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A B S T R A C T   

Among the various groups of microorganisms, viruses have generally a greater capacity for mutation, especially 
RNA viruses, as was demonstrated by SARS-CoV2 virus mutations. This high mutation rate promotes the 
development of their resistance to traditional antivirals and establishes the resistance behaviour in virus pop-
ulations, decreasing their susceptibility to these drugs. In this context, the photodynamic treatment appears as a 
potentially effective method against microorganisms and, considering its mode of action is not likely to lead to 
the development of resistance. In this work, two newly zinc(II) phthalocyanines (ZnPcs) bearing pyridinium- 
pyrazolyl groups (2a and 3a) were synthesized, characterized, and applied in photodynamic inactivation 
(PDI) of bacteriophage Φ6 (or Phage Phi6) as a RNA-virus model. These quaternized dyes were applied at 
different concentrations (from 5.0 to 20 μM, and under white light irradiation in the irradiance range between 50 
and 150 mW/cm2) to test their efficiency for possible clinical or environmental applications. The results showed 
that the new cationic ZnPcs 2a and 3a efficiently inactivate the RNA-virus model (bacteriophage Φ6), even at the 
lowest tested irradiance. These compounds are thus promising photosensitizers to be used in various contexts.   

1. Introduction 

Generically, viruses present high evolution rates, influenced by their 
high mutation rates [1]. Among this group of biological entities, 
RNA-based viruses tend to have higher mutation rates when compared 
to DNA-based viruses [1,2]. One of the main reasons seems to be linked 
to the inexistence of repair mechanisms capable of recognizing the er-
rors introduced by the polymerase activity in the majority of RNA vi-
ruses [3], in contrast to DNA viruses. Higher mutation rates bring higher 
genetic variations within a population, resulting in higher viral fitness 
[1,4,5]. Although it is known that most mutations are deleterious, some 
will bring the ability to antigenic variants generation, and so the evasion 
of the immune system response of the host is an unquestionable 
advantage for the infective particles. Along with the avoidance of the 
neutralizing antibodies of the host organism, the design of effective 

vaccines is similarly more complicated as the resultant evolution can 
increase the number of serotypes that circulate in human populations 
[6]. For mammalian RNA viruses, such as human immunodeficiency 
virus (HIV), influenza A, and coronavirus, the error rate can be high as 
10− 6 to 10− 3 mutations per site per genome replication [2,7,8]. This 
aspect will easily increase the establishment of resistance to antiviral 
drugs when the community is under selective pressure [9]. Actually, 
antiviral drug resistance has been reported for Human viruses, such as 
HIV, hepatitis B, hepatitis C, herpes (HSV), and influenza A [9,10]. 

Photodynamic inactivation (PDI) of microorganisms has gained 
special attention as an alternative method to conventional treatments 
and has already been shown to be effective against Gram-(− ) and Gram- 
(+) bacteria, viruses, fungi, and parasites [11–21]. Using various pho-
tosensitizers (PSs), this therapy can be applied in clinical and 
non-clinical contexts [22–24]. Besides PSs, the PDI approach requires 
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appropriate light irradiation and molecular dioxygen (O2). During this 
process, the short-lived singlet state of the PS is converted into a 
long-lived triplet state that allows the generation of reactive oxygen 
species (ROS), such as 1O2, O2

•–, OH•, and H2O2 [21,25–27]. These 
species lead to severe oxidation of the vital constituents of the microbial 
structure targets [28–30]. 

Porphyrin [15,25,31], chlorin [15,32,33], and phthalocyanine (Pc) 
[26,34–36] have extensively been used as PS in PDI of microorganisms. 
In fact, in the last years, several free-base and metalated Pc derivatives 
have been synthesized with different structural features to improve their 
solubility and affinity to Gram-(− ) bacteria, known to be less sensitive to 
photodynamic treatment. For this purpose, inserting suitable cationic 
substituents on the periphery of the Pc macrocycle is a remarkable 
strategy for their PDI process [26,37–43]. From this point of view, 
pyridinium-pyrazolyl moieties can be used to improve water solubility, 
as recently observed on other PSs structures used for the photo-
inactivation of Gram-(− ) bacteria either in planktonic or biofilm forms 
[15]. Moreover, the Pc dyes have adequate photophysical and photo-
chemical properties to be used as PS in PDI [34,44]. Their UV–visible 
absorption spectra are characterized by a broad Soret band between 300 
and 450 nm and by Q bands located in the red region of the spectrum 
(550–750 nm) [34]. Pc is being used with success in the photodynamic 
therapy (PDT) of cancer [45] and PDI of several microorganisms, 
including on surface disinfection [40,46–49]. 

This study evaluated the efficiency of two quaternized zinc(II) 
phthalocyanines in PDI of bacteriophage Φ6, as a surrogate for RNA 
viruses, to acknowledge their potential to be used either in clinical 
photodynamic treatments or environmental applications [50]. Thus, 
two new zinc(II) phthalocyanines bearing pyridinium-pyrazolyl groups 
(ZnPcs 2a and 3a, Scheme 1) were synthesized from the corresponding 
pyridine-pyrazolyl phthalocyanine derivatives (ZnPcs 2 and 3). The PDI 
assays were performed with the quaternized ZnPcs 2a and 3a at three 
different concentrations (5, 10, and 20 μM) under white light irradiation 
(400–700 nm) at two different irradiances (50 and 150 mW/cm2). 

2. Results 

2.1. Synthesis and structural characterization of ZnPc dyes 

The ZnPc 2 (Scheme 1) was synthesized from the previously pre-
pared phthalonitrile 1 (Pht 1), which was prepared through a 

nucleophilic aromatic substitution reaction of 4,5-difluorophthalonitrile 
with 4-(1H-pyrazol-3-yl)pyridine in the presence of K2CO3 in a very 
good yield (86% yield). The structure of the Pht 1 was confirmed by 1H 
and 13C NMR spectroscopy (Figs. SI1 and SI2). The 2D HSQC (Fig. SI3) 
and HMBC (Fig. SI4) NMR spectra were also obtained to unequivocally 
assign the protons and carbons’ resonances. Mass spectrum (Fig. SI15) 
also corroborated the substitution of the two fluorine atoms of the 4,5- 
difluorophthalonitrile by the 4-(1H-pyrazol-3-yl)pyridine. 

The ZnPc 2 was obtained in 46% yield as a green powder through the 
condensation reaction of the corresponding Pht 1, Zn(OAc)2, and 1,8- 
diazabicyclo[5.4.0]undec-7-ene (DBU) in pentan-1-ol at 120 ◦C during 
72 h. It was characterized by 1H and 13C NMR (Figs. SI6 and SI7), and 
ESI-MS (Fig. SI16). 

The ZnPc 3 was obtained in 65% yield from the nucleophilic aro-
matic substitution reaction of the commercially available ZnPcF16 with 
4-(1H-pyrazol-3-yl)pyridine in DMF at 80 ◦C for 72 h. The ZnPc 3 was 
characterized by its 1H, 19F, and 13C NMR spectra (Figs. SI7-SI9). The 1H 
NMR spectrum of ZnPc 3 showed two multiplets at δ 7.22− 7.88 ppm and 
δ 8.19− 8.87 ppm, corresponding, respectively, to the resonances of the 
16 ortho-pyridine protons, and 16 pyrazole and 16 meta-pyridine pro-
tons. The 19F NMR spectrum of ZnPc 3 (Fig. SI8) shows the signal due to 
the α-fluorine resonances as a singlet at δ − 122.17 ppm, which confirms 
the substitution of all 8 β-fluorine atoms of the ZnPcF16 by the 4-(1H- 
pyrazol-3-yl)pyridine units. 

The cationization of ZnPcs 2 and 3 was performed with an excess of 
methyl iodide in DMF at 40 ◦C for 24 h, affording the cationic derivatives 
ZnPc 2a (32% yield) and ZnPc 3a (74% yield), respectively. The catio-
nization of each compound was confirmed by their 1H NMR spectra 
(Figs. SI10 and SI12) with the appearance of a singlet at ca. δ 4.33 ppm, 
corresponding to the resonance of the N+-CH3 protons of 2a and 3a. The 
ESI-MS spectra of 2a and 3a (Figs. SI18 and SI19) also confirmed the 
pyridinium formation, exhibiting the characteristic fragmentation 
pathway. 

2.2. Photochemical and photophysical properties 

The absorption spectra of the neutral (2 and 3) and of the cationic 
phthalocyanines (2a and 3a) were recorded in DMSO solutions at 298 K 
(Fig. 1). All ZnPcs exhibit a Soret band between 300 and 450 nm and a Q 
band with strong absorption between 550 and 800 nm, which are 
characteristic absorption features of metalated phthalocyanines. The 

Scheme 1. Synthesis of Pht 1, ZnPcs 2 and 3, and quaternized ZnPcs 2a and 3a.  
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absorption maxima for the compounds are described on Table 1. After 
excitation at 620 nm, ZnPcs 2, 2a, and 3a showed an emission band with 
a maximum at 701, 702, and 704 nm, respectively, whereas ZnPc 3 
showed a red-shift to 719 nm. 

The photophysical features of the ZnPc derivatives as the wavelength 
of their Soret and Q bands, molar extinction coefficients (ε), fluores-
cence emission wavelength (λem.), ΦF and ΦΔ values and the Log Po/w are 
summarised in Table 1. The fluorescence quantum yields of the four new 
Pcs in DMSO are higher than that of commercial ZnPcF16 [51] in 
acetone, which was used as a reference. The neutral non-fluorinated 
ZnPc 2 has higher fluorescence quantum yield when compared with 
the neutral fluorinated ZnPc 3, which slightly decreased after cationi-
zation. The fluorinated ZnPcs 3 and 3a have comparable fluorescence 
yields to the one of ZnPcF16 (ΦF = 0.04) [51]. These results were 
comparable to the ones in literature for Pcs with pyridine and pyr-
idinium groups [52]. 

The singlet oxygen (1O2) specie is the main responsible for damaging 
and even inducing microbial inactivation. It is well-known that the 
positively charged PS and water soluble are promising photosensitizers 
to photoinactive microorganisms [15,25,26,31,35,53,54]. For that 
reason, it is important to study the ability of the cationic ZnPcs 2a and 
3a to generate 1O2. This ability was evaluated by monitoring the 
photooxidation of the 1O2 quencher 1,3-diphenylisobenzofuran (DPiBF). 
In the presence of 1O2, the DPiBF undertakes a [4 + 2] cycloaddition 
leading to the colorless 1,2-dibenzoylbenzene. Given that DPiBF absorbs 
at 415 nm, it is possible to monitor its absorbance decay due to the 
generation of 1O2. The ZnPcF16 (ΦΔ = 0.13) was selected as the 1O2 
reference. Upon irradiation at 630 nm ± 20 nm, ZnPc 2a showed a 
higher capacity of 1O2 generation (similar to the ZnPcF16) when 
compared to the 1O2 generation capacity of ZnPc 3a (ΦΔ = 0.05). This 
effect is consistent with other cationic phthalocyanines reported in the 
literature [26,55]. 

According to the partition coefficients between octan-1-ol and 
phosphate-buffer saline (PBS) solution (Log Po/w, Table 1), ZnPc 3a (Log 
Po/w value of 1.05) showed to be more hydrophilic than ZnPc 2a (Log Po/ 

w value of 1.58). These values are similar to those reported for other 
cationic phthalocyanines [56]. 

Considering the potential use of the ZnPcs 2a and 3a, the evaluation 
of their stability and photostability in aqueous medium is essential. The 
stability and photostability of ZnPc 2a and 3a were estimated by 

monitoring the absorbance decay of their Q bands in the dark (stability) 
and after white (400–800 nm) light irradiation at an irradiance of 150 
mW/cm2 (photostability) – Table 2. The results showed that both 
cationic Pcs are stable in the dark and under white light irradiation. Both 
cationic ZnPcs 2a and 3a showed no aggregation behavior in PBS at 
concentrations between 0 and 25 μM (Figs. SI21). 

2.3. Biological studies 

The photoinactivation effect of the cationic ZnPcs 2a and 3a was 
investigated against the bacteriophage Φ6, at different concentrations 
(from 5.0 to 20 μM), light irradiances (50 and 150 mW/cm2, and 
different total light doses from 0 to 1.08 kJ/cm2), to investigate the most 
efficient conditions for these cationic ZnPc derivatives. 

For each assay, light controls (LC) were performed to assess the 
bacteriophage Φ6 viability when the samples were irradiated with white 
light (400–700) (without the addition of the PS, LC), at the highest 
tested irradiance and light dose. Similarly, dark controls (DC) were also 
performed at the highest tested concentration (20 μM), for each ZnPc to 
evaluate their dark toxicity (Figs. SI22). The results related to the LC and 
DC controls showed that no significant effect was detected either by 
white light (LC at Fig. 2A and B, and Figs. SI23 and SI24) nor by the ZnPc 
2a and ZnPc 3a alone (Figs. SI22), revealing that any antimicrobial ef-
fect occurring during the PDI assays was resultant of the combined ac-
tion of the PSs and their activation under white light irradiation. 

Overall, the effect of the compounds’ concentration was noticed 
(Anova, p < 0.05), and the higher tested concentration (20 μM) lead to a 
higher bacteriophage Φ6 inactivation rate for both compounds 2a and 
3a. 

With the cationic compound 2a, at an irradiance of 50 mW/cm2 

(Fig. 2A), the complete inactivation of the bacteriophage Φ6 occurred 
until the detection limit of the method when the compound was tested at 
20 μM and after 120 min of treatment (light dose of 360 J/cm2), with a 
viability reduction of >8.0 log PFU/mL (Anova, p < 0.05). After 60 min 
of light irradiation (total light dose 180 J/cm2) at a concentration of 20 
μM, the viral inactivation reaches 3.0 log of PFU/mL reduction, and the 
threshold to a compound can be considered a good disinfectant [57]. 
When tested at lower concentrations (10 and 5.0 μM), the same ZnPc 2a 
promoted a bacteriophage reduction of 4.9 and 3.2 log PFU/mL (Anova, 
p < 0.05), respectively, after 120 min of light irradiation. At the con-
centration of 10 μM of ZnPc 2a, 3.0 log of PFU/mL reduction was 
reached after 90 min of white light irradiation (total light dose of 270 

Fig. 1. Normalized A) absorption and B) emission spectra of ZnPcs 2, 2a, 3, and 3a in DMSO at 298 K (λexc. = 620 nm).  

Table 1 
Photophysical parameters of ZnPcs 2,3 and 2a,3a in DMSO at 298 K.  

ZnPcs Soret 
(nm) 

Log 
ε 

Q bands 
(nm) 

Log 
ε 

λem. 

(nm) 
ΦF

a ΦΔ
a Log 

PO/W 

2 374 5.0 692 5.4 702 0.31 n.d. n.d. 
2a 364 5.1 692 5.6 704 0.22 0.13 1.58 
3 387 4.9 709 5.1 719 0.09 n.d. n.d. 
3a 398 4.8 707 5.1 701 0.03 0.05 1.05  

a Using ZnPcF16 as reference [51]. 

Table 2 
Q band reduction percentage of ZnPcs 2a and 3a in PBS after 60 min in the dark 
and under white (400–800 nm) light irradiation at 150 mW/cm2.  

PSs Dark (No light) White light (400–800 nm) 

2a 5.0% 0.0% 
3a 0.0% 0.0%  
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J/cm2), and for 2a at 5.0 μM this threshold was reached after 120 min of 
irradiation. 

The increment of light irradiance from 50 to 150 mW/cm2 delivery 
by a LED system and a LUMACARE device, respectively, has not implied, 
in general, an increment in the photoinactivation efficiency of com-
pound 2a (p > 0.05), in the majority of experimental checkpoints 
(Figs. SI23). 

When assessing compound 3a (at 50 mW/cm2) effectiveness in the 
inactivation of bacteriophage Φ6, a 3.0 log reduction in the bacterio-
phage content was reached after 90 min (270 J/cm2) and 120 min (360 
J/cm2) when assessed at the concentrations of 10 and 5.0 μM, respec-
tively (Fig. 2B). However, at a concentration of 20 μM, the antiviral 
efficiency was significantly increased (p < 0.05) with 3.0 log reduction 
reached just after 15 min (total light dose of 45 J/cm2) and >8.0 log 
PFU/mL reduction achieved after 60 min (total light dose of 180 J/cm2). 

Regarding the non-significant increase in the antimicrobial activity 
effectiveness through light intensity increment from 50 mW/cm2 to 150 
mW/cm2, similar behaviour was observed in ZnPc 3a (Figs. SI24). 

3. Discussion 

Pyridinium-pyrazolyl groups were already used in the design of both 
porphyrins and chlorins to photoinactivate bacteria in their planktonic 
and biofilm forms, given the known behaviour as antimicrobial agents of 
pyrazole derivatives [15]. The present study began by synthesizing new 
octa-substituted phthalocyanines with those substituents. These phtha-
locyanines were structurally characterized, and their photophysical 
properties are consistent with those reported to other metalled phtha-
locyanines [26,34,40,41]. 

By testing the effect of both compounds’ concentration (from 5.0 to 
20 μM) at both light irradiances (50 and 150 mW/cm2) – translating into 
light doses variations –, the effect of the concentration was noticed 
(Anova, p < 0.05), and the higher tested concentration (20 μM) led to a 
higher inactivation rate of bacteriophage Φ6 for both compounds 2a and 
3a. The obtained results for ZnPcs 2a and 3a also showed good stability/ 
solubility of the compounds in aqueous solutions, confirmed by the 
determined photophysical properties. However, looking in detail at the 
inactivation results, ZnPc 3a showed higher inactivation capacity 
throughout the tested conditions, especially at 20 μM, achieving re-
ductions >3.0 log just after 15 min of treatment (45 J/cm2), under the 
lower tested irradiance intensity (50 mW/cm2), comparing with the 
compound 2a, reaching only 1.1 log reduction after 15 min of treatment. 
A similar behaviour was seen when the light irradiance was increased to 
150 mW/cm2 during the PDI treatments (Figs. SI23 and SI24). Since the 
photostability of the compounds was maintained throughout the tested 
light conditions (150 mW/cm2), the non-increment of inactivation ef-
ficiency through the irradiation augmentation implies that the 

excitation capacity of both compounds was already reached a light in-
tensity of 50 mW/cm2. So, the light increased from 50 to 150 mW/cm2 

was not translated into a PDI efficiency increment. The no correlation 
between the light dose at different irradiances and the photodynamic 
effect was already described in the literature [58]. 

Although ZnPc 2a presented a higher capacity for 1O2 generation, 
the higher antiviral behaviour demonstrated by ZnPc 3a may have been 
due to the high hydrophilicity of this compound, given by the fluorine 
atoms. 

In previous studies, it was demonstrated that RNA viruses seem to be 
more susceptible to photodynamic treatment than their DNA counter-
parts [16,17,50,59]. However, in the literature, it has been reported that 
the development of resistance to this antimicrobial approach by viral 
particles is unlikely since the photosensitization involves the generation 
of 1O2 as well as free radical species, causing irreversible molecular 
damage to the viral particles in a multi-target way [17,59]. Also, the 
outer structures are the primary targets: particularly, structural lipids 
present on the viruses’ envelope, sustaining the results that have been 
reported that enveloped viruses are more prone to be attacked by the 
ROS formed during photodynamic treatment [59]. Bacteriophage Φ6 is 
an enveloped virus of the Cystoviridae family, suggested as a good sur-
rogate for enveloped RNA viruses, including SARS-CoV2, composed of a 
lipidic outer membrane [60]. This surrogacy is fuelled by the sharing 
characteristics in structure, their survival in water and sewage, and their 
behaviour under specific environmental conditions, making bacterio-
phage Φ6 a safe, excellent, and low-cost surrogate for mammalian RNA 
viruses, including SARS-CoV2 [61–64]. 

Previous studies of the photodynamic treatment of bacteriophage Φ6 
using a different class of PS (a tricationic porphyrin derivative) have 
shown an effective inactivation of the viral particles, without the 
development of resistance after several cycles of photodynamic treat-
ment cycles [65]. In addition, recent studies using a tetracationic 
porphyrin derivative against bacteriophage Φ6 demonstrated an effec-
tive action from this type of PSs, in different environments, such as 
buffered solution with controlled composition, and real wastewater as a 
very complex matrix [16]. Although performed against bacteria and 
DNA viruses, previous studies have revealed that even when the PDI 
treatment is performed in highly complex matrices such as wastewater, 
the PDI proves its robustness as an antimicrobial approach [17,66]. 

4. Experimental 

All reagents used in this work were purchased from Merck and used 
directly due to their high degree of purity. The solvents were submitted 
to distillation and dried according to the literature [67]. Analytical thin 
layer chromatography (TLC) was carried out on precoated silica sheets 
with silica gel (Merck 60, 0.2 mm thick). Column chromatography was 

Fig. 2. PDI of bacteriophage Φ6 using the A) ZnPc 2a and B) ZnPc 3a in PBS under white light exposure at 50 mW/cm2. Treatment time (min) and respective light 
dose (J/cm2) are presented on the X-axis. Data points represent the average of three independent experiments; error bars represent the standard deviation and in 
some cases are collapsed with the symbols; the dashed line represents the bacteriophage content 3.0 log reduction target. 
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carried out using silica gel (Merck, 35–70 mesh). 
The 1H and 19F NMR spectra were recorded on a Bruker AMX 300 

spectrometer at 300.13 MHz and 282.38 MHz, respectively. 13C NMR 
spectra were recorded on a Bruker AMX 300 or Bruker AMX 500 at 75.5 
MHz and 125.8 MHz, respectively. For all spectra, deuterated dimethyl 
sulfoxide (DMSO‑d6) was used as a solvent, and tetramethylsilane (TMS) 
was used as an internal reference. The chemical shifts are expressed in δ 
(ppm), and the coupling constants (J) in Hertz (Hz). 

ESI-MS spectra of the compounds were recorded using Q-TOF 2 in-
strument (Micromass, Manchester, UK). A sample solution of 1 mg/mL 
was prepared by dissolving the respective compound in CH2Cl2 or 
CH2Cl2/MeOH (90:10). Then, a dilution of 2 μL of the solutions with 
200 μL of methanol/formic acid (0.1%) was prepared for direct ESI 
analysis, where nitrogen was used as a nebulizer gas. The final samples 
were introduced into the mass spectrometer at a flow rate of 10 μL/min; 
the needle voltage was set at 3000 V with the ion source at 80 ◦C and 
desolvation temperature of 150 ◦C. The spectra were acquired for a cone 
voltage of 30 V, and the respective data acquisition was carried out using 
a Micromass MassLynx 4 data system. 

The absorption spectra of ZnPcs 2,3 and 2a,3a were recorded on a 
Shimadzu UV-2501-PC using dimethyl sulfoxide (DMSO) as a solvent. 
Steady-state fluorescence spectra of ZnPcs 2,3 and 2a,3a were recorded 
on a computer-controlled Horiba Jobin Yvon FluoroMax-3 spectrofluo-
rometer in DMSO in 1 × 1 cm quartz optical cells under normal atmo-
spheric conditions. The fluorescence quantum yields (ΦF) of ZnPcs 2,3 
and 2a,3a were registered between 650 and 800 nm after excitation at 
620 nm with an OD of 0.05, calculated by comparing the area below the 
emission spectra of these derivatives with zinc(II) 
1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluoro-29H,31H- 
phthalocyanine (ZnPcF16) as a standard (ΦF = 0.04 in acetone) [51]. 

4.1. Synthesis and characterization of precursors and photosensitizers 

4.1.1. 4,5-bis[3-(pyridin-4-yl)-1H-pyrazol-1-yl]phthalonitrile, Pht 1 
4,5-Difluorophthalonitrile (50.0 mg, 0.305 mmol), 4-(1H-pyrazol-3- 

yl)pyridine (90.7 mg, 0.625 mmol), and K2CO3 (86.7 mg, 0.625 mmol) 
in dry dimethylformamide (DMF) (3 mL) were left stirring for 72 h at 
60 ◦C under N2 atmosphere. Then, the solvent was evaporated until dry, 
and the reaction mixture was purified by silica column chromatography 
using a mixture of CH2Cl2/MeOH (95/5) as eluent. The obtained main 
fraction was precipitated from a mixture of CH2Cl2/MeOH (3:1) with a 
portion of hexane affording a white powder identified as Pht 1 (106.0 
mg, 0.256 mmol) with 86% yield. 1H NMR (300.13 MHz, DMSO‑d6): δ 
7.21 (d, J = 2.7 Hz, 2H, pyrazole-H2’), 7.70 (dd, J = 4.7 Hz, J = 1.3 Hz, 
4H, Py-o-H), 7.92 (d, J = 2.7 Hz, 2H, pyrazole-H1’), 8.57 (dd, J = 4.7 Hz, 
J = 1.3 Hz, 4H, Py-m-H), 8.77 (s, 2H, Pht-H3,6) ppm. 13C NMR (75.5 
MHz, DMSO‑d6): δ 107.0 (C2’), 114.7 (CN or C1,2), 114.9 (CN or C1,2), 
119.9 (C-Py-o), 132.2 (C3,6), 133.9 (C1’), 136.7 (C4,5), 138.9 (Py-C4’), 
150.2 (C-Py-m), 150.9 (C3’) ppm. HRMS: m/z calculated for C24H14N8: 
m/z 414.13414; found: m/z 415.1397 [M+H]+ and m/z 208.0737 
[M+2H]2+. 

4.1.2. Zinc(II) 2,3,9,10,16,17,23,24-octakis[3-(pyridin-4-yl)-1H-pyrazol- 
1-yl]phthalocyanine, 2 

In a sealed tube, Pht 1 (136.7 mg, 0.330 mmol) in pentan-1-ol (2 mL) 
was stirred at 80 ◦C for 1 h. Then, Zn(OAc)2 (91 mg, 0.330 mmol) and 
DBU (20 drops) were added and the temperature was raised to 120 ◦C. 
After 72 h, the solvent was distilled until dryness, and the obtained 
product was precipitated in acetone/hexane and washed with H2O, 
CH2Cl2, and hexane. ZnPc 2 (65.1 mg, 0.037 mmol) was isolated in 46% 
yield. 1H NMR (300.13 MHz, DMSO‑d6): δ 7.09–7.18 (m, 8H, pyrazole- 
H2’), 7.68–7.84 (m, 24H, Py-o-H, and pyrazole-H1’), 8.51–8.69 (m, 24H, 
Py-m-H, and α-H) ppm. 13C NMR (125.8 MHz, DMSO‑d6): δ 105.3, 
106.1, 119.4, 119.9, 134.0, 139.8, 150.2, 162.4, 174.6 ppm. ESI-MS (m/ 
z): ESI-MS (m/z): 266.2 [M + 4H + K - 3PyrPy]5+ (blue circle), 338.5 [M 
+ 2H + Na + K - 3PyrPy]4+, 378.3 [M + 2H + 2K - 2PyrPy]4+, 394.5 [M 

+ 4H - PyrPy]4+, 453.9 [M + H + 2K -3PyrPy]3+, 548.5 [M + H + Na +
K - PyrPy]3+, 574.5 [M + 3H]3+ (yellow circle), 581.5 [M + 2H + Na]3+, 
and 861.9 [M + 2H]2+. UV–Vis (DMF), λmax. (log ε): 374 (5.0), 622 
(4.7), 692 (5.4) nm. Fluorescence quantum yield (ФF) in DMSO: ФF =

0.31. 

4.1.3. Zinc(II) 1,4,8,11,15,18,22,25-octafluoro-2,3,9,10,16,17,23,24- 
octakis[3-(pyridin-4-yl)-1H-pyrazol-1-yl]phthalocyanine, 3 

Commercial available perfluorinated phthalocyaninatozinc(II) 
(ZnPcF16) (100.0 mg, 0.116 mmol), 4-(1H-pyrazol-3-yl)pyridine (135.0 
mg, 0.930 mmol), K2CO3 (128.5 mg, 0.930 mmol) and DMF (3 mL) were 
added to a bottom rounded flask and the reaction mixture was kept 
under a nitrogen atmosphere for 72 h at 60 ◦C. After the complete re-
action, the solvent was distilled until dry. The product was precipitated 
in acetone/hexane and washed several times with H2O, CH2Cl2, and 
hexane. The obtained product ZnPc 3 (187.5 mg, 0.100 mmol) was 
isolated as a blue powder in 65% yield. 1H NMR (300.13 MHz, 
DMSO‑d6): δ 7.22–7.88 (m, 16H, Py-o-H), 8.19–8.87 (m, 32H, pyrazole- 
H2’, Py-m-H and pyrazole-H1’) ppm. 19F NMR (282.38 MHz, DMSO‑d6): 
δ − 122.17 (s, 8F, Ar-F) ppm. 13C NMR (125.8 MHz, DMSO‑d6): δ 105.4, 
105.7, 106.0, 119.9, 136.0, 136.2, 139.4, 149.0, 150.0, 150.8, 151.3, 
156.3 ppm. ESI-MS (m/z): 272.2 [M + 6H + K]7+, 360.8 [M + 4H - 
3PyrPy]4+, 454.0 [M + H + 2K - 4PyrPy]3+, 530.1 [M + Na + K - 
6PyrPy]2+, 594.2 [M + Na + K - PyrPy]2+ (blue circle), 622.7 [M +
3H]3+ (yellow circle), and 933.9 [M + 2H]2+. UV–Vis (DMF), λmax. (log 
ε): 387 (4.9), 645 (4.6), 709 (5.1) nm. Fluorescence quantum yield in 
DMSO: ФF = 0.09. 

4.1.4. Zinc(II) 2,3,9,10,16,17,23,24-octakis[3-(1-methylpyridinium-4- 
yl)-1H-pyrazol-1-yl]phthalocyanine octaiodide, 2a 

In a sealed tube, the ZnPc 2 (60.0 mg, 0.0035 mmol) and an excess of 
methyl iodide (1 mL, 0.32 mmol) were mixed in DMF (2 mL). The re-
action mixture was kept at 40 ◦C for 24 h and, then precipitated in 
CH2Cl2, filtered, and washed with water. ZnPc 2a (32.0 mg, 0.0012 
mmol) was isolated as a green powder in 32% yield. 1H NMR (300.13 
MHz, DMSO‑d6): δ 4.34 (s, 24H, –CH3), 7.64 (d, J = 2.5 Hz, 8H, pyr-
azole-H2’), 8.50 (d, J = 6.9 Hz, 16H, Py-o-H), 8.60 (d, J = 2.5 Hz, 8H, 
pyrazole-H1’), 9.02 (d, J = 6.9 Hz, 16H, Py-m-H), 10.03 (s, 8H, α-H) 
ppm. 13C NMR (125.8 MHz, DMSO‑d6): δ 47.3, 108.4, 121.6, 122.4, 
122.7, 135.7, 135.8, 138.3, 138.4, 145.9, 146.5, 147.4, 153.0 ppm. ESI- 
MS (m/z): 272.2 [M8+ + 3e− + Na + K]7+, 324.3 [M8+ + I - CH3]6+, 
338.5 [M8+ + 3e− + I + K + Na]6+ (blue circle), 368.9 [M8+ + 3e− ]5+, 
452.0 [M8+ + 2 e− - 2CH3]4+, 460.1 [M8+ + 4e− ]4+ (yellow circle), 
631.1 [M8+ + I + H - 5CH3]3+, and 672.4 [M8+ + 2I + 2H - 5CH3]3+. 
UV–Vis (DMF), λmax. (log ε): 364 (5.1), 623 (4.8), 692 (5.6) nm. Fluo-
rescence quantum yield in DMSO, ФF = 0.22. 

4.1.5. Zinc(II) 1,4,8,11,15,18,22,25-octafluoro-2,3,9,10,16,17,23,24- 
octakis[3-(1-methylpyridinium-4-yl)-1H-pyrazol-1-yl)phthalocyanine 
octaiodide, 3a 

In a sealed tube, ZnPc 3 (71.7 mg, 0.038 mmol) and an excess of 
methyl iodide (2 mL, 32.1 mmol) were mixed in DMF (2 mL) stirring for 
24 h at 40 ◦C. Then, the reaction mixture was directly precipitated in 
CH2Cl2, filtered, and washed with water. The ZnPc 3a (85.6 mg, 0.029 
mmol) was obtained as a green powder in 74% yield. 1H NMR (300.13 
MHz, DMSO‑d6): δ 4.32 (s, 24H, –CH3), 7.46–7.76 (m, 8H, pyrazole-H2’), 
8.15–8.87 (m, 24H, Py-o-H and pyrazole-H1’), 8.91–9.09 (m, 16H, Py-m- 
H) ppm. 19F NMR (282.38 MHz, DMSO‑d6): δ − 121.65 (s, 8F, Ar-F) ppm. 
13C NMR (125.8 MHz, DMSO‑d6): δ 47.5, 105.6, 108.2, 122.6, 134.6, 
136.4, 137.9, 145.8, 146.1, 148.0, 163.3 ppm. ESI-MS (m/z): 325.2 
[M8+ - 2CH3]6+, 338.5 [M8+ + 3e− + K]6+, 396.8 [M8+ + 3e− ]5+ (blue 
circle), 453.9 [M8+ + 2I + 2K - 3CH3]5+, 496.1 [M8+ + 4e− ]4+ (yellow 
circle), 678.4 [M8+ + I + H - 5CH3]3+, and 720.3 [M8+ + 2I + 2H - 
5CH3]3+. UV–Vis (DMF), λmax. (log ε): 398 (4.8), 634 (4.5), 707 (5.1) 
nm. Fluorescence quantum yield in DMSO: ФF = 0.03. 
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4.2. Singlet oxygen generation 

The ability to generate 1O2 species of the cationic derivatives 2a and 
3a was evaluated by monitoring the absorption of the photooxidation of 
1,3-diphenylisobenzofuran (DPiBF) and using ZnPcF16 as a reference 
(ΦΔ = 0.13 in acetone) [51]. Solutions of the cationic PSs in DMF 
(Abs630 ~ 0.20) were irradiated in quartz cuvettes under aerobic con-
ditions with a LED array composed of a matrix of 5 × 5 LED (total of 25 
light sources) with an emission peak centered at 630 nm ± 20 nm and an 
irradiance of 11 mW/cm2. The absorbance decay of DPiBF at 415 nm 
was measured with 30 s irradiation intervals of up to 300 s. The kinetics 
of the DPiBF photooxidation in the absence of any compound in DMF 
was also assessed, and no significant photodegradation was observed 
under light conditions. The results are expressed as mean and standard 
deviation from three independent experiments. Furthermore, the singlet 
oxygen quantum yields (ΦΔ) were determined by the equation indicated 
below: 

ΦΔ =Φref
Δ

Ksample

Kref

1 − 10− Absref

1 − 10− Abssample  

Where Φref
Δ is the singlet oxygen quantum yield of ZnPcF16, Ksample and 

Kref are the photodecay constant of DPiBF in the presence of the sample 
and the reference, respectively; Abssample and Absref are the absorbance of 
the sample and the reference at 630 nm. 

4.3. Determination of log P 

The values of the logarithmic partition coefficients of octan-1-ol/ 
water (log Po/w) of ZnPcs 2a and 3a were determined from the experi-
mental protocol published [68]. Stock solutions of these PSs were pre-
pared at a concentration of 500 μM in DMSO. Then, PBS (400 μL) and 
octan-1-ol (400 μL) were mixed in an Eppendorf, and the stock solution 
of each sample (200 μL) was added. The mixture was inserted in a vortex 
for 5 min at r.t. and then centrifuged (10 000 rpm, 10 min, r.t.). Then, 
the octan-1-ol and aqueous phases were separated (the middle part be-
tween layers was tossed), and 50 μL of each layer was diluted into DMSO 
(2 mL). Emission spectra (λexc. = 620 nm) of the DMSO solutions con-
taining ZnPcs 2a and 3a were obtained, and the log P was calculated as 
follows: log P = log (AO/APBS), where AO and APBS are integrated areas of 
the emission spectra from the DMSO solution from octan-1-ol/PBS 
(water) layers, respectively [68]. 

4.4. Stability and photostability 

PBS solutions of the PSs (2a and 3a) were freshly prepared in quartz 
cuvettes, and the respective absorbances at the Q band were adjusted to 
~0.2–0.3 (concentration range of 0.5–1 μM). Then, each solution was 
irradiated under white light at an irradiance of 150 mW/cm2, and the 
absorbance at the correspondent Q band was registered before (time t0 
= Abs0) and after light irradiation (Abst) up to 60 min (total light dose of 
1.08 kJ/cm2): 

Photostability (%)=

(
Abst

Abs0

)

× 100 

The white light irradiation an irradiance of 150 mW/cm2 was 
delivered by a LumaCare system (USA, model LC122) equipped with a 
250 W halogen lamp and an optical fiber with a transmittance between 
400 and 800 nm. 

Similar experiments were performed to determine the stability 
studies of the PS solutions of 2a and 3a without light irradiation. In this 
case, the cuvettes were kept dark during all the experimental periods. 

4.5. Biological studies 

The PDI assays were carried out with bacteriophage Φ6 as a 

surrogate model of enveloped RNA viruses. 

4.5.1. Bacteriophage preparation and bacterial strain and growth 
conditions 

Biological entities, bacteriophage Φ6 DSM 21518 and its bacterial 
host Pseudomonas sp. DSM 21482 was purchased from DSMZ (Deutsche 
Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunsch-
weig, Germany). Enriched phage stock was maintained in SM buffer 
[0.1 M NaCl, 8.0 mM MgSO4, 20 mM Tris-HCl (reagents purchased from 
Sigma, St. Louis, MO, USA), 2% (w/v) gelatin, pH 7.5] and the phage 
titer (108–109 plate forming units per mL, PFU/mL) was determined as 
previously described in the literature [16]. The phage stock solution was 
maintained at 4 ◦C. Pseudomonas sp. cells were stored in glycerol stocks 
at − 80 ◦C, and before each assay, a bacterial stock was transferred into a 
flask of fresh Tryptic Soy Broth (TSB, Liofilchem, Italy) and incubated 
for 16–18 h at 25 ◦C, with orbital shaking (120 rpm). 

4.5.2. Photodynamic inactivation procedure 

4.5.2.1. Photosensitizers. The phthalocyanine-based PSs bearing 1- 
methylpyridinium-pyrazolyl groups (2a and 3a) were tested on bacte-
riophage Φ6 PDI, used as a surrogate virus for enveloped RNA viruses. 
DMSO stock solutions of the used PSs were prepared at a concentration 
of 500 μM, maintained in the dark, and refrigerated at 4 ◦C until further 
use. Before each assay, the PSs stock solutions were brought to room 
temperature and sonicated for 5 min to ensure the homogeneity of the 
solution, and the proper volumes of the stock solution were calculated 
for the PSs to be tested at the concentrations of 5.0, 10, and 20 μM. 

4.5.2.2. Irradiation conditions. For the PDI assays, two white light 
sources with different irradiance outputs were used to determine the 
influence of this parameter in the inactivation rate of the tested PSs: a 
white (400–700 nm) light-emitting diode (LED) system (EL®MARK, 20 
W, 1400 lm, 5500 K) was used at a constant irradiance of 50 mW/cm2, or 
through a white (400–800 nm) light delivered from a quartz/halogen 
lamp (LumaCare®, USA, model LC122) used at a constant irradiance of 
150 mW/cm2. During the preparation of each assay, the irradiances 
were adjusted with a power meter FieldMaxII-Top combined with a 
Coherent PowerSens PS19Q energy sensor (Coherent, Santa Clara, CA, 
USA). 

4.5.2.3. PDI assays. PDI assays were performed in PBS, to which a 
proper volume of phage stock solution was added to achieve a phage 
concentration of circa 108 PFU/mL. The PSs 2a and 3a were added to the 
samples at different concentrations (5.0, 10, and 20 μM), and the sam-
ples were maintained in the dark for 10 min, with stirring, to promote 
the binding of PS to the viral particles and the homogeneity of the 
reactional suspension. During the experiments, the samples were 
maintained under magnetic stirring, and aliquots of 100 μL of samples 
and controls were taken at times 0, 15, 30, 60, 90, and 120 min, serially 
diluted in PBS and plated by the drop plated method in Petri dishes. The 
Petri dishes were previously prepared with TSA and a layer of TSA-soft 
with the phage host Pseudomonas sp. for monitoring the phage survival. 
Along with the samples, appropriate dark and light controls were per-
formed to ensure that the PSs did not present dark toxicity to the viral 
particles (dark controls) or that the light alone did not interfere with the 
viral viability (light controls). At least three independent assays were 
performed for each condition in duplicate. 

4.6. Statistical analysis 

Statistical analysis was performed using the GraphPad Prism soft-
ware program. The Kolmogorov–Smirnov test was used to check the 
data’s normal distribution, and the homogeneity of variances was tested 
with the Brown–Forsythe test. ANOVA and Tukey’s multiple 
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comparisons test were applied to assess the significance of the differ-
ences among the tested conditions of concentrations, light doses, and the 
respective controls. Differences corresponding to p < 0.05 were 
considered significant. Three independent assays were performed for 
each condition in duplicate. 

5. Conclusions 

Novel neutral zinc(II) phthalocyanines (2 and 3) and the corre-
sponding quaternized derivatives (2a and 3a) were prepared and 
structurally characterized by NMR, absorption, and emission spectros-
copies, as well as by mass spectrometry. The photophysical measure-
ments showed that cationic PS 2a and 3a are stable and photostable 
under white light irradiation. The non-fluorinated derivative 2a has a 
higher fluorescence quantum yield (ΦF = 0.22) when compared to the 
fluorinated analogue 3a (ΦF = 0.03) but both PS are able to generate 
singlet oxygen. 

Although both cationic PS were effective against the bacteriophage 
Φ6 under the tested conditions, 3a demonstrated a higher bacteriophage 
inactivation ability, particularly under either lower concentrations or 
lower light doses. 

The low light irradiance needed to activate these PSs (50 mW/cm2) 
allows its use in the clinical field and the environment, even at low PS 
concentrations (5.0 μM), highlighting PDI in the fight against RNA 
viruses. 
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& editing, Validation, Supervision. Adelaide Almeida: Validation, Re-
sources, Supervision, Funding acquisition, Writing – review & editing. 
Ana T.P.C. Gomes: Conceptualization, Writing – review & editing. 
Leandro M.O. Lourenço: Conceptualization, Validation, Resources, 
Supervision, Funding acquisition, Writing – review & editing, All au-
thors have read and agreed to the published version of the manuscript. 

Declaration of competing interest 

The authors do not have any conflict of interest with the elaboration 
of the scientific document and all information described was confirmed 
in the literature. 

Data availability 

Data will be made available on request. 

Acknowledgments 

Thanks to the University of Aveiro and FCT/MCTES (Fundação para 
a Ciência e a Tecnologia and Ministério da Ciência, Tecnologia e Ensino 
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