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ABSTRACT 

 

Magnetic Carbon Nanotubes as a Theranostic Platform for Drug Delivery and 

Magnetic Resonance Imaging 

Nedah Alkattan 

 

Carbon nanotubes (CNTs) have special characteristics that made them good 

agents especially for biomedical applications. In this study, Fe3O4 nanoparticles were 

incorporated onto the surface of CNTs followed by polyethylene glycol (PEG) 

grafting forming CNTs-Fe3O4-PEG hybrids. The PEGylation improves their 

biocompatibility, water solubility, and increases blood circulation. CNTs-Fe3O4-PEG 

was used as T2-contrat agent for magnetic resonance imaging (MRI). In addition, 

doxorubicin (DOX) was loaded onto CNTs-Fe3O4-PEG. The release of DOX from 

DOX-loaded CNTs-Fe3O4-PEG was tested under different pH conditions (7.4, 6.3 and 

5.2). The release increased at acidic pH compared to neutral pH, which shows the 

sensitivity of the system to pH change. Triggering the release by Near Infra-Red 

(NIR) irradiation was furthermore investigated. The release increased after irradiation 

with NIR compared to control sample. These result prove that the designed system 

can be triggered by an internal stimuli (pH) and external stimuli (NIR irradiation) 

making it a promising candidate to be used for biomedical applications.  
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Chapter 1. General Introduction 

 

The term “theranostics” is defined as the approach that combines diagnosis with 

therapeutics.[2] In the theranostic system, the therapeutics such as photodynamic 

therapy, hyperthermia treatment, radiation therapy, and chemotherapy are combine 

with one or more of diagnostic imaging techniques. Different types of imaging can be 

used, for instance fluorescence imaging, optical imaging, nuclear imaging, and 

magnetic resonance imaging (MRI) etc.[3] Recently, nanotechnology is widely used 

to produce various types of theranostic platforms, such as polymeric nanoparticles, 

silica nanoparticles, gold nanomaterials, magnetic nanoparticles, and carbon 

nanotubes (CNTs).[4]  

 

1.1. Carbon Nanotubes (CNTs) 

Carbon nanotubes (CNTs) are an interesting class of nanomaterials that were 

discovered by Ijima in 1991.[5] Generally, CNTs can be synthesized by three 

different methods; laser ablation,[6] arc discharge,[7] and chemical vapor deposition 

method (CVD).[8] CNTs are often described as a rolled up sheet of graphene. They 

can be classified depending on the number of graphene layers to single-wall carbon 

nanotubes (SWCNTs) and multi-wall carbon nanotubes (MWCNTs) (Figure 1). 

SWCNTs consist of a single graphene sheet with diameters ranging from 0.4 nm to 2 

nm. On the other hand, MWCNTs consist of multi sheets of graphene having 

diameters ranging from 2 nm to 100 nm.[9, 10] The length of CNTs vary from several 

nanometers to micrometers.[8] 
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Figure  1 . The structure of SWCNTs (left) and MWCNTs (right).[1] 

  

 

 

 

 

 

 

 

 

 

 

 

 

1.1.1. Functionalization of CNTs 

Functionalization of the surface of CNTs can overcome their toxicity and their 

poor solubility in aqueous solution,[11, 12] ensuring simultaneously high biological 

accessibility, and low toxicity.[13] There are two methods to functionalize CNTs; 

covalent and non-covalent interaction.[14, 15]  

Covalent functionalization is based on the formation of bonds through chemical 

reactions. Many studies have reported the covalent modification of CNTs. The 

modification of the CNTs with an enzymes and amine via the covalent 

functionalization was reported by Wang et al.[16] Qin and his group have synthesized 

the polymer brushes with CNTs as backbones by grafting n-butyl methacrylate to the 

end and sidewall of CNTs via atom transfer radical polymerization.[17] Ke et al. have 
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reported the covalent modification of MWCNTs with a natural low molecular weight 

chitosan by a nucleophilic substitution reaction.[18]  

Non-covalent modification is based on the van der Waals interaction and π-π 

stacking between polymer chains and aromatic rings of CNTs.[19] Many studies used 

non-covalent functionalization of CNTs since it can retain their properties. Zhu et al. 

have used the non-covalent functionalization of CNTs based on colloid stabilization 

principle.[20] O'Connell and his group have reported polymer wrapping method 

around the CNTs.[21] Carrillo et al. have developed a strategy for functionalizing the 

surface of graphite and CNTs with multilayered polymeric films.[22] Non-covalent 

modification has received much attention on many applications, because it does not 

affect the chemical structure of the CNTs.[23] However, the covalent 

functionalization may induce a sizable loss of properties.[24]  

 

1.1.2. Properties and Applications of CNTs 

CNTs have been used in many areas of science and engineering due to their 

special physical,[10] electrical,[6] chemical,[25] structural,[26] thermal,[27] and 

mechanical properties.[28] On the basis of their ability to interact with target 

molecules, CNTs are good materials for the formation of membranes.[29] On the 

other hand, their high surface area, ease of functionalization, and high conductivity, 

CNTs have been used in catalysis and sensing.[30] Also, CNTs have been used as 

electronic devices due to their conductive properties.[31] For their mechanical 

properties and their high flexibility, CNTs are good agents in a variety of composite 

materials.[32] CNTs have been intensively used in a wide range of applications such 

as biomedical applications due to their special properties including their large surface 
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area and they can easily penetrate into cells due to their nano size which make them 

easily travel inside the body.[33] For example, CNTs, have been used as transporter 

candidate for the delivery of drugs,[34] plasmids,[35] and peptides.[36]  

 

1.2.  Magnetic Resonance Imaging (MRI) 

Felix Bloch and Edward Purcell discovered the magnetic resonance phenomenon 

independently in 1945-1946 and received Nobel Prize in 1951.[37, 38] In 1970, 

Raymond Damadian, an American doctor working at Brooklyn's Downstate Medical 

center discovered that the hydrogen signals in tumor tissue differ from that of normal 

tissue. Tumors contain more water, which means more hydrogen atoms. Paul Laterbur 

and Peter Mansfield developed the NMR technique, which could be used to produce 

images of the body. The first MRI image of a human was published in 1977. 

Lauterbur and Mansfield received the Nobel prize in medicine for their discoveries in 

MRI in 2003.[39] 

1.2.2. The basic principles of MRI 

MRI is based on the nuclear magnetic resonance principle, which is based on 

exposing an external magnetic field (Bo) to the hydrogen protons. Hydrogen protons 

are randomly oriented when there is no any external magnetic field and are considered 

to have a net magnetization of zero. The hydrogen protons can align either in anti-

parallel to the magnetic field if they are at high energy state or parallel to the magnetic 

field if they are at lower energy state.[40, 41] In MRI scan, there are two types of 

relaxation times, which depend on the proton density of the tissue. The first is called 
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longitudinal relaxation time (T1) recovery (spin-lattice relaxation). The second is 

called transverse relaxation time (T2) decay (also called spin-spin relaxation).[40-43] 

 

1.2.3. MRI contrast agents 

The contrast agents are used to improve MR images. There are different types of 

the contrast agent. Paramagnetic compounds have a large number of unpaired 

electrons in their outer shell.  This reason makes them highly paramagnetic, this type 

include gadolinium (Gd3
+
), iron (Fe3

+
) and manganese (Mn2

+
) which are referred as 

T1- weighted. The other contrast agent is super-paramagnetic nanoparticles such as 

iron oxide nanoparticles (IONP) which can be used as T2-weighted.[40, 44, 45] 

Iron oxide nanoparticles (IONP) play an important role in MRI technique. There 

are many types of the iron oxide, magnetite (Fe3O4), maghemite (γ-Fe2O3), and 

hematite (α-Fe2O3) particles. IONP can be also classified depending on their size as 

follows; monocrystalline iron oxide nanoparticles (MIONs; several micrometers), 

superparamagnetic iron oxide nanoparticles (SPIONs; hundreds of nanometers), and 

ultrasmall superparamagnetic iron oxide nanoparticles (USPIONs; less than 50 

nm).[40, 46]  

Much work have been reported the use of magnetic nanoparticles as contrast agent 

for MRI. For example, Bingdi and his group have reported a simple and novel 

approach to prepare multifunctional CNTs-based magnetic fluorescent nanohybrids 

using layer-by-layer (LBL) assembly as multimodal cellular imaging agents.[33] Yin 

et al. have explored excellent contrast agents for constructing intracellular molecular 

imaging agents for biomedical applications. They prepared folic acid (FA)-conjugated 



16 
 

 

functionalized MWCNTs with magnetic iron oxide nanoparticles hybrids LBL 

assembly, which could be used for specific targeting and imaging of cancer cells in 

MRI.[47] 

 

1.3.  Drug Delivery 

One of the promising applications of CNTs is drug delivery. CNTs have been used 

as transporter agents for the delivery of drugs,[36] plasmids,[35] nucleic acids,[36] 

and peptides.[48] In any drug delivery system, the mechanism of controlling the 

release of the drug to target the cancer cells is important.[34] Controlling the release 

can control the rate and the time of the released drug. The drug release system based 

on CNTs can be triggered by internal stimuli (pH, ionic, enzymes, and redox).[49-51] 

or by external stimuli (temperature, electrical, magnetic, and light).[52-54]  

pH triggered systems have been widely used to deign CNTs drug carrier in cancer 

therapy. The pH values of tumor tissues and organs are lower than the normal tissues. 

Normal tissues have neutral pH (7.4), while tumors have acidic pH (5.4-5.8).[55] In 

addition, the pH differences can be found in the sub-cellular level such as early 

endosome that has a pH 5-6, while late lysosome has acidic pH values ranging 4-

5.[56] Several pH-sensitive drug release approaches have been investigated. For 

example, nanomaterials containing ionizable groups, such as amines, carboxylic 

acids, and phosphoric acids can donate or accept protons and undergo pH-dependent 

changes in chemical and physical properties.  

Ultraviolet (UV) and visible light can be used as a stimulus for drug release, but 

the long time irradiation of UV is harmful for the body and visible light cannot 
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penetrate into deeper tissues.[57] On the other hand, near infrared (NIR) in the range 

750-1000 nm has been much used for in vivo application due to their ability to 

penetrate deeper tissues with less damaging for tissues.[58] However, this light has 

low energy, making it unable to begin directly the cleavage reaction of the chemical 

bond, which is required for releasing the drug. The NIR can be combined with a heat-

sensitive materials in the photothermal release to overcome this problem.[59] There 

are two critical components required to control drug release; heat-sensitive materials 

and photonic energy transformer. The mechanism of using NIR photothermal release 

depends on the conversion of  NIR light into heat by photonic energy transformer and 

then this heat can control the release.[60] 

Many studies have combined NIR photothermal release of drugs with 

photothermal therapy. Sershen et al. first showed that the temperature sensitive drug 

delivery was possible by using polymer-nanoshell composites.[61] Yavuz et al. have 

used a gold nanocage combining with DOX and then covered with smart polymers for 

controlling the release with NIR light.  [62] 

In this work, CNTs were decorated by magnetic nanoparticles and poly (ethylene 

glycol) forming CNT-Fe3O4-PEG to be employed for MRI imaging and drug delivery. 

This hybrid was tested as T2-weighted contrast agent and as a drug delivery system 

triggered by pH and NIR light.  
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Chapter 2. Magnetic Carbon Nanotubes as a Theranostic Platform for Drug 

Delivery and Magnetic Resonance Imaging 

 

 

2.1. Introduction 

In recent years, CNTs have attracted a lot of attention in biomedical applications 

such as drug release and as contrast agent for MRI. They have large surface area and 

they can be easily modified by covalent or noncovalent interaction. On the other hand, 

CNTs can penetrate cell membranes easily.[33] These special characteristics make 

them good candidate to deliver therapeutic agents such as drugs.[34, 36, 63] 

Doxorubicin (DOX) is one of the anti-cancer drugs that can be loaded onto CNTs via 

π-π stacking interaction.[34, 64, 65] CNTs have strong optical absorbance in the NIR 

region, which can be used for photothermal therapy. This is due to their ability to 

generate heat from NIR light.[66] 

Magnetic Resonance Imaging (MRI) technique is one of the best powerful 

medical diagnosis tools.[40, 67-71] There are two types of contrast agents to improve 

the sensitivity of MRI, known as spin–lattice or longitudinal relaxation time T1 

weighted like paramagnetic Gd3
+
 and it is generation of a bright image, whereas spin–

spin or transverse relaxation time T2 weighted like IONP and it is generation of a dark 

image.[40, 72-77] 

In this work, CNTs-Fe3O4 is synthesized and then functionalized by polyethylene 

glycol (PEG), to form a platform containing CNTs-Fe3O4-PEG for MRI and drug 

delivery (Scheme 1). 
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Scheme 1. Schematic illustration for the preparation of CNTs-Fe3O4-PEG and their 

possible pathway inside the cell.  

2.2. Experimental Section 

 2.2.1. Materials 

Carbon nanotubes (CNTs), nitric acid (HNO3), sulfuric acid (H2SO4), sodium 

hydroxide (NaOH), ferric chloride hexahydrate  (FeCl3·6H2O), ferrous chloride 

tetrahydrate (FeCl2·4H2O), methoxypolyethylene glycol amine (MeO-PEG-NH2), N-

(3-Dimethylamino propyl)-N′-ethylcar-bodiimide) hydrochloride (EDC·HCl), 

doxorubicin (DOX) all chemicals were purchased from Sigma Aldrich. 1% of agarose 

gel was prepared under microwave oven for 5 minutes. In all experiments, a Milli-Q 

water (18.2 MΩ·Cm) was used. 

 

 

 

http://www.google.com.sa/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCcQFjAA&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F161462%3Flang%3Den%26region%3DUS&ei=PrwpU8iyOrGZ0AWRnoDwCg&usg=AFQjCNF7Ni4BlqwGjcx87_bu7tBgdsLlEg
http://www.google.com.sa/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCcQFjAA&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F161462%3Flang%3Den%26region%3DUS&ei=PrwpU8iyOrGZ0AWRnoDwCg&usg=AFQjCNF7Ni4BlqwGjcx87_bu7tBgdsLlEg
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2.2.2. Synthesis of CNTs-Fe3O4-PEG 

 

 

 

 

 

Scheme 2. Schematic illustration for the preparation of CNTs-Fe3O4-PEG 

nanocomposite. 

 

2.2.2.1. Purification of CNTs 

The purification of CNTs was accomplished as follows:[33] 400 mg of CNTs was 

mixed with concentrated H2SO4:HNO3 and sonicated for 9 hours. The sample was 

washed by water through a membrane filter, and then dried under vacuum at room 

temperature. 

 

2.2.2.2. Synthesis of CNTs-Fe3O4 

The synthesis of CNTs-Fe3O4 was achieved as follows:[78] 0.2 g of purified 

CNTs were sonicated with 80 mL water for 20 min. After sonication, 1.4 g of 

FeCl3·6H2O was added to the mixture and was stirred under N2 atmosphere for 30 

min. Then, 0.26 g of FeCl2·4H2O was added with a continuous stirring under N2 for 

30 min. After that, the solution was heated to 70 
o
C, 0.2 M NaOH solution was added 
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to the mixture, and continuously stirred under N2. Then, the product was collected by 

sedimentation with the help of an external magnetic field and washed several times by 

DI water. Finally, the CNTs-Fe3O4 was dried under vacuum at 50 
o
C overnight. 

2.2.2.3. Synthesis of CNTs-Fe3O4-PEG 

 The synthesis of CNTs-Fe3O4-PEG was accomplished as follows:[79] 350 mg 

of MeO-PEG-NH2 was added to a solution of (140 mg CNTs-Fe3O4 and 70 mL H2O) 

and sonicated for 10min. After that, 35 mg of EDC·HCl and 8.75 mg were added to 

the mixture and stirred overnight at room temperature. The resulting product CNTs- 

Fe3O4-PEG was purified by washing three times with DI water through a membrane 

filter to remove unreacted PEG and other reagents, and dried under vacuum for 12 

hours.  

The morphology of CNTs-Fe3O4-PEG was observed by transmission electron 

microscopy (TEM) (FEI Tecni T12 microscope) and the magnetic property of Fe3O4 

was studied by a commercial Quantum Design superconducting quantum interference 

device (SQUID) magnetometer. Fourier transform infrared (FT-IR) was used to 

characterize the molecular structure of CNTs-Fe3O4-PEG. The surface modification of 

each step was tested by Raman spectroscopy (Horiba), which was equipped with a 

100 mW diode laser with wavelength of 473 nm. Also, Thermal gravimetric analysis 

(TGA) using a TG 209 F1 Iris (Netzsch, Germany) with the experimental conditions 

of scanning from 25 to 800 
o
C under nitrogen at a heating rate of 20 

o
C/min.  
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2.2.3 In vitro study of CNTs-Fe3O4-PEG 

 

2.2.3.1. Drug loading onto the CNTs-Fe3O4-PEG 

Drug loading efficiency and release of DOX from the CNTs-Fe3O4-PEG were 

studied as follows:[80] CNTs-Fe3O4-PEG were loaded with DOX by incubating 25 

mg of the CNTs-Fe3O4-PEG dispersed in solution of PBS pH 7.4 (12.5 mL) and DOX 

(0.5 mg/mL) and then stirred for 24 hours in dark condition at room temperature. The 

DOX-loaded CNTs-Fe3O4-PEG were centrifuged and washed with PBS (pH 7.4) until 

the supernatant was colorless. Then, the resulting DOX-loaded CNTs-Fe3O4-PEG 

dried under vacuum at room temperature and the supernatant and washed solutions 

was collected to determine the loading efficiency. The DOX loading efficiency was 

evaluated by measuring the absorbance of unloaded DOX at 490 nm relative to the 

predefined calibration curves. 

 

2.2.3.2. pH-triggered DOX release 

The release of DOX from CNTs-Fe3O4-PEG was tested[80] under the 

physiological temperature of 37 
o
C and pH of 7.4, 6.3, and 5.2 in PBS buffer. DOX-

loaded CNTs-Fe3O4-PEG (5 mg) was suspended in 1 mL of PBS buffer (pH 7.4, 6.3, 

5.2) then, placed into dialysis tubes and incubated in 14 mL of PBS with the same pH 

at 37
 o

C under continuous shaking at 120 rpm for 12 hours. At predetermined 

intervals, 1 mL of the dialysate was collected to determine the concentration of 

released DOX by measuring the absorbance at 490 nm by UV-VIS-NIR spectrometer, 
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and then was returned to the original PBS. The release DOX was tested by using 

calibration curves. 

2.2.3.3. NIR-triggered release of DOX 

NIR triggered release of DOX from CNTs-Fe3O4-PEG was done[81] by mixing 

2.5 mg of material with 1 mL PBS buffer solution (pH 7.4). Then, the solution was 

irradiated with an 808 nm NIR laser at power density 0.5 W/cm
2
 for 20 minutes and 1 

hour. After that, samples placed into dialysis tubes and incubated in 14 mL of PBS 

buffer (pH 7.4) at 37 
o
C under shaking at 120 rpm for 12 hours. The concentration of 

released DOX was determined using UV-VIS-NIR spectrometer at 490 nm by 

collected 1 mL of the dialysate. Control experiment was done without any NIR 

irradiation. 

 

2.2.3.4. In vitro Cytotoxicity of CNTs-Fe3O4-PEG  

In vitro cytotoxicity was followed by the literature.[82] Hela cells (5x10
3 

cells/well) were grown at 37 
o
C under a humidified 5 % CO2 atmosphere in a 96-well 

plate for 24 hours. Then, different concentration of CNTs-Fe3O4-PEG hybrids and 

DOX-loaded CNTs-Fe3O4-PEG (0, 0.1, 1, 10, 100 µg/mL) was added to the fresh 

medium. Then, the samples were incubated for 24 hours. After that, the cell viability 

was assessed by the (3-(4,5-dimethylthiazol)-2-diphenyltetrazolium bromide MTT 

assay.  

 

2.2.4. Preparation of samples for MRI  

To prepare the samples for MRI we followed a recently published procedure. [83] 

The agarose powder was dissolved in deionized water to prepare 1 % agarose gels and 
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then  different concentrations of CNTs-Fe3O4-PEG (0, 0.0125, 0.025, 0.05, 0.1 and 

0.2 µg/mL) were dispersed in 1% agarose gels. Blank gel acted as reference, and MRI 

data were acquired on a Bruker 500 SWB spectrometer with a superwide bore 11.7 T 

magnet resonating at 500 MHz. The average T2 relaxation times were calculated using 

a Carr-Purcell-Meiboom-Gill (CPMG) spin echo imaging pulse sequence. 

 

2.3. Results and Discussion 

 

2.3.1. Characterization of CNTs-Fe3O4-PEG  

 

2.3.1.1. FT-IR analysis 

FT-IR was used to characterize the molecular structure of CNTs-Fe3O4-PEG 

(Figure 2). The broad band at around 3419 cm
-1 

in the spectrum of CNTs is 

responsible for the stretching vibration of O-H and the peak at around 1705 cm
-1

 is 

corresponds to C=O for –COOH group on the CNTs. The new absorption band at 681 

cm
-1 

on the spectrum of CNTs-Fe3O4 is associated with the Fe-O bonds of the Fe3O4. 

[84] These changes on the peaks could be an evidence for the presence of Fe3O4. The 

successful PEGylation of CNTs-Fe3O4-PEG was also evidenced by FT-IR spectrum, 

two new peaks for PEG are shown in the inset where there was no peaks at the same 

region for CNTs-Fe3O4 and CNTs. The bending vibration of the C-H at around 1260 

cm
-1

 and the band for amide group is around 1626 cm
-1

. These changes on the peaks 

could be an evidence for the presence of PEG.    
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Figure 2. FT-IR spectrum of CNTs (black), CNTs-Fe3O4 (red) and CNTs-Fe3O4-PEG 

(blue). 

2.3.1.2. TGA analysis 

The relative amount of PEG grafted onto the surface of CNTs- Fe3O4 was tested 

by thermal gravimetric analysis (TGA). In addition, TGA was used to characterize the 

surface modification of CNTs.[85] PEG was degraded completely around 450 
o
C 

(Figure 3). For CNTs-Fe3O4, the weight loss at the same temperature was around 15 

%, while the weight loss at the same temperature for CNTs-Fe3O4-PEG was around 

20 %. This could be an evidence for the presence of PEG.    
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Figure 3. TGA curves of CNTs-Fe3O4 (black), CNTs- Fe3O4-PEG (red) and PEG 

(green). 

 

2.3.1.3. Raman analysis 

Raman spectroscopy was used to study the structural changes in carbonaceous 

materials and the spectra of samples are plotted in (Figure 4). The Raman spectrum of 

CNTs is characterized by two modes, G mode observed at (1500-1600 cm
-1

), the other 

mode is D mode which is usually observed at (1300-1400 cm
-1

).[86] The G band of 

CNTs shows a peak at 1571 cm
-1

, whereas this peak was shifted to 1582 cm
-1

 and 

1586 cm
-1

 in CNTs-Fe3O4 and CNTs-Fe3O4-PEG respectively. This could be due to 

the association of Fe3O4 on CNTs and grafted PEG on CNTs- Fe3O4. In addition, the 

intensity ratio (IG: ID) of G mode to D mode is often used to characterize 

functionalized CNTs. The IG: ID (3, 1.6, 1.4) of CNTs, CNTs-Fe3O4, CNTs-Fe3O4-

PEG.[87] Compared to CNTs-COOH, the IG: ID was decreased after decorating with 
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Figure 4. Raman spectra of purified CNTs (black), CNTs-Fe3O4 (red) and CNTs- 

Fe3O4-PEG (blue). 

Fe3O4 and grafting with PEG. The decreasing of ratio IG: ID that mean more defect on 

the surface of CNTs. 

 

 

2.3.1.4. TEM images 

To morphology of the samples was used transmission electron microscopy (TEM) 

images showed the presence of Fe3O4 nanoparticles and PEG on the surface of CNTs-

Fe3O4 and CNTs-Fe3O4-PEG (Figure 5b, c respectively), when they were compared to 

the surface of the non-functionalized CNTs (Figure 5a). The energy-dispersive X-ray 

spectroscopy (EDX) results indicate the presence of Fe, which further confirms the 

existence of Fe3O4 nanoparticles on CNTs-Fe3O4 and CNTs-Fe3O4-PEG (Figure 5b', 

c'), while there was no Fe peak in CNTs (Figure 5a’). 
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Figure 5. TEM images of a) CNTs, b) CNTs-Fe3O4 and c) CNTs-PEG- Fe3O4 and 

EDX images of a’) CNTs, b’) CNTs-Fe3O4 and c’) CNTs-PEG- Fe3O4. 

 

 

2.3.1.5. Magnetic properties and ICP 

The amount of iron on CNTs-Fe3O4-PEG was determined by using inductively 

coupled plasma optical emission spectroscopy (ICP-OES), the amount of iron was 

34%. Magnetic properties of CNTs-Fe3O4-PEG were investigated by a SQUID 

magnetometer (Figure 6). CNTs-Fe3O4-PEG exhibited superparamagnetic 
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Figure 6. Hysteresis loops of CNTs-Fe3O4 at 300K. The inset: the CNTs-Fe3O4-PEG 

in water (left) and separated from solution with a magnet (right). 

characteristic. The saturation magnetization (Ms) of CNTs-Fe3O4-PEG at 300 K was 

close to 25.0 emu/g, which was lower than the reported value of pure bulk Fe3O4 (92 

emu/g).[88] The reason of the lower Ms in CNTs- Fe3O4-PEG is due to the small size 

of Fe3O4 nanoparticles and low amount of the Fe3O4 loaded on CNTs. In addition, the 

magnetic property can be observed by external magnetic. CNTs-Fe3O4-PEG in water 

was strongly attracted by the magnet as it can be seen from the photos (Figure 6, 

inset) leaving the solution colorless. 
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Figure 7. The UV-VIS-NIR spectra of free DOX (red), DOX-loaded CNTs-Fe3O4-

PEG (blue), and pristine CNTs-Fe3O4-PEG (black). 

2.3.2. In vitro study of CNTs-Fe3O4-PEG 

 

2.3.2.1. Loading of DOX on CNTs-Fe3O4-PEG 

The loading of DOX onto CNTs-Fe3O4-PEG hybrids was determined by UV-VIS-

NIR absorption spectroscopy. Figure 7 shows the absorption spectra of free DOX, 

DOX-loaded CNTs-Fe3O4-PEG, and pristine CNTs. Free DOX in PBS buffer (pH 

7.4) displays absorptions at 490 nm. The loading of DOX onto CNTs-Fe3O4-PEG was 

evidenced by the appearance of new absorption peak at 490 nm, which indicate the 

presence of DOX on the sample, compared to the absorption of CNTs-Fe3O4-PEG.   

 

   



31 
 

 

Figure 8. Drug release of DOX from CNTs-Fe3O4-PEG hybrids, in PBS buffer at 

different pH (7.4, 6.3 and 5.2) at 37 
o
C. 

2.3.2.2. pH-triggered release of DOX  

The release of DOX from DOX-loaded CNTs-Fe3O4-PEG was studied at 37
 o

C in 

PBS buffer at different pH (7.4, 6.3 and 5.2) with continuous shaking at 120 rpm for 

12 hours. The release of DOX from CNTs-Fe3O4-PEG found to be pH-triggered. At 

pH 7.4 and pH 6.3, the release of DOX from CNTs-Fe3O4-PEG was low when it was 

compared to the release at acidic pH 5.2 where the release was high (Figure 8). 

 

 

 

 

 

 

 

 

 

 

 

2.3.2.3. NIR-triggered release of DOX  

The release of DOX from DOX-loaded CNTs-Fe3O4-PEG was studied at 37
 o

C in 

PBS buffer pH (7.4) and NIR laser irradiated for different time with continuous 

shaking at 120 rpm for 12 hours. The release of DOX from DOX-loaded CNTs-

Fe3O4-PEG after 20 minutes increased slightly when it was compared to the release 
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Figure 9. NIR-triggered release of DOX from CNTs-Fe3O4-PEG hybrids, before and 

after 808 nm irradiation (20 minutes and 1 hour) in PBS buffer (pH 7.4) at 37 
o
C. 

with no NIR irradiation. On the other hand, there was no significant different of DOX 

release between 1 hour and 20 minutes NIR irradiation (Figure 9). However, some 

adjustment on the parameters can be done to improve the release profile.  

 

2.3.2.4. In vitro cytotoxicity of CNTs-Fe3O4-PEG 

The cytotoxicity of CNTs-Fe3O4-PEG and DOX-loaded CNTs-Fe3O4-PEG were 

tested by incubated Hela cells with five different concentration of CNTs-Fe3O4-PEG 

and DOX-loaded CNTs-Fe3O4-PEG for 24 hours followed by standard MTT. The 

unloaded CNTs-Fe3O4-PEG showed the lowest death rate of cells on the 

concentration (0.1 and 1 µg/mL). While, the death rate of cells was increased when 

increased the concentrations (Figure 10, black). However, the results showed that the 
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Figure 11. Cell viabilities of Hela cells incubated with CNTs-Fe3O4-PEG hybrids 

(black) and DOX-loaded CNTs-Fe3O4-PEG (red) for 24 hours at different 

concentration as measured by MTT assay. 

cell death rate of cells for DOX-loaded CNTs-Fe3O4-PEG was increased when 

increased the concentrations (Figure 10, red). Thus, DOX can induce extra cell death. 

 Fig 

 

2.3.3. T2- weighted for MRI. 

Different concentrations of CNTs-Fe3O4-PEG were used. With increasing, the 

iron concentration of CNTs-Fe3O4-PEG the signal intensity was changed remarkably 

as it can be seen from the T2-weighted images (Figure 11a). While the relaxation rates 

R2 (1/T2) for the different concentration of iron was increased linearly (Figure 11b). 
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2.4. Conclusion 

A theranostic platform based on CNTs-Fe3O4-PEG was prepared by coupling 

carboxylic acids on the surface of CNTs with amine groups of PEG. CNTs-Fe3O4-

PEG show no toxicity and high capability to load anticancer drugs such as DOX. 

Stimuli-responsive release of DOX was successfully demonstrated especially pH-

responsive release. In addition, DOX release can be accelerated through NIR laser 

irradiation. MRI showed and verified CNTs-Fe3O4-PEG can be used as T2-weighted 

imaging contrast agent. 

  

Figure 11. a) T2- weighted MR images of CNTs-Fe3O4-PEG suspended in gel at 

different concentrations. b) A plot of T2 relaxation rate R2 (1/T2) against Fe 

concentration of CNTs-Fe3O4-PEG hybrids. 
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