCC 25923 or Escherichia coli 8735, respectively, and
proved to be able to kill them. This result opens new and promising perspectives in
fighting MDR acquired by some bacteria by enlarging the potential candidates
amongst existing medicine.

Acknowedgements

The paper was made with the support of the University Emergency Hospital, Bucharest and
of Romanian National Authority for Scientific Research by project number PN-II-PCCA-2012-3.1-
1350 and Nucleu Program 16N/2019. Ruxandra Angela Pirvulescu (RAP) and Mihaela Oana
Romanitan (MOR) have equal contributions as first authors in tailoring the paper and writing it.
ARS, and MPC have contributions in data analysis and concluding remarks. MLP contributed with
data analysis, writing parts of the article and as corresponding author.

REFERENCES

[1] G.N.Makarov, New results for laser isotope separation using low-energy methods, Phys.-Usp.
63, 245, (2020).

[2] L. P. Thomasson (Ed), Nd:YAG Lasers: Technology and Applications — Ebook, Nova Science
Publishers, (2020). ISBN:9781536168211.

[3] A. Smarandache, J. E. Kristiansen, J.B. Christensen, M.L.Pascu, Optical Studies of the Spectral
Properties of Phenothiazines, Letters in Drug Design & Discovery, (2012), 9, 352-360.



Laboratory results on investigation of laser beams interaction|...]resistance acquired by bacteria 297

[4]. A. Dinache M. Boni, M.l.Pascu, Phenothiazine derivatives interaction with laser radiation,
Romanian Reports in Physics, Vol. 65, (2013), No. 3, P. 1078-1091.

[5] C. Liu, A. Bayer, S.E. Cosgrove, R.S. Daum, S.K. Fridkin, R.J. Gorwitz RJ, Clinical practice
guidelines by the infectious diseases society of America for the treatment of methicillin-
resistant Staphylococcus aureus infections in adults and children: executive summary,
Clinical Infectious Diseases. 52 (3): 285-92, (2011). doi:10.1093/cid/cir034. PMID
21217178.

[6] M.A. Trelles, J.Moreno-Moraga, A. Samaranche, M.L. Pascu, Applications of Polidocanol in
varicose vein treatment assisted by exposure to Nd:YAG laser radiation, Nd YAG Laser, In
Tech, Croatia, 223 — 254, (2012). ISBN 979-954-307-327-8.

[7]1 M. A. Trelles, J. Moreno-Moraga, J.M. Alcolea, A. Samaranche, M.L. Pascu, Laser in leg veins,
Synopsis of Aesthetic Dermatology & Cosmetic Surgery, Ed. M. L. Elsaie Nova Science
Publishers Inc, NY, USA, (2012). ISBN: 978-1-61942-966-6.

[8] T. Tozar, S. Santos Costa, A-M. Udrea, V. Nastasa, 1. Couto, M. Viveiros, M.L. Pascu, M. O.
Romanitan, “Anti-staphylococcal activity and mode of action of thioridazine photoproducts”,
SCIENTIFIC REPORTS 10, 18043 (2020).

[9] A. Smarandache, A. Pascu, 1.R. Andrei, J. Handzlik, K. Kiec-Kononowicz, A. Staicu, M.L. Pascu,
Study of the optical properties of 2-thiohydantoin derivatives, Rom. Rep. Phys., (2016), 68,
2, pp. 673-683.

[10] T. Tozar, A. Smarandache, M.L. Pascu, R.A. Pirvulescu, Laser modified phenothiazines and
hydantoins: photo-products characterisation and application on animal eyes pseudo-tumours,
Letters in Drug Design & Discovery, (2018), 15:687-697.)

[11] J. J. Aaron, M. D. GayeSey, S. Trajkovska and N. Motohashi, Bioactive Phenothiazines and
Benzo[a]phenothiazines: Spectroscopic Studies, and Biological and Biomedical Properties
and Applications, in Bioactive Heterocycles VII. Flavonoids and Anthocyanins in Plants,and
Latest Bioactive Heterocycles II, Springer, (2009).

[12] S. M. Weinreb, Science of Synthesis: Hetarenes and related ring system, Stuttgart: Thieme,
(2004).[10] A. H. Abadi, S. Rafatullah and A. A. Al-Badr, "Chlorpromazine," vol. 26, pp. 97-
165, (1999).

[13] 4. H. Abadi, S. Rafatullah and A. A. Al-Badr, Chlorpromazine, ScienceDirect (1999), vol. 26,
pp- 97-165.

[14] T. Tozar, Generation and testing of photoreaction products obtained by exposure of medicines
solution to laser beams, Physics Faculty, Univ. of Bucharest, (2015).

[15] E. M. Abdel-Moety and K. A. Al-Roshood, Thioridazine and Thioridazine hydrochloride, in
Analytical profiles of drug substances, vol. 18, (1989), London, Academic Press.

[16] Andrei, IR; Tozar, T; Dinache, A; Bomni, M; Nastasa, V; Pascu, ML; "Chlorpromazine
transformation by exposure to ultraviolet laser beams in droplet and bulk"; European Journal
of Pharmaceutical Sciences, 81: 27-35 (2016).

[17] J. Karpinska, B. Starczewska, H. Puzanowska-Tarasiewicz, Analytical properties of and 10-
disubstituted phenothiazine derivatives, 4Anal. Sci., (1996), vol. 12, pp. 161-170.

[18] Tozar, T; Pascu, ML, Time stability of laser exposed phenothiazines aqueous solutions in view
of antimicrobial research, Proceedings of the Romanian Academy Series A, (2018)
19(4):537-544.

[19] T. Tozar, A. Stoicu, E. Radu, M.L. Pascu Pascu, Evaluation of thin layer chromatography image
analysis method for irradiated chlorpromazine quantification, Romanian Reports in
Physics,(2015), 67(4):1608-1615.

[20] R. Schinke, Photodissociation dynamics: spectroscopy and fragmentation of small polyatomic
molecules, Cambrige: Cambrige University Press, (1993).



298 R.A. Pirvulescu, A.R. Sterian, M.L .Pascu, M.Popa-Cherecheanu, M.O.Romanitan

[21] M.L. Pascu, B. Danko, A. Martins, N. Jedlinszki, T. Alexandru, V. Nastasa, M. Boni, A.
Militaru, IR. Andrei, A. Staicu, A. Hunyadi, S. Fanning, L. Amaral, Exposure of
chlorpromazine to 266 nm laser beam generates new species with antibacterial properties:
contributions to development of a new process for drug discovery, PLOS ONE, 8(2): €55767,
(2013).

[22] A.M. Armada, T. Alexandru, D. Machado, B. Danko, A. Hunyadi, A. Dinache, V. Nastasa, M.
Boni, J. Ramos, M. Viveiros, J. Molnar, M.L. Pascu, L. Amaral, The in vitro activity of
products formed from exposure of Chlorpromazine to a 266nm laser beam against species of
Mycobacteria of human interest, IN VIVO, (2013), 27(5): 605-610.

[23] T. Alexandru, A. Staicu, A. Pascu, E. Radu, A. Stoicu, V. Nastasa, A. Dinache, M. Boni, L.
Amaral, M.L. Pascu, Characterization of mixtures of compounds produced in
Chlorpromazine aqueous solutions by UV laser irradiation: their applications in antimicrobial
assays, ] BIOMED OPT,(2015), 20(5): 051002.

[24] T. Tozar, V. Nastasa, A. Stoicu, M. Popa, C. Karmezan, M.C, Chifiriuc, M.L. Pascu ML, In
vitro antimicrobial efficacy of laser exposed chlorpromazine against Gram-positive bacteria
in planktonic and biofilm growth state, Microbial Pathogenesis, (2019), 129:250-256.



