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ABSTRACT

New organaboron amide-ester branched derivatives of poly(itaconic anhydride-
alt-2-vinyl-1,3-dioxolane) are synthesized by amidolysis and grafting reactions, 
respectively. The structure and composition of the synthesized compounds 
are characterized by FTIR-ATR (Fourier Transform-Infrared-Attenuated Total 
Reflection) and 1H (13C) NMR (Nuclear Magnetic Resonance) spectroscopy. 
These novel functionalized boron containing biopolymers are interacted with 
HeLa (human cervix carcinoma cell) cancer cells and L929 Fibroblast (normal) 
cells. Their anticancer properties are investigated using a combination of different 
biochemical analysis methods. It is found that both the values of the cytotoxicity 
and necrotic indexes are increased due to organoboron linkage but these 
indexes of organoboron amide-ester derivative are visibly decreased because 
of α-Hydroxy-ω- methoxypoly(ethylene oxide) (PEO) biocompatibilization. 
The results of these studies allow us to utilize PEO branched derivatives of 
synthesized organoboron copolymers (up to 200 µg mL-1) as therapeutic potential 
functional copolymer drugs in cancer chemotherapy and Boron-Neutron Capture 
Therapy (BNCT).
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1. Introduction

Copolymers containing both hydrophilic and hydro-
phobic group are used in a wide variety biological 
applications [1]. Anhydrides of unsaturated dicarbox-
ylic acids are strong hydrophilic monomers. If unsatu-
rated dicarboxylic acids and their anhyrides such as 
maleic, citraconic and itaconic anhydrides are grafted 
onto polymers, these reactive groups as carbonyl or 
free carboxylic groups can serve as sites for further 
functionalization of grafted polymers [2]. Itaconic an-
hydride (IA) copolymers are strongly amphiphilic mol-
ecules. Itaconic anhydride is a monomer obtained 
from renewable resources. IA can be polymerized or 
copolymerized with various other monomers by differ-
ent methods [3,4]. The different reactions (alcoholysis, 
hydrolysis, amidation) of poly(itaconic anhydride) or 
it’s copolymers have been investigated extensively 
[1,5-6]. These polymers have wide applications. IA 
containing polymers are used as ionomeric materi-
als, compatibilizers, an “acid hardener” for epoxide 
resins, photoresist materials for microlithography and 
etc. [7]. The biocompatible and bioactive nature of IA 
has been revealed its big potential in biomedical ap-
plications. Some derivatives of IA containing polymers 
have been shown to possess biological activity, espe-
cially for antitumor or cancer treatments [4,5-11]. IA as 
an isostructural analogous of maleic anhydride (MAH) 

is also formed alternating copolymers with electron-
donor vinyl monomers [3,12]. IA is more reactive than 
MAH because of its highly reactive tertiary radical. Due 
to this characteristic, it can easily homopolymerize and 
copolymerize to form polymers with varying composi-
tions, which allows the formation of many anhydride 
ring containing polymers [7]. 

At the same time, the degradable cyclic acetal bio-
medical polymers have been investigated by many 
researchers because of less toxic degradation prod-
ucts. Also, biomaterials based upon polyacetals and 
polyketals have been shown potential in drug delivery 
applications due to their pH dependent degradation 
properties [13,16]. Dioxolane  is a heterocyclic acetal 
and 2-vinyl-1,3-dioxolane (VDO) copolymers have not 
been investigated enough for biomedical applications. 
But Rzyaev [17] et. al. synthesized novel multifunc-
tional colloidal nanofiber electrolytes by using copo-
lymer of itaconic anhydride with 2-vinyl-1,3-dioxolane.

On the other hand, many studies about boron com-
pounds are increased because of three fundamental 
characteristics of boron; its electronic characteristic, 
its nuclear characteristic and its characteristic to re-
act with oxygen at high temperature [18]. Boron com-
pounds have nontoxic, eco-friendly, high thermal and 
biological resistance [19]. These compounds can act 
as lewis acids due to the empty p-orbital on the boron 
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center. This allows them to form coordinate covalent 
bonds with nucleophiles. Besides, the boron center 
can be converted from neutral trigonal planar (sp2) 
to tetrahedral (sp3) hybridization under proper physi-
ological conditions thus boron containing compounds 
have the unique chemical and biological properties. 
Many studies and data have shown that boron is not 
a naturally toxic element and play an important role in 
the design of new drugs [20,21]. Recently, investiga-
tions related to synthetic synthesis methods of boron-
containing compounds including peptidyl boronates/
boronic acids, benzoxaboroles, benzoxaborines, 
benzodiazaborines, amine carboxyborane and amine 
cyanoborane derivatives have increased for biological 
activities [20]. In another different study, synthesized 
boron compound-loaded PLLGA nanoparticles were 
investigated their biodistributions in tumor-bearing 
mice compared to PLGA nanoparticles [22]. Paşa et 
al. [23,24] synthesized various imine based boronic 
acid (C=N) compounds, characterized them with vari-
ous spectral techniques and then shown that these 
synthesized diverse imine based boronic compounds 
can be used as anticancer agent, antimicrobial agent 
and antioxidants in the literature [23,24]. Additionally, 
many different carborane derivatives have been syn-
thesized in medicinal and material chemistry because 
of high boron contents, high hydrophobicity and an 
icosahedral geometry. Dicarba-closo-dodecaborane 
(carborane) demonstrates notable thermal and chemi-
cal stability. Recently, derivatives of dicarba-closo-
dodecaborane containing trimethoxyphenyl, magnetic 
nanoparticles coated with m-carboranylphosphinate 
and etc have synthesized for use as nuclear receptor 
ligands, bio-functional compounds, optical materials 
and cancer agents [25,26]. 

Moreover, boron containing polymers are an important 
of materials in the inorganic and organometallic poly-
mer fields [18]. There are many studies about the in-
corporation of organoboranes into the polymers. These 
polymers are prepared by either direct polymerization 
of boron functionalized monomers or functionalization 
of polymers with boron groups. Boron containing func-
tional polymers have been studied in many fields like 
their use as supported catalyst, luminescent materi-
als, biological imaging agents, polymeric precursors 
for high temperature performance materials, supramo-
lecular nanomaterials, drug delivery agents, antibac-
terial agents, antimicrobial surface-active coatings, 
chemical sensors, neutron detections etc, [18-52]. 
Among these literature studies,  Kahraman [12] and 
Rzyaev [48] synthesized novel bioengineering func-
tional organoboron copolymer containing maleic an-
hydride, dioxolane, boronic acid and PEO groups and 
showed that the synthesized organoboron copolymers 
can be utilized as therapeutic agent’s functional copo-
lymer drugs. The synthesis of alternating organabo-
ron amide-ester branched derivatives of poly(itaconic 
anhydride-alt-2-vinyl-1,3-dioxolane) copolymer are not 

reported yet. These polymers containing boron com-
pound may be useful for Boron Neutron Capture Ther-
apy (BNCT). BNCT has attracted much attention as 
a selective and noninvasive cancer therapy based on 
the irradiation of boron-10 (10B), a stable isotope, with 
low energy (thermal) neutrons [53-54]. Two types of 
the 10B-compounds, sodium borocaptate (BSH) and 
l-4-dihydroxyboronylphenylalanine (BPA), have been 
used for clinical trials so far [54]. Many different types 
of bioactive boron-containing compounds have been 
investigated as therapeutic agents for BNCT [37,46-
47,53-58]. In our previous publications [37,46-47], the 
design, synthesis, characterization and bioengineer-
ing properties of organoboron derivatives of various 
functional carboxyl/anhydride-containing copolymers, 
including alternating copolymer of MAH with VDO 
were reported. 

The aim of this work is evaluation of anticancer activi-
ties (cytotoxicity, apoptotic and necrotic effects) of the 
synthesized boron-containing functional bioengineer-
ing copolymer [poly(itaconic anhydride-alt-2-vinyl-1,3-
dioxolane)-poly(IA-alt-VDO)] and graft copolymers 
[2-Amidoethyldiphenylborinate-poly(IA-alt-VDO) and 
2-Amidoethyldiphenylborinate-α-Hydroxy-ω-methoxy-
poly(ethylene oxide)-ester-poly(IA-alt-VDO)] contain-
ing a combination of bioactive sites such as carboxyl 
and amine groups using various biochemical methods 
such as immuno cytochemical stainings and light and 
fluorescence inverted microscopy analyses.  

2. Materials and methods

2.1. Materials

2-Vinyl-1,3-dioxolane (Cat. No: 440353) and itaconic 
anhydride (Cat. No: 259926) were obtained from Al-
drich. 2-Aminoethyldiphenyl borinate (Cat. No: 126705) 
and N-Ethyl-N-(3-dimethylaminopropyl) carbodiimide 
hydrochloride (EDAC) (Cat. No: SE6383) as a carbox-
yl activating agent were purchased from Aldrich-Sigma 
(Germany). α,α’-Azoisobutryronitrile (AIBN) (Cat. No: 
11630) and α-Hydroxy-ω- methoxypoly(ethylene ox-
ide) (Mn = 2000 g.mol-1) (Cat. No: 81221) from Fluka 
were supplied. AIBN as an initiator was purified by re-
crystallization from anhydrous ethanol. N,N’-dimethyl-
formamide (DMF) (Cat. No: 277056) from Aldrich-Sig-
ma, chloroform-d1 (Cat. No: M3420) from Merck and 
Dimethyl sulfoxide-d6 (Cat. No: M3424) from Merck 
were used. Other solvents and reagents were analyti-
cal grade and used without purification.

The FTIR-ATR (cm-1) spectrum of IA monomer was 
determined at: 3127-2940 (broad) antisym. stretching 
C-H in R-CH=CH2, 1843 (m) sym. band in R-CH=CH2, 
1763 (s) and 1703 (m) bands for antisymmetrical and 
symmetrical C=O, 1668 (m) C=C stretching band in 
RCH=CH2, 1408-1385 (m) C-H and scissor vibration 
bands in R2C=CH2 group, 1274 (s) and 1227 (m) anhy-
dride C–O–C stretching. The FTIR spectrum [13] (cm-1) 
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of VDO is; 2954-2866 (m) antisym. stretching C-H 
in R-CH=CH2, 1434 (m) and 1347 (m) CH2 and C-H 
bending in R-CH=CH2, respectively and 1147-1028 
C-O vibration bands. 

2-AEPB was purified by recrystallization from an-
hydrous ethanol: m.p. 193.5oC (by DSC); FTIR-ATR 
Spectra [13, 37, 46-47] (cm-1): 3284 (vs) and 3220 (s) 
N-H stretching in NH2, 3066-2870 (s) C-H stretching, 
1611 (vs) NH2 bending and C=C stretching in phenyl 
groups, 1491(m) and 1334 (m) B-O band, 1432 (vs) 
fairly strong, sharp band due to benzene ring vibra-
tion in phenyl-boronic acid linkage, 1263-1154 (s) fairly 
strong, sharp bands due to C-N stretching in C-NH2, 
1061 (vs) N–H bending in NH2 and 750-710 (s) sharp 
bands from boron-phenyl linkage; 1H NMR spectrum 
[9, 25, 34-35] (δ, ppm), in CHCl3-d1: CH2-O 1.49, CH2-
NH2 2.96, and 7.38-7.40 (1H), 7.19-7.24 (2H) and 
7.13-7.16 (2H) for protons of p-, o- and m-positions in 
benzene ring, respectively. 

α-Hydroxy-ω-methoxy-PEO (Mn 2000 g.mol-1): 1H 
NMR spectrum [13, 37, 46-47] (δ, ppm) in CHCl3-d1: 
CH2-O 3.75-3.45, OH end group 2.61 and O-CH3 end 
group 2.16.  

HeLa (human cervix carcinoma cell) cancer cells and 
L929 Fibroblast normal cells obtained from the tissue 
culture collection of the SAP Institute (Ankara, Turkey). 
Cell culture flasks and other plastic material were pur-
chased from Corning (NY, USA). The growth medium, 
which is Dulbecco Modified Medium (DMEM) without 
l-glutamine supplemented fetal calf serum (FCS) (Cat. 
No: 01-101-1A), Trypsin-EDTA (Cat. No: 03-079-1B) 
were purchased from Biological Industries (Kibbutz 
Beit Haemek, Israel). The primary antibody and cas-
pase-3 (Cat. No: 3015) was purchased from lab Vision 
(Germany), cell proliferation reagent WST (Cat. No: 11 
644 807 001) (Roche, Germany).

2.2. Synthesis of poly(itaconic anhydride-alt-2-
vinyl-1,3-dioxolane)

The copolymerization procedure followed the charge 
transfer complex (CTC) reaction described by Kahra-
man et. al. [13,17]. The reaction scheme is shown in 
Figure 1. IA has a higher reactivity than itaconic acid, 
but it is easily hydrolyzed by water. In order to retain 
the anhydride functionality in the copolymer, all the 
glassware and reactants were used dried before co-
polymerization.

Figure 1. Synthetic pathway of the organoboron amide-ester branched derivatives of alternating copolymer of itaconic anhydride and 2-vi-
nyl-1,3-dioxolane.
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Poly(IA-alt-VDO) copolymer was synthesized by bulk 
polymerization technique. Appropriate quantities of 
liquid IA as a mole ratios of VDO: IA= 1:1 were dis-
solved in liquid VDO with AIBN initiator (AIBN= 1.0 wt. 
%) at 80 °C in a round-bottom flask equipped with a 
magnetic stir bar and a condenser under a nitrogen 
atmosphere. The reactions were carried out at 80 °C 
and stirred continuously overnight. After the polym-
erizations were completed, the reaction solution was 
precipitated in diethyl ether at ambient temperature 
and dried at 60 ºC in a vacuum oven. The poly(IA-alt-
VDO) copolymer was characterized by FTIR, 1H NMR 
and 13C NMR spectra. 

2.3. Synthesis of 2-amidoethyldiphenylborinate-
poly(IA-alt-VDO)

To synthesize 2-Amidoethyldiphenylborinate-poly(IA-
alt-VDO) [poly(IA-alt-VDO)-g-AEPB] at different [co-
polymer]/[2-AEPB] molar ratios by using amidolysis 
reaction, the reaction was carried out in N,N’-dimeth-
ylformamide (DMF) at 60 ºC with EDAC catalyst un-
der a nitrogen atmosphere. Reaction conditions: 
[2-AEPB]= 0.066 mol.l-1, mole ratios of [(IA-alt-VDO)/
(2-AEPB)]= 1:1, 2:1, 4:1 and EDAC= 1.0 wt. %. A mix-
er, temperature control unit and condenser were used. 
An appropriate quantity of poly(IA-alt-VDO) copolymer 
dissolved in DMF and then 2-AEPB and EDAC were 
added in a standard pyrex-glass reactors. The reac-
tion mixture was flushed with dried nitrogen gas for 
5 min, then sealed and placed in a thermo stated sili-
con oil bath at 60 ºC to intensive mixing for 5 h. The 
synthesized organoboron amide copolymer was pre-
cipitated with diethyl ether, filtered from reaction media 
and dried at 40 ºC under vacuum. The organoboron 
amide copolymer was characterized by FTIR, 1H NMR 
and 13C NMR spectra.

2.4. Synthesis of 2-Amidoethyldiphenylborinate-
PEO-ester-poly(IA-alt-VDO)

The esterification (grafting) of organoboron amide 
polymer with PEO (Mn = 2000 g.mol-1) was carried out 
in DMF at 60 ºC for 1 h. Organoboron amide polymer 
in mole ratio of [(IA-alt-VDO) / (2-AEPB)] = 2:1 was 
used. The ratio of the organoboron linkages of organo-
boron amide polymer was 19.24 mol % and polymer / 
PEO feed molar ratio was at (1/ 0.01). PEO branched 
copolymer [poly(IA-alt-VDO)-g-AEPB-g-PEO] was iso-
lated from reaction mixture by precipitation with diethyl 
ether and dried 40 ºC under vacuum. The 1H NMR and 
13C NMR spectra were used for characterization. 

Synthetic partway of the side-chain amide-ester-car-
boxyl functionalized organoboron poly(IA-alt-VDO) co-
polymers can be represented in Figure 1.

2.5. Characterization

Fourier transform infrared (FTIR-ATR) spectroscopy 
was used to determine the copolymer compositions with 
FTIR Nicolet 8700 spectrometer in the 3700–600 cm-1 

range. 1H and 13C NMR spectra were performed on a 
Bruker Avance (300 MHz) spectrometer with DMSO-d6 
as a solvent at 25 ºC. 

2.6. Cytotoxicity

HeLa and L929 Fibroblast (50/10-3 cells.well-1) cells 
were placed in DMEM by using 96-well plates for 
WST cytotoxicity’s experiments. Different amounts 
of copolymers poly(IA-alt-VDO), poly(IA-alt-VDO)-g-
AEPB, poly(IA-alt-VDO)-g-AEPB-g-PEO (about 0-250 
mg.mL-1 in aqueous solutions) were put into wells 
containing cells, respectively. Plate known as con-
trol group only includes medium (MO abs, maximum 
viability). The plates were kept in the CO2 incuba-
tor (37 °C in 5% CO2) for 72 h and then the medium 
was replaced with fresh medium. Following this in-
cubation, WST reagent (25 µL) was added into each 
well, and the cells were cultured for further 4 h incuba-
tion. After that, plates were read as absorbance value 
in Elisa Microplate Reader at 440 nm and reference 
wave length at 440 nm. While living cells are seen dark 
blue, there is no color in dead cells. Medium contain-
ing hydrogen peroxide was used as negative control 
(MI abs, minimum viability). The number of living and 
dead cells were counted with a haemacytometer (C.A. 
Hausse & Son Phluila, USA), using ligth microscope 
at ×200 magnification. Percentage of cell viability was 
obtained from % inhibition formula {[1- (Test abs- MO 
abs)/(MO abs-MI abs)] X 100}. The value obtained 
from here was subtracted from 100, to make % cell 
vitability.

2.7. Analysis of apoptotic and necrotic cells

An analysis of apoptotic and necrotic cells was per-
formed by double staining method to quantify the num-
ber of apoptotic cells in culture on basis of scoring of 
apoptotic cell nuclei. HeLa and L929 Fibroblast cells 
were placed in DMEM by using 24-well plates. After 
treating with different amount functional polymers 
(about 0-200 mg.mL-1 in aqueous solutions) for 24 hour 
period, both attached and detached cells were col-
lected. Double staining solution [RNAse, Hoechst dye, 
propodium iodide (PI)] was added to the cells and in-
cubated for 20 min. Then, 10-50 mL of cell suspension 
was smeared on slide and coverslip for examination 
by fluorescence microscopy with DAPI and FITC (480-
520 nm) filters. The nuclei of normal cells were stained 
light blue but apoptotic cells were stained dark blue by 
the Hoechst dye. 

The apoptotic cells were identified by their nuclear 
morphology as a nuclear fragmentation or chromatin 
condensation. Necrotic cells were staining red by PI. 
Necrotic cells lacking plasma membrane integrity and 
PI dye cross cell membrane, but PI dye don’t cross 
non necrotic cell membrane. Ten apoptotic and ne-
crotic cells in microscopic field were randomly chosen 
and counted and the result (the apoptotic/necrotic in-
dex value) was expressed as a ratio of apoptotic and 
necrotic cells to normal cells.
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The number of apoptotic and necrotic cells were deter-
mined by Fluorescence Inverted Microscope (Olympus 
IX70, Japan). The cell images were also recorded us-
ing the light and Fluorescence Inverted microscopes.

2.8. Immune staining method

The other analysis method of apoptotic detection was 
immunocytochemical stains method. For immunocyto-
chemical stains, cells (25/10-3 cells.well-1) were placed 
in DMEM by using 24-well plates and the plates were 
kept in the CO2 incubator (37 °C in 5% CO2). Then, dif-
ferent amounts of copolymers (about 50-200 mg.mL-1 
in aqueous solutions) were put into wells containing 
cells. After a while, the cells were collected in Falcon 
tube. Following this procedure, wells were rinsed with 
phosphate buffered saline, PSB (1 mL) twice and 
added to trypsin–EDTA (250 mL). Thus, the rest cells 
were accumulated in the same tube. After centrifuga-
tion, aspiration was applied and then pellet was formed 
with PBS. Cytospin preparations were fixed in 70% for-
malin for immunocytochemistry. For an indirect immu-
nocytochemical procedure, cytology specimens were 
treated with 0.2% TritonX100 and then rinsed with 8% 
BSA dissolved in PBS. After aspiration of BPA, the 100 
mL primary antibody [caspase-3 (lab Vision) used at 
1:300 dilution] was added and incubated for 1 h at 
cold temperature. For the secondary antibody appli-
cation, biotinylated secondary antibody solution (100 
mL) incubated for 15 min. Each slide was rinsed with 
PBS, twice and aspired. By using Streptavidin HRP, 
the same procedure was applied for each slide. The 
cells were incubated with DAB solution (Diaminobenzi-
dine from Dako) and hematoxylin, respectively. Diami-
nobenzidine served as the chromagen and Mayer’s 

hematoxylin as the counter stain. The immunocyto-
chemical staining results were reviewed independent-
ly and blindly by observer without the knowledge of 
treatment. The immunoreactivity of the caspase-3 an-
tibody is confined to the cytoplasm of apoptotic cells. 
I counted the number of caspase-3-positive cytoplas-
mic staining cells in all fields found at ×400 final mag-
nification. For each image, three randomly selected 
microscopic fields were observed, and at least 100 
cells field-1 were evaluated.

3. Results and discussion

3.1. Structure of organoboron derivatives of 
poly(IA-alt-VDO)

VDO monomer as cyclic analogue of alkyl vinyl ethers 
copolymerized with IA through formation of a charge 
transfer complex (CTP). Rzyaev et. al. [13] proved that 
the copolymerization of an electron donor (VDO) with 
an electron acceptor (MA) monomer goes by forma-
tion of a CTP. IA has been mentioned as an alternative 
to MAH because of the chemical similarity to MAH.

The structures of synthesized copolymers, organobo-
ron copolymers and their PEO branches were con-
firmed by FTIR-ATR and 1H (13C) NMR analysis. 

The copolymerization reaction was determined by 
FTIR analysis. The FTIR spectra and absorption 
bands of the VDO, IA and poly(IA-alt-VDO) copo-
lymer were shown in Figure 2. The absorptions for 
the IA were at 1763 and 1703 cm-1 (C=O symmetric 
and asymmetric stretching of the anhydride unit), 
1668 cm-1 (C=C stretching) and 1408 cm-1 (=CH2 in 
plane deformation), and for VDO at 1434 cm-1 (CH2) 

Figure 2. FTIR spectra of (1) VDO (2) IA and (3) poly(IA-alt-VDO) copolymer.
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and 1347 cm-1 (C=C or C-H bending in vinyl group). For 
the poly(IA-alt-VDO) copolymer, the absorption bands 
associated with C=C stretching bands of vinylene and 
vinyl groups of IA and VDO monomers (around 1668-
1347 cm-1) disappeared in FTIR-ATR spectrum of co-
polymer, confirming the polymerization. The peaks for 
the anhydride ring vibrations in the copolymer were at 
1768 and 1725 cm-1 and the carbonyl stretching of the 
VDO moved to 1228-1166 cm-1. The anhydride peaks 
indicate that the anhydride remained intact in the co-
polymer. 

The VDO and IA’s characteristic proton and carbon 
peaks were determined in NMR spectrum of synthe-
sized poly(IA-alt-VDO) copolymer as previously men-
tioned in Rzyaev’s study [17]. The characteristic pro-
ton peaks of VDO were observed OCH2 and CH peaks 
at 6.0-5.7 ppm and 4.15 ppm in the 1H NMR spectra of 

poly(IA-alt-VDO), respectively. COOH broad peak with 
lowering intensity between 12 and 13 ppm related to 
trace of hydrolization of unhydrated groups under air 
atmosphere. In the 13C NMR spectrum of poly(IA-alt-
VDO), characteristic carbon peaks of IA and VDO were 
also observed at 170-166 ppm for anhydride C=O and 
65-62 ppm for O-CH2 in dioxolane ring, respectively. 

Comparative spectrum analyzes (Figure 3) of 2-AEPB, 
poly(IA-alt-VDO) and its organoboron derivative indi-
cated that the characteristic bands of anhydride C=O 
groups disappeared in the spectra of poly(IA-alt-VDO)-
g-AEPB polymer prepared from equimolar feed ratio of 
copolymer and 2-AEPB. The formation of amide group 
in this organoboron copolymer was confirmed by the 
appearance of new bands such as 1737 cm-1 (amide 
I. band), 1650 and 1558 cm-1 (amide II. band), 1434 
and 1367 cm-1 (amide III. band) (Figure 3 and Table 1).

Absorption band, cm-1 Band assignments 
2-AEPB unit  
3284 (vs), 3220 (s) N-H stretching in NH2 
3066-2870 (s) C-H stretching 
1611 (vs) NH2 bending and C=C stretching in phenyl groups 
1491(m), 1334 (m) B-O band  
1432 (vs) benzene ring vibration  
1263-1154 (s) C-N stretching in C-NH2 
1061 (vs) N–H bending in NH2 
750-710 (s) boron-phenyl linkage 
poly(IA-alt-VDO)  
2963 (w) CH stretching band (backbone) 
1768 (w), 1725 (m) C=O in IA unit 
1228 (w-m), 1166 (m, broad) C–O–C stretching in anhydride 
poly(IA-alt-VDO)-g-AEPB   
1737 (vs) C=O stretching (amide I. band) 
1650 (m), 1558 (m, broad) N-H deformation (amide II. band) 
1434(w), 1367(m)  C-N stretching (amide III. band) 

 

Figure 3. FTIR spectra of (1) 2-AEPB (2) poly(IA-alt-VDO) and (3) poly(IA-alt-VDO)-g-AEPB organoboron copolymer.

Table 1. Absorption bands of poly(IA-alt-VDO)-g-AEPB organoboron copolymer in FTIR analysis.
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When 2-AEPB compound was bounded to poly(IA-alt-
VDO) copolymer via amildolysis reaction, the forma-
tion of H-bonded amide linkages in this organoboron 
polymer was confirmed by a presence of characteris-
tic peaks at 5.8 and 162 ppm in the 1H NMR and 13C 
NMR spectra of poly(IA-alt-VDO)-g-AEPB, respective-
ly (Figure 4). Also, the presence of characteristic pro-
ton peaks of organoboron linkages were observed as 
quarter phenyl peak at 7.2 ppm, triplet B-O-CH2 peak at 
3.35 ppm and quarter NH-CH2 peak at 2.75 ppm [Figure 
4(a)] and it could be said that 2-AEPB was covalently 
bound to anhydride units. The characteristic carbon 
resonances from organoboron fragment (C=O of amide 

and carboxylic groups 162, CH= in phenyl groups 
around 128-126 ppm, NH-CH2 41and 42 ppm, CH2-O 36 
and 31 ppm) were also seen in the 13C NMR spectrrum 
of poly(IA-alt-VDO)-g-AEPB polymer [Figure 4(b)].

The observed proton signals of side-chain PEO 
branches at 3.4 ppm for CH2CH2 unit and 2.57 ppm 
for OCH3 end group in the 1H NMR spectrum of PEO 
grafted organoboron copolymer [poly(IA-alt-VDO)-g-
AEPB-g-PEO] confirmed the esterification of organo-
boron amide polymer with PEO [Figure 5(a)]. Also, 
the observed characteristic carbon atom resonances 
(69.5 ppm for CH2CH2 in PEO branch, 62.5 ppm for 

Figure 4. (a) 1H NMR and (b) 13C NMR spectra of poly(IA-alt-VDO)-g-AEPB in DMSO-d6.
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O-CH2 and 57.2 ppm for OCH3 end group) in the 13C 
NMR spectrum of [poly(IA-alt-VDO)-g-AEPB-g-PEO] 
[Figure 5(b)] show that the side-chain macrobranced 
PEO linkages formed.

3.2. Cytotoxicity of poly(IA-alt-VDO) and its boron 
containing and PEO branched derivatives

The obtained cytotoxicity results of the pristine alter-
nating copolymer [poly(IA-alt-VDO)] and its organo-

boron amide [poly(IA-alt-VDO)-g-AEPB] and organo-
boron amide-ester [poly(IA-alt-VDO)-g-AEPB-g-PEO] 
derivatives on HeLa and L929 Fibroblast cells using a 
WST method were shown in Figure 6. 

As seen from plots of concentration of polymers versus 
percent of cell viability, it was shown that the toxicity of 
copolymers against cancer cells and normal cells in-
creased with increasing in polymer concentrations be-
tween 0 and 250 µg mL-1 for 24 h incubation at 37 oC. 

Figure 5. (a) 1H NMR and (b) 13C NMR spectra of poly(IA-alt-VDO)-g-AEPB-g-PEO in DMSO-d6.
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The toxicity of boron containing copolymer [poly(IA-alt-
VDO)-g-AEPB] was more significant than pristine co-
polymer. Figure shows that the number of viable cells 
was above 96% for L929 Fibroblast cells and 67% for 
HeLa cells after incubation of the cells with poly(IA-alt-
VDO)-g-AEPB at concentrations around 50 mg mL-1 
for 24 h incubating time in cancer cells and normal 
cells culture media, respectively. The number of vi-
able cells was also around 80-65% for L929 Fibroblast 
cells and 50-30% for HeLa in the range of 100-200 µg 
mL-1 concentration. The cytotoxicity was increased be-
cause of organoboron linkage, hydrogen bonding, free 
carboxylic groups that are form of partial amidolysis of 
anhydride of pristine copolymer, whole hydrolysis of 
free anhydride units in the positive charged physiologi-
cal condition [13,37, 46-48]. The cytotoxicity of PEO 
containing organoboron copolymer was lower than the 
one without PEO at 50-250 µg mL-1 concentrations. As 
it has shown in previous literature studies [13,37,46-
48] PEO was bound to organoboron copolymer, the 
cytotoxicity of organoboron amide-ester [Poly(IA-alt-
VDO)-g-AEPB-g-PEO] derivative was decreased be-
cause of PEO biocompatibilization (it includes –OH 
end group and it has long chain structure) Also, the 
content of organoboron bond in boron containing co-
polymer was higher than organoboron amide-ester 
derivative. The poly(IA-alt-VDO) and its derivatives 
had a higher toxicity for cancer cells than normal cells. 
Viable cell ratio (%) at 200 µg mL-1 polymer concentra-
tion in cancer cells was 42.6 ± 5% [poly(IA-alt-VDO)], 
32.3 ± 3% [Poly(IA-alt-VDO)-g-AEPB] and 60.1 ± 5% 

[Poly(IA-alt-VDO)-g-AEPB-g-PEO], respectively. PEO 
containing organoboron copolymer is used as thera-
peutic agent up to 200 µg.mL-1 polymer concentration.   

3.3. Double staining and Caspase 3 immunostain-
ing results

The destruction process of supramacromolecular 
structure of cancer cell biomacromolecules could be 
influenced by the conjugation of copolymer with DNA 
biomacromolecules of cancer cell through cells/ion-
ized amide and organoboron groups (–H2N...HOOC– ) 
and H-bondings (O in ether...HOOC–) for this rea-
son, can be exhibited apoptotic and necrotic effects 
[13,37,46-48]. 

Apoptotic and necrotic indexes in normal cells and 
cancer cells were obtained by both double staining 
and caspase 3 immunostaining methods. Obtained re-
sults were summarized in Table 2 and Table 3. When 
the cells were treated by poly(IA-alt-VDO)-g-AEPB at 
200 µg mL-1 concentrations, the number of apoptotic 
cells were relatively high in cancer cells and normal 
cells. The maximum apoptotic index was obtained as 
27% from poly(IA-alt-VDO)-g-AEPB copolymer at 200 
µg mL-1 in cancer cells. The number of apoptotic cells 
for the PEO-containing branched polymers was de-
creased for HeLa and Fibroblast cells because of PEO 
biocompatibility. The apoptotic index in cancer cells 
was higher than that in normal cells at chosen polymer 
concentration at 24 hours incubation.  

Figure 6. In vitro cytotoxicity of pristine alternating copolymer and its organoboron and PEO functionalized derivatives with different amount 
in a well at 72 h incubation for L929 Fibroblast cells and HeLa cells, respectively. Results are presented as means ± S.D.
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Table 2. The comparative analysis of apoptotic and necrotic Fibroblast cell indexes for (I) poly(IA-alt-VDO), (II) poly(IA-alt-VDO)-g-AEPB and 
(III) poly(IA-alt-VDO)-g-AEPB-g-PEO at 24 hours incubation. Results are presented as means ± S.D.

Polymer 
concentration 

(µg.ml-1) 

Apoptotic Indexes (%)  Necrotic Indexes (%) 
I II III  I II III 

0 2±1 1±1 2±1  1±1 1±1 2±1 
50 3±1 4±1 4±1  4±1 2±1 2±1 

100 7±1 10±1 8±1  19±2 22±3 17±2 
150 14±2 17±2 16±2  36±3 45±4 30±3 
200 14±2 24±3 12±2  49±4 51±4 38±3 

 
Table 3. The comparative analysis of apoptotic and necrotic HeLa cell indexes for (I) poly(IA-alt-VDO), (II) poly(IA-alt-VDO)-g-AEPB and (III) 
poly(IA-alt-VDO)-g-AEPB-g-PEO at 24 hours incubation. Results are presented as means ±S.D.

Polymer 
concentration 

(µg.ml-1) 

Apoptotic Indexes (%)  Necrotic Indexes (%) 
I II III  I II III 

0 2±1 1±1 1±1   2±1 1±1 
50 5±1 13±2 11±2  14±2 23±3 10±1 

100 10±1 19±2 14±2  20±3 32±3 14±2 
150 13±1 24±3 17±2  37±3 48±4 23±2 
200 15±2 27±3 22±3  50±4 59±4 29±2 

 

Figure 7. Microscope images: (a) Light microscope images of non-apoptotic HeLa cells as a control group (stained with caspas-3 immunos-
taining kit) (b) 200 mg.mL-1 concentration of poly(IA-alt-VDO)-g-AEPB-g-PEO/HeLa cells conjugate (stained with caspas-3 immunostaining 
kit) (c) Fluorescent microscope image of nucleus of untreated HeLa cells as a control (d) nucleus of HeLa cells (stained with Hoechst 33342) 
incubated with 200 mg.mL-1 concentration of poly(IA-alt-VDO)-g-AEPB-g-PEO (e) Fluorescent microscope image of nucleus of untreated 
HeLa cells as a control (f) nucleus of HeLa cells (stained with PI dye) incubated with 200 mg.mL-1 concentration of poly(IA-alt-VDO)-g-AEPB-
g-PEO. All images were recorded with x400 magnification. Scale bar is 40 μm. 
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The results of light and fluorescent microscope investi-
gation of the interaction of organoboron polymers with 
cancer cells were illustrated in Figure 7. All images 
were recorded with x400 magnification. Scale bar is 
40 μm. As the cytoplasms of apoptotic cells treated 
with complex were stained brown (arrows show apop-
totic cell cytoplasma in Figure 7(b)), the cytoplasms 
of non-apoptotic cells were not stained brown (Fig-
ure 7(a)). The hoechst fluorescent dye in the double 
staining solution binds to DNA and gives the blue 
colored cell nuclei (Figure 7(c)) under the blue fluo-
rescent light. Apoptotic cell nuclei were distinguished 
from other blue nuclei by their distorted borders and 
brighter appearance (arrows shows apoptotic bodies 
in Figure 7(d)). Fluorescent microscope image of nu-
cleus of untreated HeLa cells (stained with PI dye) as 
a control was shown in Figure 7(e) and the nucleus of 
non-necrotic cells was green color. When HeLa cells 
were stained with propodium iodide fluorescent dye 
in double-staining solution, the nuclei of necrotic cells 
appeared in red color under red and green fluorescent 
light and this indicates that red spots (arrows show 
necrotic cell nuclei) indicate nucleus of necrotic cells 
and green spots indicate nucleus of non-necrotic cells 
(stained with Hoechst 33342) (Figure 7(f)). 

The copolymer has lower necrotic index than boron 
containing copolymer [poly(IA-alt-VDO)-g-AEPB] at 
different polymer concentrations for cancer cells and 
normal cells. It was observed that the necrotic index 
for boron containing copolymer at 200 µg mL-1 con-
centration was around 60% in HeLa cells. When the 
organoboron copolymer containing PEO was incu-
bated to cancer cells, the necrotic index decreased in 
cancer cells and normal cells (38% and 29%, respec-
tively) (Table 2 and 3). Similar results were reported 
at synthesized different boron compounds in previous 
studies [13,37,46-48]. 

The synthesized novel bioengineering functional or-
ganoboron copolymers contain hydrophilic/hydropho-
bic fragments, ethylene amidodiphenylborinate linkag-
es, long branched PEO segments and free carboxylic 
groups with an ability to conjugate with cancer biomac-
romolecules, especially with HeLa cells.

4. Conclusions 

This work presents the synthesis and characteriza-
tion of copolymer of IA with VDO and its organoboron 
and PEO functionalized derivatives and investigation 
of their antitumor activity (cytotoxicity, apoptotic and 
necrotic effects) toward HeLa and Fibroblast cells by 
using a combination of various biochemical, statistical 
and microscopy methods.

2-AEPB organoboron and PEO compounds was bound 
to poly(IA-alt-VDO) copolymer by amidization and 
grafting reactions, respectively. The chemical struc-
ture of organaboron amide-ester branched derivatives

of poly(itaconic anhydride-alt-2-vinyl-1,3-dioxolane) 
was confirmed by FTIR and NMR analyses. The syn-
thesized compounds contain a combination of physi-
cally and chemically reactive functional groups as an-
titumour sites. 

It was observed that antitumor activity of these copo-
lymers significantly depends on the structure, amount 
of ionizable free carboxylic groups, organoboron link-
ages and complex fragments in the functionalized 
copolymer. These observations confirmed the realiza-
tion of apoptosis and necrosis processes in the inter-
action of organoboron functionalized polymers with 
HeLa and Fibroblast cells. It was observed that both 
the cytotoxicity and necrotic indexes of synthesized 
functional organoboron polymers show approximately 
the same values. The cytotoxicity of PEO containing 
organoboron copolymer was lower than that without 
PEO at lower concentrations.  Apoptotic and necrotic 
indexes of cancer cells were obtained higher than nor-
mal cells. The apoptotic and necrotic indexes for bo-
ron containing copolymer were relatively higher than 
other copolymers at 200 µg.mL-1. The apoptotic and 
necrotic indexes for the copolymers containing PEO 
were decreased in cancer cells because of PEO bio-
compatibility.

The results of these studies allow us to utilize the 
synthesized organoboron copolymers and their PEO 
branched derivatives (up to 200 µg mL-1) as therapeu-
tic potential functional copolymer drugs in cancer che-
motherapy and boron-neutron capture therapy which 
will be the subject of our future investigations.
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