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Abstract
This article is a part of a scientific project focused on obtaining a new type of composite materials that are characterized by 
singlet oxygen generation upon irradiation with red light, which can be used as antibacterial agents. The composite material 
is nanoscale graphite oxide (GO) particles covalently bonded to an axially substituted zirconium phthalocyanine complex. 
For this purpose, two phthalocyanine zirconium complexes, axially mono-substituted with 4-aminosalicylic or 4-aminoph-
thalic acids, were prepared and measured in terms of structure, morphology, and spectroscopic properties. The zirconium 
phthalocyanines are photosensitizers, and the axial ligands are bridging links connecting the complexes to the GO carrier (due 
to their terminal amino groups and carboxyl groups, respectively). The axial ligand in zirconium phthalocyanine complexes 
has a strong influence on the stability and optical properties of composite materials and, consequently, on reactive oxygen 
species (ROS) generation. In this paper, the effect of composite components (4-aminophthalato or 4-aminosalicylato sub-
stituted zirconium phthalocyanine complex as a photosensitizer and graphite oxide as a carrier and modulator of the action 
of active components) on ROS generation for potential antibacterial use is discussed.

Keywords Axially monosubstituted zirconium phthalocyanine · Graphite oxide · Optical properties · ROS generation · 
Antimicrobial activity · Genotoxicity

Introduction

The acquired bacterial resistance to antibiotics is one of the 
biggest problems of medicine (Zaman et al. 2017; Aslam 
et al. 2018; Nathan 2020; Frieri et al. 2017). Today, scien-
tists are intensively looking for new materials that could 
effectively replace antibiotics, due to controlled bactericidal, 

bacteriostatic or antiseptic effect (Cheng et al. 2014; Ghosh 
et al. 2019). Thus, the photodynamic antibacterial therapy 
is one of the modern promising methods to kill various 
microbes or germs (not only bacteria but also fungi and 
mycoplasma) (Goldman 2007). Very important for photo-
dynamic therapy and diagnostics of microbial infections are 
photoactive photosensitizers based on macrocyclic com-
pounds, mainly on porphyrins and phthalocyanines (Nyamu 
et al. 2018; Gao et al. 2018; Mantareva et al. 2013). They 
are used to treat severely healing wounds, bacterial derma-
titis, and mucous membranes (Dougherty 2002; Wainwright 
1998; Cieplik et al. 2018), and have recently found appli-
cation in conservative dentistry and endodontics (Kikuchi 
et al. 2015; Carrera et al. 2016). Dentists practice shows 
that in the process of root canal treatment, quite often the 
secondary infection of the canal takes place. This problem 
can be caused by inaccurate purification (disinfection) of 
canals, untight fulfillment of canal or incidence of bacterial 
strains (especially anaerobic) in the canals, which are resist-
ant to conventional disinfectants and antiseptics therapy 
(Sundqvist et al. 1998).
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To solve this problem, we have proposed new compos-
ite materials based on graphite oxide as a carrier modified 
with photosensitizer (axially substituted phthalocyanine 
Zr(IV)) and optionally with nanometric silver (Gerasymchuk 
et al. 2016). The composition of the material was chosen to 
strengthen the action of each ingredient:

(1) Graphite oxide—a nanosized carrier and catalyst of 
silver nanoparticles (Ag-NPs) formation, which shows 
antibacterial properties and enhances the antimicrobial 
activity of silver (Gerasymchuk et al. 2017; Lukowiak 
et al. 2019; Tahershamsi et al. 2020; Kędziora et al. 
2013; Saladino et al. 2020);

(2) Ag-NPs—the antibacterial activity of silver is well 
known, but when the silver is in the form of nanopar-
ticles, this action is more efficient due to an increased 
contact area further magnified by the GO presence 
(Kędziora et al. 2013; Kędziora et al. 2020);

(3) Zirconium(IV) phthalocyanine complex (ZrPc) with 
axial ligands—macrocyclic water soluble metal com-
plex (dye) which plays a role of a photosensitizer 
and generates singlet oxygen upon light irradiation 
(Tomachinski et al. 2003; Tomachynski et al. 2004; 
Gerasymchuk et al. 2021).

Axial ligands in the investigated complexes should con-
tain terminal amino groups that allow covalent linking with 
the carrier graphite oxide which has various terminal oxygen 
containing groups. In the previous studies, we have used bis-
substituted (i.e. containing two axial ligands coordinated to 
the central metal atom of metal-phthalocyanine) zirconium 
phthalocyanine complexes,  L2ZrPc, where L = L-lysine, 
L-arginine, 4-aminobutyric, 11-aminoundecanoic, 3-amin-
obenzoic, 2,5-diaminobenzoic, nicotinic and isonicotinic 
acids (Gerasymchuk et al. 2017; Lukowiak et al. 2019; 
Tahershamsi et al. 2020; Kędziora et al. 2013), which are 
representing different types of amino acids—aliphatic, 

aromatic, heterocyclic, and naturally occurring L-α-amino 
acids.

In the proposed composites, we embody the idea of stable 
(not decomposable in tissues) agents, which have a sustained 
and non-invasive light activated antimicrobial activity. The 
covalent binding of a phthalocyanine photosensitizer to car-
rier also reduces its cytotoxicity to eukaryotic cells in tooth 
and periodontium tissues. One of the aforementioned com-
plexes—bis(lysinato)ZrPc, has been already tested in vitro as 
a cytostatic agent on cancer cell cultures (Tomachinski et al. 
2003). The preliminary results showed that bis(lysinato)ZrPc 
have blocked growth and/or proliferation of cancer cells 
which was enhanced by irradiation and can also demon-
strate a cytostatic effect against highly resistant pathogenic 
bacteria. That’s why we expected that new ZrPc complexes 
will have bacterial growth-inhibitory activity and germi-
cidal effect also against pathogenic bacteria obtained from 
infected root canals, and may find application in dentistry 
(Tomachynski et al. 2004; Gerasymchuk et al. 2021). As 
previous studies have shown, the antibacterial effect depends 
directly on the ability of phthalocyanine complexes (as well 
as composite material) to generate reactive oxygen species 
(ROS).

This work is a continuation of the search for bioactive 
materials based on highly oxidized graphite oxide modified 
with photosensitizers. As active species, we have chosen 
complexes of zirconium(IV) phthalocyanine mono-axially 
substituted with 4-aminophthalic (APhA) or 4-aminosali-
cylic (ASA) acids (Fig. 1). The goal of the research was to 
synthesize the material, determine the generation of ROS 
during light irradiation, and evaluate in vitro the antimicro-
bial and cytotoxic activities of the studied materials. Gen-
otoxicity tests were also designed to detect if compounds 
can directly or indirectly cause genetic damage by differ-
ent mechanisms. Together with our partners involved in the 
study of the antimicrobial activity of composite materials, 
we have established that in the first stage we will obtain 

Fig. 1  Structure of PcZr(4-
aminophthalate) (a) and PcZr(4-
aminosalicylate) (b)

a b
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composites containing only graphite oxide and a photosensi-
tizer, and if in preliminary tests (MIC, MBC) they show rela-
tively high activity, then this the material will be additionally 
modified with silver nanoparticles. Due to the fact that the 
results of the preliminary microbiological esters were not 
very promising, in this work we did not use and describe 
additional modification of the examined composite materials 
with silver nanoparticles.

Experimental

Materials and methods

Synthesis of materials

All used reagents with ≥ 99% purity were purchased from 
Alfa-Aesar, USA, and were used without further purification.

Zirconium phthalocyanine complexes axially substituted 
with one 4-aminophthalic (PcZr(APhA)) or 4-aminosalicylic 
acid (PcZr(ASA)) ligands, were synthesized by three-stage 

reaction, according to the reaction scheme shown in Fig. 2. 
At the first stage, dichloro zirconium phthalocyanine was 
prepared by the template synthesis method described previ-
ously (Tomachynski et al. 2001; Chernii et al. 2003; Gera-
symchuk et al. 2004). Then (second step), chlorine atoms 
were substituted by alkanoate ligands and dialkanoatoz-
irconium phthalocyanine (Tomachynski et al. 2008) was 
obtained. In the third stage, two alkanoate ligands were 
substituted by one 4-aminosalicylic or 4-aminophthalic 
ligand. To achieve the desired complex, 0.33  mmol of 
 (C9H19COO)2ZrPc was dissolved in 2 mL of toluene and was 
added to the suspension of 0.33 mmol of 4-aminophthalic 
or 4-aminosalicylic acid in 1 mL of toluene. The mixture 
was boiled under reflux for 1 h. The precipitate was filtered 
off, washed with toluene and methanol, and finally dried in 
vacuum at 60 °C (yield about 90%).

Highly oxidized graphite oxide was obtained by oxida-
tion of synthetic graphite with fuming nitric acid and potas-
sium chlorate (Szabó et al. 2006). The carboxyl groups of 
the obtained GO were activated by standard methods used 
in the chemical synthesis of peptides in the presence of 

a

b

Fig. 2  Scheme of synthesis of axially mono-substituted zirconium phthalocyanine complexes: PcZr(APhA) (a) and PcZr(ASA) (b)
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dicyclohexylcarbodiimide (DCC) and were reacted with 
amine group-containing phthalocyanines to form an amide 
bond (Gershkovich and Kibiriev 1992; Nwahara et al. 2018).

Physicochemical measurements

The properties of obtained phthalocyanine complexes 
and composite materials were examined by the following 
methods:

(1) Elemental analysis of the obtained complexes were car-
ried out by burning method with 2400 CHNS Organic 
Elemental Analyzer (PerkinElmer) and determination 
of Zr was realized by ICP-OES method with ICP-OES 
iCAP 7000 by Thermo Scientific. The following val-
ues for the complexes were obtained: Anal. calc. for 
 C40H21N9O4Zr, PcZr(APhA) (%): C, 61.37; H, 2.70; N, 
16.10; Zr, 11.65; found: C 61.29%, H 2.66%, N 15.99%, 
Zr 11.85%. Anal. calc. for  C39H21N9O3Zr, PcZr(ASA) 
(%): C, 62.05; H, 2.80; N, 16.70; Zr, 12.08 found: C 
61.98%, H 2.78%, N 16.90%, Zr 13.16%.

(2) 1D 1H-NMR spectra were recorded with 400 MHz 
AMX Bruker NMR, and probes were prepared by dis-
solving of 5 mg of investigated phthalocyanine com-
plex in 0.6 mL of DMSO-D6 in NMR Scientific tubes 
(Roth, Germany). Tetramethylsilane was used as an 
internal standard.

(3) X-ray diffractograms were recorded from material pow-
ders by powder diffractometry with X’Pert Pro diffrac-
tometer by PANalytical.

(4) Scanning electron microscopy images were obtained 
from probes deposited from methanol suspension on 
graphite plates with FESEM (FEI Nova NanoSEM 
230).

(5) FT–IR spectra were recorded with FT–IR spectrom-
eter Biorad 575C. Probes were prepared by grinding of 
investigated material with KBr and forming into pellet.

(6) UV–Vis-NIR absorption spectra were recorded in 1 cm 
quartz cuvettes with Agilent CARY 5000 UV–Vis-NIR 
spectrometer for solution/suspension of investigated 
materials in saline (Braun, Germany) and spectroscopy 
grade DMSO (Alfa-Aesar, USA). Solution (in case of 
free phthalocyanine complex) or suspension (in case 
of GO samples) in spectroscopy grade DMSO was pre-
pared with UZDN M900-T (900 W, 22 kHz) disperser. 
Absorption spectroscopy was also used for the analy-
sis of the reactive oxygen species generation of free 
phthalocyanine solutions and composite suspensions 
in DMSO in the presence of 1,3-diphenylisobenzofuran 
(DPBF) under red/NIR light irradiation. Philips 150 W 
lamp with wavelength range between 550 and 900 nm 
with the maximum at around 700 nm was used as red/
NIR irradiation light source. The samples were irradi-

ated with a wide-band red lamp in short intervals (from 
10 to 240 s) from a distance of 50 cm according to the 
method described in (Avşar et al. 2016). For the con-
venience of results comparison, selected spectra were 
normalized.

(7) Photoluminescence spectroscopy measurements were 
carried out with Spectrophotometer FLS980 Edinburgh 
Instruments (supported with xenon lamp and appropri-
ate optical filters) in 1 cm quartz cuvettes; molar con-
centration of free phthalocyanine complexes solution 
in DMSO was Cm = 5·10–6 M, whereas concentration 
of composite in DMSO suspension was C = 0.1 g/L.

Antimicrobial activity assay in vitro

The complexes were screened for antibacterial and antifun-
gal activities by micro-dilution broth method using Muel-
ler–Hinton broth for growth of bacteria or Mueller–Hinton 
broth with 2% glucose for growth of fungi (Gacki et al. 
2020). Minimal inhibitory concentration (MIC) of the 
tested derivatives was evaluated for the panel of the refer-
ence microorganisms from American Type Culture Collec-
tion (ATCC), including Gram-negative bacteria (Escherichia 
coli ATCC 25,922, Salmonella Typhimurium ATCC14028, 
Klebsiella pneumoniae ATCC 13,883, Pseudomonas aer-
uginosa ATCC 9027, Proteus mirabilis ATCC 12,453), 
Gram-positive bacteria (Staphylococcus aureus ATCC 
25,923, Staphylococcus aureus ATCC 6538, Staphylococ-
cus epidermidis ATCC 12,228, Micrococcus luteus ATCC 
10,240, Bacillus subtilis ATCC 6633, Bacillus cereus ATCC 
10,876) and fungi (Candida albicans ATCC 10,231, Can-
dida parapsilosis ATCC 22,019, C. glabrata ATCC 90,030). 
The complexes dissolved in deionized (DI) water were first 
diluted to the concentration (100 mg/mL) in an appropri-
ate broth medium recommended for bacteria or yeasts. The 
microplates (with bacteria and tested samples) were irradi-
ated for 5 min (with the same irradiation source as for ROS 
generation measurements). Before irradiation the bacteria 
with tested samples were incubated at room temperature 
within 10 min. For comparison, vancomycin, ciprofloxacin, 
and nystatin were tested as the standard drugs against Gram-
positive, Gram-negative bacteria, and yeasts, respectively 
(Table S1).

Cytotoxicity assay

The Vero cell culture (ATCC No. CCL-81) established from 
the kidney of a normal adult African Green monkey was 
used in the experiment. The cell medium (Dulbecco’s Modi-
fied Eagle Medium—DMEM (Corning), supplemented with 
10% foetal bovine serum (FBS, Capricorn), 100 µg/mL peni-
cillin and 100 µg/mL streptomycin solution (Corning) was 
used for culturing cells.
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The tested samples were diluted in  H2O until the final 
concentration of 50 mg/mL. The cell culture was seeded 
into 96-well plastic plates (NUNC, Denmark). The plates 
were filled with 100 µl suspension of Vero cells at a density 
of 1.5 ×  104 cells per wall, prepared on the culture medium 
with 10% serum. After 24 h incubation at 37 °C, the medium 
was removed from the culture and the tested samples, diluted 
in a culture medium with 2% serum, were added. Twofold 
serial dilutions of compounds, from 2 to 0.001 mg/mL, were 
added to the cells in triplicates. The culture medium with 
2% serum only was added to the cell medium control. The 
samples were diluted at a limited exposure to light. The cells 
subject to substance were exposed to NIR light 5 times for 
1.5 min with 1-min intervals and then incubated for 24 h at 
37 °C in the 5%  CO2 atmosphere.

The substance cytotoxicity was evaluated with the MTT 
formazan test (Rajtar et al. 2017). On the basis of cell meas-
urement, the  IC50 of the testing substance—the concentra-
tion which caused 50% reduction of the cell activity com-
pared to the control, was determined.

Genotoxicity test

1-Day Microplate Format Genotoxicity Assay (umuC Easy 
CS, Xenometrix, Swiss Commitment for Bioassays) for 
testing of concentrated substances using S. typhimurium 
TA1535/pSK1002 with media and reagents as described in 
ISO 13,829 was used according to manufacturer’s instruc-
tion. S. typhimurium TA1535 [pSK1002] bacteria in the 
exponential growth phase were exposed for 120 min to 4 
concentrations of a test sample: 4, 2, 1, 0.5 mg, as well as 
to a positive and a negative control. After 2 h, the expo-
sure cultures were diluted in fresh medium and allowed to 
grow for another 2 h. The induction and expression of the 
umuC—lacZ reporter gene were then assessed after lysis 
of the bacteria. Colorless ortho-nitrophenyl-β-galactoside 
(ONPG) is converted to the yellow o-nitrophenol product in 
the presence of induced β-galactosidase (lacZ). The intensity 
of the color correlates with the amount of β-galactosidase 
present and thus with the genotoxic potency of the tested 
compound. Measurement of the OD600 before and after the 
2 h growth phase allowed to calculate an induction ratio and 
to identify toxic growth inhibitory effects. The genotoxic 
potential of substances was assessed directly or in the pres-
ence of liver S9 fractions.

Results and discussion

Synthetic part

In comparison with the synthesis of zirconium phthalocya-
nine complexes described in our earlier works (Tomachynski 

et al. 2001; Chernii et al. 2003), where the yield reached 
60–80%, phthalocyanine complexes with phthalic acid 
and 5-sulfosalicylic, both complexes (PcZr(APhA) and 
PcZr(ASA)) containing amino groups in the axial substitu-
ent were formed under similar conditions with higher yields 
of about 90%. The formation of complexes of amino acids 
with PcZr also plays the role of a protective reaction of the 
carbonyl group. Since the obtained complexes are highly 
stable, this gives us the opportunity to use DCC to activate 
the graphite surface and then to form an amide bond with 
the amino group in the complex.

NMR spectra

In the NMR spectra of both complexes, there are two sig-
nal groups (Figs. S1 and S2 in Supplementary Informa-
tion). First of them consists of two multiplets at 9.50–9.33 
and 8.32–8.17 ppm and can correspond to  Ha and  Hb pro-
tons of Pc-cycle, respectively. The second group of sig-
nals corresponds to out-off-plane ligands. Signals of aro-
matic protons were in the range of 7.80–5.90 ppm. For 
PcZr(APhA), there are observed the following signals: the 
singlet at 7.83, the multiplet at 6.80–6.55, and the multiplet 
at 6.05–5.80 ppm that can correspond to H6, H5, and H3 
protons of 4-aminophthalic fragment, respectively. The sin-
glet signal at 5.20 ppm corresponds to amino group protons. 
The total ratio of signal integral intensity for PcZr(APhA) 
is 8:8:1:1:1:2. For PcZr(ASA) the situation is similar with 
three signals: the doublet at 7.42, the doublet at 6.42, and 
the multiplet at 6.10–5.92 ppm that can correspond to H6, 
H5, and H3 protons of 4-aminosalicylic fragment, and amino 
group, respectively. The total ratio of integral intensity for 
PcZr(APhA) is 8:8:1:1:3. The proton signals of the starting 
compounds (reagents) were not identified in the spectra.

Mass spectroscopy (ESI–MS)

In the mass spectra of both complexes, there are intense 
molecular ion signals present at m/z equal to 754.09 and 
787.56 for PcZr(ASA) and PcZr(APhA), respectively (Figs. 
S3 and S4 in Supplementary Information). Other identified 
signals are at m/z = 899.26 for PcZr(ASA) and m/z = 928.74 
for PcZr(APhA)—their presence indicates that two solvent 
molecules (DMF) enter the coordinating sphere of zirco-
nium, which confirms our earlier research on complexes of 
axially substituted zirconium phthalocyanines (Tahershamsi 
et al. 2020; Tretyakova 2007). Fragmentation of the complex 
takes place in the following mode: in the first stage, the axial 
ligand is disconnected and a  PcZrO2 complex is formed with 
m/z = 637.78, followed by demetallation of the complex con-
firmed by the presence of the signal of free phthalocyanine 
at m/z = 515.82.
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X‑ray diffractometry and SEM images

X-ray diffractometry and scanning electron microscopy 
were used for the evaluation of the structure and mor-
phology of the graphite oxide carrier and composites. The 
GO flakes have widths of 0.5–5 µm which have not been 
changed after deposition of complexes (Fig. 3).

The strong diffraction line at 2Θ = 11.6° (Fig. 4) cor-
responds to an interlayer spacing of about 0.76 nm, indi-
cating the presence of oxygen functional groups, which 
facilitated the oxidation and exfoliation of graphene sheet 
in aqueous media. Slight changes in the material struc-
ture are visible in the X-ray diffraction patterns, which 
indicates a partial reduction of graphite oxide during the 
functionalization reaction conditions. The reaction of 
deposition of phthalocyanine complexes on the carrier 
is coupled with a slight reduction of graphite oxide, and 
the hydrophilicity of water-dispersed GO sheet gradually 
decreased, leading to an irreversible agglomeration of par-
tially reduced graphene oxide sheet. The weak and broad 
reflection at 2Θ = 25.8° indicates a random clumping of 
graphene sheets in the partially reduced graphite oxide. 
This line is corresponding to the 002 plane of graphite 
with interlayer spacing of 0.34 nm which is due to the 
removal of oxygen atoms that got into the graphite gal-
lery during the intercalation process (Thema et al. 2013). 
On the one hand, the appearance of this signal confirms 
the reduction process of graphite oxide, but on the other, 
the very low intensity of the line at 2Θ = 25.8° indicates 
that graphite oxide is reduced to a very low degree dur-
ing the deposition reaction of zirconium phthalocyanine 
complexes. X-ray diffraction studies as well as micro-
scopic imaging of the samples indicate that the composite 

materials GO-Pc(ASA) and GO-Pc(APhA) do not differ 
structurally and morphologically.

FT–IR spectroscopy

The FT–IR spectra were recorded to confirm ligand 
exchange in the phthalocyanine complexes (Figs. S5 and S6 
in Supplementary Information) (Chernii et al. 2003; Gera-
symchuk et al. 2004; Tomachynski et al. 2008).

The Zr–O bands in the FT–IR spectra are shown at 
υas = 783  cm−1 and υs = 777  cm−1. Also the bonding of phth-
alocyanine complexes to GO is confirmed by a characteris-
tic mode at 1300–1230  cm−1 region related to the CO–NH 

Fig. 3  SEM images of graphite oxide (a) and composite material (GO-PcZr(4-aminophthalate)) (b)
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amide bond. Slight deviations in the position of characteris-
tic bands (Table 1) derived from ligands in the free complex 
and from the same complex but in composite material result 
from the covalent bonding with GO carrier. Simultaneously, 
much lower intensity of these bands reflects low content of 
the phthalocyanine complex in the composite.

UV–VIS‑NIR absorbance measurements

Absorption spectroscopy was used for the additional con-
firmation of the presence of the photosensitizer in the com-
posite. The Q bands of phthalocyanines with λmax at 685 nm 
are seen in the spectra of both composites’ suspensions in 
DMSO (Fig. 5). The bands are slightly shifted (from 685 to 
689 nm) in comparison with the free Pcs solutions. Satellite 
band of phthalocyanine in composite material also shows 
hyperchromic shift (from 617 for free complex to 623 nm for 
composite). High absorbance seen in the case of composites 

Table 1  Main FTIR signals of phthalocyanine complexes and composite materials

Key: vs—very strong; s—strong; m—medium; w—weak; vw—very weak; b—broad; sh—shoulder; φ, ring; ν, stretching vibration; ρ, rocking 
vibration; δ, deformational or in-plane bending vibration; γ, out-of-plane vibration

PcZr (4-aminophthalate) GO-PcZr (4-aminoph-
thalate)

PcZr (4-aminosalicylate) GO-PcZr (4-aminosal-
icylate)

Types of vibrations

3327 m, 3188vw 3433vw, 3381w 3326 m, 3185vw 3458b, 3385 m ν(C-N)
3127vw, 3061vw, 3034vw 3231vw, 3084vw, 

3061vw
3124vw, 3034vw 3334vw, 3227vw, 

3082vw, 3061vw, 
3052vw

ν(CH)-aromatic

2945sh, 2928w, 2916sh, 
2852vs

2950sh, 2928w, 2849w, 
1729 m, 1717 m

2946vw, 2930vw, 
2850vw

2946sh, 2929vw, 2850vs, 
1722b

ν(COO)

1654sh, 1626 m, 1575vs, 
1536 m

1621sh, 1604 s, 1524w 1632 s, 1609 m, 1577 m 1633 s, 1609 m, 1578 m ν(CO) + ν(φ) + δ(NH2)

1497 m, 1477w, 1460sh 1502 s, 1478vw, 1466vw 1499vs, 1456 s 1499vs, 1456 s ν(CNC) + ν(φ) + δ(CH)
1449sh, 1436 m, 1417 m, 

1386w, 1346 s
1419w, 1340vw, 1381sh 1416w, 1384w, 1333vs 1416w, 1384w, 1332vs ν(φ) + δ(CH)

1311 s 1332vs, 1289vs 1300sh, 1289vs 1300sh, 1289vs ν(CNC) + δ(ZrN4) + ν(φ) + ν(CN)
1271 m, 1244 s, 1230 m 1248vw, 1227w 1248vw, 1227w δ(CO) + ν(φ) + ν(CNC) + δ(CH)
1186w, 1158w, 1118sh 1190vw, 1163vs, 1119 s 1197w, 1164vs, 1119vs 1197w, 1164vs, 1119vs δ(CH) + δ(ZrN4) + ν(φ)
1088 s, 1068 s, 1045 s 1074 s 1074 s δ(CH) + δ(φ) + ρ(ZrN4)

1075 s 1074 s 1074 s GO
967vw, 957sh, 955vw, 

946sh
1006ww, 986ww, 955vw 1001vw, 976w, 966sh 1002vw, 976vw, 965vw δ(CH) + δ(φ) + ρ(ZrN4)
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725vw 748vs, 736vs 735vs, 726sh, 702w 748vs, 735vs, 726sh, 
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and increasing with shorter wavelength is caused by the GO 
flakes present in the solvent.

Due to the fact that these materials are considered to be 
used in systems where the basic medium is water (physi-
ological fluids), we conducted the Lambert–Beer experi-
ment to determine the dependence of absorption intensity 
on Pcs concentration. The experiment was carried out for the 
studied phthalocyanine complexes in saline. For a compari-
son, an analogous measurement was carried out in a DMSO 
solution.

A strong dimerization (aggregation) of the complex takes 
place in aqueous solutions as a result of the constriction of 
π-systems of phthalocyanine rings that is observed as change 
in the shape of the spectrum in the Q band: peak shifts (the 
maximum of the satellite band from 617 to 640 nm, and 
the main Q band from 687 to 697 nm) and the increase in 
absorption intensity for the satellite band and a decrease for 
the main Q band (Figs. 6, 7, 8, 9) (Gerasymchuk et al. 2004; 
Tretyakova et al. 2007). As has been shown in our earlier 
work, the use of saline instead of distilled water reduces 
aggregation of axially substituted zirconium phthalocya-
nine complexes (Gerasymchuk et al. 2021) and also makes 
it possible to evaluate photoactivity under conditions simi-
lar to biological conditions. In the case of the PcZr(APhA) 
complex, agglomeration processes were observed not only 
for the water environment, but also in a DMSO solution 
(Fig. 8)—the linear regression coefficient R2 was 0.9318, 
which proves a greater deviation from the Beer–Lambert 
law than in the case of PcZr (ASA), for which the linear 
regression coefficient R2 was 0.9968, i.e. practically close 
to 1. Admittedly, agglomeration is observed at quite high 

concentrations (above  10–4 M), but it does occur. It is inter-
esting that for PcZr(ASA), and for none of the previously 
studied complexes (Tahershamsi et al. 2020; Gerasymchuk 
et al. 2004; Tomachynski et al. 2008; Tretyakova et al. 2007), 
agglomeration in DMSO was not observed in a much wider 
range of concentrations. It is associated, in our opinion, with 
the nature of the axial ligand, which, in contrast to those 
previously studied, has more hydrophobic character.

In aqueous solutions (polar solvents), the complex 
with 4-aminosalicylic ligand begins to aggregate at much 
higher concentrations (> 4 ×  10–5 M) than PcZr(APhA) 
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(< 2 ×  10–5  M) or other axially substituted complexes 
which we have studied so far (Gerasymchuk et al. 2004; 
Tomachynski et al. 2008). This is a key result since the 
aggregation of phthalocyanines in aqueous solutions has 
a strong negative effect on their spectroscopic properties 
reducing the efficiency of their luminescence through the 
concentration effect of self-quenching (Gerasymchuk 
et al. 2004; Gerasymchuk 2010). The deviation from the 
linearity of the Lambert–Beer law in the case of aque-
ous solutions of the studied phthalocyanine complexes is 
quite large, the coefficients of linear regression fitting R2 
were 0.789 for PcZr (APhA) and 0.897 for PcZr (ASA), 
respectively. We also tried to do a fitting the observed 
absorbance changes as a function of the complex concen-
tration in order to calculate dimerization constants. How-
ever, the obtained results were completely unsatisfactory, 
which is related to the fact that, monomer–dimer model 
used for fitting, the model is too simple to describe the 
processes involved. In fact, the degree of aggregation of 
the complexes increases as their concentration in solu-
tion increases and larger agglomerates form. As a conse-
quence, it also affects the efficiency of ROS generation that 
is higher for the PcZr(ASA) than for PcZr(APhA).

Dimerization constants were calculated according to 
(Brozek-Pluska et al. 2016) and are presented in Table 2.

The dimerization constants were significantly higher for 
the studied complexes in the aqueous environment than in 
DMSO. The value of this constant for PcZr(ASA) in saline 
is comparable to the constant for PcZr(APhA) in DMSO 
solution, which is explained by the fact that we observe 
aggregation processes for the latter complex in the studied 
concentration range (both in saline and DMSO).

ROS generation measurements

For the analysis of the reactive oxygen species generation 
by the samples, spectroscopy was also used to monitor the 
intensity of 1,3-diphenylisobenzofuran (DPBF) absorption 
band changing with the irradiation of the investigated sys-
tem. The spectra registered after various time of irradiation 
are presented in Figs. S7 and S8 in Supplementary Informa-
tion for phthalocyanine complexes dissolved in DMSO, and, 
respectively, in Figs. S9 and S10 for DMSO suspensions of 
appropriate composites. Fig. S7 shows the decrease of DPBF 
absorbance (monitored at 420 nm) during irradiation.

The analysis of the decay of DPBF absorbance depend-
ing on the exposure time of the samples indicates that both 
complexes generate ROS. This activity is slightly lower than 
for the standard zinc phthalocyanine complex (black pat-
tern in Fig. 10) (Nwahara et al. 2018; Avşar et al. 2016). 
The PcZr(ASA) generates ROS more intensively than 
PcZr(APhA). For appropriate composites, this relationship 
is maintained, although the activity is lower due to much 
lower PcZr content in the system. We should also notice 
that no changes in DPBF absorption were observed during 

300 400 500 600 700 800
0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

2,0
A
bs

or
ba

nc
e

Wavelength(nm)

y = 0,1847x + 0,1819
R² = 0,8967

0

0,2

0,4

0,6

0,8

1

1,2

1,4

0 1 2 3 4 5 6 7

Cmx10
-5[M]

Q

B

Fig. 9  Lambert–Beer linearity experiment for PcZr(ASA) in saline. 
Inserted graph shows the dependence of the intensity of the Q-band 
maximum absorption at 697 nm on the concentration of PcZr(ASA)

Table 2  Dimerization constants calculated for investigated complexes 
in water medium and DMSO

Type of ligand in PcZrL 
complex

Solvent Kd [L/mol]

APhA Saline 2.12 ×  105

DMSO 1.35 ×  105

ASA Saline 1.02 ×  105

DMSO 0.41 ×  104
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Fig. 10  Comparison of ROS generation (decrease of DPBF absorb-
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composites, and PcZn (standard) in DMSO solution



5430 Chemical Papers (2021) 75:5421–5433

1 3

irradiation of GO suspension demonstrating that only PcZr 
showed this kind of photoactivity.

Photoluminescent properties

The photoluminescence of all investigated samples clearly 
demonstrates optical activity of both complexes and com-
posites. In the excitation spectra (Fig. 11), equal for all sam-
ples, B and Q bands of Pcs are visible in the UV and red 
spectrum ranges, respectively (spectra registered monitoring 
emission at 700 nm). Thus, light from these two spectral 
ranges might be used for systems’ activation. The photolu-
minescence was measured upon excitation at 620 nm (satel-
lite band). The characteristic emission of Pcs was observed 
in the range of 650–800 nm (Fig. 11). The emission intensity 
was significantly lower in the case of composites; neverthe-
less, it was easily registered, although the PcZr concentra-
tion was quite low. The emission intensity of photosensitiz-
ers strongly corresponds to the ROS generation and, as a 
result, to their biological activity (Gerasymchuk et al. 2021; 
Nyokong and Antunes 2013). Therefore, due to the observed 
photoluminescence, the photoactivity and ROS generation 
under red/NIR light exposition was expected and demon-
strated for all the samples.

We would like to also present other results which are very 
interesting, although they are not strictly related to the tar-
get use of these materials. These are spectra obtained by 
excitation of phthalocyanine complexes solutions in DMSO 
(Cm = 0.5 ×  10–5 M) at 345 nm (phthalocyanine Soret band 
maximum) and registering photoluminescence spectra in 
the near infrared region (Fig. S11 in Supplementary Infor-
mation). It turned out that PcZr(APhA) in this range has a 

different band shape than PcZr(ASA). For PcZr(ASA), the 
band has a shape rather typical for phthalocyanines when 
excited into the Soret band, where the signal at 705 nm is 
more intense, and the less intense component with a maxi-
mum at 766 nm, which is a derivative of the satellite band 
in the Q range. On the other hand, for PcZr(APhA), the ratio 
of the emission spectrum components is the opposite, and 
the signal at 771 nm is larger, and the signal at 704 nm is 
less intense. Such ratio of the bands intensity, as well as the 
shift of the satellite band to a longer wavelength in excitation 
spectrum of PcZr(APhA) in comparison with PcZr(ASA) 
(from 620 to 640 nm), indicates that in a DMSO solution, 
even at such a low concentration, PcZr(APhA) is highly 
agglomerated (as it was mentioned above, there exists not 
only a dimerization process of “face-to-face” type, but rather 
more advanced agglomeration processes) (Gerasymchuk 
et al. 2010). By the way, for composite materials, with the 
same parameters of the excitation wavelength (for emission 
spectra) and detection (for the excitation spectra) (Figs. S12 
and S13 in Supplementary Information), such changes in 
the phthalocyanine bands were not noticed, which on the 
one hand could be explained by lower phthalocyanine con-
centrations, but more likely is the justification that was the 
starting point for the assumptions for this work, i.e. that 
the complexes of phthalocyanines covalently bonded to the 
graphite oxide carrier have no possibility of dimerization 
or further agglomeration; thus, despite their low content in 
the systems, the emission efficiency for them will be higher, 
compared to the unbound forms. It should also be noted that 
the conducted research did not show a significant increase 
in emission efficiency due to the antenna effects and charge 
transfer from graphite oxide. The Stokes shift for phthalo-
cyanine complex solutions was 20 nm for PcZr(APhA) and 
18 nm for PcZr(ASA), while for composite materials it was 
smaller and was 16 nm for GO-PcZr(APhA) and only 5 nm 
for GO-PcZr(ASA), but the emission intensity for ASA is 
twice as high. This is due, in our opinion, to the fact that the 
measuring ranges we are interested in in connection with 
the theoretical application of these materials are at much 
higher wavelengths than the graphite oxide excitation max-
ima, which are close to the measurement limits, i.e. about 
190–200 nm.

Cytotoxicity and antimicrobial activity

The cytotoxicity of GO-PcZr(ASA) and GO-PcZr(APhA) on 
Vero cells was evaluated by MTT assay. The concentrations 
of complexes inducing 50% reduction in cell viability (mean 
 IC50 ± SD) were 0.221 ± 0.075 and 0.121 ± 0.005 mg/mL, 
respectively. The composites displayed high antiproliferative 
activity (IC50 < 1 mg/mL) against Vero cells.

Antimicrobial activity testing against reference strains 
showed MIC values > 10  mg/mL of tested composites 
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indicating no bioactivity (Tab. S1 in Supplementary Infor-
mation). Irradiation showed increase of the composites 
activity against Gram-positive micrococci and yeasts for 
GO-PcZr(ASA) and additionally for spore-forming B. sub-
tilis for GO-PcZr(APhA) (MIC 5–10 mg/mL).

At first glance, it might seem that the values of concentra-
tions ensuring antimicrobial and antifungal activity of the 
tested materials are incomparably higher than for the sub-
stances (antibiotics and fungicides) used as references (Tab. 
S1). However, for GO-PcZr(ASA) or GO-PcZr(APhA) com-
posites, the active (or rather photoactive) substance content 
in the material is estimated to be at the level of – 1%. There-
fore, when comparing the results obtained using the same 
test methods, the actual amount of photoactive substance 
should be indicated, which would in fact be two orders of 
magnitude lower in the case of Pcs. In such an assessment 
of the situation, it might be concluded that the proposed 
materials have good antimicrobial properties, which can 
be particularly interesting in the case of their antifungal 
activity. It is also very important to note that, when using 
antibacterial photodynamic therapy, different mechanisms 
of influence on bacteria are activated than in the case of 
antibiotic therapy. Moreover, PDT is less capable to cause 
new resistance mechanisms of bacteria. Therefore, research 
is being actively conducted in such direction to replace, at 
least to some extent, antibiotic therapy. Besides, these two 
treatments can be used in parallel, increasing the effective-
ness of the entire treatment protocol.

Many factors contribute to the overall antimicrobial 
activity of GO nanomaterials. It is highly dependent on the 
materials’ properties, including lateral size, purity, structural 
defects, charge, functional groups, degree of oxidation, and 
hydrophilicity (Liu et al. 2011). The reason for weak anti-
microbial activity of GO-PcZr(ASA) and GO-PcZr(APhA) 
composites presented in this study may result from their 
strong aggregation in aqueous solutions. For instance, sur-
factant dispersed individual single-walled carbon nanotubes 
(SWCNTs) show higher toxicity to various bacterial cells 
than nanotube aggregates (Liu et al. 2009). We consider that 
it could be also applicable to other graphene-based materi-
als. Moreover, Arias and Yang (Arias and Yang 2009) previ-
ously reported that the buffer and concentration of SWCNTs 
are the two key factors that affect their antimicrobial activity. 
SWCNTs exhibited extremely strong antimicrobial activity 
only in water or 0.9% NaCl solution but not in phosphate 
buffered saline and Brain Heart Infusion broth (here, we 
determined no antimicrobial activity of the composites test-
ing them according to the standard method recommended 
by EUCAST using Mueller-Hinton broth). Additionally, Liu 
et al. (2011) suggested that the antibacterial activities of 
graphene-based materials are attributed to their dispersibil-
ity, size, and oxidization capacity. The results presented in 
this study indicate that both tested complexes generate ROS, 

but unfortunately the intensity of their generation is lower 
than for the standard zinc phthalocyanine complex that may 
have an impact on their antimicrobial activity.

GO-PcZr(ASA) and GO-PcZr(APhA) have also been 
tested for mutagenicity in Ames study with TA1535. Results 
from the plate incorporation treatment, up to 4 mg/plate, 
showed no increase in the frequency of revertant colonies, 
with all values falling within the expected background range 
for the strain. Positive controls gave expected results, and as 
such the test was considered valid. Then, these substances 
cannot be judged to be mutagens.

Conclusions

The correctness of the proposed strategy for the synthesis 
of mono-substituted zirconium phthalocyanine with 4-ami-
nophthalic or 4-aminosalicylic acid as an axial substituent 
has been proven. Basic structural, morphological, and opti-
cal parameters of these complexes as well as their composite 
material with graphite oxide were characterized.

The PcZr(4-aminosalicylate) complex in aqueous solu-
tion begins to aggregate at much higher concentrations than 
all the axially substituted complexes we have studied so far. 
This is a key result, since the aggregation of phthalocya-
nines in aqueous solutions has a strong negative effect on 
their spectroscopic properties, reducing among others the 
efficiency of their luminescence through the concentration 
effect of self-quenching. As a consequence, it also affects 
the efficiency of ROS generation. By the DPBF bleaching 
method, it was proved that the PcZr(ASA) complex and 
its GO-based composite had higher photoactivity than the 
PcZr(4-aminophthalate) derivatives. Nevertheless, the con-
centration of ROS generated under the tested conditions was 
not high enough to ensure antimicrobial effect of the com-
posites. The lack of activity may be also caused by aggrega-
tion of GO flakes in the Mueller-Hinton broth. Despite the 
lack of antibacterial effect, other medical applications of the 
composites cannot be excluded (e.g. as components of dress-
ing materials or active implant layers).

Our previous experience showed that mono-substituted 
PcZr complexes usually have higher solubility in polar sol-
vents (due to the geometry of the molecules), as well as 
higher absorption coefficients and emission intensity, which 
in our opinion could translate into higher ROS generation 
capacity and more effective antimicrobial effect. However, 
these assumptions were proved partially, because despite 
the intensive generation of ROS under experimental condi-
tions, the impact of composite materials on bacteria turned 
out to be relatively low compared to the previously studied 
composites. But on the other hand, these materials were also 
characterized by low cytotoxicity to eukaryotic cells, which 
is an essential factor for their further use in medical practice.
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