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Abstract

The interactions between anionic polyelectrolytes [polyacrylic acid, poly(methyl vinyl ether-
co-maleic anhydrate)] and copper ions in aqueous solution (pH 7.0) were investigated by dynamic light
scattering, UV-visible and fourier transform infrared spectroscopic techniques. Viscosity was also
measured by ubbelohde automatic viscometer. Observations indicate that the ratio of ingredients, the
nature of the metal ions and their environmental conditions affect the formation of soluble and insoluble
Polyelectrolyte-Metal complexes. These binary complexes were tested in vitro as potential antitumor
agents with Human Embryonic Kidney 293 cells. Depending on the ratio and sequence of mixing of
components in the formation of Polyelectrolyte-Copper complexes, it was observed that the most stable
water soluble polycomplexes prepared exhibited a high antitumor activity in the ratio of ne,” /na: 0.4
and ne yweas 0.5, respectively.
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Introduction

Polyelectrolyte-Metal (PE-M) complexes, subject of many studies, are functional biopolymer
systems that represent a specific class of PE-M compounds. Electrostatic interactions are the
main forces in PE-M complex formation. The interactions of PE with M ions in aqueous
solutions were found to be dependent on pH, ionic strength as well as the ratios of both M
ions and PE. Transition M ions self-bind to water-soluble polymer ligands to complex, the M
ions on the surface of the polymer. In recent studies, it has been shown that M ions (Cu2+,
Zn**, Fe*") complexed with functional polymers can play an important role in biological
processes such as antitumor activity and immunoadjuvant properties (ZHAO & al. [1];
KARAHAN & al. [2, 3]; DING & al. [4]; ETAIW & al. [5]; ADRIANOW & al. [6]). For
example, iron deficiency causes hemopoiesis, lymphopoiesis, morphological changing in the
thymus as well as reduction of T and B dependent areas of spleen cells. As such, PE-M
complexes can be used for drug delivery purposes in vivo biomedical studies. Carrier PE can
also link to microbial and viral antigens to form a stable complex (or conjugate), shown to
increase by several orders of magnitude the immune response to the organism affording
effective immune protection (MUSTAFAEV [7]; MAN’KO & al. [8]; KENDRICH & al. [9];
LIU & al. [10]). Copper-Chitosan complexes have been investigated for their antitumor
properties (ZHENG & al. [11]). Chitosan contains multiple amino, hydroxyl, and acetamide
groups and it forms complexes with many M ions (MUZZARELI & al. [12]; VARMA & al.
[13]). It is known that copper complexes interact with DNA, leading to chemically-induced
cleavage of DNA and, thus, antitumor activity (HIRANO [14]; QIN & al. [15]; LIANG [16])
and M complexes are becoming increasingly important as biochemical, analytical,
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antimicrobial, and anticancer agent reagents (PUNNIYAMURTHY & al. [17]; ROUTLER &
al. [18]; GAO & al. [19]; TUMER & al. [20]; GOLCU & al. [21]; LI & al. [22]; MILLER

[23]).

The aim of the present study is to understand the interaction two polyelectrolytes with copper
ions in aqueous solution at pH 7.0 using dynamic light scattering, UV-visible and Fourier
transform infrared (FT-IR) spectroscopic techniques and viscosity measurement alongside
studies to investigate its antitumor activity.

Materials and Methods

Ultra-pure water was obtained from Millipore MilliQ Gradient System. Metal salt
CuS04.5H,0 was purchased from Merck (Darmstadt, Germany) and was dissolved in ultra-
pure water. Tumor HEK 293 Cell line were obtained from ATCC/LGC Standards. Cell
Proliferation Assay Kit (96 wells) were obtained from Cayman Chemical Company.

Spectrophotometric measurements for PE-M complexes were made on UV-Visible
spectrophotometer Shimadzu UV-1700 Pharma Spec. FT-IR spectra were recorded with
Shimadzu IR Prestige-21. The viscosity measurements were performed at a constant
temperature of 25 °C with an Ubbelohde automatic viscometer (Schott Gerate, Berlin,
Germany).

Dynamic Light Scattering Method

The average size, size distribution and zeta potential of PE and PE-M complexes were were
investigated by using photon correlation spectroscopy with a Zetasizer Nano ZS instrument
(Malvern Instruments, UK) equipped with 4.0 mV He—Ne laser at a wavelength 633 nm at a
temperature 25 °C. Scattered light was detected at an angle 173° using non-invasive back
scattering (NIBS) technique. All solutions were filtered with 0.2 pm RC-membrane filters
(Sartorius) before DLS measurement.

Preparation of PAA and poly(MVE-MA)

Polyacrylic acid (PAA) was synthesized and fractionated according to the methodology
described in the literature (MILLER [23]). Polymer was prepared by radical polymerization of
acrylic acid in toluene with benzoyl peroxide as the initiator. PAA was fractionated from 3%
to 4% solution in methanol by fractional precipitation with ethyl acetate; (molecular weight
100 kDa). Poly(methyl vinyl ether-co-maleic anhydrate) [poly(MVE-MA)] was purchased,
Mw:41 kDa Gantrez AN — 139 BF.

Preparation of PE-M Complexes

15 mg of the CuSO4.5H,0 was added into 1 mL of ultrapure water. Then, 3 mg of PE [PAA
and poly(MVE-MA)] was dissolved in 1 mL of ultrapure water. These solutions were mixed
and stirred at 20 °C for 24h. Then, the pH was adjusted to 7.0 by adding 1 N NaOH into
solution. In order to follow the complexation of copper ions with the PE, the following
measurements were performed.

The measurements were taken by means of dynamic light scattering (DLS), UV-Vis, Fourier
transform infrared spectroscopy (FTIR) and viscosity , the mole ratio of copper ions to the
PAA and poly(MVE-MA) was kept constant at nc,>" / naa= 0.1, 0.2, 0.3, 0.4 and nc,>" / nyve.
ma= 0.1, 0.2, 0.3, 0.4, 0.5. The nc,*"/naa and ne,* /numyve-ma. Ratios were calculated using the
following equation (1).
n= CN/M (0))

Where 7 is the number of the molecules in 1 mL, M is the molecular weight of components,
Ny is the Avogadro number and C represents concentration in g/100mL.
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Potential of Antitumor Activity

The HEK 293 cell line was plated in a 96-well micro plate (100 pL/well) at a density of
1x10° per well in ATCC growth medium. Background control wells contained the same

volume of complete culture medium and were included in each assay. The micro plate was
incubated for 24 h at 37 °C.

Cell proliferation assays were performed to count the number of living cells after adding 2-
(2-methoxy-4-nitrophenyl)-3-(4-nitro-phenyl)-5-(2,4-disulfo-phenyl)-2 H-tetrazolium (WST-
8) and 1-methoxyphenazine methosulfate (1-methoxy-PMS). The cells were treated with
copper complexes of differing ratios for 48 h. Cell viability was determined by WST-8 and 1-
methoxy PMS, and presented as percentage of living cells. The inhibition ratio was
quantified by the following equation (2);

IR%= (C-C/Cy) 100% Q)

Where C, is the absorbance value from the control group (without adding copper-PE
complexes), C is the absorbance value from copper-PE complexes.

Results and Discussions

Complex formation can be seen in Figure 1 and Figure 2. In these spectra newly formed and
vanished bands are evident for complex formation between Cu*" and polymers, (PAA) and
poly(MVE-MA) respectively. It is notable that in the regions 1550-1580 cm™, 1400 cm™ and
1150-1170 cm™ show nearly the same data as in the two PE-Cu”" complex structures.
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Figure 1. FT-IR analysis of these three structures shows differentiation in the carbonyl
and finger print region.

There are newly formed three bands (1550 cm™, 1400 cm™, 1100 cm™) in the spectra of
PAA-Cu*" complex structure.

Figure 2. FT-IR analysis of these three structures shows differentiation in the carbonyl
and finger print region, again.

There are newly formed three bands (1580 cm™, 1400 cm™, 1170 cm™) in the spectra of
poly(MVE-MA)-Cu*" complex structure.
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Figure 3. Structure of poly(MVE-MA) (a); PAA (b); PE-M (c) and PE-M-PE (d).

Different amounts copper ions binded to PAA and the absorbance was measured at 400 nm
(MUSTAFAEYV [7]). The purpose of these measurements was to define the binary complex
ratio of water solubility. As shown in Figure 4, different proportions of copper were added to
PAA and adjusted to pH 7.0 to initiate PE-M complex formation, confirmed with 400 nm
absorbance values, nc,”/naa < 0.4. When the ratio to the PE-M binary complex of M
increases, the rate increased slowly (water-soluble portion), a ratio nc,”/nas > 0.4 was
observed to occur after the crash. It can be concluded that water soluble complex of PAA-M
complex forms until the ratio ney’ /Maa

<0.4.
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Figure 4. PAA-Cu®" binary complex, depending on the ratio of optical density 400 nm: 0 < n¢,”"/naa < 2.

PAA is a negatively charged, linear polymer at pH 7.0. The viscosity of a mixture of PAA
falls with the addition of copper but after a certain rate remains constant. The reason for this is
that when M ions are added to the polymer, it moves to the compact form. After a certain ratio
of M ion was added, there was no further change in the structure and the complex viscosity
remained constant.
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Copper ions with decreasing hydrodynamic diameter were added to the polymer that have
been, after beginning the increment has continued steadily. As the copper ions were added to
the PE, the viscosity, and hydrodynamic diameter reduced and the compact form occurred as
shown in Figure 5 (once measurement was done in water). If the ratio of copper increases,
then the hydrodynamic diameter due to increased interaction between the PE of copper ions
also increased without causing interference to the hydrodynamic diameter (Figure 6).
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Figure 5. The rate of PAA-Cu”" binary complex due to the viscosity.
Figure 6. The rate of PAA-Cu”" binary complex due to the hydrodynamic diameter.

Figure 7 shows that as the nc,”"/naa ratio increases, the zeta potential approaches a positive
(+) value. This indicates that the compact form occurred. As the ratio of copper ions
increases, the interaction between polymers compacted ensuring a fall in the zeta potential
towards a more negative shift. With the continuing addition of copper ions, the zeta potential
remained stable and showed no interaction with the polymer.
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Figure 7. The rate of PAA-Cu®’ binary complex due to the zeta potential.

As a result, copper ions were added to the linear polymer to create the compact form.
Increasing amounts of copper ions forming compact polymers were interconnected however,
in the more complex structures, copper ions had no change. The results obtained in the light
of PAA-Cu”" binary complex structure of the model are shown (Scheme 1).

Romanian Biotechnological Letters, Vol. 18, No. 4, 2013 8451



MESUT KARAHAN, S. ARDA OZTURKCAN, ZEYNEP MUSTAFAEVA

Scheme 1. Three-dimensional proposed structure model for PAA-Cu®" binary complex. Filled square binding
between COO™ groups in Cu?" presence.

Various amounts of copper ion solution as well as PAA a certain rate were added to
poly(MVE-MA) and adjusted to pH 7.0 in the system until the crash was not seen (0 <
ney” myvema < 0.5). As seen in Figure 8, different proportions of copper ions added to
poly(MVE-MA) (at pH 7.0), PE-M complexes as confirmed by 400 nm absorbance values
nee” myve-ma < 0.5. The rate reduces slowly while (water-soluble portion), nc,” /nyvema >
0.5 however this point, the rate increases were larger. These binary complexes data indicate
that the collapse had occurred at nc,”/nvvema < 0.5 indicating water soluble poly(MVE-
MA)-M complex formation.
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Figure 8. Poly(MVE-MA)-Cu®" binary complex, depending on the ratio of optical density 400 nm: 0 <
ey Mmvvewma < 2.

Figure 9. The rate of poly(MVE-MA)-Cu*" binary complex due to the viscosity in water.

Looking at the viscosity curve before the fall, then ney” Myvema > 1.5 was continuing stabile.
Poly(MVE-MA) at pH 7.0 is a negatively charged linear polymer. With the addition of copper
ions the polymer was a compact form. With further incremental increase of copper ions, the
viscosity decreases. With continuing addition of copper ions, the structure of the complex did
not change and the viscosity remained constant (Figure 9).
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Increasing the copper ions ratio of increased the hydrodynamic diameter of the poly(MVE-
MA) -Cu* complex. These ions became more compact while at the same time causing the
polymer to bind. The diameter did not change because excess copper ions did not interact
(Figure 10).
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Figure 10 . The rate of poly(MVE-MA)-Cu®" binary complex due to the hydrodynamic diameter.
Figure 11. The rate of pcvly(MVE-MA)-Cu2+ binary complex due to the zeta potential.

An incremental change in nc.”/nvvema rate resulted in a zeta potential shift towards a
negative (-) value. By providing interaction between polymers the copper ions connected to
each other. After adding copper ions the zeta potential remained constant and continued
interaction with the polymer was not observed (Figure 11). As a result, poly(MVE-MA)
binary complex was formed via a different mechanism than PAA (Scheme 2).

Scheme 2. Three-dimensional proposed structure model for poly(MVE-MA)-Cu®* binary complex. Filled square
binding between COO" groups in Cu*" presence.

The UV light absorption data indicated that there was a water soluble complex formation of
PAA-M (nc,*/naa: 0.4) with a poly(MVE-MA)-M and (n¢c,” /nyyve-ma: 0.5) complex ratio.

The proliferation assay results showed that all of the PAA and poly(MVE-MA) copper
complexes inhibited the proliferation of the Human Embryonic Kidney (HEK) 293 tumor cell
line (Table 1). In these experiments, the copper complexes of PAA were found to be more
effective to HEK 293 tumor cell lines. The PAA-Cu (0.4) (nc,”/naa: 0.4) and poly(MVE-
MA)-Cu (0.5) (ncy”/myvema: 0.5) exhibited the highest antitumor activity, but PAA and
poly(MVE-MA) were not effective. Of the four ratios tested, PAA-Cu (0.4) displayed a better
antitumor efficiency. CuSOy exhibited antitumor activity at 10> mol/L, but when the copper
ion was diluted to 10™ or 10° mol/L, the percentage of inhibition decreased sharply to 3 or
5%.

Romanian Biotechnological Letters, Vol. 18, No. 4, 2013 8453



MESUT KARAHAN, S. ARDA OZTURKCAN, ZEYNEP MUSTAFAEVA

Table 1. Inhibition of cell proliferation by Cu*’, PAA, poly(MVE-MA), PE-Cu'? complexes

Tumor Cell Line 293

Compound (mol/L) 103 10% 10°
CuSO, 88 5 3
PAA 30 4 3
PAA- Cu** (0.1) 82 33 6
PAA- Cu*' (0.2) 83 35 6
PAA- Cu®* (0.3) 86 38 7
PAA-Cu®' (0.4) 90 47 12
Poly(MVE-MA) 24 2 2
Poly(MVE-MA)-Cu*" (0.1) 80 30 5
Poly(MVE-MA)-Cu** (0.2) 81 31 6
Poly(MVE-MA)-Cu*" (0.3) 84 32 6
Poly(MVE-MA)-Cu*" (0.4) 85 42 10
Poly(MVE-MA)-Cu?" (0.5) 88 43 11

Conclusions

PE can form stable binary complexes with copper ions. As the complex forms via copper
ions, the polycomplex particles become friable structures in which protein molecules are
practically exposed to the solution. On the basis of the obtained results, we can suggest
hypothetical models. The study showed that the copper complexes of PE have antitumor
activity, as indicated by the response of HEK 293 cells. Of the ratios tested, nc,*"/naa: 0.4 and
ncy” /myvema: 0.5 displayed a better antitumor activity. Also, PAA and PAA-M showed
greater antitumor activity than poly(MVE-MA) and poly(MVE-MA)-M . These results are
important because they demonstrate the potential for developing antitumor agent and a new
type of synthetic immunogens.
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