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Introduction: Traditional cancer therapies may have incomplete eradication of cancer or 
destroy the normal cells. Nanotechnology solves the demerit by a guide in surgical resection 
of tumors, targeted chemotherapies, selective to cancerous cells, etc. This new technology 
can reduce the risk to the patient and automatically increased the probability of survival. 
Toward this goal, novel iron oxide nanoparticles (IONPs) coupled with leukemia anti-cancer 
drug were prepared and assessed.
Methods: The IONPs were prepared by the co-precipitation method using Fe+3/Fe+2ratio of 
2:1. These IONPs were used as a carrier for chlorambucil (Chloramb), where the IONPs 
serve as the cores and chitosan (CS) as a polymeric shell to form Chloramb-CS-IONPs. The 
products were characterized using transmission electron microscopy (TEM), powder X-ray 
diffraction (PXRD), scanning electron microscopy (SEM) analysis, Fourier transform infra-
red spectroscopy (FTIR), vibrating sample magnetometry (VSM) analyses, and thermal 
gravimetric analysis (TGA).
Results: The as-prepared IONPs were found to be magnetite (Fe3O4) and were coated by the 
CS polymer/Chloramb drug for the formation of the Chloramb-CS-IONPs. The average size 
for CS-IONPs and Chloramb-CS-IONPs nanocomposite was found to be 15 nm, with a drug 
loading of 19% for the letter. The release of the drug from the nanocomposite was found to 
be of a controlled-release manner with around 89.9% of the drug was released within about 
5000 min and governed by the pseudo-second order. The in vitro cytotoxicity studies of CS- 
IONPs and Chloramb-CS-IONPs nanocomposite were tested on the normal fibroblast cell 
lines (3T3) and leukemia cancer cell lines (WEHI). Chloramb in Chloramb-CS-IONPs 
nanocomposite was found to be more efficient compared to its free form.
Conclusion: This work shows that Chloramb-CS-IONPs nanocomposite is a promising 
candidate for magnetically targeted drug delivery for leukemia anti-cancer agents.
Keywords: chlorambucil, anticancer, leukemia cell lines, magnetic nanoparticles, sustained 
release

Introduction
Leukemia is one of the hematologic malignancies diseases which is most common 
in adults which affects the bone marrow, lymphatic system and blood cells.1 

Leukemia is clonal hematopoiesis created in the bone marrow and is discovered 
by the uncontrollable generation of poorly differentiated white blood cells. 
Treatment of this disease depends on several factors; type of leukemia, age, the 
extent of the disease and patient history. The treatment regimes for the patients are 
usually targeted therapy (chemotherapy), radiation therapy and bone marrow 
transplantation.2
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Based on the degree of cell generation (chronic or 
acute) and type of cell affected (lymphoid or myeloid), 
the leukemia disease can be classified into four main 
categories; chronic myeloid leukemia (CML), acute lym-
phocytic leukemia (ALL), chronic lymphocytic leukemia 
(CLL) and acute myeloid leukemia (AML). AML leuke-
mia is the most common type in adults and ALL is more 
prevalent among pediatric patients.1 The difference 
between CML and CLL depends on the white blood cells 
that have become cancer cells. In CLL, the abnormal cells 
develop from lymphoid blood stem cells (B cells), while 
the CML developed from myeloid blood stem cells.3,4

Traditional cancer therapies such as surgery, che-
motherapy and radiation methods may have incomplete 
eradication of cancer or destroy the normal cells. 
Nanotechnology solves the demerit of these traditional 
methods by a guide in surgical resection of tumors, target 
chemotherapies directly, and selective to cancerous cells.5 

This new technology can reduce the risk to the patient and 
automatically increased the probability of survival.

Toward this goal, polymers nanoparticles with particle 
size less than 200 nm were prepared and anticancer drugs 
were dissolved, encapsulated, adsorbed or entrapped into 
them.6,7 Using this approach, different anticancer drugs 
were delivered to cancer cells, such as tamoxifen,8 

docetaxel,9 psoralen,10 erlotinib/ doxorubicin,11 

ciprofloxacin12 and betulinic acid.13

IONPs have been used to enhance the therapeutic act of 
anticancer drugs and decrease the side effects that are usually 
attached to the conventional treatment of cancer. IONPs 
loaded with different drugs, such as doxorubicin,14–16 

paclitaxel,17–19 cisplatin,20,21 gemcitabine,22 methotrexate,23 

and docetaxel24 have been successfully prepared and used 
for cancer treatment.

Dou’s group has studied the effect of cytosine arabino-
side-magnetic nanoparticles on leukemia stem cells (LSCs). 
The results showed that cytosine arabinoside-magnetic 
nanoparticles have a significant increase in apoptosis and 
reactive oxygen species (ROS) levels compared to cytosine 
arabinoside. This result indicates that the prepared nano-
composites can improve the expression of pro-oxidation 
molecule gp91-phox and decreased the expression of anti-
oxidant molecule superoxide dismutase-1.25 Ferumoxytol 
that is composed of superparamagnetic iron oxide, coated 
with a carbohydrate shell has been approved by the US 
Food and Drug Administration (FDA) to be used for iron 
deficiency treatment. Trujillo-Alonso et al have shown that 
low expression of the iron exporter ferroportin membrane 

resulted in susceptibility of leukemia cell lines via an 
increase in intracellular iron from ferumoxytol. The reac-
tive oxygen species produced by free Fe+2 iron lead to 
increased oxidative stress and cell death.26

The target in pharmaceutical science is to transport the 
maximum rate of the drug across a biological membrane. 
Therefore, solubility plays an important role in drug 
absorption, distribution, metabolism and excretion. The 
use of several poorly water-soluble drugs, such as chlor-
ambucil has late risen sharply. Development of new for-
mulations of the poorly soluble drug can put forward the 
significant challenges at all stages of drug development. 
The low bioavailability of these drugs may lead to delays 
in biological activities.27

Different techniques were used for the enhancement of 
the solubility of the poorly water-soluble drug and to 
improve its bioavailability. These include; particle size 
reduction, nanosuspension technology, surfactant, salt for-
mation, pH adjustment, hydrotrophy and solid 
dispersion.28

Chlorambucil has a Leukeran common name and the 
IUPAC name is 4-[4-[bis (2-chloroethyl)amino]phenyl] 
butanoic acid. It is a bifunctional alkylating compound, 
medically used for the therapeutics of CLL and CML 
leukemia, lymphomas. The toxicity of Chloramb was due 
to the alkylating part; therefore, toxicity attitude on its 
oxidative stress-inducing behavior that applies equally 
against normal and cancer tissues.29,30

Different polymers were used to enhance the chlorambucil 
activity, which include poly (butyl cyanoacrylate),31 linear- 
globular PEG,32 hydroxychloroquine,33 and poly (lactide-co- 
glycolide).34 Chlorambucil-loaded poly (butyl cyanoacrylate) 
preparations have been shown to increase drug stability, thus 
avoiding drug hydrolysis.31 In addition, Chlorambucil conju-
gated with anionic linear-globular dendrimer has decreased the 
insolubility of Chlorambucil in water and improved the antic-
ancer activity in vitro and in vivo.32 Capolla research group has 
shown that monoclonal antibodies (anti-CD20) nanoparticles 
containing hydroxychloroquine (HCQ) and Chlorambucil 
(CLB) (HCQ+CLB) can be effective as a single therapeutic 
agent in controlling aggressive leukemia.33 Another research 
aims to improve the activity of Chlorambucil through using 
poly (DL-lactide-co-glycolide) (PLGA) have shown PLGA- 
Chlorambucil has higher activity on the non-Hodgkin’s lym-
phoma compared to the free drug.34

Our work aimed to produce and characterize a new drug- 
IONPs. We produced Chloramb-CS-IONPs nanocomposite 
where IONP is as the core of the nanocomposite and the CS 
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polymer is as the shell. The nanocomposites were investi-
gated for their cytotoxicity on normal fibroblast and leukemia 
cancer cell lines. To the best of our knowledge, this is the first 
new Chloramb-CS-IONPs nanocomposite that was prepared, 
where its therapeutic effects of targeted nanocomposite at 
leukemia cell lines were studied.

Materials and Methods
Materials
Chlorambucil, iron (III) chloride (>99%), iron (II) chloride 
(>99%) were obtained from Merck KGaA (Darmstadt, 
Germany). Chitosan (L.M.W) with 75–85% deacetylation 
degree was purchased from Sigma-Aldrich (Saint Louis, 
MO, USA). The Dulbecco’s modified Eagle’s medium 
(DMEM), and MTT kit (3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium bromide) were purchased from 
Sigma-Aldrich (Saint Louis, MO, USA). NIH 3T3 cell lines 
murine and cancer WEHI cell lines were purchased from the 
American Type Culture Collection (ATCC, Manassas, VA).

Preparation of IONPs
Preparation of IONPs with the formula, Fe3O4 was carried 
out using the co-precipitation method.35,36 A molar ratio of 
2:1 of Fe (III) (0.3 M) to Fe (II) (0.15 M) was added to 
a solution of 2 M NaOH drop-wise with stirring at 25°C 
and the pH value was kept above 10. The resulting IONPs 
were then sonicated for 15 minutes, collected by ultra- 
centrifugal separation. The excess of NaOH was removed 
by washing four times with deionized water. The IONPs 
were then kept in an oven at 45°C for 6 hours.

Preparation of CS-IONPs Nanoparticles
The preparation of CS-IONPs nanoparticles was adopted as 
previously described in the literature.35,36 Briefly, the CS 
solution was prepared by dissolving 2.0 g of CS into 1% 
acetic acid. The CS-IONPs nanoparticles were prepared by 
adding the CS solution into a 5 mg/mL suspension of IONPs. 
The resulted CS-IONPs were then stirred thoroughly for 18 
hours at 25°C and separated by a permanent magnet.

Preparations of Chloramb-CS-IONPs 
Nanocomposite
The Chloramb-CS-IONPs nanocomposite was collected by 
mixing 50 mg of Chloramb with 200 mg of CS-IONPs. 
The resulting sample was stirred at room temperature for 
18 hours to ease the uptake of Chlorambucil. The final 
nanocomposite was separated using a permanent magnet.

The Chloramb Loading Efficiency (%LE) in 
Nanocomposite
The loading efficiency of Chlorambucil into the nanocompo-
site was determined by separating the supernatant from the 
solid nanoparticles by ultracentrifugation at 15000 rpm for 30 
min. The amount of unloaded Chloramb in the supernatant was 
measured by a UV spectrophotometer using Eq 1.,

%LE ¼
Mt � Mf

mass of nanocomposite
� 100 (1) 

where Mt is the total Chloramb used in the experiment and 
Mf is the unloaded Chloramb.

The Release of Chloramb from 
Chloramb-CS-IONPs Nanocomposite
Chloramb release profile from the Chloramb-CS-IONPs 
nanocomposite was determined using a phosphate- 
buffered saline solution (PBS) at pH 7.4. About 300 mg 
of the Chloramb-CS-IONPs was added into a vessel con-
taining 500 mL of the buffer solution. The released 
amount of Chloramb was determined at preset time inter-
vals using a Shimadzu UV-1601 spectrophotometer.

3T3, WEHI Cells Culturing and MTT 
Cytotoxicity Assays
The 3T3 and WEHI cells were placed in Dulbecco’s 
Modified Eagle medium in 5% CO2 in a humidified incu-
bator. Confluent cells were seeded into a 96-well plate at 
1×105 cells/mL and kept overnight. A 100 µL from a new 
medium containing Chloramb, CS-IONPs and Chloramb- 
CS-IONPs were used to treat the cells. For each sample, 
fresh solutions of Chloramb, CS-IONPs and Chloramb-CS 
-IONPs were used for the treatment with concentrations 
starting from 3.125 μg mL−1 up to 100 μg mL−1. The MTT 
assay was used 72 hours to study the toxic effect of 
Chloramb, CS-IONPs and Chloramb-CS-IONPs samples.

The experiment was performed in triplicate and 
absorption was measured at a wavelength of 570 nm, and 
the data of cell viability was expressed as the mean± SD as 
given in Eq 2.

%Cell Viability ¼
Average of treated
Average Control

� 100 (2) 

Instrumentation
X-ray diffraction (XRD) technique was used to study the 
crystal structure of the Chloramb, CS-IONPs and Chloramb- 
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CS-IONPs in the range of 20–70° by XRD-6000 diffract-
ometer with CuKα radiation, λ=1.5406 Å, 30 kV and 30 mA 
(Shimadzu, Tokyo, Japan). Fourier transform infrared spectro-
scopy (FTIR) spectra of the Chloramb, CS-IONPs and 
Chloramb-CS-IONPs were recorded between 400 and 
4000 cm−1 (Thermo Nicolet Nexus). Thermogravimetric ana-
lysis (TGA) was carried in the range of 30–900°C with 
a heating rate of 10 °C·min−1, in 150 μL alumina crucibles 
(Metter-Toledo 851e instrument (Switzerland)). The particle 
size of the CS-IONPs and Chloramb-CS-IONPs were col-
lected using a transmission electron microscope (TEM) 
(Hitachi H-7100, Tokyo, Japan). UV-Vis spectra were used to 
study the release behavior, using a Shimadzu UV-1601 
spectrophotometer.

Result and Discussion
Powder XRD Patterns
The color of IONPs depends on their chemical composi-
tion. The jet-black color refers to magnetite (Fe3O4) or 
maghemite (Ɣ-Fe2O3) structures whereas the brownish- 
red color indicates a mixture of IONPs (magnetite, 
maghemite and goethite).37,38 Figure 1A–C shows the 
XRD patterns of IONPs, CS-IONPs and Chloramb-CS- 
IONPs, respectively. The six characteristic peaks for 
Figure 1A at 30.1◦, 35.5◦, 43.1◦, 53.5◦, 57.2◦ and 62.9◦, 
which corresponding to the 220, 311, 400, 422, 511 and 
440 planes, respectively, indicating the formation of iron 
oxide magnetite structure with jet-black color.39 In addi-
tion, the absence of 210 and 300 reflections in the XRD 
pattern indicates that the maghemite is not present in the 
samples. Interestingly, the broadening of peaks of 
IONPs was nearly similar to that of CS-IONPs as 
shown in Figure 1B. The similar broadening of XRD 
peaks is predominantly attributed to the unchanging 
crystallite size. Figure 1C shows the XRD patterns of 
Chloramb-CS-IONPs nanocomposite, indicating that 
there is no Chloramb peaks are present in the nanocom-
posite. This result suggests that the Chloramb drug was 
probably incorporated inside of the nanocomposite 
instead of at the surfaces.

Fourier Transform Infrared Spectroscopy
Figure 2A–D shows the Fourier transformed infrared 
spectroscopy (FTIR) spectra of pure Chloramb, IONPs, 
CS-IONPs and Chloramb-CS-IONPs, respectively. The 
carboxylic acid group for Chloramb shows a strong and 
very wideband for the O–H stretching vibration in the 

region 3300–2500 cm−1, centered at about 2935 cm−1. 
This is in the same region as the C–H stretching bands of 
both alkyl and aromatic groups. The carbonyl stretching 
band of the C=O of the carboxylic group for Chloramb 
appears as an intense band at 1701 cm−1. The C–O 
stretching vibration for COOH appears in the region 
1320–1210 cm−1, centered at about 1232 cm−1. The O– 
H bending appeared with a strong band at 1360 cm−1 and 
946 cm−1. The benzene ring for Chloramb shows absorp-
tions at 1615 cm−1 and 1447 cm−1 due to the C=C 
stretching vibrational modes. A band in the region of 
1250–1000 cm−1 is due to the C–H in-plane bending of 
the benzene ring. The aromatic amines (C-N) was 
appeared as a strong band at 1309 cm−1, while the ali-
phatic amine vibrational band appears at 1180 cm−1. The 
C-Cl bond gives two bands at 744 and 723 cm−1.

Figure 2B exhibits the FTIR spectrum of IONPs nano-
particles with various bands at 3411, 1626, 1562, 1338, 
864 and 538 cm−1. The peaks at 538 and 864 cm−1 are due 
to the presence of Fe-O, which indicates that the synthe-
sized nanoparticles are iron oxide.40 Furthermore, the two 
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Figure 1 XRD patterns of IONPs (A), CS-IONPs (B), and Chloramb-CS-IONPs (C).
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bands at 1626 cm−1 and 3411 cm−1 can be attributed to the 
bending vibration of absorbed water and the surface 
hydroxyl group, respectively.41

In the case of CS-IONPs nanoparticles (Figure 2C), the 
CS is indicated by the presence of a small band at 
2922 cm−1 due to the vibrational mode of –CH– in CS. 
A band at 1573 cm−1 is due to the vibrational mode of N– 
H in the CS. In addition, the C-N vibration of the amino 
group is at 1416 cm−1 and the C–O in the ether group is at 
1069 cm−1. The comparison of the FTIR spectra of 
Chloramb-CS-IONPs with that of CS-IONPs shows that 
the band at 1613 cm−1 is attributed to the C=C stretching 
vibration of the aromatic ring. In addition, the absence of 
a band at 1701 cm−1 that is for carbonyl in the carboxylic 
group and at the same time two new intense bands at 1613 
and 1391 cm–1 are attributed to the asymmetric and 

symmetric carboxylate stretching of the Chloramb anions, 
respectively. These indicate that the interaction between 
the protonated amine group of CS with the carboxylate 
group of Chloramb has taken place (Figure 3).

Thermal Gravimetric Analysis 
(TGA-DTG)
The Chloramb loaded on the IONPs and thermal properties 
were studied by thermogravimetric analysis (TGA). 
Figure 4A–D) show the thermal properties for Chloramb, 
IONPs, CS-IONPs and Chloramb-CS-IONPs, respectively. 
The decomposition stage of Chloramb in Figure 4A is 
starting at around 180◦C. Nevertheless, there are two 
major steps for the weight loss of the Chloramb drug. 
The first weight loss started at around 180◦C and ended 
at around 322◦C with a total weight loss of 28%. 
The second weight loss starting at around 322◦C and 
ended at around 525◦C with 43% weight loss. These two 
major steps were due to the decomposition of the benzene 
ring and the side chain of Chloramb.

The thermal analysis of IONPs, and CS-IONPs are 
shown in Figure 4B and C), respectively. The TGA 
curve of IONPs represented weight loss of around 5.2% 
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Figure 2 FTIR spectrum of Chloramb (A), IONPs (B), CS-IONPs (C), and 
Chloramb-CS-IONPs (D).

Figure 3 Molecular structure model of chloramb intercalated with IONPs.
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with two major steps at 48 and 286◦C, respectively. These 
weight losses were due to the removal of surface hydroxyl 
groups (OH) and/or adsorbed water.

After CS-IONPs were prepared, the total weight loss of 
CS-IONPs increased higher than that of IONPs. This fact was 
due to the CS polymer-coated the IONPs. The total weight 
loss of CS-IONPs was 15.5%, while IONPs have a 5.2%.

For Chloramb-CS-IONPs, three stages of weight loss 
are observed in Figure 4D. The first weight loss step 
occurs between 30 and 136 ◦C with weight losses of 
3.1%. The step of weight loss is attributed to the removal 
of surface physisorbed water molecules. The second 
weight loss occurs between 136–489◦C, which is due to 
the decomposition of part of CS polymer and Chloramb 

A B

C D

Figure 4 Thermal gravimetric analysis curves of Chloramb (A), IONPs (B), CS-IONPs (C) and Chloramb-CS-IONPs (D).
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drug with 17.5% weight loss. The last weight loss occurs 
after 489◦C with an 11% value.

After Chloramb incorporated with CS-IONPs, the total 
weight loss for Chloramb-CS-IONPs was increased higher 
than that of CS-IONPs. This evidence designated that the 
Chloramb drug was incorporated into CS-IONPs. The 
weight loss of Chloramb-CS-IONPs was 31.5%, while CS- 
IONPs has a 15.5%. So, Chloramb-CS-IONPs were eval-
uated to contain about 16.0 weight percentage of 
Chloramb. This content drug percentage was near to the 
value obtained from UV-vis spectroscopy with a 17.5 
weight percentage.

Transmission Electron Microscopy
The transmission electron microscopy (TEM) technique was 
used to study the morphology of the nanoparticles. Figure 5A 
and B show the TEM images of the CS-IONPs and Chloramb- 
CS-IONPs, respectively. The CS-IONPs and Chloramb-CS- 
IONPs samples show a near-spherical shape and crystalline 
structure with an average diameter of about 15 nm.

Scanning Electron Microscopy
The Scanning Electron Microscopy (SEM) images were 
used to get more insight into the surface morphology of 
the nanoparticle samples. The CS-IONPs and Chloramb- 
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Figure 5 TEM image of CS-IONPs (A) and Chloramb-CS-IONPs (B).
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CS IONPs SEM images are shown in Figure 6A and B, 
respectively, where both of them represent flake-like 
morphology. The particles also show that they are 
agglomerated together which is due to drying the sam-
ples in an oven.

Measurement of Magnetic Properties
The magnetic properties of the IONPs nanoparticles with 
their drug-coated nanoparticles were evaluated using 
a vibrating sample magnetometer (VSM) at room tempera-
ture. The magnetic hysteresis curves of IONPs, CS-IONPs 
and Chloramb-CS-IONPs are shown in Figure 7. It 
appears from the figure that the magnetic saturation (Ms) 
for IONPs, CS-IONPs and Chloramb-CS-IONPs are 79.0, 
49.1 and 38.6, respectively. All the magnetic hysteresis 
curves of the prepared samples have superparamagnetic 

behavior. It can be seen from Figure 7 that the Ms of 
Chloramb-CS-IONPs and CS-IONPs was less compared 
to IONPs. The decrease in Ms value is only due to the 
exchange of electrons between the surface of Fe atoms 
with the CS.42

Loading and Release Behavior of 
Chlorambucil
The percentages of loading of Chloramb in Chloramb-CS- 
IONPs nanocomposite were calculated by ultraviolet- 
visible absorption spectroscopy. The loading percentage 
of Chloramb in the Chloramb-CS-IONPs nanocomposite 
was found to be around 19%. The release profiles of 
Chloramb from the Chloramb-CS-IONPs nanocomposite 
were investigated in phosphate-buffered solutions at pH 
7.4 (Figure 8), showing that the maximum percentage 
release reaches about 89.9% within about 5000 min (83.3 
h) at pH 7.4. The inset of Figure 8 shows the physical 
mixture of Chloramb and CS-IONPs exposed to the buffer 
solution at pH 7.4. It was found that Chloramb was 
quickly released from its physical mixture of CS-IONPs 
and the release was completed within 10 hours at pH 7.4. 
This physical mixture does not show any sustained-release 
effect; this is due to the low electrostatic attraction 
between the Chloramb and CS-IONPs.

Release Kinetics of Chloramb from the 
Chloramb-CS-IONPs Nanocomposite
Different kinetics models such as the zeroth-order,43 

pseudo-first-order, pseudo-second-order,44 Higuchi 
model, Hixson model and Korsmeyer-Peppas45 equa-
tions were used to investigate the release kinetics 

B Chloramb-CS-IONPsA CS-IONPs

Figure 6 Scanning Electron Microscopy (SEM) of CS-IONPs (A) and Chloramb-CS IONPs (B).
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Figure 7 Magnetization curves of IONPs, CS-IONPs, and chloramb-CS-IONPs 
recorded at room temperature.
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behavior of Chloramb from its Chloramb-CS-IONPs 
nanocomposite (Figure 9). Using these equations and 
models, it was found that the pseudo-second-order 
kinetic model can be better fitted to describe the release 
behavior of Chloramb from its Chloramb-CS-IONPs 
nanocomposite (Figure 9C) compared to the other mod-
els used in this study.

In vitro Bioassay
The cytotoxicity studies were estimated by treating the 
IONPs, CS-IONPs, Chloramb and Chloramb-CS-IONPs 
nanocomposite with normal fibroblast, 3T3 cells and 
cancer WEHI cells. The results were calculated as 
mean ± standard deviation for n = 3 independent 
experiments. Figure 10A and B shows the percentage 
cell viability of the 3T3 and WEHI cells, respectively, 
for all the samples. The IC50 of the Chloramb against 
normal fibroblast, 3T3 cell lines was found to be 35.47 
µg/mL. It is noteworthy the IONPs, CS-IONPs, and 
Chloramb-CS-IONPs nanocomposite did not show any 
inhibitory action against the 3T3 cell lines. This result 
suggests that Chloramb-CS-IONPs nanocomposite is 
biocompatible with normal cells and would be very 
useful for use as a drug delivery system.

Based on Figure 10B and Table 1, the IC50 of the 
Chloramb and Chloramb-CS-IONPs nanocomposite 

against WEHI cancer cells was found to be 27.67 and 
11.12 µg/mL, respectively. The drug loading in the 
nanocomposite was calculated based on the ultraviolet- 
visible absorption spectroscopy and was found to be 
19%. This result indicates that the IC50 = 11.12 for 
Chloramb-CS-IONPs nanocomposite contains 2.1 µg of 
the drug. If we compare the 2.1 µg of the drug in 
nanocomposite with IC50 of free Chloramb (27.67 µg/ 
mL), this indicates that the anti-cancer properties of the 
drug were enhanced by 13 folds. This suggests that the 
designed Chloramb-CS-IONPs nanocomposite is very 
useful for targeting cancer cells without damaging/ 
harming normal tissues.

Conclusion
The present study demonstrated better efficacy of IONPs 
loaded with Chloramb compared to its bare counterpart 
on the viability reduction of WEHI cancer cells. The 
anti-leukemia agent, Chlorambucil was loaded into CS- 
IONPs nanoparticles by the ionic gelation method to 
form Chloramb-CS-IONPs. The IONPs were stabilized 
using the CS polymer. Their nano-size regime and crys-
tallinity were confirmed by TEM and XRD analysis, 
respectively. Both CS-IONPs nanoparticles and 
Chloramb-CS-IONPs nanocomposite have an average 
size of 15 nm. The loading efficiency of Chloramb in 
the Chloramb-CS-IONPs was estimated to be about 19% 
where the conjugation of IONPs with the drug was 
evidenced by the FTIR spectroscopy. The prepared CS- 
IONPs nanoparticles have a superparamagnetic property, 
and this property was retained in its Chloramb-CS- 
IONPs. The release profiles of Chloramb from its nano-
composite showed a controlled release property with 
89.9% release within about 5000 min (83.3 h) and the 
release governs by the pseudo-second-order kinetic 
model. In this regard, the encapsulation of Chloramb 
within CS-IONPs nanoparticle brought a new avenue 
to improve the bioavailability properties of Chloramb 
and can make the drug-responsive for the treatment of 
cancer compared to its counterpart, free Chloramb. The 
IC50 of the Chloramb and Chloramb-CS-IONPs nano-
composite against WEHI cancer cells was found to be 
27.67 and 11.12 µg/mL, respectively, with good biocom-
patible on 3T3 normal cell lines.
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Figure 8 Release profiles of Chloramb from the Chloramb-CS-IONPs nanocom-
posite into phosphate buffered solution at pH 7.4. 
Note: Inset shows the release profiles of Chloramb from its physical mixture of 
Chloramb and CS-IONPs at pH 7.4.
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C D
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Figure 9 Fitting the data of Chloramb release from Chloramb-CS-IONPs nanocomposite into different kinetics models (A–F). 
Notes: The qt is the release rate at timet; qe is the equilibrium release rate; k is a constant corresponding to release amount; Mt are the drug content remaining in 
nanocomposites at release times t; M0 is the drug content remaining in nanocomposite at release times 0.
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