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Abstract: Phthalocyanines bearing four or eight sulfonamide units were synthesized and 

their efficiency in the photodynamic inactivation of Gram-negative (Escherichia coli) and 

Gram-positive (Staphylococcus aureus) bacteria was evaluated. Conjugates with simpler 

sulfonamide units (N,N-diethylbenzenesulfonamide, N-isopropylbenzenesulfonamide and N-

(4-methoxyphenyl)benzenesulfonamide) caused stronger inactivation than those with 

heterocyclic groups (N-(thiazol-2-yl)benzenesulfonamide) or long alkyl chains (N-

dodecylbenzenesulfonamide) in both bacteria. Furthermore, the encapsulation of the 

phthalocyanine–sulfonamide conjugates within polyvinylpyrrolidone micelles, used as drug 

delivery vehicles, in general showed to enhance the inactivation efficiency. The results show 

that encapsulated phthalocyanine–sulfonamide conjugates are a promising class of 

photosensitizers to be used in photodynamic antimicrobial therapy. 

 

Keywords: Phthalocyanine, Sulfonamide, Photosensitizer, Photodynamic inactivation, Antimicrobial, E. coli, S. 

aureus 
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1.1.1.1. IntroductionIntroductionIntroductionIntroduction    

 Phthalocyanines (Pcs) are synthetic aromatic macrocycles that, although having a 

structure similar to that of natural porphyrins, are not found in Nature. Due to their 

structural and electronic properties, Pcs have been used in a wide range of 

applications [1,2]. Taking advantage of their absorbance in the red region of the UV–

Vis spectrum, typically between 620–700 nm, Pcs have been successfully used or 

tested as photosensitizers (PSs) in various medical applications [3], mainly for the 

treatment of cancer by photodynamic therapy (PDT) [4–6], in the photodynamic 

inactivation of microorganisms (PDI) [7,8], and also as theranostic agents [9–11]. Pcs 

are also being studied as potential drugs for the treatment of amyloid related 

neurological disorders [12]. Their use in chemical sensors [13,14], microbial fuel cells 

[15,16], DNA interaction [17,18], catalysis [19], and in solar cells [20,21] is frequently 

reported. The functionalization of the periphery of Pcs allows the modulation of their 

properties and the design of compounds with new potentialities. The insertion of 

sulfonamide (SA) groups at the periphery of the phthalocyanine (Pc) with the 

purpose of improving the efficacy and selectivity to particular targets in frontier 

structures of bacteria is an example of such application-designed modifications. 

 Sulfonamides are frequently used as antimicrobials [22,23]. Antimicrobial SAs 

exhibit a broad spectrum of action, covering all organisms that synthesize folic acid 

de novo through the folate pathway (they inhibit the enzyme dihydropteroate 

synthase (DHPS)) [24]. This biosynthetic pathway is present in many pathogenic 

microorganisms but, crucially, it is absent in mammals. This makes the folate 

pathway attractive as an antimicrobial drug target. In recent years, SAs have also 

been tested as inhibitors or activators of enzymes in various biological systems [25–

31]. 

 The conjugation of drugs with phthalocyanines [32] porphyrins [33–35] or other 

chromophores [36–38] has been reported. An interesting example of such conjugates 

was recently produced by Jung et al. [36] and involved the synthesis of a boron-

dipyrromethene (BODIPY) covalently linked to acetazolamide (a SA). That conjugate 

was designed to take advantage of the acetazolamide properties (to assure both 

carbonic anhydrase IX inhibition and efficient tumour targeting) combined with the 
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ability of the BODIPY moiety to generate singlet oxygen and to allow to track the 

cellular uptake and distribution by fluorescence. In vitro studies with Human breast 

cancer cells (MDA-MB-231 cells), that overexpress carbonic anhydrase IX, revealed 

accumulation of the conjugate in mitochondria and singlet oxygen generation by 

irradiation at 660 nm. In vivo studies with that conjugate in xenograft mouse models 

revealed remarkable tumour suppression. 

 Since Pcs are generally not soluble in water and in most organic solvents, 

several strategies have been developed to overcome this issue. One of them involves 

the decoration of the Pc periphery with suitable substituents that can enhance their 

solubility [39–41]. Alternatively, Pcs can be encapsulated in drug delivery vehicles 

such as micelles, conjugated polymer nanoparticles or inorganic nanoparticles. In 

particular, polyvinylpyrrolidone (PVP) micelles have been successfully used as drug 

vehicles in several studies [42–46]. 

 Considering the potential of Pcs as PSs and SAs as antibacterial molecules, we 

decided to synthesize Pc–SA conjugates and to use them as PSs in photodynamic 

antimicrobial therapy, taking advantage of the effects of both components. The Pc–

SA conjugates were used in the PDI of a Gram-negative (Escherichia coli) and a Gram-

positive (Staphylococcus aureus) bacteria, either in solution or encapsulated in PVP 

micelles. 

 

2. Results and discussion 

 

2.1. Synthesis and encapsulation 

 The synthetic route used to obtain the phthalonitrile derivatives and the 

corresponding Pcs is summarized in Scheme 1. Compounds 6, 9 and 10 were prepared as 

already reported [47,48]; compounds 3, 7 and 8 were synthesized following a similar 

procedure. The Pcs were prepared by tetramerization of the corresponding phthalonitriles. 

The synthesis of phthalocyanines Zn11, Zn14 and Zn15 has already been reported [47,48]. 

 The encapsulation of phthalocyanines 11, 12, 14 and Zn11–Zn16 within the water 

soluble polyvinylpyrrolidone was performed in an incubator at 50 °C overnight. The Pcs 

were completely dissolved, yielding blue-green solutions. 
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Scheme 1. Synthesis of Pc–SA conjugates. 

 
2.2. Solubility, photosensitizing properties and photostabilities 

 The solubility of the selected Pcs, in PBS + 10% DMSO, and the corresponding Pc(PVP), 

in PBS, was analysed by UV–Vis spectroscopy. The measurements were made in 

concentrations between 2.5 μmol/L and 25 μmol/L in order to determine if the Pcs, at this 

concentration range, follow the Beer–Lambert law. The graphics were obtained by plotting 

the Q-band intensity versus the Pc concentration in DMSO. A linear relation was observed 

for all zinc and metal-free Pcs, indicating low aggregation in this solvent at these 

concentrations. However, in PBS + 10% DMSO the relation was not linear. A similar 

approach was used to evaluate the solubility of Pcs encapsulated within PVP in PBS. A linear 

relation was observed for all Pc(PVP) (Fig. S6–S14). 

 The results of the evaluation of the singlet oxygen generation by each PS, measured as 

the photo-oxidation of DPBF when irradiated at an irradiance of 9.0 mW/cm2, showed that 

in DMF all Pcs were excellent singlet oxygen generators (Table 1) but in the aqueous 

medium (PBS + 10% DMSO) there was a negligible photo-degradation of the DPBF for all Pcs 

under study. However, a 59–91% photo-degradation of the DPBF was observed for the 

Pc(PVP) conjugates in PBS (Table 1).  

 The encapsulation of the synthesized Pcs in PVP, intended to improve their solubility 

in aqueous media, was successful and, in addition, singlet oxygen generation in aqueous 
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media was also enhanced with Pc(PVP) photosensitizers. This can be related with the 

accommodation of the Pcs within micelles in the monomeric state. A similar strategy was 

used by Lian et al. [43] that reported the preparation of a multifunctional delivery vehicle 

involving a PS (a zinc Pc) and a targeting agent (folic acid) encapsulated within PVP micelles 

that was used as a PS in in vitro and in vivo studies. In addition, the interaction of PVP with 

chlorin e6 derivatives bearing one α-amino acid or 6-aminohexanoic acid as substituent was 

also demonstrated, confirming PVP as an useful drug carrier in PDT and consequently in PDI 

[42]. Singlet oxygen generation by Pc(PVP) in aqueous medium was interestingly high, with 

percentages of DPBF oxidation similar to the ones obtained for the Pcs in DMF. These 

differences may even be somewhat underestimated because of the presence of DMSO, a 

well-known 1O2 quencher [49]. Also, the lower singlet oxygen generation observed for 

Pc(PVP) in PBS, when compared with DMF suspensions, seems to indicate that some 

aggregation is still occurring. In general, the results demonstrate that PVP encapsulation 

represents an improvement in the photosensitization process, in particular when Pcs with 

low solubility in aqueous media are used. The encapsulation procedure is simple enough to 

be performed overnight, making PVP more practical and cost-effective than other drug 

delivery vehicles like silica or gold nanoparticles.  

 The results of the photostability studies conducted during 30 min with red light, with 

an irradiance of 150 mW/cm2, showed that all Pcs are photostable. 

 

Table 1 Relative photo-oxidation of DPBF by singlet oxygen generated by Pcs in DMF and PBS + 10% DMSO and 

Pc(PVP) in PBS. 
a 

After 7 minutes of irradiation. DMSO used in the second column was maintained in less than 

10% final concentration. 
b
 Results obtained with Pc(PVP) conjugates. 

 

Compound 
DPBF decay (%)

a 

DMF PBS + DMSO PBS
b
  

11 93 1 68 

12 96 4 74 

14 92 4 59 

Zn11 95 5 79 

Zn12 100 1 80 

Zn13 99 5 85 
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Zn14 99 5 78 

Zn15 99 5 91 

Zn16 94 6 71 

 

 

2.3. Relation between bioluminescence and concentration of viable cells 

 A significant linear correlation between bioluminescence and viable counts for the 

bioluminescent E. coli strain was observed (R2 = 0.9526) (Fig. S15). 

 

2.4. Photodynamic inactivation of E. coli and S. aureus 

 The log reductions obtained in the PDI assays with E. coli and S. aureus are 

summarized in Fig. 1 and detailed in the SI (Fig. S16–S21 and Fig. S22–S25). 
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Fig. 1 Reductions (log CFU/mL) observed in the photoinactivation of Gram-negative and Gram-positive bacteria 

with 20 μM of each PS under red light (620–750 nm) at an irradiance of 150 mW/cm
2
.
 
a) Bioluminescent E. coli, 

after irradiation for 180 min (1620 J/cm
2
) and b) S. aureus, after irradiation for 30 min (270 J/cm

2
). Values 

correspond to the average of 3 independent experiments with duplicates. Error bars represent standard 

deviation. *Indicates a significant difference between each irradiated test and the corresponding dark control 

(p < 0.05%). The solid line represents the 3 log threshold. 

 

 An assay with bioluminescent E. coli was conducted with a 20 μM PS concentration to 

gain a first insight on the potential of these new conjugates against Gram-negative bacteria, 

typically less susceptible to photosensitization [50]. The results showed that this 

concentration was adequate for the inactivation studies. 
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 The results of the PDI experiments showed that the viability of the recombinant 

bioluminescent E. coli was neither affected by light alone (light control) nor by the direct 

effect of the PSs (dark controls). Bioluminescence without PS and without light was also 

stable throughout the experiments (data not shown). 

 PVP-free Pcs Zn11, Zn12, Zn14 and Zn16 were effective against bioluminescent E. coli 

with reductions equal or higher than 3 log (the ASM minimum requirement for a new 

antimicrobial drug) [51]. Pcs 12, 14, Zn13 and Zn15 caused a less pronounced effect and Pc 

11 failed to cause a significant inactivation. 

 The results obtained with the encapsulated Pcs showed that only Zn12(PVP) and 

Zn14(PVP) caused log reductions higher than 3. All other encapsulated Pcs caused either 

small or non-significant inactivation E. coli. PVP alone (Pc unloaded control) caused a 

negligible effect. Significant differences were observed when comparing the results for 

Zn11/Zn11(PVP), Zn13/Zn13(PVP), and Zn16/Zn16(PVP). 

 Similarly to what was observed in the experiments with bioluminescent E. coli, the 

viability of S. aureus was not affected by light alone (light control) nor by the direct effect of 

the tested PS (dark controls) but clear differences in the inactivation efficiency of the 

different PSs were observed. Pcs Zn11, Zn12, and Zn14 caused the highest inactivation (>7 

log reductions). Conjugates 11, 14, Zn11, Zn12, Zn14–Zn16 caused >3 log reductions in the 

concentration of viable cells. As summarized in Fig. 1b, Zn11(PVP)–Zn16(PVP) were the 

most effective PSs causing 3.8–9.4 log inactivation. 

 All studied Pcs showed similar or higher efficiency in the encapsulated form when 

compared with the PVP-free Pcs. for S. aureus, the encapsulation had, in general, a positive 

effect on the photosensitization (Fig. 1b).  As an example, Zn13 caused ca. 1 log reduction 

while Zn13(PVP) caused a 3.8 log reduction (Fig. 1b). Differences between the free and 

encapsulated forms were statistically significant (p < 0.05) for Zn11–Zn14 and Zn16. 

 As expected, being Gram-positive, S. aureus was more susceptible to 

photosensitization than the bioluminescent E. coli even for a lower light dose (270 J/cm2 for 

S. aureus and 1620 J/cm2 for bioluminescent 
E. coli). These results point out Pc–SA 

conjugates as compounds with high potential to be used as PSs of Gram-positive bacteria, 

and are in line with results obtained with other Pcs in the PDI of Gram-positive bacteria, 

including S. aureus, at equivalent PS concentrations [52,53]. 
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 Considering that metal-free Pcs typically cause mild photosensitization effects, and Pcs 

containing diamagnetic ions such as Zn and Al have higher singlet oxygen generation than 

those metallated with paramagnetic ions (Cu, Fe, VO) [54], the reduced inactivation effects 

obtained with Pcs 11, 12 and 14, when compared with the good results obtained with Zn11, 

Zn12, Zn14 and Zn16, are not a surprise. These results confirm that zinc phthalocyanines are 

particularly suitable for photodynamic inactivation applications due to the enhanced 

generation of singlet oxygen (Table 1) [3]. 

 The tested Pc-SA conjugates have a range of N-substituted and N,N-disubstituted 

sulfonamide units bearing small alkyl groups (ethyl or isopropyl) or a long alkyl chain 

(dodecyl group) or aromatic (4-methoxyphenyl) or heteroaromatic (thiazol-2-yl) groups. The 

results indicate that the structure of the SA unit is an important factor for the 

photosensitization efficiency. The structure of the SA may influence the affinity of the PS 

towards important components of the cell outer structures that can ultimately determine 

the efficiency of binding of Pc–SA conjugates. For instance, inactivation was stronger with 

Zn11 than with Zn13, although the % DPBF decay was smaller for Zn11 than for Zn13. These 

results highlight that the ability to generate singlet oxygen is not the sole determinant of the 

photosensitization efficiency. Furthermore, two competitive pathways may be involved in 

the photodynamic process: the formation of radicals in biomolecules (type I mechanism) 

and the generation of singlet oxygen (type II mechanism). Knowing that these mechanisms 

may have different contributions for the inactivation outcome, even for structurally similar 

PSs, discussing the inactivation efficiencies of PSs based only on their ability to generate 

singlet oxygen may be misleading. 

 

3. Conclusions 

 This work represents a new perspective in the study of Pc–SA conjugates as PSs, taking 

advantage of the properties of Pcs and SAs. The results discussed above demonstrate that 

these conjugates are promising PS for the efficient photosensitization of E. coli and S. 

aureus, used as Gram-negative and Gram-positive bacterial models. In addition, they 

confirm that the encapsulation of the Pc–SA conjugates in PVP enhances the singlet oxygen 

production. The results of this work clearly show that Pc–SA conjugates deserve a special 

attention as potential therapeutic agents against bacterial infections. 
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4. Experimental 

 

4.1. Chemicals 

 The organic solvents used in this work were dried according to standard 

methods by distillation over drying agents and stored under nitrogen. All 

commercially available reagents were used as acquired. The progress of the reactions 

was monitored by thin layer chromatography (TLC), performed on silica gel-coated 

plastic sheets (Merck). Column chromatography was carried out using silica gel 

(Merck, 35–70 mesh). 

 

4.2. Methodology 

 1H and 13C NMR spectra were acquired on Bruker DRX AC 300 or 500 

instruments in CDCl3 or DMSO-d6 solutions. The frequencies used were 300.13 and 

500.13 MHz for 1H, and 75.47 and 125.77 MHz for 13C. Chemical shifts are reported as 

δ values in parts per million (ppm) in relation to tetramethylsilane (TMS). Coupling 

constants (J) are in Hz. Mass spectra were obtained using an ultrafleXtreme mass 

spectrometer (Bruker, Bremen, Germany) controlled by Compass for flex Series 1.4, 

using chloroform as solvent and without matrix. The UV–Vis spectra (steady-state 

absorption spectra) were recorded on a UV-2501 PC spectrophotometer (Shimadzu) 

using glass or quartz cells of 1 cm. Steady-state emission spectra were recorded with 

a Fluoromax-3 spectrofluorometer (HORIBA Jobin Yvon). 

 

4.3. Synthesis 

 Phthalonitriles 1[55–57] and 4–6, 9 and 10, and phthalocyanines Mg11, Mg14, 

11, 14, Zn11, Zn14 and Zn15 were synthesized as described in our previous 

works[47,48]. 

 

4.3.1. 4-(4-Chlorosulfonylphenoxy)phthalonitrile (2) 

 4-Phenoxyphthalonitrile 1 (1.65 g, 7.49 mmol, 1 eq.) was slowly added to 

chlorosulfonic acid (2.49 mL, 37.45 mmol, 5 eq.) cooled in an ice bath. The reaction 
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mixture was stirred for 15 minutes at a temperature between 0 °C and 5 °C and then 

the temperature was allowed to rise to room temperature (ca. 20 °C) for more 15 

minutes. Thionyl chloride (1.08 mL, 14.9 mmol, 2 eq.) was added and the reaction 

was left for more 30 minutes at room temperature. The reaction mixture was then 

slowly poured onto ice (ca. 300 g) and the resulting solid was filtered and washed 

with cold water. Compound 2 was dried under vacuum at room temperature and 

used in the following reactions without further purification. 

 

4.3.2. 4-[4-(diethylaminosulfonyl)phenoxy]phthalonitrile (3) 

 Phthalonitrile 2 (1.00 g, 3.13 mmol, 1 eq.) was dissolved in acetonitrile (5 mL) 

and the solution was cooled to 0 °C. Diethylamine (0.70 mL, 9.41 mmol, 3 eq.) was 

added slowly to the cold solution. The reaction mixture was stirred at room 

temperature (ca. 20 °C) for 2 hours and then it was poured onto ice water (ca. 200 g). 

The resulting solid was filtered off and crystallized from methanol as a white powder 

(0.87 g, 78% yield). 1H NMR (300 MHz, CDCl3): (ppm) = δ 1.18 (t, J = 7.1 Hz, 6H), 3.29 

(q, J = 7.1 Hz, 4H), 7.14–7.21 (m, 2H), 7.31 (dd, J = 2.4, 8.7 Hz, 1H), 7.38 (d, J = 2.4 Hz, 

1H), 7.80 (d, J = 8.7 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ 160.17, 156.97, 138.09, 

135.71, 129.85, 122.60, 122.41, 120.38, 118.02, 115.05, 114.66, 110.35, 42.19, 14.26. 

ESI-MS: 355.3 [M]+.  

 

4.3.3. 4,5-Bis(isopropylaminosulfonylphenoxy)phthalonitrile (7) 

 Isopropylamine (1.49 mL, 18.12 mmol, 6 eq.) was slowly added to a solution of 

4,5-bis(4-chlorosulfonylphenoxy)phthalonitrile 5 (1.54 g, 3.02 mmol, 1 eq.) in 

acetonitrile. The mixture was stirred for 1 hour at room temperature under nitrogen 

atmosphere. The reaction mixture was poured into water and the resulting solid was 

filtered off. Recrystallization from CH2Cl2/hexane afforded a white powder (0.37 g, 

23% yield). 1H NMR (300 MHz, CDCl3) δ 7.94–7.89 (m, 4H), 7.44 (s, 2H), 7.08–7.02 (m, 

4H), 3.57–3.46 (m, 2H), 1.12 (d, J = 6.5 Hz, 12H); 13C NMR (126 MHz, CDCl3) δ 157.58, 

150.42, 138.35, 129.73, 125.14, 118.65, 114.23, 112.77, 46.34, 23.89. ESI-MS: 555.1 

[M+H]+. mp: 117–123 °C. 

 

4.3.4. 4,5-Bis(thiazol-2-ylaminosulfonylphenoxy)phthalonitrile (8) 
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 To a solution of 4,5-bis(4-chlorosulfonylphenoxy)phthalonitrile (1.00 g, 1.96 

mmol, 1 eq.) and 2-aminothiazole (0.196 g, 1.96 mmol, 1 eq.) in acetonitrile was 

slowly added triethylamine (4 eq.). The mixture was stirred for 2.5 hours under 

nitrogen atmosphere. The reaction was stopped with cold water and the product 

extracted with dichloromethane. The desired product was purified by column 

chromatography (silica gel) using a mixture of CH2Cl2/hexane (3:1) as eluent. 

Crystallization from CH2Cl2/hexane afforded the pure compound as a yellow powder 

(0.20 g, 16% yield). 1H NMR (300 MHz, DMSO-d6) δ 7.07 (d, J = 5.2 Hz, 2H), 7.33 (d, J = 

7.9 Hz, 4H), 7.56 (dd, J = 1.3, 7.9 Hz, 4H), 7.75 (d, J = 5.2 Hz, 2H), 8.49 (s, 2H). ESI-MS: 

554.6 [M]+. mp: 250–253 °C. 

 

4.3.5. Synthesis of Mg-phthalocyanines: general procedure 

 Magnesium turnings (9.27 mg) were added to pentan-1-ol (0.5 mL) and the 

suspension was heated at reflux until the complete formation of the alkoxide 

(overnight). Octan-1-ol (1 mL) was added to the suspension, followed by the 

appropriate phthalonitrile: 7 (100 mg, 0.189 mmol), 8 (100 mg, 0.157 mmol) or 3 

(100 mg, 0.281 mmol). The reaction mixture was stirred overnight at 160 °C and, 

after cooling to room temperature (ca. 20 °C), it was poured onto a 5:1 

methanol/water mixture (20 mL). The resulting precipitate was isolated by filtration 

and washed several times with methanol. Compounds Mg12, Mg13 and Mg16 were 

isolated as blue powders in 82%, 78% and 86% yield, respectively. 

 

4.3.5.1. {2,3,9,10,16,17,23,24-Octakis[(4-

isopropylaminosulfonyl)phenoxy]phthalocyaninato}magnesium(II) (Mg12) 

 1H NMR (300 MHz, DMSO-d6): δ 1.11 (d, J = 6.5 Hz, 48H), 3.44–3.55 (m, 16H), 

7.02 (d, J = 8.8 Hz, 16H), 7.59 (d, J = 9.7 Hz, 8H), 7.87 (d, J = 8.8 Hz, 16H). MALDI: 

2242.5 [M]+, 2265.5 [M+Na]+. mp: > 300 °C. 

 

4.3.5.2. {2,3,9,10,16,17,23,24-Octakis[(4-thiazol-2-

ylaminosulfonyl)phenoxy]phthalocyaninato}magnesium(II) (Mg13) 

 1H NMR (500 MHz, CDCl3): δ 6.89–7.11 (m, 24H), 7.33–7.55 (m, 16H), 7.56–7.86 

m, 16H). MALDI: 1277.9 [M+2H]2+. mp: > 300 °C. 
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4.3.5.3. {2,9(10),16(17),23(24)-Tetrakis[(4-

(diethylaminosulfonyl)phenoxy]phthalocyaninato}magnesium(II) (Mg16) 

 1H NMR (500 MHz, CDCl3): δ 1.13–1.19 (m, 24H), 3.21–3.30 (m, 16H), 7.11–7.20 

(m, 4H), 7.45–7.98 (m, 24H). MALDI: 1444.4 [M]+. mp: > 300 °C. 

 

4.3.6. Synthesis of Zn-phthalocyanines: general procedure 

 The magnesium phthalocyanine (Mg12, Mg13 or Mg16) was dissolved in dry 

THF (20 mL) in a 50 mL flask equipped with a water condenser. Trifluoroacetic acid (2 

mL) was added and the mixture was heated at 50 °C for 3 hours. The removal of the 

coordinated Mg2+ was monitored by UV–Vis spectroscopy and TLC. The reaction 

mixture was cooled to room temperature (ca. 20 °C) and water (ca. 10 mL) was 

added until a precipitate was formed. Methanol (2 mL) was also added leading to 

additional precipitation. The metal-free phthalocyanine was then collected by 

filtration. The solid was dissolved in a minimal amount of DMF, zinc acetate (2.5 eq.) 

was added and the mixture was left overnight at 150 °C in a sealed tube. The 

metallation was confirmed by UV–Vis analysis. The reaction mixture was cooled to 

room temperature and water (ca. 10 mL) was added until a precipitate was formed. 

Methanol (2 mL) was added and the product was collected by filtration. The solid was 

dissolved in dichloromethane and the solution was dried with anhydrous sodium 

sulfate. The zinc phthalocyanine (Zn12, Zn13 or Zn16) was crystalized form 

dichloromethane/hexane and the crystals were dried under vacuum. 

 

4.4. Encapsulation of phthalocyanines in polyvinylpyrrolidone (PVP) 

 From 1 mM stock solutions of phthalocyanines 11, 12, 14 and Zn11–Zn16 in 

dichloromethane, 0.5 mL were placed in sample ports with 100 mg of PVP (40 kDa). 

As a control, one of the sample ports was prepared in the same way but containing 

only PVP and dichloromethane (0.5 mL). The resulting solutions were evaporated 

with N2 until oil formation. The sample ports were left at 55 °C overnight. The 

resulting polymers were suspended in distilled water (1 mL) and solubilized under 

ultrasounds (Bandelin Sonorex Digitec DT 255 H, 50/60 Hz, Germany) for 

approximately 10 minutes. 
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4.5. Photosensitizer stock solutions 

 Stock solutions of the conjugates used in solubility and photostability tests, 

singlet oxygen generation and photodynamic inactivation assays were prepared in 

dimethyl sulfoxide (DMSO) for PVP-free conjugates and in distilled water for PVP 

encapsulated conjugates at a concentration of 500 µM and diluted in DMF/H2O (9:1) 

or phosphate buffered saline (PBS), depending of the experiments, to obtain the 

working concentration. 

 

4.6. Phthalocyanine solubility tests 

 The solubility of the phthalocyanine–sulfonamide conjugates 11, 12, 14 and 

Zn11–Zn16, and the corresponding Pc–SA conjugates encapsulated in PVP, in DMSO 

and PBS was assessed by UV–Vis spectroscopy. Concentrations between 0.625 

μmol/L and 25 μmol/L, obtained by the addition of aliquots of each Pc 500 mM stock 

solution, were analysed. The intensity of the Q-band versus Pc concentration was 

plotted in a graphic for linear regression to determine the concentrations that follow 

the Beer–Lambert law. 

 

4.7. Photostability tests 

 The photobleaching rates of compounds 11, 12, 14 and Zn11–Zn16, and the 

corresponding Pc–SA conjugates encapsulated in PVP, were determined by 

irradiating 2 mL of a diluted solution of each Pc in PBS under the conditions used in 

the biological assays (red light at 150 mW/cm2). During irradiation, the solutions 

were magnetically stirred and kept at room temperature (ca. 20 °C). The 

concentration of the Pc derivative was quantified at regular time intervals by UV–Vis 

spectroscopy. The intensity of the Q-band at different time intervals and the 

photostability was expressed as It/I0 (%; It = intensity of the band at given time of 

irradiation, I0 = intensity of the band before irradiation). Similar stability tests were 

performed in the dark to account for the effect of aggregation as a source of light-

independent decay. The conjugates were considered photostable when the 

difference between the value of It/I0 of the photostability tests and the value of It/I0 of 

the stability tests were no higher than 5%. 
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4.8. Singlet oxygen generation 

 The ability of each Pc and Pc(PVP) to generate singlet oxygen was qualitatively 

evaluated following the photo-oxidation of 1,3-diphenylisobenzofuran (DPBF), a singlet 

oxygen quencher [58]. Stock solutions of each PS at 0.5 mmol/L in DMF and a stock solution 

of DPBF at 50 mmol/L in DMF⁄H2O (9:1) were prepared. Mixtures of each phthalocyanine 

derivative and DPBF were irradiated with a LED array composed of 25 light sources with an 

emission peak at 640 nm and a bandwidth at half maximum of ± 20 nm, at an irradiance of 

9.0 mW/cm2. The absorption decay of DPBF at 415 nm was measured at irradiation intervals 

of 1 min, during 7 min. The DPBF absorption decay, that is proportional to the production of 

1O2, was assessed by the quotient between the absorbance of DPBF at a given irradiation 

time and the initial absorbance. 

 

4.9. Bacterial strains, growth conditions and preparation of stock-suspensions 

 A recombinant bioluminescent strain of Escherichia coli, transformed with plasmids 

pHK724 and pHK555 containing the lux operon from the bioluminescent marine bacterium 

Vibrio fischeri [59] was used as a model for Gram-negative bacteria [60]. Before each PDI 

assay, one isolated colony from a culture growing on Tryptic Soy Agar (TSA, Merck) 

amended with the antibiotics ampicillin (100 mg/mL) and chloramphenicol (25 mg/mL) was 

aseptically inoculated on Tryptic Soy Broth (TSB, Merck) with both antibiotics and grown 

overnight at 26 °C under stirring (130 rpm) at aerobic atmosphere. An aliquot of this primary 

culture was sub-cultured in TSB with the same antibiotics and growth overnight under the 

same conditions (130 rpm, 26 °C and at aerobic atmosphere), and used to prepare the cell 

suspensions for the PDI assays. 

 To confirm the correlation between the bioluminescent signal (in relative light units, 

RLU) of E. coli and the concentration of colony forming units (CFU), two independent assays 

were carried out. An overnight culture (~107 CFU/mL) of bioluminescent E. coli was serially 

diluted (101 to 107) in PBS. Light emission of the non-diluted and diluted aliquots was read 

on a luminometer (Turner Designs – 20⁄20). Viable counts were determined by pour-plating 

two replicates of each dilution in TSA medium. After 24 h of incubation at 37 °C (aerobic 

atmosphere), colonies were counted in the most convenient dilution series. Three 

independent assays were conducted. 
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 Staphylococcus aureus (ATCC 29213) was used as a model for Gram-positive bacteria 

[61,62]. Stock cultures in TSA were kept at 4 °C. Fresh cultures were prepared before each 

assay by inoculating an isolated colony in 30 mL of TSB. The cultures were incubated for 24 

h at 37 °C under stirring (130 rpm) and at aerobic atmosphere. An aliquot of this primary 

culture was sub-cultured in TSB, grown overnight under stirring (130 rpm) at 37 °C and at 

aerobic atmosphere to obtain fresh cultures for the PDI assays. 

 

4.10. Photodynamic inactivation assays 

 For the PDI assays, fresh liquid cultures of each bacterium were 10-fold diluted in PBS 

and allowed to stabilize under stirring for 10 minutes, at room temperature (ca. 20 °C). 

Aliquots of 0.1 mL were distributed into 1 mL vials and added of 0.04 mL stock-solution of 

the Pc (sonicated for 30 minutes before used) (4% final concentration of DMSO), or aqueous 

suspensions of Pc(PVP), to achieve final concentrations of 20 µM of Pc. The experiments 

were conducted in 3 independent assays with duplicates. After adding the PS, the 

suspensions were pre-incubated in the dark, at 37 °C (aerobic atmosphere), for 30 min for 

adsorption of the PS to the cells and then were irradiated with red light. The light source 

was an illumination system (LC-122 LumaCare, London) equipped with a 250 W quartz 

halogen (mixed) lamp, coupled to an interchangeable fiber optic probe at 620–750 nm [63]. 

Lamp maximum spectral irradiance wavelength is observed between 550 and 650 nm. The 

irradiance was set to 150 mW/cm2 and confirmed with an energy meter Coherent 

FieldMaxII-Top combined with a Coherent PowerSensPS19Q energy sensor. Irradiation area 

covered 3 samples (1 test sample, 1 light control and 1 dark control – the latter was covered 

with aluminium foil). The irradiance was equal in all 3 samples. Irradiance at the sample 

level was set to 150 mW/cm2 by adjusting the distance of the optical fiber probe to the 

sample. The inactivation of bacteria was evaluated upon irradiation with red light for 0 (0), 

10 (90), 20 (180), 30 (270), 60 (540), 90 (810), 120 (1080), 180 (1620) min (J/cm2) for 

bioluminescent E. coli, and for 0 (0), 10 (90), 20 (180) and 30 (270) min (J/cm2) for S. aureus, 

at a PS concentration of 20 μM. Aliquots were periodically collected for measurement of 

bioluminescence, in the case of E. coli, or for the determination of the concentration of 

viable cells by colony counting, in the case of S. aureus. Bioluminescence was measured in 

triplicate aliquots with a luminometer (TD-20⁄20 Luminometer; Turner Designs, Inc.). To 

determine the concentration of viable cells, the suspension of S. aureus was serially diluted 
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in PBS and triplicates of the convenient dilutions were pour-plated in TSA. These cultures 

were incubated at 37 °C for 24 h. Colonies were counted in the replicates of the most 

suitable dilution and the concentration of viable cells was expressed as CFU/mL. Light 

(without PS) and dark (protected from light) controls were included in all experiments. 

 

4.11. Statistical analysis 

 Statistical analysis was performed with SPSS package (IBM SPSS analytics 24.0). 

Normal distribution was verified by the Kolmogorov–Smirnov test. The significance of 

irradiation time and type of PS on bacterial inactivation between light and dark controls and 

the test groups in which the bacteria were irradiated with the proper light in the presence 

of the PS, between test groups for the different light conditions and between the same 

conjugate encapsulated with PVP or not, was assessed by non-parametric univariate 

analysis of variance (non-parametric ANOVA) model with the Viruskal–Wallis test. A value of 

p < 0.05 was considered significant. 
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