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ARTICLE INFO ABSTRACT

Keywords: Terpene-macrocycle conjugates, consisting of thymol or carvacrol and phthalocyanine were synthesized, char-
Phthalocyanines acterized, and subjected to detailed optical and biological studies. The macrocyclization reactions of terpene-
Singlet oxygen substituted o-phthalonitrile derivatives were performed in a microwave reactor to give thymol- and carvacrol-
PACT phthalocyanine conjugates, which were carefully purified by column chromatography and subsequently ana-
Terpenes . lyzed using HPLC and characterized using UV-Vis, NMR and MS. Both isolated phthalocyanine derivatives re-
Enterococcus faecalis

present isomers of C,, symmetry, which was confirmed by NMR study. The absorption UV-Vis spectra of studied
thymol- and carvacrol-phthalocyanine conjugates with the Soret and the Q band possesses the same profile. Both
molecules reveal emission in the red region of the spectrum with fluorescence quantum yields about two-fold
lower in DMF and significantly lower in DMSO than that observed for zinc(II) phthalocyanine. The analyzed
phthalocyanine derivatives generate singlet oxygen upon excitation with light at ca. three-fold lower level then
that noticed for zinc(II) phthalocyanine. In comparison to zinc(II) phthalocyanine, both molecules also reveal
two-fold lower photostability in DMF and similar stability in DMSO. Thymol- and carvacrol-phthalocyanine
conjugates, zinc(II) phthalocyanine, thymol, and carvacrol were loaded into modified liposomes and subjected to
biological activity study. Thymol-phthalocyanine conjugate at both 100 and 10 uM revealed high, ca. 5 log
photoinactivation potential on the growth of Enterococcus faecalis, similarly to reference zinc(II) phthalocyanine.
For carvacrol-phthalocyanine conjugate, an increase of photoinactivation activity was observed at only 100 uM
in comparison to zinc(I) phthalocyanine, whereas a decrease at the concentration of 10 uM was noticed. It is
crucial that both studied phthalocyanines cross the border of 3 log photoinactivation potential, which indicates
their bactericidal potential. In the Microtox® bioassay both conjugates revealed significantly decreased dark
toxicity in comparison to thymol and carvacrol only. Interestingly, the carvacrol-phthalocyanine conjugate was
found to be more toxic in comparison to thymol-phthalocyanine conjugate and zinc(II) phthalocyanine.

1. Introduction

Phthalocyanines (Pcs) are tetrapyrrolic macrocycles possessing a
vast spectrum of applications [1,2]. Pcs exhibit the ability to generate
reactive oxygen species, including extremely reactive singlet oxygen,
upon irradiation with visible light. They have been considered as pro-
mising photosensitizers in photodynamic therapy (PDT) and photo-
dynamic antimicrobial chemotherapy (PACT) [3-5]. In PDT, phthalo-
cyanines underwent clinical trials for the treatment of tumors and age-
related macular degeneration, for example, aluminum(IIl) sulfonated
phthalocyanine applied as Photosens®. PACT has also been considered
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as a new strategy to destroy antibiotic-resistant microorganisms as the
Golden Age of antibiotics seems to be coming dusk [6,7]. Many
phthalocyanines have revealed photodynamic antimicrobial activity in
a plethora of preclinical trials. Pcs have been considered as very effi-
cient and stable photosensitizers for PACT. The limitations which
should be overcome to broaden their more extensive usage in therapy
are their hydrophobicity and tendency to form aggregates in solution
[8]. Many studies revealed that the connection of phthalocyanines with
novel drug delivery systems or nanostructures, as well as proper per-
ipheral functionalization or conjugation with other molecules could
improve the effectiveness of PACT. Some phthalocyanines, including
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amphiphilic sulphonated zinc(II), cationic methylpyridinium aluminum
(III), cationic indium(IIl) derivatives revealed differentiated anti-
bacterial activity against Staphylococcus aureus, Escherichia coli and
Candida albicans [9,10]. Especially, PACT with cationic phthalocya-
nines has been found effective against various bacteria planktonic and
biofilm cultures, including E. coli [11] and S. aureus [12]. Silicon(IV)
phthalocyanines have revealed photoinactivation potential against E.
coli cultures [13] and C. albicans [14,15]. Also, various zinc(I) phtha-
locyanines conjugated with an oligolysine chains showed interesting
PACT potential against different strains of S. aureus, E. coli and P. aer-
uginosa [16,17]. PACT potential can also be significantly strengthened
by proper pharmaceutical formulation, using emulsions and liposomes.
For example, photodynamic inactivation of Cryptococcus neoformans
melanized cells up to 6-log in survival was achieved with chlor-
oaluminum phthalocyanine emulsion in the in vitro study [18]. In our
latest studies, we have also demonstrated in vitro photodynamic activity
potential of zinc(II) phthalocyanine substituted with 2-propoxy sub-
stituents and pyrrolyl-substituted zinc(II) porphyrazine and chlorins
incorporated into modified liposome vesicles against Enterococcus fae-
calis [19-23].

The genus Enterococcus comprises a ubiquitous group of Gram-po-
sitive bacteria that inhabit the gastrointestinal tract, oral cavity, and
vagina of mammal’s [24]. Moreover, these microorganisms are
common in the environment, as well as in dairy and meat products
[25,26]. The majority Enterococcal infections are caused by En-
terococcus faecalis (80-90%) followed Enterococcus faecium (10%). En-
terococci cause a range of infections in the community setting (including
pelvic, neonatal and urinary tract infections), infective endocarditis,
hospital-acquired infections, as well as dental infections. In dentistry,
Enterococcus species, in particular, Enterococcus faecalis, are associated
with chronic periodontitis and failed root canal treatments [27,28]. It is
believed that enterococci can survive harsh conditions such as a wide pH
range and nutrient-limited conditions and persist within the root canal
system after treatment. Moreover, enterococci demonstrate intrinsic
resistance to common antibiotics, including all generations of cepha-
losporins, clindamycin, trimethoprim-sulfamethoxazole, and ami-
noglycosides at low concentrations. Also, they can acquire resistance to
glycopeptides, quinupristin-dalfopristin, daptomycin, linezolid, as well
as high-level aminoglycosides and ampicillin resistance [29]. As tradi-
tional antibiotic therapy is not always effective, novel approaches, in-
cluding antimicrobial photodynamic therapy are worthy of further in-
vestigations.

In our current study, we decided to obtain terpene-phthalocyanine
conjugates. The rationale for such approach is related to known phar-
macological and physicochemical properties of terpenes. Terpenes
constitute a large family of organic compounds produced mainly by
plants. In nature, they serve as plant protection from microorganisms,
parasites, and herbivores. Terpenes are also biologically crucial since
e.g. carotenoids or vitamin A belong to terpenes. Herbs containing
terpenes have been known and used in traditional medicine since an-
cient times. e.g., chamomile is used in many soothing creams, oint-
ments, and cosmetics. Among many properties like anti-inflammatory
or antimicrobial activity, terpenes (e.g. azulene) have been proved to
possess photosensitizing potential [30,31]. Thymol is a naturally oc-
curring phenol monoterpene derivative constituting one of the major
constituents of essential oils of medicinal plant thyme (Thymus vulgaris)
[32]. Carvacrol is a phenolic monoterpenoid found in essential oils of
oregano (Origanum vulgare), thyme (Thymus vulgaris), wild bergamot
(Citrus aurantium bergamia) and other plants [33]. Thymol and carva-
crol have well known antimicrobial and antifungal activity. Also, they
have been considered as alternative antimicrobial agents against anti-
biotic-resistant pathogenic bacteria [34], and as a possible food pre-
servative or components of polymer films for antimicrobial food
packaging [35,36]. The interest is related in developing technology to
produce nanoscale systems for delivering lipophilic components in
aqueous foods, e.g. in this way nanodispersions containing thymol at
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concentrations well above its solubility limit using the emulsion-eva-
poration technique were developed [37]. Also, the antimicrobial ac-
tivity of nanodispersed thymol in tryptic soy broth was analyzed in
comparison to free thymol. The study demonstrated that transparent
nanodispersions of thymol have promising antimicrobial activity
against a broad spectrum of foodborne pathogens [38]. In a similar
study, nanodispersed eugenol has revealed improved antimicrobial
activity against E. coli O157:H7 and Listeria monocytogenes in bovine
milk [39]. Mutual prodrugs of ibuprofen with menthol, thymol, and
eugenol have been selected with the aim of getting a synergistic effect.
These prodrugs have showed increased anti-inflammatory activity that
has been attributed to the synergistic effect as ibuprofen conjugates to
natural analgesics [40]. Moreover, some sulfamethoxazole conjugates
with monocyclic terpenes, like thymol and eugenol have revealed po-
tent antibacterial activity and have been more active than individual
terpenes, against multidrug-resistant (MDR) gruesome pathogenic
bacteria [41]. In a similar study, the thymol-sulfadiazine conjugate has
been found to be effective antibacterial against gruesome MDR bacteria
[42]. There are also known some photosensitizer-antibiotic conjugates
with antibacterial activity, including Rose bengal-penicillanic acid,
Rose bengal-linker- penicillanic acid and Rose bengal-linker-kanamycin
against Staphylococcus aureus and Escherichia coli. The highest eradica-
tion of S. aureus and E. coli was observed for Rose bengal-linker-kana-
mycin [43]. Hence, conjugation of phthalocyanine macrocycle with
terpene moiety could result with a compound of improved physical-
chemical properties and a high potency in photodynamic therapy,
especially against microorganisms (PACT) we decided to obtain and
characterize novel terpene-phthalocyanine analogs in this study.

2. Experimental
2.1. General procedures

All reactions were conducted in oven-dried glassware under an
argon atmosphere using the Radleys Heat-On heating system.
Microwave-assisted synthesis of macrocycles was conducted in an
Anton Paar Monowave 400 reactor. All solvents were rotary evaporated
at or below 50°C under reduced pressure. Flash column chromato-
graphy was carried out on Merck silica gel, particle size 40-63 pm.
Reversed-phase chromatography was carried out on Fluka C18 silica gel
90 (particle size 40-63). Thin layer chromatography (TLC) was per-
formed on silica gel Merck Kieselgel 60 Fos4 plates and visualized with
UV illumination (Apax 254 or 365 nm). UV-Vis spectra were recorded
on a Hitachi UV/VIS U-1900 and Shimadzu UV-160A spectro-
photometers. '"H NMR, '*C NMR spectra were prepared using a Bruker
Avance II spectrometer operating at 400.13MHz for 'H and
100.61 MHz for '°C and Bruker Avance III spectrometer operating at
500.25MHz for 'H and 125.79MHz for '°C at the Institute of
Bioorganic Chemistry Polish Academy of Sciences in Poznan. Chemical
shifts (8) are quoted in parts per million (ppm) and referred to a re-
sidual solvent peak. Coupling constants (J) are quoted in Hertz (Hz).
The abbreviations s, d, t, m refer to a singlet, doublet, triplet and
multiplet, respectively. Mass spectra (ESI) were recorded at Bruker
Impact HD ESI-Q-TOF mass spectrometer at the Wielkopolska Centre
for Advanced Technologies in Poznan.

2.2. Synthetic procedures

All reagents were purchased from commercial suppliers and used
without additional purification. 1-Azulenecarbaldehyde was synthe-
sized adopting literature method [44].

2.2.1. (2Z)-2-Amino-3-{[azulen-1-ylmethylidene]amino }but-2-enedinitrile
2

1-Azulenecarbaldehyde (849 mg, 5.4 mmol) and diaminomaleoni-
trile 1 (486 mg, 4.5mmol) were dissolved in anhydrous methanol
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(20 mL). Careful addition of trifluoroacetic acid (0.4 mL) resulted with
precipitation of brown solid. Next, the obtained solid was filtered,
washed with methanol and chromatographed (CH,Cl,:methanol, 50:1,
v/v) to give 2 as a dark brown solid (0.969 g, 90% yield); m.p. 205 °C. R¢
(CH,Cly:methanol, 50:1, v/v) 0.33. UV-Vis (CHCly) Apax nm (log
€) = 289 (3.51), 337 (3.64), 439 (4.02), 613 (2.85). 'H NMR
(400.15 MHz, DMSO-dg) &: 9.30 (d, 3J = 10.0Hz, 1H), 8.77 (s, 1H),
8.54 (d, %J=9.5Hz, 1H), 850 (d, 3/ =4.0Hz, 1H), 7.91 (4,
3J = 10.0 Hz, 1H), 7.62-7.43 (m, 5H). '*C NMR (100.63 MHz, DMSO-
de) 8: 150.3, 145.3, 140.1, 139.3, 138.4, 138.4, 136.8, 127.7, 127.3,
124.6, 123.9, 119.9, 115.2, 114.1, 105.4. MS (ES pos): m/z 247 [M
+H]*, 269 [M+Na] ™", 285 [M+K] . MS (ES neg): m/z 245 [M+H] .

2.2.2. (2Z)-2-[(Azulen-1-ylmethyl) (methylD)amino]-3-(dimethylamino)
but-2-enedinitrile (3)

Compound 2 (738 mg, 3 mmol) was suspended in methanol (50 mL)
and sodium borohydride (456 mg, 12 mmol) was added in small por-
tions until substrate dissolved completely. Mixture was poured on water
with ice mixture (1:1). Resulting precipitate was washed with water,
dried and chromatographed (CH,Cl,:methanol, 50:1, v/v) to give dark
brown solid (677 mg, 91% yield); R¢ (CH,Cly:methanol, 50:1, v/v) 0.38;
UV-Vis (CH,Cly) Apax nm 289, 439. Resulting amine was highly un-
stable and was immediately applied in the next step. Sodium hydride
(60% dispersion in mineral oil, 87 mg, 3.62 mmol) was suspended in
anhydrous dimethylformamide (7.5mL) at —18°C. After 30 min the
amine substrate (409 mg, 1.65 mmol) dissolved in dimethylformamide
(2.5mL) was added dropwise during 30 min. Next, dimethyl sulfate
(349 uL, 3.62mmol) dissolved in dimethylformamide (0.5mL) was
added dropwise. After 2 h mixture was poured on water with ice, and
the resulting precipitate was washed with water, dried and chromato-
graphed (CH,Cl,:methanol, 50:1, v/v) to give 3 as a dark brown solid
(174 mg, 36% yield); m.p. 205 °C. R¢ (n-hexane:ethyl acetate, 7:2, v/v)
0.3. UV-Vis (CHxCly) Apmax nm 232, 288, 452, MS (ES) m/z 275
[M—CHs]*, 313 [M+Na] . Unfortunately, compound 3 was found to
be very unstable during physicochemical characterization and sub-
sequent macrocyclization reaction (magnesium n-butanolate in n-bu-
tanol).

2.2.3. 3-[5-Methyl-2-(propan-2-yl)phenoxy]benzene-1,2-dicarbonitrile (5)
(modification of the literature approach [45])

Anhydrous K,CO3; (4.1 g, 30 mmol), was added to a well stirred
slurry of thymol (1.35g, 9 mmol) and 3-nitrophtalonitrile 4 (0.43 g,
3 mmol) in DMF (8 mL) and heated at 70 °C for 24 h. After cooling to
room temperature the reaction mixture was poured into water and ice
mixture (1:1, 300 mL). The resulting precipitate was filtrated, washed
with  distilled water (3 X 100mL) and chromatographed
(CH,Cly:methanol, 50:1, v/v) to give 5 as light yellow solid (0.69 g, 83%
yield); m.p. 95 °C. R¢ (CH.Cl,) 0.56. UV-Vis (CH2Cly) Apax nm (log ¢):
228 (3.79), 319 (4.29). 'H NMR (400.13 MHz, DMSO-dg) &: 7.80 (s,
1H), 7.79 (d, J = 1.5 Hz, 1H), 7.34 (d, >J = 8.0 Hz, 1H), 7.14 (m, 1H),
7.11 (m, 1H), 6.93 (s, 1H), 2.98 (m, 1H), 2.27 (s, 3H), 1.14 (d,
3] = 7.0Hz, 6H). '3C NMR (100.61 MHz, DMSO-dg) 8: 160.3, 150.5,
137.5, 136.5, 136.1, 127.7, 127.5, 127.3, 120.9, 120.7, 115.9, 115.6,
113.4, 104.2, 26.7, 22.8, 20.3. MS (ESD): m/z 277 [M+H]*, 299 [M
+Na]*. HRMS (ESI): m/z calcd. for (C;gH;6N20): 277.1341 [M+H]*;
found: 277.1328 [M+H] *.

2.2.4. 3-[2-Methyl-5-(propan-2-yl)phenoxy]benzene-1,2-dicarbonitrile (6)

Anhydrous K,CO3; (4.1 g, 30 mmol), was added to a well stirred
slurry of carvacrol (1.35g, 9 mmol) and 3-nitrophtalonitrile 4 (0.43 g,
3 mmol) in DMF (8 mL) and heated at 70 °C for 24 h. After cooling to
room temperature the reaction contents were poured into water and ice
mixture (1:1, 300 mL). The resulting precipitate was filtrated, washed
with  distilled water (3 x100mL) and chromatographed
(CHCly:methanol, 50:1, v/v) to give 6 as a light yellow solid (0.56 g,
68% yield); m.p. 63°C. Ry (n-hexane:ethyl acetate, 7:2, v/v) 0.48.
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UV-Vis (CH5Cly) Amax nm (log €) = 228 (3.69), 319 (4.15). 'H NMR
(400.13 MHz, DMSO-dg) 8: 7.80 (s, 1H), 7.79 (s, 1H), 7.32 (d,
3] = 8.0 Hz, 1H), 7.15 (d, 3J = 8.0 Hz, 1H), 7.06 (s, 1H), 7.02 (m, 1H),
2.88 (m, 1H), 2.10 (s, 3H), 1.18 (d, 3J = 7.0Hz, 6H). *C NMR
(100.61 MHz, DMSO-dg) 8: 160.1, 151.3, 149.0, 136.1, 131.9, 127.5,
126.7, 124.4, 120.1, 118.7, 115.9, 115.6, 113.3, 103.8, 32.9, 23.7,
15.0. MS (ESI): m/z 277 [M+H] ™", 299 [M+Na]*. HRMS (ESI): m/z
calc. for (C1gH16N>0): 277.1341 [M+H] *; found: 277.1332 [M+H] *.

2.2.5. {1,8,18,25-Tetrakis[5-methyl-2-(propan-2-yl)phenoxy]
phthalocyanine}zinc(II) (7)

n-Pentanol (1 mL), zinc acetate (0.18 g, 1 mmol) and 5 (0.55g,
2 mmol) were placed in a G10 vial. The vial was filled with argon and
sealed. Reaction was conducted in a microwave reactor at 200 °C for
15 min. Next, reaction mixture was filtered, the solid was washed with
toluene and the combined filtrates were evaporated. The dark green
residue was chromatographed using silica gel (CH,Cly:methanol, 50:1,
v/v) and C-18 reversed-phase gel (methanol, then CH,Cl,) to give 7 as a
dark green solid (0.11 g, 19% yield); m.p. 235 °C. R¢ (CH,Cl,:methanol,
50:1, v/v) 0.23. UV-Vis (CHCly) Apax nm (log &) = 227 (4.41), 327
(4.39), 633 (4.29), 703 (5.04), 747 (4.24). 'H NMR (500.25 MHz,
pyridine-ds) &: 9.62 (d, 3] = 7.5Hz), 9.55 (m), 9.35 (m), 8.2 (t,
3] = 7.5Hz), 8.09 (m), 7.98 (t, 3J = 7.5Hz), 7.66 (m), 7.42 (s), 7.36
(s), 7.35 (s), 7.25 (s), 4.07 (m, 1H), 3.69 (s, 1H), 2.24 (m, 6H), 1.64 (m,
6H), 1.14 (m, 6H). *°C NMR (125.79 MHz, pyridine-ds) 8: 158.2, 158.1,
156.1, 156.0, 156.0, 155.3, 155.2, 155.2, 155.1, 155.0, 154.9, 154.9,
154.8, 154.8, 154.7, 154.5, 154.3, 142.7, 142.6, 142.6, 142.5, 142.4,
142.3, 139.1, 138.0, 138.0, 137.9, 137.9, 137.8, 131.8, 131.6, 131.4,
128.3, 128.2, 128.1, 127.9, 127.5, 127.4, 127.2, 127.2, 126.9, 126.8,
126.3, 126.2, 121.7, 121.6, 121.6, 118.7, 118.6, 118.5, 118.4, 117.5,
117.3, 117.2, 117.1, 28.7, 27.6, 24.0, 23.8, 21.4, 21,3. MS (ESI): m/z
1169 [M+H]*. HRMS (ESI): m/z calc. for (C;2HgsNgO4Zn): 1169.4420
[M+H]"; found: 1169.4404 [M+H]". HPLC (see Supporting
Information).

2.2.6. {1,8,18,25-Tetrakis[2-methyl-5-(propan-2-yl)phenoxy]
phthalocyanine}zinc(II) (8)

n-Pentanol (1 mL), zinc acetate (0.18g, 1 mmol) and 6 (0.55g,
2 mmol) were placed in a G10 vial. The vial was filled with argon and
sealed. Reaction was conducted in a microwave reactor at 200 °C for
15 min. Next, reaction mixture was filtered, the solid was washed with
toluene and filtrates were evaporated. Dark green residue was chro-
matographed using silica gel (CH,Cly:methanol, 50:1, v/v) and C-18
reversed-phase gel (methanol, then CH,Cl,) to give 8 as a dark green
solid (0.08 g, 13% yield); m.p. 227 °C. R¢ (CH,Cly:methanol, 50:1, v/v)
0.34. UV-Vis (CH,Cly) Apax nm (log ) = 228 (4.60), 327 (4.51), 632
(4.40), 702 (4.99), 745 (4.37). 'H NMR (500.25 MHz, pyridine-ds) 8:
9.63 (m), 9.58 — 9.50 (m), 9.37 (t, 3J = 7.5Hz), 9.27 (t, °J = 7.0 Hz),
8.20 (m), 8.10 (m), 8.03 (m), 7.92 (t, 3J=7.6Hz), 7.73 (d,
3J = 7.8Hz), 7.68 - 7.60 (m), 7.56 (s), 7.50 (m), 7.43 — 7.37 (m), 7.33
(s), 7.19 (m), 7.17 - 7.09 (m), 2.91 - 2.82 (m), 2.82 - 2.74 (m), 2.35 -
2.24 (m), 1.27 — 1.18 (m), 1.09 (m). *C NMR (125.79 MHz, pyridine-
ds) 6: 158.1, 156.1, 156.0, 156.0, 155.3, 155.2, 155.2, 155.1, 155.0,
154.9, 154.9, 154.8, 154.8, 154.7, 154.5, 154.3, 142.7, 142.6, 142.6,
142.5, 142.4, 142.3, 139.1, 138.0, 138.0, 137.9, 137.9, 137.8, 131.8,
131.6, 131.4, 128.3, 128.2, 128.1, 127.9, 127.5, 127.4, 127.2, 127.2,
126.9, 126.8, 126.3, 126.2, 121.7, 121.6, 121.6, 118.7, 118.6, 118.5,
118.4, 117.5, 117.3, 117.2, 117.1, 28.7, 27.6, 24.0, 23.8, 21.4, 21.3.
MS (ESD: m/z 1169 [M+H]*. HRMS (ESI): m/z calc. for
(CyoHg4Ng04Zn): 1169.4420 [M+H]™; found: 1169.4426 [M+H]™".
HPLC (see Supporting Information).

2.3. Spectral properties

Absorption spectra were recorded with Hitachi UV/VIS U-1900 and
Shimadzu UV-160A spectrophotometers in DMF and DMSO at ambient
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temperature. Emission spectra were recorded with a Jasco 6200 spec-
trofluorometer in DMF and DMSO at ambient temperature.
Fluorescence quantum yields were determined according to the
methods described earlier. As a reference it was used unsubstituted zinc
(II) phthalocyanine (ZnPc) with known fluorescence quantum yields
equal 0.20 and 0.17 for DMF and DMSO respectively [46-49].

2.4. Singlet oxygen formation

Singlet oxygen generation quantum yields were evaluated in DMF
and DMSO solutions at ambient temperature. Measurements were
conducted according to the comparative method using a chemical
quencher of singlet oxygen (DPBF) and a reference compound (ZnPc).
The mixture of DPBF and a photosensitizer was irradiated with light
adjusted to the maximum absorbance in the Q band of Pc spectrum.
Spectrum changes were monitored with OceanOptics Flame
Spectrometer and light source DT-MINI-2-GS. The quantum yields of
singlet oxygen formation were calculated according to equation pre-
sented earlier [46,48-51].

2.5. Photostability determination

Photostability determination was performed in DMF and DMSO in
aerobic condition at ambient temperature according to the method
previously described. A xenon lamp (150 W, Optel) was used as a light
source. Visible light was separated with cutting filter. Spectrum changes
were monitored with OceanOptics Flame Spectrometer and light source
DT-MINI-2-GS. The quantum yields of photodecomposition process
were calculated according to the earlier presented equation
[46,50,52,53].

2.6. Modified lipid vesicles preparation

Lipid vesicles were obtained by the method described by Dragicevic-
Curic and co-workers [54]. POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine) and DOTAP (N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-
trimethylammonium chloride, 25 mg/ml) purchased from Avanti Polar
Lipids Inc. (Alabaster, AL, USA) were dissolved in chloroform (Aldrich)
and mixed in a molar ratio of 8:2. In the next step 7, 8, thymol and
carvacrol chloroform solutions at the concentration of 1 mg/ml were
added in a proper amount to achieve the final concentration in the
vesicle 100 and 10 uM. Simultaneously, there were prepared “empty”
liposomes. Then, the obtained mixture was evaporated under reduced
pressure to give thin lipid film. Next, ethanol (3.3% w/v) was added,
and vortexing for 5min was performed. Further, the saline buffer was
added, and vortexing for 5min continued. The unification was per-
formed by the extrusion of the mixture through the polycarbonate filter
(200 nm). The size of obtained vesicles was measured with NanoSight
LM10 (Malvern).

2.7. In vitro photodynamic antibacterial activity

Enterococcus faecalis strain was purchased from American Type
Culture Collection (ATCC; E. faecalis ATCC 29212) and cultured aero-
bically in BHI broth at 36 + 1°C for 18-20 h. After this time micro-
organisms were harvested by centrifugation (3000G for 15 min) and re-
suspended in 10 mM phosphate buffered saline (PBS, pH = 7.0) and
diluted in PBS to a final concentration of ca. 107 colony forming units
(CFU)/mL.

2.8. Dark activity

Aliquots of a microbial suspension were placed in the microtitration
plate and then solutions containing compounds incorporated in lipo-
somal formulations were added and incubated for 20 min. Next bac-
terial suspension from each well, after dilution, was inoculated on
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tryptic soy agar (TSA) plates. After an incubation period (20h at
36 + 1°C), the number of colony was counted and the number of vi-
able bacteria (colony forming units; CFUs) in 1 mL was calculated. A
control study in darkness without studied compounds was performed
simultaneously. The results were expressed as log;o[CFU/ml]. The re-
duction of living bacteria in each sample was determined by the cal-
culation log reduction factors (RF) as follows:

RF = Log L(—)P(—) — Log L(—)P(+), where L(—)P(—) - no irra-
diation, no Pc+ (negative control); L(—)P(+) — no irradiation, Pc+
(dark control).

2.9. Light-dependent activity

Light activity evaluation was performed similarly to the dark one,
with irradiation of the culture after an incubation time of 20 min.
Bacteria were irradiated at room temperature with high power LED
MultiChip Emitters (60 high-efficiency AlGaAs diode chips, Roithner
LaserTechnik GmbH, Vienna, Austria) with maximum wavelength
690 + 15nm at a fixed total light dose 30 J/cm? The reduction of
living bacteria in each sample was determined by the calculation log
reduction factors as follows:

RF = Log L(—)P(—) — Log L(+)P(+), where L(—)P(—) - no irra-
diation, no Pc+ (negative control); L(+)P(+) - irradiation, Pc+.

2.10. Microtox® analysis

Experiments were performed according to 81.9% Microtox® test
protocol with Microtox Model 500 analyzer and MicrotoxOmni soft-
ware (Modern Water, Inc.) [55,56].

3. Results and discussion
3.1. Synthesis and characteristics

An attempt towards novel terpene-macrocycle conjugate was per-
formed. In the first approach, the azulene-diaminomaleonitrile con-
jugate was successfully synthesized using 1-azulenecarbaldehyde and
diaminomaleonitrile (Scheme 1). The resulting Schiff base compound 2
was carefully characterized and subsequently reduced and methylated
to the novel derivative 3. Unfortunately, conjugate 3 turned out to be
very unstable during characterization (access to air). Moreover, even if
compound 3 was quickly purified and immediately subjected to mac-
rocyclization reaction following the conditions: magnesium n-butano-
late in n-butanol, no progress of the reaction was observed. It seems that
the proposed azulene-diaminomaleonitrile conjugate is not stable en-
ough as the chemical entity thus it cannot be considered as an inter-
mediate in the macrocyclization reaction conditions. As the continua-
tion of the study, another approach towards terpene-macrocycle
conjugate was proposed. Namely, 3-nitrobenzene-1,2-dicarbonitrile
was combined with thymol or carvacrol using nitro-group displacement
reaction conditions (K,CO3 as a base in DMF at 50 °C for 24 h) (Scheme
1) [57]. The resulting conjugates 5 and 6 were subjected to macro-
cyclization reactions in a microwave reactor to give phthalocyanines 7
and 8, which were carefully purified by column chromatography and
their purity was subsequently analyzed using HPLC (see Supporting
Information). It is worth to note that both macrocyclization reactions
were conducted without addition of DBU as a base. Experiments with
DBU either failed to result in the macrocyclic product, or the reaction
yields were very low. It seems that the basicity of substrates, like zinc
(I) acetate was enough for the occurrence of cyclotetramerization re-
action.

Thymol-phthalonitrile conjugate 5 has been previously synthesized
by Ma et al. [45], and also subjected to the macrocyclization reaction.
Since 5 is unsymmetrical, it can condensate in two ways. That is why
Ma et al. [45] obtained an inseparable mixture of four constitutional
isomers (randomers) Doy,:Cq:Coy:Cyp, which were formed in different
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Scheme 1. Synthesis of terpene-phthalocyanine conjugates 7 and 8. Reagents and conditions: (i) azulenecarbaldehyde, TFA, rt; (ii) NaBH4, MeOH, rt; (iii) Me5SO4,
DMF, —18°C to rt; (iv) thymol or carvacrol, K,CO3, DMF, 50 °C, 24 h; (v) Zn(CH3COO),, n-pentanol, MW, 200 °C, 15 min.

proportions 1:4:2:1 (Scheme 1S, Supporting Information). It is chal-
lenging to isolate specific isomer after macrocyclization reaction during
typical flash column chromatography. HPLC was proved to be the best
and most successful method of separation, which has been presented by
Hanack and his co-workers [58]. They successfully separated for the
first time the Cg4, and the Doy, isomers, which was possible due to the
developed HPLC phases based on mi-;t interactions. Surprisingly, in our
work, for both substrates 5 and 6, only one macrocyclic product was
found in the reaction mixture. It is worth noting that, no other mac-
rocyclic compounds were found during thin layer chromatography and
HPLC analysis. Moreover, both isolated phthalocyanines 7 and 8 were
found to be isomers of C,, symmetry, which was confirmed by NMR
studies. Similar situations when only one product was isolated after the
macrocyclization reaction with unsymmetrical phthalonitrile have not
been often reported in the literature. It has happened only for phtha-
lonitriles with bulky substituents in the 3rd or 4th position. One of the
most interesting examples was published by Lv et al. [59], who suc-
cessfully isolated “pinwheel-like” menthol-substituted phthalocyanine
of C4, symmetry. They have performed macrocyclization reaction
procedure with (D)- and (L)-3-(2-isopropyl-5-methylcyclohexoxyl)-1,2-
dicyanobenzene in refluxing n-pentanol in the presence of lithium n-
pentanolate followed by treatment with acetic acid. Noteworthy, in our
earlier work, a metronidazole-phthalocyanine conjugate of C,, sym-
metry has been the only isomer isolated after applying the Linstead
macrocyclization procedure starting from 1-[2-(2,3-dicyanophenoxy)
ethyl]-2-methyl-5-nitro-1H-imidazole. That time only a tiny amount of
another macrocyclic product was found (presumably one of the other
isomers Cg, Doy, C4p,) in the crude reaction mixture analyzed by TLC, not
allowing for separation [57].

In the 'H NMR spectrum of phthalocyanine 7, two characteristic
multiplets at 4.07 and 3.69 ppm were assigned to two pairs of CH iso-
propyl groups protons (marked as A in Fig. 1). This fact suggests that
the macrocyclic molecule possesses one axis of symmetry. Considering
all possible isomers (see Scheme 1S, Supporting Information), only C,,
isomer reveals this characteristic feature in the *H NMR spectrum. In
the 'H-'H COSY spectrum both CH isopropyl peaks at 4.07 and
3.69 ppm correlate with another two aliphatic CH;3 isopropyl group
protons (marked as B) at 1.64 and 1.14 ppm. Unlike, two signals at 2.24
and 2.27 ppm do not correlate with other signals, indicating that they
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belong to methyl groups directly substituted to the aromatic ring of
thymol moiety. The 'H NMR spectrum of pc 8 represents a similar
pattern. Nevertheless, protons of 2-methyl groups (F, Fig. 1) at ca. 2.28
and 2.87 ppm are separated. Also, one of these signals at 2.87 ppm
overlaps with isopropyl proton signal marked as D. To sum up, in the 'H
NMR spectra of pc 7 and 8 a split of certain signals is strongly marked.
Especially diagnostic are separated signals belonging to methyl groups
(C and F, Fig. 1). In the case of pc 7 one slightly split signal can be
observed in the 'H NMR spectrum, whereas in the case of pc 8 two
separated signals appear. We stipulate that this may be the result of
steric hindrance between two terpenoid groups oriented to the same
side of symmetry axis, which limits free rotation of terpenoid moieties
around phenolic O—C bonds. Also, the isopropyl groups in ortho posi-
tions of pc 7, as well as the methyl groups in ortho positions of pc 8, can
also hinder the rotation around phenolic O—C bonds in a very different
manner due to the steric hindrance (phthalocyanine ring).

3.2. Spectroscopic and photochemical properties

Absorption spectra of studied compounds 7 and 8 are typical for
phthalocyanines (Fig. 2). In the UV-Vis spectra of both molecules there
can be recognized the Soret bands in the range of 200-400 nm and the
Q bands in the range of 600-800 nm. Interestingly, phthalocyanine
substituted with thymol (7) possesses a similar absorption profile to
phthalocyanine substituted with carvacrol (8) presumably to the same
electron donating/withdrawing properties of these groups. The terpene
electron donating groups of phthalocyanines 7 and 8 (Agmax = 709 nm)
cause red-shift of the Q band in comparison to ZnPc¢ (Agmax = 670 nm
in DMF). This effect has been recently discussed by Topal and co-
workers [60]. Phthalocyanine derivatives 7 and 8 reveal emission in the
red region of the UV-Vis spectrum (Fig. 1). Their excitation spectrum is
comparable to the absorption one. Thus it can be concluded that in the
excited state the molecules are not deformed. Moreover, this observa-
tion gives the evidence for the purity of the studied samples. The cal-
culated fluorescence quantum yields of 7 and 8 are 2-fold lower than
those measured for ZnPc (Table 1). A similar data were presented by
Aliosman and co-workers for compound I in DMF [61]. Interestingly,
compounds 7 and 8 dissolved in DMSO reveal a dramatic drop in the
light emission (®g;, = 0.02 for 7 and ®g;, = 0.03 for 8) in comparison to
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Fig. 2. Absorption, emission and excitation spectra of 7 in DMF.

ZnPc (®f, = 0.17). A similar effect has been observed by Giizel and co-
workers for substituted zinc(II) phthalocyanine [5].

Both studied macrocycles generate singlet oxygen. Thus, they can be
considered as potential photosensitizers for photodynamic therapy,
including bacteria photoinactivation. Phthalocyanine derivative 7
forms singlet oxygen slightly better than 8. In comparison to un-
substituted zinc(II) phthalocyanine both studied compounds (7, 8)
present a dramatic drop in singlet oxygen formation quantum yields —
see Table 1. This phenomenon may be linked with the above discussed

Compound Solvent [oF 10° @p [N

7 DMF 0.11 17.40 0.15
DMSO 0.02 3.06 0.18

8 DMF 0.08 23.90 0.15
DMSO 0.03 4.01 0.13

ZnPc DMF 0.20 [40] 10.20 0.56 [41]
DMSO 0.17 [40] 3.50 0.67 [41]

steric hindrance appearing between the macrocyclic ring and bulky
rotating terpene substituents. This steric hindrance can also block ac-
cess of molecular oxygen to the phthalocyanine core and as a con-
sequence the singlet oxygen formation. It is known that the collision of
molecular oxygen with the porphyrinoid core is essential for the for-
mation of singlet oxygen [62]. It was proved that the periphery of the
phthalocyanine can hamper access of molecular oxygen to the macro-
cyclic core efficiently [63]. Interestingly, Aliosman and co-workers
have presented compound I (Fig. 3) with singlet oxygen formation
quantum yield ®, = 0.31 in DMF [61]. The phthalocyanine derivatives
7, 8 and phthalocyanine I possess phenyloxy substituents. The periph-
eral substituents of I are bulkier and exhibit much stronger electron
withdrawing properties, which are essential for the enhancement of
singlet oxygen formation abilities [5]. Thus, for 7 and 8 it was observed
a decrease of ®, in comparison to unsubstituted zinc(II) phthalocyanine
as a result of steric hindrance. Moreover, steric hindrance impacts the
singlet oxygen formation which was indicated by Erdogmus and co-
workers [64]. Also, for compound II a 2-fold decrease of ®, has been
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Fig. 3. Structures of phthalocyanines I-VIIL.

observed as compared to III [64]. On the other hand, a 2-fold higher ®4
of I in comparison to 7 and 8 can be explained by its stronger effect of
electron-donating substituents [5,60]. Kirba¢ and co-workers have de-
monstrated the influence of electron donating/withdrawing strength of
substituents for phthalocyanines IV-VI in DMF [65]. The substituents of
compound IV have exhibited lowest electron withdrawing potential
(highest donating) and revealed ®, = 0.70, whereas V’s ®, = 0.72 and
finally VI's ®, = 0.95 with highest withdrawing properties (lowest
donating) within studied series. Interestingly, this tendency has not
been observed in DMSO and THF solutions, which can be linked with
solvent-molecule interactions [65]. Peripherally substituted phthalo-
cyanine (VII) with phenoxy groups has been studied by Ogunsipe and
co-workers. This molecule generated singlet oxygen with quantum yield
values of 0.60 and 0.53 in DMSO and DMF respectively [48]. In com-
parison to 7 and 8, compound VII differs slightly in the structure.
Compounds 7 and 8 represent phthalocyanines substituted in the non-
peripheral positions and possess alkyl groups in the bulky peripheral
substituents, which potentiates steric hindrance effect, whereas
phthalocyanine VII is substituted at peripheral positions, which gen-
erates lower steric hindrance effect. Thus, compared to 7 and 8 are
weaker singlet oxygen generators than VIL

Irradiated phthalocyanines can undergo phototransformation or
photobleaching process [66]. Compounds 7 and 8 under continuous
illumination with visible light lose their colour. This observation en-
ables to classify photodecomposition of studied phthalocyanines as
photobleaching. Both phthalocyanines underwent photodecomposition
with similar photodecomposition quantum yields, see Table 1. Inter-
estingly, in comparison to the unsubstituted zinc(II) phthalocyanine,
both phthalocyanine derivatives 7 and 8 revealed 2-fold lower photo-
stability. It is worth mentioning that their singlet oxygen formation
abilities were 3-fold lower than reference ZnPc. Mentioned dependence
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was presented for samples dissolved in DMF. Compound I (presented in
Fig. 1), in comparison to 7 and 8, has shown much higher photo-
decomposition rate in DMF equal ®p = 2.5410 % [61]. A similar ten-
dency was observed for compounds II and III. In DMSO solutions
compound III has revealed ®p = 1.0210"° quantum yield and II
®p = 8.53107° [64]. Compounds IV, V and VI in comparison to ZnPc
(®p = 10.2:10~ %) have revealed higher photodecomposition rates with
quantum yields in DMF equal ®p = 20.010"* ®p = 4.010™* and
®p = 73.0107* respectively [65]. Considering the above observations,
it seems that the higher number or the bigger size of substituents can be
responsible for more intensive tensions in the excited state of the mo-
lecule and stimulate the decomposition. This hypothesis needs further
studies, mainly conducted with molecular calculations. Otherwise,
compounds revealed similar photostability in DMSO, what can be
connected to the coordination of DMSO to the central metal ion
[48,52,64,65].

Terpene-phthalocyanine derivatives 7 and 8 were loaded into the
modified liposomes. Also, there were prepared formulations containing
unsubstituted zinc(II) phthalocyanine (ZnPc), thymol and carvacrol.
The mean size and the size distribution of the formulation are shown in
Table 2.

Thymol-phthalocyanine conjugate 7 at both 100 and 10 uM con-
centrations revealed high photoinactivation of Enterococcus faecalis of
ca. 5-log growth reduction. Similar observations were made for re-
ference compound ZnPc. Thus, it can be concluded that attachment of
the thymol to the phthalocyanine ring does not increase its activity.
Interestingly, for carvacrol-phthalocyanine conjugate 8, an increase of
its activity at 100 pM was observed in comparison to ZnPc and a de-
crease of the activity at the concentration of 10 uM — see Table 2. The
drug-free liposomes, thymol and carvacrol loaded ones did not reveal
significant activity. It is important that both studied phthalocyanines
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Table 2
Size of the lipid vesicles and their potential for photoinactivation of Enterococcus faecalis.
Photoinactivation of E. faecalis Size of the modified liposomes
RF"
conditions 100 uM 10 yM Mean diameter [nm] Dv10 Dv50 Dv90
7 light 4.72 5.02 282 136 209 529
dark 0.08 0.01
8 light 6.02 3.71 161 120 152 200
dark 0.00 —0.03
ZnPc light 5.24 4.85 107 62 106 139
dark 0.00 0.10
empty liposomes light 0.34 —-0.05 122 74 123 161
dark 0.00 0.00
thymol light 0.13 —0.02 166 131 159 193
dark 0.06 —0.05
carvacrol light 0.39 0.39 177 132 163 249
dark —0.08 —0.07

RF - * logarithmic reduction factor.

NN
s

O
4 O/k
74
/

OY
O>—

-/ \

Z+ @]
S /
2 O/\/z
74
1

o
AV
NAVaRS

/- /-
N—%n—N : N—I\%Ig—N :
\ N Oﬁv \ N -ho
oo A e e L
0 o) o ) o)
L Y
\ N
(]
VI IX

Fig. 4. Chemical structures of compounds published earlier VIIIL, and IX [70,71]

cross the border of 3-log photoinactivation, which is characteristic for
the bactericidal agents following FDA (Food and Drug Administration)
regulations [7,67,68]. Some authors have also suggested the level of 4-
log for bactericidal compounds [69], which was also achieved by 7 and
8. Both phthalocyanines 7 and 8 similarly to the compounds VIII and IX
(recently published by our group) revealed high photoactivity against
E. faecalis [70,71] (Fig. 4).

The ideal photosensitizer for PACT should be inactive in the dark
conditions, what is crucial for the treatment selectivity [72-74].
Therefore, Microtox® bioassay for 7 and 8 was performed. This fast and
easy protocol enables to detect the acute and prolonged toxic effect of
the examined agent. It is based on bioluminescent bacteria Vibrio fi-
scheri, which under exposition to the toxic molecules lose its lumines-
cent ability [55,56,75].

Terpene-phthalocyanine conjugates 7 and 8 revealed a decreased
dark toxicity in comparison to the pure thymol and carvacrol (Fig. 5).
Thymol and carvacrol are known to increase the permeability of the

. 5 min
I 15 min

60 -

40 -

20 -

Luminescence inhibition [%]

Pc1 Carvacrol Pc2 ZnPc

bacterial membrane leading to bacteria death [36]. As mentioned Thymol

above, 7 and 8 revealed only reduced dark toxicity, which can be ex- Compound

plained by lower bacterial membrane penetration of big phthalocyanine . o ) ) o .
molecules in comparison to higher permeability of terpenes. Also, 7 Fig. 5. Vibrio fischeri luminescence inhibition in Microtox® analysis.

revealed decreased toxicity in comparison to ZnPc and 8.
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4. Conclusion

In our initial study an attempt towards novel terpene-macrocycle
conjugate, consisting of phthalocyanine and azulene was performed.
This attempt was abandoned on the stage of azulene-maleonitrile de-
rivative substrate macrocyclization reaction, which turned out to be
very unstable during characterization and macrocyclization reaction
reconnaissance study. Another approach towards terpene-macrocycle
conjugate was successfully performed when 3-nitrobenzene-1,2-di-
carbonitrile was conjugated with thymol or carvacrol using nitro-group
displacement procedure and when the resulting conjugates were sub-
sequently subjected to macrocyclization reactions in a microwave re-
actor towards desired terpene-phthalocyanine conjugates. It is worth to
note that both reactions were conducted without addition of DBU as a
base. Experiments with DBU either failed to result with the macrocyclic
product or the reaction yields were very low. It seems that the basicity
of substrates, like zinc(II) acetate was enough for the occurrence of
cyclotetramerization reaction. The obtained compounds were char-
acterized by UV-Vis, NMR, MS, and HPLC. It is interesting that in the
referenced approach by Ma et al. [45], a thymol-phthalonitrile con-
jugate when subjected to the macrocyclization reaction led to the
mixture of thymol-phthalocyanine randomers. Surprisingly, in our
work, for both phthalonitrile derivatives, only one macrocyclic product
of C,, symmetry was found in the reaction mixture. The structure of the
macrocyclic product was unambiguously confirmed in the NMR study.
For both compounds, diagnostic signals belonging to isopropyl and
methyl groups of terpene substituents were identified.

Absorption spectra of studied compounds are typical for phthalo-
cyanines with the Soret the Q band and possess the same profile. This
phenomenon is linked to the same electron donating/withdrawing
properties of substituents. Studied phthalocyanines reveal emission in
the red region of UV-Vis spectrum with calculated fluorescence
quantum yields about 2-fold lower than that for ZnPc. Interestingly,
compounds dissolved in DMSO presented a dramatic drop in light
emission. Among studied compounds thymol-phthalocyanine conjugate
generated singlet oxygen slightly more efficiently than carvacrol-
phthalocyanine conjugate. Nevertheless, in comparison with un-
substituted zinc(II) phthalocyanine both studied compounds presented
a decrease in singlet oxygen formation quantum yields. This phenom-
enon may be linked with steric hindrance formed by rotating sub-
stituents. Both terpene-phthalocyanine conjugates under illumination
with visible light continuously lose their colour, which enables to
classify photodecomposition of studied molecules as photobleaching.
Both phthalocyanines underwent photodecomposition with similar
photodecomposition quantum yield. Interestingly, in comparison to the
unsubstituted zinc(II) phthalocyanine, both terpene-phthalocyanine
conjugates revealed 2-fold lower photostability and 3-fold lower singlet
oxygen formation ability in DMF. It seems that higher number or bigger
size of substituents is responsible for more intensive tensions in the
excited state of the molecule and stimulates the decomposition.
Otherwise, in DMSO compounds revealed similar photostability, which
can be the result of coordination of DMSO to the central metal ion. Both
phthalocyanine analogs were loaded to the modified liposomes.
Formulations containing unsubstituted zinc(II) phthalocyanine, thymol
and carvacrol were obtained as well. Thymol-phthalocyanine conjugate
at both 100 and 10 uM revealed high photoinactivation growth of
Enterococcus faecalis at ca. 5-log, similarly to reference ZnPc. For car-
vacrol-phthalocyanine conjugate, an increase of activity at 100 uM in
comparison to ZnPc was observed and a decrease at 10 uM. Both stu-
died conjugates cross the border of 3-log, which indicates their bac-
tericidal potential according to the FDA regulations. The Microtox®
bioassay was performed for both conjugates revealing their low dark
toxicity, which was significantly below the dark toxicity measured for
the pure thymol and carvacrol.
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