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Introduction

Chitosan (CS), a cationic water-insoluble polymer, 
has many advantageous biological properties, being 
biodegradable, biocompatible, nontoxic, bioabsorb-
able, hemostatic, bacteriostatic, fungistatic, and 
anticholesteremic1,2. Moreover, CS itself has antacid 
and antiulcer activities, which can prevent or weaken 
drug-induced irritation in the stomach2,3. CS also repre-
sents the core of a new generation of drug and vaccine 

delivery systems because of its ability to reduce the 
clearance rate and encourage the uptake of antigens 
by dendritic cells and macrophages4–7. In addition, the 
conjugates of some anticancer agents with CS and its 
derivatives showed promising anticancer efficiencies 
with a noticeable reduction in the unfavorable side 
effects of the original anticancer agent4. However, the 
poor solubility of CS in both water and common organic 
solvents limits its extensive use. Various approaches 
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such as carboxymethylation have been applied for 
conversion of CS into a water-soluble form8. It has been 
reported that carboxymethyl CS (CMCS) has several 
desirable characteristics including its good ability to 
form films, fibers, and hydrogels9,10. Hence, CMCS has 
been widely utilized in many potential applications 
including drug delivery9–11.

Graft copolymerization of vinyl monomers onto poly-
mer backbones is one of the most beneficial techniques 
of chemical modifications due to the ability to introduce 
certain desired properties via selecting appropriate 
types of side chains. A number of published studies have 
reported the graft copolymerization of vinyl monomers 
onto both CS12–15 and CMCS16–23. This graft copolymer-
ization onto CS and CMCS has been performed with 
the aid of a wide range of initiators including potassium 
persulfate (KPS), ammonium persulfate (APS), and ceric 
ammonium nitrate (CAN). These initiator systems initi-
ate the grafting process via generating free radical sites 
on polymer backbones.

Grafting of acrylic acid (AA) onto CMCS, using Ce4+ 
ions as initiator, has been reported recently18. Also, Xie 
et  al.23 have synthesized the CMCS-AA copolymer with 
the aid of APS as initiator for investigating its antibacte-
rial activity. In our earlier study16, we have investigated 
the optimum conditions for grafting of the AA sodium 
salt onto CMCS backbone using APS.

The aim of this present study was to synthesize and 
evaluate a novel potential chemotherapeutic drug as 
antitumor agent. Specifically, water-soluble CMCS was 
synthesized and characterized. Graft copolymerization 
of sodium acrylate (SA) onto CMCS was then achieved 
with the aid of APS in mild aqueous medium. Occurrence 
of grafting process was confirmed by various ways. The 
effect of grafting on the structural characteristics of the 
synthesized copolymer (namely as DCMC) as compared 
with the starting materials was investigated with the aid 
of Fourier transform infrared spectroscopy (FT-IR), dif-
ferential scanning calorimetry (DSC), two-dimensional 
wide-angle X-ray scattering (2D-WAXS), and scanning 
electron microscopy (SEM). Then, the potential of the 
newly developed copolymer (DCMC) as antitumor agent 
in addition to its effect on proliferation and cell cycle of 
cancer cells were extensively investigated. Also, some 
studies were performed to assess the lipid peroxidation, 
and antioxidant status of the developed DCMC against 
Ehrlich ascites carcinoma (EAC) in albino mice in addi-
tion to its effect on some vital hematological parameters.

Experimental

Materials
Anhydrous AA and APS were obtained from Aldrich 
(St. Louis, MO). CS was purchased from Acros Organics 
(Morris Plains, NJ). Monochloroacetic acid was sup-
plied by Riedel-De Haenag Seelze (Hanover, Germany). 
Isopropyl alcohol, acetone, methanol, acetic acid, and 

all other reagents were of analytical grade and used as 
received.

Methods
Characterization of CS
The average molecular weight (Mw) of the CS under 
investigation was estimated using the Mark–Houwink 
viscometry method8 in a solvent of 0.2 M NaCl/0.1 M 
acetic acid maintained at 25°C. The flow times of both 
solvent and CS solutions were determined with the 
aid of Cannon-Fenske Routine Viscometer (Cannon 
Instrument Co., State College, PA). Each sample was 
measured three times. The N-deacetylation% of CS was 
also estimated from the FT-IR analysis using the follow-
ing relationship24:

N-Deacetylation%  100 1655

3340

=

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
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1

1 33.
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 where A is the absorbance at the given wave number. 
The two absorption signals at 1655 and 3340 cm−1 were 
assigned for the amide and the primary NH

2
 groups of 

CS, respectively. The factor 1.33 is corresponding to the 
ratio of A

1655
/A

3340
 for the fully N-acetylated CS.

Preparation of CMCS
The water-soluble CMCS was synthesized through a 
modified method as previously reported in our earlier 
work8,25. In brief, 2 g of CS were transferred to 500-mL 
round-bottomed flask and suspended in 50 mL of iso-
propyl alcohol at room temperature for 65 h. To the swol-
len CS suspension, 80 mL of (60% w/v) aqueous NaOH 
solution were added and the whole mixture was refluxed 
at 85°C for 2 h. Afterward, 100 mL of (60% w/v) aqueous 
monochloroacetic acid solution was added over a period 
of 15 min. The mixture was heated with stirring, at 65°C 
for a further 4 h. The reaction mixture was then neutral-
ized with the aid of HCl solution (4 M). After the filtration 
of the undissolved residue, the produced CMCS was pre-
cipitated by adding methanol (2 volumes). The product 
was collected by filtration, washed several times with a 
mixture of methanol/H

2
O (1:1), and dried at 40°C under 

vacuum.
The degree of substitution (D

s
) of the prepared CMCS 

was estimated using potentiometric titration26. A solution 
of 150 mg of CMCS dissolved in 50 mL of distilled water 
was adjusted to pH <2 by adding HCl solution. The CMCS 
solution was then titrated against 0.1 M aqueous NaOH 
with the pH value recorded simultaneously. The NaOH 
amount was determined by the second-order differential 
method and the D

s
 value was calculated as follows:

D
V C

m V Cs
CMCS

= × ×
− × ×

161

58
� (2)

 where m
CMCS

 is the mass (g) of CMCS, V and C are the 
volume and molarity of NaOH solution, respectively. The 
values 161 and 58 represent the molecular weights of the 
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glucosamine unit of CS and the carboxymethyl group, 
respectively.

The average molecular weight of the CMCS, dissolved 
in 0.1 M aqueous NaCl, was determined at 25°C using the 
following set of relationships26:


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 where t
0
 and t are the efflux times of the solvent and CMCS 

solution, respectively, C is the CMCS concentration (g/
mL), η

r
 and [η] are the relative and intrinsic viscosities, 

respectively. M
r
 is the viscosity average molecular weight 

of CMCS.

Preparation of CMCS-based graft copolymer
The free radical graft copolymerization of SA onto 
CMCS backbone was carried out in presence of APS 
as described in details in our earlier study16. In brief, 
in a 250-mL two-necked glass flask, a predetermined 
amount of AA monomer was converted into SA through 
neutralization with NaOH (4 M) and then completed to 
the desired volume by deionized water to give a final 
concentration of 1.3 mM. To the SA monomer solution, 
0.1 g CMCS was added with stirring for 30 min under 
bubbling of slow stream of nitrogen gas. The flask was 
placed in a thermostated oil bath at 70°C, then the APS 
initiator solution (8 mM based on the total volume of 
reaction mixture) dissolved in 10 mL of deionized water 
was added dropwise with stirring. The graft copolymer-
ization was continued for 2 h followed by stopping the 
reaction by letting air into the flask and rapidly cooling 
down the reaction. The products were precipitated by 
pouring the reaction mixture into acetone. The pre-
cipitate was filtered off, washed with acetone, and the 
crude product was dried under vacuum and weighed. 
The formed homopolymer (polysodium acrylate, PSA) 
was extensively extracted in a Soxhlet apparatus by 
refluxing with methanol for 24 h. The residual graft 
copolymer was washed with methanol, dried, and 
weighed. Both grafting percentage (G%) and the graft-
ing efficiency (GE%) of the resulting CMCS grafted with 
SA (DCMC) copolymer were calculated according to 
the following relationships27:

G%

GE%  100[ / ]

g 0

g g h

= −( )
= +( )
100 0[ / ]W W W

W W W
� (4)

 where W
g
, W

h
, and W

o
 are the weights of graft copolymer, 

homopolymer, and the starting polymer, CMCS, respec-
tively. Both G% and GE% represent the average value ± 
SD of three independent grafting experiments.

Characterization
The elemental analysis for CMCS and the synthesized 
graft copolymer (DCMC) were performed in Carlo Erba 
Elemental analyzer EA 1108 using a flash combustion 
technique. Also, both CMCS and DCMC copolymer 
were characterized using FT-IR. The dried samples were 
pressed with spectroscopy grade KBr and their FT-IR 
spectra were recorded on a Perkin Elmer Paragon 1000 
FT-IR spectrometer within a wave number range of 
600–4000 cm−1 at 25°C. DSC of CMCS and DCMC copo-
lymer were performed using Perkin Elmer DSC7 in a 
nitrogen atmosphere from −30°C to 300°C at a heating 
rate of 10°C/min. The samples (10–12 mg) were weighed 
into aluminium sample pans and sealed. An empty alu-
minium pan of approximately equal weight was used as 
a reference. The peaks were determined and the areas 
were converted into enthalpy values.

Surface morphology
The surface morphology of the dried CMCS and the graft 
copolymer (DCMC) was investigated by SEM (Hitachi 
S-800 field emission SEM operated in secondary elec-
tron mode with a Robinson backscatter detector). The 
digital image capture system that is used for obtaining 
the digital images is a Hitachi PCI system. Dry samples 
were mounted on aluminium stubs with double-sided 
conducting carbon tapes and coated with a 50/50 mix-
ture of gold and palladium to minimize surface charg-
ing. The sample was scanned at an accelerating voltage 
of 20 kV.

2D-X-ray analysis
The WAXS of CS, CMCS, and DCMC copolymers were 
investigated using 2D-WAXS equipment (Rigaku Micro 
Max 007 microfocus imitating anode X-ray generator 
(Cu Kα) coupled with Osmic “Blue” confocal optics 
and a Rigaku RAxis (VI++) image-plate detector. 
Images were recorded and analyzed with Crystal Clear 
(1.3.6-SPI, Pflugrath, JW, 1999, Acta Crystallogr. D50 
1718–1725)28.

The d-spacing values of the investigated molecules 
in the crystalline, semicrystalline, and amorphous 
states were calculated from the scattering wave vector q 
(=(4π/λ)sinθ, where 2θ is the scattering angle) according 
to the following relationship:

d
q

= 2
� (5)

Tumors and biochemical protocols
The newly developed CS derivative (DCMC) was dis-
solved using isotonic saline solution and diluted to the 
desired concentration. All experiments were performed 
with adult Swiss albino mice strain purchased from 
Theodore Bilharz institute, Giza, Egypt, with an average 
body weight of 20 to 25 g. Mice were housed in steel mesh 
cages and maintained for 1 week acclimatization periods 

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
X

av
ie

r 
U

ni
ve

rs
ity

 o
n 

01
/3

1/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1484  M. El-Far et al.

� Drug Development and Industrial Pharmacy

on commercial standard diet and tap water ad libitum. 
EAC line was kindly supplied from the National Cancer 
Institute, Cairo University, Egypt.

Tumor cells and transplantation of EAC cells
EAC cells were used for in vivo experiments. The tumor 
cell line was maintained in mice through serial intrap-
eritoneal (i.p.) transplantations of (2 × 106) viable tumor 
cells in 0.2 mL of saline using a 25 G needle. The tumor 
was characterized by moderately rapid growth, while 
killing mice within 3 weeks due to accumulation of 
ascetic fluid and showing no distal metastasis or spon-
taneous regression. Counting of the viable EAC cells was 
carried out by trypan blue exclusion using the method 
described29.

In vivo antitumor activity and tumor volume experiments
Swiss albino female mice were divided to several groups, 
five mice in each cage at least. All animals were housed 
in plastic cages and maintained under controlled condi-
tions of humidity, temperature, and normal environment 
of light and darkness. Animals were randomly assigned 
to several groups as follows: Group 1 (n = 10) animals 
were injected (i.p.) with 0.2 mL of EAC cells containing 
1 × 106 cells for tumor induction and then left without any 
treatment for 14 days (control a). Group 2 (n = 10) animals 
were injected (i.p.) with 0.2 mL of EAC cells containing 
2 × 106 cells for tumor induction and then left without any 
treatment for 14 days (control b). Group 3 (n = 5) animals 
were injected (i.p.) with 0.2 mL of EAC cells containing 
1 × 106 cells, next day animals received DCMC (i.p.) at a 
dose of 25 mg/kg body weight dissolved in 0.2 mL iso-
tonic saline day after day for 14 days (six separate doses). 
After 18 h of the last dose administration, the mice were 
then sacrificed for observation of antitumor activity and 
then compared with that obtained in the same way in 
mice of control a. Group 4 (n = 5) animals were injected 
(i.p.) with 0.2 mL of EAC cells containing 2 × 106 cells, next 
day animals received DCMC (i.p.) at a dose of 50 mg/kg 
body weight dissolved in 0.2 mL isotonic saline day after 
day for 14 days (six separate doses). After 18 h of the last 
dose administration, the mice were subjected to antitu-
mor activity evaluation by comparing it with the control 
b group. Group 5 (n = 5) animals were injected (i.p.) with 
0.2 mL of EAC cells containing 2 × 106 cells, next day ani-
mals received DCMC (i.p.) at a dose of 100 mg/kg body 
weight dissolved in 0.2 mL isotonic saline day after day 
(i.e. every 48 h) for 14 days (six separate doses). After 18 h 
of the last dose administration, the mice were subjected 
to antitumor activity evaluation by comparing it with 
control b group. The effect of the tested synthesized com-
pound DCMC on the growth of transplantable murine 
tumor, and simultaneous alterations in hematological 
profile were estimated according to El-Far et  al.30,31 The 
antitumor effect was assessed by observation of changes 
with respect to ascetics tumor volume. Hemoglobin (Hb) 
content, red blood cells (RBCs), and white blood cells 
(WBCs) were estimated from the blood collected from 

each group of animals using autoanalyzer at Mansoura 
University Hospital.

Flow cytometry protocol
This was determined in cells collected from nontreated 
and tumor-bearing treated groups of animals according 
to El-Far et al.31 In brief, cells were fixed in 70% ice cold 
ethanol. Cells were washed prior to analysis using phos-
phate-buffered saline (PBS) (pH 7.4), and incubated with 
RNAse A (100 μg/mL) and the DNA-intercalating dye 
propidium iodide (20 μg/L) in citrate buffer (3.4 mM). 
Cell cycle analysis including DNA content, DNA index, 
cellular proliferation, and apoptosis were measured 
using FACSCalibur (Becton Dickson, Mountain View, 
CA) and Cellquest software (Becton Dickson) with an 
excitation wavelength of 488 nm and emission above 
580 nm. The cell cycle analysis was performed using 
Mod-Fit software. Fifteen thousand cells were analyzed 
in each experiment.

Apoptosis detection in EAC cells
Cells were fixed and stained with propidium iodide and 
DNA content was revealed by flow cytometry, with apop-
totic cells forming a sub-G

1
 peak. As a negative control, a 

sample with live cells was used. Up to 15,000 cells were 
analyzed using the Cellquest software.

Estimation of biochemical parameters
After the collection of ascetic samples from the groups 
of mice, EAC cells were homogenized with cold saline 
solution using a homogenizer, and then the biochemi-
cal parameters were estimated. The levels of malon-
dialdehyde (MDA) were estimated in cell homogenate 
according to Ohkawa et  al.32 The levels of nitric oxide 
(NO) and superoxide dismutase (SOD) were also deter-
mined according to Green et al.33 and Dechatelet et al.34, 
respectively.

Statistical significance
All values were expressed as mean ± SD. The statistical 
significance was determined using the one-way ANOVA. 
Statistical package for social science (SPSS, Inc., Chicago, 
IL) was used for the statistical analysis. Statistical signifi-
cance was considered at values of P < 0.05, whereas highly 
significance was considered at values of P < 0.001.

Results and discussion

Characterization of CS, CMCS, and the graft copolymer 
(DCMC)
The average Mw of the CS utilized in the current study 
was estimated to be 318 kDa using the Mark–Houwink 
viscometry method8. Also, the N-deacetylation% of the 
CS was found to be 73.6% as determined by FT-IR24. The 
D

s
 value of the prepared CMCs was found to be 0.48 as 

determined by potentiometric titration and its intrin-
sic viscosity in 0.1 M aqueous NaCl at 25°C was found 
to be 5.1 dL/g. The grafting yield (G% and GE%) of the 
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resulting copolymer (DCMC) was estimated gravimetri-
cally according to Equation 4 and found to be 2900% and 
37.2%, respectively. The structural differences between 
the starting polymer, CS and its derivatives, CMCS, and 
DCMC were confirmed with the aid of FT-IR as appar-
ent in Figure 1. In the case of CS, the FT-IR spectrum 
(Figure 1a) revealed a strong signal at 3427 cm−1, which 
was attributed to the O–H stretching vibration, N–H 
extension vibration, and the intermolecular H-bonds of 
the polysaccharide moieties. The weak signal appeared 
at 1654 cm−1 was attributed to the amide C=O stretch-
ing vibration. The FT-IR spectrum of CMCS (Figure 1b) 
demonstrated a strong new peak at 1734 cm−1 represent-
ing the carboxylate C=O asymmetric stretching vibra-
tion. The peak appeared at 1384 cm−1 could be assigned 
to the symmetric stretching vibration of carboxylate 
C=O group. The C–O absorption signal of the secondary 
hydroxyl group became stronger and has been shifted 
to 1089 cm−1. This tends to indicate that the substitution 
occurred particularly at the C

6
 position of the CS back-

bone. In the FT-IR spectrum of the copolymer, DCMC 
(Figure 1c), the absorption signal appeared at 1319 cm−1 
is characteristic of the homopolymer, poly(SA). Also, in 
the FT-IR spectrum of the graft copolymer, the charac-
teristic absorption signals of the polysaccharide moieties 
at around 1100 cm−1 became weaker and that can be 
attributed to the relatively high grafting percentage. The 
FT-IR spectrum of the copolymer, DCMC, also revealed 
the absence of clear absorption due to vinyl unsaturation 

around 1640 cm−1. This tends to indicate the disappear-
ance of the vinylic double bond of SA monomer due to 
the grafting process. Several literature reports showed 
that the initiation site in this type of free radical-induced 
graft copolymerization reactions onto CMCS backbone is 
the primary NH

2
 groups on the C

2
 position35 as illustrated 

in Scheme 1.
The incidence of graft copolymerization of the SA 

monomer onto CMCS backbone was confirmed by 
various methods. For example, the higher weight of the 
produced graft copolymer as compared with that of the 
starting polymer, CMCS, after the extensive removal 
of the homopolymer, poly(SA), can be considered an 
evidence of grafting. Also, the FT-IR spectra of the syn-
thesized DCMC copolymer as discussed above showed 
both characteristic peaks of the CMCS and SA. This can 
be taken as another experimental evidence of grafting 
process. Occurrence of grafting was also deduced from 
the decreasing of the N-content upon comparing the 
elemental analysis data of both CMCS and the prepared 
DCMC copolymer as apparent in Table 1.

Structural study of DCMC copolymer
Wide-angle X-ray scattering
The 2D-WAXS analysis of the powder samples were 
performed by using X-ray beam with a double graphite 
monochromator for the CuKα radiation (λ = 0.154 nm). 
Figure 2 illustrates some typical patterns for the investi-
gated polymer molecules, CMCS, DCMC, and poly(SA).

Figure 1.  Fourier transform infrared (FT-IR) spectra for (a) CS, (b) CMCS, and (c) DCMC copolymer.
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The 2D-WAXS patterns shown in Figure 2 demon-
strated that CMCS (Figure 2A) has many crystalline peaks 
in addition to two weak bands corresponding to 2θ val-
ues of about 8.6° and 6.4°. Grafting of SA onto the CMCS 
backbone turned the resulting copolymer, DCMC, into 
an amorphous material (Figure 2B). The diffractogram of 
the copolymer showed some weak peaks at 2θ values of 
11.9° and 4.1°. This resulting amorphous structure of the 
synthesized graft copolymer, DCMC, can be attributed 
to occurrence of grafting in a random manner along the 
polymer backbone and consequently destroying regular-
ity of packing of the original polymer chains leading to 
formation of amorphous structure. The diffractogram 
of the poly(SA), as a reference, showed a mostly amor-
phous nature of it. Comparing the diffraction patterns of 
the synthesized DCMC copolymer with those of CMCS 
and poly(SA) can also be taken as additional evidence of 
occurrence of the grafting process. The 2θ values as well 

as the calculated d-spacing of the investigated polymer 
molecules are shown in Table 1.

Differential scanning calorimetry
The traces from the second heating run for CMCS and 
DCMC copolymer in the temperature range from 243 to 
573 K are illustrated in Figure 3. An obvious step in the 
specific heat can be noted at the glass transition tempera-
ture (T

g
). The T

g
 was determined as the temperature of the 

midpoint of the heat capacity increment in the transition. 
The specific heat (Δc

p
) and T

g
 of the investigated polymer 

molecules are shown in Table 1.
As apparent from the figure, the thermal behavior of 

both CMCS and DCMC copolymer revealed the absence 
of a phase transformation within the investigated 
T-range. However, a clear step in the specific heat can 
be seen at the glass temperature (T

g
). Also, an abrupt 

change in the value of the heat capacity step (Δc
p
) of the 

nongrafted polymer (CMCS) can be noted upon grafting 
(see Table 1). Moreover, from the DSC data, the increase 
of the T

g
 upon grafting indicates that the CMCS backbone 

became more rigid due to the attachment of the SA side 
chains, which led to a slowdown in mobility of the main 
CMCS chains.

Surface morphology
The surface morphology of the DCMC copolymer as 
compared with the CMCS is shown in Figure 4. As appar-
ent from the figure, the grafting process has turned the 
rough and irregular clusters of CMCS into a different 
morphology with appearance of some microcrystal-
line aggregates, which can be attributed to the grafted 
poly(SA) side chains.

In vivo evaluation of the antitumor activity of DCMC
The antitumor activity was evaluated on EAC-bearing 
mice using animal model. The synthesized DCMC (G% 
2900%) at a dose level of 25 mg/kg showed highly sig-
nificant decrease in tumor volume at the end of in vivo 
experiment when compared with EAC control non-
treated (a) group at the same experimental conditions, 
using 1 million of cells for tumor induction (Table 2 and 
Figure 5).

The DCMC at dose levels of 50 and 100 mg/kg injected 
to EAC-bearing mice that received 2 millions of cells for 
tumor induction showed that reduction of tumor vol-
ume is a dose-dependent as compared with that of EAC 
control nontreated group (b) at the same experimental 
conditions of using 2 millions of cells for tumor induction Scheme 1.  Preparation of the DCMC graft copolymer.

Table 1.  Some characteristics of the prepared CMCS, poly(SA), and the DCMC copolymer molecules.

Sample 
code G%

Elemental analysis data

Δc
p
 (Jg−1K−1) T

g
 (K)

XRD data for the investigated molecules

C (%) N (%) H (%) O (%) d (nm) 2θ (°) Phase
CMCS — 37.21 5.11 5.85 51.83 11.88 481.64 0.20, 2.01, 2.21, 

2.93, 3.18
45, 8.50, 6.44, 

~5.5, 4.41, ~3.98, 
3.21, 3.04, 2.82

Semicrystalline

DCMC 2900 37.40 0.13 4.78 57.69 0.75 499.65 0.74, 2.16 11.9, 4.1 Amorphous
Poly(SA) — 49.91 — 5.71 44.38 — — 2.02 4.4 Highly amorphous
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(Table 3). Also, as apparent from Table 3, a highly sig-
nificant decrease in tumor volume was observed at dose 
level of 100 mg/kg.

In cancer chemotherapy, one of the major problems 
is anemia, which is mainly due to reduction of RBCs or 
hemoglobin percentage. Treatment with our new water-
soluble copolymer, DCMC, retained the Hb content, 
RBCs, and also the WBCs count at normal levels when 
compared with control group (Table 4). Furthermore, 
none of the treated mice with our new investigated 
compound exhibited any abnormal behavior or any tox-
icity symptoms at doses used during this study, which 
indicated the safety of its use as antitumor compound. 
It is worth mentioning that storage of this synthesized 
material is very important. Different results have been 
obtained upon using the DCMC material after storage at 
room temperature for >6 months. The DCMC color turned 
yellowish and when tested on animals they showed some 
symptoms of toxicity at higher doses, with loss of appetite 
and dizziness. This behavior may be attributed to occur-
rence of partial hydrolysis of the DCMC either in the main 
polysaccharide CMCS backbone or in the side chains of 

the DCMC graft copolymer leading to the production of 
some poly(SA) impurities.

The effect of the developed DCMC copolymer on the 
lipid peroxidation was also investigated as illustrated in 
Tables 2 and 3 by the determination of the levels of MDA 
in mice treated with DCMC and EAC. As apparent from 
the data, there was no significant change observed in 
the values and all the values were found to be within the 
normal range. This tends to indicate the absence of any 
harmful lipid peroxidation effect upon using the DCMC 
copolymer.

Due to the significant role played by the increased NO 
levels in human diseases36,37, the NO levels in most of the 
animals treated with the developed DCMC were esti-
mated and were found to be within the normal range when 
compared with EAC-bearing control animals (Tables 2 
and 3). On the other hand, the levels of the enzyme, SOD 
in mice treated with DCMC revealed a highly significant 
increase upon using DCMC in a dose-dependent manner 
as compared with that of the EAC control group (Tables 
2 and 3). The SOD is a free radical scavenging and it pro-
vides a defense against the potentially damaging reactiv-
ity of superoxide and hydrogen peroxide37,38. From the 
data in Tables 2 and 3, the administration of DCMC has 
increased significantly the levels of SOD, which indicates 
the antioxidant and free radical scavenging character-
istics of DCMC. It is well-known that the excessive pro-
duction of free radicals would lead to an oxidative stress, 
which causes damage of macromolecules such as lipids 
and induces lipid peroxidation in vivo37,38. The MDA, the 
end product of lipid peroxidation, was reported to be 
increased in cancer tissues. Our data showed that the 

Figure 2.  Two-dimensional wide-angle X-ray scattering 
(2D-WAXS) images, taken at T = 298 K, of the (A) CMCS, (B) DCMC 
copolymer (G%, 2900), and (C) poly(SA).

Figure 3.  Differential scanning calorimetric (DSC) thermograms 
of the synthesized DCMC in comparison with that of the starting 
polymer, CMCS obtained during the second heating runs with a 
rate of 10 K/min. The vertical lines indicate the respective glass 
transition temperature.
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administration of DCMC did not increase the MDA and 
significantly increased the SOD activity. This indicates 
that the DCMC has a potential as antitumor agent with an 
inhibition ability of EAC-induced intracellular oxidative 

stress with additive antioxidant activity; however, further 
investigations are still needed.

Flow cytometry
The flow cytometry results are summarized in Table 5. 
As apparent from the table, the effect of the synthesized 
compound, DCMC, on apoptosis (sub-G

1
) of EAC was 

found to be dose-dependent. The concentration of 
100 mg/kg has induced a significant apoptosis, which 
is in agreement with the highly significant decrease 
observed in tumor volume at the same experimental 
conditions (Table 3). The obtained results also indi-
cated that depletion of G

0
/G

1
 might indicate that the 

cell death and especially apoptosis is induced from G
0
/

G
1
 phase of the cell cycle after treatment with 100 mg/

kg of DCMC. On the other hand, the DNA synthesis 
analyzed by flow cytometry revealed nonsignificant 
changes with all the various concentrations used when 

Figure 5.  Effect of DCMC at dose 25 mg/kg body weight on mice 
with Ehrlich ascites carcinoma (EAC) (left), compared with an 
EAC control nontreated animal (right). Substantial difference 
observed on treated animals.

Table 3.  Tumor volumes, levels of malondialdehyde (MDA), levels of nitric oxide (NO), and the levels of superoxide dismutase (SOD) 
in mice treated with DCMC (with dose of 50 and 100 mg/kg, day after day for 2 weeks) compared with control nontreated tumor-bearing 
group using 2 millions of cells/mouse.

Groups Tumor volume (mL) ± SD
MDA(nmol/g wet tissue) ± 

SD NO (µmol/L) ± SD SOD (% of inhibition) ± SD
EAC Control (n = 10) 4.13 ± 0.61 31.38 ± 4.35 27.10 ± 3.24 23.14 ± 5.11
DCMC 50 (n = 5) 4.20 ± 0.57 32.23 ± 4.78 25.40 ± 6.10 29.46 ± 6.00*
DCMC 100 (n = 5) 2.60 ± 0.41** 32.40 ± 5.01 21.60 ± 3.78* 36.83 ± 6.44**
(*) significant, P > 0.05; (**) highly significant, P > 0.001 for effect on treated groups versus the control group. All the values in the table 
represent mean ± SD.

Figure 4.  Scanning electron micrographs of (A) CMCS and (B) 
DCMC copolymer.

Table 2.  Tumor volumes, levels of malondialdehyde (MDA), levels of nitric oxide (NO), and the levels of superoxide dismutase (SOD) in 
mice treated with DCMC (with dose of 25 mg/kg, day after day for 2 weeks) compared with control nontreated tumor-bearing group using 
1 million of cells/mouse.

Groups Tumor volume (mL) ± SD
MDA(nmol/g wet tissue) ± 

SD NO (µmol/L) ± SD SOD (% of inhibition) ± SD
EAC Control (n = 10) 2.73 ± 0.25 31.38 ± 4.3 27.00 ± 3.24 23.14 ± 5.11
DCMC (n = 5) 1.32 ± 0.21** 32. 14 ± 5.42 28.40 ± 3.57 28.95 ± 4.91*
(*) significant, P > 0.05; (**) highly significant, P > 0.001 for effect on treated groups versus the control group. All the values in the table 
represent mean ± SD.
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compared with untreated control group. More interest-
ingly, the treatment with DCMC showed a significant 
increase in G

2
/M phase in a dose-dependent way, 

which is also in agreement with the data that revealed 
a highly significant decrease in tumor volume at high 
dose (Table 3). The present study has also shown that 
DCMC has potent anticarcinogenic and proapoptotic 
effects in EAC cells in vivo. We have examined whether 
DCMC can also inhibit angiogenesis and induce apop-
tosis in the EAC cell lines in a dose-dependent man-
ner. EAC cells treated with DCMC acquired apoptotic 
morphological features as well as increased apoptotic 
percentage as detected in the forms of increase in the 
sub-G

1
 phase of the cell cycle using flow cytometry 

associated with a decrease in G
0
/G

1
 phase. These data 

are in the same line with the worldwide accepted opin-
ion that apoptosis is induced from G

0
/G

1
 phase40. Also, 

our results concerning the increase in apoptotic per-
centage are in agreement with the finding of Prashanth 
and Haranathan that depolymerized products of CS are 
inhibiting the growth of EAC in mice due to induction 
of apoptosis41. Moreover, the DCMC has induced arrest 
in the G

2
/M phase which was shown to be a dose-de-

pendent process.
The G

2
/M checkpoint is currently receiving growing 

attention as a target for cancer therapeutics. The G
2
/M 

checkpoint prevents cells from attempting to undergo 
mitosis in an inappropriate state and due to defects 
in G

1
 checkpoint mechanisms, cancer cells depend 

on G
2
/M checkpoint far more than normal cells sug-

gesting that therapeutic agents acting at this cell cycle 
phase may confer tumor selectivity. The induction of 
apoptosis as reflected from the significant increase in 
apoptotic cells that form sub-G

1
 phase (Table 5), and 

the accumulation of cells in G
2
/M checkpoint may 

account for the inhibition of cancer cell growth upon 
the administration of the DCMC. This study, therefore, 
suggests DCMC as a G

2
/M checkpoint regulator, arrest-

ing cells in this stage of the cell cycle and inducing 
their apoptotic death. Therapeutic agents targeting the 
G

2
/M checkpoint emerged as a new and potentially tar-

geted approach to cancer and further extensive study 

of DCMC derivatives is eagerly awaited. In particular, 
evaluation of its efficacy in noncancerous cells would 
indicate its tumor selectivity. Also, further studies in 
cells harboring P53 mutation will be conducted.

Conclusion

The results of this current study illustrated that the 
synthesized new CMCS-based copolymer (DCMC) has 
significantly inhibited the tumor growth. The response 
of EAC cells in vivo to DCMC was tested using flow 
cytometry cell cycle analysis and the data showed a 
G

2
/M phase accumulation plus induction of apoptosis in 

EAC cells associated with a highly significant decrease 
in tumor volume. The results indicated that the DCMC 
acts also as a regulator of tumor cell growth and differ-
entiation causing G

2
/M cell cycle arrest and inducing 

their apoptotic death. Hematological profile depicted 
normal levels in the mice treated with DCMC, indicating 
a potential for the use of DCMC in cancer chemother-
apy without causing anemia like other available drugs. 
Moreover, the biochemical assays showed that the treat-
ment with DCMC led to augmentation of antioxidant 
defense system without affecting lipid peroxidation in 
EAC-bearing mice. In conclusion, the collected data 
reveal a very promising potential for the investigated 
compound, DCMC, as anticancer agent and the efficacy 
of some other DCMC derivatives as anticancer agents is 
currently under extensive investigation by our group.
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