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A B S T R A C T   

New tetrasubstituted zinc (II) and indium (III) phthalocyanines bearing dimethylamino chalcone group (com-
plexes 3 and 4) as well as their quaternized analogs (3a and 4a) have been assessed for their photodynamic 
therapy (PDT) of cancer as well as photodynamic antimicrobial chemotherapy activities against biofilms and 
planktonic cultures of pathogenic bacteria of Staphylococcus aureus and Escherichia coli. Compared to the non- 
quaternized phthalocyanines 3 and 4, the cationic phthalocyanines 3a and 4a exhibit a higher photodynamic 
inactivation against the planktonic cells with log reduction values above 9 at a concentration of 1.25 µM. This 
was attributed to the positive charge which enhances cellular uptake. More interestingly, 3a and 4a show a 
higher photodynamic inactivation (less than 3% of S. aureus survived) on their biofilm counterparts thanks to 
their stronger affinity to these cells. 3a and 4a Pcs also exhibited interesting PDT activity against MCF-7 cancer 
cells giving IC50 values of 17.9 and 7.4 μM, respectively following 15 min irradiation. The obtained results in this 
work show that the positively charged phthalocyanines 3a and 4a are potential antibacterial photosensitizers 
that show some selectivity toward the Gram-positive and Gram-negative bacteria as well as MCF-7 breasts cancer 
cells.   

1. Introduction 

Light energy targeting techniques such as photodynamic therapy 
(PDT) of cancer [1,2] and photodynamic antimicrobial chemotherapy 
(PACT) for microbes [3] are being investigated as the most advanced 
and effective curative approaches that could overcome the limitations of 
conventional therapies such as chemotherapy. For instance, in PACT 
multiple and alternative sites in the bacteria cell are targeted, hence 
making it a promising method for the eradication of microbes with no 
possibility of them developing drug resistance [3–7] while PDT has been 
also proven to be non-invasive with fewer side effects with little systemic 
toxicity [1,8–10]. 

In PACT as in PDT, a light source of appropriate wavelength is used 
to irradiate a nontoxic photosensitizer which will generate reactive 
oxygen species (ROS) including singlet oxygen that can exert a bacte-
ricidal effect on planktonic [11–13] or biofilm [14,15] cultures of 
pathogenic bacteria. In PDT, the ROS can cause localized necrosis to the 
target cancerous cells without damaging the host tissue [16,17]. 

Since the therapeutic efficacy of PACT and PDT largely depends on 

the photochemical and photobiological properties of the photosensitizer 
being used; an ideal photosensitizer for PACT/PDT should be able to 
attach to the cell wall and/or accumulate inside the target cell without 
causing any damage to the normal cells. For this reason, the use of 
positively charged drugs is required as they show enhanced water sol-
ubility and cellular uptake efficiency, thereby increasing their antimi-
crobial or anticancer potency [18,19]. 

Chalcones are vascular disrupting compounds known to destroy the 
tumors’ neovasculature, therefore, inducing tumor death by necrosis 
[20]. This group of compounds lessens the problem of hypoxia, a 
pathological phenomenon in which tissues are starved of adequate ox-
ygen [21]. Our recent work reported on the enhanced antimicrobial 
photo-ablation effect of chalcone-derived phthalocyanines conjugated 
to detonation nanodiamonds [22]. This report encouraged us to 
combine phthalocyanines (Pcs), which are excellent PACT/PDT photo-
sensitizers due to their near-infrared maximal absorption and high 
singlet oxygen generation ability [23] with dimethylamino-chalcone as 
the substituent, to form tetrasubstituted zinc and indium Pcs and their 
quaternized (positively charged) Pc analogs. Thus, in this work, we 
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employ a bulkier chalcone substituent for the Pcs and apply them for 
both PDT and PACT. The dimethylamino chalcone groups will result in 
the Pcs being bulky hence preventing aggregation. This approach aims 
to produce photosensitizer agents with complementary antimicrobial 
and anticancer properties that can strongly inhibit both Gram-positive 
and Gram-negative planktonic and biofilm cultures of pathogenic bac-
teria as well as the MCF-7 breast cancer cells using a photodynamic 
process. These strategies have been reported to be safe and reliable for 
the successful reduction of the burden caused by biofilm formation in 
chronic infections [24] and breast cancer which constitutes one of the 
most common causes of cancer-leading death in women [25]. 

2. Experimental 

2.1. Materials 

All reactions were carried out under an inert atmosphere of argon. 4- 
Hydroxyacetophenone, 4-dimethylaminobenzaldehyde, 4-nitrophthalo-
nitrile, potassium hydroxide, potassium carbonate, anhydrous zinc (II) 
acetate ((ZnOAc)₂), anhydrous indium (III) chloride iodomethane, 
diphenylisobenzofuran (DPBF), anthracene-9,10-bis-methylmalonate 
(ADMA), 1,8-diazabicyclo[5.4.0]undec‑7-ene (DBU), deuterated 
dimethyl sulfoxide (DMSO‑d6), pentanol, and crystal violet were ac-
quired from Sigma Aldrich. Some solvents such as dimethyl sulfoxide 
(DMSO), N,N-dimethylformamide (DMF), ethanol, and acetone were 
purchased from Merck. Other reagents and solvents were obtained from 
commercial suppliers and were of analytical grade and used without any 
further purification. Phosphate-buffered saline (PBS) solution pH 7.4 
was prepared using appropriate amounts of Na2HPO4 and KH2PO4 in 
ultra-pure water from ELGA, Veolia PURELAB, flex system (Marlow, 
UK). ClAlPcSmix (mixture of Aluminum sulfonated Pcs derivatives) was 
synthesized according to literature methods [26]. 

Nutrient agar, agar broth, and agar bacteriological BBL Mueller 
Hinton broth were purchased from Merck and prepared as specified by 
the suppliers. Staphylococcus aureus (ATCC) and Escherichia coli (ATCC) 
were obtained from Davies Diagnostics while MCF-7 breast cancer cells 
were acquired from Cellonex. Dulbecco’s phosphate-buffered saline 
(DPBS) and Dulbecco’s modified Eagle’s medium (DMEM) were ob-
tained from Lonza, 10% (v/v) heat-inactivated fetal calf serum (FCS) 
and 100 mg per mL-penicillin-100 unit per mL-streptomycin- 
amphotericin B mixture were obtained from Biowest®. 

2.2. Equipment 

A Shimadzu UV-2250 spectrophotometer and a Varian Eclipse 
spectrofluorimeter were used to record all the ground state absorption 
and fluorescence spectra in solution, respectively. Time correlation 
single photon counting (TCSPC) equipped with a Picoquant GmbH 
containing a LDH-P-670 diode laser with a 44 ps pulse width and 20 
MHz rate repetition was used to determine fluorescence lifetimes for all 
complexes. Singlet oxygen quantum yield determination was carried out 
in a general electric Quartz line projector lamp combined with a 600 nm 
cut-off filter along with a water filter. An additional interference filter 
(Intor, 670 nm having a bandwidth of 40 nm) was aligned before the 
sample. 1H and 13C NMR measurements in deuterated DMSO were 
performed using a Bruker® AVANCE 600 MHz NMR spectrometer. A 
Bruker AutoFLEX III Smartbeam MALDI-TOF mass spectrometer was 
employed for the recording of mass spectra. Infrared spectroscopy was 
performed using a Bruker Alpha IR (100 FT-IR) spectrophotometer with 
universal attenuated total reflectance (ATR). Energy-dispersive X-ray 
spectrometer (EDX, INCA PENTA FET coupled with VAGA TESCAM 
operated at 20 kV) was utilized to qualitatively determine the elemental 
compositions of the studied complexes. Elemental analyses were per-
formed using a Vario-Elementar Microcube ELIII. A Metrohm Swiss 827 
pH meter was used for pH measurements. HERMLE Z233M-2 centrifuge 
was used for the harvesting of the bacteria cells. PRO VSM-3 Labplus 

Vortex mixer was used for the homogenization of the bacteria suspen-
sion. A thermostatic oven was used for incubation processes. The optical 
density of the bacteria was determined using the LEDETECT 96. Scan® 
500 automatic color colony counter was used to evaluate the colony 
forming units CFU/mL of the bacteria. Irradiation for PACT and PDT 
studies was conducted using Modulight® Medical Laser System (MLS) 
7710–670 channel Turnkey laser system coupled with a 2.3 W channel 
at 670 nm (with irradiation doses of 170 J.cm− 2) cylindrical out-put 
channels, aiming beam, an integrated calibration module, foot/hand 
switch pedal, sub-miniature version A connectors, and safety interlocks 
were used. The illumination kit for in vitro PDT studies can hold 
127.76 x 85.48 mm 96 well tissue culture plates. 

2.3. Synthesis 

2.3.1. (E)− 3-(4-(dimethylamino)phenyl)− 1-(4-hydroxyphenyl)prop‑2- 
en-1-one (1), scheme 1 

The chalcone compound (1) was prepared according to the Claisen- 
Schmidt condensation procedure with slight modifications (Scheme 1) 
[27,28]. Briefly, 4-hydroxyacetophenone (1 g, 7.3 mmol) and 4-dime-
thylaminobenzaldehyde (1.096 g, 7.3 mmol) were dissolved in ethanol 
(20 mL) and the mixture was added dropwise to a stirred solution of 40% 
KOH, followed by cooling at 0 ◦C in an ice bath under argon atmosphere. 

Scheme 1. Synthetic pathways of chalcone (1) and chalcone-derived phtha-
lonitrile (2). 
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The reaction mixture was left to stir at room temperature for 24 h and 
thin-layer chromatography (TLC) was used to check if the reaction was 
complete. Once done, the reaction mixture was poured into ice water 
and 1 M HCl was used to adjust the mixture to neutral pH to precipitate 
out the desired product which was then recrystallized using ethanol. 

A yellow powder, yield: 72%. FT-IR (UATR-TWO™) ν max/cm− 1: 
3094 (OH), 2805 (Ar C–H and intermolecular H bonds), 2710 (Alph 
C–H), 1663 (C =O), 1591 (C = C), 1536 (C = N), 1437–1356 (C–C). 1H 
NMR (600 MHz, DMSO- d6): δ (ppm): 9.66 (bs, 1H, -OH), 8.01 (d, J = 8.4 
Hz, 2H, Ar-H), 7.67 (d, J = 16.1 Hz, 1H, trans-H), 7.64 (d, J = 8.1 Hz, 2H, 
Ar-H), 6.86 (d, J = 8.1 Hz, 2H, Ar-H), 6.78 (d, J = 15.9 Hz, 1H, trans-H), 
6.73 (d, J = 8.2 Hz, 2H, Ar-H) and 2.99 (s, 6H, N-(CH3)2). 13C NMR (600 

MHz, DMSO- d6): δ (ppm): 190.5, 158.7, 136.9, 125.2, 125.2, 124.9, 
121.3, 117.6, 116.2, 115.8, 111.5, 111.1 and 40.5. 

2.3.2. Synthesis of (E)− 4-(4-(3-(4-(dimethylamino)phenyl)acryloyl) 
phenoxy)phthalonitrile (2), scheme 1 

A mixture of 4-nitrophthalonitrile (0.971 g, 5.6 mmol) and com-
pound 1 (1 g, 3.7 mmol) and K2CO3 (0.775 g, 5.6 mmol) was dissolved in 
20 mL of dry DMF and stirred under argon atmosphere for 24 h at 60 ◦C. 
The reaction was monitored using thin-layer chromatography (TLC). 
Following completion of the reaction, the product was precipitated out 
in ice water, then filtered while washing with water. The resulting solid 
was filtered out and recrystallized in ethanol to obtain 2. 

Scheme 2. Synthetic route of phthalocyanine complexes.  
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A light yellow solid. Yield: 85%. FT-IR (UATR-TWO™) ν max/cm− 1: 
2911 (Ar C–H and intermolecular H bonds), 2806 (Aliph C–H), 1667 
(C = O), 1588 (C = C), 1536 (C = N), 2225 (C–––N), 1477–1387 (C–C), 
1299–1160 (Asym., Ar-O-Ar), 1075 (Sym., Ar-O-Ar), 812. 1H NMR (600 
MHz, DMSO‑d6): δ (ppm): 7.87 (d, J = 8.2 Hz, 2H, Ar-H), 7.75 (d, J =
8.1 Hz, 2H, Ar-H dimethylamino), 7.73 (s, 1H, Ar-H), 7.64 (d, J = 15.8 
Hz, 1H, trans-H), 7.57 (d, J = 8.2 Hz, 1H, Ar-H), 7.47 (d, J = 16.0 Hz, 1H, 
trans-H), 7.21 (d, J = 8.2 Hz, 2H, Ar-H), 7.17 (d, J = 8.4 Hz, 1H, Ar-H), 
6.71 (d, J = 8.1 Hz, 2H, Ar-H dimethylamino) and 3.07 (s, 6H, N- 
(CH3)2). 13C NMR (600 MHz, DMSO- d6): δ (ppm): 187.2, 163.3, 152.2, 
144.2, 131.3, 130.9, 122.8, 116.8, 115.9, 112.3, 111.5 and 40.2. 

2.3.3. Synthesis of zinc (II) and indium (III) metallo-phthalocyanines (3 
and 4), scheme 2 

A procedure described in the literature with slight modifications [22] 
was used as follows: For phthalocyanine 3, compound 2 (0.52 g, 1.31 
mmol) and anhydrous zinc acetate (0.121 g, 0.66 mmol) were dissolved 
in pentanol (3 mL) under argon atmosphere followed by addition of a 
catalytic amount of DBU (three drops). For phthalocyanine 4, compound 
2 (0.5 g, 1.27 mmol) was dissolved in dry pentanol (3 mL) and anhy-
drous indium chloride (0.281 g, 1.27 mmol) was added followed by a 
few drops of DBU under argon atmosphere. The reaction mixtures for 
both 3 and 4 were heated at 160 ◦C while stirring for 24 h, cooled, and 
separately dissolved in ethanol with constant stirring for 1 h. Afterward, 
the mixtures were transferred into ice water and the resulting green 
solids were filtered and dried. 

ZnPc (3): Yield: 42%. IR (UATR-TWO™) ν max/cm− 1: 2920 (Ar-H), 
2903–2855 (Aliph C–H), 1716 (C = O), 1582–1462 (C = C, C = N), 
1350 (C–C), 1220–1164 (Asym., Ar-O-Ar), 1027 (Sym., Ar-O-Ar), 816. 
1H NMR (600 MHz, DMSO‑d6): δ (ppm): 8.29 (d, J = 8.7 Hz, 8H, Ar-H); 
8.21 (d, J = 8.5 Hz, 2H, Ar-H Pc ring); 8.11 (d, J = 16.1 Hz, 4H, trans-H); 
7.98 (d, J = 8.2 Hz, 2H, Ar-H Pc ring); 7.77 (d, J = 8.5 Hz, 2H, Ar-H Pc 
ring); 7.75 (d, J = 8.7 Hz, 8H, dimethylamino); 7.72 (s, 4H, Ar-H Pc 
ring); 7.47 (d, J = 16.0 Hz,4H, trans-H); 7.37 (d, J = 8.7 Hz, 8H, Ar-H); 
7.27 (d, J = 8.7 Hz, 2H, Ar-H Pc ring); 6.83 (d, J = 8.7 Hz, 8H, Ar-H 
dimethylamino) and 3.09 (s, 24H, N-(CH3)2). Calcd. for 
C100H76N12O8Zn: C = 73.27, H = 4.67, N = 10.25, found: C = 73.23, H 
= 4.45, N = 9.95. MALDI TOF MS m/z: Calcd: 1639.13; Found: [M +
H]+= 1640.08. 

InPc (4): Yield: 38%. IR (UATR-TWO™) ν max/cm− 1: 2919 (Ar-H), 
2903–2855 (Aliph C–H), 1717 (C = O), 1582–1523 (C = C, C = N), 
1462–1350 (C–C), 1220–1164 (Asym., Ar-O-Ar), 1026 (Sym., Ar-O-Ar), 
817. 1H NMR (600 MHz, DMSO- d6): δ (ppm): 8.31 (d, J = 8.2 Hz,8H, Ar- 
H); 8.20 (d, J = 8.1 Hz, 2H, Ar-H Pc ring); 8.10 (d, J = 16.2 Hz, 4H, trans- 
H); 8.01 (d, J = 8.0 Hz, 2H, Ar-H Pc ring); 7.77 (d, J = 8.2 Hz, 2H, Ar-H 
Pc ring); 7.75 (d, J = 8.5 Hz, 8H, Ar-H dimethylamino); 7.72 (s, 4H, Ar-H 
Pc ring); 7.49 (d, J = 16.4 Hz, 4H, trans-H); 7.37 (d, J = 8.1 Hz, 8H, Ar- 
H); 7.27 (d, J = 8.2 Hz, 2H, Ar-H Pc ring); 6.83 (d, J = 8.2 Hz, 8H, Ar-H 
dimethylamino) and 3.10 (s, 24H, N-(CH3)2). Calcd. for C100H76 
ClInN12O8: C = 69.67, H = 4.44, N = 9.71, found: C = 69.35, H = 4.89, 
N = 9.41. MALDI TOF MS m/z: Calcd: 1724.02; Found: [M + H]+=
1725.21. 

2.3.4. Synthesis of the quaternized phthalocyanines (3a and 4a), scheme 2 
A slightly modified protocol [29] was employed in this case, where 

phthalocyanines 3 (0.15 g, 0.091 mmol) or 4 (0.15 g, 0.087 mmol) were 
first dissolved in DMF (10 mL) under argon atmosphere, and an excess of 
iodomethane (CH3I) was added, then the mixtures were stirred at reflux 
for 24 h. The reaction mixtures were then filtered and washed with 
acetone (3 times) by centrifugation and dried in vacuo to give quater-
nized complexes 3a and 4a. Dark green solids. 

ZnPc (3a): Yield: 95%. IR (UATR-TWO™) ν max/cm− 1: 3043 (Ar-H), 
2928–2855 (Aliph C–H), 1706 (C = O), 1656–1590 (C = C, C = N), 
1464–1327 (C–C), 1220–1160 (Asym., Ar-O-Ar), 1087 (Sym., Ar-O-Ar), 
828. 1H NMR (600 MHz, DMSO- d6): δ (ppm): 8.25 (d, J = 8.2 Hz, 8H, Ar- 
H); 8.05 (d, J = 8.2 Hz, 8H, Ar-H); 7.95 (d, J = 8.7 Hz, 2H, Ar-H Pc ring); 

7.93 (d, J = 15.7 Hz, 4H, trans-H); 7.72 (d, J = 8.7 Hz, 4H, Ar-H Pc ring); 
7.68 (d, J = 8.3 Hz, 8H, Ar-H dimethylamino); 7.41 (d, 4H, trans-H); 7.32 
(d, J = 8.5 Hz, 4H, Ar-H Pc ring); 7.23 (d, J = 8.7 Hz, 2H, Ar-H Pc ring); 
6.83 (d, J = 8.2 Hz, 8H, Ar-H dimethylamino) and 3.03 (s, 36H, N- 
(CH3)2). Calcd. for C104H88N12O8Zn: C = 73.51, H = 5.22, N = 9.89, 
found: C = 73.24, H = 5.60, N = 9.84. 

InPc (4a): Yield: 98%. IR (UATR-TWO™) ν max/cm− 1: 2923 (Ar-H), 
2905–2856 (Aliph C–H), 1709 (C = O), 1657–1588 (C = C, C = N), 
1461–1328 (C–C), 1212–1150 (Asym., Ar-O-Ar), 1024 (Sym., Ar-O-Ar), 
819. 1H NMR (600 MHz, DMSO- d6): δ (ppm): 8.24 (d, J = 8.7 Hz, 8H, Ar- 
H); 8.05 (d, J = 8.7 Hz, 8H, Ar-H); 7.95 (d, J = 8.2 Hz, 2H, Ar-H Pc ring); 
7.93 (d, J = 16.0 Hz,4H, trans-H); 7.72 (d, J = 8.1 Hz, 4H, Ar-H Pc ring); 
7.68 (d, J = 8.5 Hz, 8H, Ar-H dimethylamino); 7.41 (d, J = 16.2 Hz, 4H, 
trans-H); 7.32 (d, J = 8.9 Hz, 4H, Ar-H Pc ring); 7.23 (d, J = 8.7 Hz, 2H, 
Ar-H Pc ring); 6.83 (d, J = 8.6 Hz, 8H, Ar-H dimethylamino) and 3.04 (s, 
36H, N-(CH3)2). Calcd. for C104H88 ClInN12O8: C = 70.01, H = 4.97, N =
9.42, found: C = 70.47, H = 4.57, N = 9.74. 

2.4. Photophysical and photochemical studies 

Details are provided in the Supporting Information. Briefly, fluo-
rescence quantum yield (ΦF) and singlet oxygen quantum yield (ΦΔ) 
were determined using comparative methods using unsubstituted ZnPc 
dissolved in DMSO as a standard (ΦF = 0.2 [30], ΦΔ = 0.67 [31]). 
Singlet oxygen generation efficacy was also tested in an aqueous solu-
tion using AlPcSmix in 1% DMSO aqueous media (ΦΔ = 0.42 [31]) as the 
standard. Diphenylisobenzofuran (DPBF) and anthracene-9, 
10-bis-methylmalonate (ADMA) were used as singlet oxygen chemical 
quenchers in DMSO and aqueous media respectively, and their degra-
dation was monitored at 417 nm and 378 nm, respectively. 

2.5. PACT/PDT studies 

Further details for these studies may be found in the supporting 
information 

For PACT studies, 1% DMSO in PBS was used to prepare concen-
trations of 0.63, 1.25, 2.50, 5, 10, and 20 µM for planktonic cells. For 
biofilms, the concentrations of the photosensitizers used were 25, 50, 
and 100 μM. 1% DMSO in PBS solutions containing only bacteria were 
considered as control groups. Irradiation was for 120 min at 30 min 
intervals using a Modulight laser lamp (670 nm, 524 mW/cm2, and dose: 
943 J/cm2), for both biofilm and planktonic cultures of pathogenic 
bacteria. For PDT studies the concentrations of the photosensitizers 
ranged from 0.8 to 50 μM and irradiation was 15 min using a Modulight 
laser lamp (670 nm, 524 mW/cm2). 

3. Results and discussion 

3.1. Synthesis and characterization 

Large substituents on peripheral or non-peripheral positions of 
phthalocyanines and the presence of heavy central metals in their core 
can result in reduced aggregation and improved solubility [32,33]. The 
synthesis of the bulky chalcone derivative (1) used in the present work is 
depicted in Scheme 1. The dimethylamino chalcone (1) was synthesized 
quantitatively by a Claisen-Schmidt condensation of 4-hydroxyaceto-
phenone and 4-dimethylaminocarbaxaldehyde using KOH as the base. 
Then the new chalcone-derived phthalonitrile (2, Scheme 1) was ob-
tained through a classical nucleophilic substitution reaction between 
chalcone (1) and 4-nitrophthalonitrile in DMF using K2CO3 as the base. 
The molecular structures of 1 and 2 were all confirmed based on NMR, 
Fig. S1–4 in the Supporting Information (SI). 

It is illustrated in 1H NMR (Fig. S1, for 1) that the two doublet peaks 
resonating at 7.67 and 6.78 are attributed to trans protons (CH––CH) and 
a broad singlet peak at 9.66 corresponds to the OH proton while in 13C 
NMR (Fig. S2), δC 136.9 and 121.3 correspond to the alpha, beta- 
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unsaturated carbons (CH––CH) and 190.5 to the carbonyl group (C = O). 
The 1H and 13C NMR data (Fig. S3 and S4) of compound 2 agreed with 
the proposed structure, exhibiting the disappearance of characteristic 
peaks such as the -OH proton peak and the appearance of -CN carbon 
peaks at 115.9 in the 13C NMR spectrum as shown in Fig. S4 in SI. 
Similar NMR results have been reported elsewhere regarding the 
coupling constant [22,28]. 

Through cyclotetramerization reaction of the phthalonitrile 2 using 
zinc acetate dihydrate and indium chloride salts respectively, and DBU 
as the catalyst at high temperature, phthalocyanines 3 and 4 were ob-
tained, Scheme 2. Then their quaternized analogs 3a and 4a were pre-
pared following the N-methylation reaction of both 3 and 4 Pcs using 
iodomethane as a methylating agent in DMF at reflux temperature. 

The novel phthalocyanines bearing chalcone group were all char-
acterized by FT-IR, UV–Vis, mass spectrometry, 1H NMR spectroscopy 
performed in deuterated DMSO as well as EDX (see Figs. S5-S9 in the SI) 
and CHN elemental analysis. 

1H NMR spectra of the phthalocyanines exhibit peaks with slight 
chemical shift differences as seen in the SI. In these spectra, integrals of 
the aromatic region together with the aliphatic area (3.09–8.31 ppm, 76 
protons in total) for complexes 3 and 4 (Fig. S7 using complex 3 as an 
example) compared to the (3.03–8.25 ppm, 88 protons in total) for 
complexes 3a and 4a (Fig. S8 using 4a as an example) were consistent 
with the proposed structures. 

In addition, mass spectrometry was also used for the structure 
elucidation of the synthesized Pcs. The acquired spectra show that the 
desired compounds were obtained as expected whereas the molecular 
ion peaks were identified at [M + H]+ = 1640.08 m/z for complex 3 and 
[M + H]+ = 1725.21 m/z for complex 4, Figs. S5 and S6. The quater-
nised complexes 3a and 4a did not ionize with α-cyano hydroxycin-
namic acid matrix, hence no data were obtained. The EDX analysis was 
also used to determine the elemental composition of the complexes. As it 
is shown in Fig. S9 in the SI, elements such as C, N, Cl, Zn, and In were 
present in the spectra of the Pc derivatives. We note that sulfur peak 
comes from DMSO, used for dissolving the Pcs for coating the grit and 
drying for EDX spectra. Experimental elemental analysis (CHN) is in 
agreement with theoretical values. 

Fig. 1 clearly shows the FT-IR spectra of all the desired products. The 
broad band observed at 3094 cm− 1 in the spectrum for compound 1 is 
assigned to O–H stretching vibration. The absence of this band (at 3094 
cm− 1) in the spectrum of compound 2 in addition to the presence of the 
C–––N characteristic band at 2225 cm− 1 gives a specific indication of the 
successful synthesis of chalcone-derived phthalonitrile (2). Stretches 
observed in the 3043–2710 cm− 1 regions are attributed to the aromatic 
and aliphatic C–H bonds and those around 1657–1462 cm− 1 are due to 
C = C and C = N vibrations. The stretching vibrations due to the C = O 
bond in compounds 1 and 2 can be attributed to the bands observed at 
1663 and 1667 cm− 1 respectively. After the cyclotetramerization of 
phthalonitrile derivative 2, the C = O band shifted to about 1716 and 
1717 cm− 1 (for 3 and 4, respectively) and 1706 and 1709 cm− 1 (for 3a 
and 4a, respectively). The disappearance of the C–––N band was also 
observed clearly for all the Pcs. The disappearance of this band can be 
considered as proof of cyclotetramerization of the phthalocyanine 
complexes. The bands in the FT-IR spectra of quaternized derivatives 3a 
and 4a show very similar peaks to their non-quaternized counterparts. 

The UV–Vis absorption spectra for 3, 3a, 4, and 4a recorded in 
DMSO are shown in Fig. 2. Generally, the Q-band (the most important 
band for excitation in PACT/PDT) is attributed to the π→π* transition 
from the highest occupied molecular orbital (HOMO) to the lowest un-
occupied molecular orbital (LUMO) of the Pc macrocycle whereas the B- 
band result from deeper π levels to the LUMO transitions [34]. The 
electronic absorption spectra (Fig. 2) of the synthesized compounds are 
typical of non-aggregated Pcs in DMSO as they exhibit intense and sharp 
Q-bands between 680 and 689 nm (Table 1). Compared with ZnPc de-
rivatives, the InPc counterparts show red-shifts (5 to 6 nm) in λmax of 
respective Q-bands as can be observed in Table 1. The red-shifts are due 

to the non-planar effect of the In(III) ion and its bigger atomic radius 
compared to Zn(II) ions [35,36]. Interestingly, a further red-shift was 
observed in the absorption maxima of the Q-bands of the quaternized 3a 
and 4a. 

When the spectra were recorded in aqueous media (1% DMSO in 
water v/v), aggregation was observed as judged by the presence of two 
non-vibrational peaks in the Q band region [35], Figs. 2A, B (using 3a 
and 4a as examples) and Table 1. Aggregation (the so-called H aggre-
gates) in phthalocyanines is judged by a broad or split Q band with the 
high energy band being due to the aggregate and the low energy band to 
the monomer. The bands due to the monomer are observed at 688, 691 
nm (for 3, 3a) and 690, 695 nm (for 4, 4a), and the aggregate peaks at 
649, 647 nm (for 3, 3a) and 651 nm (for both 4, 4a). 

The synthesized chalcone (1) shows an absorption band at 416 nm 
(Fig. 3) which is due to π-π* electronic transitions. Trans-Chalcones are 
usually reported to show two absorption bands belonging to the n-π* 
(intense absorption band around 220–270 nm) and π-π* (weaker ab-
sorption band above 350 nm) transitions [37]. 

3.2. Photophysicochemical properties 

3.2.1. Emission and energy transfer study 
Emission spectra of all the phthalocyanines complexes were recorded 

in DMSO at λexc 400 nm and 606 nm to excite chalcone and Pc core, 
respectively. Upon excitation at 606 nm in DMSO, the four Pcs showed 
fluorescence emission with stokes shift less than 10 nm when compared 
to the corresponding excitation spectra. The emission spectra of the 
cationic Pcs are illustrated in Fig. 4 as examples and the corresponding 
data are summarized in Table 1. The excitation and absorption spectra 
were similar (slight differences in peak maxima are due to different 
equipment used) and both were mirror images of the emission spectra 
for all studied phthalocyanines, Fig. S10 in the SI. This indicates that 
the absorbing and emitting molecules are the same [38,39]. 

Fig. 1. FT-IR spectra of the synthesized compounds.  
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3.2.2. Fluorescence quantum yield (ΦF) and fluorescence lifetime (τF) 
The fluorescence quantum yield (ΦF) determines the efficiency of the 

fluorescence process, a process in which a photosensitizer in the first 
singlet excited state degenerates to the ground state emitting its energy 
in the form of fluorescence. 

The ΦF is the ratio of the number of photons emitted to the number of 
photons absorbed by a photosensitizer. In the present report, the ΦF 
values were obtained in DMSO following comparative methods reported 

in the literature [30] (details may be found in the supporting informa-
tion). The ΦF values of the studied phthalocyanines are reported in 
Table 1. At λexc = 606 nm, the complexes had fluorescence quantum 
yields (ΦF) ranging from < 0.01 to 0.061, relative to ZnPc standard (ΦF 
= 0.20). The low ΦF values could be due to the Pc core self-quenching 
effect, but mostly from nitrogen atom on the substituent causing the 
intramolecular charge transfer (ICT) and the presence of large central 
metal atoms [30–41] which are known to enhance the intersystem 
crossing process to the triplet state, thus limiting the fluorescence pro-
cess to take place [39] even though chalcone compounds are fluorescent 
by nature. 

The ΦF values for InPcs were lower than those of ZnPcs due to the 
heavier central atom of the former effect which is known to enhance the 
intersystem crossing to the triplet state, thus reducing fluorescence [38]. 

However, when exciting at 400 nm where chalcone absorbs, the 
complexes showed two very weak emission peaks at 525 for the chal-
cone and around 700 nm for the Pc core (Fig. 5) with ΦF values ranging 
from as 0.008–0.014 as illustrated in Table 1. The decrease in the 
emission intensity of compound 1 when combined with Pc could be due 
to the Förster resonance energy transfer (FRET) via covalent bond from 
the donor chalcone moieties to the acceptor Pc core and/or numerous 
other factors which deactivate the excited states [42]. The FRET effi-
ciency (Eff) was determined using equation 1. 

Eff = 1 −
ΦF (Pcs)

ΦF (chalcone)
(1)  

where ΦF (Pcs) and ΦF (chalcone) are the fluorescence quantum yields of 
the acceptor (chalcone-substituted Pcs) and the donor alone (chalcone) 
excited at 400 nm, respectively. 

As depicted in Table 1, the Eff values are almost the same for all the 

Fig. 2. Normalized electronic absorption spectra of phthalocyanine complexes 
(A) 3, 3a in DMSO and 3a in water (1% DMSO); (B) 4, 4a in DMSO and 4a in 
water (1% DMSO). 

Table 1 
Photophysicochemical parameters of the chalcone, non-quaternized Pcs, and quaternized Pcs in DMSO.  

Sample Abs.a,b(nm) Exc.a(nm) Em.a ΦF 
c Eff (%) τF(ns) ΦΔ

a 

1 416 – 525 c 0.18 – – – 
3 680 

(688, 649) 
682 689 0.061 

(0.014) 
92 2.88 0.43 

(0.09) 
4 686 

(690, 651) 
686 691 <0.01 

(0.011) 
94 2.46 0.50 

(0.11) 
3a 684 

(691, 647) 
682 689 0.053 

(0.012) 
93 2.88 0.48 

(0.20) 
4a 689 

(695,651) 
686 691 0.019 

(0.008) 
95 2.36 0.57 

(0.24)  

a Abs = absorbance, Exc = excitation, Em = Emission. 
b Values in brackets are in water (containing 1% DMSO) used for cell studies. c values in brackets are for excitation where chalcone absorbs (λexc = 400 nm), the 

values not in brackets are for exciting the Pc ring at 606 nm. 

Fig. 3. Normalized absorption and emission spectra of chalcone 1 in DMSO.  
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studied compounds; 92, 94, 93, and 95% for 3, 4, 3a, and 4a respec-
tively. This implies that there is a similar spectral overlap and shows that 
there are efficient energy transfer processes for these Pc systems. 

Another important factor considered in this work is the fluorescence 
lifetime (τF). It refers to the average time a molecule spends in its first 
singlet excited state before it undergoes the fluorescence process [30, 
41]. The τF values of studied complexes were obtained in DMSO using 
the time correlation single photon counting (TCSPC) method and the 
fluorescence decay curve shown in Fig. 6 (as an example) and Fig. S11 in 
the supporting information. Mono exponential decay curves were ob-
tained with lifetimes of 2.88 ns for 3, 2.46 ns for 4, 2.88 ns for 3a, and 
2.36 ns for 4a. These values are typical for MPcs [36]. τF values are long 
where the ΦF values are high as expected. 

3.2.3. Singlet oxygen quantum yield (ΦΔ) 
As stated above, ROS are responsible agents for the target bacteria 

cells’ damage. Amongst ROS, singlet oxygen (1O2) has been demon-
strated to be the main cytotoxic component. Therefore, it is crucial to 
evaluate the 1O2 generation abilities of photosensitizers to determine 
how efficient their photosensitizing effect is. 

As can be seen in Figs. 7 (A, B) and Fig. S12 in the SI, the generated 

Fig. 4. Normalized absorption and emission spectra of (A) 3a and (B) 4a in DMSO with excitation at 606 nm (from Pc).  

Fig. 5. Emission spectra of 1 and all the Pc complexes in DMSO with excitation 
at 400 nm. 

Fig. 6. TCSPC fluorescence decay curve of 4a (as an example).  
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singlet oxygen by the phthalocyanines react with chemical quenchers 
thus causing a decrease in the absorbance of the latter. Hence, we 
monitored these decreases at 417 and 378 nm for DPBF and ADMA 
respectively, using a UV–Vis spectrophotometer. No change in absorp-
tion intensities of the Pcs Q-bands throughout the irradiation time 
confirms the stability of the molecules in the currently applied experi-
mental conditions. 

The ΦΔ values were ranging between 0.43 and 0.57 with the highest 
values being for the quaternized derivatives in DMSO as seen in Table 1. 
The reason is that the photoinduced electron transfer (PET) process 
between the core and chalcone-substituent of Pcs cannot be detected in 
3a and 4a, since the lone pair electrons on nitrogen atoms are bonded to 
methyl groups in the positively charged entities [43]. In a 1% DMSO 
medium, the complexes have lower ΦΔ values (Table 1) due to the 
quenching of singlet oxygen by water [30]. With such photosensitizing 
properties, the newly prepared chalcone-derived Pcs can be exploited 
for PACT/PDT applications. 

3.3. PACT studies 

3.3.1. Planktonic cultures of pathogenic bacteria 
The rising rates of antibiotic-resistant E. coli and S. aureus infections 

have become a major concern for health systems [44,45]. Therefore, in 
the present work, the photodynamic antibacterial activities of the newly 
prepared positively charged Pcs as well as their non-charged derivatives 
were investigated. 

From the optimization experiments, it is seen in Figs. 8A and 9A that 
concentrations of 10 and 1.25 μM were best for the non-quaternized and 
quaternized Pcs, respectively. The optimal concentrations are the lowest 
values at which compounds can still exhibit antimicrobial potency by 
inhibiting more than 50% of the bacteria. 

Figs. 8 and 9 (B, C) show the Log CFU/mL, Figs. 8 and 9(D) show 
percentage bacteria survival plots respectively, in the absence and 
presence of light and Figs. 8E and 9E show examples of agar plates 
photographs. Noticeably, all the studied compounds are basically non- 
cytotoxic in the dark, except for the quaternized complexes 3a and 4a 
that exhibited some dark cytotoxicity with log reductions of 1.29 and 
1.41 respectively on S. aureus while on E. coli these values were of 1.20 
and 1.24 Log reduction. Similarly, other reports have shown that the 
incubation of E. coli with cationic phthalocyanine in the dark caused 
alterations of the outer membrane permeability and increased the cell 
uptake [46]. 

According to our results, S. aureus strain was found to be more sus-
ceptible than E. coli strain to the PACT considering the Log10 CFUs 

(Table 2). In agreement with our findings, it has been reported that 
PACT is more effective on Gram-positive bacteria (i.e., S. aureus) as 
compared to Gram-negative bacteria (i.e., E. coli) due to the differences 
in their cell wall structures [47]. This was confirmed as complexes 3 and 
4 exhibited significant reduction on the bacteria strains with 3.23 Log10 
reduction (0.05% survival cells) and 3.69 Log10 reduction (0.02% sur-
vival cells), respectively on S. aureus. When tested on E. coli, values of 
2.84 and 2.99 Log10 reductions were respectively obtained. Literature 
has reported that the double-layered cell membrane of Gram-negative 
bacteria such as E. coli can be a barrier to neutral or negatively 
charged photosensitizers to get inside the cell [48]. Therefore, the 
photodynamic killing of Gram-positive bacteria such as S. aureus can be 
much easier to accomplish than that of Gram-negative bacteria such as 
E. coli. 

Upon 30 min of irradiation with light, phthalocyanines 3a and 4a 
present a much higher photocytotoxicity for S. aureus with 10.48 Log10 
reduction with no viable cells whereas a 9.30 Log10 was obtained for 
E. coli. From the results in Table 2, we can speculate that the positive 
charges of phthalocyanines 3a and 4a easily bind to the surface of 
bacterial cells by strong electrostatic interactions which may cause the 
breakage of cytoderm, thereby easing their penetration into the cyto-
plasm, thus enhancing cellular uptake. Positively charged groups pre-
sent in photosensitizer may play an important role in modulating the 
efficacy of the photoinactivation process against microbial cells [49]. 
The PACT activities obtained perfectly agrees with the singlet oxygen 
production ability of the novel photosensitizers in this work. 

3.3.2. Biofilms 
In our work, to fill data gaps, we examined the antimicrobial activity 

of the novel Pcs against two of the most pertinent bacteria, we selected 
the major biofilm producers, S. aureus and E. coli, well known to affect 
the population’s wellbeing. Following the impressive results of the 
photodynamic activities on their planktonic counterparts, we proceeded 
to analyze the ability of the studied Pcs to eradicate the biofilm previ-
ously formed by these bacteria. 

In this case, the strains were treated with different Pcs, in concen-
trations of 25, 50, and 100 µM. Their activities were compared to the 
control groups as described in the experimental part of this work (pre-
sented in Supporting Information). From the listed data in Table 3, Pcs 
3a (2.1 and 4.5% cell survival) and 4a (1.2 and 2.3% cell survival), 
respectively for S. aureus and E. coli, significantly inhibit both biofilm 
strains at 100 µM after only 30 min exposition to red light (Fig. 10B and 
11B). The percentage survival was found to be 44 (8.4) and 48 (10)% on 
S. aureus and E. coli, respectively for 3 (4 in brackets) at the highest 

Fig. 7. A typical spectrum for the determination of singlet oxygen quantum yield of (A) 3 in DMSO using DPBF and (B) 3a in water (1% DMSO) using ADMA.  
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concentration of 100 μM. As mentioned before, in this case, the low 
activity obtained for complex 3 could be due to the absence of positive 
charges and bit of aggregation. Notably, recent work by us has 
demonstrated the photocytotoxic effects of different positively charged 
Pcs on both biofilm strains [22]. The preferential affinity of 3a and 4a to 
the studied strains should be related to their positive charges. This may 
be the main reason for the more efficient uptake by cells living in the 
biofilm forms. 

It is important to also note that the group of samples kept in the dark 
with the same concentrations of photosensitizers did not demonstrate 
dark cytotoxicity effects on the strains as it can be observed in Figs. 10A 
and 11A. 

3.4. Cancer cell studies 

3.4.1. Cellular uptake 
The in vitro cellular uptake was investigated by measuring the 

absorbance of internalized complexes following 24 h drug incubation 

with MCF-7 cancer cells. Fig. 12 shows that quaternized complexes (3a 
and 4a) have better cellular uptake than non-quaternized counterparts 
(3 and 4). Positively charged photosensitizers are known to internalize 
into the cell more favorably than anionic or neutral species due to 
negatively charged cell surface [50]. Cationic photosensitizers bind 
electrostatically to anionic regions of cell surface and facilitate the 
transport of cationic photosensitizers into the cells thereby increasing 
the PDT efficacy [50]. In comparison to the zinc analogs, the indium Pc 
presented higher internalization in the cells, the reason could be that the 
latter metal ion possesses a higher affinity to MCF-7 cancer cells. 

3.4.2. Photocytotoxicity studies in MCF-7 cells 
To assess the PDT effect of the Pcs (3, 4, 3a, and 4a) on MCF-7 cancer 

cells, their photocytotoxicities were quantitatively determined using a 
conventional MTT (methylthiazolyl-diphenyltetrazolium bromide) cell 
viability assay [51]. Firstly, the cancer cells were incubated with 
different drug concentrations ranging between 0.8–50 μM for 24 h. 

The assay was carried out on the cells that were not irradiated to 

Fig. 8. (A) % Cell survival of complexes at different concentrations upon 30 min irradiation. Log10 CFU/mL graphs for (B) Dark toxicity, (C) PACT studies on 
S. aureus, (D)% survival vs time graphs for planktonic cells with irradiation at 670 nm. The concentration of the drugs = 10 μM for non-quaternized and 1.25 μM for 
the cationic complexes. Data represent the mean ± SD (triplicate). (E) Agar plate photographs of 4a (as an example) on S. aureus. 
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evaluate their dark toxicity and the results show that the compounds 
exhibit relatively insignificant dark toxicity with above 75% cell 
viability at 50 μM) (Fig. 13A). 

However, the cell viability was significantly lower after exposure to 
light, indicating that the observed dramatic cytotoxicity activity resulted 

from irradiation at the tested concentrations. The cytotoxicity damage to 
the target cells was quantitated using IC50 (50% inhibitory concentra-
tion calculated using GraphPad Prism software) values and the results 
are summarized in Table 4. 

Upon 15 min irradiation at 670 nm with 524 mW/cm2, complexes 3a 

Fig. 9. (A) % Cell survival of complexes at different concentrations upon 30 min irradiation. Log10 CFU/mL graphs for (B) Dark toxicity, (C) PACT studies on E. coli, 
and (D)% survival vs time graphs for planktonic cells with irradiation at 670 nm. The concentration of the drugs = 10 μM for non quaternized and 1.25 μM for the 
cationic complexes. Data represent the mean ± SD (triplicate). (E) Agar plate photographs of 4a (as an example) on E. coli. 
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and 4a exhibited IC50 values of 17.9 and 7.4 μM respectively, and these 
values were relatively lower than those observed for 3 and 4 (20.4 and 
12.1 μM, respectively. These results could be attributed to the higher 
cellular uptake observed for the quaternized complexes above. Also, 
previous studies have proven that PDT efficacy relies on the photosen-
sitizer’s ability to generate cytotoxic ROS in the target cells [52]. This 
observation indicates that 3a and 4a are suitable for PDT due to their 
ROS-generating ability in the cells, their affinity to the target cells, and 
efficient cellular uptake. The indium complexes (4 and 4a) showed 
higher PDT activity (Fig. 13B) with only 5.6 and 3.3% cell viability 
respectively at 50 μM compared to the corresponding zinc complexes 3 
and 3a which showed cell viability of 13.6 and 8.6%, respectively at the 

Table 2 
Log reduction and% survival data of 10 μM for non-quaternized and 1.25 μM for quaternized samples in 1% DMSO after irradiation.  

Sample S. aureus   E. coli 

Log reduction % Survival Time of irradiation (min) Log reduction %Survival Time of irradiation (min)  

3  3.23  0.05  120  2.84  0.14  120 
4 3.69 0.02 120 2.99 0.10 120 
3a 

4a 
10.48 
10.48 

0 
0 

30 
30 

9.30 
9.30 

0 
0 

30 
30  

Table 3 
The% survival data of samples in 1% DMSO after 30 min irradiation on S. aureus 
and E. coli biofilms.  

Sample % Survival 

S. aureus E. coli 

25 μM 50μM 100μM 25μM 50 μM 100 μM 

3 
4 
3a 
4a 

87 
65 
10 
6.5 

52 
39 
8.4 
5.2 

44 
8.4 
2.1 
1.2 

98 
84 
26 
15 

63 
45 
14 
7.6 

48 
10 
4.5 
2.3  

Fig. 10. Cell survival graphs for (A) Dark toxicity and (B) PACT studies for S. aureus biofilms with irradiation at 670 nm for 30 min. The concentration of the drugs =
25, 50 and 100 μM. Data represent the mean ± SD (triplicate). 

Fig. 11. Cell survival graphs for (A) Dark toxicity and (B) PACT studies for E. coli biofilms with irradiation at 670 nm for 30 min. The concentration of the drugs =
25, 50 and 100 μM. Data represent the mean ± SD (triplicate). 
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same concentration, Table 4. 

4. Conclusion 

In summary, zinc (3a) and indium (4a) phthalocyanines containing 
chalcone cationic groups have been prepared and their photophysical 
and photochemical studies were investigated proving that the com-
pounds had singlet-oxygen generating ability. When examining their 
photodynamic antibacterial potencies, it was noticed that these com-
pounds exhibited a high photodynamic inhibition against S. aureus and 
E. coli planktonic cells with Log CFU/mL values above 9 leaving no 
viable bacteria cells at a very low concentration of 1.25 μM after 30 min 
exposition to red light (λ= 670 nm). The resultant data from experi-
ments conducted on their most difficult treated biofilms were also 
impressive as these compounds 3a and 4a were mostly active and 
showed some photoactivity toward both biofilms’ strains. The biofilms 
cell survival was estimated to be less than 3% for 3a and 4a after treating 
S. aureus with 100 μM whereas on E. coli it was generally less than 5%, 
following 30 min irradiation. And on the other hand, 3a and 4a 
exhibited very high PDT activity giving IC50 values of 17.9 and 7.4 μM, 
respectively against MCF-7 cancer cells. 

Generally, these results suggest that the reported cationic complexes 
in this work can highly be used as potential non-aggregated antibacterial 
biofilms and anticancer photosensitizers. 

We trust that this study provides new and more efficient photosen-
sitizers for use in photodynamic therapy-based bacterial and cancer 
treatment. Therefore, for future studies, to understand the selectivity 
and/or mechanism of this type of cationic phthalocyanines, we recom-
mend a deep study of the structure-activity relationships of these mol-
ecules and different kinds of bacterial biofilms and cancer strains. 

CRediT authorship contribution statement 

Yolande Ikala Openda: Writing – original draft, Methodology, 
Investigation, Funding acquisition, Conceptualization. Balaji Babu: 
Methodology, Data curation. Tebello Nyokong: Writing – review & 
editing, Supervision, Resources, Funding acquisition. 

Declaration of Competing Interest 

There are no conflicts of interest to declare. 

Acknowledgments 

This work was supported by the Department of Science and Tech-
nology (DST) Innovation and National Research Foundation (NRF), 
South Africa through DST/NRF South African Research Chairs Initiative 
for Professor of Medicinal Chemistry and Nanotechnology (UID 62620), 
Rhodes University, the Organization for Women in Science for the 
Developing World (OWSD) and Swedish International Development 
Cooperation Agency (Sida). 

Supplementary materials 

Supplementary material associated with this article can be found, in 
the online version, at doi:10.1016/j.pdpdt.2022.102863. 

Fig. 12. Relative cellular uptake plot for 3, 4, 3a, and 4a by measuring the 
absorbance 670 nm with a multi-plate reader. 

Fig. 13. Cytotoxicity of 3, 4, 3a, and 4a in MCF-7 cells after 24 h incubation in 
the (A) studies in the dark and (B) photo-irradiation (15 min) with a 670 nm 
light as determined by MTT assay. 

Table 4 
Phototoxicity (at 670 nm with 524 mW/cm2 for 15 min) of the studied com-
plexes against MCF-7 cancer cells.  

Sample IC50(μM) % Cell viability at 50 μM 

3 
4 
3a 
4a 

20.4 ± 1.1 
12.1 ± 1.2 
17.9 ± 1.1 
7.4 ± 0.9 

13.6 ± 1.7 
5.6 ± 0.9 
8.6 ± 1.9 
3.3 ± 0.9  
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