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Abstract Drug carrier, poly(maleic anhydride-co-vinyl acetate) (MAVA or poly[MA-

co-VA]) copolymer, was traditionally synthesized by free radical chain polymerization

reaction, in methyl ethyl ketone (MEK) organic media at 80 �C, using benzoyl peroxide

(BPO) as the radicalic initiator. The purified copolymer was then modified with a

chemotherapeutic agent, doxorubicin hydrochloride (DOX) at 75 �C for 72 h, using N-

(3-dimethyl-aminopropyl)-N0-ethylcarbodiimide hydrochloride (EDAC) as the car-

boxylic acid-activating agent. Structural characterization of the MAVA and the modified

MAVA/DOX conjugate was carried out by Fourier transform infrared (FTIR) and

nuclear magnetic resonance (1H-NMR and 13C-NMR). Their molecular weights were

determined by size-exclusion chromatography (SEC). The spectroscopic and SEC results

confirmed that conjugated/modification reaction was successfully carried out. UV

spectrophotometric measurements indicated that MAVA/DOX preserved its molecular

stability in physiological body fluid, PBS (physiological pH 7.40 at 37 �C). Antipro-
liferative activities of MAVA/DOX were determined by BrdU cell proliferation ELISA

assay using C6 (Rat Brain tumor cells) and HeLa (human uterus carcinoma) cell lines

in vitro by comparing with free DOX agent (reference compound). Although MAVA

showed low antiproliferative activity, both MAVA/DOX and DOX exhibited greater
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activity against HeLa and C6. Lactate dehydrogenase (LDH) leakage assay was per-

formed for MAVA/DOX and DOX, which detected a non-toxic effect against C6 even at

the highest dose (100 lg/mL). IC50 and IC75 values were also determined using ED50

plus v1.0. Molecular modeling at M06-L/6-31 ? G(d,p)//AM1 level showed that the

electron density in MAVA/DOX is more localized resulting a higher polarization and

thereby a higher dipole moment which shed light on the solubility of MAVA/DOX

conjugate.

Graphical abstract

Keywords Poly(maleic anhydride-co-vinyl acetate) modification � Doxorubicin
hydrochloride � Antiproliferative and cytotoxic activity � HeLa and C6 cell lines �
Computational study � Electrostatic potential counter map

Introduction

Maleic anhydride (MA) is a useful electron-acceptor monomer that contains

reactive anhydride units which makes it an effective method for the synthesis of

functional macromolecules using radicalic initiators by free radical chain polymer-

ization reactions. MA-containing copolymers, also known as polyanhydrides,

consist of MA (not capable of self-homopolymerization) and vinyl-based

monomers. Recently, MA-based copolymers applied as drug carriers for biomedical

applications by selecting an important organic chemical compound benzene and

vinyl acetate, methyl methacrylate or allyl phenyl ether monomers result in

poly(maleic anhydride-co-styrene), poly(maleic anhydride-co-vinyl acetate), poly

(maleic anhydride-co-methyl methacrylate) and poly(maleic anhydride-co-allyl

phenyl ether), respectively [1, 2]. The advantages of these copolymers are their

regular alternating reproducible structure, their biocompatibility, their pH-depen-

dent solubility, the possibility to vary the hydrophobicity depending on the

comonomer, due to the reactivity of the anhydride cycle with nucleophilic agents

such as OH and NH to obtain new conjugates [3]. However, several drawbacks such

as high molecular weight may limit the feasibility of this design in vivo. All
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these drug delivery systems have their own advantages and also drawbacks.

Modification of these polymers through derivatization or conjugation forms an

anhydride ring that can be attacked by amino (–NH2) or hydroxyl groups (–OH) of

nucleophilic reagents [4–7], which results in either ester/carboxylic acid or

amide/carboxylic acid binary structures by ring-opening reaction. Those methods

have been commonly applied as dissolution-enhancing methods for nanoparticulate

formation, surface modification, macromolecular drug carriers, diagnostic imaging

agents, implants, etc. [8–10]. Polymers have played a complementary role in the

advancement of drug delivery technology by providing controlled release of

therapeutic agents in constant doses with also less toxicity and higher activity

[11, 12]. Among water-soluble polymer conjugates that have designed as drug

carriers, two have been widely used in several modifications of drug delivery such

as N-(2-hydroxypropyl)-methacrylamide (HPMA) copolymer [13, 14] and poly

(ethylene glycol) (PEG) [15, 16]. Several drug delivery systems (DDS) based on

HPMA copolymers are currently undergoing clinical trials as anticancer agents, and

PEG is also approved by the food and drug administration (FDA) for pharmaceu-

tical applications. They have been also widely used in many other chemical

industries such as biochemical, cosmetic, pharmaceutical, and industrial applica-

tions because of their water-soluble, biocompatible, non-toxic, and non-immuno-

genic characteristics [17]. Over the last decade, Doxorubicin containing polymer–

drug conjugates such as HPMA copolymer–doxorubicin (for lung and breast

cancer), HPMA copolymer–doxorubicin–galactosamine (for hepatocellular carci-

noma) and PEG-poly(aspartic acid)–doxorubicin micelles (for metastatic pancreatic

cancer) have entered into clinical trials [18].

Many research efforts have been focused on the rational design of polymeric-

based prodrugs [19, 20] which is based on a model originally proposed by Helmut

Ringsdorf (Fig. 1) [21]. Early biological activity studies on synthetic copolymers

have been carried out with a copolymer, poly(maleic anhydride-co-divinyl ether)

(DIVEMA) [22] having antiviral, antibacterial, and antifungal activities [23, 24].

Poly(styrene-co-maleic acid/anhydride) (SMA) is another well-known commercial-

ized vinyl-based copolymer [4, 25]. SMANCS, a conjugate of an SMA copolymer

Fig. 1 The Ringsdorf model
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[trade name of poly(maleic anhydride-co-styrene)] and the antitumor protein

neocarzinostatin (NCS) [20, 26–30], has also been marketed in Japan for the

treatment of hepatocellular carcinoma, producing few side effects and yielding

considerable therapeutic results [31].

Doxorubicin (DOX), in doxorubicin hydrochloride salt form, is a naturally

fluorescent anthracycline antibiotic and has become one of the most versatile and

widely used anticancer agents since its discovery in 1969 [32]. The systematic

IUPAC name, molecular formula and molecular mass of doxorubicin hydrochloride

are (7S,9S)-7-[(2R,4S,5S,6S)-4-amino-5-hydroxy-6-methyloxan-2-yl]oxy-6,9,11-

trihydroxy-9-(2-hydroxyacetyl)-4-methoxy-8,10-dihydro-7H-tetracene-5,12-dione,

C27H29NO11.HCl, and 580,0 g/mol, respectively. DOX is also marketed under

different brand names such as Adriamycin�, Adracin�, Adriablastin�, and

Adriblastina�.

In this study, stable [kept its molecular integrity in PBS (physiological pH 7.40 at

37 �C)], open to attack by nucleophiles and also non-toxic drug carrier poly(maleic

anhydride-co-vinyl acetate) copolymer (MAVA or poly(MA-co-VA) (Scheme 1)

was modified via its anhydride group [33] by the systematic addition of biologically

active molecule, DOX (Scheme 2). This conjugation/modification process is a well-

known ring-opening reaction [7]. The resonance stabilization in amides is higher

than esters which makes them relatively more stable to the acid, base, and

enzymatic conditions. Therefore, amidation reaction is preferred for conjugation

instead of esterification in preparing drugs with prolonged activity. Amide

formation results from the intramolecular cyclization of an amine and a carboxylic

acid. Consequently, the unshared electron pair on the nitrogen atom is now

delocalized across the nitrogen, carbon, and oxygen. This has a significant effect for

amide-modified compounds to yield drugs with prolonged activity. The conjugated

product was named MAVA/DOX, poly(maleic anhydride-co-vinyl acetate)/doxoru-

bicin, using the copolymer/drug couple designation.

Stability studies supported by UV spectrophotometric measurements indicated

that MAVA/DOX kept its molecular integrity in physiological body fluid, PBS

(physiological pH 7.40 at 37 �C), for the first four days meaning that long-term

in vitro stability was achieved. Antiproliferative activities of MAVA/DOX were

also determined by BrdU cell proliferation ELISA assay using C6 (Rat Brain tumor

cells) and HeLa (human uterus carcinoma) cell lines in vitro. The results of

antiproliferative activity and cytotoxicity studies were very promising,

Scheme 1 Polymerization reaction of the MAVA copolymer
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demonstrating non-cytotoxicity and also antiproliferative activity of MAVA/DOX

supported with IC50 and IC75 values. The results highlight the importance of

MAVA/DOX.

Computational calculations were employed to better understand the electron

distribution and hence polarizability and solubility of the compounds under study.

The selection of the computational method and basis set are important in getting

reliable results [34]. To get a moderately accurate result with a minimum demand on

computational resources, optimization was performed using AM1 method [35], but

energy calculations were run with the local functional M06-L which is reported to

be very effective among the M06 family developed by Zhao et al. [36–38].

Materials and methods

Materials

Maleic anhydride (MA), methyl ethyl ketone (MEK), carboxylic acid-activating

agent N-(3-dimethyl-aminopropyl)-N0-ethylcarbodiimide hydrochloride (EDAC)

and benzoyl peroxide (BPO) initiator were obtained from Merck (Schuchardt,

Germany). Ethyl alcohol (95 %) was obtained from Carlo-Erba (Rodano, Italy).

Sodium hydroxide, hydrochloric acid, vinyl acetate (VA), ethyl acetate and

petroleum ether were obtained from Sigma-Aldrich (St. Louis, USA). Doxorubicin

hydrochloride was purchased from Fisher Scientific (New Jersey-Ukraine). Cell

proliferation ELISA, BrdU (colorimetric) kits were obtained from Roche Diagnos-

tics GmbH (Mannheim, Germany). The antitumor drug 5-fluorouracil was provided

from Sigma. Other antiproliferative chemicals used were analytical grade and

obtained from Sigma-Aldrich, Merck and Roche.

Synthesis of MAVA copolymer

Maleic anhydride was purified before use by recrystallization from anhydrous

benzene. As described in our previous study [39], MAVA copolymer was

synthesized by free radical polymerization of MA and VA monomers, at a 1:1

Scheme 2 Modification reaction of the MAVA copolymer with DOX anticancer agent
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molar ratio in MEK using BPO preferred as the free radical initiator instead of

azobisisobutyronitrile (AIBN) for 24 h at 80 �C (Table 1) and conducted in the

fume hood. Unreacted vinyl acetate or homopolymerization products were removed

by incubating the precipitate in ethyl acetate for 24 h for purification. MAVA was

then precipitated with petroleum ether, filtered under vacuum, and then dried in a

vacuum incubator at 55 �C for 24 h to remove organic solvents [40].

Synthesis of MAVA/DOX conjugate

MAVA/DOX conjugate was synthesized by the modification of MAVA copolymer

with DOX hydrochloride, in a 1:1 [7, 41] molar ratio at 75 �C for 72 h in ultrapure

water, using EDAC (155.25 g mol-1) as the carboxylic acid-activating agent

(Table 1). The most crucial part of the conjugation procedure was setting the 1:1

molar proportion for MAVA:DOX. An equimolar ratio between repeated anhydride

or carboxylic groups in the MAVA copolymer chain and amine group of DOX is

required. The ratio between carboxylic groups and amine is twice the ratio between

anhydride groups and amine. A dried powder of MAVA (0.017 mmol, ca. 3.13 mg)

was hydrolyzed in alkaline water (pH 14) that is prepared from ultrapure water

containing 1 M NaOH (alkaline salt). The mixture was then incubated (in the dark)

in a shaking incubator at 50 �C for 17 h to allow the interaction of anhydride units

with NaOH [25, 42]. Under these conditions, MAVA was expected to be partially

solubilized/hydrolyzed in alkaline water and form a homogeneous transparent

solution. The obtained homogeneous solution was cooled to room temperature to

prevent the esterification reaction between the carboxyl groups in the partially

hydrolyzed fragments (from MAVA copolymer). Then the pH was adjusted to 5 by

dropwise addition of 1 M HCl. The modified copolymer was prepared by the

dropwise addition of 10 mg/mL DOX, 0.017 mmol, (in pure water) solution. The

reaction was then initiated by adding 40 mg/mL EDAC solution (*0.26 mmol in

pure water) for 15 min, while the pH was kept at 5 using 0.01 M HCl whilst

continuously stirring [25]. Furthermore, reaction flask was tightly closed to protect

from water vapor and was also covered with aluminum foil to protect from light

when reactions were run in a water bath (adjusted to *100 �C). EDAC, known as

water-soluble condensing reagent, is used as a carboxyl-activating agent for amide

formation [43, 44] in the pH range 4.0–6.0 without any buffers. The modification

reaction is run for 24 h at 50 �C in a shaking incubator to yield a red viscous

Table 1 Reaction conditions of MAVA copolymer and MAVA/DOX conjugate

Sample Mol

proportions

Initiator and

catalyst

Solvents Time

(h)

Temperature

(�C)

MAVA MA:VA BPO MEK 24 80

*(1:1)

MAVA/DOX MAVA:DOX EDAC Water (ultra pure) 72 75

*(1:1)

BPO benzoyl peroxide, EDAC N-(3-dimethyl-aminopropyl)-N0-ethylcarbodiimide hydrochloride
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homogeneous solution, and then continued further for 72 h at 75 �C. Finally, this
solution precipitated with cold ethyl alcohol and precipitated products were then

washed repeatedly with an excess of cold ethyl alcohol and incubated for 1 h at

-80 �C to obtain a crimson (dark red color) precipitate. The final precipitate,

MAVA/DOX, was then collected by centrifugation at 13,000 rpm for 15 min using

pre-cool centrifugation system at -20 �C. After removal of the liquid phase, the

precipitate was ground into powder and dried/purified in a vacuum incubator at

55 �C for 24 h to remove organic solvents [42].

Structural characterization

The IR spectra of MAVA copolymer and MAVA/DOX conjugate (KBr pellets)

were recorded on an FTIR spectrophotometer (MATTSON 1000 Unicam, USA) at

400–4000 cm-1 with 4 cm-1 increments. Nuclear magnetic resonance, 1H-NMR,

and 13C-NMR, analysis were performed at 400 MHz (Bruker Avance III, Karlsruhe,

Germany) using 6 mg of the copolymer or modified product sample, dissolved in

0.8 mL of pyridine-d5.

Size-exclusion chromatography (SEC) measurements

Average molecular weight distribution of MAVA and MAVA/DOX was determined

by a size-exclusion chromatography system (Viscotek; Houston, USA) with

refractive index (660 nm) and right angle light scattering (670 nm). The quadruple

detector array was calibrated with polystyrene standards. The samples were

prepared in tetrahydrofuran (THF) and eluted at 1.0 mL/min at room temperature.

Data obtained were analyzed using an OmniSEC 4.1 software program (Viscotek

Cooperation, Houston USA) [42, 45, 46].

Stability of MAVA and MAVA/DOX conjugate in PBS

MAVA/DOX in dried powder form was incubated after put into the fresh, daily

prepared phosphate-buffered saline solution (PBS; biotechnology grade, 137 mM

NaCl, 2 mM KCl and 10 mM phosphate buffer, pH 7.4 ± 0.1) at 37 �C for 45 days.

During the course of incubation, aliquots were periodically taken and the particulate

matter was removed by centrifugation at 12,000 rpm for 5 min. DOX release from

MAVA/DOX was monitored at wavelengths from 250 to 600 nm in 25 nm

increments (Optima�, SP-3000, Japan) by UV spectrophotometric analysis [7, 47].

Antiproliferative activity studies

Preparation of the stock solutions

The stock solution of samples and 5-FU (5-fluorouracil) were prepared in DMSO

and diluted with Dulbecco’s modified eagle medium (DMEM). DMSO final

concentration was below 1 % in all tests.
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Cell lines and cell culture

HeLa (human cervix carcinoma) and C6 (rat brain tumor) cell lines were grown in

Dulbecco’s modified eagle medium (DMEM) supplemented with 10 % (v/v) fetal

bovine serum (FBS) and 2 % penicillin streptomycin. The medium was changed

twice per week.

Cell proliferation assay

Antiproliferative effects of the compounds were investigated on HeLa and C6 cell

lines using proliferation BrdU ELISA assay [48–50]. 5-Fluorouracil (5-FU) was

used as a positive control.

Cultured cells were grown in 96-well plates (COSTAR, Corning, USA) at a density of

3 9 104 cells/well. In each experimental set, cellswere plated in triplicates and replicated

twice. The cell lines were exposed to eight concentrations of samples (starting from 5 to

100 lg/mL) and 5-FU at 37 �C in a humidified atmosphere of 5 % CO2 for 24 h. Cells

were then incubated for overnight before applying the BrdU Cell Proliferation ELISA

assay reagent (Roche,Germany) according to themanufacturer’s procedure. The amount

of cell proliferation was assessed by determining the A450 nm of the culture media after

addition of the substrate solution using amicroplate reader (Awareness Chromate, USA).

Results were reported as percentage of the inhibition of cell proliferation, where the

optical density that was measured from vehicle-treated cells was considered to be 100 %

of proliferation.All assayswere repeated at least twice againstHeLaandC6cells. Percent

inhibition of cell proliferation was calculated as follows:

1� Atreatments=Avehiclecontrolð Þ½ � � 100:

Cytotoxic activity

Lactate dehydrogenase (LDH) leakage assay

Lactate dehydrogenase leakage assay was performed using LDH cytotoxicity detection

kit (Roche Diagnostics GmbH, Mannheim, Germany) according to the manufacturer’s

protocol. The highest dose (100 lg/mL) at antiproliferative activity testwas used for the

determination of cytotoxicity (%) against HeLa cell line. 5-FU was again used as

positive control. Samples and 5-FU were incubated with 100 lL of C6 cell suspension

having 5 9 103 cell/mL in 96-well plate at 37 �Covernight in 5 %CO2 atmosphere.All

of the control and tested substances were tested in triplicates and duplicate and

mean ± SEM of the absorbance value were taken to calculate cytotoxicity.

Statistical analysis

The results of in vitro investigation are the mean ± SD of nine measurements.

Differences between treatments were tested using ANOVA (analysis of variance).

P values of\0.01 were considered significant.
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Determination of IC50 and IC75 values

The half maximal inhibitory concentration (IC50) is a measure of the effectiveness

of a compound in inhibiting biological function. In this paper, IC50 and IC75 values

were determined using ED50 plus v1.0.

Computational methods

All calculations except polar surface area (PSA) and solvent accessible surface area

(SASA) were performed with the Gaussian 09 suite of programs [51]. MAVA/DOX

was drawn to represent MAVA/DOX polymer conjugate as a model. The geometry

of MAVA, DOX and MAVA/DOX samples was fully optimized with the semi-

empirical Austin model 1 (AM1) [34]. Frequency calculations were also computed

at the same level and no imaginary frequency was found, which verifies that the

optimized geometry is a real minimum on the potential energy surface. It should be

noted that besides being fast in calculation speed, AM1 method usually fails to give

relative energy of a molecule that matches experimental accuracy. [52] Hence, a

higher level calculation was found necessary to obtain more accurate energy values.

M06-L functional of the M06 family [35–37] with the popular polarized basis set,

6-31 ? G(d,p), which adds p functions to hydrogen atoms and d functions on heavy

atoms was used.

On the other hand, PSA and SASA were calculated using QuikProp module in

Schrödinger software package [53].

Results and discussion

FTIR analysis

MAVA copolymer (Fig. 2a) had the expected anhydride units at 1859, and

1783 cm-1, which belong to symmetric and asymmetric C=O stretching vibrations

of maleic anhydride (MA), respectively [54, 55]. C–O–C stretching vibrations, from

MA ring, were observed at 1025 and 935 cm-1 [56]. C=O stretching vibrations of

VA were observed at 1715 cm-1 [57]. The CH3 and CH2 groups of VA stretching

vibrations were detected at 1372 and 1434 cm-1, respectively [58, 59]. Character-

istic COCH3 stretching vibrations of VA appeared at 1096 cm-1 [54]. These

findings confirmed the MAVA copolymer structure [54–59]. The remaining peaks

were also assigned as follows: C–C peak at 603.84 cm-1, various vibrations

associated with CH–CH3 group conformation at 809.18 cm-1, C–O–C stretching at

1215 cm-1, C=O symmetric and asymmetric vibrations at 1731 cm-1, and C–H

stretching at 2936 cm-1 [60, 61].

The peaks associated with anhydride ring of MAVA were disappeared in MAVA/

DOX confirming ring-opening reaction (Fig. 2b). This would also suggest that

almost all of the anhydride rings were opened after MAVA hydrolysis and

nucleophilic amino attack of DOX had occurred [62]. The ring-opening reaction has

been reported to result in the formation of a carboxylic group and amide or ester
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structure [62]. Neither a carbonyl stretching that would belong to an ester at

1500–1600 cm-1 nor –NH stretching of an NH2 group at 3000–3700 cm-1 was

observed. However, –NH stretching of –CONHR mono-substituted amide group

was observed in the MAVA/DOX spectra which indicates an amide formation

(Fig. 2b). Moreover, the intensity of the absorption bands of C=O on the anhydride

groups (C–O–C: at 1859 cm-1 and C=O at 1783 cm-1) were completely shifted and

the following peaks which are due to the amide and free acid formation [4, 6] were

detected: a C–NH at 1114 cm-1 [63], a C–N stretching at 1038 cm-1, [64, 65] and

–NH wagging band at 819 cm-1; [60]. These peaks were formed by an –NH

Fig. 2 FTIR spectra of the copolymer and the modification product. a MAVA, and b MAVA/DOX
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bending and a –CN stretching (C–N–H), [66] indicating the –CONHR mono-

substituted amide group (Fig. 2b). These findings clearly demonstrated the

formation of amide linkages. Peaks observed at 1280 and 1066 cm-1 correspond

to the C–O–C stretching in both VA and DOX [60, 67, 68]. Both peaks at 1210 and

987 cm-1 were assigned to the CO–O–C ester groups of VA units [69]. The

remaining peaks were assigned as follows: a CH stretching of VA unit at 1403 cm-1

[70], a CH2 deformation at 1575 cm-1 [65], a C–C at 1235 cm-1 [71], an

asymmetric –CH2 deformation at 2944 cm-1 [72], C–H and C=C vibrations of

benzene ring, on DOX, at 793 cm-1 [73]. On the phenyl ring, the C=C frequencies

were also detected at 1603 cm-1 [74], and 1581 cm-1 [72] and a =C–H out-of-

plane bending was also shown at 758 cm-1 and at 700 cm-1 [75–77]. The other

observed peaks could be assigned as following: –COOH carboxylic acid units at

1757 cm-1 [60] and –CH (aromatic ring) at 3378 cm-1. These overall findings

indicate the modification of MAVA with DOX by an amidation reaction.

NMR analysis

Nuclear magnetic resonance, 1H-NMR and 13C-NMR, analysis were performed for

both MAVA and MAVA/DOX and the results are as follows.

1H-NMR results

The characteristic peaks observed in the 1H-NMR spectrum of MAVA (Fig. 3a) are

as following: a chemical shift of two protons on MA groups at 3–4 ppm

(a) (overlapped with the water signal), –CH2 protons on VA approximately at

2.3–2.7 ppm (b), a multiplet peak for –CH, (bound to oxygen) approximately at

4.9–5.3 ppm [78, 79] (c), and three methyl protons, adjacent to carbonyl group, at

1.7–2 ppm [38, 54, 80] (d).

In the individual 1H-NMR spectrum of the DOX (Fig. 3b), characteristic solvent

peaks were observed for both pyridine-d5 at 4.97 ppm, and water at 7.22, 7.58, and

8.74 ppm at low intensity. Hydrogens on aromatic phenyl groups (the equivalent of

one proton peak) are detected at 8.8, 9.2, and 9.5 ppm. Two –OH groups on the

aromatic ring of DOX were observed at 15.95 ppm. Characteristic peaks such as

water and the other proton signals shifted to 5.4 ppm and 8.6, 9.0, and 10.16 ppm,

respectively. The peaks at 4.1 and 4.2 ppm were assigned to aromatic protons of

phenol-like aromatic ring with two hydroxyl groups or the other aromatic phenyl

bound to methoxy group. Aliphatic –CH3 peaks of DOX appeared at 2.8 ppm. The

most important functional group, –NH2 protons, split into two peaks (approximately

equal to two protons) observed at 5.9 ppm. In a previous study, it was reported that

the characteristic DOX multiple peaks were observed at 4.6–5.5 ppm, 7.1–7.8 ppm,

13.3–14 ppm and 0.8–1 ppm [81]. The possibility of intramolecular hydrogen bonds

with –NH and –OH groups may not always yield fully integrated peaks.

For confirmation of the conjugation/modification reaction mechanism for

MAVA/DOX, the expected peaks, 5.0–8.5 ppm, due to the amide –NH peak were

overlapped by the solvent peak, and were, therefore, not clearly observed. However,

peaks located at 8.65 and 8.70 ppm were assigned to amide linkage. Other solvent
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Fig. 3 1H NMR spectra of the copolymer, anticancer agent, and the modification product. a MAVA,
b DOX, and c MAVA/DOX
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peaks were observed at 7.22, 7.58, and 8.74 ppm. As a result of modification of

MAVA with DOX, characteristic aromatic ring protons of DOX appeared at

7–9 ppm range [81–83]. As can be seen from Fig. 3c, both MAVA and DOX peaks

are overlapped at 1–5 ppm range. Two –OH groups on the aromatic ring of DOX

were observed at 14.9 ppm [81]. The most evident peak for the modification/con-

jugation or ring-opening reaction, especially the carboxylic acid protons on MAVA

copolymer unit, was observed at 9.46 ppm [84]. Results obtained indicate that the

amide and carboxylic groups on MAVA/DOX were proved by 1H-NMR and also

supported by the FTIR spectrum.

13C-NMR results

Distinct spectral features of MAVA copolymer (Fig. 4a) were as follows: –CH

carbons of MA produced at 50.8 ppm [85] (a), and carbonyl (C=O) and quaternary

carbons appeared at 167–174 ppm [77, 86] (b). CH2 carbons of VA yielded a peak

at approximately 60.23 ppm [87] (c), and its CH3 carbons, attached to a carbonyl

group, were detected at 21 ppm [77] (d). –CH, attached to both –CH2 and oxygen on

the VA, was observed by a peak at 69.27 ppm [88] (e). The peaks observed at

14.2 ppm and at 60.92 ppm were assigned to –CH3 and –CH2 of ethanol [38, 87].

As indicated in the 13C-NMR spectra of DOX (Fig. 4b) characteristic solvent

peaks were observed, for both pyridine-d5 and water, at 124–125 ppm,

136–137 ppm, and 150–151 ppm. Aliphatic CH3 group and aromatic ring carbons

Fig. 3 continued
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Fig. 4 13C NMR spectra of the copolymer, anticancer agent, and the modification product. a MAVA,
b DOX, and c MAVA/DOX
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appeared at 0–30 ppm range. Carbons of methyl (CH3) group bound to oxygen

(methoxy), phenyl groups of DOX, yielded peaks at 57.9 ppm [77] whereas –CH2

peak was observed at 60–70 ppm.

Characteristic solvent peaks were observed for both pyridine-d5 and water, at

124–125, 136–137, and 150–151 ppm in MAVA/DOX spectrum (Fig. 4c). Char-

acteristic aromatic –CH peaks of DOX molecule was detected at 100–150 ppm

range. The peaks observed at 50–70 ppm [85] were assigned to aliphatic –CH

groups. In addition, there were also two aliphatic groups, CH3 and CH2, seen at

0–30 ppm range [77, 84]. A chemical shift was also observed at 60–70 ppm range

for both CH2 attached to carbonyl group on DOX and CH3 attached to carbonyl

group on MAVA.

Average molecular weight distribution

Molecular weights of MAVA and MAVA/DOX were determined by size-exclusion

chromatography (SEC), and the results were as follows: MAVA: 3.98 9 105 Da and

MAVA/DOX: 1.13 9 106 Da (Da: daltons). It can be seen from the results that the

molecular weight of MAVA/DOX was increased approximately threefold, by the

addition of DOX to the MAVA.

Fig. 4 continued
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Stability of MAVA and MAVA/DOX conjugate in PBS

Our previous study’s spectrophotometric measurements indicated that MAVA could

retain its molecular integrity in phosphate-buffered saline (PBS) at 37 �C for at least

one month [39]. According to the literature, vinyl-based copolymers are not

biodegradable [19], and in the current study, it did not undergo any degradation in

PBS. Measurements carried out at wavelengths from 250 to 600 nm in 25 nm

increments showed that the release of DOX from the MAVA/DOX was not started for

the first four days during the course of incubation time (45 days) (Fig. 5a). It may also

Fig. 5 Absorption spectra for the stability of MAVA/DOX in PBS solution. a Individual spectrum for
MAVA/DOX, and b overlapped spectrum for MAVA, DOX, and MAVA/DOX
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be suggested that MAVA/DOX was much more stable in PBS under physiological

conditions (37 �C, pH 7.4) for at least 1 week. However, for longer than 7 days, 45

days for example, there might be a risk of significant degradation of MAVA/DOX

(green color shows first day abbreviated as D1; other days are represented by various

colors that are abbreviated as D2, D3, D4, and D45). MAVA/DOX did not keep its

molecular integrity in physiological fluid PBS. Two wavelengths of maximum

absorption (kmax), 300 and 500 nm, were detected [89]. According to the literature,

accepted kmax value for free DOX was approximately 300 nm, so overlapped

absorption spectra were also evaluated for MAVA, DOX, and MAVA/DOX around

this wavelength (Fig. 5b). It can be clearly noticed from the overlapped spectra,

between 225–260 nm and 280–300 nm range, that conjugated-DOX (MAVA/DOX)

and free DOX have similar absorption behavior. In addition, UV spectrophotometer

results indicated that the release of DOX from the MAVA/DOX needs further

comprehensive research by controlled release study techniques, for example,

dissolution device or HPLC (high-performance liquid chromatography).

The reaction mechanism for the MAVA copolymer and MAVA/DOX
conjugate

Spectroscopic results from FTIR, 1H-NMR and 13C-NMR revealed that the structure

of the reaction product was in agreement with that of a free radical polymerization

of vinyl-based monomers for the MAVA copolymer, and the DOX molecule was

incorporated by a ring-opening reaction (Schemes 1, 2, respectively). As can be

noticed from the reaction mechanisms MAVA and MAVA/DOX repeat indicates

molecular weights 184 and 727 gmol-1, respectively. Furthermore, a stepwise

mechanism, in four steps (nucleophilic attack and proton transfer) was proposed in

detail for conjugation reaction (Scheme 3).

Antiproliferative and cytotoxic activity studies

Antiproliferative activity

Antiproliferation activity of samples was determined against HeLa and C6 cells

using BrdU cell proliferation ELISA assay [48–50]. 5-FU was used as standard. The

activities of samples and standards were investigated on eight different concentra-

tions (5, 10, 20, 30, 40, 50, 75 and 100 lg/mL). The IC50 and IC75 values of the

samples against HeLa and C6 are given in Table 2.

MAVA/DOX and DOX were found to have higher antiproliferative activity than

5-FU (except at 5 lg/mL) against C6 cells. Furthermore, as dose increased,

antiproliferative activity against C6 cell was observed to increase. On the other

hand, MAVA has weaker activity than 5-FU (Fig. 6a).

The potency of inhibitions (at 100 lg/mL) against C6 cells was: MAVA/

DOX * DOX[ 5-FU[MAVA.

In the case of antiproliferative activity against HeLa cells, MAVA/DOX and

DOX were found to be more active than 5-FU at high concentrations between 100

and 30 lg/mL.
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The samples were observed to increase the antiproliferative activities against

HeLa cells as dose increased. On the other hand, MAVA was found to have weaker

activity than 5-FU (Fig. 6b).

The potency of inhibitions (at 100 lg/mL) against HeLa cells was: DOX[
MAVA/DOX[ 5-FU[MAVA.

Scheme 3 Proposed stepwise mechanism for conjugation reaction
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Cytotoxic activity

C6 cells were used to determine cytotoxic activities (%). As can be seen from

Table 3, at 100 lg/mL concentration, cytotoxicity (%) of MAVA/DOX and DOX

Table 2 IC50 and IC75 values

of the samples

*\5 lg/mL

**[100 lg/mL

Samples HeLa C6

IC50 IC75 IC50 IC75

MAVA 77.66 84.23 ** **

MAVA/DOX * 36.50 * *

DOX * * * *

Fig. 6 Antiproliferative activity of the samples and 5-FU against C6 (a) and HeLa (b) cell lines. Asterisk
each substance was tested twice in triplicates against cell lines. Data show average of two individual
experiments (p\ 0.01)
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was observed to be non-toxic compared with 5FU. These values are very promising

in that the MAVA/DOX has both high antiproliferative activity and also is non-

cytotoxic. The results highlight the importance of MAVA/DOX.

Computational study results

Electrostatic potential surfaces (ESP) are used to visualize the electron density

distribution in a molecule. ESP of DOX and MAVA/DOX conjugate were

calculated at M06-L/6-31 ? G(d,p)//AM1 level. Data which are used to calculate

ESP can be projected in two dimensions. This representation is called contour map.

Counter maps were drawn for aforementioned molecules.

As can be seen from Fig. 7, after DOX is bonded to MAVA, the projection of

negative potential is no longer located on nitrogen atom. Overall electron density

distribution in DOX seems to be uniformly distributed. In case of MAVA/DOX

conjugate, electron density is more localized resulting a much higher polarization

(e.g., PSA and SASA) and thereby a higher dipole moment (Table 4). Water

solubility of MAVA/DOX conjugate can be easily attributed to this high

polarization.

Table 3 Cytotoxic activities of

MAVA/DOX, DOX and 5-FU
Sample name Cytotoxicity (%)

DOX 0

MAVA/DOX 0

5-FU 6

Fig. 7 Electrostatic potential counter maps of DOX (a) and MAVA/DOX conjugate (b), calculated at
M06-L/6-31 ? G(d,p)//AM1 level (blue arrows indicate dipole moment vector direction and relative
size) (color figure online)
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Conclusions

A biologically active copolymer, MAVA, was used as the carrier for DOX which is

known to be biologically active too. On the other hand, as DOX anticancer agent has

both one amino and two phenolic and also three substitute hydroxyl groups,

chemical modification/conjugation of the copolymer with this agent was possible by

ring-opening reactions. UV spectrophotometric measurements indicated that

MAVA/DOX kept its molecular integrity in physiological body fluid, PBS

(physiological pH 7.40 at 37 �C) for 4 days.

Antiproliferative activities of MAVA/DOX were also determined by the BrdU

cell proliferation ELISA assay, using C6 and HeLa cell lines at eight low

concentrations. An anti-cancer chemotherapy drug, 5-fluorouracil, was served as a

positive control. Both of the animal (C6, rat brain tumor) and human (HeLa, human

cervix carcinoma) cell lines were quite important for investigation of the

antiproliferative activity of MAVA/DOX. MAVA/DOX and DOX exhibited higher

activity than 5-FU against HeLa and C6 cells. However, MAVA showed low

antiproliferative activity compared with 5-fluorouracil against HeLa and C6 cells.

Lactate dehydrogenase (LDH) leakage assay was also performed for MAVA/DOX

and DOX and a non-toxic effect was observed against C6 cells exposed to the

highest dose (100 lg/mL). All of the results obtained were very promising because

MAVA/DOX had neither proliferative activity nor cytotoxicity. The results

highlight the importance of MAVA/DOX. IC50 and IC75 values were also

determined using ED50 plus v1.0.

Computational calculations using molecular modeling at M06-L/6-31 ? G(d,p)//

AM1 level indicated that the electron density in MAVA/DOX conjugate is more

localized resulting a higher polarization and thereby a higher dipole moment which

shed light on the water solubility of the conjugate. Further computational studies at

M06-L/6-31 ? G(d,p)//AM1 level highlighted the polarizability and water solubil-

ity of MAVA/DOX.

Finally, as a commercial drug, DOX has a wide range of activities on cell

physiology, and the modification product MAVA/DOX or poly(MA-co-VA)/DOX

would be of interest for further comprehensive investigation to better evaluate its

capacity as a biologically active substance by assessing its antitumor characteristics

in other cancer cell lines, antimicrobial, antifungal and drug release properties from

the carrier. Furthermore, the steady release of free DOX from its conjugate could

also find further applications to assess its biological activity in animal models.

Table 4 Structural properties of DOX, MAVA and MAVA/DOX conjugate

DOX MAVA MAVA/DOX conjugate

Dipole moment (D) 2.3176 4.9028 8.1903

PSAa 207.631 104.545 293.909

SASAb 785.406 427.920 1075.125

a van der Waals surface area of polar nitrogen and oxygen atoms and carbonyl carbon atoms
b Total solvent accessible surface area (SASA) in square angstroms using a probe with a 1.4 Å radius
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Additional in vivo studies on artificial animal models and antiproliferative

activity assessments for the conjugated product (MAVA/DOX) are also planned in

future studies.

As a result, the most significant difference from previous studies related to water-

soluble copolymers for polymer/drug conjugates is that MAVA copolymer is slowly

soluble in water especially in alkali conditions (not instantly) and the MAVA/DOX

conjugate is soluble in water, whereas DOX has very low water solubility. MAVA/

DOX was designed and synthesized from stable (kept its molecular integrity in PBS

(physiological pH 7.40 at 37 �C)) and non-toxic drug carrier with doxorubicin. All

of the antiproliferative results for C6 and HeLa at low concentrations with IC50 and

IC75 values obtained were very promising because MAVA/DOX has both high

antiproliferative activity and also non-cytotoxicity. The main objective of this study

is to obtain a less toxic, higher/similar antiproliferative and also more

stable MAVA/DOX conjugate, with reference to the free DOX, by preserving the

original characteristics of the chemotherapeutic drug doxorubicin in conjugates.
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