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Abstract 

Cancer had become the modern age disease and took over AIDS in the 80s & lung cancer occupies over 
half of the infected patients. Tumour necrosis factor (TNF) is potentially lethal to cancer cells and 
normal cells in a non-selective manner. To mitigate the non-selective action of the TNF on healthy 
tissues, it is vital to develop targeted nano-delivery systems capable of regulating optimum doses 
selectively to cancer cells and minimizing untoward toxicity to normal tissues. Here comes (RGD) 
homing peptides sequencing (Arg-Gly-Asp) attached to a courier molecule IONP, The IONP was 
synthesized from chemical co-precipitation of iron salts and scaffold with PEG coating. Its 
physicochemical properties, cytotoxicity, and potential as contrast agents were then evaluated. IONP at 
10 nm size was synthesized at 60 minutes and 800 rpm stirring time. The coated IONP showed excellent 
aqueous dispensability and good negative contrast with a transverse relaxation rate of 9.85 mM-1S-1. 
The homing peptides and TNF attachment were achieved after coating IONP with PEG to act as a 
scaffold and further decrease cytotoxicity. The whole system was characterized and systematically 
interpreted as a function of newly formed functional groups, particle size, surface structure, surface 
topography, surface area, and surface charge. The system was responsive to an acidic environment and 
controlled the TNF dissolution released rate. The system also induced obvious cytotoxicity and apoptosis 
post-48 h treatment. The apoptosis study verified the ability of the system to intensify the apoptotic 
population in A549 while minimizing cell death in MRC5. The system reflects a potential outstanding 
treatment efficacy demonstrated selective cytotoxicity towards A549 than MRC5. It is believed that 
IONP-System attached with RGD holds great selective targeting and enhances the optimum 
chemotherapeutic dosage for human lung cancer with less unwarranted toxicity to normal human lung 
fibroblast. 
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On a worldwide scale of cancer, lung cancer 
is the leading death cause among all other 
cancers. It is estimated that more than 1.5 
million patients perish from cancer annually. 
According to an annual analysis of cancer 
types and related deaths, lung cancer is 
gradually becoming the biggest shareholder of 
all other cancers over the decades (Hanspeter, 
2001). The survival rate after five years of 
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diagnosis for lung cancer patients is the least 
of all cancer at less than 20%, which strongly 
indicates the ineffectiveness of treatment and 
its minimal efficacy. On the other hand, this 
highlight's an extreme need for a more 
effective treatment solution (Burris, 2009). 
The current treatment option for lung cancer 
is chemotherapy. Most treatment varieties are 
orally administrated and very few are 
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intravenous. However, current treatments 
exert severe systemic side effects because of 
non-specificity and non-localized delivery to 
targeted tissues (Tseng et al., 2008). Targeting 
lung tissues would be an elegant solution to 
maximize the efficacy of lung cancer 
treatment. 
Inhalation as a delivery route would be a good 
choice of treatment hence the localization of 
administered drug. Inhalation route of 
administration offers several advantages over 
routes when it comes to the localized 
treatment of cancer, mainly minimized side 
effects. This is a result of localized therapy 
plus the ability to deliver high doses besides 
having higher compliance of patients due to 
its ease. The lung's internal surface area is as 
much as 130-180 m2 which gives an advantage 
of hyper absorption of drugs (Weibel., 2009). 
Homing peptides are becoming more 
frequently related to cancer topics regarding 
theranostics (Eisaku et al., 2021). iRGD is a 
9-amino acid cyclic tumour-homing peptide 
(sequence: CRGDKGPDC) while RGD 
poses the same form but unlike it’s predesesor; 
not ciclical. Since iRGD is not a drug that can 
affect cancer cells, TNF (an immunogenic 
cytotoxin very effective against cancer cells) 
which have a thousand-fold less cytotoxicity 
when coupled with RGD/iRGD; however, 
RGD/iRGD has a shallow penetration to 
tissues, thus the need for iron oxide 
nanoparticle for this purpose (Teesalu T et al., 
2009). This 3-component system has 
specificity, penetration and effectiveness 
against cancer cells (Houdong et al., 2011). 
The choice of iron oxide nanoparticle as a 
core particle is of necessity due to its deep 
tissue penetration and relatively very low 
cytotoxicity (Hernández et al., 2020). 

Materials and methods 

IONP synthesis 

The thermal decomposition method for iron 
oxide nanoparticles was used to get it as 
hydrophilic as possible for later stages. The 
thermal decomposition method for iron oxide 
nanoparticles requires iron salts ferric trichloride 
(FeCl3) and ferrous chloride (FeCl2) dissolved in 
150ml distilled water in the presence of nitrogen 
gas to prevent oxidation at 800 rpm and 45°C for 

10min. Later, 20ml of NH3 was added to the 
mixture, and the temperature was brought up to 
80°C while the reaction was kept running for 
50min. After turning off the temperature and 
stirring, the mixture was allowed to cool, and a 
strong neodymium magnet was used to collect 
the iron oxide nanoparticles from the solution. 
Next, the liquid part was discarded, and the 
resulting mixture was washed with acetone, 
stirred, and drained three times. Finally, the 
washed mixture was ready to be transferred to 
an oven set at 80°C for 24hrs. The solid iron 
oxide mixture can then be ground gently and 
thoroughly to make a fine powder form for 
analysis and complete building of the system. 
This experimental procedure was modified from 
(Mahdavi et al., 2013). 

Iron oxide facile PEGylation 

PEGylation was facially derived from coating 
with polyethene glycol (PEG). PEG 10,000 
Da (PEG10,000) was used to coat powdered 
IONP as a physical coating, which requires 
powdered IONP to be dissolved in distilled 
water and PEG10,000 was added at a rate of 
5%. This experiment dissolved 3.0 g iron oxide 
nanoparticles in 100 ml distilled water, and 
0.15g PEG 10,000 was added to the mixture. 
The process should be at room temperature at 
a stirring speed of 500 rpm for 24 hrs. After 24 
hrs, the mixture was centrifuged at 10,000 rpm 
for 30 min, and the sediment was collected 
and dried in the oven at 50°C for 24 hrs (Mun 
et al., 2016). 

RGD attachment 

Since PEG is described as a good scaffolding 
and coating material, the next step in building 
up the complete system, physical attachment 
can be achieved here. Three concentrations of 
RGD were used here to create three variant 
concentrations which were 0.5%, 0.75% and 
1% w/w to the PEGylated IONP. For a batch 
of 3.0 g of PEGylated iron oxide weighted 
0.015 g, 0.02 g and 0.03 g were used, 
respectively, and dissolved in distilled water at 
room temperature with a stirring speed of 500 
rpm for 24 hrs. Later, the sediment was 
collected by subjecting the mixture to 
centrifugation at a rate of 10.000 RPM for 
30mins. Finally, the mixture was dried in the 
oven at 45°C for 24 hrs (Mun et al., 2016). 

https://en.wikipedia.org/wiki/Peptide
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TNF attachment 

The final step in completing the system is to 
add TNF as its drug since the PEG surface 
area could hold more molecules; the above 
method is also implied here. A 24-hr run time 
at room temperature with a 450 rpm stirring 
rate. After 24hrs, the sediment was collected 
via centrifugation for 30 min at 10,000 rpm 
and then transferred to an oven set at 45°C for 
24 hrs (Mun et al., 2016). 

Results and Discussion 

In this study, the scaffold of iron oxide 
nanoparticle (PEG-IONP) was functionalized 
with the Arg- Gly-Asp homing peptide ligand 
(RGD) or cyclic RGD (iRGD) to ensure its 
ability to actively and autonomously target 
tumour cells. Both RGD and iRGD peptides are 
binding ligands that can bind and act with the 
integrins receptors αVβ3, which are 

overexpressed on tumoral endothelial 
(Damjanovich et al., 1992; Danhier et al., 2012; 
Ding et al., 2015; Bianconi et al., 2016; Babu et 
al., 2017). In addition, iRGD peptides are 
capable of homing the neurolipin-1 (NRP-1), 
which is also upregulated in tumoral endothelial. 
Suppose the RGD/iRGD-attached PEG-IONP 
are carrying a chemotherapeutic agent. In that 
case, the nanoparticle can dock on the cell's 
surface to deliver the agents being carried. As a 
proof-of-concept, PEG-IONP carrying the 
chemotherapeutic agent, tumour necrosis factor 
(TNF), and finally surface-functionalized with 
RGD or iRGD peptides were synthesized to 
determine the ability of this nanoparticle to 
induce apoptosis of tumour cells as a result of 
actively and selectively delivered TNF. 
Developed nanoparticles' permeability and 
potential toxicity were assessed using the novel 
co-culture technique, consortia (Figure 1). 

 

 
Figure 1 Synthetic scheme for the nanoparticles and the 

complete system’s mechanism of action. 

Physicochemical characterizations of Naked IONP 
and the system 

The optimized synthesis reaction of iron oxide 
nanoparticle (IONP) was compaired to the 
standard literature database of the same 
molecule and as shown below (Figure 2) 

 
Figure 2 Synthesized IONP in comparison to the simulated 

pattern 

Synthesised IONP demonstrate XRD patterns in 
good agreement compared to the simulated data. 
The main eight sharp peaks observed at 2θ = 24, 

33, 36, 41, 49.5, 54, 61.5 and 63 correspond to 
(012), (104), (110), (113), (024), (116), (214) 
and (300) ( Mishra et al., 2015). In addition, tiny 
and very low-intensity peaks might be related to 
the instrumental error or the presence of trace 
amounts of impurities. 
The optimized synthetic reaction for creating the 
nanoparticles (IONP), the chemotherapeutic 
agent attached to nanoparticles (PEG-IONP), 
and the nanoparticles with homing peptides 
whose surfaces were scaffolded with PEG then 
RGD and iRGD homing peptide ligands 
attached (TNF-RGD-PEG-IONP) were found 
to be essentially the same with the synthesis of all 
four nanoparticles following a straightforward, 
one-pot solvothermal reaction procedure. Figure 
3 shows nanoparticle suspensions were produced 
after the reaction procedure. Separately, the dark 
suspensions were produced when TNF was 
attached to IONP, and in vivo simulation by co-
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culture consortia studies to assess the 
effectiveness. Once each nanoparticle system was 
isolated, washed and dried, powder X-ray 
diffraction (PXRD) analysis was performed 
(Figure 3). 

 
Figure 3 Powder X-ray diffraction (PXRD) patterns for IONP 

(red) and IONP-PEG-RGD-TNF (blue).  

The structural identification of all nanoparticles 
in powder form was assessed using powder X-
ray diffraction analysis (PXRD). As shown in 
Figure 4.3, the experimental diffraction patterns 
for IONP were observed to be coincident with 
the theoretical diffraction pattern simulated 
from the single structure of IONP. The 
characteristic diffraction pattern of IONP at 2θ 
= 13.2°, 33.4°, 36.7°, 41.7°, 49.4°, 53.0°, 62.1°, 
66.5°, 71.7° and 79.6°, which corresponded to 
planes of (011), (002), (112), (022), (013), 
(222), (114), (233), (134) and (044) (Mishra et 
al., 2015a). It is important to note that the 
obtained diffraction peaks of IONP and IONP-
PEG-RGD-TNF were well retained after the 
attachment of TNF and functionalization 
process of RGD. Therefore, this PXRD analysis 
provided several critical findings, which are 
loading of TNF on IONP did not disrupt the 
symmetry of the IONP structure, the structure 
of IONP was robust enough to enough to 
withstand the conditions needed to functionalize 
its surface with RGD, and bulk phase purity of 
all four nanoparticles was proven. 

Functional group analysis 

Successful surface functionalization of IONP-
PEG by RGD and iRGD was first confirmed by 
Fourier transform infrared spectroscopy 
measurement (FTIR) (Figure 2). The parent 
IONP FTIR spectrum exhibited several 
characteristic absorption bands that serve as a 
baseline for comparison with RGD attached to 
IONP: The FTIR spectrum of synthesized IONP 
displayed three strong bands around 3383.42, 
1634.15 and 480.69 cm−1 (Figure 6B). Kumar and 
Singhal reported the presence of similar bands at 

472, 1634 and 3438 cm−1 when colloidal β-Fe2O3 

was synthesized in the presence of varying Co2+ 
amounts. Based on our study, the vibration bands 
could be 529.92 cm−1 (Fe), 1634.15 cm−1 (H2O 
bending vibration) and a broad peak at 3383.42 
cm−1. The presence of organic molecules on the 
surface of IONP has been reported to influence 
the FTIR peaks, and the broad peak was observed 
around 529.92 cm−1 instead of two sharp peaks, 
which might be due to the PEG on the surface of 
IONP. The weak band at 3837.93 cm−1 could be 
attributed to the PEG's unsaturated nitrogen (C-
N) compounds. The close-up FTIR spectrum 
(Figure 4.2) upon functionalization of the surface 
of IONP with the RGD homing peptides shows 
considerable differences when compared with the 
parent IONP spectrum. It is essential first to note 
that all those absorption bands observed in the 
FTIR spectrum for the parent IONP remain 
present in the FTIR spectra for IONP-PEG-
RGD. 
Secondly, several characteristic absorption bands 
of RGD emerge as follows: (i) 3300-3100 cm-1 
corresponds to overlapping amide A and B 
absorption bands; (ii) 1736 cm-1 strongly 
indicates the presence of a new carbonyl vC=O 
stretching frequency that is formed upon 
protonation of the carboxylic acid groups from 
RGD peptide (Psarra et al., 2017); (iii) 1648 cm-

1 is assigned to amide I; (iv) 1577 cm-1 exhibits a 
slight increase in absorbance due to an overlap of 
vC=N between the 2-methylimidazolate of PEG 
and the Arg residue of RGD; (v) 1375 cm-1 is 
ascribed to a vC-N stretching frequency originating 
from RGD; and (vi) 524 cm-1 is attributed to the 
vC=O bending frequency from amide VI. This 
might be due to the possibility that the Arginine 
residue of RGD acts as a Lewis base while 
interacting with coordinatively unsaturated PEG 
sites at the surface of the IONP (Röder et al., 
2017). These assignments for the FTIR spectra 
provide strong evidence for chemical bond 
formation between RGD to the IONP-PEG. 

 
Figure 4 Fourier transform-infrared spectroscopy (FTIR) 

spectra comparing synthesized IONP and simulated IONP. 
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Synthesised IONP demonstrate FTIR patterns 
in good agreement compared to the simulated 
data. The main five peaks observed at 3431, 
1631, 991, 631 and 577 Cm-1 are aligned 
together.  

 
Figure 5 Fourier transform-infrared spectroscopy (FTIR) 

spectra comparing IONP (Black), RGD (Blue), TNF (Red) and 
Complete system (2nd Black) 

RAMAN spectroscopy was also conducted to 
identify certain bonds that refer to the 
presence of IONP-system components. The 
measured Raman spectra of these groups are 
presented in the following to constitute the 
difficulty of differentiating these groups via 
spontaneous Raman scattering, especially 
under natural conditions in solution. Hence, 
to get an idea of the Raman shifts and 
intensity ratios of promising Raman labels 
such as alkyne, azide or deuterated moieties, 
Raman spectra of solvents and Raman-labeled 
groups are compared with their untagged 
counterparts. In addition, the measured 
spectra also serve as the basis for simulations 
used to estimate the detection limit and test 
the performance of quantitative analysis 
techniques. 
All peptides and polymers mainly consist of 
carbon, oxygen and hydrogen atoms. 
Accordingly, they all show Raman bands in 
similar regions depending on the different 
vibrational modes. The most important types 
of vibrations and Raman shift regions are 
listed in table 4.1. C=O vibrations only exist 
in acetylated group molecules. O-H vibrations 
are covered by water. 

Table 1 Characteristic vibrations in Raman spectra. 

Type of vibration Region of Raman shift 

C-C Vibration 800 cm-1 -122 cm-1 

C-H stretching 2800 cm-1 - 3100 cm-1 

C-H deformation 1380 cm-1 – 1470 cm-1 

C-OH stretching 1100 cm-1 – 1210 cm-1 

C-OH deformation 750 cm-1 -800 cm-1 

C=O stretching 1550 cm-1 -1800 cm-1 

O-H stretching 3200 cm-1 -3800 cm-1 

O-H deformation 1600 cm-1 – 1700 cm-1 

Table 1 displays the structure of the most 
relevant occurring groups. The corresponding 
normalized Raman spectra in the solid phase 
and solution at 1M concentration show the 
signifying broadening, intensity, and spectral 
shifts of individual peaks caused by the 
solvation in water. In particular, the 
characteristic PEG peaks in the solid phase at 
1032 cm−1 and 1280 cm−1 are not observable 
in solution, and PEG is nearly 
indistinguishable from IONP. Only the 
homing peptides could be identified in the 
mixture by the strong peak at 920 cm−1. 

 
Figure 6 RAMAN Raman spectra of IONP, IONP-PEG and 

IONP-PEG-RGD 

Similar circumstances can be recognized in 
the normalized Raman spectra of polymers 
and peptides, which are building blocks for the 
IONP system. The Raman spectra show 
strongly overlapping peaks varying in 
intensity, especially between RGD and iRGD. 
Compared to regular groups, the main 
difference is the high intensity detected in the 
C-H stretch region (2800 cm−1 − 3100 cm−1) 
caused by the CH3 moiety. The strong C=O 
stretching vibration can also be observed for 
all acetylated groups at í1642 cm−1. This 
Raman band contributes to the so-called 
amide l region (1640 cm−1–1700 cm−1) of 
peptides and is convoluted with various other 
compounds (P. LAGANT et al., 1984, N. K. 
Howell et al., 1999). 

Particle size and structural morphology analysis 

A Field emission scanning electron 
microscopy (FE-SEM) identified particle size 
and structural morphology. Accordingly, Field 
emission scanning electron microscopy (FE-
SEM) images revealed that all particle sizes 
were within the nanoscale size regime (100-
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500 nm) for drug delivery (Rizvi & Saleh, 
2018) (Figure 4.4). This is an important 
finding, given that nanoscale particles are 
needed to promote uptake and cytotoxicity 
within cancer cells (Foroozandeh & Aziz, 
2018). The smaller-sized particles, which is 
commonly < 6 μm depending on certain 

factors such as cell variation and culture 
environment (Gustafson et al., 2015), can 
reduce phagocytosis by alveolar macrophages 
and thereby increase their retention rate 
within epithelial cells (Oberdörster et al., 
2005; Ahmad et al., 2012). The nonsurface 
functionalized IONP, IONP-PEG-RGD-
TNF and IONP-PEG-iRGD-TNF's average 
size was 8.1 ± 0.15 and 12.2 ± 1.3 nm, 
respectively. The grinding process could 
explain the different sizes and uniformities of 
IONP during the nanoparticle fine powdering 
preparation.  
The nanoparticles were synthesised at various 
stirring rates and were spherical particles with 
little to no aggregation (Figure 4.4). Stirring 
during reaction has been thought to promote 
homogeneous dispersion of reaction medium 
and to minimise particle aggregation during 
synthesis. However, low turbulence in the 
reaction medium induced by slow agitation 
may cause inhomogeneous dispersion of 
particles, thus limiting particle aggregation to 
form larger particles. This can be observed in 
Figure 4.4, where broader size distribution 
(depicted by a higher dispersity index in Table 
4.1) was observed for samples stirred at lower 
rates (600 rpm) than samples at 800 rpm. 
More uniform particle size was observed at the 
stirring rate of 600 rpm, but the particle size 
decreased as the stirring rate increased from 
1000 rpm. 
Based on the reports from similar studies, 
further increase of stirring rates to higher than 
800 rpm in this work may produce smaller 
particles (Ibarra-Sánchez et al., 2013; 
Rahmawati et al., 2017). Rahmawati et al. 
(2017) found that increasing the stirring rate 
from 500 to 700 rpm to synthesise magnetite 
using the coprecipitation-ultrasonic irradiation 
method produced similar spherical particles. 
Still, the particle size decreased as the stirring 
rate increased. When a stirring rate higher than 
800 rpm was used, the particles started to form 
large aggregates. Ibarra-Sánchez et al. (2013) 

obtained IONP of different sizes and saturation 
magnetisation by increasing the stirring rates in 
the thermal decomposition of iron (III) 
acetylacetonate. They observed that particle 
size initially increased from 7.7 nm at 0 rpm to 
10.5 nm at 100 rpm, then decreased to 7.8 nm 
when the stirring rates were higher than 100 
rpm. 
The cause of different sizes produced by 
different stirring rates is the difference in mass 
transport rates in the colloidal system during 
synthesis. At lower stirring rates, particle 
growth is governed mainly by the diffusion of 
nuclei due to limited mass transfer in the 
solution. As a result, more time is required to 
form particles of uniform size. Hence higher 
dispersity was observed at 600 rpm. Increasing 
the stirring rates to the optimal setting (in this 
case at 800 rpm) promotes better mass transfer 
and, consequently, better control of particle 
growth. This is because diffusion of nuclei and 
convection phenomenon (motion of reaction 
medium) is in balance, leading to narrow size 
distribution. However, convection dominates 
as mass transport rates increase when the 
stirring rate exceeds the optimal rate. As a 
result, convection favours nucleation and 
limits particle growth, reducing particle size. 
Therefore, a smaller mean particle size was 
observed for 800 rpm (8.1 ± 0.5 nm) 
compared to 600 rpm (11.4 ± 0.5 nm), as 
shown in Table 2. 

Table 2 Particle diameter, particle dispersity and saturation 
magnetisation of IONP synthesised at four different stirring 

rates. 

Stirring rate (rpm) Particle diameter (nm) 

600 11.4 ± 0.5 (d = 0.17) 

800 8.1 ± 0.5 (d = 0.06) 

10000 
 

7.6 ± 0.8 (d = 0.09) 

 
Figure 4.7 FE-SEM images of IONP samples synthesised with 

different stirring rates at 100KX magnification 

Vibrating sample magnetometer (VSM) results 
in Figure 4.8 and Table 4.2 show a saturation 
magnetisation (Ms) value of 47.7 emu/g for 
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IONP stirred at 800 rpm, similar to the value 
reported by Belaïd et al. (2018). 

 
Figure 8 Field-dependent hysteresis loops (M–H) at room 

temperature for IONP obtained 800rpm stirring rates 

The synthesis procedure of monodisperse 
IONP with a particle size of approximately 10 
nm was successfully optimised by varying the 
stirring rate and ageing time. An earlier report 
by Yu et al. (2004) used grounded Fe(O)OH 
as the precursor for the IONP synthesis. Still, 
this work has shown that monodisperse 
nanoparticles could also be obtained without 
reducing the precursor to smaller particles 
before synthesis. 

4.5 Surface topography analysis 

To further investigate the topography or 
surface character, atomic force microscopy 
measurements (AFM) was performed in 
tapping mode measurement (Figure 4.6). 
Three-dimensional images showed apparent 
differences in the surface characters of IONP, 
IONP-PEG-iRGD and IONP-PEG-
RGD/iRGD-TNF. A quantitative parameter 
for the average roughness of each surface, Ra, 
was employed to assess these differences. The 
Ra value measures the peaks and valleys found 
on sample surfaces. For IONP and IONP-
PEG, smaller peaks and valleys resulted in Ra 
values of 8.1 and 10.9 nm, respectively. On the 
other hand, a pattern of moderate peaks and 
valleys was observed for the surface character 
of IONP-PEG-RGD-TNF and IONP-PEG-
iRGD-TNF, resulting in a higher Ra value of 
12.2 and 12.6 nm, respectively. 
The results of these measurements imply that 
the surface functionalization of IONP and 
iRGD does increase the surface roughness of 
the nanoparticles, which strongly correlates 
with the FE-SEM images obtained (Figure 
4.7). Indeed, these observations are significant 
findings as the rougher surface character of 

nanoparticles is typically correlated with a 
higher potential for influencing the 
internalization of lung cancer cells 
(Muthukumar et al., 2014). Furthermore, 
these findings were supported by Niu and co-
workers when enhanced cellular uptake was 
observed after being treated with rough 
modified silica nanoparticles compared to 
smooth nanoparticles (Niu et al., 2015). 

 
Figure 9 Atomic force microscope images 

Surface charge and hydrodynamic size 

The hydrodynamic size and surface charge 
were obtained by dynamic light scattering 
(DLS), frequently employed due to its non-
destructive method of determining particle 
size in suspensions (Hirschle et al., 2016). The 
average hydrodynamic sizes of IONP and 
IONP-PEG were similar, with values of 79 ± 
4.5 and 114 ± 3.0 nm, respectively (Figure 
4.10). However, upon attachment with RGD 
and iRGD, the hydrodynamic size increased 
to 140 ± 5 and 205 ± 5 nm, respectively. It is 
noted that hydrodynamic size, as measured by 
dynamic light scattering techniques, typically 
leads to higher values than those observed in 
FE-SEM measurements because the 
hydration layer around the nanoparticles is 
included within the calculated size (Eaton et 
al., 2017). Therefore, increasing 
hydrodynamic size correlates with the trend 
observed for the FE-SEM measurements 
(Figure 4.7). Concerning the development of 
nanoparticles for cancer applications, particle 
size signifies a vital role in the therapeutic 
process, including uptake and immune 
response (Carvalho et al., 2018). For example, 
the nanoparticles are designed more than 
normal vessels diameter and can 
accommodate a leaky tumour typically 
between 40-200 nm in size (Sarin et al., 2009).  
Next, the zeta potential was utilized to 
confirm that the RGD and iRGD were 
separately attached to the IONP surface after 
the scaffolding and functionalization process. 
Concerning the surface charge of the 
nanoparticles, the zeta potential for IONP was 
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slightly less positive than IONP-PEG (+4.5 to 
+4.9, respectively). Interestingly, both IONP 
and IONP-PEG were significantly less 
positive when compared with IONP-PEG-
RGD (+5.06) and IONP-PEG-iRGD 
(+5.06). This is another critical trend to 
observe as the more positively charged the 
surface of nanoparticles is, the more likely 
they are to be taken up by cancer cell 
membranes and remain within the cell for 
extended periods (Blanco et al., 2015). The 
surface charge is crucial to increasing the 
interaction with the targeting tumour 
membrane (Ramos et al., 2017). 

 
Figure 10 Average hydrodynamic size (blue) and zeta 

potential (red) 

Thermal study for physical state analysis 

Mass loss was compared using thermal 
gravimetric analysis (TGA) under continuous 
N2 flow. The comparative TGA of IONP, 
IONP-PEG and IONP-PEG-iRGD-TNF are 
shown in Figure 11. Likewise, TGA depicts a 
trend of IONP-PEG-RGD-TNF < IONP-
PEG < IONP with respect to thermal stability. 
The nanoparticles with PEG, including IONP-
PEG-RGD-TNF and IONP-PEG, begin to 
thermally decompose over the 450 °C range 
correspondingly parent IONP is thermally stable 
up to at least 375 °C. The initial decomposition 
temperature of PEG is 375 °C (Sung-ku Kwon 
et al., 2014). The initial decomposition of IONP 
and IONP-PEG probably starts with the loss of 
structural integrity, resulting in the loss of 
structures commencing at about 375 °C. The 
next decomposition was shown in IONP-PEG-
RGD-TNF due to the IONP decomposition. 
This phenomenon of more thermally stable 
systems compared to its core molecule; gives 
insight into the presence of RGD peptides and 
TNF attached to the system, consistent with the 
other physicochemical properties mentioned in 
earlier sections. The findings corroborate the 
previously reported IONP coupled with homing 

peptides, and TNF demonstrated early mass loss 
compared with naked IONP (Sung-ku Kwon et 
al., 2014). In pharmaceuticals, TGA is explored 
to evaluate solid-state kinetics, such as the 
decomposition of drugs in various drug 
formulations. Moreover, TGA is applied in the 
drug quality control process, including 
accelerated stability which is conducted for a 
minimum of 6 months to ensure the end 
product meets the required specification (ICH 
Q1A, 2003). 

 
Figure 11 Thermal gravimetric analysis (TGA) under N2 flow 

Drug loading efficacy 

Figure 4.12 presents the TNF Loading 
efficiency (%) of IONP-PEG-RGD/iRGD. 
The equation of the TNF standard curve in 
ethanol was (y = 1290.6x + 2374, R2 = 0.999) 
(Appendix A). The highest obtained DL% was 
8.19% ± 0.52% and 55.08% ± 1.68% with 750 
µg of TNF. Furthermore, DL% was inversely 
reduced with increasing the TNF weight up to 
1000 µg, which can be explained as the 
maximum capacity of the nanomolecular at 750 
µg. It’s concluded that scaffolded IONP can 
hold approximately 19.7% of drug-release studies 
and later for in-vitro studies. The drug loading 
and efficiency values are considered acceptable 
compared to the literature for optimal activities 
in treating cancer tissue (F. Mozar & 
Chowdhury, 2015). 

 
Figure 12 Tumor necrosis alpha (TNF-α) standard curve. 

https://www.researchgate.net/profile/Sung-Ku-Kwon
https://www.researchgate.net/profile/Sung-Ku-Kwon
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In vitro drug release simulation 

The drug release profile of IONP-PEG-RGD 
was assessed using a dialysis bag method. The 
concentration of TNF diffused through a 
dialysis membrane into the release media 
consists of a fixed volume of simulated lung 
fluid (SLF), and 0.5% Tween 80 was 
determined within a 48-hour release duration. 
Pulmonary surfactant in biological lung fluid 
was absent in the SLF used in this work. Thus, 
Tween 80 was added into the release media to 
increase TNF solubility and promote the 
diffusion of TNF through the membrane. The 
release was conducted in two different pH; 
one study was in pH 7.4 to simulate the 
neutral pH in the body system, and the other 
was carried out in a more acidic environment 
(pH 6.0) to simulate the condition around 
cancerous cells. Drug release of TNF from 
both IONP-PEG-RGD was studied under the 
same conditions to compare their release 
profiles. Both formulations demonstrated a 
lower release in the simulated extracellular 
environment of normal tissue (SLF, pH 7.4) 
than in the simulated intracellular tumour 
environment in SLF at, pH 6.0, as seen in 
Figure 4.10. This pattern agrees with other 
literary publications, suggesting an accelerated 
release under acidic conditions for lipid-based 
formulation (Asmawi et al., 2019). 
Approximately 41% TNF was released from 
both IONP-PEG-RGD in SLF pH 7.4 within 
a 48-hour period, which is higher compared 
to IONP-PEG-RGD/iRGD-TNF (< 21% 
release). In the acidic environment (pH 6.0), 
IONP-PEG-RGD rapid release was exhibited 
during the initial 6 hours, with more than 41% 
release detected in the release media. Then, a 
gradual release to 80% was observed until 48 
hours.  

 
Figure 13 Drug release profiles of IONP-PEG-RGD using 

dialysis membrane in SLF at two different pH 

Magnetic Resonance Imaging of IONP 

Phantom experiments to evaluate the imaging 
properties of IONP were performed using a 3 
T MRI scanner. Only transverse relaxation 
times (T2) and T2-weighted images were 
acquired. No significant positive contrast was 
seen for longitudinal relaxation times (T1) 
within the concentration range of 0 to 0.5 
mg/mL prepared for the experiment. A higher 
concentration of IONP was not tested because 
the nanoparticles exhibited in vitro 
cytotoxicity on MRC5 at 0.5 mg/mL and in 
apoptosis experiments.  
Clear negative contrast was observed on T2-
weighted images presented in Figure 4.14, 
beginning from the concentration of 0.5 
mg/mL IONP. The measured relaxation rate 
was plotted against the concentrations of 
IONP (Figure 4.11). Transverse relaxation 
rate (R2) increased linearly with the 
increasing concentrations of IONP, similar 
to other findings published in the literature 
(Alipour et al., 2018; R. Wei et al., 2018 
;Sánchez-Cabezas et al., 2019). Relaxivity, 
r2, was calculated at 9.85 mM-1s-1, 
determined from the linear fit of the data 
according to equation 3.5. 

 
Figure 13 T2-weighted images of IONP-PEG 

The value of r2 in this work is similar to the 11 
nm silica-coated spherical IONP measured at the 
same magnetic field strength (3 T) (Alipour et al., 
2018). The results could be attributed to the effect 
of particle aggregation after PEGylation. 
Previous FE-SEM images of IONP coated with 
PEG (Figure 7) revealed the presence of 
monodisperse particles. However, particle 
aggregation was seen after scaffolding with PEG 
(Figure 7). Although the core size of the IONP 
remains unchanged, particles agglomeration has 
caused a larger hydrodynamic size, resulting in 
more considerable local field inhomogeneity that 
affects its transverse relaxivity (Joos et al., 2017; 
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Ta et al., 2017). In addition, the relaxivity was 
measured by embedding the IONP in 1% agarose 
gel. According to Joos, this process could cause 
agglomeration and may distort the relaxation 
rates (Joos et al., 2017). 
Surface coating of the IONP is crucial to 
improve the biocompatibility of IONP and to 
maintain colloidal stability. Its surface 
chemistry will determine the relaxation rates 
and contrast of the MRI images. Modifying 
the surface chemistry to tune the proton 
relaxation will enable higher contrast and 
transverse relaxivity (LaConte et al., 2007). 
IONP-PEG displayed good negative contrast, 
but positive contrast could not be observed 
within the tested concentration range (0 to 0.5 
mg/mL). PEG scaffolding may hinder direct 
interactions between the iron oxide core and 
the protons, resulting in invisible positive 
contrast. 
In contrast, PEG coating shortened T2 relaxation 
rates and produced good negative contrast. The 
results presented in this work are limited to the 
IONP-PEG only, but varying the coating 
thickness by using a different molecular weight of 
polyethyleneglycol coating on IONP surface was 
reported in the previous studies to affect 
longitudinal as well as transverse relaxivity 
(LaConte et al., 2007; Hajesmaeelzadeh et al., 
2016). Furthermore, both studies reported that 
the r2 decreased as coating thickness increased. 
Therefore, a relaxivity comparison of IONP-
PEG with different weight ratios may prove 
helpful in selecting the optimal amount of PEG 
as IONP coating. 
Although these results are currently limited to 
transverse relaxation rates, further 
improvements to the method may be modified 
to measure longitudinal relaxation. Modifying 
concentration range and measurement 
parameters might ensure adequate 
representation of IONP-PEG as an efficient 
contrast agent. 

 
Figure 15 Relaxation rate of IONP-PEG as a function of 

concentration in mg/mL to determine relaxivity, r2, of IONP-PEG 

In vitro cytotoxicity of IONP and the complete 
system 

In vitro cytotoxicity of IONP and IONP-PEG-
RGD-TNF was carried out on normal human 
lung fibroblast cells (MRC5) and 
adenocarcinoma human alveolar basal epithelial 
cells (A549). The cytotoxicity of IONP and 
IONP-PEG-RGD was determined by the 
percentage of cell viability using XTT assay after 
treatment for 24, 48 and 72 hours. IONP 
exhibits a cytotoxic effect if cell viability is less 
than 60%, whereas it is non-toxic if it is more 
than 80% (International Organization for 
Standardization [ISO], 2009). 
As shown in Figure 16, cell viability decreased 
dose-dependent for both MRC5 and A549. The 
trend is consistent with previous in vitro 
cytotoxicity studies of IONP, with or without 
surface coating on other cell types, such as rat 
liver cells (BRL 3A) (Thorat et al., 2016), J774 
(murine macrophage cells) (Naqvi et al., 2010), 
human bronchial (16HBE) and alveolar 
epithelial cells (A549) (Guadagnini et al., 2015). 

 
24hrs incubation 

 
48hrs incubation 

 
72hrs incubation 

Figure 16 Percentage of cell viability of MRC5 and A549 
analysed by XTT assay after treatments with IONP and IONP-

PEG-RGD-TNF at five different concentrations 
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Regardless of incubation time, >80% MRC5 cell 
viability was observed after exposure to IONP, 
IONP-PEG-RGD-TNF at the concentration 
range of 0.1-0.5 μg/ mL but slight toxicity (<80% 

cell viability) was found on MRC5 above 0.3 μg/ 
mL, which agrees well with previous studies on 
in vitro cytotoxicity of IONP (Dadfar et al., 
2019). However, less concentration of IONP and 
IONP-PEG-RGD/iRGD-TNF was needed to 
exhibit a similar cytotoxic effect on A549 after 24 
hours of exposure; over 80% of cells were viable 
when exposed to 0.1 μg/ mL IONP, while only 

80% viability was recorded at the highest 
concentration tested (0.5 μg/ mL). In 

comparison, only 57% of A549 cells were viable 
after 24 hours of exposure to 0.5 μg/ mL IONP-

PEG-RGD-TNF (Dwivedi et al., 2014). 
After 24 hours of exposure, cell death on A549 
at the highest concentration tested (0.5 μg/ mL) 

was significant compared to MRC5 (p<0.05). 
Prolonging the exposure time to 48 and 72 hours 
increased the growth inhibition of A549 
significantly, but no significant difference was 
observed in MRC5 viability. At 72 hours of 
exposure, the difference in viability between 
MRC5 and A549 was significantly above the 
concentration of 0.1 μg/ mL (p<0.0001). These 

results showed that the cytotoxicity of IONP 
and IONP-PEG-RGD-TNF on A549 
increased with increasing concentration of 
IONP and IONP-PEG-RGD-TNF increased 
exposure duration. 
Half maximal inhibitory concentrations (IC50) 
for MRC5 and A549 for all three incubation 
times are tabulated in Table 4.3. A lower 
concentration of IONP and IONP-PEG-
RGD-TNF was generally required to induce 
50% of cell death on A549 than MRC5. These 
results demonstrated that IONP and IONP-
PEG-RGD-TNF have higher in vitro 
cytotoxicity to A549 than normal lung 
fibroblast cells (MRC5). 

Table 3 IC50 values of IONP and IONP-PEG-RGD-TNF on 
MRC5 and A549 at 24H. 48H and 72H 

Time 
(h) 

IONP IC50 
(ng/ml) 

IONP-PEG-RGD-TNF IC50 
(ng/ml) 

MRC5 A549 MRC5 A549 

24 23.8 22.4 28.7 40.8 

48 21.6 20.7 27.4 38.5 

72 11.2 2.9 13.9 5.1 

Cell death mechanism induced by IONP and 
IONP-PEG-RGD-TNF may be caused by 

oxidative stress and loss of membrane 
integrity, leading to apoptosis of A549 (M. I. 
Khan et al., 2012; Dwivedi et al., 2014; Das 
et al., 2020). Cell exposure to a higher 
concentration of IONP was reported to 
elevate the level of peroxidation stress and 
reduce antioxidant enzyme activity, possibly 
due to intracellular reactive oxygen species 
(ROS) generation (Dwivedi et al., 2014). 
Fenton or Fenton-like reactions and Haber-
Weiss reactions that produce free radicals (O2-
, OH-) and hydrogen peroxide (H2O2) may 
contribute to ROS generation by IONP, 
resulting in cellular damage (e.g. loss of 
membrane integrity) and subsequently initiate 
programmed cell death (Paunovic et al., 
2020). Interestingly, Khan et al. (2012) did 
not observe a similar cytotoxic effect on 
normal lung fibroblast cells. However, further 
research may be needed to confirm the 
cytotoxicity and proapoptotic effects of IONP 
and IONP-PEG-RGD-TNF in non-
malignant cells. 
The IONP-PEG-RGD-TNF is potentially 
safe to be used as a diagnostic agent on healthy 
individuals and cancer patients. No 
cytotoxicity was exhibited on MRC5 up to the 
0.5 μg/ mL concentration. In contrast, only 

40 μg/mL IONP was needed to reduce the 

viability of HepG2 cells below 80% 
(Mohammadi et al., 2021), while a significant 
decrease in Saccharomyces cerevisiae cell 
viability was observed at the concentration of 
50 μg/mL (Asif et al., 2020). Growth 

inhibition of IONP and IONP-PEG-RGD-
TNF on MRC5 and A549 increased as the 
concentration increased to 0.5 μg/ mL, and 

the exposure time was prolonged to 72 hours. 
However, cellular uptake and toxicity of 
IONP depend not only on the size, 
morphology and surface coating of the 
nanoparticles but also on the cell types 
(Mahmoudi et al., 2011). 

Apoptosis assay induced by nanoparticles 

Given that IONP and IONP-PEG-RGD-
TNF were selective in enhancing the 
cytotoxicity of cancer cells, the apoptotic cell 
populations were then quantified via flow 
cytometry (Figure 17). The flow cytometry 
measurements exposed both A549 and MRC5 
cell lines to TNF, IONP and IONP-PEG-
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RGD-TNF for 48h. Viable cells are depicted 
in the lower-left quadrant (Q1). Early 
apoptotic cells, which were positively stained 
only for Annexin V/FITC, are plotted in the 
lower right quadrant (Q2). Late apoptotic cells 
stained positive for Annexin V/FITC, and PI 
are plotted in the upper right quadrant (Q3). 
Finally, the PI-only stained necrotic cells are 
displayed in the upper left quadrant (Q4). 
When exposed to IONP and IONP-PEG-
RGD-TNF, the total percentage of apoptotic 
cells (Q2 + Q3) in A549 was higher than in 
MRC5. Furthermore, the total apoptotic cells 
observed after treatment with TNF alone were 
comparable in both A549 and MRC5 cell lines. 
Notably, the treatment of A549 by IONP-
PEG-iRGD-TNF yielded the highest 
apoptotic cells (71.9%), followed by IONP-
PEG-RGD-TNF (63.5%), whereas the IONP 
and TNF alone were 53.7% and 89% (highly 
toxic on its own), respectively. Furthermore, 
the nanoparticles IONP-PEG-RGD-TNF; 
52.4% also showed fewer apoptotic cells in 
MRC5 than treatment by TNF alone (77.5%). 
These findings mean that IONP-PEG-RGD-
TNF can induce apoptosis in A549 while 
reducing cell death in MRC5 cells. For both 
nanoparticles, this was attributed to the fact 
that the RGD homing peptides are more likely 
to actively bind the over-expression of αVβ3 

integrins on the outer surface of A549 cells 
(Nieberler et al., 2017). Additionally, the fact 
that IONP-PEG-RGD-TNF has a six-fold 
lower apoptotic percentage (13.1%) in MRC5 
when compared to TNF (77.5%) is evidence 
that IONP-PEG-RGD-TNF exhibits good 
safety to healthy cells. However, 
simultaneously, ramp up the apoptosis activity 
in the cancerous cells. This is ascribed to an 
excellent selectivity behaviour, deep 
internalization of CendR to NRP-1, and pH-
responsive of IONP itself towards A549 cells. 
This is supported by a previous report that 
combined RGD and TNF enhanced the 
apoptotic in the A549 xenograft model by 
reducing the tumour volume and growth 
compared to TNF alone (Zhang et al., 2015). 
Later, the investigations were translated into in 
vivo simulations known as Consortia to evaluate 
the selectivity and penetration produced by 
IONP-PEG-RGD-TNF towards co-cultured 
MRC5 and A549 cell lines. 

 
Figure 17 Quantification of apoptotic cell population 

obtained by flow cytometry analysis at 48 h time treated 
with the appropriate IC50 value (50% inhibiting 

concentration) of TNF, IONP, IONP-PEG-RGD-TNF 

lyophilisation and cryoprotectant Selection 

Lyophilisation is one of the recommended 
methods to enhance nanoparticle stability for 
long-term storage. Cryoprotectant is often 
added before lyophilisation to prevent molecule 
degradation due to the stress during the freeze-
drying process, to minimise particle aggregation 
and to improve the dispersibility of the 
lyophilised nanoparticles after freeze-drying 
(Varshosaz et al., 2012; Almalik et al., 2017). 
Carbohydrates such as sucrose, mannose, 
trehalose and maltodextrin are easily vitrified 
and changed into a glassy state during freeze-
drying. Thus they are preferred as a 
cryoprotectant (Varshosaz et al., 2012). 
The freeze-thaw approach can be used in the 
screening process to select the optimal 
cryoprotectant concentration for the 
lyophilisation of the IONP system. This work 
dissolved sucrose in different percentages 
(10%, 12.5% and 15% w/v) in the suspension 
before the freeze-thaw study. The particle size 
of the IONP system before and after the 
freeze-thaw study was measured to observe 
any changes in particle size. All samples 
exhibited minimal changes in particle size and 
higher polydispersity index, independent of 
the sucrose concentration as tabulated in 
Table 4.4, with acceptable particle growth 
shown by the calculated Sf /Si ratio of less 
than 1.3 (Date et al., 2010). 

Table 4 Particle size and PdI of the IONP after adding sucrose 
as cryoprotectant according to the percentage added into 

the formulation 

Sucrose % (w/v) Particle size (nm) PdI Sf/Si ratio 

0 114 0.58 n/a 

10 123.1 0.67 1.08 

15 127.7 0.65 1.08 

20 136.8 0.64 1.2 
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Minimal particle size increase after adding 
sucrose as a cryoprotectant in various 
percentages agrees with the results previously 
reported by Varshosaz et al. (2012) and 
Almalik et al. (2017). In comparing several 
carbohydrates as a cryoprotectant, slow 
cooling with sucrose as a cryoprotectant at -
20 °C before lyophilisation resulted in less 
particle growth than a fast-freezing rate at -70 
°C (Varshosaz et al., 2012). Moreover, 
sucrose's high hygroscopicity helped shield the 
IONP system from mechanical stress due to 
ice formation surrounding the nanoparticles 
during freezing. The sugar will attract and hold 
water molecules from damaging the 
nanoparticles (M. K. Lee et al., 2009; 
Rampino et al., 2013). During freezing, the 
IONP system is now embedded in amorphous 
glasses formed by sucrose above its glass 
transition temperature (60 °C). Thus particle 
destabilisation can be prevented, and the size 
distribution can be preserved. However, an 
increased PdI value indicates higher particle 
aggregation after adding sucrose. This may be 
improved by optimising the concentration of 
the sucrose added as a cryoprotectant in the 
IONP-system suspension as demonstrated by 
previous studies (Ball et al., 2016; Almalik et 
al., 2017). 

in vivo simulation by co-culture Consortia 

Consortia for IONP-System was carried out on 
normal human lung fibroblast cells (MRC5) and 
adenocarcinoma human alveolar basal epithelial 
cells (A549). First, the affinity of the IONP-
system (iRGD was only tested because of a 
different affinity toward the A549 cell line) was 
determined by absorbance after confluency was 
reached. Then IONP-system was introduced to 
the culture for 24, 48 and 72 hours. As illustrated 
in Figures 4.18 and 4.19. 

 
Figure 18 Consortia illustration 

 
Figure 19 Consortia Zones illustration 

As shown in Figure 19, around the cell 
strainer, the Petri- Dish was marked to 
represent 3 different circular zones; each is 
bigger than 1cm than the other, and those 
zones represent the penetration depth of the 
simulation of a tissue. The IONP-system dose 
used here was the same as IC50; the absorbance 
was recorded of each zone at 24, 48 and 72 
hrs, as shown in Figures 20 and 21 

 
Figure 20 Consortia zone absorbance, showing separate 

penetration on the side of the A549 cell line; green represents 
the closest zone to the cell strainer, red represents the middle 

zone, and blue represents the outer zone 

 

Figure 21 Consortia zone absorbance, showing separate 
penetration on the side of the MRC5 cell line 

The first comparison between both sides of the 
consortia is the amount of spreading of the 
IONP-system to the A549 side significantly 
over the MRC5 side due to the high affinity 
of RGD towards integrins receptors αvβ3 and 

αvβ5 presented on A549, and that agrees with 



Zohyri HAMA, Abdulrahman MBB: The Synthesis of Adjuvanted Iron Oxide Nanoparticles with RGD and TNF 

1123 

previous studies (Sugahara et al., 2015), the 
dispersed amount of IONP-system on the 
MRC5 side may be due to concentration 
differences and equilibrium (Rivas G, Minton 
AP, 2017). Thus, the simulation setting proved 
that the IONP system has a high affinity and 
selectivity toward the A549 cell line. 
The second comparison is the penetration of 
all three zones on the A549 side; it’s almost 
doubling every 24h, and by 72 h, the migrated 
amount of IONP-system is at its highest based 
on the proposed high affinity of αvβ3 and αvβ5 
receptors, and that also agrees with previous 
studies (Sugahara et al., 2015). So this proves 
that IONP-system has a deep tissue 
penetration potential. 
The conclusion that combines the previous 
findings is that IONP systems have a high 
affinity toward the A549 cell line and a deep 
tissue penetration capability. 

5 conclusions 

The present study investigates the potential of 
developing active-targeted nanoparticles RGD or 
iRGD-targeted (IONP) nanoparticles to increase 
the selectivity of the chemotherapeutic agent 
(TNF) towards cancer cells by exploiting the 
tumour microenvironment and ligand-receptor 
interactions. Through a straightforward synthesis 
and active groups attachment, this study has 
reported the desired loading and subsequent 
attachment of (IONP) with a chemotherapeutic 
agent (TNF) and two autonomous homing 
systems (RGD and iRGD), respectively. 
Two synthesis parameters of IONP from 
chemical co-precipitation from FeCl2 and 
FeCl3, i.e. stirring rate and time, were 
optimised to achieve an average particle size 
of approximately 10 nm. As a result, spherical 
monodisperse IONP having saturation 
magnetisation of 47.7 emu/g was synthesised 
at 800 rpm and 60 minutes stirring time. In 
addition, the PEG scaffolding of the IONP 
was set at 5% w/w for further attachments.  
Physicochemical characterisation of the 
IONP-System showed that the particles were 
spherical with a mean particle size of 
approximately 10 nm after, as shown by FE-
SEM. In vitro, drug release studies in SLF 
media demonstrate higher release in the 
simulated cancerous environment (acidic 

condition) than in the neutral pH of the 
healthy tissues. In the SLF with a pH of 6.5, 
initial burst release during the first 6 hours was 
observed, followed by sustained release up to 
48 hours. The kinetic release was found to fit 
the first-order kinetic model. 
The IONP was very well dispersed in buffer 
solution and cell culture media. MRI studies 
using MRI phantoms suggested that IONP is 
potentially useful as a negative contrast agent, 
with its transverse relaxivity, r2, determined at 
9.85 mM-1S-1. The IONP-System exhibited 
dose-dependent cytotoxicity on both MRC5 
and A549. The cytotoxic effect of the IONP-
System was observed to be more significant on 
A549 than MRC5 at prolonged exposure to 72 
hours, measured by the cell viability 
percentage of both cells. The IONP-System 
was  
The IONP was lyophilised using sucrose as the 
cryoprotectant for longer storage stability. 
Storage stability assessment of the lyophilised 
formulation was conducted at room or cooler 
temperatures (2-8 °C). Changes in the nano 
size of IONP stored in a cooler environment 
indicated better storage stability at room 
temperature than in a cooler environment. 
This study demonstrates that the developed 
magnetic nanostructure loaded with TNF and 
RGD/iRGD can potentially be a diagnostic 
and therapeutic agent in lung cancer 
treatment. Furthermore, monitoring of 
therapeutic efficacy in the tumour may be 
accomplished using MRI, and reduced 
toxicity of the formulation on MRC5 showed 
a promising diagnostic tool alternative, also 
proven via the Consortia test. 
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