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Abstract 

There is currently a great demand especially in cancer treatment for transformative theranostic 

technologies combining imaging with drug delivery. This study reports the design and 

optimization of a hybrid theranostic nano-system combining the imaging capabilities of magnetic 

nanoparticles (MNPs) with the great potential of chitosan-grafted graphene oxide (GO) as a pH-

sensitive smart nano-carrier. The grafting process was carried out in different molecular weights 

and concentrations of chitosan solution. Doxorubicin loading and release behavior, 

biocompatibility, and magnetic properties of the MNP/GO/chitosan nano-system were evaluated 

by different analytical methods. Increased pH resulted in a reduction in the rate of doxorubicin 

release, suggesting the formation of hydrogen bonds and the physical prevention of collapsed 

chitosan chains. In addition, a decrease in chitosan molecular weight, and an increase in 

concentration reduced the doxorubicin loading in around 24% yet a decrease in molecular weight 

increased the released amount in more than 200%. It can be related to fewer hydrogen binding 

and more contribution of π-π stacking in doxorubicin-chitosan interactions. The T2 contrast 

efficacy increased by grafting MNP/GO with high molecular weight chitosan due to the better 

surface coverage. Cytotoxicity assays with healthy L929 cell lines revealed high biocompatibility 

of MNP/GO/chitosan nano-system, suggesting chitosan prevents GO contact with the cell 

membrane. Further assays carried out with cancer cells MCF7 with MNP/GO/chitosan loaded 

with doxorubicin showed improved performance for MNP/GO grafted with low molecular 

weight chitosan. On the overall, the results indicated the hybrid MNP/GO grafted with high 

molecular weight chitosan at 6.0 g/dl showed the optimal properties for theranostic applications. 

 

Keywords: Theranostic, Graphene oxide, Magnetic nanoparticles, Chitosan, Drug delivery. 
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    1. Introduction 

Cancer is a heterogeneous and adaptable disease, which is known as one of the most causes of 

human death in the world [1]. So far, many efforts have been conducted to identify an 

appropriate treatment manner for cancer also various methods were developed for that including 

surgery, chemotherapy, and radiotherapy. Surgery is the most comment approach for removing 

solid tumors, however it is very invasive and has limitations such as unpleasant condition for 

patients and hardly elimination of all tumor cells especially in the metastatic stages. 

Chemotherapy and radiotherapy present limited therapeutic effects, serious side effects on 

normal cells and adjacent tissues, and the risk of drug resistance. Thus, there is a major clinical 

need for novel engineering strategies for cancer treatment with reduced side effects, lower cost, 

and optimal therapeutic efficacy [2-6]. Minimally invasive strategies such as radio frequency 

ablation, microwave ablation, high intensity focused ultrasound, and irreversible electroporation 

are introduced as alternatives. These new strategies offer higher precision and patient tolerability 

in addition to lower side effects [7]. Despite of many attempts that have been made in this area; 

the 5-year survival of patients have not shown significant changed, with intensive research being 

conducted to overcome this critical issue [8].
 

Nanoparticles can easily travel all over the body through the bloodstream without being 

recognized by the immune system, permeate through the blood vessels, penetrate tissues, and 

deliver their cargo to the targeted cells [9-11]. The surface of these particles can be engineered 

with different polymers that not only improve their biocompatibility and blood circulation time, 

but also increase their drug loading and provide junction sites broad area for attachment of 

different factors like imaging or targeting agents [12-14].
 

The combination of imaging and therapeutic agents within a nanoparticle system introduces a 

new type of nano-system known as ‘theranostic’ which was coined by John Funkhouser for the 

first time in 2002[15].The use of theranostics for cancer open up potential application in cancer 

medicine which results to tailor a treatment regimen with improved outcomes, reduced costs, and 

fewer side effects along with the capability of monitoring the therapeutic efficacy during the 

treatment period lead to accelerate therapeutic decisions[16-17].
 

Common methods in tumor diagnosis include positron emission tomography (PET), computed 

tomography (CT), single photon emission computed tomography (SPECT), optical imaging (OI), 

ultrasound (US) and magnetic resonance imaging (MRI) [18].Due to its high spatial resolution, 

penetration depth and three-dimensional analysis, MRI has become one of the most popular 

diagnostic imaging techniques[19]. However, weak contrast between normal and cancerous 

tissues still restricts the application of this imaging technique in some patients. To address that 

issue, magnetic nano particles (MNPs) can be used as MRI contrast agents, these are currently 

commercialized under the tradenames of Resovist® or Feridex®; [20] however efforts to date 

have focused on increasing efficacy [32-35] and exploiting other applications [21-28].
 

The use of graphene oxide (GO) nano-sheets as drug carriers has received much attention in the 

last decade [29-31]. GO has been shown to improve the delivery of drugs, proteins and genes due 

to its particular properties including low toxicity, unique geometry, high loading capacity and 
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easy of synthesis [32]. In 2008, Dai et al. [33]
 
introduced the first drug delivery system based on 

GO and demonstrated the application of polyethylene glycol/GO hybrid as a drug nano-carrier 

for loading of anti-cancer drugs via noncovalent bonding. Pramanik et al. [34] have recently 

reported the synthesis of GO-based magnetic nano-carrier using hyaluronic acid for delivering 

doxorubicin and paclitaxel and reported enhanced performance of GO/hyaluronic acid system 

comparing with pristine GO in targeting and killing CD44-expressing breast cancer cells.  

Chitosan is a form of linear cationic polysaccharides with natural origins that has numerous 

biological applications in drug and gene delivery and tissue engineering which shows desired 

properties include biocompatibility, biodegradability, and anti-bacterial activity [35-37].This is a 

type of smart polymer which can respond to the environmental stimulus, as solubility varies 

reversibly by changing pH value. In addition, the high density of hydroxyl, ether and amine 

functional groups in the structure of chitosan suggests this is an ideal candidate for modifying 

GO[38].The non-covalent method is widely used for modification of GO by chitosan to be used 

as a drug carrying system[39-40]. It was also shown that GO/chitosan physical interactions can 

be affected by the pH of the environment so that the dispersion state can be changed from well-

dispersed to agglomerated depending on the pH of the system[41].Although the physical 

interaction is a simple tool to achieve homogeneous GO/chitosan suspension, covalent bonding 

leads to the formation of a novel hybrid system which represents the properties of both 

components[42].
 

This manuscript reports functionalization of magnetic graphene nano-sheets with chitosan to be 

used as a nano-theranostic system. In particular, it explores in detail the effect of chitosan 

molecular weight and chitosan concentration on its grafting density onto GO in respect to drug 

release, biocompatibility and magnetic behavior of the system, which to the best of our 

knowledge has not previously been reported in literature yet essential to fully demonstrate the 

theranostic potential of graphene nano-sheets. 

 

2. Materials and Methods 

2.1 Materials            

High, medium and low molecular weight chitosan with 75-85% deacetylation degree, reaction-

grade graphite powder and Dimethylsulfoxide (DMSO) were all sourced from Sigma-Aldrich 

(St. Louis, USA). Acetic acid, sulfuric acid, sodium nitrate, potassium permanganate, hydrogen 

peroxide, sodium hydroxide, ethyl (dimethyl amino propyl) carbodiimide (EDC), N-Hydroxy 

succinimide (NHS), iron (III) chloride, and iron (II) sulfate were all obtained from Merck 

Millipore (Frankfurter, Germany). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) powder, phosphate buffer saline (PBS) and fetal bovine serum (FBS) were 

purchased from Gibco and Penicillin /Streptomycin from BioIdia. MCF-7 human breast cancer 

and L-929 mouse fibroblast cells were sourced from the Pasteur Institute of Iran.  

2.2 Fabrication of GO Nanoparticles 
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The modified Hummers method was employed to fabricate GO[3]. Briefly, 115 ml of     H2SO4, 

5 gr graphite powder and 2.5 gr NaNO3 were stirred in an ice-bath for 30 minutes. After that, 

solution of KMnO4 was added dropwise to the above mixture through 2 h. Deionized water was 

slowly added to the mixture and stirred at 35°C for 3 h. 50 ml 30 wt. % H2O2 solution was added 

to the mixture followed by 30 minutes whilst stirring at 98°C. Finally, the oxidized sample was 

washed three times with a solution of 10 wt. % HCl in deionized water in a 37 kHz ultrasonic 

bath with the power of 90 W (S10H model, Elma Schmidbauer GmbH, Singen, Germany). The 

pH value of the suspension was increased to 6 by washing several times the resultant GO with 

deionized water after centrifuging. Following completion of the reduction, the mixture was 

cooled to room temperature and then 1.2 g NaOH and 1g chloroacetic acid added to the mixture 

and placed in the ultra-sonic bath for 3 h to obtain GO-COOH. Then the mixture was centrifuge 

at 6,000 rpm for 30 minutes for 5 times to reach pure GO-COOH. Finally, the GO-COOH was 

dried with freeze drier (Alpha 1-2 LD plus, Christ, Osterode Germany) [43].
 

 

2.3 Fabrication of Magnetic GO Nanoparticles 

MNPs were first prepared by dissolving 11.02 M of FeCl3.6H2O and 5.06 M of FeCl2.4H2O in 

150 ml deionized water at 50°C for 2 h to achieve an orange-colored solution. 20 ml Ammonia 

was added drop wise to this solution in 30 minutes under nitrogen atmosphere. Then, in order to 

precipitate MNPs on GO, MNPs were first dispersed in a 1 molar nitric acid solution for one 

hour. GO was placed in an ultrasonic bath for 1 h to be suitably dispersed. Eventually, the 

required amounts of MNP suspension were mixed with GO solution for 5 h. The final products 

were precipitate by magnet and washed with deionized water to remove the non-interacted GOs. 

Then non-interacted MNPs were also separated by means of centrifuging (Universal 320 model, 

Hettich, Germany) at 400 rpm [44].
 

 

2.4 Chitosan Grafting  

A mixture of 3 mg of GO-COOH/MNP in 1 ml water was activated with EDC (53.7 mg) and 

NHS (55.3 mg) for 30 min and then added to a chitosan solution with different molecular weight 

and concentrations and stirred for 4 h at room temperature. At the end, the nano system was 

centrifuged and re-suspended in acetic acid 1% v/v and washed for 5 time to ensure removal of 

free chitosan.
54

 The samples formulations were shown in Table 1. Synthesis path of the 

theranostic system in this study is shown in Scheme 1. Concentrations of chitosan solutions were 

chosen in the range of dilute (C<C
*
), semi-dilute (C

*
<C<C

**
), and concentrated (C

**
<C) regimes. 

Critical concentrations (C* and C**) for the chitosan solution were measured based on 

rheological assessments which are described in the Supplementary Information. 

 

 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

5 
 

Table 1: Materials and formulations contributed in samples. 

Code Molecular 

weight 

Concentration 
(g/dl) 

MNP:GO 

H0.5-1:1 High 0.5 1:1 

H2-1:1 High 2 1:1 

H6-1:1 High 6 1:1 

M0.5-1:1 Medium 0.5 1:1 

M2-1:1 Medium 2 1:1 

M6-1:1 Medium 6 1:1 

L0.5-1:1 Low 0.5 1:1 

L2-1:1 Low 2 1:1 

L6-1:1 Low 6 1:1 

 

 

Scheme 1.  Production of GO-COOH, MNP/GO and MNP/GO/chitosan system. 
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2.5 Characterization  

X-ray diffraction (XRD) patterns of GO nanoparticles were measured by X'Pert diffractometer 

instrument (Philips, Amsterdam, Netherland, with a Cu-Kα anode). The d-spacing of graphite 

and GO was calculated using the Bragg’s law. Fourier transfer infrared (FTIR) spectra of the 

samples were recorded in the wave number range of 400-4000 cm
-1 

using MB-100 spectrometer 

(ABB Bomem, Zurich, Switzerland). Thermo gravimetric analyses (TGA) of the samples were 

performed in the range of 25-700°C at heating rate of 10°C/min (Mettler Toledo, Columbus, 

USA). The magnetic properties of the samples were evaluated via vibrating sample 

magnetometer (VSM) (Lakeshore 7307, Carson, USA) at ambient temperature. 

 

2.6 Drug Loading and Kinetics of Release 

Drug loading tests were performed by the addition of 5 mg of the as synthesized delivery nano-

system to 10 ml of the 2 mg/ml doxorubicin solution, followed by 8 h mixing at 4°C. After that, 

the nanoparticles were separated from the solution through centrifuging at 8,000 rpm. Unloaded 

drug was measured by UV-Vis spectroscopy (UV-1601PC, Shimadzu, Kyoto, Japan) at 485 nm 

and the total drug loading (expressed in percentage) was calculated using the following equation 

[45-46] :
 

 

(1) 𝐷𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔(%) =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑙𝑜𝑎𝑑𝑒𝑑 𝐷𝑂𝑋  

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
× 100 

 

Kinetics of doxorubicin release were performed by pouring 2 ml of 1 mg/ml drug-loaded nano-

system in a dialysis bag and placing in 5 ml phosphate buffer of pH=7.4 and 5.1, corresponding 

to the pH of biological fluid and lysosome, respectively [47-49]. The temperature was kept 

constant at 37°C. The total PBS was replaced with fresh one at different time intervals (2, 4, 6, 

18, 30, 42, 54h). The amount of the drug released was evaluated at 485 nm wavelength using 

UV-Vis spectrometry [46] and expressed as: 

(2) 𝑚(𝑡𝑛) = ∑ 𝐶(𝑡𝑖)𝑉

𝑛

𝑖=1

 

(3) 
𝐶𝑢𝑚𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒  𝑟𝑒𝑙𝑒𝑎𝑠𝑒 =

𝑚(𝑡𝑛)

𝑚0
 

 

where m(tn) is mass of released drug at n
th

 time point; C is the concentration of the drug in the 

buffer; V is the volume of the buffer; and m0 is the mass of loaded drug in the nano-system.  
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2.7 Cell Viability Studies 

MTT assay was used to assess the cytotoxicity of the nano-systems. For this, MCF7 and L929 

cell lines were chosen as the cancerous and normal cell lines, respectively. For the L929 cell line 

the procedure started by culturing around 10,000 cells in each well of a 96 well microwell plate 

for 24 h at 37 ˚C with 5% CO2, after which the cell culturing media was replaced by fresh media 

containing different concentrations of nanoparticles (25, 50 and 100 µg/ml). The effect on the 

viability of the cells was assessed after 24, 48 and 72 h using MTT. For this, the medium of each 

well was removed, and cells washed twice with PBS buffer. Then, cells were loaded with 10 μl 

of MTT solution (5 mg/ml) in 100 μl of pure media for about 4 h at 37 ˚C and the medium 

replaced by 100 μl of DMSO. After 1 h incubation the absorbance of each well was measured at 

490 nm with a microplate reader (ELx800, Biotek, Winooski, USA) [46,50]. For MCF7 cell line 

above procedure was repeated with different concentration of aliquot drug loaded nanoparticles 

(1, 2, and 4 µg/ml of loaded doxorubicin) 

 

2.8 Magnetic Resonance Imaging  

MRI experiments were carried out at 25°C using a magnetic resonance (MR) scanner (GE 

Healthcare, Signa Explorer 1.5T, USA). To evaluate T1 and T2 effects in an aqueous solution, the 

nano-system were dispersed in water (10 ml) with different MNP concentrations at 0, 25, 50, 

100, 200 and 400, µmol/l Fe, respectively. The sample tubes were placed into the MR scanner 

and 8 number of spin-echo sequences were run for obtaining both T2 and T1 relaxation times. The 

GE media viewer software was used for data acquisition. To estimate the T2 relaxation time for 

each sample, coronal images (TH = 10 mm) were acquired at various echo times (TE) from 10 to 

150 ms with a repetition time (TR) of 1600 ms. Similarly, the T1 relaxation time for each sample 

was measured by varying TR between 100 and 6400 ms while keeping TE constant at 18 ms. 

After acquiring the images, the magnitudes of image intensities were analyzed within manually 

drawn regions of interest (ROIs) with a constant area for each sample. Relaxation rates R1 (1/T1) 

and R2 (1/T2) were calculated by mono-exponential curve fitting of the signal intensity vs. time 

(TE or TR). Equations 2 and 3 were used for curve fitting of relaxation rate R1 and R2, 

respectively [51]: 
 

For relaxation rate R1: 

𝐼 = 𝐴. [1 − 𝑒𝑥𝑝(−𝑅1. 𝑇𝑅)] (4) 

 

 

For relaxation rate R2: 

𝐼 = 𝐴 + 𝐶. [𝑒𝑥𝑝(−𝑅2. 𝑇𝐸)] (5) 
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2.9 Statistical Analysis 

All data was analyzed with Minitab 17 statistical software using one-way analysis of variance 

(ANOVA). Pairwise comparisons were performed using Tukey’s test. α value was equal to 0.05 

and p-values less than 0.05 were considered statistically significant. 

 

3. Results and Discussion  

3.1 Synthesis of GO Nanoparticle 

XRD patterns of the pristine graphite and synthesized GO nanosheets are illustrated in Fig. 1. 

The strong peak of graphite located at 2θ=26.8̊ disappeared in the spectrum of GO nanosheets. 

GO characteristic peak was observed at 2θ=11.8̊. The peak location change is associated with the 

broadening of peak and severe drop in its intensity. Stobinski [52] and Park [53] attributed this to 

the presence of oxygen reached functional groups and water molecules in the galleries of the GO 

comparing with the pristine graphite. 

  

Fig. 1. XRD patterns of the initial graphite (black) and synthesized GO nanosheets according to the 

modified Hummers method (red). 

 

3.2 Characterization of the Synthesized Delivery Nano-Systems 

FTIR spectra for MNPs, GO, MNP/GO, chitosan, L2-1:1 and H2-1:1 nano-systems were 

summarized in Fig. 2-A. The MNP spectrum shows two broad peaks at 579 and 3450 cm
-1

 which 

are attributed to Fe-O and O-H stretch vibration, respectively. For GO two characteristics peaks 

at 1160 and 1730 cm
-1

 were related to C-O-C epoxide asymmetric bending and C=O stretching 

of carboxylic acid group, respectively. Appearance of a sharp peak at 579 and 1160 cm
-1

 and a 

weak peak at 1730 cm
-1

 in MNP/GO spectrum depicts that the MNPs were interacted with the 
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GO nanosheets. Chitosan characteristic peaks appeared at 1620 cm
-1

 (bending vibration of N-H 

in NH2), 2880 cm
-1

 (stretching vibration of C-H), 3450 cm
-1

 (O-H stretching), and 1160 cm
-1

 (C-

O-C glucose ring ether) [54].
 
The appearance of chitosan peaks at around 1620, 2880 and 3450 

cm
-1

 in the synthesized nano-systems (e.g. L2-1:1 and H2-1:1 in Fig. 2A) confirmed successful 

grafting of chitosan on GO surface.  

TGA analysis was performed to investigate the effect of molecular weight on chitosan grafting 

onto the surface of the nano-carriers. Mass losses of the MNPs, GO, MNP/GO chitosan and 

systems synthesized with various molecular weights of chitosan (with constant concentration) 

were illustrated as a function of temperature (Fig. 2-B). Both GO and MNPs possess high 

thermal stability so that their weight loss in the range of 100 to 600 °C were 20% and 3%, 

respectively, which are due to the presence of carboxylic acid and hydroxyl groups on the 

surface of GO and MNPs. For samples containing chitosan two major weight loss in the 

temperature ranges of 50-100 °C and 260-380°C have been observed which are attributed to the 

water elimination and pyroelectric degradation as well as the elimination of oxygen and nitrogen, 

respectively[55]. By grafting different molecular weight of chitosan on the GO surface, the 

weight loss of the samples was intensified in the range of 50-100°C, suggesting more water 

absorption by the nano-systems grafted with higher molecular weight chitosan. The onset 

temperature of pyrolytic degradation was reduced from 300°C for pure chitosan down to 260°C 

for chitosan-grafted samples which can be attributed to the overlap of the pyrolytic degradation 

peaks of GO (120°) and chitosan (260°C)[56].
 

     

Fig. 2. (A): FTIR spectra of MNP (a), GO (b), MNP/GO (c) chitosan (d), L2-1:1 (e) and H2-1:1 (f). (B): 

TGA diagrams of magnetic nanoparticles (a), MNP/GO (b), GO (c), chitosan (d), and samples L2-1:1 (e), 

M2-1:1 (f) and H2-1:1 (g) in the range of 25-700°C. 
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3.3 Drug Loading Efficiency of the GO/Chitosan/Magnetic Nano-Delivery System 

The effect of chitosan concentration and molecular weight on the efficiency of doxorubicin 

loading was represented in Fig. 3 for the MNP/GO/chitosan nano-system synthesized with 

different molecular weights and concentration regimes (Fig.S1 and Table S1). The amount of 

drug loading at concentration of 2% was lower than that for 0.5 and 6%, suggesting drug loading 

is very dependent on the concentration of grafting chitosan. Moreover, the use of higher 

molecular weight chitosan helped improving up to 24% the drug loading efficiency compared to 

medium and low-molecular weight.  For MNP/GO systems synthesized in the in high molecular 

weight chitosan solution and high concentration (above C** - see rheological data in 

supplementary material), the abundance of polymer chains caused formation of a dense layer of 

chitosan branches on the GO surface. Hence, upon completion of reaction, the modified nano-

system presented a structure with a high number of chitosan chains, which disturbed π-π stacking 

interactions but enhanced hydrogen binding by means of large number of glucosamines repeating 

units. However, in systems synthesized in low concentrations of high molecular weight chitosan 

solution, a sparse graft of chitosan chains formed on the GO surface and doxorubicin absorption 

mostly took place via π-π stacking[57].Whilst in semi-diluted systems chitosan covered higher 

surface area of the GO, it did not grafted chains as much as the concentrated solution, therefore 

π-π stacking was disturbed by chitosan chains while their number was not high enough to absorb 

equivalent doxorubicin through hydrogen bonding mechanism. For the systems with medium 

molecular weight the number of chains on the GO surface was high enough to disturb the π-π 

stacking interactions but not high enough to form sufficient hydrogen bonding interaction sites 

due to fewer glucosamine repeating units; therefore, it showed lower doxorubicin loading than at 

other concentrations. The drug loading change with concentration for the medium molecular 

weight chitosan was not significant, statistically. The system synthesized with low molecular 

weight chitosan cannot absorb doxorubicin through hydrogen binding as much as high molecular 

weight chitosan due to the lower number of repeating units. Increasing the concentration in low 

molecular weight systems leads to higher drug loadings.  
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Fig. 3. Drug loading in MNP/GO/chitosan nano-systems for three types of low, middle and high 

molecular weight of chitosan at 0.5, 2 and 6% w/v concentrations. 

 

3.4 Kinetics of Doxorubicin Release 

Considering the higher efficiency of drug loading with the MNP/GO grafted with high molecular 

weight chitosan, the next experimental set aimed at testing the effect of pH on the kinetics of 

drug release. The rate of drug release was in general faster at pH=5.1 compared to pH=7.4 as 

shown in Figs 4-A. The initial burst rate of release followed the same trend. The absorption and 

desorption of doxorubicin on the GO surface is known to be governed by two basic 

interactions[50]: a) π-π interaction between the aromatic rings of doxorubicin and conjugated 

graphitic bonds of GO, and b) the hydrogen bonding of hydroxyl and amine groups in 

doxorubicin with hydroxyl and carboxyl functional groups on GO and hydroxyl and amine 

functional groups of chitosan. At neutral pH, a strong hydrogen bond forms between GO and 

doxorubicin whilst in acidic pH it is weakened, and doxorubicin desorption can easily take place. 

As expected, the MNP/GO grafted with high molecular weight chitosan has more potential sites 

for hydrogen bonding therefore showing severe differences in the doxorubicin release profiles.  

On the other hand, the presence of chitosan on the GO surface retards the doxorubicin desorption 

by exposing more hydrogen bonding and spatial hindrance. Upon increase of pH, the solubility 

of chitosan is decreased, and the chitosan chains transform from the swollen to collapsed state, 

therefore, the drug is entrapped between collapsed chitosan chain with the initial rate of release 

significantly decreasing[58].At pH=5.1, with the chitosan chains being in the swollen state, the 

drug releases more easily with contact with PBS buffer. This behavior was more pronounced at 2 

and 6% w/v concentrations than 0.5% w/v (Fig. 4-A).  This is believed to be due to the diluted 

concentration being insufficient to fully cover the MNP/GO surface with the chitosan. At such 

low concentration, doxorubicin desorption was less affected by chitosan hydrogen bonding and 

conformational state of the chain in comparison with MNP/GO grafted in the high concentration 

chitosan solution. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

12 
 

An additional set of experiments showed a considerable increase in both the initial rate and total 

amount of doxorubicin released upon using low molecular weight chitosan (Fig. 4 B-D). Low 

molecular weight chitosan means less glucosamine units were available to interact with 

doxorubicin, which enhances the contribution of π-π stacking; therefore, the most important 

factor retarding doxorubicin release was eliminated and release was accelerated. As the 

molecular weight of chitosan is increased at low concentrations, the number of hydrogen bonds 

between chitosan and doxorubicin is increased slowing down the rate of drug release. The release 

profile for 2% w/v samples did not show any significant changes.  

With the use of higher concentration of chitosan (6 g/dl, Fig. 4-D), the use of low molecular 

weight chitosan yielded a remarkable increase on both burst release and total amount of 

doxorubicin release, suggesting the rate of drug release can be decreased by increasing the Rh 

and number of the polymer functionalities as suggested[59].
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Fig. 4.  Drug release profile from nano-systems containing (A): high molecular weight chitosan 

synthesized in different concentrations at 5.1 and 7.4 pH values and (B-D): chitosan with different 

molecular weights synthesized in concentration of 0.5, 2 and 6g/dl respectively at pH=5.1 

 

3.5 Cell Viability and Toxicity 

Toxicity tests with healthy L-929 fibroblast cells exposed MNP/GO nano-carriers showed about 

77% cell survival for cells exposed to uncoated MNP/GO (Fig. 5-A), which can be due to 

intracellular penetration and the rupture of cellular membrane previously reported for GO[60]. In 

contrast, the chitosan grafted MNP/GO showed negligible cell death.  As the molecular weight of 

chitosan increased, the cellular compatibility also increases. An increase on molecular weight 

yields higher electrostatic and spatial repulsion between chitosan chains and the cell membrane, 
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hence decreasing the probability of direct GO contact with the cell membrane, therefore cell 

survival increased by increasing the molecular weight. Experiments at higher and lower 

concentration of chitosan showed the grafting of MNP/GO with high molecular weight chitosan 

does not show considerable decrease in the cellular toxicity of the system in the wide range of 

concentration (Fig. 5-B) comparing with systems grafted with lower molecular weight chitosan. 

These results are in good agreement with other works [61].  

Cell cytotoxicity of MCF7 cancer cells was also tested using MNP/GO/chitosan nano-systems 

containing 1, 2 and 4 μg/ml of aliquot doxorubicin (Fig. 5-C). Free doxorubicin with the same 

concentrations and drug free cell culture environment were used as the positive and negative 

controls, respectively. Naturally, cell viability reduced by increasing the concentration of the 

drug and in general all chitosan-grafted MNP/GO systems showed a reduction in cell viability 

similar to doxorubicin in solution, overall with low molecular weight outperforming the medium 

and high molecular weight chitosan samples by 38.5±1.8 % MCF7 viability. This is attributed to 

higher percentage of drug release due to the increase of π-π stacks formation between 

doxorubicin and GO, as discussed previously. In samples with medium and high molecular 

weight chitosan, the presence of more chitosan/doxorubicin interaction site decelerates the 

doxorubicin release, leading to decrease in their cytotoxicity comparing with the low molecular 

weight sample. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

15 
 

 

Fig. 5. Cell viability of L-929 cells under different treatments with the concentration of 50 µg/ml (A).  

Cell viability profile as a function of nano-system concentration for fibroblast cells of L-929 in MNP/GO, 

H2-1:1, M2-1:1 and L2-1:1 sample (*p<0.05 and ** p<0.0001) (B). MCF7 toxicity of different 

concentrations of doxorubicin-loaded samples (H2-1:1, M2-1:1 and L2-1:1) in three concentrations of 

Aliquot doxorubicin (1, 2 and 4 µg/ml).  Doxorubicin and drug-free culture environment were chosen as 

the positive and negative controls, respectively (C). 

 

3.6 Magnetic Properties 

VSM measurements of field dependent magnetization for different nano-systems at constant 

temperature (Fig. 6) displayed superparamagnetic behavior with no hysteresis cycle, coercive 

field or remnant magnetization. The saturation magnetization (Ms) decreased for MNP/GO 

compared to pristine MNP and decreased by increasing the chitosan molecular weight. Through 

(A) 
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agglomeration of MNPs, the magnetization can increase as a result of decrease in the surface 

coverage with surfactant or polymer as previously report [62], however the use of GO nano 

sheets for deposition of MNPs prevents them from agglomerating. In addition, an increasing on 

the molecular weight of chitosan can decrease the chance of agglomeration of the components 

via steric hinderance and electrostatic repulsion which is originated from their intrinsic positive 

charge of the chitosan chains.  

 

 

 

Fig. 6: Magnetization graph for MNPs, MNP/GO, L2-1:1, M2-1:1 and H2-1:1 sample at 25 ̊C. 

The R1 relaxations of the samples depicted in Fig. 7-A showed a liner dependence of relaxation 

rates linear with iron concentrations for all samples, with the MNP/GO showing higher relaxivity 

(the slope of the R1 vs. concentration) compared to pure MNP, whilst the addition of chitosan 

reduced R1 relaxivity of the system. In addition, it was observed that increasing the molecular 

weight caused reduction in R1 relaxivity. As mentioned previously in subsection 3-2 (Fig. 2-A), 

GO have several hydrophilic functional groups such as hydroxyl, carboxylic acid and epoxide, 

all having a potential for hydrogen bonding. Therefore, by modifying magnetic nanoparticles 

with GO, the number of hydrogen bonds between water and MNP increases, which in turn 

enhances the spin-lattice relaxation rate. Though chitosan has several hydrophilic agents, it is 

insoluble in water at pH=7.4; therefore, water penetration in the nanocomposite structure is not 

possible. By increasing the molecular weight, water penetration into the chitosan chains gets 

harder and R1 relaxivity decreases [63].
 

Clustering of T2 contrast agents is known as one of the main reasons of increasing R2 relaxivity 

(the slope of the R2 vs. concentration) in spin-spin relaxation mechanism. R2 relaxation curves 

for different samples were represented in Fig. 7-B.  Addition of GO and chitosan prevents MNPs 

from clustering, therefore r2 relaxivity of the nano-systems decreases in comparison with bare, 
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unmodified MNPs. The reduction in r2 relaxivity through increasing molecular weight resulted in 

an enhancement in the stability of the system, preventing agglomerate formation [64], highlight 

desirable for a theranostics delivery system. 

 

   

Fig. 7: R1= 1/T1 (A) and R2=1/T2 (B) relaxation rates as a function of MNPs concentration for 

pure MNP, MNP/GO, L2-1:1, M2-1:1 and H2-1:1. 

 

For T2 contrast agents, the r2/r1 ratio gives information about contrast efficacy; the higher r2/r1 

ratio means a better contrast efficacy. The r1, r2 and r2/r1 ratio of nano-systems were summarized 

in Table 2, and showed that though r2 decreases by incorporating GO and chitosan into nano-

system, the r1 relaxivity reduced sharply to almost one seventh for H2-1:1 comparing with 

MNP/GO. It explains how T2 contrast efficacy improved by introducing chitosan and GO. 

Despite the r2 decrease, intense decrease in r1 for these samples enhances the r2/r1 ratio, which 

resulted in the higher resolution of chitosan-grafted samples. H2-1:1 sample presented the 

highest resolution with r2/r1 value of 28.95.
75 

 

Table 2: MRI relaxivity results. 

Sample 

Code 

r1 (mM
-1

 s
-1

) r2 (mM
-1

 s
-1

) r2/r1 

MNP 4.27 62.53 14.66 

MNP/GO 6.99 44.51 6.37 

L2-1:1 2.81 41.16 14.49 
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M2-1:1 2.20 40.68 18.49 

H2-1:1 1.15 33.30 28.95 

 

Recent studies reported theranostic systems based on water-soluble chitosan are not capable of 

being used as an active targeted system [65-66]. Some earlier studies have also reported the use 

of chitosan/GO nano systems but without optimizing performance in respect to drug loading, 

release, and magnetic behavior [47]. Out study shows, the chitosan MNP/GO system possesses 

efficient pH-sensitivity couple to maximum coverage of GO surface with enhancement in both 

drug loading and drug release. Among all nano-systems, sample containing high molecular 

weight chitosan and high concentration was on the overall the best, combining high T2 contrast, 

pH sensitivity, biocompatibility and drug loading good doxorubicin release profile and a cellular 

toxicity effect on cancerous cells.  

 

4. Conclusion 

The sparse grafting of the chitosan chains on GO surface results in a strong burst release of 

doxorubicin. Grafting of concentrated high molecular weight chitosan on MNP/GO caused good 

rates of release of doxorubicin linked to the full coverage of GO surface with chitosan chains. 

The use of high molecular weight chitosan for grafting MNP/GO also improved the total drug 

loading through more sites for drug/polymer complexation. The chitosan coating of MNP/GO 

reduced toxicity of the hybrid nano-system, overcoming one of the main limitations for clinical 

use of GO nanosheets. High molecular weight of chitosan allowed reducing toxicity, which can 

be desirable for applications involving healthy cells, yet for cancer drug delivery low molecular 

weight chitosan is preferred due to the higher amount of drug release. Study of the effect of GO 

and chitosan on magnetic behavior of the MNP/GO system showed GO decreased the contrast 

efficacy of the MNP, yet grafting of MNP/GO with hydrophobic chitosan enhanced the contrast 

efficacy as seen from the sharp decrease in r1 relaxivity which is very desirable for MR imaging 

applications. Our study showed modification of MNP/GO nanocarriers with the pH-sensitive 

biocompatible chitosan allowed overcoming many limitations previously flagged in literature, 

opening up a number of applications of these advanced nano-systems for theranostic applications 

in the near future. 
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Determination of critical concentrations 

In order to determine the C* (chain overlap concentration) and C** (the concentration that 

beyond which the concentration fluctuations become weak[1], rheological assessments were 

carried out. chitosan solutions with high, medium and low molecular weight were prepared in 

1.8% v/v acetic acid solution. The concentration ranges of the chitosan solutions were chosen 

between 0.25 to 6 % w/v. The rotational mode of the steady shear rate sweep test was performed 

by a cone and plate rheometer (MCR301, Anton Paar, Austria). The cone angle and diameter 

were equal to 2° and 25 mm, respectively. Test was carried out at a constant temperature of 25°C 

with the scanned shear rates in the range of 0.01 to 200 s
-1

. The specific zero shear viscosity were 

calculated as follow: 

Chitosan concentration ranges 

The specific shear viscosity versus shear rate at various concentrations of chitosan with 

three different molecular weights have been illustrated in Figure S1(A-C). The viscosity of the 

polymeric solution is shifted to higher values by increasing the chitosan molecular weight. 

Moreover, for all three molecular weights in diluted solutions (less than 0.5% w/v), the viscosity 

was constant by increasing the shear rate, suggesting a Newtonian behavior at low 

concentrations; however, at concentrations above 0.5% w/v, the shear thinning behavior was 

observed. This behavior was more significant at concentrations higher than 2.5% w/v. Due to the 

absence of entanglements in dilute solutions, the viscosity shows a plateau in wide viscosity 

ranges. While in semi-concentrated and concentrated systems, the response of each chitosan 

chain to the shear is affected by the neighboring chains. Especially in concentrated systems, the 

change from Newtonian to non-Newtonian behavior was clearly observed due to the interlocking 

of chitosan chains. As the chitosan concentration was increased, the length of the Newtonian 

region decreased and finally vanished at concentrated solutions. The probability of inter-chain 
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entanglement enhanced by increasing the number of chitosan chains in a constant volume of the 

solution; hence, the applied shear stress is propagated between chitosan chains; therefore, even 

very low shear rates may contribute to the deformation of polymer chains.  

Variations in the specific zero-shear viscosity (η0sp) versus concentration for low, 

medium and high molecular weight chitosan was shown in Figure S1-D in a logarithmic scale. 

As it can be observed, increasing concentration, the specific zero-shear viscosity remained 

mostly constant, then increased gently and finally rose sharply. The response of the specific zero-

shear viscosity to concentration for each chitosan molecular weight could be categorized in three 

regions:  

- Diluted region (below C*): where the specific zero-shear viscosity is almost independent to the 

concentration, and inter-chain interactions can be neglected, assuming an independent behavior 

for each chain.  

- Semi-concentrated region (between C* and C**): where, the specific zero-shear viscosity was a 

function of the concentration. In other words, hydrodynamic spheres of the chains are in contact 

with each other.  

- Concentrated region (above C**): in this region, the slope of the logarithmic specific zero-

shear viscosity versus logarithmic concentration increases rapidly and hydrodynamic spheres of 

the chains are merged into each other and the chain entanglement is imminent.  

The extracted results of the Figure S1-D are summarized in Table S1. The points at which 

the first and second slope changes have occurred can be considered as C* and C**, respectively. 

As it was expected, by increasing the molecular weight, C** shifted to lower concentrations 

while the C* did not significantly change.  
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Fig.S1: The specific shear viscosity for low (A), medium (B) and high (C) molecular weight chitosan 

solutions in different concentrations. The specific zero-shear viscosity changes versus concentrations for 

low, medium and high molecular weight chitosan solutions (D). 
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Table S1. Data extracted from Figure S1-D for each chitosan molecular weight 
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Chitosan Type 

First Regime Second Regime Third Regime 

concentratio

n Range 

(g/ml) 

Slope 
Adjusted 

R-square 

concentratio

n Range 

(g/ml) 

Slope 
Adjusted 

R-square 

concentratio

n 

Range(g/ml) 

Slope 
Adjusted 

R-square 

High molecular 

weight 
0.25-0.5 0.077 1 0.5-2 0.95 0.68 2-6 14.25 0.84 

Medium 

molecular weight 
0.25-5 -0.01 1 0.5-3 1.3 0.72 3-6 15.9 0.64 

Low molecular 

weight 
0.25-0.5 0.03 1 0.5-2 1.49 0.89 2-6 10.22 0.58 
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Highlights 

 Modifying GO with high molecular weight chitosan improves its biocompatibility.  

 Weight and concentration have strong impact on drug release from the nano-system. 

 Sparse grafting of chitosan causes strong burst drug release and weak pH-dependency. 

 Chitosan hydrogen bonds with water molecules enhances T2 contrast.  
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