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Synthesis, characterization, DNA interaction,
molecular docking, and α-amylase and
α-glucosidase inhibition studies of a water soluble
Zn(II) phthalocyanine†

Nagihan Saglam Ertunga, *a Ece Tugba Saka, a Tugba Taskin-Tok, b,c

Kadriye Inan Bektas d and Melike Yildirim Akatin e

In this study, 2(3),9(10),16(17),23(24)-tetrakis-[(N-methyl-(1-benzylpiperidin-4-yl)oxy)phthalocyaninato]

zinc(II) iodide (ZnPc-2) was synthesized and characterized using spectral methods (FT-IR, 1H-NMR, UV-Vis

and mass spectroscopy). The interaction of ZnPc-2 with DNA was investigated by using the UV/Vis titri-

metric method, thermal denaturation profile, agarose gel electrophoresis and molecular docking studies.

Additionally, the antidiabetic activity of ZnPc-2 was revealed spectroscopically by studying α-amylase and

α-glucosidase inhibition activities. The spectroscopic results indicated that ZnPc-2 effectively binds to calf

thymus-DNA (CT-DNA) with a Kb value of 7.5 × 104 M−1 and interacts with CT-DNA via noncovalent

binding mode. Gel electrophoresis results also show that ZnPc-2 binds strongly to DNA molecules and

exhibits effective nuclease activity even at low concentrations. Furthermore, docking studies suggest that

ZnPc-2 exhibits a stronger binding tendency with DNA than the control compounds ethidium bromide

and cisplatin. Consequently, due to its strong DNA binding and nuclease activity, ZnPc-2 may be suitable

for antimicrobial and anticancer applications after further toxicological tests. Additionally, antidiabetic

studies showed that ZnPc-2 had both α-amylase and α-glucosidase inhibition activity. Moreover, the

α-glucosidase inhibitory effect of ZnPc-2 was approximately 3500 times higher than that of the standard

inhibitor, acarbose. Considering these results, it can be said that ZnPc-2 is a moderate α-amylase and a

highly effective α-glucosidase inhibitor. This suggests that ZnPc-2 may have the potential to be used as a

therapeutic agent for the treatment of type 2 diabetes.

1. Introduction

Phthalocyanine compounds are unique macrocyclic molecules
with an 18 π electron system that are used in many areas such
as catalysts, liquid crystals and organic semiconductors as well
as therapeutic agents for anticancer, antibacterial and antiviral
treatments.1–13 The piperidine ring is a valuable saturated

heterocyclic compound with various biological activities found
in the structures of many natural alkaloids.14–18

The DNA molecule is one of the primary targets for many
drug molecules used in anticancer, antibacterial, antiviral and
antimalarial treatments, due to its main cellular functions
such as replication and transcription.19,20 Small molecules
interacting with DNA cause DNA damage preventing cell divi-
sion and subsequently cause cell death. Therefore, studies on
the interactions of small molecules with DNA are important in
the discovery of new drug molecules.21,22 The DNA molecule
tends to display binding activity to some metal compounds,
including metallophthalocyanines, via intercalative or non-
intercalative binding mechanisms such as groove binding and
electrostatic interactions. It has been reported that especially
cationic metallophthalocyanines display a high affinity for
anionic nucleic acids. These complexes may also exhibit nucle-
ase activity in a hydrolytic or oxidative manner.21,23

Phthalocyanines are considered to be good DNA binders,
which makes them promising anti-tumor drug leads. In spite
of a number of experimental studies that aim to enlighten the

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4dt01138d

aKaradeniz Technical University, Faculty of Science, Department of Chemistry,

Trabzon, Türkiye. E-mail: nagihan@ktu.edu.tr; Fax: +90 462 325 31 96;

Tel: +90 462 377 42 74
bGaziantep University, Faculty of Arts and Sciences, Department of Chemistry,

27310-Gaziantep, Türkiye
cGaziantep University, Institute of Health Sciences, Department of Bioinformatics

and Computational Biology, Gaziantep, Türkiye
dKaradeniz Technical University, Faculty of Science, Department of Molecular Biology

and Genetics, Trabzon, Türkiye
eKaradeniz Technical University, Macka Vocational School, Trabzon, Türkiye

11354 | Dalton Trans., 2024, 53, 11354–11367 This journal is © The Royal Society of Chemistry 2024

Pu
bl

is
he

d 
on

 0
7 

 2
02

4.
 D

ow
nl

oa
de

d 
on

 9
/1

/2
02

4 
1:

20
:2

9 
PM

. 

View Article Online
View Journal  | View Issue

http://rsc.li/dalton
http://orcid.org/0000-0002-2104-2192
http://orcid.org/0000-0002-1074-7752
http://orcid.org/0000-0002-0064-8400
http://orcid.org/0000-0002-5909-588X
http://orcid.org/0000-0003-4195-4647
https://doi.org/10.1039/d4dt01138d
https://doi.org/10.1039/d4dt01138d
https://doi.org/10.1039/d4dt01138d
http://crossmark.crossref.org/dialog/?doi=10.1039/d4dt01138d&domain=pdf&date_stamp=2024-07-04
https://doi.org/10.1039/d4dt01138d
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT053027


binding mechanism of phthalocyanines to DNA,24–27 there is a
gap in the literature regarding the molecular docking studies
on this subject. So we aimed to investigate the interactions
between DNA and the ZnPc derivative in silico in order to con-
tribute to filling this gap and to support our experimental
studies.

α-Amylase and α-glucosidase are digestive enzymes that
break down starch into glucose. Glucose is then absorbed
through the small intestine, leading to an increase in the
blood glucose level.28 Inhibiting the activity of α-amylase and
α-glucosidase can slow down the digestion of starch and
prevent postprandial hyperglycemia. This is one of the
methods for treating type 2 diabetes. Currently available
drugs, such as acarbose, voglibose, and miglitol, can effectively
inhibit α-amylase and α-glucosidase, but they can also cause
side effects. This limits their clinical use. Therefore, research-
ers are looking for new α-amylase and α-glucosidase inhibitors
that are effective and have low toxicity.29 Due to the macro-
cyclic and bulky structure of metallophthalocyanines, enzyme
inhibition studies of these complexes have not been widely
reported. It seems that there are a limited number of studies
revealing the antidiabetic effectiveness of metallophthalocya-
nines. In this respect, we think that this study is one of the
limited number of studies, especially in terms of α-amylase
inhibition activity.

In this work, we have chosen 3-[(1-benzylpiperidin-4-yl)oxy]
phthalonitrile30 as the precursor molecule to obtain water
soluble 2(3),9(10),16(17),23(24)-tetrakis-[(N-methyl-(1-benzylpi-
peridin-4-yl)oxy)phthalocyaninato]zinc(II) iodide (ZnPc-2). To
reveal the interaction of the ZnPc-2 complex with DNA, UV/Vis
absorption titration, agarose gel electrophoresis and thermal
denaturation studies were performed. Furthermore, in the
study, molecular docking calculations were performed on the
basis of a computational perspective to predict the binding
affinity of ZnPc-2 towards DNA. Lastly, the α-amylase and
α-glucosidase inhibition activities of ZnPc-2 were also exam-
ined using spectroscopic techniques.

2. Experimental
2.1. Materials

3-[(1-Benzylpiperidin-4-yl)oxy]phthalonitrile and 2(3),9(10),
16(17),23(24)-tetrakis-[(1-benzylpiperidin-4-yl)oxy]phthalocyani-
nato zinc(II) (ZnPc-1) were designed and prepared as given in
the literature.30,31 All solvents were dried and purified as
described in the reported procedure.32 3-Nitrophthalonitrile
was purchased from commercial suppliers. Information on all
materials, methods and devices is given in detail in the ESI.†

2.2. Synthesis of 2(3),9(10),16(17),23(24)-tetrakis-[(N-methyl-
(1-benzylpiperidin-4-yl)oxy)phthalocyaninato]zinc(II) iodide
(ZnPc-2)

2(3),9(10),16(17),23(24)-Tetrakis-[(1-benzylpiperidin-4-yl)oxy]
phthalocyaninato zinc(II) (ZnPc-1) (30 mg, 0.020 mmol)30 was dis-
solved in CHCl3 (3 ml), iodomethane (3 ml) was added, and

stirred at room temperature for 3 days. The green solid product
obtained by filtration was washed with CHCl3, diethyl ether, and
acetone and dried over phosphorus pentoxide. Yield: 74 mg
(93%); FT-IR: νmax/cm

−1 3058, 3025 (Ar–CH), 2858–2810 (Aliph.
C–H), 1603–1468, 1314, 1273, 1115, 1087, 1042, 964, 697, 653,
585; 1H-NMR. (DMSO), (δ: ppm): 7.92–7.79 (m, 12H, ArH),
7.68–7.45 (m, 20H, ArH), 4.65–4.48 (m, 4H, O-CH(1)) 4.34 (s, 8H,
N+-CH2(5)), 3.80 (t, J: 6.8, 16H, N+-CH2(3)), 3.12 (s, 12H, N+-
CH3(4)), 1.90–168 (m, 16H, Aliph. CH2(2)). UV/Vis (DMSO): λmax

(log ε) 350 (4.43), 616 (4.25), 685 (4.98); MALDI-TOF-MS: m/z:
calcd 1902.682; found 348.766 [M − 4I]4+.

2.3. UV-Visible absorption spectroscopy assay

CT-DNA solution was prepared in 5 mM Tris-HCl/50 mM NaCl
buffer (pH 7.2) and the concentration was measured by using
NanoDrop™. A 2 mM stock solution of Zn-2 was prepared in
deionized water with 4.8% DMSO (v/v) and used in all biologi-
cal activity studies. Absorption spectrum experiments were
carried out in the range of 300–800 nm with constant ZnPc-2
concentration (15 µM) and increasing CT-DNA concentrations
(0–10 µM) in 5 mM Tris-HCl/50 mM NaCl buffer (pH 7.2). The
mixtures were incubated for 10 min at room temperature and
absorption changes were monitored. To eliminate dilution
effects, control titrations were assayed with reaction buffer
instead of CT-DNA. The binding constant (Kb) was used to
quantitatively compare the DNA binding affinity of compounds
and is calculated using the Wolfe–Shimer eqn (1).33

½DNA�=ðεa � εfÞ ¼ ½DNA�=ðεb � εfÞ þ 1=½Kbðεb � εfÞ� ð1Þ
In this equation, [DNA] is the concentration of DNA in base

pairs, εa corresponds to Aobserved/[the complex] (Aobserved is the
absorbance value of the complex titrated with DNA at the
maximum of the spectra), and εf and εb are the extinction
coefficients of the free complex (Afree/[free complex]) and that
of the complex in the fully bound form (Afully bounded/[fully
bound complex]), respectively. Free complex and fully bound
complex are the complex in the absence and saturated concen-
tration of DNA respectively. In the plots of [DNA]/(εa − εf )
versus [DNA], Kb is given by the ratio of the slope to intercept.33

2.4. Determination of the change in the thermal
denaturation profile of DNA

The DNA thermal denaturation studies were performed by
measuring the absorbance of CT-DNA (50 µM) and CT-DNA-
ZnPc-2 (50 μM) in 5 mM Tris-HCl/50 mM NaCl buffer (pH 7.2)
at 260 nm with increasing temperature. The temperature was
gradually increased from 50 °C to 95 °C, and absorbance read-
ings were taken at 0.5 °C intervals on a Bio UV/VIS-spectro-
photometer. The melting temperature of CT-DNA and
CT-DNA-ZnPc-2 solutions were automatically calculated using
a thermal melting program.34

2.5. DNA cleavage activity

The interaction of the water-soluble ZnPc-2 complex with
CT-DNA and supercoiled pBR322 plasmid DNA was examined
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by agarose gel electrophoresis. For CT-DNA, reaction mixtures
(10 μl) consisted of CT-DNA (65 ng), ZnPc-2 complex with
varying concentrations (50 to 500 μM) and Tris-HCl buffer
(50 mM, pH 7.2) without any external additives. These mix-
tures were incubated for 1 h at 37 °C in the dark, followed by
the addition of 6 × DNA loading dye (1 μL) and loaded on 0.8%
agarose gel containing ethidium bromide (0.5 µg ml−1). For
plasmid DNA, reaction mixtures (10 μl) consisted of pBR322
plasmid DNA (240 ng), ZnPc-2 complex with varying concen-
trations (1 to 500 μM) and Tris-HCl buffer (50 mM, pH 7.2) in
the absence and presence of reducing/oxidizing and radical
scavenging agents. These mixtures were incubated for 1 h at
37 °C in the dark, followed by the addition of 6 × DNA loading
dye (1 μL) and loaded on 1% agarose gel containing ethidium
bromide (0.5 µg ml−1). After the gel was electrophoresed for
1 h at 100 V in 1 × TAE (Tris-acetate-EDTA) buffer, DNA was
viewed on the Kodak gel logic gel imaging system and the elec-
trophorograms were recorded on the computer.35

2.6. Molecular docking studies

Molecular docking allows researchers to visualize and model
the best binding patterns and interactions between the ligand
and the target.36 Before the docking process, ligand structures
and target structure are prepared. The ZnPc-2 complex syn-
thesized on this basis was drawn as a ligand with the help of
Gaussian09 (G09) software,37 and its energy optimized struc-
tures were determined in the DFT/B3LYP/LAND2DZ basis set.
Then, DNA (PDB: 1BNA, https://www.rcsb.org/structure/1bna,
1.90 Å) was prepared for docking with AutoDock Tools 1.5.7
software. The interaction studies of the ligand and target bio-
molecule were examined with AutoDock 4,38 a molecular
docking application, as one of the molecular modeling
methods. The positive compounds, ethidium bromide and cis-
platin for DNA were compared with Zn(II) phthalocyanine.

2.7. Effect of ZnPc-2 on α-amylase activity

Dinitrosalicylic acid (DNS) method was used to determine
α-amylase inhibitory activity of ZnPc-2. A certain volume of
complex solution (2 mM, dissolved in deionized water contain-
ing 4.8% DMSO, v/v) was added to the reaction mixture con-
taining phosphate buffer (20 mM, pH 7.0, containing 6 mM
NaCl) and soluble starch solution (50 µL, 1%, w/v). After the
addition of 20 µL of α-amylase (1 U, α-amylase from porcine
pancreas, Sigma), the reaction was carried out at 37 °C for
10 minutes. At the end of the reaction period, 500 µL of DNS
reagent was added to the reaction mixture and kept in a
boiling water bath for 10 minutes. Absorbance was measured
at 540 nm using a UV-Vis spectrophotometer. Blind reaction
solution was also prepared by the same method but without
enzyme. ZnPc-2 concentration that inhibited 50% of α-amylase
was given as the IC50 value. Acarbose, the standard inhibitor of
the α-amylase, was used as a positive control. One unit of
enzyme activity was defined as the amount of enzyme produ-
cing 1 μmol reducing sugar as maltose in 1 min under reaction
conditions.39,40

The enzyme reaction rates were determined with two
different concentrations of ZnPc-2 when the concentrations of
soluble starch were 0.10, 0.15, 0.20 and 0.30%. The maximum
velocity (Vmax) of α-amylase and the Michaelis–Menten con-
stant (Km) values were calculated from the Lineweaver–Burk
plots.41

2.8. Effect of ZnPc-2 on α-glucosidase activity

The inhibition of α-glucosidase was determined according to
the previously reported method with some modifications.29 In
brief, 15 µL of α-glucosidase (1 U, α-glucosidase from
Saccharomyces cerevisiae, Sigma) was added to the reaction
mixture containing a certain volume of ZnPc-2 solution
(2 mM, dissolved in deionized water containing 4.8% DMSO,
v/v), phosphate buffer (100 mM, pH 6.8) and substrate solution
(45 µL, 5 mM p-nitrophenyl glucopyranoside, p-NPG). The reac-
tion was carried out at 37 °C for 10 minutes and was stopped
by adding 0.1 M Na2CO3. The absorbance was recorded at
405 nm using a UV-Vis spectrophotometer. Blind reaction solu-
tion was also prepared by the same method but without
enzyme. The sample concentration that inhibited 50% of
α-glucosidase was given as the IC50 value. Acarbose, the stan-
dard inhibitor of the α-glucosidase, was used as a positive
control. One unit of enzyme activity was defined as the
amount of the enzyme which released 1 μmol of p-nitrophenol
from p-NPG under reaction conditions.

The enzyme reaction rates were determined with two
different concentrations of ZnPc-2 when the concentrations of
pNPG were 0.07, 0.20, 0.33, 0.67 and 1.00 μM. The maximum
velocity (Vmax) and Michaelis–Menten constant (Km) values are
calculated from the Lineweaver–Burk plots.42

3. Results and discussion
3.1. Synthesis and characterization

3-[(1-Benzylpiperidin-4-yl)oxy]phthalonitrile and 2(3),9(10),
16(17),23(24)-tetrakis-[(1-benzylpiperidin-4-yl)oxy]phthalocyani-
nato zinc(II) (ZnPc-1) were synthesized according to literature
methods, as mentioned in the Material and method
section.30,31 Fig. 1 shows the general synthesis of 2(3),9(10),
16(17),23(24)-tetrakis-[(N-methyl-(1-benzylpiperidin-4-yl)oxy)
phthalocyaninato]zinc(II) iodide (ZnPc-2). ZnPc-2 was syn-
thesized by the reaction of ZnPc-1 with CH3-I in CHCl3.
Quaternization of ZnPc-1 with an excess of methyl iodide in
chloroform led to water soluble tetra cationic Zn phthalo-
cyanine. After the reaction contents were stirred at room temp-
erature for 72 hours, the dark green crude product was seen
precipitated at the bottom of the reaction vessel. The crude
product was filtered and washed three times with chloroform,
ethanol, and diethyl ether. When looking at the infrared
spectra of 2(3),9(10),16(17),23(24)-tetrakis-[(1-benzylpiperidin-
4-yl)oxy]phthalocyaninato zinc(II) (ZnPc-1) and its water-
soluble derivative (ZnPc-2), it can be seen that both are
similar. Both of them have aromatic and aliphatic carbon reso-
nance peaks and have no CuN sharp resonance peak around
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2230 cm−1 that is identical to the peak for 3-[(1-benzylpiperi-
din-4-yl)oxy]phthalonitrile as the starting molecule. The FT-IR
spectra of 2(3),9(10),16(17),23(24)-tetrakis-[(N-methyl-(1-benzyl-
piperidin-4-yl)oxy)phthalocyaninato]zinc(II) iodide (ZnPc-2) has
aromatic carbon resonance peak at 3058 cm−1 and aliphatic
carbon resonance peaks at 2858–2810. The 1H-NMR data of
ZnPc-2 in DMSO showed signals due to the appearance of aro-
matic protons at 7.92–7.79 and 7.68–7.45. The positions of the
aliphatic protons in the structure of the complex are numbered
on one substituent (Fig. 1). CH3 groups bonded to N+ atom of
ZnPc-2 are indicated as a singlet at 3.12 ppm. Other protons
that have 4 different chemical environments and their chemi-
cal shift values are respectively 4.65–4.48 (m, 4H, O-CH(1)),
4.34 (s, 8H, +N-CH2(5)), 3.80 (t, J: 6.8, 16H, +N-CH2(3)),
1.90–168 (m, 16H, Aliph. CH2(2)). The molecular ion peaks of

ZnPc-2 were seen at m/z = 348.766 [M − 4I]4+ (ESI Fig. 1†). The
UV-Vis spectrum of ZnPc-2 was measured in DMSO and UV-vis
spectrum of metallophthalocyanine is quite characteristic due
to the strong π → π* transition in the phototherapeutic
window (600–800 nm). In the UV-Vis spectrum of ZnPc-2, the
intense single band absorption of π → π* transition was
observed at 685 nm (ESI Fig. 2†).

3.2. UV–Vis absorption spectroscopy

UV-Vis absorption spectroscopy is one of the most widely used
methods to evaluate the interaction of DNA with metal com-
plexes. In this technique, changes in the UV-Vis spectrum,
increase or decrease in absorbance and/or red or blue shifts in
wavelength, are monitored during the interaction of a complex
with DNA.43 Hypochromicity, characteristic of intercalation, is

Fig. 1 Synthetic pathway of ZnPc-2.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2024 Dalton Trans., 2024, 53, 11354–11367 | 11357

Pu
bl

is
he

d 
on

 0
7 

 2
02

4.
 D

ow
nl

oa
de

d 
on

 9
/1

/2
02

4 
1:

20
:2

9 
PM

. 
View Article Online

https://doi.org/10.1039/d4dt01138d


generally attributed to the interaction between the electronic
states of the chromophores and the electronic states of the
DNA bases, while the red shift has been associated with the
decrease in the energy gap between the highest and the lowest
molecular orbitals after binding of the complex to DNA.44,45

The absorption spectra of the ZnPc-2 complex in the absence
and presence of CT-DNA were recorded from 300 to 800 nm
and observed in Fig. 2. It is seen in the figure that the character-
istic absorption bands of ZnPc-2, at 344 nm (B band) and
639 nm (Q band), respectively, decreased with increasing concen-
trations of CT-DNA while the position of the peaks did not
change significantly. The absorption spectrum of ZnPc-2 exhibi-
ted hypochromism of about 34% with a slight red shift of 2 nm
in the B band and no shift in the Q band. Since it is generally
accepted that hypochromism indicates a strong interaction
between the chromophore and DNA bases,46 the absorption spec-
trum of ZnPc-2 with CT-DNA indicates a close proximity of ZnPc-
2 to the CT-DNA bases. This proximity can also be attributed to
the electrostatic interaction between the positively charged ZnPc-
2 and the negatively charged DNA strand. However, the lack of
red shift in the Q band can suggest that the binding mode is
partial intercalation. The macrocyclic and bulky structure of
ZnPc-2 can also support partial intercalation.44

The absorbance values were used to construct the plot of
[DNA]/(εa − εf ) versus [DNA] (Fig. 3). The plot was linear and
the Kb value was obtained as 7.5 × 104 M−1. While a large
binding constant may indicate that the molecule has a strong
interaction with CT-DNA, a smaller binding constant may indi-
cate that the interaction of the molecule with DNA is weaker.47

However, in the literature, it has been observed that metal
complexes that intercalate with DNA have different Kb values.

Two water soluble quaternized Zn(II)Pc molecules showed a
red shift and hypochromism as a result of DNA titration with
Kb values of 1.13 × 104 and 5.2 × 103 M−1, so the authors
suggested the compounds bind to DNA with the intercalation

binding mode.48 The peripherally 2,10,16,24-tetrakis dimethyl
5-(phenoxy)-isophthalate-substituted Ni(II) phthalocyanine
compound binds to CT-DNA via partial intercalation binding
mode because of the hypochromism and the blue shift in UV/
Vis absorption spectra shows a Kb value of 2.17 × 106 M−1.49

The silicon(IV) phthalocyanine complexes, showing hypochro-
mism and slight red shift, interacted with DNA via the interca-
lative mode with Kb values of 1.25 × 104 M−1 and 1.13 × 104.50

Homodinuclear macrocyclic complexes of copper(II) and zinc
(II) with CT-DNA showed hypochromism attributed to a partial
intercalation mode. The intrinsic binding constant Kb of com-
plexes were determined and found to be 4.25 × 104 M−1and 3.0
× 104 M−1, respectively.45 The Eu(III) complex strongly binds
with CT-DNA with a large hypochromism of the absorption
spectrum, presumably via an intercalation mechanism (Kb =
2.49 × 104 M−1).51 The Cu(II) complex with a Schiff base,
showing a decrease in absorbance intensity without a shift,
binds to DNA in an intercalative binding mode.52 The Zn(II)
phthalocyanine derivative showed a hypochromic effect
(25.98%) without any shift upon the addition of increasing
concentrations of CT-DNA. Also, the intrinsic binding constant
(Kb) of the compound was determined to be 2.45 × 104 M−1.
UV–Vis spectroscopy studies showed that the compound
bound to CT-DNA via non-covalent interaction.53

3.3. Thermal denaturation profile of DNA

To investigate the binding pattern of the ligand and CT-DNA,
thermal denaturation experiments were conducted. The
process of separating the DNA strands and completely disrupt-
ing the double-helical structure is referred to as denaturation.
The temperature at which half of the total base pairs have sep-
arated is defined as the melting temperature (Tm) of DNA.

54 Tm
is associated with the stability of the double helix and varies
depending on the binding strength of the compound to DNA.
Therefore, thermal denaturation studies serve as a technique

Fig. 2 Absorption titration spectra of ZnPc-2 in Tris-HCl buffer with increasing amounts of CT-DNA.
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used to demonstrate the stability of the structure formed as a
result of binding. DNA melting studies provide advanced evi-
dence of the intercalation of complexes into the DNA helix.
These experiments are employed to distinguish between
different binding modes, such as intercalation or non-interca-
lation binding. It is known that, as a result of the intercalation
of small molecules into the double helix of DNA, the melting
temperature increases due to the DNA double-stranded struc-
ture’s stability. However, in non-intercalation modes such as
groove and electrostatic binding, there is no significant altera-
tion in the DNA’s melting temperature.

Under our experimental conditions, the Tm value for
CT-DNA in the absence of ZnPc-2 complex was 76.50 °C, while
the Tm value of the ZnPc-2-CT-DNA solution was 86.12 °C (Fig. 4).
The addition of ZnPc-2 to CT-DNA resulted in a significant
increase in the melting temperature (9.62 °C). A DNA intercalator,
such as ethidium bromide, typically enhances the stability of the
double helix, making thermal denaturation more challenging.
The ΔTm value of CT-DNA in the presence of classical intercala-
tors such as ethidium bromide was reported to be 11.2 °C.55 The
significant increase observed in the Tm value of the ZnPc-2-
CT-DNA solution supports the notion that ZnPc-2 can bind to
CT-DNA in the intercalative binding mode.

3.4. DNA cleavage activity

Nucleic acid chains can be cleaved either enzymatically or non-
enzymatically. Non-enzymatic cleavage can occur by either the
hydrolysis of phosphodiester linkages, called hydrolytic clea-
vage, or by the oxidative cleavage of deoxyribose residues.
Hydrolytic cleavage is mostly produced by strong Lewis acidic
metal complexes containing transition metals such as Zn(II),
Cu(II) and Co(III). This process occurs through a metal–phos-
phate intermediate that facilitates the hydrolysis of the nucleic

acid phosphate backbone. So, the design and synthesis of
metal complexes that can hydrolytically cleave the phosphodie-
ster bond are of great importance in elucidating the catalytic
mechanisms of natural nucleases and in the development of
nucleic acid-targeted drugs.56–58

The ability of the complex to perform CT-DNA cleavage was
examined by agarose gel electrophoresis. Fig. 5 showed the elec-
trophoretic band profile of CT-DNA incubated at different
complex concentrations. It was seen from the figure that complex
concentrations of 50 and 100 µM caused more than 70 and 90%
degradation of CT-DNA (65 ng), respectively, while a complex con-
centration of 250 µM completely degraded the DNA. The results
showed that ZnPc-2 exhibited a concentration-dependent DNA
degradation effect and the nuclease activity potential of the
complex was effective even at low concentrations.

Fig. 3 Plot of [DNA]/(εa − εf ) vs. [DNA] for the absorption titration of CT-DNA with ZnPc-2 complex.

Fig. 4 Thermal denatutation curves of CT-DNA in the absence and
presence of ZnPc-2 in 5 mM Tris-HCl/50 mM NaCl buffer (pH 7.2).
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Metal compounds are known to cause random breaks in
one of the double-stranded DNA molecules. However, a break
on the DNA converts the supercoiled form of plasmid DNA
(form I) to the open circular form (form II), and after cleavage
of the second strand, to the linear form (form III). The pBR322
plasmid DNA cleavage activity of ZnPc-2 was also studied by
agarose gel electrophoresis.59 The supercoiled pBR322 plasmid
DNA was incubated with varying concentrations of ZnPc-2. The
restriction endonuclease EcoRI was used to identify the linear
form of pBR322 plasmid DNA.60 The agarose gel image
showing the degradation efficiency of the complex on pBR322
DNA is displayed in Fig. 6. It can be seen from Fig. 6B that
DNA form conversion could not be detected; instead, it was
determined that 20–25 µM concentration of the complex sig-
nificantly degraded plasmid DNA, while 50 µM concentration
completely degraded it. Additionally, it was determined that
the complex showed high nuclease activity even at low concen-
trations (Fig. 6A, lanes 3–5). Ultimately, pBR322 DNA was
degraded into small fragments of various sizes that could not
be determined in our study. According to this result, it can be
said that ZnPc-2 demonstrated significant cleavage effect
because DNA forms were fully cut into little parts and lost. In
addition to these studies, DNA degradation efficiencies of the

complex in the presence of some reducing/oxidizing agents
and radical scavengers were also performed. The results from
these experiments showed no change in the DNA cleavage
activity of the complex (ESI Fig. 3 and 4†) compared to the
results obtained without external additives. Since ZnPc-2 has
DNA cleaving activity in the absence of any reducing/oxidizing
agents and in the presence of radical scavengers, it can be con-
cluded that the DNA cleavage reaction proceeds by hydrolysis.
Due to the high nuclease activity of ZnPc-2, it can be a suitable
agent for the hydrolytic cleavage of DNA.

3.5. Molecular docking

The three-dimensional molecule of the synthesized ZnPc-2
complex, which was structurally and energetically optimized
with the Gaussian09 software, is presented in Fig. 7. Then, as
a result of the interaction of DNA and ZnPc-2 structure, it
shows a binding energy value of −13.35 kcal mol−1, as shown
in Table 1.

The relevant complex showed a tendency to bind by inter-
calation between the base pairs of the DNA target. In other
words, two electrostatic interactions occur between DC9 and
DT20 nucleotides of the DNA and Zn metal of the ZnPc-2
complex, and six electrostatic interactions occur between G10,
DT19, DT20, DC21, DT8 and DC21 nucleotides and N atoms of
the related compound. Also, ZnPc-2 forms six hydrogen bonds
with DT20, DA18, DT19, DG10 and DT7 in the target model,
and forms three electrostatic and one hydrophobic inter-
actions with the target’s DT20 and DT19 nucleotides. Fig. 8
exhibits 3D interactions and the interpolated charge surface of
the ZnPc-2-DNA complex. ESI Fig. 5 and 6† present 3D images
of the control compounds which are ethidium bromide and
cisplatin. More detailed information on the interaction dis-
tance and types also is presented in ESI Table 1 in the ESI.†

3.6. Effect of ZnPc-2 on α-amylase activity

To investigate the effect of ZnPc-2 on α-amylase activity,
enzyme activities were determined in the presence of different
concentrations of the complex. Afterwards, relative activities
were plotted against complex concentrations. The ZnPc-2 con-
centration causing a 50% decrease of α-amylase activity was
defined as the IC50 value. IC50 values were determined to be
3.97 ± 0.32 µM and 1.64 ± 0.36 µM for ZnPc-2 and acarbose,
respectively. Considering this result, it can be said that ZnPc-2
is a moderate α-amylase inhibitor.

Inhibition kinetic constants and the inhibition type of
ZnPc-2 were determined with two different concentrations of
the complex (1.20 and 4.00 µM) using varying concentrations
of soluble starch (Fig. 9). The Lineweaver–Burk plot showed
that the Km value gradually increased and Vmax remained
unchanged with increasing ZnPc-2 concentration indicating a
competitive inhibition. Furthermore, the inhibition constant
(Ki) was determined to be 6.92 µM.

Only a limited number of studies have investigated the
effects of phthalocyanines on α-amylase. In one of these
studies, the effect of water soluble Co(II) and Zn(II) phthalocya-
nines (QP4P-1 and QP4P-2) on porcine pancreatic α-amylase

Fig. 5 CT-DNA cleavage activity of ZnPc-2 compound. Lane 1;
CT-DNA, lane 2; CT-DNA + ZnPc-2 (50 μM), lane 3; CT-DNA + ZnPc-2
(100 μM), lane 4; CT-DNA + ZnPc-2 (250 μM), lane 5; CT-DNA + ZnPc-2
(500 μM).

Fig. 6 pBR322 DNA cleavage activity of ZnPc-2 compound. (A) Lane 1;
pBR322, lane 2; pBR322-EcoRI, lane 3; pBR322 + ZnPc-2 (1 μM), lane 4;
pBR322 + ZnPc-2 (2.5 μM), lane 5; pBR322 + ZnPc-2 (5 μM), lane 6;
pBR322 + ZnPc-2 (10 μM), lane 7; pBR322 + ZnPc-2 (15 μM), lane 8;
pBR322 + ZnPc-2 (20 μM). (B) Lane 1; pBR322 + ZnPc-2 (10 μM), lane 2;
pBR322 + ZnPc-2 (25 μM), lane 3; pBR322 + ZnPc-2 (50 μM), lane 4;
pBR322 + ZnPc-2 (100 μM), lane 5; pBR322 + ZnPc-2 (250 μM), lane 6;
pBR322 + ZnPc-2 (500 μM), lane 7; pBR322, lane 8; pBR322 + EcoRI,
lane 9; pBR322 + Zn(Ac)2 (250 μM).
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was tested and IC50 was determined to be 128.2 µM for
QP4P-2 molecule. In the study, the IC50 value for acarbose was
found to be 6.9 µM.61 It was also reported that newly syn-
thesized ZnPc, CoPc and PbPc phthalocyanine molecules
inhibited α-amylase with IC50 values of 34.0 µM, 30.3 µM and
7.3 µM, respectively. The inhibition type was given as mixed-
type with Ki = 4.85 µM for PbPc.62 As a result, it can be easily
said that this study is one of the first studies on α-amylase
inhibition by phthalocyanines.

3.7. Effect of ZnPc-2 on α-glucosidase activity

The study found that ZnPc-2 significantly inhibited the activity
of α-glucosidase in a dose-dependent manner. The IC50 value
of ZnPc-2 for α-glucosidase activity was determined to be 0.07
± 0.002 µM. Also, IC50 value for acarbose was 237.241 ±
1.80 µM. Based on the results of the study, it can be concluded
that ZnPc-2 is a highly effective α-glucosidase inhibitor. This
suggests that ZnPc-2 has the potential to be used as a thera-
peutic agent for the treatment of type 2 diabetes.

Inhibition kinetic constants and the inhibition type of
ZnPc-2 were determined in the presence of 0.08 and 0.13 µM
ZnPc-2 using varying concentrations of pNPG (Fig. 10). The
Lineweaver–Burk plot indicated noncompetitive inhibition.

This means that ZnPc-2 binds to a site on α-glucosidase that is
different from the active site, preventing the enzyme from
functioning properly. Also, the inhibition constant (Ki) was
determined to be 0.07 µM.

There are several studies involving the effect of phthalocya-
nines on α-glucosidase activity. In one study, it was reported
that IC50 values of four novel phthalocyanines complexes and
acarbose were in the range of 2.23–9.10 µM and 22.80 µM,
respectively, for α-glycosidase inhibition. The Ki values were in
the range of 3.41–10.08 µM.63 In another study, novel peri-
pheral phthalocyanines and their water-soluble hydrochloride
derivatives had inhibitory effects on α-glycosidase. They have
IC50 values in the range of 11.22–22.81 µM and Ki in the range
of 9.13–24.31 µM.64 According to Güzel et al. all of the seven
phthalocyanine complexes used had an inhibitory effect on
α-glycosidase activity (IC50 in the range of 0.82–1.94 nM and Ki

in the range of 1.56–14.78 µM) more efficient than acarbose
(IC50: 0.38 µM).65

When the results of the study are wholly considered, it is
seen that ZnPc-2 is a mild α-amylase and a very good
α-glucosidase inhibitor. This is a desired situation. The side
effects (diarrhea, abdominal pain etc.) of current α-glucosidase
inhibitors used as antidiabetic drugs are thought to be caused
by the fermentation of undigested carbohydrates that occurs
as a result of strong α-amylase inhibition. Therefore, it is
important to find new molecules having strong inhibition of
α-glucosidase and low inhibition of α-amylase.66

3.8. Structure–activity relationship of ZnPc-1 and ZnPc-2

The main limitation in the applications of metallophthalocya-
nines is their low solubility in common organic solvents.67 To

Fig. 7 3D optimized structure of the ZnPc-2 complex on the DFT/B3LYP/LAND2DZ basis set of G09 software.

Table 1 Binding energy values of ZnPc-2, EB and cisplatin

Compound Binding energy (kcal mol−1)

ZnPc-2 −13.35
EB −7.78
Cisplatin −6.21
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overcome this situation, we used 1-benzylpiperidin-4-ol groups
containing N atoms that can be quaternized in this work.
Because of the hydrophilic system of the blood, water solubi-
lity is very important in drug injection. Additionally, diamag-
netic ions (such as Zn2+) contained in the structure of phthalo-
cyanines enhance the physical and chemical properties of
these compounds for various applications.30

Although tekrakis-[(1-benzylpiperidin-4-yl)oxy]phthalocyani-
nato zinc(II) (ZnPc-1) and its water-soluble derivative (ZnPc-2)
are structurally similar in terms of their basic skeletal struc-
tures, the chemical variability of the related complexes causes
differences in their biological activities.

In particular, the distribution coefficient of a drug strongly
affects how easily the drug can reach its intended target in the

body, how strong an effect it will have once it reaches its
target, and how long it will remain in the body in its active
form.68 Therefore, the log P of a molecule is a decision-making
criterion used by medicinal chemists in preclinical drug dis-
covery, for example, in assessing the drug-likeness of drug can-
didates.69 Therefore, the hydrophobicity of a compound is an
important determinant of how drug-like it is.

On the other hand, in the context of how the drug affects
the body, the hydrophobic effect is the main driving force in
the binding of drugs to their receptor targets. Hydrophobic
drugs, however, tend to be more toxic because they are gener-
ally retained longer, have a wider distribution in the body, and
are slightly less selective in binding to proteins. Therefore,
making the drug as hydrophilic as possible is recommended

Fig. 8 3D interactions (left side), interpolated charge surface (right side) and superimposed image (bottom middle side) of ZnPc-2 (orange color, stick
form), ethidium bromide (EB, green color, ball and stick form) and cisplatin (purple color, ball and stick form) as positive compounds against DNA.
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while maintaining sufficient binding affinity to the therapeutic
protein target. In cases where a drug reaches the target, the
ideal distribution coefficient for the drug is typically inter-
mediate (neither too lipophilic nor too hydrophilic). This situ-
ation manifests itself in both experimental and theoretical
studies in our study.

4. Conclusion

In conclusion, non-peripherally tetra-substituted water soluble
Zn(II) phthalocyanine was synthesized and characterized by
spectral methods. The DNA binding and cleavage properties of
the complex were studied by absorption spectroscopy, thermal
denaturation and agarose gel electrophoresis measurements.
The results of UV-Visible absorption titration and thermal

denaturation measurement indicate that ZnPc-2 interacts with
CT-DNA in a non-covalent manner. Gel electrophoresis results
show that ZnPc-2 binds strongly to DNA molecules and exhi-
bits effective nuclease activity. Moreover, the interaction of
ZnPc-2 with DNA was investigated and evaluated by molecular
docking, one of the computational methods. As a result of the
calculations, it was revealed that the relevant compound
exhibited a high binding tendency with the target and the
reason for this was the interaction of the ligament between the
helices in the DNA biomolecule. According to the docking
simulation results, the complex is located in the minor groove
of DNA. Both experimental and theoretical results show that
the complex can interact with DNA via three binding modes:
electrostatic, minor groove, and partial insertion.
Consequently, due to its strong DNA binding and nuclease
activity, ZnPc-2 may be suitable for antimicrobial and anti-
cancer applications after further toxicological test systems.
Additionally, studies of the antidiabetic activity of ZnPc-2
suggest that it may be a valuable new treatment for type 2 dia-
betes. However, more research is needed to confirm these find-
ings in vivo and to determine the long-term safety and efficacy
of ZnPc-2 in humans.
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Fig. 9 Lineweaver–Burk plot for inhibition of α-amylase in the presence of ZnPc-2.
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