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Lung cancer is the leading cause of cancer deaths globally, with nearly 1.8 million deaths and 

2.2 million incidences recorded annually. Primarily, non-small-cell lung carcinoma (NSCLC) is 

the most commonly diagnosed type of lung cancer, which makes up approximately 85% of all 

reported lung cancer cases. Currently, the management of NSCLC is a global challenge, and 

although, various treatment protocols are available, such as surgery, radiotherapy, and 

chemotherapy, the survival outcomes remain poor. Combination chemotherapy is the current 

first-line treatment for NSCLC, however, it presents with a myriad of drawbacks, including non-

specificity, high dosage, and detrimental side effects, resulting in patients intolerability to the 

regimen. Consequently, a new therapeutic approach is greatly needed and warrants the 

design of biocompatible targeted drug delivery nanosystems that can halt tumor proliferation 

and metastasis by targeting key molecules and deliver drugs directly to tumors, with limited 

side effects and toxicity to healthy cells. Tumor targeted drug delivery nanosystems such as 

magnetic nanoparticles (MNPs) modified with biomolecules and functionalized with homing 

peptides are of great interest for potential application as a potent nanomedicine in NSCLC 

management. Accordingly, the present study set to develop novel targeted paclitaxel (PTX) 

delivery nanosystems from the amenable superparamagnetic iron oxide nanoparticles 

(SPIONs) coated with trans-10,cis-12 conjugated linoleic acid (10E, 12Z) and functionalized 

with either a vascular endothelial growth factor receptor (VEGFR) binding or a matrix 

metalloproteinase 2 (MMP-2) binding peptide, for specific delivery of PTX to VEGFR and 

MMP-2 expressing NSCLC tumors. A preceding nanosystem without the peptides (CLA-

coated PTX-SPIONs) was originally fabricated as proof of concept for the application of 10E, 

12Z CLA as a surface coating and drug partitioning biomolecule. CLA-coated PTX-SPIONs 

exhibited a spherical shape, with an average particle size and zeta potential of 96.5 ± 0.6 nm 

and −27.3 ± 1.9 mV, respectively. The nanosystem had a drug loading efficiency of 98.5% 

and demonstrated a sustained site-specific in vitro release of PTX over 24 h (i.e., 94% at pH 

6.8 mimicking the tumor microenvironment). Enhanced anti-proliferative activity was also 

observed with the CLA-coated PTX-SPIONs against a lung adenocarcinoma (A549) cell line 

after 72 h, with a recorded cell viability of 17.1%. Thereafter, the fabricated nanosystem was 

optimised for direct tumor-targeting by functionalization with HRH or CTT peptides, to give 

CLA-coated PTX-SPIONs@HRH and CLA-coated PTX-SPIONs@CTT. A new design 

methodology was established for the tandem surface functionalization of CLA-coated PTX-

SPIONs with the antiangiogenic peptides, via coupling reactions. A series of robust 

nanotechnological techniques were employed for pertinent physicochemical characterization, 

in vitro evaluation of drug release, anti-proliferative activity, and quantification of VEGF-A and 

MMP-2 levels. Meanwhile, in vivo testing was carried out on a lung tumor xenograft mouse 

model. Both nanosystems exhibited a marked cellular uptake and internalization by A549 cells, 

and CLA-coated PTX-SPIONs@HRH significantly reduced secretion levels of VEGF-A in 

human dermal microvascular endothelial cells (HMEC-1) from 46.9 pg/mL to 35.6 pg/mL, 

meanwhile CLA-coated PTX-SPIONs@CTT significantly inhibited MMP-2 secretion by almost 

70% , indicating specific anti-MMP-2 activity. A 76.6% and 69.7 % tumor regression was 

observed in a lung tumor xenograft mouse model treated with CLA-coated PTX-

SPIONS@HRH and CLA-coated PTX-SPIONs@CTT, respectively, demonstrating tumor 

targetability and angiogenesis inhibition. Lastly, the pharmacokinetics (PK) evaluation 

revealed that both nanosystems prolonged the half-life of PTX and circulation time in vivo. In 

essence, potent antiangiogenic tumor-targeted PTX delivery nanosystems were successfully 

fabricated, and the obtained results suggest potential application of CLA-coated PTX-

SPIONs@HRH and CLA-coated PTX-SPIONs@CTT for effective management of NSCLC.  
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Figure 1.1: A schematic representation of the study design for the 

development of proposed novel peptide-functionalized, CLA-

modified PTX-loaded SPIONs, as potential nanomedicine in 

NSCLC management. 

 6 

Figure 2.1: A graphical depiction of angiogenesis. (A) Endothelial cells 

from pre-existing blood vessels sprout to form new network 

of blood vessels; (B) Steps involved in the process of 

angiogenesis comprise production of protease, migration and 

proliferation of endothelial cells, formation of vascular tubes, 

and vessel maturation (i.e., new basement membrane 

formation, and myocytes/pericytes incorporation). Reprinted 

under Creative Common License from Ref. (Rajabi and 

Mousa, 2017). 

 21 

Figure 2.2: Various forms of nanoparticles for application in lung cancer 

nanotherapy. The NPs vary in chemical composition, shape, 

and size, and may be modified accordingly to overcome 

biological barriers and elicit desired action in lung cancer 

therapy.  Image adapted from Ref (Woodman et al., 2020) 

with permission. Copyright Elsevier 2020. 

 25 

Figure 2.3: Schematic representation of the concept of MNP application 

in anticancer drug targeting and in vivo imaging, and potential 

mechanisms of action for different therapeutic agents. (A) An 

MNP may be coated with polymers, loaded with therapeutic 

payloads and imaging agents, and surface functionalized 

with targeting ligands. (B) Therapeutic payloads may elicit 

therapeutic effects through; (a) cellular internalization of an 

MNP through specific cell-receptor binding; (b) controlled 

release; (c) direct nucleus targeting; (d) intracellular 

decomposition. Reproduced from Ref. (Veiseh et al., 2010) 

with permission, Copyright, Elsevier 2010. 

 

 27 

Figure 3.1: A visualization of the morphological attributes of the CLA-

coated PTX-SPIONs, showing (a) average hydrodynamic 

particle size of 96.5 ± 0.6 nm (PDI = 0.1 ± 0.02), (b) zeta 

potential of – 27.3 ± 1.9 mV, and (c) a lyophilized sample with 

corresponding SEM images showing overall morphology (d) 

at 300 nm scale (82.34 KX magnification) and (e) 100 nm 

scale (314.84 KX) (isolated particle), showing a particle size 

of <100 nm. 
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Figure 3.2: FTIR spectra of (a) pristine SPIONs, (b) 10E, 12 CLA, (c) 

CLA-coated SPIONs, (d) pristine PTX, (e) CLA-coated PTX-

SPIONs, and (f) schematic representation of 10E, 12Z CLA 

chemisorption onto SPIONs and CLA-PTX hydrophobic 

interaction. 

 59 

Figure 3.3: TGA thermograms of (a) pristine SPIONs and (b) CLA-coated 

SPIONs demonstrating weight loss (%) over a temperature 

range of 30 – 900°C. 

 60 

Figure 3.4: XRD spectra of (a) pristine SPIONs, (b) CLA-coated SPIONs, 

and (c) CLA-coated PTX-SPIONs showing the crystalline 

nature of the SPIONs before and after the CLA coating and 

PTX loading. 

 61 

Figure 3.5: Raman spectra of (a) pristine SPIONs and (b) the CLA-

coated PTX-SPIONs depicting the presence and integrity of 

the magnetite. 

 62 

Figure 3.6: A depiction of (a) pristine SPIONs and (b) CLA-coated PTX-

SPIONs localized by a magnet, and magnetization hysteresis 

loops of (c) pristine SPIONs and (d) CLA-coated PTX-

SPIONs at 300 K and magnetic field range of – 8000 to 8000 

Oe. 

 63 

Figure 3.7: In vitro PTX release profiles from the CLA-coated PTX-

SPIONs at pH 6.8 and pH 7.4. Data from experiments are 

presented as the mean ± SD, n = 3. 

 65 

Figure 3.8: Profiles showing % cell viability of lung adenocarcinoma cells 

(A549) treated with varying concentrations of (a) pristine 

SPIONs (negative control) and the CLA-coated PTX-

SPIONs, and (b) pristine PTX (positive control) after 72 h. 

Concentrations of pristine PTX correspond to 10% DLC 

(match the actual amount of PTX loaded onto CLA-coated 

SPIONs). Data presented as mean ± SD, n = 3 (**** denotes 

p < 0.0001, when CLA-coated PTX-SPIONs are compared to 

SPIONs and CLA at the same concentrations). 
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Figure 4.1: Schematic representation of the fabrication methodology of 

CLA-coated PTX-SPIONs@HRH (not drawn to actual scale). 

The coating of SPIONs with 10E, 12Z is through 

chemisorption via –COOH of CLA and –OH on SPIONs 

surface (1). PTX loading onto CLA-coated SPIONs is via a 

spontaneous hydrophobic-hydrophobic interaction between 

CLA and PTX (2). The physical functionalization of the 

SPIONs surface with DMSA was carried out in DMF to favour 

the formation of hydrogen bonding between the –COOH 
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groups in DMSA and available adsorbed –OH groups on 

SPIONs surface (3) (Galli et al., 2017; Walter et al., 2015). 

Subsequently, the HRH peptide has a reactive –NH2 terminal 

which enabled conjugation to surface bound –COO- groups 

on SPIONs after EDC/NHS activation (4). 

Figure 4.2: A graphical representation of (a) average hydrodynamic size 

and (b) zeta potential of CLA-coated PTX-SPIONs@HRH, 

with corresponding morphological depiction by (c) SEM 

viewed at 300 nm (magnification = 81.75 KX) and (d) TEM 

viewed at 150 nm scale (magnification =73000 X). Captured 

micrographs show quasi-spherical shaped nanoparticles in 

the nm size range, and within the specified average size, as 

shown by the scale bars. 
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Figure 4.3: Functional group mapping by FTIR spectroscopy showing 

identified characteristic functionality of (a) CLA-coated PTX-

SPIONs, (b) DMSA, (c) CLA-coated PTX-SPIONs-DMSA, (d) 

HRH, and (e) CLA-coated PTX-SPIONs@HRH. On the right 

is the pan image at 2000 – 1000 cm-1. 
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Figure 4.4: In vitro cumulative release of PTX at pH 6.8 and pH 7.4 over 

24 h. Data presented as mean ± SD of three sample analyses 

(n=3) per time point. 
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Figure 4.5: Cell viability (%) profile of A549 cells following treatment with 

varying concentrations of CLA-coated PTX-SPIONs and 

CLA-coated PTX-SPIONs over 72 h. The treatment 

concentrations were based on the concentrations that could 

yield distinguishable outcome between the HRH-

functionalized and non-functionalized nanosystem, to discern 

the effect of the peptide. Data computed as mean ± SD, n=3 

(*** denotes p < 0.001 compared to treatment groups at each 

concentration, * denotes p < 0.05 amongst all concentrations, 

and # denotes p < 0.05 against CLA-coated PTX-SPIONs at 

a specified concentration). 
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Figure 4.6: Fluorescent micrographs from a CLSM, showing (a) intact 

nuclei of untreated control cells, (b) visualization of FITC-

labelled CLA-coated PTX-SPIONs@HRH on treated cells, (c) 

ruptured nuclei of treated cells, and (d) overlay of DAPI and 

FITC showing the uptake of CLA-coated PTX-SPIONs@HRH 

by A549 lung adenocarcinoma cells. The ruptured nuclei 

architecture of treated cells (red boxes) could be 

distinguished from the normal nuclei architecture of untreated 

cells. 
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Figure 4.7: VEGF-A levels from HMEC-1 after 24 h. Data presented as 

mean ± SD (* denotes p < 0.05, statistically significant 

compared to untreated and CLA-coated PTX-SPIONs 

groups). 
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Figure 5.1: Step-wise synthesis of CLA-coated PTX-SPIONs@CTT (not 

drawn to actual scale). Step 1 is the coating of SPIONs with 

10E, 12Z CLA via chemisorption. Step 2 is self-assembled 

loading of PTX via spontaneous hydrophobic interaction with 

10E, 12Z CLA ends. Step 3 is –COOH functionalization using 

DMSA (DMF facilitates the reaction between SPIONs –OH 

and DMSA, through hydrogen bonding). Step 4 is the finally 

conjugated CTT onto activated –COO-, via its terminal –NH2 

group, facilitated by EDC/NHS. The conjugation of CTT 

results in amide II bond formation and a growing peptide 

chain. 
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Figure 5.2: A representation of characteristic physical attributes of CLA-

coated PTX-SPIONs@CTT, showing (a) average 

hydrodynamic size distribution from DLS measurement and 

(b) TEM micrograph on a scale bar of 150 nm (magnification 

= 7000 X) showing a quasi-spherical shape of formulated 

CLA-coated PTX-SPIONs@CTT (red circle). 
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Figure 5.3: FTIR spectra showing chemical functionality mappings of (a) 

CLA-coated PTX-SPIONs, (b) DMSA, (c) carboxylated 

(DMSA) CLA-coated PTX-SPIONs, (d) CTT peptide, and (e) 

CLA-coated PTX-SPIONs@CTT. 
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Figure 5.4: Cumulative release of PTX at pH 6.8 and pH 7.4 over 24 h. 

A highly favoured release at pH 6.8 could be observed 

compared to pH 7.4. Data presented as mean ± SD, n = 3. 
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Figure 5.5: The % cell viability of A549 cells at varying pre-determined 

treatment concentrations of CLA-coated PTX-

SPIONs@CTT. Cell viability was computed after 72 h of 

treatment, and is presented as mean ± SD of three (n = 3) 

analyses. (*** denotes p < 0.001, statistically significant 

compared to CLA-coated PTX-SPIONs@CTT, and # denotes 

p < 0.05, statistically significant at each concentration). 
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Figure 5.6: Visualization of cellular uptake and internalization of CLA-

coated PTX-SPIONs@CTT by A549 cell. Micrograph (a) 

shows nuclei of A549 cells as visualized by DAPI staining, 

and (b) shows CLA-coated PTX-SPIONs@CTT (FITC-

labelled) tracking, while (c) is the overlay of (a) and (b) 
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showing the cellular uptake of formulated CLA-coated PTX-

SPIONs@CTT. 

 

Figure 5.7: MMP-2 secretion levels from HMEC-1 incubated with CLA-

coated PTX-SPIONs and CLA-coated PTX-SPIONs@CTT, 

as well as untreated cells, quantified by ELISA kit. Data 

presented as mean ± SD (* denotes p < 0.05, statistically 

significant compared to untreated and CLA-coated PTX-

SPIONs). 

 115 

Figure 5.8: Migration (%) of HMEC-1 incubated with 50µg/mL of CLA-

coated PTX-SPIONs and CLA-coated PTX-SPIONs@CTT. 

Control cells were left untreated. A % migration of 78.4 and 

23.6 was recorded for cells incubated with CLA-coated PTX-

SPIONs and CLA-coated PTX-SPIONs@CTT. (* denotes p 

< 0.05, statistically significant compared to control and CLA-

coated PTX-SPIONs). 

 116 

Figure 6.1: Photographic evidence of (a) mice housed in individual cages 

in a temperature and humidity controlled room, and (b) a 

device used to maintain the temperature (~25°C) and 

humidity (80%). 

 124 

Figure 6.2: Captured images of (a) nude mouse with a developed solid 

tumor (red circle) and (b) measurement of tumor dimensions 

using a digital calliper. 

 125 

Figure 6.3: Experimental design of the in vivo antitumor study in mice.  127 

Figure 6.4: A tumor-bearing mouse fixed for excision of lung, liver, and 

tumor tissues after euthanasia. 
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Figure 6.5: Blood collection via cardiac puncture, from a euthanized 

mouse. 

 129 

Figure 6.6: A representation of the effects of treatment on the 

established SC lung tumor xenograft model, showing (a) 

variation in tumor volumes post treatment, (b) %TGI 

determined at the end of the study, and (c) images of excised 

tumors from the mice. Day 0, 4, 8, and 12 are treatment 

cycles 1 – 4, and days 16 to 20 are observation period. 

Excised tumors from different groups exhibit visibly distinct 

sizes, corresponding to the antitumor activity conferred by 

each treatment option. Data presented as mean ± SD, n=3 (* 

p < 0.05; ** p < 0.01; and *** p <0.001, denoting statistically 

significant compared to CLA-coated PTX-SPIONs@CTT and 

CLA-coated PTX-SPIONs@HRH, and # denotes p <0.05, 

compared to Taxol®). 
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Figure 6.7: Weight measurements from tumor-bearing mice from day 1 

post-treatment till the last day of the study. Mice exhibiting 

10% and more weight loss would be removed from the study, 

as per ethical guidelines. Data presented as mean ± SD, n = 

3 (** p < 0.01, statistically significant weight loss compared to 

day 1). 
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Figure 6.8: Histological analysis of liver, lung and tumor tissues from (a) 

normal healthy mice and tumor-bearing mice treated with (b) 

PBS only, (c) Taxol®, (d) CLA-coated PTX-SPIONs, (e) CLA-

coated PTX-SPIONs@CTT, and (f) CLA-coated PTX-

SPIONs@HRH. The images are generated from 4 – 5 µm 

tissue sections, stained with H&E and captured at 100 µm, 

6.3x magnification. Arrows with white fill show swollen 

hepatocytes identified on liver tissues from the mice that 

received PBS and Taxol®, whilst red arrows show areas of 

degeneration of neoplastic cells, identified on tumors from 

CLA-coated PTX-SPIONs, CLA-coated PTX-SPIONs@CTT, 

and CLA-coated PTX-SPIONs@HRH treated mice. 
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Figure 6.9: Plasma PK profile showing the concentration of PTX 

quantified at 0.5 h up to 24 h following SC injection of CLA-

coated PTX-SPIONs@CTT, CLA-coated PTX-

SPIONs@HRH, and Taxol®. Data presented as mean ± SD, 

n = 3. 
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1.1. Background of the Study 

Cancer is one of the major causes of death worldwide. According to the World Health 

Organisation (WHO), nearly 10 million deaths are attributed to cancer, annually (Chhikara and 

Parang, 2022; World Health Organization, 2022). It is reported that approximately 70% of 

global cancer deaths, and more than 60% of the cases occur in developing countries. Africa 

alone accounted for 22.4% deaths and 19.4% cases in 2020 (Sharma et al., 2022). 

Consequently, cancer is currently the fifth leading cause of death in Africa, and South Africa 

ranks third as the most cancer-burdened country in the continent, after Egypt and Nigeria 

(ranking first and second, respectively) (Bray et al., 2022; Sharma et al., 2022). As it stands, 

the trajectory of cancer incidences and deaths is estimated to rise rapidly in Africa, with 

projected estimates of 2.1 million cases and 1.4 million deaths in 2040 (Sharma et al., 2022). 

Meanwhile, globally, more than 26 million cancer cases and 17 million annual deaths are 

projected by 2030 (Siegel et al., 2021). 

Lung cancer is the leading cause of cancer deaths globally and in Southern Africa (Ferlay et 

al., 2021). Nearly 1.8 million lung cancer deaths and 2.2 million incidences were recorded in 

2020, with an estimated increase of up to 67% deaths and 64% incident cases by 2040, 

according to the recent GLOBACON reports (Sung et al., 2021; Zhou et al., 2022). The global 

incidence and mortality rates of lung cancer remain comparatively higher in men than in 

women. Accordingly, lung cancer is the main cause of cancer deaths amongst men in 93 

countries, and the most diagnosed cancer in men in 36 countries (Sung et al., 2021). Smoking, 

exposure to asbestos, and air pollution remain primary risk factors for lung cancer, and with 

nearly two-thirds of global lung cancer deaths attributed to smoking, the WHO has called for 

the implementation of effective interventions to reduce the demand of tobacco (Klebe et al., 

2020; Sung et al., 2021). Approximately, only 16% of lung cancer cases are diagnosed at an 

early stage, thus contributing to the poor five-year survival rate (18 – 22%) (Luo et al., 2019; 

Zhou et al., 2022). 

Primarily, lung cancer is differentiated into two types, namely; small-cell lung carcinoma 

(SCLC) and non-small-cell lung carcinoma (NSCLC) (Zamay et al., 2017). NSCLC is the most 

commonly diagnosed type of lung cancer, which makes up approximately 85% of all reported 

lung cancer cases (Zhou et al., 2021), meanwhile SCLC is a poorly differentiated 

neuroendocrine carcinoma, responsible for almost 15% of all lung cancer cases (Raso et al., 

2021). NSCLC is typically characterised as a biologically aggressive form of lung cancer with 

rapid proliferation and metastasis, and is further divided into three sub-types; 
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adenocarcinoma, squamous cell carcinoma, and large-cell carcinoma (Zappa and Mousa, 

2016; Zhou et al., 2021). Currently, the management of NSCLC is a global challenge, and 

although, various treatment protocols are available, such as surgery, radiotherapy, and 

chemotherapy, the survival outcomes remain poor. Combination chemotherapy is the current 

first-line treatment for NSCLC, however, it presents with a myriad of drawbacks, including non-

specificity, high dosage, and detrimental side effects, resulting in patients intolerability to the 

regimen (Kydd et al., 2017; Ye et al., 2021; Zhang et al., 2019).  

Consequently, alternative effective treatment modalities, such as targeted nanomedicine, are 

needed and provide a great promise in circumventing the drawbacks presented by 

conventional combination chemotherapy in NSCLC management (García-Fernández et al., 

2020; Haider et al., 2022). Essentially, targeted nanomedicine allows direct and sustained 

delivery of anticancer drugs to target tumors, while exhibiting great efficacy and limited 

undesired cytotoxicity (Haider et al., 2022). As such, the advent of nanotechnology and the 

application of nanoparticles (NPs) in the development of efficacious anticancer nano-based 

therapeutics has gained enormous attention in translational lung cancer research (Cheng et 

al., 2021; Mohtar et al., 2021). Accordingly, magnetic nanoparticles (MNPs), particularly 

superparamagnetic iron oxide nanoparticles (SPIONs) are amongst the most promising 

nanoparticulates with suitable biomedical application as vehicles for the targeted delivery of 

anticancer drugs in NSCLC targeted nanotherapy (Wu et al., 2022a; Zhi et al., 2020). SPIONs 

offer unique merits for application in targeted nanomedicine, such as smaller size (<100 nm), 

high drug-loading capacity, and a flexible and biocompatible outer-shell which allows desired 

modifications with polymers and targeting moieties, for active tumor targeting and drug 

delivery (Reczyńska et al., 2020; Zhi et al., 2020). 

Nevertheless, as foreign entities, SPIONs may be recognized by the immune system, and 

induce different immunological effects (Zhi et al., 2020). As such, surface coating of SPIONs 

with biocompatible polymers is deemed vital for their application as drug delivery vehicles, as 

it offers immunological safety, remarkable bioavailability and minimal cytotoxicity, while 

enabling efficient drug loading (Akhtar et al., 2022; Reczyńska et al., 2020). A suitable polymer 

will facilitate controlled release of the drug and enhances circulation time and the probability 

of SPIONs permeation into tumors (Zhi et al., 2020). Polymers derived from natural agents 

that possess anticancer benefits and high affinity for hydrophobic anticancer drugs are ideal 

for surface-coating of SPIONs with potential application in NSCLC targeted nanotherapy. As 

such, conjugated linoleic acid (CLA) has been identified as a suitable polymer and a fitting 

partitioning agent for hydrophobic anticancer drugs, such as paclitaxel. CLA is a natural fatty 

acid with two biologically active isomers, namely; trans-10,cis-12 CLA (t10,c12 CLA or 

10E,12Z CLA) and cis-9,trans-11 CLA (c9,t11 CLA or 9Z, 11E CLA), with proven anticancer 
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benefits, having shown to halt the growth of various cancer cells such as hepatic, breast, 

stomach, colon, prostate, and colorectal cancer (Dachev et al., 2021; den Hartigh, 2019; 

Flowers and Thompson, 2009; Moreira et al., 2019). 

Although the two isomers of CLA had normally been used in combination (50:50) in the past, 

emerging evidence shows that 10E,12Z CLA is more potent than 9Z,11E CLA (Pierre et al., 

2013; Shahzad et al., 2018). The potency of trans-10,cis-12 CLA makes it an interesting 

isomer to explore and exploit as a superlative coating agent for SPIONs in application as 

therapeutic carriers in NSCLC management. Essentially, 10E,12Z CLA possess a 

distinguished mechanism of action involving limiting the uptake of lipids in adipocytes by 

blocking the activities of lipoprotein lipase and stearoyl-CoA desaturase (Zhang et al., 2018). 

It is reported that only 10E,12Z CLA, and not 9Z,11E CLA, exhibited fat-reducing properties 

and could affect lipid metabolism in human liver cancer (HepG2) cells in vitro (Siwiec et al., 

2019). Since cancer cells require high energy supply to grow, and abnormal levels of lipids 

have been implicated in tumor proliferation and metastasis (Long et al., 2018), affecting lipid 

metabolism pathways in tumors may provide means to halt proliferation and metastasis. 

The identification and evaluation of various biological pathways involved in carcinogenesis 

and tumor proliferation and metastasis have been pivotal in the development of many FDA-

approved (U.S Food and Drug Administration) anticancer therapeutics (Wu et al., 2022b; 

Zhong et al., 2021). Angiogenesis has been identified as one of the prominent tumorigenic 

pathways which enables tumor growth and metastasis in NSCLC (Choi et al., 2022; Hanahan, 

2022). In essence, angiogenesis is an intricate process of formation of new blood vessels from 

the pre-existing vasculature, which supply tumors with oxygen and essential nutrients to grow 

and migrate to other parts of the body (Aspriţoiu et al., 2021). Angiogenesis biomarkers, such 

as vascular endothelial growth factor and its receptors (VEGF/VEGFRs), as well as matrix 

metalloproteinases (MMPs) are over-expressed by tumors, and have been identified as 

potential therapeutic targets in NSCLC management (Daum et al., 2021; Olejarz et al., 2020; 

Quintero-Fabián et al., 2019). VEGF is a key angiogenesis biomarker which plays a crucial 

role in activation of angiogenesis pathway through binding to VEGFRs, and signalling of 

various cellular pathways which lead to a rampant tumor growth (Daum et al., 2021). 

Meanwhile, MMPs, particularly MMP-2, is involved in the regulation of angiogenesis by 

controlling the degradation of extracellular matrix (ECM), thus allowing tumors to proliferate 

and initiate metastasis (Quintero-Fabián et al., 2019). 

Several selective targeting modalities such as antibodies, aptamers, proteins, and peptides, 

are currently being explored as potential inhibitors of biomarkers associated with angiogenesis 

(Hu et al., 2022; Huang et al., 2022; Karami Fath et al., 2022; Razlansari et al., 2022). 
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Interestingly, peptides have exhibited excellent antiangiogenic activity on certain cancers 

(Adeyemi and Choonara, 2022; Karami Fath et al., 2022), and presumably hold great promise 

for application in NSCLC targeted nanotherapy for inhibition of tumor angiogenesis. 

Essentially, peptides present with distinct characteristics, such as high target specificity and 

membrane permeability, which impart enhanced therapeutic potency, over proteins and other 

small molecules (Adeyemi et al., 2019; Wang et al., 2022). Accordingly, the functionalization 

of drug delivery nanosystems with peptide ligands that specifically target VEGF/VEGFRs and 

MMP-2 could aid achieve tumor targetability and allow anticancer drugs to be delivered directly 

to tumors for effective therapeutic action, while inhibiting angiogenesis. 

Two particular short peptides; HRH (HRHTKQRHTALH) and CTT (CTTHWGFTLC) are of 

considerable interest as homing peptides in the development of tumor targeted 

nanotherapeutics for NSCLC management. HRH peptide is a novel 12-amino acid peptide 

isolated from a 12-mer phage display, in 2017, and shown to specifically bind to VEGFR 

(Zhang et al., 2017). The peptide exhibited remarkable antiangiogenic efficacy both in vitro 

and in vivo, as it was found to inhibit the proliferation (<50%) of human umbilical vein 

endothelial cells (HUVEC) and abnormal vascular development in chick embryo and rat 

corneal models (Chen et al., 2021; Zhang et al., 2017). Consequently, HRH peptide has been 

pronounced as a promising anti-VEGF peptide for the development of potential targeted 

antiangiogenic therapeutics (Chen et al., 2021). Meanwhile, CTT peptide is a selective MMP-

2 inhibitor identified from the screening of phage display peptide libraries (Koivunen et al., 

1999). The peptide has a well-defined, saddle-shaped circular form, and has been shown to 

inhibit the migration of ovarian carcinoma, melanoma, and fibrosarcoma cell lines at significant 

levels (Ndinguri et al., 2012). Due to its MMP-2 inhibitory potential, CTT peptide could be 

employed to selectively target tumors, since MMP-2 is over-expressed in the tumor 

vasculature. 

 

1.2. Rationale and Motivation for the Study 

The non-targeted delivery of conventional NSCLC therapeutics remains a major challenge in 

the effective management of the disease (Haider et al., 2022; Ye et al., 2021). Although, 

combinational chemotherapy and radiotherapy had been prominent treatment options for 

NSCLC, the lack of target specificity has hindered their therapeutic efficacy, resulting in poor 

treatment outcomes (Ye et al., 2021). Combinational chemotherapy, as first-line treatment for 

NSCLC, is currently riddled with intolerable challenges including undesired cytotoxicity to 

healthy cells and non-specific binding of the drugs to proteins and other biomolecules, owing 

to non-targeted delivery (Chen et al., 2022; Haider et al., 2022). Consequently, there is a high 

demand for the development of alternative efficacious treatment approaches such as smart 
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drug delivery nanosystems, which are surface-engineered to recognize specific targets on 

NSCLC tumors, and directly deliver therapeutic payloads at tumor sites. 

Currently, there is a growing interest in targeted nanotherapy as a potentially viable modality 

for the treatment of various cancers, including NSCLC (Mohtar et al., 2021; Raguraman et al., 

2022). In essence, the formulation of tumor-targeted nanoparticles with the capability to carry 

anticancer drugs directly to tumors may provide an alternative modality for the management 

of primary and advanced metastatic NSCLC tumors, with excellent therapeutic efficacy and 

limited undesired cytotoxicity (Raguraman et al., 2022). The attractive physicochemical 

properties of nanoparticles, such as size, shape, composition, and stability impart a wide 

variety of advantages for application as effective drug delivery vehicles (Chandrakala et al., 

2022; Joudeh and Linke, 2022). Moreover, nanoparticles may complement both passive and 

active targeting strategies for high accumulation in tumors (Joudeh and Linke, 2022). 

The remarkable size (10 – 100 nm), superparamagnetism, high drug loading capacity, and 

biocompatibility are excellent properties that have given rise to the application of SPIONs as 

drug delivery vehicles in cancer (Reczyńska et al., 2020; Zhi et al., 2020). The flexibility of 

SPIONs to be surface-modified and functionalized with polymers and targeting ligands, make 

these nanoparticulates ideal for the present study. Likewise, the reported anticancer merits of 

10E,12Z CLA and its hydrophobic nature makes the natural fatty acid a suitable polymer for 

loading of a hydrophobic anticancer drug of choice, paclitaxel (PTX) (Dachev et al., 2021; 

Shahzad et al., 2018). PTX is an antimitotic agent used in combinational chemotherapy for 

NSCLC management, however, its therapeutic efficacy is short-lived owing to rapid clearance, 

poor solubility, non-specific protein binding, and non-selective toxicity (Ma et al., 2021). 

Therefore, a delivery system for PTX is necessary in order to enhance the therapeutic action 

of the drug and limit its non-selective toxicity. 

Angiogenesis has been reported as one of the hallmarks in cancer (Hanahan, 2022), and 

therefore, targeting angiogenesis biomarkers (i.e., VEGF/VEGFR and MMPs) is a promising 

approach in cancer nanomedicine (Choi et al., 2022). The inhibition of VEGF/VEGFR binding 

and MMP-2 activity using short antiangiogenic peptides is a prospective strategy in NSCLC 

management, as such, the use of HRH and CTT peptides as targeting ligands in the 

development of tumor-targeted PTX delivery nanonsystems could yield a potent 

nanomedicine for NSCLC, with excellent therapeutic efficacy. Essentially, the functionalization 

of PTX delivery nanosystem with HRH and CTT peptides (as shown in Figure 1.1) would 

revolutionize NSCLC treatment, providing a nanomedicine capable of enhancing anticancer 

activity (antimitotic action) of PTX, with reduced non-selective toxicity, while concurrently 

inhibiting angiogenesis. 
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Figure 1.1. A schematic representation of the study design for the development of proposed 

novel peptide-functionalized, CLA-modified PTX-loaded SPIONs, as potential nanomedicine 

in NSCLC management. 

 

1.3. Aim and Objectives 

The aim of the study was to develop a novel targeted delivery nanosystem for PTX, employing 

SPIONs coated with 10E, 12Z CLA and functionalized with antiangiogenic peptides HRH or 

CTT, and carry out comprehensive in vitro and in vivo characterization.  In order to achieve 

the aim, the following set objectives were carried out: 

1. Fabricated 10E, 12Z CLA-coated SPIONs loaded with PTX, using co-precipitation, 

chemisorption, and self-assembly techniques, to serve as a novel PTX delivery 

vehicle. 

2. Characterized the formulated PTX-loaded, 10E, 12Z-coated SPIONs for all pertinent 

physicochemical properties and evaluated in vitro anti-proliferative activity on lung 

adenocarcinoma cell line (A549) to establish a candidate formulation. 

3. Surface-functionalized PTX-loaded, 10E, 12Z CLA-coated SPIONs with either HRH 

or CTT peptides to yield VEGFR and MMP-2 targeting nanosystems, respectively.  

4. Characterized physicochemical properties and in vitro cellular behaviour of both 

peptide-functionalized nanosystems to examine their affinity and anti-proliferative 

activity on lung adenocarcinoma cells. 

5. Assessed the secretion levels of VEGF-A and MMP-2 using ELISA, from endothelial 

cells treated with the nanosystems, in order to ascertain the targetability and 

antiangiogenic activity of the nanonosystems. 

6. Evaluated in vivo tumor targetability and antitumor activity of both HRH and CTT-

functionalized nanosystems on established lung tumor xenografts in Athymic nude 

mice to establish pre-clinical therapeutic efficacy. 

 

1.4. Novelty of the Study 

The following attributes signify the novelty of the study: 

1. The study is the first to establish the application of 10E, 12Z CLA as an ideal 

partitioning agent for a hydrophobic anticancer drug, yielding PTX entrapment 

efficiency of 98.5%, while conferring additional anticancer benefits. 

2. The study has evidently shown that a novel nanovector of SPIONs with 10E, 12Z CLA 

enhances the anticancer activity of PTX, and improves the drug’s half-life in vivo.  
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3. The reported design and formulation of targeted drug delivery nanosystems using 

antiangiogenic peptides which exploit over-expressed angiogenesis biomarkers on 

tumors as targets to deliver PTX directly to tumors, and able to concurrently halt 

angiogenesis, is pioneering work in NSCLC management research. 

 

1.5. Overview of the Thesis 

The thesis is presented as multiple chapters, collated to provide a detailed comprehension of 

the design and development of the novel antiangiogenic anticancer drug delivery 

nanosystems for NSCLC management. 

 

Chapter 1 gives a detailed introduction and background of the study, expounding on the 

rationale and motivation, aim and set objectives, as well as the perceived novelty of the study. 

Chapter 2 explores the rationale behind the design and development of magnetic 

nanoparticles for application in targeted NSCLC therapy, and reviews the anticancer merits of 

CLA to provide concise insights and perspective into its possible application for the invention 

of surface-modified magnetic nanoparticles. 

Chapter 3 describes the preliminary synthesis and pertinent characterization of a novel PTX 

delivery nanosystem comprising SPIONs and 10E, 12Z CLA. In this chapter, the evaluation of 

the physicochemical properties of the formulated nanosystem, including overall morphology, 

crystallinity, iron oxide core identity, CLA coating content, drug loading and release profile, as 

well as the overall magnetic behaviour, is discussed. Moreover the anti-proliferative activity of 

the nanosystem on A549 lung cancer cells is presented. 

Chapter 4 details the fabrication of a targeted PTX delivery nanosystem functionalized with 

anti-VEGF peptide (HRH) for tumor vasculature targeting in NSCLC. In this chapter, a detailed 

fabrication methodology established to formulate a novel HRH-functionalized nanosystem that 

is safe by design, as well as the robust in vitro analyses carried out to ascertain the anticancer 

and antiangiogenic activity of the nanosystem, are described. 

Chapter 5 details the fabrication and in vitro characterization of yet another potent targeted 

PTX delivery nanosystem functionalized with CTT peptide for specific MMP-2 targeting and 

inhibition of angiogenesis in NSCLC management. The efficiency of the established 

fabrication methodology to yield a desired CTT-functionalized PTX delivery nanosystem is 

outlined, and the relevant in vitro cellular analyses, including cellular uptake and 

internalization, MMP-2 binding affinity, and endothelial cell migration, are reported. 
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Chapter 6 delineates the pragmatically undertaken in vivo experimentation on a lung tumor 

xenograft mouse model, for assessing the antitumor activity of the formulated novel 

antiangiogenic peptide (HRH/CTT)-functionalized PTX delivery nanosystems. In this chapter, 

a comprehensive experimental design, including the development of a lung tumor xenograft 

mouse model, treatment of tumor-bearing mice, histopathological analysis of select tissues, 

and plasma pharmacokinetics of PTX, is outlined. This chapter further highlights the merits of 

a subcutaneous (SC) route for administration of chemotherapeutics, over the conventional 

intravenous (IV) route. 

Chapter 7 summarizes the overall findings of the research study and provides proactive 

recommendations worth exploring in the future for further pre-clinical and clinical 

investigations on the formulated novel nanosystems. 

Chapter 8 provides an overview of the Fulbright Exchange Program experiences. This chapter 

is considered an extension and further advancement of research related to this study and it 

briefly highlights my experiences as a Fulbright Visiting Student Researcher, at Johns Hopkins 

University, School of Medicine, United States of America. In this chapter, evidential accounts 

in regards to the abstracts emanating from co-authored outputs during the Fulbright Program 

tenure are presented. 
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2.1. Introduction 

Lung cancer treatment  has been an open problem for over a decade (Thun et al., 2010), and 

lung cancer currently ranks first as the contributor to global cancer deaths (Barta et al., 2019). 

Moreover, the global mortality rate associated with lung cancer, inclusive of all genders, 

surpasses combined records for patients with  breast, colon, and pancreatic cancer (Zappa 

and Mousa, 2016). Lung cancer has poor prognostic factors and a low ( 17.8%) five (5)-year 

survival rate (Siegel et al., 2014). Non-small cell lung carcinoma (NSCLC) and small cell lung 

carcinoma (SCLC) represent the two foremost classes of lung cancer with NSCLC being more 

prevalent (Molina et al., 2008). Primarily, NSCLC comprises three sub-types, namely; 

adenocarcinoma, squamous-cell, and large-cell carcinoma, which are classified based on their 

histological origins (Zappa and Mousa, 2016). Accordingly, adenocarcinoma originates from 

abnormal lung cells, squamous-cell starts in the bronchi, and large-cell carcinoma are 

peripheral lying tumors. Importantly, these sub-types behave and respond to treatment in a 

similar manner (Zappa and Mousa, 2016). 

Adenocarcinoma is the leading and most recognized NSCLC sub-type. It constitutes about 

40% of all NSCLC, and is mostly common in both male and female smokers, regardless of 

their age (Couraud et al., 2012; Noguchi et al., 1995). Adenocarcinoma emerges from type II 

alveolar cells in the small airway epithelial, and mostly manifests throughout the periphery of 

the lungs (Zappa and Mousa, 2016). Squamous-cell and large-cell carcinoma comprise about 

30% and 10% of NSCLC, respectively. Squamous-cell carcinoma generally occurs in the lung 

bronchial tubes, arising from the premature squamous cells in the airway epithelium (Kenfield 

et al., 2008). Meanwhile, large-cell carcinoma usually locates on the outer regions of the lungs 

and tends to metastasize more quickly than other forms of NSCLC (Popper, 2016).  

Although uncertainty still remains on what causes each case of NSCLC, there is a multitude 

of risk factors like lifestyle, occupational, and environmental exposure which have been shown 

to contribute in the etiology of NSCLC (Barta et al., 2019). The roles these risk factors play 

vary and are dependent on various aspects such as race, gender, genetic predisposition, and 

geographic location. Smoking is the common primary risk factor implicated in NSCLC 

development, and at least 80% and 50% of NSCLC cases in men and women, respectively, 

can be attributed to smoking (Didkowska et al., 2016). Although nicotine itself is not 

carcinogenic,  polycyclic aromatic hydrocarbons (PAHs) are amongst the substances present 

in cigarette  which present with carcinogenic properties (Brawley et al., 2014). 

CHAPTER 2 

 
A REVIEW ON ENGINEERED MAGNETIC NANOPARTICLES IN NON-SMALL-CELL 

LUNG CARCINOMA TARGETED THERAPY 
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Exposure to asbestos is another prominent occupational risk factor linked to increased lung 

cancer incidence (Villeneuve et al., 2012). Expectedly, workers in construction, textile and 

insulation, automobile repair, and shipbuilding, are highly exposed to asbestos and are at the 

highest risk of developing NSCLC (Markowitz et al., 2013). Moreover, the exposure to arsenic 

compounds (insecticides, antifungal, herbicides), use of beryllium oxide (radiation technology 

and X-ray), as well as inhalation of chemical substances such as silica, chromium compounds, 

nickel compounds, cadmium, vinyl chloride, chloromethyl esters, mustard gas, and coal 

products are amongst other occupational exposures that could result in increased lung cancer 

incidents (Spyratos et al., 2013; Zappa and Mousa, 2016).  

Researchers have leveraged results of Genome-wide association studies (GWAS) for 

studying the genetic predisposition of lung cancer. Reports on GWAS that have been 

undertaken on various populations to assess the impact of genetics in susceptibility to lung 

cancer have been reviewed elsewhere (Yang et al., 2013). These reports depicted that the 

relative risk was increased for NSCLC amongst siblings and offspring of lung cancer patients 

(Cote et al., 2012). Likewise, the carriers of tumor protein 53 (TP53) germline sequence 

variations are reportedly highly susceptible to lung cancer, with a 3-fold lung cancer likelihood 

for carriers who are cigarette smokers (Molina et al., 2008; Olivier et al., 2010; Zappa and 

Mousa, 2016). Additionally, some genetic evaluations have identified a link between lung 

cancer and chromosome 15 marker. The risk of lung cancer is approximately 30% and 70% 

higher for people with one and two copies of the marker, respectively (Amos et al., 2008; 

Molina et al., 2008). 

The treatment protocol for NSCLC is mainly advocated by the degree at which the cancer has 

progressed (stage I-IV), and the treatment is aimed at slowing down further progression and 

possibly increase the overall survival (Bareschino et al., 2011). Patients that present with stage 

I, II and IIIA NSCLC mostly undergo tumour removal surgery, whereas stage IIA, IIB, and IIIB 

patients typically receive platinum-based drugs such as carboplatin or cisplatin (Amini et al., 

2014; Bareschino et al., 2011; Howington et al., 2013). Stage IV NSCLC patients receive 

cytotoxic combination chemotherapy, a regimen of a platinum (carboplatin or cisplatin) 

combined with standard therapeutic agents (i.e., paclitaxel, gemcitabine, docetaxel, 

vinorelbine, pemetrexed, or irinotecan) (Masters et al., 2015). Combination chemotherapy 

represents first-line treatment modality for advanced NSCLC, and is particularly a preferred 

option for patients with no comorbidities and presenting with high performance status (Gridelli 

et al., 2010). 
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Early diagnosis and effective management of NSCLC remains a challenge, and surgery or 

radiation therapy alone are not effective (Huang et al., 2017). Consequently, combination 

chemotherapy is the main therapeutic intervention for NSCLC management (Gridelli et al., 

2010; Huang et al., 2017). However, the platinum-based doublet (augmented) chemotherapy 

is coupled with cytotoxic side effects and the drug combination is adversely intolerable to most 

patients (Babu et al., 2013). The majority of the chemotherapeutics are hydrophobic in nature 

and therefore present with poor water solubility which hinders their administration at high 

doses (Naderinezhad et al., 2017). Moreover, conventional administration of 

chemotherapeutics has been challenged with non-specificity of action (resulting in cytotoxicity 

to normal cells), rapid clearance , and poor tumor penetration (Kydd et al., 2017). 

The advent of targeted nanosystems such as functionalized magnetic nanoparticles (MNPs) 

has provided great promise for targeted drug delivery platform interventions  for NSCLC 

(Lombardo et al., 2019). Targeted MNPs enable the precision of chemotherapeutics, resulting 

in enhanced pharmacological action and low cytotoxicity levels (Aslan et al., 2013; Lombardo 

et al., 2019), and offer desirable advantages as drug delivery vectors, such as enhanced drug 

stability, drug solubility, and high drug-loading capacity (Ganapathe et al., 2020). MNPs have 

been functionalized with targeting moieties including peptides to achieve targeted drug 

delivery (Li et al., 2021; Liang et al., 2020; Nosrati et al., 2019), and polymers to enhance 

biocompatibility (Liu et al., 2020a). A possible cancer treatment modality has been reported 

for tumor-associated blood vasculature targeting  by directing nanoparticle-based therapeutics 

towards biomarkers of angiogenesis like receptors of vascular endothelial growth factor 

(VEGF) or integrin (Barr et al., 2015; Chen et al., 2015; Liu et al., 2016). Some nanoparticle-

based therapies, such as albumin-bound paclitaxel nanoformulations (Abraxane®) have been 

explored for metastatic NSCLC treatment, however their translation into clinical success has 

been a challenge (Yuan et al., 2012).  

The current focus in cancer research is to develop chemotherapeutics that target key 

molecules to halt tumor growth, metastasis, and proliferation, while exhibiting minimal toxicity 

or side effects (Lombardo et al., 2019; Schirrmacher, 2019). Experimental evidence suggests 

that combining natural compounds that possess anticancer properties with antitumoral drugs 

can potentially attenuate cancer resistance against therapy and elicit chemoprotective actions 

(Lin et al., 2020). Natural compounds have been, for many years, a source of anticancer 

compounds, and their cancer preventive or protective activities can be attributed to their 

effects on cellular defences (antioxidant enzyme systems) in combination with the antitumor 

responses, such as apoptosis, triggered by specific targeting of significant  transcription 

factors (Aravindaram and Yang, 2010; Huang et al., 2017).  
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Conjugated linoleic acid (CLA), a natural essential fatty acid is known to bear anticancer 

properties (De la Torre et al., 2005; Slowikowski et al., 2020).  Structurally, CLA comprises of  

at least 28 isomers, and of these, trans-10,cis-12 (t10,c12-CLA) and cis-9,trans-11 (c9,t11-

CLA) are the most abundant (Shahzad et al., 2018), and have shown to suppress tumor 

proliferation in  animal and cell models  (Beppu et al., 2006; Flowers and Thompson, 2009; Ip 

et al., 2002; Kelley et al., 2007; Yamasaki et al., 2002). Moreover, literature supports the  

increasing prevalence of CLA as a potential inhibitor of angiogenesis by suppression of VEGF 

and basic fibroblast growth factor (bFGF), and lowering of the VEGF receptor affinity and fetal 

liver kinase-1 expression (Ke et al., 2010; Moon et al., 2003; Wang et al., 2005). Recent 

advancements in cancer nanotherapy have culminated in the exploration of magnetic 

nanoplatforms for targeted treatment of NSCLC. This review focuses on this aspect, and 

considering the antitumor and anti-proliferative effects of CLA, the potential use of CLA as an 

antitumor agent in the development of functionalized magnetic nanosystems for NSCLC 

targeted therapy is discussed. In addition, to further substantiate for the use of nanosystems, 

current nanoparticle-based targeted chemotherapies focusing on targeting angiogenesis 

biomarkers in NSCLC are also explored.   

 

2.2. Combining Chemotherapeutics as NSCLC First-Line Regimens  

Although NSCLC patients receive platinum-based combination protocols as a first-line 

regimen, there is a sense that the conventional platinum-based combination 

chemotherapeutics are now at their therapeutic plateau (Le Chevalier, 2011; Scheff and 

Schneider, 2013). The two-drug combination, comprising either carboplatin or cisplatin with 

an additional third-generation cytotoxic agent, is the first-line systemic therapy administered 

once or twice in a cycle (Vasconcellos et al., 2020). Classes of common cytotoxic agents 

(distinguished by their mechanisms of action) used in platinum doublets for treatment of 

NSCLC are listed in Table 2.1. While clinical data suggest that cisplatin doublets present with 

considerable superior clinical outcomes over carboplatin doublets, cisplatin may, however, 

confer intolerable toxicity and for patients under palliative care their quality of life is 

compromised (Ardizzoni et al., 2007; Scheff and Schneider, 2013). Cisplatin also presents 

with increased levels of nausea, renal toxicity, peripheral neuropathy, and ototoxicity (Oun et 

al., 2018). 
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Table 2.1. Classes of common cytotoxic agents used in platinum-based combination 

chemotherapy for treatment of NSCLC  

Class Mechanism of Action Cytotoxic Agents Ref. 

Antimetabolites Block nucleic acid synthesis by 

limiting deoxyribonucleoside 

triphosphates (dNTPs) 

availability. 

Pemetrexed 

Gemcitabine 

 
(Olaussen 
and 
Postel-
Vinay, 
2016) 

Spindle poisons Interfere with mitotic spindle 

microtubule 

polymerisation/depolymerisation. 

Paclitaxel 

Vinorelbine 

Docetaxel 

 
(Huang et 
al., 2017) 

Topoisomerase 

inhibitors 

Suppress the enzymes 

(topoisomerase I or II) 

responsible for relaxing DNA 

supercoiling. 

Topetecan 

Etoposide 

 
(Huang et 
al., 2017; 
Olaussen 
and 
Postel-
Vinay, 
2016) 

 

 

The adverse side effects of conventional combination chemotherapy such as 

myelosuppression, alopecia, mucositis, and weight loss, as well as high levels of toxicity to 

normal cells impede the effective use of conventional platinum-based regimens (Nurgali et al., 

2018), and consequently necessitate the development of alternative safer treatment 

modalities. Non-platinum-containing therapeutics have since been studied and proposed as 

acceptable therapeutic alternatives for treatment of patients who cannot tolerate platinum-

based therapy, however, they have no major clinical advantage over platinum-based 

combinations (Jiang et al., 2013). Additionally, combination chemotherapy with more than two 

agents may presumably enhance the tumor response rate, however, there is no evidence of 

the ameliorative effects of this approach, meanwhile, its application outside clinical trials is 

limited by the additive toxicity. (Di Maio et al., 2009).  

Conventional administration of combinational chemotherapeutics has often been associated 

with poor tumor penetration and susceptibility to rapid clearance by the immune system, 

resulting in inconsistent in vivo pharmacokinetics and bio-distribution profiles (Hu et al., 2016). 

Limited solubility of selected drugs used in combination chemotherapy that require high 

surfactant concentrations to dissolve, limit their administration at highly effective doses, of 

which can subsequently compromise the effectiveness of the treatment and render it inefficient 

(Narvekar et al., 2014; Zhang et al., 2016). Moreover, non-specific action synonymous with 
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conventional administration of chemotherapeutics severely threatens the optimal success of 

combination chemotherapy as an effective treatment strategy for NSCLC.  

The incorporation of targeting ligands into platinum-based doublets for NSCLC treatment has 

been clinically evaluated and reportedly demonstrate no additional benefits (Le Chevalier, 

2011). Despite the increased response rates observed, no clinically meaningful survival 

benefit is demonstrated, except for bevacizumab, a monoclonal antibody that targets VEGF 

(Sandler et al., 2006). Thus, there is still a great demand for alternative tumor-targeted 

chemotherapeutic approaches for the treatment of NSCLC that will achieve high drug efficacy, 

confer no toxicity to normal tissues, and demonstrate significant survival benefit. One such 

alternative that has been explored is the use of the essential fatty acid, CLA (Slowikowski et 

al., 2020). CLA is primarily sourced from animal  products like meat or dairy (Visioli et al., 

2012) and in respective animal models and in vitro cell models has exhibited anti-tumor and 

anti-proliferative activity (Cunningham et al., 1997; Maggiora et al., 2004; Tanmahasamut et 

al., 2004). Merging CLA with magnetic nanoparticles has the potential to provide an alternative 

efficacious approach to the chemotherapy of NSCLC. 

 

2.3. Conjugated Linoleic Acid: A Prospective Antitumor Agent 

The reported mechanisms involved in anti-proliferative activity of CLA include inhibition of DNA 

synthesis, modulation of lipid peroxidation, inhibition of VEGF and matrix metalloproteinases 

(MMPs), and induction of apoptosis (Lee et al., 2005). An overview of these mechanisms is 

presented in Table 2.2. Research conducted on CLA to date, employing both in vitro and in 

vivo models has garnered significant insight on the role of CLA as a prospective anticancer 

agent (Evans et al., 2010; Moreira et al., 2019; Ochoa et al., 2004; Rakib et al., 2013). CLA 

comprises numerous positional and geometric isomers that are identified based on the 

position (i.e., 7-,9-; 8-,10-; 9-,11-; 10-,12-; 11-,13-; 12-,14-) and geometry (trans or cis) of the 

double bonds on the linoleic acid chain (Lee et al., 2005). The trans-10,cis-12 CLA and cis-

9,trans-11 CLA are the two most biologically active isomers and have been widely explored 

(Kennedy et al., 2010). Studies involving the mixture of both isomers have revealed that CLA 

suppresses proliferation of colon (Evans et al., 2010; Shiraishi et al., 2010), breast (Rakib et 

al., 2013; Tanmahasamut et al., 2004), colorectal (Moreira et al., 2019), stomach (Ha et al., 

1990), and prostate cancer cells (Cesano et al., 1998; Ochoa et al., 2004). 
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Table 2.2. Mechanisms reportedly involved in anti-proliferative activities of CLA 

Mechanism Description Anti-proliferative Activity 

Example(s) 

Ref. 

 

Inhibition of DNA 

Synthesis 

 

CLA interferes with 

the biosynthesis of 

nucleotides and 

proteins involved in 

DNA synthesis.  

 

Significant inhibition of [3H] 

leucine, [3H] thymidine and 

[3H] uridine incorporation 

into the DNA of MFC-7 

cancer cells observed, 

when CLA added. 

 

(Cunningham et 

al., 1997; 

desBordes and 

Lea, 1995; Lee et 

al., 2005; Rossi 

et al., 2012) 

 

Modulation of Lipid 

Peroxidation 

 

CLA induces lipid 

peroxidation 

through formation 

of cytotoxic lipid 

oxidation products, 

enabled by the 

susceptibility of 

conjugated double 

bond system to 

oxidation.  

 

Notable increase in lipid 

peroxidation levels in 

human lung carcinoma 

cells (A549, A427, SK-LU-

1), resulted in reduced 

proliferation. 

 

(Belury, 2002; 

Cunningham et 

al., 1997; Lee et 

al., 2005; 

Schønberg and 

Krokan, 1995; 

Shultz et al., 

1992) 

 

Inhibition of VEGF 

and MMPs 

 

CLA affects the 

binding of VEGF to 

its receptor Flk-1.  

CLA suppresses 

MMP-2 and MMP-9 

activities. 

 

 

Results showed effective 

dose-dependent inhibition of 

angiogenesis in mammary 

glands in mice. 

Rapid induction of apoptosis 

led to the collapse of the 

tumor vasculature and 

suppressed proliferation. 

 

(Harris et al., 

2001; Lee et 

al., 2005; 

Masso-Welch 

et al., 2002; 

Masso-Welch 

et al., 2004; 

Quintero-

Fabián et al., 

2019; Teleanu 

et al., 2019) 

 

Induction of  

Apoptosis 

 

CLA downregulates 

ErbB3 signalling 

and the PI3K/Akt 

pathway. 

 

Significant inhibition of growth 

in human colorectal cancer 

cell via induction of apoptosis. 

 

Enhanced anti-proliferative 

activity reported in dRLh-84 

rat hepatoma cells. 

 

(Cho et al., 

2003; Lee et 

al., 2005; 

Yamasaki et 

al., 2002) 
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For a while, the beneficial effects of individual isomers of CLA in cancer had not been 

conclusive, until the late 2000s when purified CLA isomers emerged and were studied for 

anticancer activity (Kelley et al., 2007; Pierre et al., 2013). Initially it was found that the cis-

9,trans-11 CLA isomer displayed a higher potency relative to the trans-10,cis-12 isomer 

(Khanal, 2004), until more evidence surfaced showing that the trans-10,cis-12 isomer is 

equally or even more beneficial than cis-9,trans-11 CLA isomer (Cho et al., 2006; Cho et al., 

2009; Pierre et al., 2013; Shahzad et al., 2018). 

 

2.4. Inhibition of Angiogenesis: A Prospective Management Approach to NSCLC  

Angiogenesis is a controlled series of steps in which blood vessel formation occurs from 

existing vasculature (Figure 2.1). It is one of the hallmarks in cancer responsible for providing 

essential nutrients and oxygen which enable the tumor to grow and metastasize (Mashreghi 

et al., 2018). Over the years, mechanisms of tumor angiogenesis have been investigated as 

key targets in cancer therapy, including NSCLC (Hall et al., 2015). Tumor growth is essentially 

reliant on the efficient angiogenesis (Rajabi and Mousa, 2017) , and accordingly, exploitation 

of tumor vasculature could be a lucrative therapeutic intervention for cancer management 

(Mumtaz et al., 2020). 

 

Figure 2.1. A graphical depiction of angiogenesis. (A) Endothelial cells from pre-existing blood 

vessels sprout to form new network of blood vessels; (B) Steps involved in the process of 

angiogenesis comprise production of protease, migration and proliferation of endothelial cells, 

formation of vascular tubes, and vessel maturation (i.e., new basement membrane formation, 

and myocytes/pericytes incorporation). Reprinted under Creative Common License from Ref. 

(Rajabi and Mousa, 2017). 
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New blood vessel formation (neo-angiogenesis) is a very complex process, and yet provides 

numerous potential targets for inhibiting tumor proliferation (Mumtaz et al., 2020). In NSCLC, 

these targets include growth factors (i.e., VEGF and epidermal growth factor), MMPs, and 

integrins (Brock and Lee, 2002; Teleanu et al., 2019), and could potentially be targeted using 

CLA-derived magnetic nanoparticles. Table 2.3 provides an overview of VEGF and MMPs as 

targets of interest for inhibition of angiogenesis in NSCLC. VEGF and MMPs are common key 

regulators of angiogenesis (Quintero-Fabián et al., 2019), and consequently considered the 

main targets for the advancement of anti-angiogenic therapeutics (Teleanu et al., 2019). 

 

Table 2.3. Overview of VEGF and MMPs as anti-angiogenic therapeutic targets in NSCLC 

Target Description Implication in 

NSCLC 

Ref. 

VEGF Dimeric protein belonging to 

the family of growth factors 

comprising VEGF-F, VEGF-E, 

VEGF-D, VEGF-C, VEGF-B, 

and placenta growth factor 

(PIGF). 

 

Key role player in the 

endothelial cell proliferation 

and migration. 

Commonly 

expressed in lung 

cancer, with 

approximately 75% 

expression in 

NSCLC cases. 

 

Promoted 

angiogenesis in 

NSCLC through 

binding to VEGFR-2.  

(Alevizakos et al., 

2013; Fallah et al., 

2019; Ferrara, 2010; 

Ferrara et al., 2003; 

Wheatley-Price and 

Shepherd, 2008) 

 

MMPs 

 
 
 
 

 

Members of a large family (24 

known MMPs in humans) of 

calcium- and zinc-dependent 

enzymes which degrade 

extracellular matrix (ECM) 

proteins. 

 

Primarily involved in 

lung tumorigenesis 

by forming the 

complex 

microenvironment, 

enabling invasion of 

lung tissue. 

 

(Blanco-Prieto et al., 

2017; Egeblad and 

Werb, 2002; Foley et 

al., 2014; Kim et al., 

2012; Nagase and 

Woessner, 1999) 

 VEGFR-2; vascular endothelial growth factor receptor-2 

 

Anti-angiogenic therapies in NSCLC have been exploited, with the aim to inhibit tumor 

angiogenesis, through two primary approaches; (i) use of monoclonal antibodies that block 

binding of VEGF to VEGFRs, and (ii) use of tyrosine kinase inhibitors (TKIs) that halt VEGFR-

mediated downstream signalling (Imai and Takaoka, 2006). As per the U.S Food and Drug 

Administration (FDA) standards, bevacizumab and ramucirumab are currently available FDA-

approved monoclonal antibodies for application in NSCLC (Hall et al., 2015). Bevacizumab 

became the first market available anti-VEGF monoclonal antibody for NSCLC after proving 
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efficacy in all tested endpoints, in particular the overall survival rate (OS), doubling of response 

rates (RR), coupled with progression-free survival (PFS) (Sandler et al., 2006). Small molecule 

TKIs, such as sorafenib, sunitinib, cediranib, stableorafenib, axitinib and pazopanib have been 

evaluated, mostly in combination with chemotherapy, but show little success due to increased 

toxicity (Hall et al., 2015; Scagliotti and Govindan, 2010). 

 

2.4.1. Peptide-based antiangiogenic approach: Specific targeting of VEGF and MMPs 

with peptide ligands 

Although major developments have been made in antiangiogenic therapies over the years, 

specificity remains a huge drawback in developing new effective angiogenesis inhibiting 

systems (Jászai and Schmidt, 2019). Currently, the majority of angiogenic inhibitors available 

for clinical application are primarily small molecules and proteins (Ferrara and Adamis, 2016). 

Small molecule-derived systems may present with poor target selectivity due to their miniature 

size, while proteins may exhibit poor membrane permeability, low bioavailability and metabolic 

instability (Craik et al., 2013). Alternatively, peptide-based targeting therapeutics such as 

peptide-functionalized superparamagnetic iron oxide nanoparticles (SPIONs), may allow 

mitigation of these shortcomings. Particularly, peptides present with high target specificity, 

high membrane permeability, high potency, as well as low cost (Adebowale et al., 2015; Sun 

and Xu, 2015). It has been demonstrated that endostatin (antiangiogenic peptide) could elicit 

anti-proliferative activity as an angiogenesis inhibitor in esophageal cancer (Adeyemi et al., 

2019; Adeyemi et al., 2017).  

VEGF promotes tumor angiogenesis as it binds to VEGFR-2 to facilitate downstream signal 

transduction which mediates formation of new vasculature, endothelial differentiation, coupled 

with migration of tumor cells (Alevizakos et al., 2013).  Zhang et al., 2017, isolated a VEGF-

selective peptide that was shown to specifically bind to VEGFRs to suppress angiogenesis 

(Zhang et al., 2017). The peptide with a sequence HRHTKQRHTALH (peptide HRH) was 

tested on human umbilical vein endothelial cells (HUVEC), and was found to halt HUVEC 

proliferation by inhibiting VEGF binding, through VEGFR 2 domain blockade (Zhang et al., 

2017). The peptide currently holds great promise for future advancements in the design of 

potential anti-VEGF systems. Before that, Michaloski et al., 2016 had also identified and 

characterized small 6-mer peptides capable of specifically targeting the extracellular binding 

domain of VEGFRs (VEGR 1-3), thus preventing VEGF-VEGFR binding and downstream 

signalling (Michaloski et al., 2016).  

The involvement of MMPs in lung carcinogenesis make these endopeptidases attractive as 

potential markers of NSCLC and therapeutic targets for its management. MMPs promote initial 
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stages of tumor growth, where they mediate signalling pathways that regulate cell 

differentiation, proliferation, migration, as well as angiogenesis (Hadler-Olsen et al., 2013; 

Mumtaz et al., 2020). Multitude of MMP-mediated activities such as proliferation and invasion 

can be inhibited by selective MMP binding peptides (Ndinguri et al., 2012).  

Koivunen et al., 1999 successfully identified selective MMP-2 and MMP-9 inhibiting peptides 

using phage display peptide libraries (Koivunen et al., 1999). A range of peptide libraries were 

screened, and two cyclic peptides with sequences CRRHWGFEFC and CTTHWGFTLC, 

consisting of a HWGF motif, showed to inhibit MMP-9 and MMP-2, respectively. The 

mechanisms of these peptides in MMP inhibition have been extensively explored and reported 

elsewhere (Ndinguri et al., 2012). Primarily, CTT selectively binds MMP-2 and blocks the 

endothelial cells from degrading and remodelling the adjacent extracellular matrix, leading to 

the disruption of neovascularization and ultimately tumor growth regression (Ndinguri et al., 

2012). Additionally, Bhowmick et al., 2017, recently reported on triple helical peptide inhibitors 

(THPIs) that effectively inhibit MMPs (Bhowmick et al., 2017). The specific binding of these 

peptides to the MMPs is facilitated by their triple helical structure (Bhowmick et al., 2017). 

These THPIs hold great promise as MMP-targeting ligands, with their excellent stability and 

favourable in vivo properties. 

 

2.5. Application of Nanosystems for Targeted Delivery of Chemotherapeutics in NSCLC 

Nanotechnology is a broad research field involving the application of novel nano-devices and 

nanomaterials, as well as different types of nanoparticles (NPs) in various areas of interest 

including cancer therapeutics (Nana et al., 2019; Woodman et al., 2020). There is a large 

interest in studying the application of nanotechnology in medicine for the treatment of lung 

cancer due to its potential to elicit site-specific action without causing harmful side effects 

(Babu et al., 2013; García-Fernández et al., 2020). Evidently, the use of NPs has rapidly 

increased in importance in lung cancer chemotherapy due to their potential to increase drug 

solubility, improve drug stability and half-life, concentrate drugs at target sites, and minimize 

off target effects (Ediriwickrema and Saltzman, 2015; Sukumar et al., 2013). Essentially, the 

size and composition of NPs are part of the physicochemical properties that determine their 

bioavailability in the body, with smaller-sized NPs being able to penetrate through challenging 

biological barriers (García-Fernández et al., 2020). Figure 2.2 shows various types of NPs 

available for lung cancer chemotherapy with the focus on the magnetic NPs, particularly 

SPIONs as targeted nanosystem for NSCLC therapy. 
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Figure 2.2. Various forms of nanoparticles for application in lung cancer nanotherapy. The 

NPs vary in chemical composition, shape, and size, and may be modified accordingly to 

overcome biological barriers and elicit desired action in lung cancer therapy.  Image adapted 

from Ref (Woodman et al., 2020) with permission. Copyright Elsevier 2020. 

           

2.5.1. Magnetic nanoparticles 

Magnetic nanoparticles (MNPs) are fabricated from pure metals (i.e., Fe, Ni, Co), with an 

increasing application in various biomedical fields including bioimaging (Fathi Karkan et al., 

2017; Khizar et al., 2021) and lung cancer therapy (Babincová et al., 2014; Farzin et al., 2020; 

Li et al., 2019; Munaweera et al., 2015; Yokoyama et al., 2011; Yu et al., 2018; Zhang et al., 

2019). Summarized in Table 2.4 are selected significant studies that have explored the 

application of MNPs in NSCLC targeted therapy in the last decade. MNPs traditionally 

comprise magnetic metal oxides with one or two alloys, as well as iron oxide NPs (Veiseh et 

al., 2010), and the latter include maghemite (γ-Fe2O3) and magnetite (Fe3O4)  (Wu and Huang, 

2017). Iron oxides are characterized by less sensitivity to oxidation, thus able to yield a steady 

magnetic response, and are also relatively easier to functionalize with polymers (i.e., 

polyethylene glycol (PEG), dextran, polyvinyl alcohol (PVA)) or functional groups (i.e., 

carboxyl, amines, thiols) which make them more effective for lung cancer theranostic platforms 

(Liu et al., 2020a; Sukumar et al., 2013). 
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Table 2.4. Notable studies on the application of magnetic nanoparticles in NSCLC targeted 

therapy over the last decade 

Magnetic Nanoparticle System Results / Significance Year Ref. 

Dox and Cet -loaded dextran-

coated iron oxide (Fe3O4) NPs 

(Dox-NPs-Cet). 

Dox-NPs-Cet notably suppressed 

proliferation of A549 cells. 

Dox-NPs-Cet demonstrated a great 

promise as a candidate for targeting 

NSCLC. 

2019 (Zhang 

et al., 

2019) 

Paclitaxel-loaded core-shell-

MNPs with cold atmospheric 

plasma (CAP). 

PTX- MNPs and CAP showed 

synergistic inhibition of A549 cell 

growth. 

Combination of PTX-loaded MNPs 

and CAP could be an effective 

NSCLC treatment system. 

2018 (Yu et 

al., 

2018) 

Actein (AT) conjugated iron oxide 

(Fe3O4) magnetic nanoparticles 

(AT-MNPs) 

AT-MNPs induced apoptosis and 

suppressed NSCLC growth. 

AT-MNPs demonstrated potential 

clinical value in suppressing 

NSCLC progression. 

2017 (Wang 

et al., 

2017)   

Platinum (II) drug (cisplatin, 

carboplatin, oxaliplatin)-loaded 

holmium iron garnet magnetic 

nanoparticles (HoIG-Pt MNPs). 

HoIG-Pt inhibited tumor growth 

compared to untreated controls 

2015 (Muna

weera 

et al., 

2015) 

 EGFR-targeted 

superparamagnetic nanoparticles 

(EGFR-SPIONs). 

EGFR-SPIONs significantly 

inhibited lung tumor growth in vivo. 

EGFR targeting enhanced tumor 

retention of SPIONs. 

2013 (Sadhu

kha et 

al., 

2013) 

Iron oxide (Fe3O4) magnetic 

nanoparticles.  

Fe3O4 NPs suppressed the growth 

of lung cancer cells (A549), but had 

no negative effects on the normal 

cells (IMR-90). 

Fe3O4 NPs selectively killed 

cancerous cells.  

2012 (Khan 

et al., 

2012) 

EGFR-targeted hybrid plasmonic 

magnetic nanoparticles (EGFR-

C225 MNPs). 

Selective uptake of EGFR-C225 

MNPs by EGFR-expressing NSCLC 

cells was reported. 

EGFR-C225 MNPs induced 

apoptosis and demonstrated 

increased antitumor activity.  

2011 (Yokoy

ama et 

al., 

2011) 

EGFR; Epidermal growth factor receptor, Dox; doxorubicin, Cet; cetuximab, PTX; paclitaxel  
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Particularly, MNPs have gained significant interest over non-magnetic nanomaterials (i.e., 

liposomes, polymer based drug carriers) in cancer theranostic bestowed by their inherent 

magnetism, nanoscale size, and large specific surface area (Albinali et al., 2019; Khizar et al., 

2021). MNPs are excellent contrast agents for bioimaging (magnetic resonance imaging) in 

cancer diagnosis (Yigit et al., 2012), and their inherent magnetism allows for magnetic drug 

delivery which concentrates drugs at the target site, an offers magnetic hyperthermia as an 

alternative cancer treatment modality (Liu et al., 2020b).  Moreover, the relatively smaller 

particle size of MNPs, such as SPIONs (<100nm), make them superior over their counterparts 

as they present with longer half-life, while the larger surface area imparts high drug-loading 

capacity (Ganapathe et al., 2020). Generally, an MNP bears a magnetic core surrounded by 

a shell structure onto which imaging reporters and targeting moieties are anchored, and 

therapeutic agents may be embedded or chemically bonded on its surface (Figure 2.3A) 

(Albinali et al., 2019). Magnetic behaviour, chemical composition, size, morphology, and 

geometry are the most crucial criteria that underpin the application of MNPs in lung cancer 

therapy (Fathi Karkan et al., 2017). These are essentially significant in ensuring that the MNPs 

can stay longer in circulation. MNPs with the diameter size of 10 - 100 nm [less than spleen 

cut off (200 nm)] can penetrate into large tumors, and with hydrophilic coatings like PEG, the 

nanoparticles can evade the reticuloendothelial system (RES), which consists of cells that are 

capable of engulfing foreign materials and particles (Davis et al., 2008; Tran and Webster, 

2010). 
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Figure 2.3. Schematic representation of the concept of MNP application in anticancer drug 

targeting and in vivo imaging, and potential mechanisms of action for different therapeutic 

agents. (A) An MNP may be coated with polymers, loaded with therapeutic payloads and 

imaging agents, and surface functionalized with targeting ligands. (B) Therapeutic payloads 

may elicit therapeutic effects through; (a) cellular internalization of an MNP through specific 

cell-receptor binding; (b) controlled release; (c) direct nucleus targeting; (d) intracellular 

decomposition. Reproduced from Ref. (Veiseh et al., 2010) with permission, Copyright, 

Elsevier 2010. 

 

Tumor specificity of nanoparticles is very crucial in NSCLC targeted therapy since non-specific 

cell binding can potentially harm healthy tissue (Babu et al., 2013), and to limit such, the MNPs 

must be designed to possess affinity for lung tumors (Huang et al., 2016).  Ideally, the delivery 

of MNPs to the tumor site in NSCLC targeted therapy can be achieved through magnetic, 

passive and active mechanisms (Garbuzenko et al., 2019; Tietze et al., 2015).  Magnetic drug 

targeting employs external magnetic systems to focus and deliver MNPs to lung tumors 

(Saadat et al., 2020), while passive targeting involves exploitation of the physiological nature 

of tumor cells by MNPs, such as through the enhanced permeation and retention (EPR) effect, 

where high-molecular weight particles accumulate in the tumor (Bazak et al., 2014; Wei and 

Zhao, 2014). Meanwhile, active targeting occurs via engineering  of the nanoparticle surface 

with targeting groups stemming from peptides, aptamers  to antibodies, and small molecules 

complementary to unique receptors expressed on NSCLC cells (Alhajj et al., 2018; Goel et al., 

2013). The specific receptor binding facilitates cellular internalization of the MNPs, and once 

inside the tumor, the therapeutics are released from the MNPs to elicit a therapeutic effect 

(Figure 2.3B). 

 

2.5.2. Methods to synthesize MNPs for targeted drug delivery in NSCLC    

The fabrication of MNPs with desirable shape, particle size, morphology and distribution is the 

fundamental aspect for the application of these nanomaterials in lung cancer nanotherapy 

(Woodman et al., 2020). Reproducibility and predictability of the synthesis and fabrication 

processes are equally critical for the application of MNPs in cancer targeted therapy (Farzin 

et al., 2020). Essentially, MNPs have been fabricated with a diverse composition using 

different fabrication methodologies, like co-precipitation, microemulsion, hydrothermal 

synthesis, and temperature decomposition (Khizar et al., 2021; Lu et al., 2007). A more 

detailed account of these conventional methods are published elsewhere (Lu et al., 2007; 

Majidi et al., 2016). Meanwhile, co-precipitation and microemulsion methods are evidently 

superior when it comes to the synthesis of MNPs suitable for application in NSCLC targeted 
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therapy (Munaweera et al., 2015; Nejati-Koshki et al., 2014; Sadhukha et al., 2013; Yokoyama 

et al., 2011; Zhang et al., 2019). 

 

2.5.2.1. Co-precipitation 

Co-precipitation has been ranked as a facile fabrication method for iron oxides (i.e., γ-Fe2O4 

and Fe3O4) from aqueous solutions of Iron(II)/Iron(III) treated with a base under controlled air-

free conditions, at varying temperature (normally 20-90°C) (Akilo et al., 2016; Mascolo et al., 

2013; Munaweera et al., 2015). Several factors like type of precursor salt, Fe2+/Fe3+ ratio, 

conductivity and pH levels of the reaction media, as well as the reaction temperature directs 

the composition, geometry and dimensions of the MNPs (Gawali et al., 2019). Nejati-Koshki 

et al., 2014, adapted co-precipitation for the preparation of cisplatin-loaded Fe3O4 MNPs 

modified with poly (lactic-co-glycolic acid) (PLGA) and poly (ethylene glycol) (PEG600) for 

targeted delivery of cisplatin into A549 lung cancer cells. The method yielded spherical, well-

dispersed NPs which facilitated a robust and efficient uptake of cisplatin into tumor cells 

(Nejati-Koshki et al., 2014). Yokoyama et al., 2011, also reported on co-precipitation synthesis 

of EGFR-C225 MNPs which selectively targeted and killed EGFR-expressing NSCLC cells 

(Yokoyama et al., 2011). Monodispersed magnetite NPs of varying sizes can be fabricated by 

co-precipitation using organic additives as reducing agents and stabilizers (Majidi et al., 2016), 

and moreover, the method allows the use of any other substances, such as CLA, that may 

render the MNPs biocompatible and more appropriate for in vivo application, such as in 

NSCLC targeted therapy. 

 

2.5.2.2. Microemulsion 

Microemulsions are thermodynamically favoured dispersions of two immiscible liquids with 

surfactant-stabilized microdomains (Gradzielski et al., 2021). Microemulsions of aqueous 

phase within oil phase are generally employed in the fabrication of MNPs where the 

microemulsion is used as a reactor for nanoparticle formation (Capek, 2004). Accordingly, 

Sadhuka et al., 2013 evaluated the application of SPIONs in NSCLC targeted therapy and 

employed a microemulsion approach to synthesize the SPIONs (Sadhukha et al., 2013). 

Generally, the mixing of two immiscible liquids containing desired reactants leads to 

continuous collision, coalescence, and breaking of microdroplets, finally resulting in the 

formation of a precipitate in the micelles (Gradzielski et al., 2021). The precipitate may then 

be isolated by filtration or centrifugation (Malik et al., 2012). Using a microemulsion method, 

MNPs are synthesized in a controlled manner with desirable particle size and shapes (Lu et 

al., 2007), allowing for surface modifications with polymers and biocompatible materials, such 

as CLA which confers additional anticancer benefits. 
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2.5.3. Design considerations of MNPs for the delivery of chemotherapeutics in NSCLC 

There are principal design elements such as shape, size, and surface property that need to 

be thoroughly controlled when designing MNPs for application in lung cancer targeted therapy 

(Babu et al., 2013; Woodman et al., 2020). These factors need to be optimized in the initial 

stages of MNPs design to achieve biocompatibility and increased probability of the 

nanoparticles to be able to navigate the body and reach lung tumors (Babu et al., 2013). 

Essentially, if neglected, these factors can drastically change the desired outcome of the 

nanosystem (Kudr et al., 2017). Practically, the desired therapeutic outcomes can be severely 

hampered by various biological barriers (both physical and cellular) that the nanosystem is 

likely to encounter while navigating the highly complex system of the body in search of  the 

tumor and after the tumor is reached (Babu et al., 2013; Khalid et al., 2017). 

 

2.5.3.1. Particle size 

The size of MNPs significantly influences their bioavailability (Wahajuddin and Arora, 2012) 

and determines their permeability out of the vasculature (Senapati et al., 2018). Typically, 

MNPs with dimensions < 10 nm are prone to elimination by renal clearance, meanwhile MNPs 

with dimensions >200 nm bioaccumulate in the spleen or undergo phagocytosis, consequently 

resulting in decreased plasma concentrations (Hoshyar et al., 2016). In the lung, NPs of more 

than 100 nm are cleared by alveolar macrophages (Lee et al., 2014). MNPs ranging from 10-

100 nm may be considered ideal for targeted lung cancer drug delivery  because of their ability 

to escape the RES in the body, resulting in longer circulation times (Edis et al., 2021)  and 

evade clearance by alveolar macrophages. These MNPs also possess the ability to traverse 

very small capillaries. Small sized MNPs such as SPIONs can highly accumulate in the tumor 

microenvironment owing to the EPR effect (Wan et al., 2016; Woodman et al., 2020). 

However, SPIONs <2 nm are deemed inappropriate for cancer nanotherapy due to potential 

diffusion through cell membranes, which may lead to the compromise of intracellular 

organelles. Ideally, appropriate surface modification method, such as CLA coating, can help 

control the size, avoid agglomeration and achieve biocompatibility of MNPs for application in 

NSCLC targeted therapy.  

 
2.5.3.2. Shape 

Factors such as the choice of chemicals and the reaction conditions applied in the fabrication 

of MNPs can largely influence their morphology (Lee et al., 2015). The influence of shape on 

the NPs behaviour in vivo has been evaluated, suggesting that the shape of NPs could 

influence their biodistribution, biocompatibility, and clearance (Huang et al., 2011). In the case 

of NSCLC targeted therapy, studies demonstrate that the particle shape is commonly spherical 
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(Li et al., 2019; Munaweera et al., 2015; Nejati-Koshki et al., 2014; Yokoyama et al., 2011; 

Zhang et al., 2019), owing to the fabrication methods employed (i.e., co-precipitation and 

microemulsion) which preferably yield spherical NPs due to thermodynamic favourability 

(Cooley et al., 2018). Interestingly, a CLA and paclitaxel (CLA-PTX) conjugate has been 

shown to self-assemble to form spherical NPs with high drug-loading capacity and enhanced 

antitumor activity against cancerous cells. The spherical shape of the NPs had a direct effect 

on cell toxicity and promoted cellular uptake in the cell lines studied (Zhong et al., 2016).  

 
2.5.3.3. Surface properties  

The chemical and physical nature of the MNPs surface determines their biodistribution (Khizar 

et al., 2021), and can potentially influence their internalization into lung tumors (Woodman et 

al., 2020). MNP surface charge and magnetism can significantly influence their biodistribution 

by either enhancing or impeding interactions of MNPs with the extracellular matrices, non-

target cells, and plasma proteins (Davis, 2002). Magnetism is also important to consider in the 

application of MNPs when an external magnetic force is to be employed (Akilo et al., 2016; 

Kudr et al., 2017). MNPs tend to lose their magnetic properties when oxidized, and thus 

surface coating is vital for enhancing their stability by preventing oxidation (Mosayebi et al., 

2017). The accumulation of NPs in the lungs may be influenced by the surface charge, with 

positively charged NPs being more favoured. This is most likely directed by positively charged 

NPs to form aggregates which can be entrapped into the lungs (Ishiwata et al., 2000; Zein et 

al., 2020). Additionally, positively charged NPs can easily penetrate into tumors due to high 

binding affinity between the NPs and tumor cells (Lee et al., 2015).  Surface modification of 

MNPs presents another important aspect in their application in NSCLC targeted therapy, to 

limit phagocytosis by macrophages and increase circulation time. CLA has been used to 

functionalize SPIONs for improved dispersity and anticancer potential (Muzio et al., 2017). 

Moreover, tumor cells are known to take up essential fatty acids as energy sources and 

biochemical precursors (Jaracz et al., 2005). 

 

2.6. Superparamagnetic Iron Oxide Nanoparticles (SPIONs)  

The development of targeted NPs for effective delivery of anticancer drugs to the lungs offers 

great potential for successful treatment of NSCLC over current conventional chemotherapies 

(García-Fernández et al., 2020). Targeted NPs can directly deliver drugs to target tumors at a 

sustained rate and reduced dosage frequency (Hossen et al., 2019; Morales-Cruz et al., 

2019), thus offering great efficacy and limited unwanted cytotoxicity for the treatment of 

NSCLC. Fundamentally, targeted NPs allow resolving the drawbacks of conventional cancer 

therapies, such as nonspecific drug distribution, low availability, rapid clearance, and toxicity 
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to normal cells (García-Fernández et al., 2020; Hossen et al., 2019; Lombardo et al., 2019).  

Consequently, for NSCLC management, targeted NPs may be a solution for providing 

prolonged disease control and potentially enhance long-term survival in NSCLC patients.  

Over the years, researchers have conducted various studies on SPIONs platforms in lung 

cancer therapy (Branca et al., 2010; Reczyńska et al., 2020a; Reczyńska et al., 2020b; 

Sadhukha et al., 2013; Yoo et al., 2012). The reported attributes that make SPIONs most 

suitable and interesting drug transporters for NSCLC targeted therapy include their simplistic 

synthetic approaches, effective biocompatibility, and unique magnetic behaviour (Palanisamy 

and Wang, 2019). Typically, SPIONs have characteristic small size (< 100 nm),  large surface 

area, and have iron oxide nanoparticle cores with a biocompatible outer-shell which permits 

functionalization with desired moieties (i.e., therapeutic agents, targeting ligands) into one 

particle for lung tumor-specific drug delivery (Reczyńska et al., 2020a; Reczyńska et al., 

2020b; Sadhukha et al., 2013). Owing to the large surface area-to-volume ratio, SPIONs offer 

high drug-loading capacity and surface modification with targeting moieties (Revia and Zhang, 

2016). Conventional anticancer agents like doxorubicin, methotrexate, and paclitaxel showed 

enhanced drug bioavailability and target specificity when loaded into SPIONs (Reczyńska et 

al., 2020a; Wahajuddin and Arora, 2012). 

Drug loading is a critical step in the manipulation of SPIONs as drug transporters in lung 

cancer therapy and should always be carried out in a manner that does not compromise the 

functionality of the drug, and with assurance that the drug-loaded SPIONs release the drug at 

the desired rate upon reaching lung tumor cells (Mansouri et al., 2017; Reczyńska et al., 

2020a). Essentially, drug loading into SPIONs is achieved either by conjugating the drug onto 

the NPs surface or co-encapsulation within the coating material (Gholami et al., 2020). 

Conjugation occurs through; (i) physical interactions (coupling of nanoparticles and the drug 

via hydrophilic/hydrophobic, electrostatic, or affinity interactions) or (ii) direct covalent linkage 

of the particles with the drug via the surface functional groups (i.e., hydroxyl or amino groups) 

(Hoang Thi et al., 2019). Generally, co-encapsulation is the preferred drug-loading technique, 

since it offers high drug entrapment efficiency and bioavailability (Mehnath et al., 2018).  

Meanwhile, surface-coating of SPIONs is fundamental in preventing aggregation while 

shielding their surfaces from oxidation and providing a site for drug loading and attachment of 

targeting ligands (Reczyńska et al., 2020b). This also increases SPIONs blood circulation by 

escaping the RES and minimizing non-specificity (Mahmoudi et al., 2011). The (3-

aminopropyl)trimethoxysilane surface-modified SPIONs loaded with methotrexate, tagged 

with folate receptor-binding ligands reportedly demonstrated an increased selective uptake of 

SPIONs by human cervical (HeLa) and human breast (MCF-7) cancer cells (Kohler et al., 
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2005). Muzio et al., 2017 also investigated innovative SPIONs capped with CLA for enhanced 

antitumor activity, which selectively killed mouse breast (4T1) cells (Muzio et al., 2017). 

Studies on CLA-modified SPIONs for application in NSCLC targeted therapy are still needed 

as this approach could potentially be a breakthrough in NSCLC management.   

 

2.7. Concluding Remarks  

The high prevalence of NSCLC globally remains a major concern. Conventional 

chemotherapeutic options available for NSCLC have been faced with numerous limitations, 

resulting in a need for more effective, better-tolerated treatment modalities. Considerable 

advancements towards nascent platforms of targeted chemotherapies such as functionalized 

MNPs show much promise as effective nanomedicine for targeted cancer chemotherapy with 

application in NSCLC. Application of MNPs in lung cancer therapy offers a plethora of benefits 

including improved drug stability and half-life, site-specificity, minimized toxicity to healthy 

cells, and reduced dosage frequency, over conventional chemotherapy. The variety of MNP 

systems have been engineered for NSCLC therapy, and in vitro and in vivo studies of such 

nanosystems demonstrate exclusive anti-proliferative activity of engineered MNPs.  

Through surface-coating and functionalization with targeting ligands, drug-loaded magnetic 

nanosystems could selectively target lung cancer cells (A549), induce apoptosis, and 

suppress tumor proliferation. Moreover, natural-based alternative agents with anticancer 

properties such as CLA are also captivating as prospective antitumor agents for the 

development of anticancer nanomedicines. The anti-proliferative activities associated with 

CLA may be of special interest for incorporation of this fatty acid into developing surface-

modified nanoparticles to achieve enhanced chemotherapeutic delivery in NSCLC with 

minimal cytotoxicity. In addition, the on-going research on peptide-based angiogenic inhibitors 

in cancer therapy is yielding positive outcomes, demonstrating the ability of antiangiogenic 

peptides to effectively supress angiogenesis biomarkers (i.e., VEGF, MMP) and halt 

angiogenesis, hence a growing interest in the application of these biomolecules as targeting 

ligands for angiogenesis inhibition in lung cancer. 

In essence, the development and leveraging of tumor targeted nanosystems, such as 

functionalized SPIONs could present a promising approach towards effective management of 

NSCLC. Ideally, the engineered SPIONs (magnetite, Fe3O4) would have to be of appropriate 

size for lung tumor penetration (~100 nm), have high drug-loading capacity, and be modified 

with CLA for enhanced biocompatibility and anticancer properties. Functionalization of 

SPIONs with either VEGF or MMP-targeting peptide ligands would ensure the specificity of 

the nanosystem to achieve targeted drug delivery and angiogenesis inhibition.  
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3.1. Introduction 

The notable success in the application of magnetic nanoparticles (MNPs) in non-small-cell 

lung carcinoma (NSCLC) therapy, as well as the anticancer merits of conjugated linoleic acid 

(CLA) discussed in the previous chapter allow for the exploitation of these materials in the 

design of potent drug delivery nanosystems for the management of NSCLC. As such, this 

chapter describes the innovative design of a novel paclitaxel (PTX) delivery nanosystem 

comprising superparamagnetic iron oxide nanoparticles and CLA as a potential nanomedicine 

in NSCLC therapy. NSCLC is the most prevalent type of lung cancer affecting millions of 

people worldwide, with almost 85% of diagnosed lung cancer cases being NSCLC (Zhou et 

al., 2021). The treatment of NSCLC continues to be a daunting challenge, with combinational 

chemotherapy as first-line treatment reportedly at its therapeutic plateau (Ngema et al., 2021).  

 

Intolerable toxicity due to high doses and non-specificity are key hindrances in the effective 

use of combinational chemotherapy (Genova et al., 2020; Nana et al., 2019; Salgia et al., 

2021; Ye et al., 2021). PTX is a first-line anticancer drug used in platinum-based combination 

chemotherapy for advanced NSCLC (Chen et al., 2017; Gui et al., 2021). PTX shows 

adequate efficacy at the onset of treatment, however, subsequent side effects (i.e., 

neutropenia, myalgia, allergic reactions) and resistance (caused by alterations in drug 

metabolism) are major setbacks for effective NSCLC treatment (Paz-Ares et al., 2018). 

Consequently, numerous studies have proposed the use of targeted nano-enabled drug 

delivery systems, including nanoparticles and nanoemulsions, as an approach to enhance the 

efficacy of PTX in NSCLC therapy (Cheng et al., 2021; Crintea et al., 2021; García-Fernández 

et al., 2020; Mohtar et al., 2021; Salehi et al., 2020; Zhou et al., 2021). 

 
Particularly, the use of SPIONs as anticancer drug delivery vectors has shown enormous 

success over the years (Ansari et al., 2018; El-Sherbiny et al., 2020; Zhi et al., 2020; Zhuang 

et al., 2020). SPIONs offer desirable features as drug transporters for NSCLC therapy, such 

as high drug-loading capacity, small size (<100 nm) to allow penetration into lung tumor, and 

a biocompatible outer-shell that can be functionalized with targeting ligands to achieve active 

targeted drug delivery (Reczyńska et al., 2020a; Reczyńska et al., 2020b; Sadhukha et al., 

2013). Studies have shown that anticancer drugs loaded into SPIONs present with high 
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bioavailability (Reczyńska et al., 2020a; Senapati et al., 2018; Wahajuddin and Arora, 2012), 

and coating prevents particle aggregation and extends the systemic circulation time of SPIONs 

(Dulińska-Litewka et al., 2019; Nelson et al., 2020). In addition, coating of SPIONs with 

naturally derived anticancer compounds, such as conjugated linoleic acid, could render them 

as excellent nanovectors for targeted NSCLC therapy. 

 

CLA has been previously explored to have potential anticancer activity and comprises of ~28 

isomers (Dachev et al., 2021; den Hartigh, 2019). CLA has been shown to suppress 

proliferation in breast (Rakib et al., 2013), colon (Shiraishi et al., 2010), stomach (Ha et al., 

1990), colorectal (Moreira et al., 2019), and prostate cancer cells (Ochoa et al., 2004). The 

trans-10,cis-12 CLA isomer (10E, 12Z CLA) is one of two biologically active isomers of CLA. 

The 10E, 12Z CLA reportedly acts on adipocytes where it limits lipid uptake by blocking 

stearoyl-CoA desaturase and lipoprotein lipase activity and affects lipid metabolism in cancer 

cells, which subsequently halts cell growth and metastasis (Masso-Welch et al., 2004; Zhang 

et al., 2018). Tumor cells require high energy supply to proliferate and metastasize, hence 

affecting lipid metabolism pathways, which halts their growth and metastasis (Fernández et 

al., 2020; Long et al., 2018). In addition, the hydrophobic nature of CLA is suitable for 

partitioning hydrophobic drugs such as PTX, thus allowing higher drug loading capacity and 

encapsulation into nanostructures. 

 
Accordingly, in this study, we describe the novel inclusion of CLA as a surface directing agent 

for efficient drug loading on SPIONS for potential targeted therapy in NSCLC. The combination 

of PTX and SPIONs with a natural fatty acid such as CLA (with potential anticancer activity) 

could yield a more efficacious nanomedicine for NSCLC chemotherapy with enhanced anti-

proliferative activity and biocompatibility. To investigate the effect of CLA functionalization of 

SPIONs, a nanosystem comprising 10E, 12Z CLA surface-coated SPIONs with self-assembly 

of PTX (termed CLA-coated PTX-SPIONs) was synthesized and characterized for all pertinent 

physiochemical, pharmaceutical (including anti-proliferative activity on an A549 lung cancer 

cell line), and superparamagnetic properties. 

 

3.2. Materials and Methods 

3.2.1. Materials 

Iron (III) chloride hexahydrate (FeCl3∙6H2O), iron (II) chloride tetrahydrate (FeCl2∙4H2O), 

sodium hydroxide (NaOH) pellets, conjugated linoleic acid (10E,12Z CLA) solution in ethanol, 

paclitaxel (PTX), and all consumables, ie., tween 80, phosphate buffered saline tablets, 

magnetite standard, SnakeSkin™ dialysis membrane, 3500 MWCO, Foetal Bovine Serum 
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(FBS), penicillin-streptomycin antibiotics, dimethyl sulfoxide (DMSO), and acid-isopropanol 

solubilizing agent were procured from Sigma-Aldrich (St. Louis, MO, USA). All solvents 

employed were of analytical grade, and were used as received. 

 

 

3.2.2. Fabrication of the CLA-Coated, PXT-Loaded SPIONs (CLA-PTX-SPIONs) 

 
3.2.2.1. Synthesis of the SPIONs 

To ensure high yield, a co-precipitation method was adopted for the preparation of SPIONs 

(Akilo et al., 2016). Briefly, an aqueous solution of FeCl2∙4H2O (0.3 mol) and FeCl3∙6H2O (0.6 

mol) was prepared in 60 mL N2-purged deionized water to attain 1:2 M ratio of Fe2+ and Fe3+. 

Thereafter, 0.4 M NaOH (pH = 13) was added drop-wise into the solution under continuous 

stirring (300 rpm) at 75°C until dark precipitates of SPIONs formed. This was executed under 

N2 gas to eliminate oxygen and control the size of SPIONs produced. The formed SPIONs 

were centrifuged at 5000 rpm (Eppendorf Centrifuge 5804, Hamburg, Germany) for 30 min at 

room temperature (25°C) to eliminate any unreacted material. The precipitate (SPIONs) was 

washed twice with N2-purged deionized water and separated by magnetic decantation and air 

dried. 

 

3.2.2.2. Coating of the SPIONs with trans-10 cis-12 (10E, 12Z) conjugated linoleic acid 

Coating of the SPIONs was carried out in a single-step reaction. Forty microliters (40 µL) from 

a 100 mg/mL 10E, 12Z CLA solution in ethanol was added drop-wise into a 1.5 mL suspension 

of SPIONs (20 mg SPIONs in 1.5 mL ethanol) in a sonication bath (Sientech Ultrasonic 

cleaner, Labotec, Midrand, South Africa) kept at 80°C and low frequency for 30 min. A magnet 

was used to precipitate the coated SPIONs. The supernatant was withdrawn, and the 

precipitate washed twice with deionized water and ethanol, respectively. The CLA-coated 

SPIONs (10E, 12Z CLA-SPIONs) were vacuum dried at 80°C for 24 h (Muzio et al., 2017; 

Sawisai et al., 2019). The quantity of CLA on SPIONs was then determined by 

thermogravimetric analysis (TGA). 

 
3.2.2.3. Self-assembled loading of PTX into 10E, 12Z CLA-SPIONs 

In order to exploit SPIONs as an anticancer drug carrier, paclitaxel (PTX) was self-assembled 

on the hydrophobic tails of CLA coated on SPIONs surface. To achieve this, a superlative 

method by Dilnawaz et al. (Dilnawaz et al., 2010) was employed, with modifications. 

Accordingly, 10% (w/w) PTX was used for loading into 100% (w/w) CLA-coated SPIONs. A 

total of 15 mg CLA-coated SPIONs was dispersed in 1.5 mL methanol and sonicated for 2 
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min. PTX (1.5 mg) was dissolved in 70% methanol (150 µL) and added drop-wise to the CLA-

coated SPIONs suspension under continuous gradual stirring at 200 rpm (Magnetic Stirrer 

MSH10, Labcon, Johannesburg, South Africa) overnight to allow for the adsorption of PTX 

onto the hydrophobic CLA on the surface of the SPIONs. The particle suspension was 

centrifuged at 13,800 rpm (TC-MiniSpin Centrifuge, TopScien, Ningbo, China) for 10 min at 

10°C, with subsequent washing (three times distilled water) to separate free drug. The 

supernatant (with free drug) was collected for quantifying the PTX loading capacity and 

adsorption efficiency via UV spectrophotometry (Cary™ 50, Varian Inc., Palo Alto, CA, USA). 

The PTX-loaded CLA-coated SPIONs subsequently lyophilized (FreeZone-50C Benchtop 

Freeze Dryer, Labconco, Kansas City, MO, USA) to attain free-flowing powdered CLA-coated 

PTX-SPIONs. 

 

3.2.3. Physicochemical characterization of the synthesized CLA-Coated PTX-SPIONs 

3.2.3.1. Analysis of chemical structure integrity and transitions 

Fourier transform infrared (FTIR) spectroscopy (Spectrum 100, PerkinElmer Inc., Waltham, 

MA, USA) was appropriately used to comparatively analyze vibrational transitions in the 

chemical structures of the individual and combined components of the CLA-coated PTX-

SPIONs. Samples of pristine SPIONs, CLA, PTX, and CLA-coated PTX-SPIONs were 

analyzed at 120 psi pressure in a range of 4000–550 cm−1 over 20 scans to obtain relevant 

spectra. 

 

3.2.3.2. Determination of particle size, zeta potential, and overall morphology 

Dynamic light scattering and phase-analysis light scattering analyses were implemented to 

obtain the average hydrodynamic diameter and zeta potential, respectively, of the synthesized 

CLA-coated PTX-SPIONs on a ZetaSizer instrument (NanoZS, Malvern Panalytical, Malvern, 

UK). Dried samples (10 µg; BM Series Micro Analytical Balance, BM-22, A&D Company, Ltd., 

Boulevard, USA) of pristine SPIONs and CLA-coated PTX-SPIONs were suspended in 1 mL 

distilled water followed by sonication for 10 min (Sonics Vibra Cell, Newtown, CT, USA). 

Samples were transferred into disposable cuvettes for hydrodynamic size and polydispersity 

index (PDI) analysis, thereafter into zeta potential cuvettes (DTS 1070) for surface charge 

analysis at 25°C. A sample of CLA-coated PTX-SPIONs was also analyzed for morphology 

using Scanning Electron Microscopy (SEM) (ZEISS Electron Microscopy, Carl Zeiss 

Microscopy Ltd., Cambridge, UK). An aliquot was carefully placed on an aluminium specimen 

stub and air dried before coating (×2) with gold palladium (AuPd). The sample was viewed 

and captured under a low (82.34 KX) and high (314.84 KX) magnification. 
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3.2.3.3. Determination of CLA content on CLA-Coated SPIONs 

The amount of 10E, 12Z CLA coated onto SPIONs was determined using thermogravimetric 

analysis (TGA) (TGA 4000, PerkinElmer Inc., Waltham, MA, USA). Pristine SPIONs and CLA-

coated SPIONs were analyzed (mass change as function of temperature over time) under set 

TGA conditions: 30–900°C, continuous nitrogen flow, and heat rate of 10°C/min. 

 

3.2.3.4. Analysis of the crystallographic structure of the CLA-Coated PTX-SPIONs 

X-ray diffractometry (XRD) (RIGAKU MiniFlex, RIGAKU Inc., Tokyo, Japan) was employed to 

analyze the crystallinity of the SPIONs before and after modifications. Dried samples of 

pristine SPIONs and the CLA-coated PTX-SPIONs were mounted on aluminium sample 

holders and analyzed to obtain diffractograms. The following measurement conditions were 

set for the analysis: 2θ range of 5°–90°, scan rate at 10 deg/min, current and voltage were 15 

mA and 40 kV, respectively. 

 

3.2.3.5. Iron oxide core mapping of the SPIONs 

Raman spectroscopy (SENTERRA II, BRUKER, Bremen, Germany) was employed as a 

precise method to characterize the magnetite nature of the iron oxide core of the SPIONs 

before and after the CLA-coating enhancement process (Lee et al., 2015; Sawisai et al., 2019). 

Samples were prepared on glass slides and analyzed with a beam diameter of 1μm at a laser 

power of 0.04 mV at 25°C. A magnetite standard (Sigma-Aldrich, Saint Louis, MO, USA) was 

used as reference. 

 

3.2.3.6. Analysis of the magnetic properties of the CLA-Coated PTX-SPIONs 

The paramagnetic properties of the synthesized SPIONs and the CLA-coated PTX-SPIONs 

were analyzed using a vibrating sample magnetometer (VSM) (12T Physical Property 

Measurement System, PPMS® DynaCool™, Quantum Design, San Diego, CA,USA), at room 

temperature. The PPMS® DynaCool™ measurement temperature was fixed at 300 K with the 

magnetic field span of −8000 to 8000 Oe. 

 

3.2.3.7. Determination of PTX-loading capacity and adsorption efficiency within the 

CLA-coated SPIONs 

A standard calibration curve with serial concentrations (5 – 25 µg/mL) was prepared for PTX 

loading using UV spectrophotometry (Cary™ 50, Varian Inc., Palo Alto, CA, USA). The 

concentrations were prepared in a 70:30 methanol: water co-solvent system. The Adsorption 

Efficiency (%AE) and Drug (PTX) Loading Capacity (%DLC) were defined by quantification of 
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free PTX in the supernatant following the loading procedure. Briefly, the PTX-loaded CLA-

coated SPIONs were centrifuged (13,800 rpm, 10 min, 10°C) with subsequent washing, thrice 

with distilled water, and the supernatant was withdrawn. The concentration of PTX in the 

supernatant was determined by recording the absorbance of the samples (n = 3) at 227 nm, 

and the %AE as well as %DLC were computed by application of Equations (3.1) and (3.2), 

respectively. 

%AE = 
𝐷𝑙− 𝐷𝑠

𝐷𝑙
× 100                                        (Equation 3.1)          

%DLC = 
𝐷𝑙− 𝐷𝑠

𝑊𝑓
× 100                                      (Equation 3.2)  

where Dl is the amount of drug loaded, Ds is the amount of unloaded drug in supernatant, and 

Wf is the total weight of formulation, in mg. 

 

3.2.3.8. Evaluation of in vitro release of PTX from the CLA-Coated SPIONs 

The drug release profile was evaluated for CLA-coated PTX-SPIONs at pH 6.8 and pH 7.4, 

for 24 h at 37°C, mimicking tumor microenvironment (TME) and physiological pH, respectively 

(Adeyemi et al., 2019; Dilnawaz et al., 2010). Lyophilized CLA-coated PTX-SPIONs (3 mg) 

were dispersed in 2 mL of prepared 0.1 M PBS (pH: 6.8 and, 7.4) containing 0.1% v/v Tween. 

The samples were then loaded into a dialysis membrane (SnakeSkin™, 3500 MWCO) and 

submerged into the relevant drug release buffer (30 mL) of corresponding pH and incubated 

in an orbital shaking incubator (YIHDER LM-530, YIHDER Co., Ltd., Taipei, Taiwan). The 

dialysis membrane was used to facilitate the diffusion of only PTX into the release medium for 

quantification. Sampling (2 mL) was undertaken at different time intervals (t = 1, 2, 4, 8, 12, 

and 24 h) and the UV absorbance readings were recorded at 227 nm for PTX. The release 

medium was constantly replenished with the equivalent volume of PBS, after each sampling 

point to maintain sink conditions. 

 

3.2.4. In vitro evaluation of the anti-proliferative activity of the CLA-Coated PTX-SPIONs 

using MTT Assay 

The model lung adenocarcinoma cell line (A549) (Cellonex, Johannesburg, South Africa) was 

employed for the cell viability study. Cells were cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM) supplemented with Foetal Bovine Serum (FBS, 10% v/v) and 1% (v/v) 

penicillin-streptomycin antibiotic, and incubated at 37°C and 5% CO2 saturation, under 

humidity, in a T-25 cell culture flask. Cells were allowed to grow, and when a 90% confluence 

was reached, the cells seeded in a 96-well plate, at a seeding density of 2.5 × 104. To each 

well, a cell suspension of 90 µL was added followed by incubation at 37°C, 5% CO2 for 24 h 
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to allow adequate cell adherence. The experimental cells were then treated in triplicate (n = 

3) with 10 µL of SPIONs, CLA, and CLA-coated PTX-SPIONs corresponding to treatment 

concentrations of 3.125, 6.25, 12.5, 25, 50, and 100 µg/mL in PBS (0.2% DMSO). Pristine 

PTX was used as a positive control at varying treatment concentrations of 0.156, 0.312, 0.625, 

1.25, 2.5, 5, and 10 µg/mL, corresponding to 10% of PTX concentration in CLA-coated PTX-

SPIONs (matching 9.8% drug loading capacity). The cells were subjected to incubation for 72 

h prior to the commencement of the cell viability assay. The MTT assay was performed after 

72 h using the MTT Cell Proliferation Kit I (Roche, Basel, Switzerland). MTT solution (10 µL; 

5 mg/mL) was introduced into each well, followed by 4-h incubation of the plate (37°C, 5% 

CO2, humid conditions). Thereafter, 100 µL of the solubilizing agent (acid-isopropanol; 0.04 N 

HCl in isopropanol) was added to dissolve formed formazan crystals, followed by overnight 

incubation at 37°C and 5% CO2. Wells containing only solubilizing agent and growth medium 

were used as a blank. The absorbance was measured with a multimodal microplate reader 

(Victor X3, PerkinElmer, Waltham, MA, USA) at 570 nm with a reference wavelength of 620 

nm. The absorbance measurements were computed (mean ± standard deviation) and used to 

calculate % cell viability via Equation 3.3. 

        % Cell viability = 
𝐴𝑡𝑒𝑠𝑡−𝐴𝑏𝑙𝑎𝑛𝑘

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝐴𝑏𝑙𝑎𝑛𝑘
× 100                (Equation 3.3)  

where Atest is test absorbance, Ablank is blank absorbance, and Acontrol is control absorbance in 

nm. 

The AAT Bioquest IC50 calculator (ATT Bioquest, Inc., Sunnyvale, CA, USA) was used to 

compute IC50 values (Lin et al., 2019). 

 

3.2.5. Statistical analysis 

The results were analyzed using a two-tailed Student’s unpaired t-test on GraphPad prism 

version 9 (GraphPad Software, Inc., San Diego, CA, USA). Two groups were analyzed at a 

time at 95% confidence interval, with p < 0.05 deemed statistically significant. All data are 

expressed as mean ± standard deviation of analyses in triplicate (n = 3). 

 

3.3. Results and Discussion 

3.3.1. Assessment of the CLA-Coated PTX-SPIONs synthesized in terms of particle size 

and morphology 

Amongst several reported methods of synthesizing magnetic nanoparticles (MNPs), co-

precipitation was selected as the most suitable as it is undertaken in an inert atmosphere with 

controlled pH and temperature to avoid oxidation, and to control particle size, distribution, and 
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morphology (Palanisamy and Wang, 2019; Slimani et al., 2021). In the present study, SPIONs 

were successfully synthesized as a black colored powder (characteristic of pure Fe3O4 

nanoparticles). Essentially pure magnetite Fe3O4 exhibit a black color and once oxidized 

transitions to a brownish/red color (Wallyn et al., 2019). Performing the precipitation in an inert 

environment (N2) evidently prevented oxidation/reduction of the iron II/III salts and the 

deterioration of the SPIONs. Furthermore, coating of the synthesized SPIONs with a suitable 

polymer was crucial in order to limit particle agglomeration and prevent oxidation (Sawisai et 

al., 2019).  

 
In this study, 10E, 12Z CLA was used to coat the SPIONs mainly due to its previously reported 

anticancer benefits and excellent reactivity owing to the inherent carboxyl group (Sawisai et 

al., 2019). Additionally, its hydrophobicity (for partition of hydrophobic drugs), and excellent 

crosslinking activity were other attractive features (Fan et al., 2014; Sawisai et al., 2019). The 

successful coating of 10E, 12Z CLA onto the SPIONs surface occurred through chemisorption 

via the carboxyl group of 10E, 12Z CLA and the oxygen coordinated at the surface of the 

SPIONs. A similar mechanism was reported for SPIONs coated with oleic acid and glycerol 

monooleate, both containing carboxyl groups (Dilnawaz et al., 2010; Muzio et al., 2017; 

Sawisai et al., 2019). The hydrophobicity of 10E, 12Z CLA further allowed efficient loading of 

PTX (hydrophobic drug) onto the 10E, 12Z CLA-coated SPIONs via spontaneous hydrophobic 

interactions. PTX was adsorbed on the 10E, 12Z CLA hydrophobic ends surrounding the 

SPIONs core to form the CLA-coated PTX-SPIONs (Luchini et al., 2017; Luchini and Vitiello, 

2019). 

 
The average hydrodynamic particle size and zeta potential of pristine SPIONs was found to 

be 51.0 ± 1.3 nm and −24.3 ± 1.3 mV, respectively, meanwhile CLA-coated SPIONs exhibited 

average size of 62.7 ± 5.6 nm and zeta potential of −26.3 ± 0.5 mV. The CLA-coated PTX-

SPIONs had a hydrodynamic size of 96.5 ± 0.6 nm and a zeta potential of −27.3 ± 1.9 mV 

(Figure 3.1a, b). The synthesized SPIONs were therefore in a desirable range for potential 

targeted PTX delivery in NSCLC. Essentially, previous studies have shown that conventional 

MNPs in a 10 – 100 nm range can penetrate lung tumors, while particles <10 nm are subject 

to renal clearance, and those >100 nm accumulate in the spleen or are removed by alveolar 

macrophages in the lungs (Hoshyar et al., 2016; Lee et al., 2014). The recorded particle size 

for SPIONs produced in this study is attributed to the co-precipitation method of synthesis and 

the processing parameters that were maintained as constant (i.e., 75°C temperature and inert 

atmosphere). Processing factors such as pH, reaction temperature, and media are known to 

significantly influence the particle size (Gawali et al., 2019; Kondiah et al., 2018). 
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Interestingly, the pristine SPIONs had a PDI value of 0.4 ± 0.1, while that of CLA-coated PTX-

SPIONs was found to be 0.1 ± 0.02. This indicated that the CLA-coating reduced aggregation 

and imparted a more colloidal stability to the particles. These results, together with the zeta 

potential values recorded for the CLA-coated PTX-SPIONs, reveal that this synthesis strategy 

provides superior dispersion and aqueous stability to the nanosystem, suggesting its suitability 

as nano-enabled drug delivery system. Modified SPIONs in a similar size range and zeta 

potential values have been previously reported by Goncalves et al. (Gonçalves et al., 2017). 

The overall morphology of the free-flowing powdered CLA-coated PTX-SPIONs (Figure 3.1c), 

as confirmed by SEM, further revealed that the CLA-coated PTX-SPIONs were spherical in 

shape and had a relatively rugged surface with a mean particle size of <100 nm (Figure 3.1d, 

e). This correlates with previous studies that have reported that co-precipitation yield spherical 

nanoparticles (Akilo et al., 2016; Cooley et al., 2018), which when employed in cancer 

nanomedicine studies, resulted in enhanced biodistribution and cellular uptake (Huang et al., 

2011; Zhong et al., 2016). 

 

Figure 3.1. A visualization of the morphological attributes of the CLA-coated PTX-SPIONs, 

showing (a) average hydrodynamic particle size of 96.5 ± 0.6 nm (PDI = 0.1 ± 0.02), (b) zeta 

potential of – 27.3 ± 1.9 mV, and (c) a lyophilized sample with corresponding SEM images 
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showing overall morphology (d) at 300 nm scale (82.34 KX magnification) and (e) 100 nm 

scale (314.84 KX) (isolated particle), showing a particle size of <100 nm. 

 

3.3.2. Assessment of the chemical stability and functional transformation of the CLA-

coated PTX-SPIONs 

The FTIR spectra of pristine SPIONs, 10E, 12Z CLA, and PTX as well as the drug-free and 

drug-loaded CLA-coated SPIONs are presented in Figure 3.2a–e. Two bands were observed 

on the spectrum of pristine (uncoated) SPIONs (Figure 3.2a) at around 3420 cm−1 and 570–

580 cm−1, which was ascribed to the respective molecular stretch and bending of hydroxyl 

groups (OH) on magnetite SPIONs surface and Fe-O bonds, respectively (Akilo et al., 2016; 

Sawisai et al., 2019). The two sharp peaks observed for pristine 10E, 12Z CLA (Figure 3.2b) 

at around 2922 cm−1 and 2852 cm−1 belonged to the symmetrical and asymmetrical CH2 group 

stretching (Muzio et al., 2017). Another sharp peak at around 1710 cm−1 was attributed to C=O 

of the carboxyl group, and that at around 1408 cm−1 to the CH3 group bending (Muzio et al., 

2017; Yang et al., 2010). There was no significant distinction in the spectrum of the CLA-

coated SPIONs (Figure 3.2c) and those of pristine 10E, 12Z CLA and SPIONs, except that 

the band at 3420 cm−1 initially present in the absorption spectrum of the uncoated SPIONs 

attributed to surface OH groups disappeared with the CLA-coated SPIONs, due to 

chemisorption of 10E, 12Z CLA to the surface of the SPIONs (Figure 3.2f). Characteristic 

peaks of PTX (Figure 3.2d) were observed at around 3500, 3479, 2976–2885, 1731, and 

1244 cm−1, assigned to the OH, N-H, and CH2 vibrations, C=O, and ester groups, respectively 

(Dilnawaz et al., 2010; Zhao et al., 2015). Similar peaks were present in the spectrum of the 

CLA-coated PTX-SPIONs (Figure 3.2e), indicating that PTX was successfully adsorbed onto 

the surface of the CLA-coated SPIONs and the partitioning did not alter the chemical structure 

of PTX. 
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Figure 3.2. FTIR spectra of (a) pristine SPIONs, (b) 10E, 12 CLA, (c) CLA-coated SPIONs, 

(d) pristine PTX, (e) CLA-coated PTX-SPIONs, and (f) schematic representation of 10E, 12Z 

CLA chemisorption onto SPIONs and CLA-PTX hydrophobic interaction. 

 

3.3.3. Quantification of CLA content on CLA-Coated SPIONs 

The amount of CLA coated onto SPIONs was ascertained by TGA. Figure 3.3 presents TGA 

data showing % weight loss as function of temperature, for pristine SPIONs (Figure 3.3a) and 

CLA-coated SPIONs (Figure 3b). Pristine SPIONs demonstrated an initial weight loss at 

below 200 °C, which is attributed to the evaporation of adsorbed water on the surface (Akilo 

et al., 2016; Sawisai et al., 2019). The total weight loss of 5.7% was thus recorded for pristine 

SPIONs. Meanwhile, CLA-coated SPIONs exhibited a two-step weight loss pattern. The initial 

weight loss was observed at below 200 °C, complementary to pristine SPIONs (water 

desorption), and the second weight loss was observed between 200 – 450 °C, which is 

attributed to the removal of CLA layer from SPIONs surface. The content of CLA on SPIONs 

could therefore be estimated from 200 – 450°C and was found to be 10.3%. Previous studies 

have reported fatty acid contents in the range of 10 – 14%, when fatty acids such as linoleic 

acid and palmitic acid were coated onto SPIONs and analyzed by TGA (Dilnawaz et al., 2010; 

Sawisai et al., 2019). The TGA results correlate with VSM data, which demonstrated a slight 

reduction in saturation magnetization of CLA-coated PTX-SPIONs (60 emu/g) compared to 

pristine SPIONs (65 emu/g) due to the presence of CLA on magnetite. 



60 
 

          

Figure 3.3. TGA thermograms of (a) pristine SPIONs and (b) CLA-coated SPIONs 

demonstrating weight loss (%) over a temperature range of 30 – 900°C. 

 

3.3.4. Determination of the structural crystallinity of the CLA-Coated PTX-SPIONs 

The diffraction patterns presented in Figure 3.4 show the crystalline nature of the SPIONs 

before (Figure 3.4a) and after CLA coating (Figure 3.4b) and PTX loading (Figure 3.4c) 

(CLA-coated PTX-SPIONs). The obtained XRD patterns show similar diffraction peaks (2θ) at 

30.5°, 35.8°, 43.5°, 57.3°, and 63.1°, for all samples, characteristic of magnetite origin (Akilo 

et al., 2016; Sawisai et al., 2019), indicating that pristine SPIONs and the CLA-coated PTX-

SPIONs were purely magnetite (Fe3O4) and crystalline in nature. This correlates with the 

Raman spectroscopy analysis and further ascertains that CLA did not affect the crystallinity of 

the SPIONs. These results agree well with existing studies reported by Sawisai et al. (2019), 

for SPIONs coated with linoleic acid (Sawisai et al., 2019). The difference in peak intensity 

between SPIONs and the CLA-coated SPIONs was attributed to the CLA coating process that 

reduced the peak intensity. Meanwhile, the diffractogram for CLA-coated PTX-SPIONs 

showed additional diffraction peaks (2θ) at 22.4° and 25.1° corresponding to PTX crystallinity 

(Christodoulou et al., 2019; Tang et al., 2016). This indicated the presence of PTX in the 

formulation in its crystalline form. 
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Figure 3.4. XRD spectra of (a) pristine SPIONs, (b) CLA-coated SPIONs, and (c) CLA-coated 

PTX-SPIONs showing the crystalline nature of the SPIONs before and after the CLA coating 

and PTX loading. 

 

3.3.5. Evaluation of the iron oxide core integrity of the SPIONs 

Figure 3.5 presents Raman spectra of (a) pristine SPIONs and (b) the CLA-coated PTX-

SPIONs. Both spectra show a single prominent band at 670 cm−1 representing magnetite 

(Fe3O4) origin, attributed to the A1g photon mode (Sawisai et al., 2019). A similar observation 

was made for CLA-coated SPIONs. The single peak observed provides evidence that the 

synthesized SPIONs were purely magnetite, and there was no phase transition after the CLA 

coating process. Previously published literature has reported that the phase transition of 

magnetite to maghemite (γ-Fe2O3) mainly occurs at higher temperatures (200 – 600 °C) (Gao 

et al., 2011). 
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Figure 3.5. Raman spectra of (a) pristine SPIONs and (b) the CLA-coated PTX-SPIONs 

depicting the presence and integrity of the magnetite. 

 

3.3.6. Assessment of the magnetic properties of the CLA-Coated PTX-SPIONs 

The magnetization analysis was conducted to further confirm superparamagnetism of the 

synthesized SPIONs prior and post modification with the CLA coating and the adsorption of 

PTX (CLA-coated PTX-SPIONs). Shown in Figure 3.6a, b are pristine SPIONs and CLA-

coated PTX-SPIONs localized by a magnet, indicative of inherent magnetism. Magnetization 

hysteresis loops for pristine SPIONs and the CLA-coated PTX-SPIONs are depicted in Figure 

3.6c, d, with corresponding saturation magnetization and coercivity values presented in Table 

3.1. Both samples were confirmed to be superparamagnetic as evidenced by the S-type 

behavior and nearly no remanence in the hysteresis. However, CLA-coated PTX-SPIONs 
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exhibited a slightly reduced magnetic saturation compared to the pristine SPIONs, which is 

attributed to the CLA coating process resulting in slight reduction of exposed Fe3O4 content 

and reduced effect of the magnetic field. Moreover, the coercivity values of the samples varied, 

but were both <100 Oe, thus further demonstrating superparamagnetism and suitability for 

biomedical application (Maldonado-Camargo et al., 2017; Zhang et al., 2016). In essence, the 

CLA-coated PTX-SPIONs maintained the superparamagnetic behavior and met the criteria for 

biomedical applications. 

 

Figure 3.6. A depiction of (a) pristine SPIONs and (b) CLA-coated PTX-SPIONs localized by 

a magnet, and magnetization hysteresis loops of (c) pristine SPIONs and (d) CLA-coated 

PTX-SPIONs at 300 K and magnetic field range of – 8000 to 8000 Oe. 

 

Table 3.1. Saturation magnetization and coercivity of pristine SPIONs and the CLA-coated 

PTX-SPIONs as determined by VSM analysis 

Sample 
Saturation Magnetization 

(emu/g) 
Coercivity (Oe) 

Pristine SPIONs 65 50 

CLA-coated PTX-SPIONs 60 29 
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3.3.7. Assessment of the PTX adsorption efficiency and in vitro release from the CLA-

Coated PTX-SPIONs 

PTX loading onto the SPIONs is a crucial step in their application as an anticancer 

nanomedicine for potential subcutaneous injection. Essentially, the drug should be loaded in 

a way that does not compromise its functionality, while ensuring adequate release from the 

nanosystem upon reaching the target site (Reczyńska et al., 2020a). In the present study, PTX 

was successfully loaded onto the CLA-coated SPIONs, achieving an Adsorption Efficiency 

(%AE) of 98.5% and %DLC of 9.8%. Conventionally, it is challenging to encapsulate 

hydrophobic drugs and to achieve controlled drug release (Ghosh and Banerjee, 2021). 

However, in the present study, PTX was preferentially adsorbed (98.5%) onto the CLA coating 

due to the hydrophobicity of 10E, 12Z CLA, which facilitated adsorption and sustained release 

over time from the SPIONs architype. The efficient drug loading achieved validates the 

strategy of CLA-coating process over classical conjugation for hydrophobic drugs such as 

PTX. Dilnawaz et al., 2010,  reportedly achieved ~95% loading efficiency for PTX and 

rapamycin in glycerol monooleate (GMO)-coated SPIONs, where drugs were co-encapsulated 

in the hydrophobic GMO crust (Dilnawaz et al., 2010). 

 
The in vitro drug release study was conducted to quantify the amount of PTX released from 

the CLA-coated SPIONs at pH 7.4 and 6.8, representative of physiological pH and a tumor 

microenvironment (TME), respectively (Adeyemi et al., 2019). The PTX release over 24 h is 

presented in Figure 3.7. Evidently, the release of PTX was relatively higher at pH 6.8 than pH 

7.4. A maximum cumulative release of 94% was obtained over 12 h at pH 6.8, indicating 

sufficient sustained release of PTX from the CLA coating, which is attributed to the disruption 

of the CLA-PTX hydrophobic interaction at a relatively acidic pH of 6.8 over time, resulting in 

PTX release. A similar observation was reported with PTX-loaded SPIONs coated with GMO 

(Dilnawaz et al., 2010; Wulandari et al., 2019). The cumulative drug release at pH 7.4 was 

<18%, implying that the CLA-coated PTX-SPIONs has the potential to control the release of 

PTX to lung cancer tumors (as indicated by the higher PTX release at pH 6.8) while having 

minimal cytotoxicity to healthy cells (evidenced by lower drug release at physiological pH of 

7.4). Furthermore, shielding of PTX at pH 7.4 shows the potential of the nanosystem to 

enhance the bioavailability of PTX. 
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Figure 3.7. In vitro PTX release profiles from the CLA-coated PTX-SPIONs at pH 6.8 and pH 

7.4. Data from experiments are presented as the mean ± SD, n = 3. 

 

3.3.8. Evaluation of the anti-proliferative activity of the CLA-Coated PTX-SPIONs on 

A549 cancer cells 

The MTT assay was used to evaluate the cytotoxicity of the CLA-coated PTX-SPIONs in a 

lung adenocarcinoma cell line (A549) by measuring cell viability after 72 h of treatment. Cells 

were treated with varying concentrations (3.215 – 100 µg/mL) of pristine SPIONs, 10E, 12Z 

CLA, and CLA-coated PTX-SPIONs, while pristine PTX was used as a positive control (Figure 

3.8). The % cell viability for cells treated with pristine SPIONs was comparatively higher after 

72 h, with 95.5% and 91.3% obtained at the lowest and highest treatment concentration, 

respectively. This indicated that the pristine SPIONs did not have significant cytotoxicity on 

A549 cells. This further validated the use of SPIONs as bio-imaging agents in cancer 

diagnosis, since they do not confer any significant harm to cells. Generally, SPIONs are 

applied in magnetic resonance imaging (MRI) for bio-imaging because of their excellent image 

contrasting properties attributed to their inherent magnetism (Khizar et al., 2021). The anti-

proliferative activity of pristine 10E, 12Z CLA was observed, with recorded 69.8% cell viability 

of A549 cells at highest treatment concentration (100 µg/mL) after 72 h. This showed that 10E, 

12Z CLA resulted in 30.2% inhibition of lung adenocarcinoma cells, and adds to previous 
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works which have demonstrated that 10E, 12Z CLA suppresses cancer proliferation (Flowers 

and Thompson, 2009; Ochoa et al., 2004; Zhang et al., 2018). 

 
Treatment with the CLA-coated PTX-SPIONs highly suppressed A549 cell proliferation after 

72 h in a dose-dependent manner (Figure 3.8a). Treatment at highest concentration (100 

µg/mL) resulted in only 17.1% cell viability and treatment with the lowest concentration (3.125 

µg/mL) resulted in 24.2% viability. Interestingly, when compared to the pristine PTX (Figure 

3.8b), treatment with lower concentrations of CLA-coated PTX-SPIONs, 3.125 and 6.25 

µg/mL, yielded a % cell viability of 24.2% and 21.6%, respectively. This demonstrated the 

enhanced anti-proliferative activity than recorded from the highest concentration of pristine 

PTX (10 µg/mL), which resulted in a cell viability of 25.3%. Essentially, this showed that a 

smaller dose of the CLA-coated PTX-SPIONs would be sufficient to elicit equivalent anti-

proliferative activity as exerted by a ~3-fold dose of pristine PTX. The results then suggest 

that the CLA-coated PTX-SPIONs enhance the efficacy of PTX in suppressing A549 cell 

proliferation. The IC50 of PTX and the CLA-coated PTX-SPIONs were measured to be 0.7 and 

0.3 µg/mL, respectively. This substantiates the comparatively higher anti-proliferative activity 

of the CLA-coated PTX-SPIONs as evidenced by the lower % cell viability compared to pristine 

PTX. An IC50 of 0.9 µg/mL for pristine PTX in A549 cells has been reported previously by Jiang 

et al. (Jiang et al., 2013), thus demonstrating that pristine PTX employed in this study had 

comparable cytotoxicity. 

 
The enhanced anti-proliferative activity of the CLA-coated PTX-SPIONs observed is attributed 

to the presence of the CLA coating onto the SPIONs. The two biologically active isomers of 

CLA (10E, 12Z and 9Z,11E CLA) have been previously reported to confer anticancer activity, 

with studies suggesting that in combination they may suppress tumor growth via inhibition of 

DNA synthesis and modulation of lipid peroxidation, amongst other mechanisms (Evans et al., 

2010; Lee et al., 2005; Moreira et al., 2019; Rakib et al., 2013). As such, it is presumed that, 

in addition to acting as a surface coating agent that allowed maximal partitioning of PTX onto 

the SPIONs, 10E, 12Z CLA imparted additional anticancer action in tandem with PTX, thus 

resulting in the observed enhanced anti-proliferative activity on A549 cells. Additionally, the 

sustained release of PTX observed from the CLA-coated PTX-SPIONs (Figure 3.7) is directly 

linked to the outcome of the cell viability study, demonstrating that the prolonged release of 

PTX over time results in enhanced cytotoxicity. 
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Figure 3.8. Profiles showing % cell viability of lung adenocarcinoma cells (A549) treated with 

varying concentrations of (a) pristine SPIONs (negative control) and the CLA-coated PTX-

SPIONs, and (b) pristine PTX (equivalent to 10% PTX in the nanosystem, corresponding to 

~10% DLC) (positive control) after 72 h. Concentrations of pristine PTX correspond to 10% 

DLC (match the actual amount of PTX loaded onto CLA-coated SPIONs). Data presented as 

mean ± SD, n = 3 (**** denotes p < 0.0001, when CLA-coated PTX-SPIONs is compared to 

SPIONs and CLA at the same concentrations). 
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3.4. Concluding Remarks 

Essentially, the aim of the work presented in this chapter was to fabricate novel CLA-coated 

PTX-SPIONs and carry out preliminary physicochemical characterization and assessment of 

in vitro anti-proliferative activity on A549 cells to establish the viability of the nanosystem as a 

potential candidate for the effective delivery of PTX in NSCLC management. Accordingly, 

SPIONs, which are purely magnetite (Fe3O4), were successfully synthesized, coated with 10E, 

12Z CLA, and loaded with PTX to formulate CLA-coated PTX-SPIONs with an desired particle 

size of <100 nm. The surface coating of SPIONs with 10E, 12Z CLA facilitated enhanced and 

efficient PTX adsorption (98.5%) via hydrophobic interactions. PTX was partitioned onto the 

CLA surrounding the SPIONs as confirmed by physicochemical characterization. Sustained 

release of PTX was achieved up to 94% in a simulated TME at pH 6.8 after 24 h with a 

significantly reduced release at pH 7.4 (physiological milieu). Thus, the fabrication method 

was found to be apt in terms of controlled and robust synthesis of the desired nanosystem.  

 

The A549 cells treated with CLA-coated PTX-SPIONs showed a comparatively lower viability 

compared to cells treated with pristine PTX, confirming the potential enhancement of the 

anticancer activity of PTX when loaded into the superparamagnetic nanosystem. Importantly, 

the superparamagnetic nature of the SPIONs was maintained throughout the formulation of 

CLA-coated PTX-SPIONs, which presents the nanosystem for consideration as a potential 

cancer theranostic tool (i.e., MRI imaging and PTX delivery). Primarily, the results from this 

work validate the proof-of-concept of using CLA as a coating agent onto SPIONs to enhance 

the activity of hydrophobic anticancer drugs with future optimization that could provide more 

active targeting in NSCLC. The functionalization of CLA-coated PTX-SPIONs with homing 

antiangiogenic peptides could optimize the nanosystem for active targeted delivery of PTX 

and inhibition of tumor angiogenesis. As such, the next chapter reports on a detailed 

fabrication methodology for surface-functionalization of CLA-coated PTX-SPIONs with an anti-

vascular endothelial growth factor (VEGF) peptide, for active VEGF receptor targeting and 

inhibition of angiogenesis in NSCLC.   
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4.1. Introduction 

The development of a targeted therapeutic modality with the ability to selectively target cancer 

biomarkers and deliver anticancer therapeutics to tumors is a coveted goal for effective 

management of non-small-cell lung carcinoma (NSCLC) (Salehi et al., 2020; Zhou et al., 

2021). Following the successful fabrication of a novel paclitaxel (PTX) delivery nanosystem 

with desirable physicochemical merits and a promising in vitro anti-proliferative action on lung 

adenocarcinoma cells (as presented in Chapter 3), in this chapter, a comprehensive design 

methodology is presented for the formulation of the antiangiogenic peptide-functionalized 

targeted PTX delivery nanosystem for targeting vascular endothelial growth factor receptors 

(VEGFRs) and inhibition of angiogenesis in NSCLC. Additionally, the relevant 

physicochemical characterization and in vitro cellular analyses are aptly presented.  

Over the years, conventional treatment modalities for NSCLC, including combinational 

chemotherapy, have been shown to be riddled with exigent shortcomings such as non-

specificity, high dosages, and intolerable side effects, which have culminated to their 

therapeutic plateau (Ngema et al., 2021; Ye et al., 2021). Particularly, PTX, as a first-line 

chemotherapeutic drug prescribed to NSCLC patients is challenged with poor solubility, short 

half-life, and undesired binding to tissue-proteins (Ye et al., 2021). Consequently, effective 

delivery strategies are needed to address these shortcomings. The approach of targeted 

nanomedicine presents a promising avenue which allows specific targeting of key tumor 

biomarkers and the delivery of drugs directly to target tumors (Raju et al., 2022).  

Angiogenesis is one of the crucial pathways in tumor growth, responsible for the provision of 

oxygen and key nutrients, promoting tumor vascularization and metastasis (Lugano et al., 

2020; Mashreghi et al., 2018). Therefore, the inhibition of angiogenesis through targeting of 

its biomarkers can potentially halt tumor proliferation and metastasis in NSCLC (Shukla et al., 

2020). Vascular endothelial growth factor, encompassing VEGF A – D, is a vital biomarker 

and regulator of angiogenesis involved in the stimulation of new blood vessel formation 

through binding to vascular endothelial growth receptors (VEGFR 1 – 3) (Lugano et al., 2020; 

Zirlik and Duyster, 2018). As such, antiangiogenic therapy has emerged as an effective 

therapeutic modality in the management of NSCLC through either blocking of VEGF/VEGFRs 
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binding or supressing VEGFR-mediated downstream signalling through tyrosine kinase 

inhibitors (Daum et al., 2021; Hu et al., 2022; Yuan et al., 2019).  

The peptide HRH (HRHTKQRHTALH) was first identified by Zhang et al., in 2017, and 

demonstrated high affinity for VEFGRs, both in vitro and in vivo (Zhang et al., 2017). The novel 

peptide was identified using VEGFR-Fc fusion protein from the Ph.D-12 phage library 

screening, and assessed for antiangiogenic activity on human umbilical vein endothelial cells, 

and alkali-burnt and suture-induced rat corneal models. HRH was found to be a mimotope that 

mimicked the binding sites of VEGF on VEGFRs, thus competitively inhibiting the binding of 

VEGF A, B, C to VEGFR 1 and 2, and subsequently halting angiogenesis (Zhang et al., 2017). 

Later, Chen et al., 2021, explored a chemically functionalized derivative of HRH to enable 

fabrication of nanofibers. The nanofibers demonstrated excellent in vitro and in vivo 

antiangiogenic activity relative to HRH administered at the same conditions (Chen et al., 2021) 

Ideally, the incorporation of HRH, as a homing peptide, onto a drug delivery nanosystem could 

yield an efficacious targeted nanomedicine, with the ability to target tumors (highly expressing 

VEGFRs) to block angiogenesis while releasing the anticancer drug, thus halting tumor growth 

and metastasis.  

In Chapter 3, we have reported on the formulation of novel trans-10,cis-12 conjugated linoleic 

acid (CLA)-coated superparamagnetic iron oxide nanoparticles (SPIONs) loaded with 

paclitaxel (PTX), designated CLA-coated PTX-SPIONs, as a potential nanomedicine with 

enhanced anti-proliferative activity for NSCLC intervention (Ngema et al., 2022). Essentially, 

SPIONs are favourable drug vehicles, presenting with high drug-loading capacity, 

compatibility, and smaller size (suitable for lung tumor penetration) (Reczyńska et al., 2020; 

Senapati et al., 2018). Interestingly, trans-10,cis-12 conjugated linoleic acid (10E, 12Z CLA) 

is a natural fatty acid exhibiting anticancer properties, shown to disrupt lipid uptake and 

metabolism in cancerous cells, resulting in suppression of cell growth (Dachev et al., 2021; 

den Hartigh, 2019; Zhang et al., 2018).  

Moreover, 10E, 12Z CLA is an excellent coating agent, allowing maximal partitioning of PTX, 

a hydrophobic anticancer drug, owing to its poor aqueous solubility (Anzai et al., 2017; Luo et 

al., 2010; Ngema et al., 2022). SPIONs coated with conjugated linoleic acid (CLA) have 

demonstrated enhanced antitumor activity against mouse breast cancer cells (4T1) (Muzio et 

al., 2017). Meanwhile, peptides generally exhibit high selectivity and good efficacy for 

biomedical application (Adeyemi and Choonara, 2022; Chen et al., 2021). This study reports 

on a holistic fabrication approach in achieving a targeted nanosystem that is safe by design, 

through the formulation of HRH-functionalized CLA-coated PTX-SPIONs (CLA-coated PTX-

SPIONs@HRH), and its in vitro evaluation. 
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4.2. Materials and Methods  

4.2.1. Materials 

Iron (II) chloride tetrahydrate (FeCl2∙4H2O), iron (III) chloride hexahydrate (FeCl3∙6H2O), 

sodium hydroxide (NaOH) pellets, conjugated (10E, 12Z)-linoleic acid solution in ethanol, 

Taxol®, meso-2,3-Dimercaptosuccinic acid (DMSA), 1-ethyl-3(3-dimethylaminopropyl) 

carbodiimide (EDC), N-hydroxysuccinimide (NHS), phosphate buffered saline (PBS) tablets, 

dimethylformamide (DMF),  4′,6-diamidino-2-phenylindole (DAPI), and fluorescein 5(6)-

isothiocyanate (FITC),  were procured from Sigma-Aldrich Corp. (St. Louis, MO, USA). Pristine 

PTX was sourced from DLD-Scientific (Durban, South Africa) The HRH peptide was 

purchased from Peptron Inc. (South Korea). All solvents were of analytical grade and were 

utilized as received. 

 

4.2.2. Methodology 

4.2.2.1. Fabrication of CLA-coated PTX-SPIONs  

The fabrication of CLA-coated PTX-SPIONs was achieved through a three-step process, as 

previously described in Chapter 3.2.2. Accordingly, SPIONs were fabricated by co-

precipitation method using FeCl3∙6H2O and FeCl2∙4H2O, 0.6mol and 0.3mol respectively, 

under inert atmosphere. Subsequently, SPIONs were coated with 10E, 12Z CLA, exploiting 

the carboxylic functionality of CLA, allowing chemisorption onto SPIONs surface. PTX self-

assembled loading was achieved, with PTX adsorbing onto CLA hydrophobic ends through 

spontaneous hydrophobic-hydrophobic interaction. A 10% (w/w) PTX was added into 100% 

CLA-coated SPIONs suspension for loading. PTX adsorption efficiency (%AE) and drug 

loading capacity (%DLC) were quantified using UV spectrophotometry (Cary™ 50, Varian Inc., 

Palo Alto, CA, USA), meanwhile, thermogravimetric analysis (TGA 4000, PerkinElmer Inc., 

Waltham, MA, USA) was employed to quantify CLA content (Ngema et al., 2022). 

 

4.2.2.2. Carboxylic acid functionalization of CLA-coated PTX-SPIONs 

CLA-coated PTX-SPIONs were further functionalized with carboxylic acid (-COOH) groups to 

allow HRH peptide conjugation, employing optimized methods by (Martins et al., 2021) and 

(Dilnawaz et al., 2010), with modifications.  Briefly, 1.6 M DMSA was prepared in DMF, and 

20 mg CLA-coated PTX-SPIONs was added into 450 µL DMSA solution. The mixture was 

kept under continuous stirring at 300 rpm (Magnetic Stirrer MSH10, Labcon, Johannesburg, 

SA) for 24 h to allow thorough functionalization, and thereafter centrifuged for 20 min at 13 800 

rpm, 10°C (TC-MiniSpin Centrifuge, TopScien, Ningbo, China) with three subsequent washes 
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with ethanol. The functionalized sample was lyophilized, and analyzed by Fourier Transform 

Infrared (FTIR) spectroscopy (Spectrum 100, PerkinElmer Inc., Waltham, MA, USA) and 

double titration method to confirm functionalization and determine acid number, respectively. 

 

4.2.2.3. Free carboxylic acid groups quantification 

The amount of free –COOH on the surface of CLA-coated PTX-SPIONs, following DMSA 

coupling, was determined using a double titration method (Dilnawaz et al., 2010; Garkhal et 

al., 2007). This was done to ascertain the presence of –COOH groups and estimate the 

concentration of EDC/NHS needed for optimal HRH conjugation. A 15 mg lyophilized sample 

of CLA-coated PTX-SPIONs-DMSA was suspended in 5 mL 1N NaOH to generate free COOH 

ends, for 30 min. The nanoparticles were washed three times by centrifugation at 13 800 rpm 

(TC-MiniSpin Centrifuge, TopScien, Ningbo, China) for 20 min at 10°C with deionized water, 

then lyophilized. The sample was collected into 5 mL deionized water and titrated to an 

endpoint with oxalic acid standardized solution of NaOH. The acid number (A) was computed 

using equation 4.1: 

                                               A = 
𝑉𝑡 × 𝑁 ×𝑀𝑤

𝑤
                                                            (Equation 4.1) 

where Vt  is the required titration volume (mL), N is NaOH normality, Mw is the molecular 

weight of NaOH, and w is the weight of the nanoparticles (g). 

 

4.2.2.4. HRH peptide conjugation to CLA-coated PTX-SPIONs 

HRH was conjugated to COOH-functionalized CLA-coated PTX-SPIONs by employing the 

chemistry of EDC and NHS (Adeyemi et al., 2019; Dilnawaz et al., 2010; Pugliese and Gelain, 

2020). Briefly, EDC in conjunction with NHS allows for 2-step coupling of peptides, where EDC 

activates carboxyl groups and couples NHS to carboxyls, forming a stable NHS ester which 

favours efficient peptide conjugation. A sample of functionalized CLA-coated PTX-SPIONs (10 

mg) was added to 5 mL of 0.01 M PBS, pH 7.4. Solutions of NHS and EDC (15 mM each) 

were timely prepared, and 250 µL of each solution was added into the sample. The 

concentration of EDC/NHS was fixed at 1:0.5 molar ratio to free –COOH (as per calculated 

acid numbers). The mixture was then stirred at 200 rpm (Magnetic Stirrer MSH10, Labcon, 

Johannesburg, SA) at room temperature for 4 h. A magnetic decantation was performed to 

remove the supernatant, followed by addition of 3 mL 0.01 M PBS (pH 7.4) and 300 µL HRH 

(1 mg/mL) into the pellet. This was acclimatized at room temperature (2 h) prior to overnight 

incubation at 4 °C. Subsequently, the sample was precipitated using a permanent magnet, 

washed with PBS (3 times) to remove unbound peptide, and the supernatant was collected to 

determine %HRH conjugation. The sample was air dried at room temperature and the attained 
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CLA-coated PTX-SPIONs@HRH were further characterized. The % HRH conjugation was 

determined using a prepared standard plot of HRH concentrations (5 – 30 µg/mL) on a UV 

spectrophotometer (Cary™ 50, Varian Inc., Palo Alto, CA, USA) at 280 nm, using the formula 

in equation 4.2: 

 

              % HRH conjugation = 
𝑃𝑡−𝑃𝑠

𝑃𝑡
 × 100                                    (Equation 4.2) 

 where 𝑃𝑡 is the total amount of peptide added and 𝑃𝑠 is the amount of unbound peptide in the 

supernatant, in mg. 

 

4.2.3. Physicochemical characterization of CLA-coated PTX-SPIONs@HRH 

4.2.3.1. Assessment of chemical functionality and functional transformations 

Chemical composition of individual materials and functional transformations in the combined 

components of CLA-coated PTX-SPIONs@HRH were assessed using the Fourier Transform 

Infrared (FTIR) spectroscopy (Spectrum 100, PerkinElmer Inc., Waltham, MA, USA). The 

analysis was conducted with the set conditions in place; 4000 – 550 cm-1, 120 psi, and 20 

scans (Ngema et al., 2022). 

 

4.2.3.2. Analysis of particle hydrodynamic size, polydispersity index and zeta potential 

The average hydrodynamic size, polydispersity index (PDI) and zeta potential (surface 

charge) of CLA-coated PTX-SPIONs@HRH were ascertained using a dynamic ZetaSizer 

instrument (NanoZS, Malvern Panalytical, Malvern, UK). Dynamic light scattering 

measurements were recorded from a sample (10 µg suspended in 1 mL distilled water) to 

confirm the particle size and PDI, while phase-analysis light scattering measurements 

confirmed the zeta potential. The analyses were conducted at 25°C using a disposable cuvette 

and a DTS 1070 cuvette, for size/PDI and zeta potential, respectively. The sample was first 

sonicated (Sonics Vibra Cell, Newtown, CT, USA) for 10 min prior analyses. 

 

4.2.3.3. Assessment of overall morphology 

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) were 

employed to assess the overall morphology of CLA-coated PTX-SPIONs@HRH. An aliquot 

was withdrawn from the sample that was previously measured for hydrodynamic size, and 

was allowed to dry on a specimen stub and coated twice with gold palladium (AuPd) for SEM 

analysis (ZEISS Electron Microscopy, Carl Zeiss Microscopy Ltd., Cambridge, UK). 

Meanwhile, preparation for TEM analysis involved dipping a carbon-coated 200-mesh copper 
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grid into a sample suspension and dried overnight before analysis (FEI™ Tecnai T12 120 kV, 

FEI Technologies Inc., Hillsboro, OR, USA). 

 

4.2.4. In vitro analyses of CLA-coated PTX-SPIONs@HRH 

4.2.4.1. In vitro PTX release from CLA-coated PTX-SPIONs@HRH 

The release of PTX from CLA-coated PTX-SPIONs@HRH was evaluated at physiological pH 

(7.4) as well as tumor microenvironment-mimicking pH (6.8) (Adeyemi et al., 2019). A 3 mg 

sample of CLA-coated PTX-SPIONs@HRH was dispersed in 2.5 mL of each prepared 0.1 M 

buffer (pH 6.8 and 7.4) conditioned with 0.1% v/v tween, in a dialysis membrane 

(SnakeSkin™, 3 500 MWCO). The membrane only permitted the release of PTX into the 

release buffer over 24 h in a 37°C orbital shaker (YIHDER LM-530, YIHDER Co., Lt., Taipei, 

Taiwan). The amount of PTX released at t = 1, 2, 4, 8, 12, 16, and 24 h was calculated against 

the standard curve at 227 nm (Cary™ 50, Varian Inc., Palo Alto, CA, USA). Medium 

replenishment with equivalent sampling volume (2 mL) after each sampling point was carried 

out at all sampling points. 

 

4.2.4.2. Anti-proliferative activity assessment on lung adenocarcinoma 

Lung adenocarcinoma (A549) cell line (Cellonex, Johannesburg, South Africa) was employed 

to assess the viability of the cells post-treatment with CLA-coated PTX-SPIONs@HRH, over 

72 h. A standard 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) Cell 

Proliferation Kit I protocol was followed (Roche, Basel, Switzerland). A549 cells were cultured 

in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% v/v Foetal Bovine 

Serum (FBS) and penicillin-streptomycin antibiotic (1% v/v) in a T-25 culture flask. The cells 

were incubated at 37°C, 5% CO2 saturation, and humid environment until reaching a 

confluence of 90%. Cells were then seeded (2.5 × 104 cells/ml) in a 96-well plate, with each 

well containing 90 µL cell suspension, and incubated for 24 h (37°C, 5% CO2) for optimal 

cellular adherence. Treatment concentrations of 25, 50, and 100 µg/mL CLA-coated PTX-

SPIONs and CLA-coated PTX-SPIONs@HRH were prepared in PBS and experimental cells 

treated (n=3) with 10 µL while control cells were left untreated. The cells were incubated for 

72 h (37°C, 5% CO2, humidity) before the viability assay could be carried out. Accordingly, 

after 72 h incubation, 10 µL of MTT solution (5 mg/mL) was added into wells and the plate 

incubated for 4 h as before. Thereafter, formed formazan crystals were dissolved with acid-

isopropanol solubilizing agent (100 µL) overnight under incubation. The plate was then 

analyzed using a multimodal microplate reader (Victor X3, PerkinElmer, Waltham, MA, USA) 

by measuring the absorbance at 570 nm. Plate wells with only growth medium and solubilizing 
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agent were sampled as a blank. The % cell viability (CV) was calculated from the absorbance 

readings (mean±standard deviation) using the formula (equation 4.3): 

                                 % CV = 
𝐴𝑡𝑒𝑠𝑡 − 𝐴𝑏𝑙𝑎𝑛𝑘

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑙𝑎𝑛𝑘
× 100                                                 (Equation 4.3) 

 where 𝐴𝑡𝑒𝑠𝑡, 𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙, and 𝐴𝑏𝑙𝑎𝑛𝑘 are test absorbance, control absorbance, and blank 

absorbance, respectively, in nm (620 nm reference wavelength). 

 

4.2.4.3. Evaluation of cellular uptake and internalization by lung adenocarcinoma cells  

FITC-labelled CLA-coated PTX-SPIONs@HRH were prepared using a modified 

encapsulation method described by Kumar and Srivastava (2018) (Kumar and Srivastava, 

2018). Briefly, FITC (1 mg) was dissolved in 1 mL dichloromethane and methanol (50:50), and 

the solution was added dropwise into a nanoformulation suspension (2.5 mg in 5 mL distilled 

water). The sample was stirred at 300 rpm for 15 min (Magnetic Stirrer MSH10, Labcon, 

Johannesburg, SA) in the dark and at room temperature to evaporate the solvent. The sample 

was then centrifuged three times at 14 000 rpm for 20 min, 10°C (TC-MiniSpin Centrifuge, 

TopScien, Ningbo, China), with subsequent washing (distilled water) to remove unbound 

FITC. The FITC-labelled nanoformulation was collected and stored away from light.  

The model A549 cell line was cultured as described above (4.2.4.2) and employed for the 

uptake and internalization study. Cells were seeded (5 × 104 cells/mL) on presterilized cover 

slips in a 6-well plate, with each well containing 800 µL cell suspension, and incubated for 24 

h at 37°C and 5% CO2. After incubation, experimental cells were treated with 200 µL of FITC-

labelled nanoformulation (1 mg/mL in PBS) and further incubated for another 24 h, while 

control cells were not treated. After 24 h, all wells were spiked with 500 µL of 4% 

paraformaldehyde (PFA) for 2 min to acclimatise the cells to the fixation solution. Thereafter, 

the media was decanted and cells were fixed with 1 mL 4% PFA for 20 min. The cells were 

washed 4 times with 2 mL 1X PBS, and stained with DAPI (300 µL; 300 nM) followed by 

incubation for 5 min in the dark at room temperature. The stained cells on cover slips were 

further washed 4 times with 1X PBS, and then cover slips mounted on glass slides with 80% 

v/v cooled glycerol, and allowed to dry before microscopy analysis. A compound fluorescent 

microscope (Olympus IX51, Olympus Corporation, Tokyo, Japan) was used to view and 

capture images of the cells at 517 nm green fluorescence excitation (FITC) and 461 nm blue 

fluorescence excitation (DAPI) using the super 40X objective lens. 
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4.2.4.4. Assessment of VEGFR targeting using Enzyme-linked Immunosorbent Assay 

(ELISA) 

A human dermal microvascular endothelial cell line (HMEC-1) (Separation Scientific SA Pty. 

Ltd, Johannesburg, South Africa) was employed for the evaluation of VEGFR targeting by 

CLA-coated PTX-SPIONs@HRH, using a direct Human VEGF-A ELISA Kit (Invitrogen, 

Thermo Fisher Scientific Corporation, Waltham, MA, USA). HMEC-1 cells were cultured in a 

special MCDB 131 medium supplemented with 10 ng/mL human EGF recombinant protein, 1 

µg/mL hydrocortisone, 10 nM L-glutamine, and 10% v/v FBS. The cells were incubated in a 

T-25 culture flask at 37°C, 5% CO2 saturation, and humid environment. At 90% confluence, 

cells were seeded (5 × 104 density) in two 6-well plates, with each well containing 800 µL cell 

suspension, and incubated for 24 h to attach. Thereafter, cells were treated in triplicate with 

200 µL of 50 µg/mL CLA-coated PTX-SPIONs@HRH and CLA-coated PTX-SPIONs for 24 h 

under incubation. The control cells were not treated. After 24 h of incubation, 1 mL of cell 

media supernatant was collected, placed on ice, and centrifuged at 13 000 rpm, 4°C for 20 

min (Eppendorf™ Centrifuge 5415R, Merck, Darmstadt, Germany). The supernatant was then 

used for VEGF-A ELISA analysis as per the manufacturer’s protocol, with the absorbance 

recorded at 450 nm using a multimodal microplate reader (Victor X3, PerkinElmer, Waltham, 

MA, USA).  

 

4.2.5. Statistical analysis 

A two-tailed Student’s t-test was applied to statistically analyze the data on GraphPad prism 

9 (GraphPad Software, Inc., San Diego, CA, USA), with p< 0.05 deemed statistically 

significant. Data are reported as mean values of biological triplicates (n=3) ± standard 

deviation. 

 

4.3. Results and Discussion 

4.3.1. Fabrication of CLA-coated PTX-SPIONs@HRH 

A CLA-coated PTX-SPIONs@HRH nanosystem was successfully fabricated from black 

powdered, purely magnetite SPIONs (Fe3O4) synthesized from iron chloride salts, coated with 

a hydrophobic 10E, 12Z CLA isomer, partitioned with hydrophobic PTX, and functionalized 

with HRH peptide via a DMSA-aided EDC/NHS chemistry conjugation (Figure 4.1). 

Essentially, surface modification is key in the application of SPIONs as anticancer drug 

vehicles as it allows customization of SPIONs according to tumor specificity (Reczyńska et al., 

2020). Primarily, SPIONs synthesized via co-precipitation method have excess surface OH- 

groups that can be manipulated to achieve desired surface modifications, via chemisorption 
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chemistry (Dilnawaz et al., 2010; Ngema et al., 2022). Accordingly, the active carboxyl group 

and inherent crosslinking activity of 10E, 12Z CLA was exploited for chemisorption onto the 

SPIONs for surface coating, while the hydrophobicity of the isomer allowed adsorption of 

hydrophobic PTX.  

 
Fundamentally, the understanding of the coating material (polymer), as well as the loading 

technique are very critical in drug loading, in order to maximize drug entrapment, ensure that 

the functionality of the drug is not comprised, and achieve sustained release of the drug at the 

target site (Adepu and Ramakrishna, 2021). The content of 10E, 12Z CLA coated onto 

SPIONs was found to be 10.3%, which resulted in PTX adsorption efficiency of 98.5% and 

9.8% DLC (amount of PTX per unit mass of nanoformulation). The %AE and %DLC (98.5 and 

9.8%, respectively) indicated the superiority of 10E, 12Z CLA as a suited partitioning agent for 

PTX, and arguably for other hydrophobic anticancer drugs, and supports the concept that 

SPIONs offer high drug loading capacity (Kovrigina et al., 2022; Ngema et al., 2021). 

Moreover, the latter could be confirmed from the present study, considering that 10% (w/w) 

PTX was applied in the loading process, and 9.8% was found to be successfully loaded onto 

CLA-coated SPIONs. 

 

Carboxylic acid functionalization by DMSA was a crucial step in the fabrication of CLA-coated 

PTX-SPIONs@HRH, which required the use of a polar aprotic solvent DMF to enable DMSA 

grafting (via hydrogen bonding) onto SPIONs. Ideally, a polar aprotic solvent allows the 

coupling reaction to occur without it partaking in hydrogen bonding with the nucleophile 

(Bucholz and Loo, 2008). The number of free –COOH was ascertained to be 63.7 per gram of 

CLA-coated PTX-SPIONs which could be expected from 1.6 M of DMSA. Dilnawaz et al., 2010 

previously reported acid numbers from 8 per gram of glycerol monooleate (GMO)-coated 

Fe3O4 when 0.2 M DMSA was used, up to 130 acid number with increase in DMSA 

concentration, however noted that once binding saturation is reached, even the increase in 

DMSA concentration does not significantly alter acid numbers (Dilnawaz et al., 2010). Another 

study by Garkhal et al., reported acid number of 44.4 for conjugation of P-15 peptide on poly(L-

lactide-co-𝜀-caprolactone) modified microspheres (Garkhal et al., 2007). The molar ratio of 

EDC/NHS to free –COOH was fixed at 1:0.5 to allow adequate activation of the –COOH 

groups and conjugation of HRH peptide. The methodology exhibited high efficacy with a 

recorded %HRH conjugation of 66.6%. The successful conjugation of HRH peptide was also 

evident from the qualitative FTIR analysis (Figure 4.2e).  
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Figure 4.1. Schematic representation of the fabrication methodology of CLA-coated PTX-

SPIONs@HRH (not drawn to actual scale). The coating of SPIONs with 10E, 12Z is through 

chemisorption via –COOH of CLA and –OH on SPIONs surface (1). PTX loading onto CLA-

coated SPIONs is via a spontaneous hydrophobic-hydrophobic interaction between CLA and 

PTX (2). The physical functionalization of the SPIONs surface with DMSA was carried out in 

DMF to favour the formation of hydrogen bonding between the –COOH groups in DMSA and 

available adsorbed –OH groups on SPIONs surface (3) (Galli et al., 2017; Walter et al., 2015). 

Subsequently, the HRH peptide has a reactive –NH2 terminal which enabled conjugation to 

surface bound –COO- groups on SPIONs after EDC/NHS activation (4). 

   
 
4.3.2. Particle size and overall morphological analysis of CLA-coated PTX-

SPIONs@HRH 

The average hydrodynamic size and zeta potential of formulated CLA-coated PTX-

SPIONs@HRH was found to be 108.5 ± 3.5 nm and -30.4 ± 2.3 mV, respectively (Figure 4.2a, 

b), with a polydispersity index (PDI) of 0.2 ± 0.01. The zeta potential and PDI revealed that 

CLA-coated PTX-SPIONs@HRH exhibited colloidal stability with reduced aggregation in 

aqueous media, which fits the criteria for biomedical application (Marins et al., 2018). 

Interestingly, the particle size obtained is relatively smaller compared to other reported ligand-

functionalized targeted nanosystems for NSCLC, such as tumor homing peptide LYP-1 

functionalized liposome nanoparticles (tLYP-1-PEG-NPs; 188 nm) by Jin et al., (Jin et al., 

2018) and an antibody modified targeted nanostructured carrier (Flk-1-DSPE-PEG-NH2-NLC; 

168 nm) by Liu et al., (Liu et al., 2011) amongst others. Essentially, the smaller particle size is 

ideal for lung tumor penetration (Wang et al., 2022). The overall morphology, as examined by 

SEM and TEM (Figure 4.2c, d), revealed a quasi-spherical shape for CLA-coated PTX-

SPIONs@HRH, with a slightly rugged surface, and nm size range. The quasi-spherical shape 



85 
 

could be attributed to surface modification by DMSA, with short chains of DMSA around the 

spherical iron oxide imparting the quasi-spherical conformation, as mostly reported for DMSA-

modified iron oxide nanoparticles (Song et al., 2017; Sun et al., 2015). 

 

 

Figure 4.2. A graphical representation of (a) average hydrodynamic size and (b) zeta potential 

of CLA-coated PTX-SPIONs@HRH, with corresponding morphological depiction by (c) SEM 

viewed at 300 nm (magnification = 81.75 KX) and (d) TEM viewed at 150 nm scale 

(magnification = 73000 X). Captured micrographs show quasi-spherical shaped nanoparticles 

in the nm size range, and within the specified average size, as shown by the scale bars. 

 
4.3.3. Assessment of chemical composition and functional transformations of CLA-

coated PTX-SPIONs@HRH 

The chemical composition of CLA-coated PTX-SPIONs, DMSA, and HRH, as well as 

functional transformations towards the formation of CLA-coated PTX-SPIONs@HRH were 

ascertained by FTIR spectroscopy. Essentially, FTIR spectroscopy has proven to be a robust 
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technique for immediate identification of functional groups in compounds, and characterization 

of bond formations (Galli et al., 2017). The FTIR spectra obtained in the present study are 

shown in Figure 4.3a-e. The spectrum for CLA-coated PTX-SPIONs (Figure 4.3a) exhibited 

characteristic PTX peaks at 3479 cm-1 and 1244 cm-1 (belonging to –OH and ester groups, 

respectively), characteristic 10E, 12Z CLA peaks around  2922 – 2852 cm-1 belonging to 

symmetric and asymmetric –CH2 stretch vibrations, and 1608 cm-1 belonging to a CH3 bending, 

as well as an iron oxide (Fe-O) peak at around 580 cm-1 (Akilo et al., 2016; Muzio et al., 2017; 

Zhao et al., 2015). Characteristic peaks of DMSA (Figure 4.3b) were observed at 2561 cm-1 

and 1685 cm-1 attributed to the thiol (–SH) and C=O of the carboxyl groups, respectively 

(Çitoğlu et al., 2021). 

  
In a spectrum of CLA-coated PTX-SPIONs-DMSA (Figure 4.3c), a split in the C=O peak of 

DMSA to 1685 cm-1 and 1647 cm-1 was observed, presumably belonging to the stretching 

vibrations of the carboxylate (COO-) ions due to DMSA linkage onto SPIONs surface via the 

carboxyl group (Figure 4.1) (Çitoğlu et al., 2021; Tsoukalas et al., 2018). A spectrum of pure 

HRH peptide (Figure 4.3d) exhibited characteristic peaks at around 3276 cm-1, 1654 - 1619 

cm-1, and 1261 - 1255 cm-1 attributed to the terminus primary amine (–NH2), C=O stretch, and 

peptide bond (C-N) stretch, respectively (Rinawati et al., 2015; Sebben and Pendleton, 2014). 

Meanwhile, CLA-coated PTX-SPIONs@HRH (Figure 4.3e) exhibited major characteristic 

peaks of all starting materials (red rectangle), with overlapping bands at ~1652 cm-1 and 1570 

cm-1 attributed to amide I and II, respectively (Ji et al., 2020). Particularly, the amide II 

[R’C(=O)NHR] band could be associated with HRH conjugation via –NH2 onto activated COO- 

afforded by DMSA (Figure 4.1). Moreover, a new broad band at 3302 cm-1 was identified (red 

circle), attributed to N-H stretching resulting from HRH conjugation, meanwhile a shift in C-N 

stretch (~1028 cm-1)  could be associated with increasing peptide bonds, owing to new amide 

II bond formation. This qualitatively confirmed the conjugation of HRH peptide onto the 

nanosystem, and together with the plausible %HRH conjugation obtained supports the 

effectiveness of the method for binding of HRH peptide onto the surface of CLA-coated PTX-

SPIONs. 
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Figure 4.3. Functional group mapping by FTIR spectroscopy showing identified characteristic 

functionality of (a) CLA-coated PTX-SPIONs, (b) DMSA, (c) CLA-coated PTX-SPIONs-DMSA, 

(d) HRH, and (e) CLA-coated PTX-SPIONs@HRH. On the right is the pan image at 2000 – 

1000 cm-1. 

 

4.3.4. In vitro PTX release kinetics from CLA-coated PTX-SPIONs@HRH 

The in vitro release profile of PTX from CLA-coated PTX-SPIONs@HRH over 24 h is 

presented in Figure 4.4. The fabricated nanosystem exhibited a sustained PTX release at pH 

6.8, with maximal cumulative release of 99.4% recorded at 16 h. The sustained PTX release 

at acidic pH is consistent with previous studies which have reported a similar release 

behaviour when PTX is loaded onto fatty acids such as oleic acid and its derivatives 

(Wulandari et al., 2019; Zhang et al., 2021). The high and sustained release of PTX at pH 6.8 

could be attributed to the weakening of the hydrophobic-hydrophobic strength between 

CLA~PTX at relatively acidic pH, thus allowing PTX to detach from CLA ends and is released 

over time (Ngema et al., 2022). Meanwhile, the PTX release was comparatively lower at 

physiological pH 7.4, with only 19.6% of PTX released in over 24 h. This low cumulative 

release rate relates to the stability of the hydrophobic CLA~PTX interaction at physiological 

pH, keeping PTX intact over time. The initial release at the first hour was 11.4%, and only 

19.6% of PTX was released at 24 h, which is even lower than the release in the first h (25.9%) 
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at pH 6.8. Primarily, the overall in vitro release data suggest that the release of PTX from the 

CLA-coated PTX-SPIONs@HRH nanosystem is site-specific. 

 

 

 

Figure 4.4. In vitro cumulative release of PTX at pH 6.8 and pH 7.4 over 24 h. Data presented 

as mean ± SD of three sample analyses (n=3) per time point. 

 

4.3.5. Anti-proliferative activity of CLA-coated PTX-SPIONs@HRH on A549 lung 

adenocarcinoma cells   

The anti-proliferative activity of CLA-coated PTX-SPIONs@HRH was assessed on A549 lung 

adenocarcinoma cells, and the treatment response (% cell viability) was recorded and is 

presented in Figure 4.5. The anti-proliferative activity was found to be concentration 

dependent, with a decrease in % cell viability as the concentration increased. The highest 

treatment concentration (100 µg/mL) with CLA-coated PTX-SPIONs@HRH and CLA-coated 

PTX-SPIONs yielded a % cell viability of 12.8% and 17.1%, respectively. Meanwhile, the cells 

treated with the lowest concentration (25 µg/mL) of CLA-coated PTX-SPIONs@HRH and 

CLA-coated PTX-SPIONs had a % cell viability of 17.8% and 19.3%, respectively. This 

showed that both formulations comparatively supressed A549 cell proliferation over 72 h, 

however, CLA-coated PTX-SPIONs@HRH resulted in an enhanced suppression of A549 

cells, which is attributed to the effect of HRH peptide on cancer cell proliferation. There is 

already compelling evidence in literature that HRH peptide suppresses cancer cell proliferation 

in vitro by halting angiogenesis (Zhang et al., 2017). Moreover, the results obtained support 

our previous findings in Chapter 3 which showed that CLA-coated PTX-SPIONs confer 
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enhanced anti-proliferative activity against A549 cells owing to additional anticancer activity of 

10E, 12Z CLA in synergy with PTX. 

 

 

 
Figure 4.5. Cell viability (%) profile of A549 cells following treatment with varying 

concentrations of CLA-coated PTX-SPIONs and CLA-coated PTX-SPIONs over 72 h. The 

treatment concentrations were based on the concentrations that could yield distinguishable 

outcome between the HRH-functionalized and non-functionalized nanosystem, to discern the 

effect of the peptide. Data computed as mean ± SD, n=3 (*** denotes p < 0.001 compared to 

treatment groups at each concentration, * denotes p < 0.05 amongst all concentrations, and 

# depicts p < 0.05 against CLA-coated PTX-SPIONs at a specified concentration). 

 

4.3.6. Cellular uptake and internalization of CLA-coated PTX-SPIONs@HRH 

A high uptake of CLA-coated PTX-SPIONs@HRH, sufficient to cause detrimental nuclei 

damage was observed in model A549 lung adenocarcinoma cells (Figure 4.6). The DAPI 

staining (blue fluorescence) was solely employed to visualize the nuclei of untreated cells 

(Figure 4.6a) and treated cells (Figure 4.6c). Meanwhile, FITC (green fluorescence) was used 

to visualize the nanoformulation (Figure 4.6b) and track the cellular uptake, as shown on the 

superimposed (DAPI+FITC) micrograph in (Figure 4.6d). The proximity of the green 

fluorescence to the blue fluorescence (Figure 4.6d) compellingly showed that the 

nanoformulation was internalized and reached the nuclei of the cells. CLA-coated PTX-

SPIONs@HRH could be visualized within the cells, engulfing the nuclei and rupturing the 

nuclei architecture (red boxes), subsequently resulting in presumed cell death. This revelation 

compliments and further explains the superlative anti-proliferative activity exhibited by CLA-

coated PTX-SPIONs@HRH, as recorded on the MTT assay. Essentially, the high uptake of 
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CLA-coated PTX-SPIONs@HRH observed could be attributed to the preferential binding of 

HRH onto VEGF receptors on the cellular surface, thus facilitating a receptor-mediated 

internalization by A549 cells. Moreover, the presence of 10E, 12Z could be assumed to have 

played a role in increasing the affinity of A549 cells for CLA-coated PTX-SPIONs@HRH, as 

cancer cells normally take up essential fatty acids as energy source (Currie et al., 2013). 

Similarly, the smaller size of the nanoparticles could have favoured the uptake by the cells 

(Shang et al., 2014).  

 

 

 

Figure 4.6. Fluorescent micrographs from a CLSM, showing (a) intact nuclei of untreated 

control cells, (b) visualization of FITC-labelled CLA-coated PTX-SPIONs@HRH on treated 

cells, (c) ruptured nuclei of treated cells, and (d) overlay of DAPI and FITC showing the uptake 

of CLA-coated PTX-SPIONs@HRH by A549 lung adenocarcinoma cells. The ruptured nuclei 

architecture of treated cells (red boxes) could be distinguished from the normal nuclei 

architecture of untreated cells. 

 

4.3.7. Quantification of VEGF-A levels via ELISA   

VEGF-A predominantly regulates angiogenesis and its levels are perfectly maintained in 

endothelial cells, such that even a slight change may result in lethality (Abhinand et al., 2016). 

Herein, the levels of VEGF-A were quantified from endothelial cells (HMEC-1) treated with 
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nanoformulations (with and without HRH peptide) as a measure of antiangiogenic activity 

through VEGFR blockage. The VEGF-A ELISA concentration plot is presented in Figure 4.7. 

The levels of secreted VEGF-A varied amongst the groups after 24 h, ranging from 35.6 – 

53.1 pg/mL. This range could be expected from the endothelial cells as a marker of 

physiological angiogenesis rather than a pathological angiogenesis (i.e., in cancer and other 

diseases). It is reported that the over expression of VEGF in cancerous cells could be 

quantified at much elevated levels of about 310 pg/mL and above (Kut et al., 2007; Truelsen 

et al., 2021). 

 
The level of VEGF-A from untreated cells was 46.9 pg/mL while that from cells treated with 

CLA-coated PTX-SPIONs and CLA-coated PTX-SPIONs@HRH was 53.1 pg/mL and 35.6 

pg/mL, respectively. A significant decline in VEGF-A levels in cells treated with CLA-coated 

PTX-SPIONs@HRH compared to untreated cells is indicative of a possible disruption in 

normal VEGF-A/VEGFR signalling. Fundamentally, growing cells continuously secrete VEGF-

A which binds to VEGFR 2 for further growth and migration, since VEGFR 1 has minimal 

kinase activity (Shibuya, 2011). Since VEGF-A/VEGFR 2 downstream signalling regulates 

angiogenesis and stimulates endothelial proliferation, a decline observed in VEGF-A levels 

could be explained as limited cell proliferation due to inhibition of angiogenesis by VEGFR 

blockage. Herein, it is presumed that CLA-coated PTX-SPIONs@HRH bind VEGFR 2 and 

block the binding of VEGF-A, thus preventing further vascular development and epithelial 

proliferation.  

 
Meanwhile, cells treated with CLA-coated PTX-SPIONs showed comparatively increased 

levels of VEGF-A, indicative of continuous epithelial proliferation. This could hypothetically be 

the response of HMEC-1 in trying to overcome the exogenous agent by secreting more growth 

factors to stimulate further proliferation. Moreover, HMEC-1 are known to retain most of the 

primary angiogenic features and possess stability over time (Muñoz-Vega et al., 2018; 

Prigozhina et al., 2011). Interestingly, the observation could suggest that even though CLA-

coated PTX-SPIONs exhibit cancer anti-proliferative activity, its mechanism of action is 

different from that of CLA-coated PTX-SPIONs@HRH, and does not involve angiogenesis 

inhibition. 
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Figure 4.7. VEGF-A levels from HMEC-1 after 24 h. Data presented as mean ± SD (* denotes 

p < 0.05, statistically significant compared to untreated and CLA-coated PTX-SPIONs groups).  

 

 
The diminishing levels of VEGF-A recorded from HMEC-1 treated with CLA-coated PTX-

SPIONs@HRH agreed with the proposed notion that CLA-coated PTX-SPIONs@HRH could 

halt angiogenesis through selective binding of the nanosystem to VEGFRs, and could explain 

the marked cellular uptake and anti-proliferative activity of CLA-coated PTX-SPIONs@HRH. 

VEGF-A predominantly regulates angiogenesis (vascular development) (Peach et al., 2018; 

Shibuya, 2011), and its action and expression may also be controlled by different proteins 

which are able to bind and sequester it, including VEGFRs (Eichmann and Simons, 2012). 

VEGF/VEGFR 2 binding is responsible for vascular development, while VEGFR 1 is 

recognised as a decoy receptor because of its poor kinase activity (Peach et al., 2018). 

Accordingly, it is believed that the low levels of VEGF-A recorded could be the results of the 

blockage of VEGFR 2 (bound by CLA-coated PTX-SPIONs@HRH) which prevented VEGF-A 

downstream signalling and subsequently halted angiogenesis. 

 

4.4. Concluding Remarks 

Primarily, the work presented in this chapter aimed to optimize the initially fabricated CLA-

coated PTX-SPIONs by surface-functionalization with an anti-VEGF peptide HRH, using 

robust coupling reactions, to afford VEGFR targetability while maintaining the desired 

physicochemical properties. Accordingly, an efficient fabrication methodology was 

successfully established to formulate a targeted drug delivery nanosystem, capable of 

selectively binding to VEGFRs and block the binding of VEGF-A responsible for angiogenesis.  

The methodology was efficient in immobilizing sufficient HRH on the surface of CLA-coated 

PTX-SPIONs, with the aid of DMSA, to elicit marked VEGFRs targetability and cellular uptake. 

Moreover, the estimation of acid numbers worked well in determining the appropriate 
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concentrations of EDC and NHS for a favourable coupling reaction, meanwhile, the use of 

FTIR was preferable for the confirmation of the overall formation of the desired nanosystem. 

In essence, the formulated CLA-coated PTX-SPIONs@HRH is safe-by-design and presents 

with high PTX loading capacity and a sustained, site-specific release. The stimuli-

responsiveness of 10E, 12Z CLA to acidic pH 6.8 (mimicking tumor microenvironment) 

imparted a crucial aspect to the nanosystem, enabling site-specific release of PTX, which was 

evident from the high in vitro anti-proliferative activity recorded against A549 cells. Moreover, 

the nanosystem exhibited a remarkable uptake and internalization by lung adenocarcinoma 

cells. Consequently, CLA-coated PTX-SPIONs@HRH present a potentially viable targeted 

nanomedicine for NSCLC management, with specific angiogenesis targeting and direct drug 

delivery at tumor sites. Nonetheless, the investigation of other angiogenesis biomarkers as 

potential targets in NSCLC therapy still needs to be considered. In this regard, in the next 

chapter, another prominent biomarker of angiogenesis, matrix metalloproteinase-2 (MMP-2), 

is targeted in vitro using optimized CLA-coated PTX-SPIONs, surface functionalized with anti-

MMP-2 peptide CTT to yield a selective MMP-2 targeting nanosystem.   
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5.1. Introduction 

New therapeutic interventions for non-small-cell lung carcinoma (NSCLC) are being devised 

and the focus is currently on targeted nanomedicines with high specificity, minimal side effects, 

and smaller size for tumor penetration (Genova et al., 2020; Salgia et al., 2021; Ye et al., 

2021). Having established a working methodology for the formulation of a targeted paclitaxel 

(PTX) delivery nanosystem via immobilization of an antiangiogenic peptide onto surface-

modified, PTX-loaded superparamagnetic iron oxide nanoparticles (SPIONs), described in 

Chapter 4, this chapter delineates the formulation of another targeted PTX nanosystem 

functionalized with a distinct selective angiogenesis inhibitory peptide. 

Interestingly, angiogenesis targeting presents a potentially viable therapeutic intervention for 

NSCLC (Hall et al., 2015; Shukla et al., 2020; Zhang et al., 2020). Angiogenesis plays a 

fundamental role in the growth and metastasis of tumor cells as a key provider of nutrients 

and oxygen (Lugano et al., 2020; Mashreghi et al., 2018). Hence, the inhibition of tumor 

angiogenesis pathways is a prospective therapeutic approach for NSCLC (Salehi et al., 2020; 

Zhou et al., 2021). Synthetic and natural angiogenesis inhibitors which block new blood vessel 

formation have been explored for tumor therapy (Adeyemi et al., 2017; Bałan et al., 2017) , 

and some peptide-based inhibitors have demonstrated promising antiangiogenic activity 

(Adeyemi and Choonara, 2022; Adeyemi et al., 2019; Aloisio et al., 2021; Lu et al., 2019; 

Rosca et al., 2011). 

Matrix metalloproteinase 2 (MMP-2) is an important member of enzymes much implicated in 

lung cancer angiogenesis regulation and tumor metastasis (Han et al., 2020; Quintero-Fabián 

et al., 2019). MMP-2 expression is linked to tumor-induced angiogenesis, where it plays a vital 

role in degrading the extracellular matrix (ECM) and releasing stored angiogenic factors (i.e., 

basic fibroblast growth factor and vascular endothelial growth factor) which promote 

angiogenesis, tumor differentiation and metastasis (Gonzalez-Avila et al., 2019; Winkler et al., 

2020). Thus, targeting MMP-2 and down-regulating its expression could halt tumor 

angiogenesis and suppress proliferation and metastasis. CTT peptide (CTTHWGFTLC) is an 

MMP-2 selective inhibitory peptide with promising antiangiogenic activity (Wang et al., 2020; 

Wang et al., 2014). CTT is a cyclic peptide (~1.17 kDa) shown to suppress MMP-2 and 

CHAPTER 5 
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significantly blocks angiogenesis and migration of various cancer cell lines and endothelial 

cells (Ndinguri et al., 2012; Webb et al., 2017). 

Previously, we have formulated and characterized a nanosystem comprising 

superparamagnetic iron oxide nanoparticles (SPIONs) coated with trans-10,cis-12 conjugated 

linoleic acid (10E, 12Z CLA) and loaded (self-assemble) with paclitaxel (PTX) to yield CLA-

coated PTX-SPIONs which exhibited enhanced anti-proliferative activity in lung 

adenocarcinoma cell lines (reported in Chapter 3). SPIONs are excellent nanovectors with 

desirable smaller size (<100 nm) and are easy to functionalize. Meanwhile, 10E, 12Z CLA is 

a natural fatty acid with proven anticancer benefits (Dachev et al., 2021; den Hartigh, 2019; 

Zhang et al., 2018), and allows partitioning of hydrophobic anticancer drugs like PTX for 

enhanced bioavailability and anti-proliferative activity (Ngema et al., 2022). As such, in the 

present study, we functionalized CLA-coated PTX-SPIONs with CTT peptide to yield CLA-

coated PTX-SPIONs@CTT, and conducted in vitro analyses to show antiangiogenic activity 

in endothelial cells, for potential management of NSCLC tumor proliferation. 

 

5.2. Materials and Methods  

5.2.1. Materials 

Iron (II) chloride tetrahydrate (FeCl2∙4H2O), iron (III) chloride hexahydrate (FeCl3∙6H2O), 

sodium hydroxide (NaOH) pellets, conjugated (10E, 12Z)-linoleic acid solution in ethanol, 

paclitaxel (Taxol®), meso-2,3-Dimercaptosuccinic acid (DMSA), dimethylformamide (DMF), 

1-ethyl-3(3-dimethylaminopropyl) carbodiimide (EDC), N-hydroxysuccinimide (NHS), 

phosphate buffered saline (PBS) tablets, fluorescein 5(6)-isothiocyanate (FITC), 4′,6-

diamidino-2-phenylindole (DAPI) and sodium hydroxide (NaOH) pellets were procured from 

Sigma-Aldrich Corp. (St. Louis, MO, USA). CTT peptide was purchased from Peptron Inc. 

(Daejeon, South Korea). All solvents were of analytical grade and were utilized as received. 

 

5.2.2. Methodology 

5.2.2.1. Formulation of CLA-coated PTX-SPIONs  

CLA-PTX-SPIONs were formulated using an established method described in Chapter 3 and 

Chapter 4. Briefly, SPIONs were synthesized via co-precipitation method from an aqueous 

solution of FeCl2∙4H2O (0.3mol) and FeCl3∙6H2O (0.6mol), under inert (N2) atmosphere. 

SPIONs were then coated with 10E, 12Z CLA in a single-step reaction, and CLA content on 

SPIONs was quantified by thermogravimetric analysis (TGA 4000, PerkinElmer Inc., Waltham, 

MA, USA) (Ngema et al., 2022). PTX was efficiently loaded by self-assembling onto CLA via 
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spontaneous CLA~PTX hydrophobic interaction, facilitating PTX adsorption on CLA 

hydrophobic ends. The amount of PTX used for loading was fixed at 10% (w/w) of CLA-coated 

SPIONs. The adsorption efficiency (%AE) of PTX and the drug loading capacity (%DLC) of 

the nanosystem was determined using UV spectrophotometry (Cary™ 50, Varian Inc., Palo 

Alto, CA, USA). Briefly, following an established direct method (Adekiya et al., 2022), the 

nanosystem was completely air dried and vigorously ruptured by probe sonication (Sonics 

Vibra Cell, Newtown, CT, USA), in 5 mL 70% methanol and filtered for UV quantification at 

227 nm. The %AE and %DLC were then computed, using equation (5.1) and (5.2), 

respectively (Adekiya et al., 2022; Ngema et al., 2022): 

 

                                           %AE = 
𝐷𝑞

𝐷𝑙
 ×100                                                         (Equation 5.1) 

                                                                   

                                           %DLC = 
𝐷𝑞

𝑊𝑓
 ×100                                                      (Equation 5.2) 

 

where, 𝐷𝑞 denotes the amount of drug as quantified by UV spectrophotometry, 𝐷𝑙 is the 

amount of the drug initially loaded, and 𝑊𝑓 is the total weight of formulation, in mg. 

 

5.2.2.2. Functionalization of CLA-coated PTX-SPIONs with carboxylic acid groups 

A superlative optimized method by Dilnawaz et al., (Dilnawaz et al., 2010) was adapted, with 

modifications, to surface-functionalize CLA-coated PTX-SPIONs with carboxylic acid (COOH) 

groups to aid the conjugation of CTT peptide. Accordingly, 15 mg CLA-coated PTX-SPIONs 

was added to 450 µL of 1.6 M DMSA prepared in DMF, and was kept under continuous stirring 

(Magnetic Stirrer MSH10, Labcon, Johannesburg, SA) for 24 h. The formulation was 

centrifuged at 13 800 rpm, 10°C (TC-MiniSpin Centrifuge, TopScien, Ningbo, China) for 20 

min and washed three times with ethanol. The resultant pellet was lyophilized and examined 

with Fourier Transform Infrared (FTIR) spectroscopy (Spectrum 100, PerkinElmer Inc., 

Waltham, MA, USA) to confirm functionalization, and double titration was performed to 

determine acid numbers (Dilnawaz et al., 2010). 

 

5.2.2.3. Conjugation of CTT to CLA-coated PTX-SPIONs 

CTT peptide was conjugated to carboxylic acid-functionalized CLA-coated PTX-SPIONs using 

EDC and NHS (EDC/NHS chemistry) (Adeyemi et al., 2019; Dilnawaz et al., 2010; Pugliese 

and Gelain, 2020). COOH-functionalized CLA-coated PTX-SPIONs (10 mg) were added to 5 

mL of 0.01 M PBS, pH 7.4. EDC and NHS solutions (1mg/mL in PBS, pH 7.4) were prepared 
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and 250 µL of each added into the sample (COOH-functionalized-CLA-coated PTX-SPIONs 

in PBS). The mixture was kept stirring at 200 rpm (Magnetic Stirrer MSH10, Labcon, 

Johannesburg, SA) at room temperature for 4 h, and precipitated with a permanent magnet. 

A supernatant was decanted, and 3 mL 0.01 M PBS (pH 7.4) and 300 µL CTT (1 mg/mL) 

added into the pellet. This was left for 2 h at room temperature before overnight incubation at 

4 °C. Thereafter, the supernatant was decanted with a magnet, and the pellet subsequently 

washed three times with PBS to remove unbound peptide and determine. The resultant CLA-

coated PTX-SPIONs@CTT was air-dried at room temperature and CTT conjugation confirmed 

by FTIR spectroscopy.                              

 
5.2.3. Characterization of CLA-coated PTX-SPIONs@CTT  

5.2.3.1. Analysis of chemical structural transformations 

The analysis of structural integrity and functional transformations on the components of CLA-

coated PTX-SPIONs@CTT was conducted to confirm the formation of the nanosystem, using 

Fourier Transform Infrared (FTIR) spectroscopy (Spectrum 100, PerkinElmer Inc., Waltham, 

MA, USA). FTIR spectra of CLA-coated PTX-SPIONs, DMSA, CTT, and CLA-coated PTX-

SPIONS@CTT were acquired over 20 scans at 120 psi pressure and wavenumber range of 

4000 – 550 cm-1. 

 

5.2.3.2. Determination of size, surface charge and overall morphology of CLA-coated 

PTX-SPIONs@CTT 

The hydrodynamic size and zeta potential of CLA-coated PTX-SPIONs@CTT were confirmed 

by ZetaSizer (NanoZS, Malvern Panalytical, Malvern, UK), using a dried sample (10 µg) 

suspended in distilled water (1 mL). The suspension was sonicated for 10 min (Sonics Vibra 

Cell, Newtown, CT, USA) before analysis at 25°C. The average hydrodynamic size and 

polydispersity index (PDI) was recorded using a disposable cuvette, and zeta potential 

attained using a special DTS 1070 cuvette. The same sample was used (aliquot) to ascertain 

the overall morphology of CLA-coated PTX-SPIONs@CTT using Transmission Electron 

Microscopy (TEM) (FEI™ Tecnai T12 120 kV, FEI Technologies Inc., Hillsboro, OR, USA). A 

carbon-coated 200-mesh copper grid was dipped in a sample and allowed to dry for TEM 

analysis. 
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5.2.3.3. In vitro analysis of PTX release from CLA-coated PTX-SPIONs@CTT 

In vitro release of PTX from CLA-coated PTX-SPIONs@CTT was investigated over 24 h at 

pH 6.8 and 7.4, mimicking tumor microenvironment and physiological pH, respectively 

(Adeyemi et al., 2019). Dried samples (3 mg) were dispersed in 2.5 mL of corresponding buffer 

solutions (0.1 M; 0.1% v/v tween) in a dialysis membrane (SnakeSkin™, 3 500 MWCO) and 

submerged into 30 mL of respective release buffer (pH 6.8 and 7.4). The samples were 

incubated in an orbital shaker (YIHDER LM-530, YIHDER Co., Lt., Taipei, Taiwan) at 37°C, 

with sampling done over 24 h interval at t = 1, 2, 4, 8, 12, 16, and 24 h. Sampled volume (2 

mL) was analysed with UV spectrophotometer (Cary™ 50, Varian Inc., Palo Alto, CA, USA) at 

227 nm (PTX absorbance), and the medium replenished with 2 mL after each sampling. 

 

5.2.4. In vitro cellular analyses of CLA-coated PTX-SPIONs@CTT on lung 

adenocarcinoma and endothelial cells 

5.2.4.1. Evaluation of anti-proliferative activity on A549 cancer cells 

A typical cell culture protocol was adopted to culture lung adenocarcinoma (A549) cells for the 

study (Ngema et al., 2022). Accordingly, a growth medium comprising Dulbecco’s Modified 

Eagle Medium (DMEM), Foetal Bovine Serum (FBS, 10% v/v), and 1% v/v penicillin-

streptomycin antibiotic was prepared for growing the cells in T-25 culture flask at 37°C and 

5% CO2 in a humidified incubator. Cells were allowed to grow to 90% confluence and then 

seeded (2.5 × 104 cells/mL, 90 µL each well) in a 96-well plate and adhered under incubation 

over 24 h. Subsequently, experimental cells were treated with 10 µL of varying concentrations 

(i.e., 25, 50, 100 µg/mL) of CLA-coated PTX-SPIONs@CTT, in triplicates. Thereafter, cells 

were in incubation for 72 h for cell viability assessment using a 3-(4,5-dimethylthiazole-2-yl)-

2,5-diphenyl tetrazolium bromide (MTT) assay (MTT Cell Proliferation Kit I, Roche, Basel, 

Switzerland). As per a standard MTT protocol, each well was filled with 10 µL MTT solution (5 

mg/mL) and the plate further incubated at 37°C, 5% CO2 for 4 h. Formed formazan crystals 

were dissolved by adding 100 µL of acid-isopropanol solubilizing agent and incubating the 

plate overnight at 37°C and 5% CO2. The results were recorded on a multimodal plate reader 

(Victor X3, PerkinElmer, Waltham, MA, USA) at 570 nm and 620 nm reference wavelength. 

The absorbance readings (mean±standard deviation) were used to determine % cell viability 

(CV) via equation 5.3. Blank wells only contained growth medium and solubilizing agent. 

 

                                % CV = 
𝐴𝑡𝑒𝑠𝑡 − 𝐴𝑏𝑙𝑎𝑛𝑘

𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴𝑏𝑙𝑎𝑛𝑘
× 100                                                 (Equation 5.3) 
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where 𝐴𝑡𝑒𝑠𝑡, 𝐴𝑐𝑜𝑛𝑡𝑟𝑜𝑙, and 𝐴𝑏𝑙𝑎𝑛𝑘 are absorbance from test, control, and blank wells in nm.   

 

 

5.2.4.2. Assessment on uptake and internalization by A549 cells 

The cellular uptake and internalization of CLA-coated PTX-SPIONs@CTT was evaluated 

using an FITC-labelled nanoformulation. FITC labelling was achieved through a method 

described by Kumar and Srivastava (2018) (Kumar and Srivastava, 2018), with modifications. 

Accordingly, 1 mg FITC was dissolved 1 mL methanol: dichloromethane (50:50), and added, 

while stirring (300 rpm for 15 min (Magnetic Stirrer MSH10, Labcon, Johannesburg, SA), in a 

suspension of CLA-coated PTX-SPIONs@CTT in distilled water (2.5 mg in 5 mL). The sample 

was allowed to continuously stir and evaporate the solvent in the dark for 20 min at room 

temperature. Subsequently, the sample was washed by centrifugation (×3 distilled water) at 

14 000 rpm, 10°C, for 20 min (TC-MiniSpin Centrifuge, TopScien, Ningbo, China). FTIC-CLA-

coated PTX-SPIONs@CTT was collected for cell work. 

Following a standard cell culture protocol (5.2.4.1), A549 cells were cultured and seeded in a 

6-well plate, at 5 × 104 cells/mL seeding density. The wells were fitted with presterilized cover 

slips, and each well contained 800 µL of cell suspension. The cells were incubated for 24 h 

and thereafter treated with FITC-CLA-coated PTX-SPIONs@CTT (200 µL of 1 mg/mL in PBS), 

followed by a further 24 h incubation at 37°C and 5% CO2. Subsequently, the cells were spiked 

with 500 µL 4% paraformaldehyde (PFA) for 2 min for cell acclimatization. Thereafter, the well 

contents were aspirated, a further 1 mL 4% PFA was added per well, and the cells were 

incubated for 20 mins for cell fixation. The fixed cells were washed with 1XPBS (2 mL, 4 times) 

before staining with 300 µL DAPI (300 nM) and incubating in the dark at room temperature for 

5 min. Further 4 washes with 1XPBS were done before the cover slips were removed and 

mounted on glass slides, using cooled glycerol (80% v/v) and allowed to dry overnight. The 

slides were then analysed on a compound fluorescent microscope (Olympus IX51, Olympus 

Corporation, Tokyo, Japan), with images captured at 517 nm green fluorescence excitation 

for FITC and 416 nm for DAPI (blue fluorescence) on a super 40X objective lens. 

 

5.2.4.3. Evaluation of MMP-2 targeting activity 

A human MMP-2 ELISA Kit (Invitrogen, Thermo Fisher Scientific Corporation, Waltham, MA, 

USA) was employed in assessing the binding ability of CLA-coated PTX-SPIONs@CTT onto 

MMP-2 on human dermal microvascular endothelial cells (HMEC-1) (Separation Scientific SA 

Pty. Ltd, Johannesburg, South Africa). A typical MCDB 131 medium with special supplements 

of 10% v/v FBS, 1 µg/mL hydrocortisone, 10 ng/mL human EGF recombinant protein, and 10 
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nM L-glutamine, was used to culture HMEC-1 cells in a T-25 flask. The cells were cultured at 

37°C, 5% CO2 until 90% confluence, and 800 µL of cell suspension were seeded  in two 6-

well plates at a seeding density of 5 × 104 cells/mL and allowed 24 h to adequately adhere. A 

concentration of 50 µg/mL CLA-coated PTX-SPIONs@CTT, CLA-coated PTX-SPIONs, and 

pristine CTT, were used to treat experimental cells for 24 h. Post 24 h incubation, cell culture 

supernatant was collected and immediately centrifuged at 13 000 rpm for 20 min at 4°C 

(Eppendorf™ Centrifuge 5415R, Merck, Darmstadt, Germany). The ELISA analysis was 

conducted using the supernatant, following the manufacturer’s protocol. A multimodal 

microplate reader (Victor X3, PerkinElmer, Waltham, MA, USA) was used to read the 

absorbance at 450 nm.         

  

5.2.4.4. Evaluation of inhibition of cell migration by CLA-coated PTX-SPIONs@CTT  

Migration of HMEC-1 endothelial cells was assessed following treatment with CLA-coated 

PTX-SPIONs@CTT, using a Modified Boyden Chamber Assay (Corning Inc., Corning, NY, 

USA). The assay measures the ability of the cells to migrate towards a chemical gradient. 

Thus it was carried out to ascertain the inhibition of MMP-2 activity, since MMP-2 is 

responsible for the migration of endothelial cells through degradation of extracellular matrix 

components, to promote angiogenesis and cell invasion (Quintero-Fabián et al., 2019). Briefly, 

200 μL of 5 × 104 HMEC-1 cells in growth medium was added to the upper chamber, and 

treated with 200 μL of 50 μg/mL CLA-coated PTX-SPIONs or CLA-coated PTX-

SPIONs@CTT, while control cells were left untreated. A volume of 0.4 mL of 10% FBS-

containing medium was then added to the lower chamber as a chemoattractant. Cells were 

incubated for 8 hours at 37°C, and non-migrating cells (dead/loss of MMP-2 activity) on the 

upper surface of the membrane, were then scraped off with cotton swabs. A 1 mL Alamar blue 

reagent was added to the cells that migrated to the bottom of the membrane, and after 4 hours, 

cells were quantified at maximum emission and excitation wavelengths of 535 nm and 595 

nm, respectively on a microplate reader (Victor X3, PerkinElmer, Waltham, MA, USA). The % 

cell migration was determined using equation 5.4: 

                                  %Cell migration = 
𝑉𝑖𝑎𝑏𝑙𝑒 𝑚𝑖𝑔𝑟𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑒𝑒𝑑𝑒𝑑 𝑐𝑒𝑙𝑙𝑠
 ×  100                     (Equation 5.4)  

 

 

5.2.5. Statistical analysis    

GraphPad prism 9 (GraphPad Software, Inc., San Diego, CA, USA) two-tailed Student’s t-test 

was used for data analysis, with p< 0.05 deemed statistically significant. Data are presented 

as mean values of biological triplicates (n=3) ± standard deviation. 
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5.3. Results and Discussion 

5.3.1. Formulation of CLA-coated PTX-SPIONs@CTT 

The SPIONs, as the core of the nanosystem were efficiently synthesized using a co-

precipitation method, yielding black Fe3O4 nanoparticles with average hydrodynamic size of 

~51 nm. The working conditions involved in co-precipitation method, including inert 

atmosphere and high temperature were instrumental in attaining the desired smaller size, 

morphology and distribution of the particles, while limiting oxidation (Ngema et al., 2022; 

Slimani et al., 2021). The overall formulation scheme of CLA-coated PTX-SPIONs@CTT is 

depicted in Figure 5.1 (step 1 – 4). The coating of the SPIONs surface with 10E, 12Z CLA 

was successfully achieved, owing to the availability of the hydroxyl (-OH) groups on SPIONs, 

and the carboxyl group (-COOH) on 10E, 12Z CLA, allowing chemisorption. The chemisorption 

of fatty acids such as oleic acid, linoleic acid, palmitic acid, and glycerol monooleate onto 

SPIONs is an appreciated phenomenon that has been widely reported (Dilnawaz et al., 2010; 

Muzio et al., 2017; Sawisai et al., 2019). 

 
Accordingly, about 10.3% of 10E, 12 CLA was found to be coated onto SPIONs. A range of 

10 – 14% fatty acid content on SPIONs has been reported from previous studies, employing 

TGA (Dilnawaz et al., 2010; Ngema et al., 2022; Sawisai et al., 2019). The presence of 10E, 

12Z CLA allowed maximal partitioning of PTX, with %AE = 98.5% and %DLC = 9.8% obtained. 

The high %AE obtained is attributed to the hydrophobicity of 10E, 12Z CLA complementing 

the hydrophobic nature of PTX, allowing spontaneous hydrophobic-hydrophobic interaction. 

Meanwhile, the 9.8% DLC is attributed to the large surface area of SPIONs, and is favourable 

considering that 10% (w/w) PTX was applied in the formulation. The loading of hydrophobic 

drugs is generally challenging (Chen et al., 2021), however, in the present study, the choice 

of 10E, 12Z CLA circumvented the problem. The excessive –OH groups on SPIONs were 

further exploited to functionalize the nanoformulation with –COOH groups (DMSA) for CTT 

conjugation. Normally, SPIONs synthesized via co-precipitation present with excessive –OH 

groups (Dilnawaz et al., 2010). A total of 64 per gram free –COOH groups were present on 

the surface from 1.6 M DMSA used. The proportion of free –COOH obtained correlate to the 

concentration of DMSA employed. A related study has reported free –COOH numbers of 

nearly 8 per gram of the sample when 0.2 M DMSA was employed, and noted that acid 

numbers increase when DMSA concentration is increased, until binding saturation is reached 

(Dilnawaz et al., 2010). The –COOH functionalization step was successful, and FTIR 

spectroscopy analysis (Figure 5.3) confirmed the conjugation of CTT, yielding CLA-coated 

PTX-SPIONs@CTT. 
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Figure 5.1. Step-wise synthesis of CLA-coated PTX-SPIONs@CTT (not drawn to actual 

scale). Step 1 is the coating of SPIONs with 10E, 12Z CLA via chemisorption. Step 2 is self-

assembled loading of PTX via spontaneous hydrophobic interaction with 10E, 12Z CLA ends. 

Step 3 is –COOH functionalization using DMSA (DMF facilitates the reaction between SPIONs 

–OH and DMSA, through hydrogen bonding). Step 4 is the finally conjugated CTT onto 

activated –COO-, via its terminal –NH2 group, facilitated by EDC/NHS. The conjugation of CTT 

results in amide II bond formation and a growing peptide chain. 

 

5.3.2. Overall morphological assessment of CLA-coated PTX-SPIONs@CTT.  

The surface charge, average particles size, and particle dispersion were all ascertained 

through dynamic and phase-light scattering, and the results are presented in Table 5.1. TEM 

further confirmed the overall morphology of CLA-coated PTX-SPIONs@CTT (Figure 5.2). A 

zeta potential of -31.8 ± 0.5 mV and PDI of 0.2 ± 0.01 indicated the colloidal stability and 

reduced aggregation of CLA-coated PTX-SPIONs@CTT in aqueous media. Moreover, the 

PDI recorded was lower than that of pure SPIONs (0.4 ± 0.1) previously reported (Chapter 3), 

indicating the effect of surface coating with 10E, 12Z CLA. Essentially, SPIONs tend to 

aggregate due to their magnetic behaviour, and therefore, require to be surface-modified to 

limit aggregation (Gonçalves et al., 2017). Various surface-coating agents, including related 

fatty acids, such as oleic and linoleic acids have been employed to circumvent SPIONs 

aggregation (Muzio et al., 2017; Sawisai et al., 2019). 
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The average hydrodynamic size recorded for CLA-coated PTX-SPIONs@CTT was 99.4 ± 2.0 

nm (Figure 5.2a), which is an ideal size for application in NSCLC. It is reported that 

nanocarriers with a size range of 10 – 100 nm are ideal for lung tumor penetration, meanwhile 

carriers above 100 nm may be subject to removal by alveolar macrophages (Hoshyar et al., 

2016). As such, maintaining the size closer to 100 nm was crucial in the present study. SEM 

and TEM analysis further confirmed the size, and revealed that CLA-coated PTX-

SPIONs@CTT exhibited a quasi-spherical shape (Figure 5.2b, c). The shape could be 

associated to carboxylic functionalization with DMSA, through which the DMSA short chains 

impart a quasi-spherical conformation on iron oxides (Song et al., 2017; Sun et al., 2015). 

Generally, spherical nanoparticles have been linked to enhanced cellular uptake and 

biodistribution (Li et al., 2019; Zhang et al., 2019; Zhong et al., 2016), and although, CLA-

coated PTX-SPIONs@CTT is not entirely spherical, a comparable behaviour may be 

envisaged. 

 

Table 5.1. Recorded average size, zeta potential, and PDI of CLA-coated PTX-SPIONs@CTT 

and pristine SPIONs 

 Average 

hydrodynamic 

size (nm) 

Zeta 

potential 

(mV) 

Polydispersity 

index (PDI) 

CLA-coated PTX-SPIONs@CTT 99.4 ± 2.0 -31.8 ± 0.5 0.2 ± 0.1 

SPIONs (before modifications) 51.0 ± 1.3 -24.3 ± 1.3 0.4 ± 0.1 

 

 
 

               

Figure 5.2. A representation of characteristic physical attributes of CLA-coated PTX-

SPIONs@CTT, showing (a) average hydrodynamic size distribution from DLS measurement 

and (b) TEM micrograph on a scale bar of 150 nm (magnification = 7000 X) showing a quasi-

spherical shape of formulated CLA-coated PTX-SPIONs@CTT (red circle). 
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5.3.3. Evaluation of chemical functionality and transformations towards formulation of 

CLA-coated PTX-SPIONs@CTT 

The evaluation of chemical functionality of the constituents of CLA-coated PTX-

SPIONs@CTT, and transformations thereof was crucial in ascertaining the successful 

formation of the desired CLA-coated PTX-SPIONs@CTT. Accordingly, the spectra from the 

FTIR spectroscopy analysis are presented in Figure 5.3a-e. Characteristic peaks of PTX 

(1244 cm-1 and 3479 cm-1, attributed to ester and  –OH groups, respectively), 10E, 12Z CLA 

(1603 cm-1 and ~2922 – 2852 cm-1, belonging to CH3 bending and symmetrical/asymmetrical 

CH2 stretches), as well as iron oxide (FeO = 580 cm-1), were evident in the spectrum of CLA-

coated PTX-SPIONs (Figure 5.3a) (Akilo et al., 2016; Muzio et al., 2017), confirming the 

formation of the nanosystem. Likewise, major peaks at 1685 cm-1 and 2561 cm-1 (belonging 

to –C=O of the carboxyl groups and –SH of the thiol groups, respectively) (Çitoğlu et al., 2021) 

were present in the spectrum of DMSA (Figure 5.3b). A split and a shift in DMSA peak (–

C=O) from 1685 cm-1 to around 1680 – 1675 cm-1 (red marker) could be seen in a DMSA-

functionalized CLA-coated PTX-SPIONs spectrum (Figure 5.3c), attributed to carboxylate 

(COO-) ions vibrations when DMSA is linked onto SPIONs surface via the carboxyl group 

(Figure 5.1) (Çitoğlu et al., 2021; Tsoukalas et al., 2018). A pure CTT peptide (Figure 5.3d) 

exhibited characteristic peaks for terminus primary amine (-NH2 = 3280 cm-1), -C=O stretches 

(1625, 1518 cm-1), and peptide bond stretch (C-N = 1199 – 1134 cm-1) (Rinawati et al., 2015; 

Sebben and Pendleton, 2014). A conjugation of CTT, and overall formation of CLA-coated 

PTX-SPIONs@CTT was confirmed (Figure 5.3e) by the presence of characteristic peaks of 

all constituents (red rectangular markers) in the spectrum, with a visible amide II bond at ~ 

1570 cm-1 (dotted rectangular marker) emanating from CTT conjugation via –NH2 onto 

activated COO- afforded by DMSA (Figure 5.1),  and wide peak at 3278 cm-1 (red dotted circle) 

belonging to –N-H stretching from the new amide II bond formed from CTT conjugation. 
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Figure 5.3. FTIR spectra showing chemical functionality mappings of (a) CLA-coated PTX-

SPIONs, (b) DMSA, (c) carboxylated (DMSA) CLA-coated PTX-SPIONs, (d) CTT peptide, 

and (e) CLA-coated PTX-SPIONs@CTT. 

 

5.3.4. In vitro release profile of PTX from CLA-coated PTX-SPIONs@CTT 

The release of PTX from CLA-coated PTX-SPIONs was evaluated over 24 h, and the attained 

profile is presented in Figure 5.4. Varying levels of release were recorded at two different pH 

levels, suggesting smart pH-responsiveness of the nanoformulation. Accordingly, a high and 

sustained release of PTX was observed at pH 6.8, meanwhile a comparatively lower release 

was recorded at physiological pH 7.4. An initial release of nearly 30% (1 h) was recorded at 

pH 6.8, with a continuous release up to a maximum of 99.2 % at 16 h. Contrary, an initial 

release of only 10.4% PTX could be recorded at pH 7.4, reaching a maximal release of only 

19.9% at 24 h, which was even lesser than the release at first hour at pH 6.8. Essentially, the 

favoured release at pH 6.8 could be associated with breaking of hydrophobic-hydrophobic 

interactions between CLA and PTX at acidic conditions over time. Related studies have 

reported similar observations when PTX was loaded onto hydrophobic oleic acid and glycerol 

monooleate, and found that hydrophobic interactions are not permanent and are rapidly 

weakened at acid pH (Dilnawaz et al., 2010; Wulandari et al., 2019). 
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Figure 5.4. Cumulative release of PTX at pH 6.8 and pH 7.4 over 24 h. A highly favoured 

release at pH 6.8 could be observed compared to pH 7.4. Data presented as mean ± SD, n = 

3.  

 
 

5.3.5. Evaluation of anti-proliferative activity of CLA-coated PTX-SPIONs@CTT from 

A549 cell viability 

The anti-proliferative activity of CLA-coated PTX-SPIONs@CTT on A549 cells was 

ascertained by the determination of viable cells post treatment. Figure 5.5 presents the 

viability assessment at different concentrations. A concentration-dependent anti-proliferative 

activity was observed, with recorded % cell viability of 18.5, 15.2, and 12.4% at 25, 50, and 

100 µg/mL, respectively. A decrease in the number of viable cells with an increase in treatment 

concentration is representative of an effectively working formulation, and correlates to 

previous studies that have reported a dose dependent cellular cytotoxicity from various 

nanoformulations in NSCLC (Engelberg et al., 2019; Foldbjerg et al., 2011; Mohtar et al., 

2021). The cell viability data obtained is comparable to the findings of our previous 

investigations, where CLA-coated PTX-SPIONs were shown to enhance the anti-proliferative 

activity of pristine PTX by almost 3 folds (Chapter 3). 
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Figure 5.5. The % cell viability of A549 cells at varying pre-determined treatment 

concentrations of CLA-coated PTX-SPIONs@CTT. Cell viability (%) was computed after 72 h 

of treatment, and is presented as mean ± SD of three (n = 3) biological analyses. (*** denotes 

p < 0.001, statistically significant compared to CLA-coated PTX-SPIONs@CTT, and # denotes 

p < 0.05, statistically significant at each concentration). 

 

5.3.6. Cellular uptake of CLA-coated PTX-SPIONs@CTT by A549 cells 

A remarkable uptake and internalization of CLA-coated PTX-SPIONs@CTT by A549 cells was 

observed. The cells were identified through nuclei visualization by DAPI staining (blue 

fluorescence) (Figure 5.6a), and CLA-coated PTX-SPIONs@CTT were tracked by FITC-

labelling (green fluorescence) (Figure 5.6b). A high accumulation of CLA-coated PTX-

SPIONs@CTT (green fluorescence) closest to the nuclei (blue fluorescence) compellingly 

indicated the uptake of the nanosystem by the cells (Figure 5.6c). The high uptake and 

internalization of CLA-coated PTX-SPIONs@CTT by A549 cells could be presumed to 

emanate from various distinct physical characteristics possessed by the nanosystem, such as 

the presence of 10E, 12Z CLA, smaller size and quasi-spherical shape. The presence of 10E, 

12Z CLA may be linked to increased selective affinity by A549 cells, since cancer cells are 

known for high uptake of essential fatty acids as energy source (Currie et al., 2013).  

 
Moreover, Zhong et al., 2016, reported that a CLA-PTX conjugate could self-assemble to form 

spherical nanoparticles with enhanced cellular uptake, and the shape had direct effect on cell 

cytotoxicity (Zhong et al., 2016). Additionally, the high cellular uptake observed in the present 

study could be directly linked to enhanced anti-proliferative activity exhibited by CLA-coated 

PTX-SPIONs@CTT on A549 cells (Figure 5.5). Accordingly, a sufficient concentration of 
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CLA-coated PTX-SPIONs@CTT was internalized and reached the nuclei of A549 cells, 

eliciting cytotoxic effects on the nuclei, resulting in cellular death. Some studies report nuclei 

rupture as a common event when sufficient cytotoxic agents are taken up by cancerous cells 

and reach the nuclei (Adeyemi et al., 2019; Foldbjerg et al., 2011).           

 

   

 

Figure 5.6. Visualization of cellular uptake and internalization of CLA-coated PTX-

SPIONs@CTT by A549 cell. Micrograph (a) shows nuclei of A549 cells as visualized by DAPI 

staining, and (b) shows CLA-coated PTX-SPIONs@CTT (FITC-labelled) tracking, while (c) is 

the overlay of (a) and (b) showing the cellular uptake of formulated CLA-coated PTX-

SPIONs@CTT.  



114 
 

5.3.7. Assessment of MMP-2 binding and secretion levels by ELISA    

Secretion levels of MMP-2 by HMEC-1 cells were detected and quantified from the cell culture 

media, using human MMP-2 ELISA kit. Presented in Figure 5.7 is the MMP-2 concentration 

plot from untreated cells as well as cells treated with antiangiogenic CTT-functionalized (CLA-

coated PTX-SPIONs@CTT) and non-functionalized (CLA-coated PTX-SPIONs) 

nanosystems. A highest MMP-2 concentration (1.68 ng/mL) was recorded from untreated 

cells, meanwhile the lowest concentration (0.47 ng/mL) was recorded from cells treated with 

CLA-coated PTX-SPIONs@CTT. Treatment with CLA-coated PTX-SPIONs resulted in 

concentration levels of 1.55 ng/mL. Higher MMP-2 secretion levels could be expected from 

untreated cells, indicative of normal uninterrupted endothelial cell growth. Endothelial cells 

secrete MMP-2 to facilitate the removal of matrix barriers and initiate signalling pathways that 

promote cell growth, including angiogenesis (Quintero-Fabián et al., 2019; Shen et al., 2010). 

 
A significant variation in MMP-2 secretion levels between cells treated with CLA-coated PTX-

SPIONs@CTT and cells treated with CLA-coated PTX-SPIONs was an interesting revelation. 

Essentially, the non-functionalized CLA-coated PTX-SPIONs was solely employed for 

comparison with CLA-coated PTX-SPIONs@CTT, to discern the activity of CTT peptide on 

MMP-2 targeting. Accordingly, the lower MMP-2 secretion levels recorded from CLA-coated 

PTX-SPIONs@CTT treatments compellingly confirmed the MMP-2 targeting ability of the 

peptide, resulting in MMP-2 arrest at active sites and inactivation of these endopeptidases that 

would promote angiogenesis under normal circumstances, and tumor angiogenesis in 

cancers. Meanwhile, non-functionalized CLA-coated PTX-SPIONs treatments yielded 

elevated MMP-2 levels, which were comparable with untreated control cells, indicating that 

the nanosystem had negligible effect on MMP-2 secretion. However, a slight change to 1.55 

ng/mL could be the result of cells experiencing a mild shock from the introduction of a foreign 

substance (CLA-coated PTX-SPIONs).   

 
MMPs are largely implicated in cancer as enablers of tumor angiogenesis (Quintero-Fabián et 

al., 2019). Generally, inhibitors of MMPs, both endogenous and synthetic, have been studied 

on various cancers and shown to suppress angiogenic responses in vitro and in vivo (Cabral-

Pacheco et al., 2020; Fares et al., 2020; Shen et al., 2010)  However, most of these inhibitors 

are only selective for a general class of MMPs, and lack specificity for individual MMP family 

members (Cabral-Pacheco et al., 2020). Therefore, a better understanding of specific MMPs 

and corresponding inhibitors with precise targeting capabilities has been called for in 

antiangiogenic approaches. Likewise, in the present study, we have identified and confirmed 

CTT as a specific MMP-2 inhibitor. 
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Figure 5.7. MMP-2 secretion levels from HMEC-1 incubated with CLA-coated PTX-SPIONs 

and CLA-coated PTX-SPIONs@CTT, as well as untreated cells, quantified by ELISA kit. Data 

presented as mean ± SD (* denotes p < 0.05, statistically significant compared to untreated 

and CLA-coated PTX-SPIONs). 

 

5.3.8. Inhibition of endothelial cell migration by CLA-coated PTX-SPIONs@CTT  

Evaluation of cell motility is of particular interest in the design of antiangiogenic therapeutics, 

as cell migration is facilitated through the angiogenesis pathway. During cell migration and 

invasion, cells are stimulated to degrade the extracellular matrix (ECM) in response to a 

gradient of angiogenesis-inducing factor, namely; MMP-2 (Quintero-Fabián et al., 2019). 

Thus, a decrease in overall endothelial cell motility can be a measure of limited MMP-2 activity 

and inhibition of angiogenesis. Accordingly, in the present study, CLA-coated PTX-

SPIONs@CTT was shown to significantly inhibit the migration of HMEC-1 (Figure 5.8). This 

could be attributed to the specific binding of CLA-coated PTX-SPIONs@CTT to MMP-2 

(facilitated by CTT peptide), which blocks angiogenesis signalling and subsequently halts cell 

proliferation and migration. The migration of cells incubated with non-functionalized CLA-

coated PTX-SPIONs was not significantly affected, which indicated that even though the 

nanosystem confer anti-proliferative activity on cancerous cells, the involved mechanism is 

not associated with the inhibition of angiogenesis. A % migration of 23.6% and 78.4% was 

recorded from cells incubated with CLA-coated PTX-SPIONs@CTT and CLA-coated-PTX-

SPIONs, respectively. 
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Figure 5.8. Migration (%) of HMEC-1 incubated with 50µg/mL of CLA-coated PTX-SPIONs 

and CLA-coated PTX-SPIONs@CTT. Control cells were left untreated. A % migration of 78.4 

and 23.6 was recorded for cells incubated with CLA-coated PTX-SPIONs and CLA-coated 

PTX-SPIONs@CTT. (* denotes p < 0.05, statistically significant compared to control and CLA-

coated PTX-SPIONs). 

 

5.4. Concluding Remarks 

The work presented in this chapter set to surface-functionalize the formally fabricated CLA-

coated PTX-SPIONs with a distinct selective MMP-2 inhibitory peptide, CTT, using the 

established methodology involving DMSA-aided EDC/NHS chemistry. Accordingly, a targeted 

PTX delivery nanosystem with anti-MMP-2 activity was successfully formulated and exhibited 

highly desired characteristics, including a high drug loading capacity, site-specific sustained 

in vitro PTX release, enhanced PTX anti-proliferative activity, and excellent cellular uptake, for 

potential application as a nanomedicine in NSCLC therapy. The formulated CLA-coated PTX-

SPIONs@CTT possess specific MMP-2 binding ability for halting angiogenesis and 

endothelial cell migration in vitro. The efficiency of the fabrication methodology is applauded 

in yielding a desired nanosystem, and the in vitro cellular analyses were found to be robust in 

discerning the antiangiogenic activity of the nanosystem prior to in vivo investigations.  

 

Further in vivo studies will ascertain the antitumor activity of the nanosystem for potential 

application in targeted NSCLC therapy. In the next chapter, the peptide-functionalized 

nanosystems; CLA-coated PTX-SPIONs@HRH (presented in Chapter 4) and CLA-coated 

PTX-SPIONs@CTT are tested for tumor angiogenesis targetability and antitumor activity on 

a lung tumor xenograft mouse model to establish pre-clinical therapeutic efficacy. 
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The in vivo study received approval from the Animal Research Ethics Committee (AREC) of 

the University of the Witwatersrand, clearance certificate number: 2020/11/01/B (see 

Appendix A) 

 

6.1. Introduction 

Paclitaxel (PTX) is a primary anticancer drug currently used in first-line treatment of non-small 

cell lung carcinoma (NSCLC) (Gui et al., 2021). However, the available formulations of PTX 

for NSCLC treatment still show limited therapeutic efficacy due to non-specificity and 

detrimental side effects. Particularly, the commercial polyethoxylated castor oil and anhydrous 

alcohol (Kolliphor® EL, formerly Cremophor® EL) formulation (Taxol®) is riddled with severe 

side effects such as peripheral neuropathy, hyperlipidemia, and sometimes fatal 

hypersensitivity reactions (Gala et al., 2020). Meanwhile, a solvent free, nanoparticle albumin-

bound PTX formulation (nab-paclitaxel; Abraxane®) available for advanced and metastatic 

NSCLC is speculated to comprise the quality of life for some patients due to its side effects 

such as pain, fatigue, hair loss, neuropathy, and anemia (Sun et al., 2020). Moreover, the 

intravenous (IV) route of administration currently employed in first and second-line treatment 

has concerning limitations, including patient discomfort, catheter failures, need for trained 

practitioners, and high clinical costs (Bordat et al., 2022). 

Consequently, in the present study we have formulated novel targeted PTX delivery 

nanosystems as subcutaneously injectable nanomedicine for NSCLC management. A 

subcutaneous (SC) route of administration is proposed as a suitable alternative to IV, owing 

to its safety and ease of application, reduced discomfort, slow and sustained rate of absorption 

for continuous delivery, and reduced costs (Bordat et al., 2022). The formulated nanosystems 

comprise superparamagnetic iron oxide nanoparticles (SPIONs) as core, a natural anticancer 

fatty acid (trans10, cis12 conjugated linoleic acid; 10E, 12Z CLA) as a coating and PTX 

partitioning agent, and functionalized with antiangiogenic peptides HRH and CTT. The 

nanosystems; CLA-coated PTX-SPIONs@HRH and CLA-coated PTX-SPIONs@CTT show to 

bind and arrest vascular endothelial growth factor receptors (VEGFRs) and matrix 

metalloproteinase 2 (MMP 2), respectively, in vitro. Moreover, the nanosystems exhibit 

enhanced anti-proliferative activity on lung adenocarcinoma cells (A549), which coincides with 

the site-specific sustained release of PTX over time. 

CHAPTER 6 
 

IN VIVO EVALUATION OF NOVEL ANTIANGIOGENIC PEPTIDE-FUNCTIONALIZED 

PACLITAXEL DELIVERY NANOSYSTEMS ON A LUNG TUMOR XENOGRAFT MOUSE 

MODEL 
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Although extensive in vitro evaluations have been conducted and provided valid information 

about the anticancer activity of CLA-coated PTX-SPIONs@HRH and CLA-coated PTX-

SPIONs@CTT, further in vivo evaluations are required to validate the safety and therapeutic 

efficacy of the nanosystems. Essentially, in vivo analyses provide accurate and realistic 

pharmacodynamics (PD) and pharmacokinetics (PK) data to determine the safety and efficacy 

of therapeutics prior to further testing in humans (Pantaleão et al., 2022). Accordingly, animal 

models, such as mouse xenografts, play a pivotal role in cancer research for screening of new 

therapeutic candidates and understanding cancer pathophysiology (Adeyemi and Choonara, 

2022). Mouse xenograft models are established from implantation of cancer cells within the 

animals to mimic human cancer pathophysiology, and nude mice are the most commonly used 

rodents for the establishment of xenografts, owing to their compromised immune system 

(Adeyemi and Choonara, 2022; Xie et al., 2021). 

In the present study, female Athymic nude mice were employed to establish a SC lung tumor 

xenograft mouse model for evaluation of antitumor activity and PK profiles of CLA-coated PTX-

SPIONs@HRH and CLA-coated PTX-SPIONs@CTT. Female mice were chosen over male 

mice to avoid the dominance phenomena, and moreover, male mice tend to be more 

aggressive when they develop tumors, thus increasing chances of unwanted injuries (Lee et 

al., 2018). 

 

6.2. Materials and Methods 

6.2.1. Materials 

Lung adenocarcinoma cell line (A549) was purchased from Cellonex, Johannesburg, South 

Africa. Athymic (MF1-nu/nu) female nude mice (6 weeks old) weighing 22 g were sourced 

from the Wits Research Animal Facility (WRAF), University of the Witwatersrand, 

Johannesburg, South Africa. Taxol® and phosphate buffered saline tablets (PBS) were 

procured from Sigma-Aldrich Corp. (St. Louis, MO, USA). Docetaxel (DTX) was purchased 

from DLD-Scientific (Durban, South Africa). Isoflurane gas, sodium pentobarbitone, and all 

other related consumables were provided by WRAF. Solvents used for high pressure liquid 

chromatography (HPLC) analysis were of HPLC-grade, and all other reagents were of 

analytical grade and highest purity. All reagents were used as received, unless stated 

otherwise. 
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6.2.2. Animal housing and welfare 

Mice were housed in individual cages in a temperature and humidity controlled room (Figure 

6.1), with the provision of food and water ad libitum on a 12 h light/day cycle. The mice were 

routinely monitored at least once a day for 1 h to assess their state of well-being, and weighed 

at least twice a week. A qualified WRAF staff was always present to note any signs of distress 

displayed by the animals during the period of the study. 

 

Figure 6.1. Photographic evidence of (a) mice housed in individual cages in a temperature 

and humidity controlled room, and (b) a device used to maintain the temperature (~25°C) and 

humidity (80%). 

  

6.2.3. Development of a lung tumor xenograft mouse model 

A habituation period of one (1) week was established before experimentation could 

commence. After habituation, all mice were anaesthetized with 2% isoflurane gas and 

inoculated with 3.9 × 105 A549 cells via a SC injection of 50 µL cell suspension in PBS at the 

right flank. Solid tumors were visible 20 days post-inoculation and allowed to grow to a 

treatable volume of 90 – 100 mm3. A digital calliper was used to measure tumor dimensions 

(Figure 6.2), and tumor volume (V) was computed using the equation 6.1 (Sápi et al., 2015): 

                                                  V = 
𝑊2 × 𝐿

2
                                                            (Equation 6.1) 

Where W is the tumor width and L is the length in mm (as measured by a digital calliper). 
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Figure 6.2. Captured images of (a) nude mouse with a developed solid tumor (red circle) and 

(b) measurement of tumor dimensions using a digital calliper. 

 

6.2.4. Preparation of formulations and administration of treatment on the developed 

lung tumor xenograft mouse model 

The novel nanosystems; CLA-coated PTX-SPIONs@HRH and CLA-coated PTX-

SPIONs@CTT were formulated as described in Chapter 4 (4.2.2) and Chapter 5 (5.2.2), 

respectively. Appropriate dosage of the nanosystems and a corresponding dose of the 

comparator drug (Taxol®) were prepared for administration. The mice were randomly divided 

into 4 groups (as per the experimental design below) with each group having 3 mice (n = 3). 

The sample size (n = 3) was adopted to adhere to ethical regulations, and obtain reliable and 

statistically sound data. A 25G needle on a 1 mL syringe was employed to administer (SC, 20 

mm away from tumor) 100 µL injection volume of 12 mg/kg CLA-coated PTX-SPIONs@HRH, 

CLA-coated PTX-SPIONs@CTT, and CLA-coated PTX-SPIONs each, and 1.2 mg/kg Taxol® 

(tolerated dosage equivalent to 10% PTX in the nanosystems, corresponding to 10% drug 

loading capacity). Meanwhile, control mice received only PBS (100 µL). A 4-cycle treatment 

plan was adopted in which mice received treatment at day 0, 4, 8, and 12 (Zou et al., 2018), 

with tumor volumes routinely measured at each treatment day before injection, and further 12 

days post-treatment, until day 20, to observe growth regression. Moreover, the weight of the 

mice was measured after every 2 days until day 20. 
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6.2.5. In vivo antitumor experimental design 

A total of 15 Athymic female nude mice (6 weeks old) were used for evaluation of in vivo 

antitumor activity of the formulated nanosystems. Tumor-bearing mice (lung tumor xenograft 

model) were randomly divided into 5 groups as depicted below and in Figure 6.3: 

 Group 1 (Control/placebo group, n = 3): This group received a SC injection of 100 µL 

PBS at day 0, 4, 8, and 12. 

 Group 2 (Experimental, n = 3): This group received a SC injection of 100 µL equivalent 

to 1.2 mg/kg of Taxol® (tolerated dose equivalent to 10% PTX in the nanosystems, 

corresponding to 10% DLC), at day 0, 4, 8, and 12.  

 Group 3 (Experimental, n = 3): This group received a SC injection of 100 µL equivalent 

to 12 mg/kg of CLA-coated PTX-SPIONs, at day 0, 4, 8, and 12. 

 Group 4 (Experimental, n = 3): This group received a SC injection of 100 µL equivalent 

to 12 mg/kg of CLA-coated PTX-SPIONs@CTT, at day 0, 4, 8, and 12. 

 Group 5 (Experimental, n = 3): This group received a SC injection of 100 µL equivalent 

to 12 mg/kg of CLA-coated PTX-SPIONs@HRH, at day 0, 4, 8, and 12. 

 

The study was concluded at day 20, and the tumor growth inhibition (%TGI) was determined 

from the measured tumor volumes, using equation 6.2 (Tsukihara et al., 2015): 

                                     %TGI = [1 – ( 
𝑅𝑇𝑉𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝑅𝑇𝑉𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 )] × 100                                   (Equation 6.2) 

where 𝑅𝑇𝑉𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 is the relative tumor volume of a specified treatment group (calculated as 

tumor volume on day 20 divided by tumor volume on day 0) and 𝑅𝑇𝑉𝑐𝑜𝑛𝑡𝑟𝑜𝑙 is the relative tumor 

volume of the control group. 

Mice were humanely euthanized at day 20 with 200 mg/kg intraperitoneal injection of sodium 

pentobarbital. Tumors, lung, and liver tissues were excised from tumor-bearing mice at 

termination (Figure 6.4) for further histological analysis. Essentially, the lung and liver are 

amongst the most affected vital organs in NSCLC (Tamura et al., 2015). The excised tissues 

were kept in 10% neutral buffered formalin before being transferred into paraffin for sectioning 

(4 – 5 µm). The sectioned tissues were stained with haematoxylin and eosin (H&E) and 

examined for histological variations according to the IDEXX JB661428 protocol (IDEXX 

Laboratories Pty. Ltd, Johannesburg, South Africa). 
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Figure 6.3. Experimental design of the in vivo antitumor study in mice. 
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Figure 6.4. A tumor-bearing mouse fixed for excision of lung, liver, and tumor tissues after 

euthanasia. 

 

6.2.6. Pharmacokinetics evaluation of PTX from plasma 

A pharmacokinetics (PK) study was further conducted to evaluate the fate of PTX from the 

formulated delivery nanosystems, when administered subcutaneously. Essentially, PK 

evaluation plays a key role in the development of new therapeutics, for the assessment of the 

absorption and excretion profiles of the active pharmaceutical ingredient (API). Ideally, an API 

should achieve adequate concentration in the body over time in order to elicit a desired 

therapeutic action and meet safety standards (Reichel and Lienau, 2016). Herein, additional 

12 female nude mice were acquired to conduct the PK study. Mice were randomly divided into 

4 groups (n = 3) and received a single SC injection of corresponding dosage of Taxol®, CLA-

coated PTX-SPIONs@CTT, and CLA-coated PTX-SPIONs@HRH. Treated mice were 

humanely euthanized at different time points and the blood was collected for analysis. Drug-

free blood from untreated mice was used to construct a calibration curve. 
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6.2.6.1. Blood sample collection 

Treated mice were humanely euthanized with a single intraperitoneal injection of 200 mg/kg 

sodium pentobarbital at varying time points, t = 0.5, 1, 4, 8, and 24 h, post-treatment, and the 

blood was collected at each time point via cardiac puncture (Figure 6.5). The blood samples 

were collected into heparin-flushed micro-centrifuge tubes to avoid clogging, and centrifuged 

at 10 000 rpm, 10°C for 10 min (TC-MiniSpin Centrifuge, TopScien, Ningbo, China). Plasma 

was collected and stored at -80°C for further analysis. 

 

Figure 6.5. Blood collection via cardiac puncture, from a euthanized mouse. 

 

6.2.6.2. Quantification of PTX concentration in plasma using high pressure liquid 

chromatography 

Quantification of PTX in plasma was carried out on a Flexar LC UV/VIS HPLC (PerkinElmer 

Inc., Waltham, MA, USA). The separation was achieved using a Waters C18 column (250 × 

3.9 mm, 5 µm) (Waters Chromatography Ireland Ltd, Wexford, Ireland). A validated rapid and 

sensitive reversed-phase HPLC method was employed for the quantification of PTX from 

plasma using a liquid-liquid extraction technique (Rezazadeh et al., 2015). The method 

comprised acetonitrile (ACN) and water as a mobile phase, with appropriate flow rate and 

running wavelength, as shown in Table 6.1. The solvents were prepared and filtered through 

0.22 µm filters before usage. An internal standard (IS) of docetaxel (DTX) was carefully chosen 

for the quantification analysis. 
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Table 6.1. HPLC parameters employed for the determination of PTX concentration from 

plasma 

Parameters Conditions 

Mobile phase ACN and water (58:42), isocratic gradient 

Flow rate 1.9 mL/min 

Injection volume 20 µL 

Wavelength 227 nm 

Column temperature 58°C 

 

A linear calibration curve with a range from 0.25 – 10 µg/mL was prepared from the blank 

(drug-free) plasma. Accordingly, stock solutions of PTX and DTX (100 µg/mL) were prepared 

in 70% methanol, and 100 µL of each, corresponding to the appropriate concentration was 

used to spike the plasma for the generation of the calibration curve. A 300 µL of 1.25% (v/v) 

absolute ethanol in diethyl ether was added into spiked plasma and vortexed briefly before 

centrifugation at 13 000 rpm, 10°C for 10 min (liquid-liquid extraction). The supernatant 

containing the drugs was collected into clean vials and allowed to dry. An appropriate volume 

of the mobile phase mixture was used to reconstitute the calibration standards, and filtered 

before injection into HPLC. A generated calibration curve was then used for the determination 

of PTX concentrations from the plasma samples collected from the mice. The plasma samples 

were prepared for the analysis by firstly thawing at room temperature. The thawed samples 

were spiked with 100 µL DTX (IS) and briefly vortexed for 30 sec. A liquid-liquid extraction 

procedure was performed similarly to the calibration curve standards, and the samples were 

filtered before running. 

 

6.3. Results and Discussion 

6.3.1. Effects of the formulated nanosystems on tumor growth 

A lung tumor xenograft mouse model was successfully established and used to evaluate in 

vivo antitumor activity of the formulated CLA-coated PTX-SPIONs@CTT and CLA-coated 

PTX-SPIONs@HRH nanosystems. Expectedly, a rapid tumor growth was observed in the 

PBS (placebo) group, with tumors reaching an average volume of 1484.7 mm3 at day 20 

(Figure 6.6a). Tumor volumes in the similar range have been reported for SC lung tumor 

xenografts, owing to the robustness of A549 cancer cells (Zou et al., 2018). A significant 

regression in tumor volumes was observed in mice treated with the formulated nanosystems 

compared to the PBS, Taxol®, and CLA-coated-PTX-SPIONs groups.  Accordingly, a 
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remarkable tumor growth inhibition rate (%TGI) of 76.6 and 69.7% was recorded from tumor-

bearing mice treated with CLA-coated PTX-SPIONs@HRH and CLA-coated PTX-

SPIONs@CTT, respectively (Figure 6.6b).  

Treatment with non-functionalized CLA-coated PTX-SPIONs also showed a promising 

antitumor activity, with %TGI of 52.8%. Contrary, treatment with comparator Taxol® resulted 

in mild regression with a %TGI of only 26.3%. Such a distinction in tumor growth variations 

amongst the groups could be visually confirmed from excised tumors (Figure 6.6c). 

Essentially, the ability of CLA-coated PTX-SPIONs@HRH to significantly suppress tumor 

progression is greatly attributed to the antiangiogenic activity of HRH peptide, which is 

primarily involved in halting tumor angiogenesis and starving the tumor of growth nutrients and 

oxygen (Zhang et al., 2017). Likewise, the observed antitumor activity of CLA-coated PTX-

SPIONs@CTT could be attributed to tumor targetability conferred by CTT peptide, which 

suppresses MMP-2 activity and halts signalling of angiogenesis, thus preventing rampant 

growth of tumors. Additionally, the synergy of antiangiogenic activity (peptides) and antimitotic 

activity (PTX) presented by CLA-coated PTX-SPIONs@HRH and CLA-coated PTX-

SPIONs@CTT is responsible for the observed tumor regression. 

The impact of the peptides in halting tumor growth was apparent as the non-functionalized 

nanosystem (CLA-coated PTX-SPIONs = 52.8% TGI) could not match the antitumor activity 

of CLA-coated PTX-SPIONs@HRH (76.6% TGI) and CLA-coated PTX-SPIONs@CTT (69.7% 

TGI), although it showed improved tumor regression compared to Taxol® (26.3% TGI). In 

essence, the promising antitumor activity of CLA-coated PTX-SPIONs is attributed to the 

enhanced PTX anticancer activity, conferred by the nanosystem. It is believed that the 

nanosystem allows for a sufficient therapeutic dose of PTX to be released at the tumor 

microenvironment and reach tumors to elicit antimitotic activity and prevent tumors from 

rapidly dividing. In Chapter 3, we reported that CLA-coated PTX-SPIONs enhance the anti-

proliferative activity of PTX in vitro, and the current results validated that notion in vivo as well. 
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Figure 6.6. A representation of the effects of treatment on the established SC lung tumor 

xenograft model, showing (a) variation in tumor volumes post treatment, (b) %TGI determined 

at the end of the study, and (c) images of excised tumors from the mice. Day 0, 4, 8, and 12 

are treatment cycles 1 – 4, and days 16 to 20 are observation period. Excised tumors from 

different groups exhibit visibly distinct sizes, corresponding to the antitumor activity conferred 

by each treatment option. Data presented as mean ± SD of biological triplicates, n=3 (* p < 

0.05; ** p < 0.01; and *** p <0.001, denoting statistically significant compared to CLA-coated 

PTX-SPIONs@CTT and CLA-coated PTX-SPIONs@HRH, and # denotes p <0.05, compared 

to Taxol®). 

 

Moreover, no significant loss was observed in the body weight of mice from the experimental 

groups, meanwhile the placebo group (mice that received only PBS) showed a notable weight 

loss (>5%), due to the progression of cancer over the duration of the study (Figure 6.7). A 

loss of weight in skeletal muscles and adipose tissue, known as cachexia, is fairly common in 

cancer and may also present as a side effect to chemotherapy (Adeyemi and Choonara, 2022; 

Zombeck et al., 2013). As such, the results obtained indicated the safety of CLA-coated PTX-

SPIONs@HRH, CLA-coated PTX-SPIONs@CTT and CLA-coated PTX-SPIONs, with respect 

to limiting cachexia during treatment, and further suggest that the dosage of PTX administered 

could be tolerated, as no other side effects were observed. 

 

 

 

Figure 6.7. Weight measurements from tumor-bearing mice from day 1 post-treatment till the 

last day of the study. Mice exhibiting 10% and more weight loss would be removed from the 

study, as per ethical guidelines. Data presented as mean ± SD of biological triplicates, n = 3 

(** p < 0.01, statistically significant weight loss compared to day 1). 
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6.3.2. Histological analysis of selected organs and tumor tissue 

A histopathological analysis of selected organs and tumors was primarily carried out to discern 

the effects of cancer by assessing the organelles possibly affected by the disease, and further 

investigate any structural variations afforded by different treatments. The histological analysis 

of liver, lung, and tumor tissues was conducted, and presented in Figure 6.8 are 

corresponding images (H&E staining) for (a) normal healthy mice, (b) PBS group, (c) Taxol® 

group, (d) CLA-coated PTX-SPIONs group, (e) CLA-coated PTX-SPIONs@CTT group, and 

(f) CLA-coated PTX-SPIONs@HRH. A normal histological appearance was observed in the 

liver tissues of healthy mice, as expected, whereas livers from tumor-bearing mice in the 

placebo (PBS) and Taxol® groups exhibited prominent swollen hepatocytes (as depicted by 

arrows). Likewise, mildly swollen hepatocytes were identified in liver tissues from tumor-

bearing mice in the CLA-coated PTX-SPIONs, CLA-coated PTX-SPIONs@CTT, and CLA-

coated PTX-SPIONs@HRH groups, with occasional granular and finely vacuolated cytoplasm 

(squares). The observed swelling of hepatocytes and cytoplasmic vacuolization normally 

occur secondary to neoplastic-induced factors, and are characteristic of the complicating 

effects of cancer (Sharma et al., 2021). 

Lungs from normal healthy mice provided a good reference, showing a normal histological 

appearance with a characteristic terminal brochiole (TB) leading to the alveolar duct (AD). 

Lungs from tumor-bearing mice in the PBS group exhibited a severe lobar haemorrhage (LH) 

and necrosis of the alveolar walls (AW), while a mild leukostasis (LKS) was present in alveolar 

capillaries in the lungs of Taxol® treated mice. Extensive haemorrhage could be seen 

throughout the disrupted pulmonary parenchyma (PP) in the lungs of tumor-bearing mice in 

the CLA-coated PTX-SPIONs, CLA-coated PTX-SPIONs@CTT, and CLA-coated PTX-

SPIONs@HRH groups, linked with accumulation of oedema (OD) fluid, yielding a fibrillar 

appearance in the former. These histological appearances could be associated with 

neoplastic-induced changes arising from the lung cancer that was induced in mice. 

Remarkable histological variations were observed in tumors of the mice amongst the groups. 

Tumors from mice that received only PBS showed a multifocal inflammation surrounding 

muscle fibres, along with oedema. There were no signs of neoplastic degeneration, with a 

record of 29 mitoses present in 10 high-power fields/2.37mm2. Accordingly, the surrounding 

inflammation could be associated with the rapid growth of tumors, as inflammation is 

implicated in promoting stages of tumorigenesis (Greten and Grivennikov, 2019; Zhao et al., 

2021). A cystic space was present in tumor mass of Taxol®-treated mice, with few necrotic 

cells and loose red blood cells scattered throughout, and 20 mitoses could be spotted in 10 

high-power fields. Tumors from mice treated with CLA-coated PTX-SPIONs, CLA-coated 
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PTX-SPIONs@CTT, and CLA-coated PTX-SPIONs@HRH all exhibited areas of degeneration 

of neoplastic cells (red arrows), more present in peptide-functionalized nanosystems 

treatment groups (~60% of the mass), with 10, 5, and 2 mitoses presents in 10 high-power 

fields/2.37 mm2, respectively. Essentially, the variation in mitotic rates between the placebo 

and treatment groups validated the antimitotic effect of PTX, and a further decline in mitoses 

recorded from the tumors of mice treated with our nanosystems supports our initial findings 

that CLA-coated PTX-SPIONs enhances the activity of PTX (as reported in Chapter 3). 

Since angiogenesis promotes tumor growth, a pronounced degeneration of neoplastic cells in 

tumor tissues from the mice treated with CLA-coated PTX-SPIONs@CTT and CLA-coated 

PTX-SPIONs@HRH indicated that the nanosystems halt tumor growth through a mechanism 

involving angiogenesis inhibition. Primarily, CLA-coated PTX-SPIONs@CTT and CLA-coated 

PTX-SPIONs@HRH are believed, from the compelling evidence gathered in vitro and in vivo, 

to bind and arrest angiogenesis-promoting factors (i.e., MMP-2 and VEGFRs, respectively), 

which then halts the formation of new blood vessels, and deprive neoplastic cells of the 

necessary growth nutrients, resulting in their demise, since neoplasm feeds from angiogenesis 

(Saman et al., 2020). 
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Figure 6.8. Histological analysis of liver, lung and tumor tissues from (a) normal healthy mice 

and tumor-bearing mice treated with (b) PBS only, (c) Taxol®, (d) CLA-coated PTX-SPIONs, 

(e) CLA-coated PTX-SPIONs@CTT, and (f) CLA-coated PTX-SPIONs@HRH. The images 

are generated from 4 – 5 µm tissue sections, stained with H&E and captured at 100 µm, 6.3x 

magnification. Arrows with white fill show swollen hepatocytes identified on liver tissues, whilst 

red arrows show areas of degeneration of neoplastic cells, identified on tumors from CLA-

coated PTX-SPIONs, CLA-coated PTX-SPIONs@CTT, and CLA-coated PTX-SPIONs@HRH 

treated mice. (TB: terminal bronchiole; AD: alveolar duct; LH: lobar haemorrhage; LKS: 

leukostasis; AW: alveolar walls; PP: pulmonary parenchyma; OD: oedema)    

 

6.3.3. Pharmacokinetics profile of PTX in plasma 

The concentration of PTX in plasma was determined following a single SC injection of 

equivalent PTX dosage from CLA-coated PTX-SPIONs@CTT, CLA-coated PTX-

SPIONs@HRH, and Taxol® in mice. The pharmacokinetics profile is presented in Figure 6.9 

with corresponding pharmacokinetic parameters in Table 6.2. Notably, the plasma 

concentration of PTX from Taxol® was relatively higher on the onset, at 0.5 h (19.7 µg/mL) 

compared to that of CLA-coated PTX-SPIONs@CTT (15.2 µg/mL) and CLA-coated PTX-

SPIONs@HRH (15.6 µg/mL). Moreover, commercial PTX had a maximum plasma 

concentration (Cmax) of 32.5 µg/mL reached at 1 h of administration, meanwhile CLA-coated 

PTX-SPIONs@CTT and CLA-coated PTX-SPIONs@HRH reached Cmax of 48.8 µg/mL and 

49.2 µg/mL at 4 h, respectively. The half-life (T1/2) of commercial PTX was estimated to be 9.0 

h, which was substantially lower compared to the T1/2 of 16.8 h and 17.1 h for CLA-coated 

PTX-SPIONs@CTT and CLA-coated PTX-SPIONs@HRH, respectively. The area under the 

concentration time curve (AUC0 -24) was found to be 365.4, 663.6, and 665.9 µg/mL.h for 

commercial PTX, CLA-coated PTX-SPIONs@CTT, and CLA-coated PTX-SPIONs@HRH, 

respectively.  

Essentially, the pharmacokinetics data indicated that PTX from our formulated nanosystems 

is slowly absorbed and released into plasma following SC injection, which is consistent with 

the in vitro data which demonstrated a sustained release of PTX over time. A higher Cmax and 

prolonged half-life could be attributed to the marked ability of the nanostructures to shield PTX 

from pre-systemic degradation and non-specific binding, as opposed to the commercial 

formulation which results in reduced bioavailability of PTX and subsequent rapid elimination. 

Primarily, PTX is known to present with non-specific protein binding, enzymatic degradation, 

and rapid clearance, which affect its bioavailability (Ye et al., 2021), and thus the formulated 

CLA-coated PTX-SPIONs@CTT and CLA-coated PTX-SPIONs@HRH present a promising 

PTX delivery solution and potential nanomedicine for NSCLC. 
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Figure 6.9.  Plasma PK profile showing the concentration of PTX quantified at 0.5 h up to 24 

h following SC injection of CLA-coated PTX-SPIONs@CTT, CLA-coated PTX-

SPIONs@HRH, and Taxol®. Data presented as mean ± SD, n = 3. 

 

 
Table 6.2. Plasma PK parameters of CLA-coated PTX-SPIONs@HRH and CLA-coated PTX-

SPIONs@CTT in comparison to Taxol® 

 Cmax 

(µg/mL) 

Tmax 

(h) 

T1/2 

(h) 

Kel 

(h-1) 

AUC0-24 

(µg/mL.h) 

CLA-coated PTX-SPIONs@HRH 49.2 ± 5.2 4.0 17.1 0.03 665.9 

CLA-coated PTX-SPIONs@CTT 48.8 ± 4.3 4.0 16.8 0.03 659.6 

Taxol® 32.5 ± 3.7 1.0 9.0 0.07 365.4 

Cmax, maximum concentration; Tmax, time taken to reach maximum concentration; T1/2, half-life; 

Kel, elimination rate constant; AUC0-24, area under the concentration-time curve. 

 

 
6.4. Concluding Remarks 

A lung tumor xenograft mouse model was successfully developed and afforded accurate 

representation of the pathophysiology of NSCLC to enable pre-clinical investigations on the 

therapeutic efficacy of the formulated PTX delivery nanosystems. Accordingly, the formulated 

CLA-coated PTX-SPIONs@CTT and CLA-coated PTX-SPIONs@HRH demonstrated active 

tumor targetability and antiangiogenic activity, as supported by a remarkable tumor growth 

regression. The marked ability of the nanosystems to halt neoplastic cell formation and tumor 
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mitoses validates its therapeutic efficacy as a potent targeted nanomedicine in NSCLC 

therapy. Moreover, the improved half-life and prolonged plasma circulation time recorded for 

PTX when delivered via the nanosystems substantiate the potential application of CLA-coated 

PTX-SPIONs@CTT and CLA-coated PTX-SPIONs@HRH as an alternative modality for the 

effective delivery of PTX in NSCLC. 
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7.1. Conclusions 

Lung cancer remains a global scourge, with NSCLC continuing to affect millions of people 

worldwide and threatening the life expectancy. Sadly, the current conventional treatment 

options available for NSCLC have reached the therapeutic plateau. Particularly, combination 

chemotherapy, as the main therapeutic intervention for NSCLC management, is riddled with 

non-specificity, resulting in poor tumor reach, cytotoxicity to healthy cells, and often adverse 

side effects, which make the therapeutic regimen intolerable to most patients. Thus, the major 

focus in NSCLC therapy research has been towards the development of potent 

chemotherapeutics that can locate tumors and elicit therapeutic action directly at tumor sites, 

by targeting key molecular tumor markers. The expanding discipline of targeted 

nanomedicine, in which nanotechnology is employed to develop nano-based drug delivery 

systems that are capable of delivering therapeutics in a controlled manner to targeted sites, 

presents great prospects towards effective management of NSCLC. 

The present study has explored targeted nanomedicine as a viable and potent therapeutic 

intervention in the management of NSCLC, where two tumor-targeted PTX delivery 

nanosystems have been successfully formulated and evaluated both in vitro and in vivo. A 

timely thorough review on the prospects of magnetic nanoparticles and CLA, was initially 

conducted to provide insights on the design and the suitability thereof, for application in 

NSCLC management. Using a safe-by-design approach, novel 10E, 12Z CLA-coated PTX-

loaded SPIONs were formulated and characterized for pertinent physicochemical and 

pharmaceutical characteristics, via sophisticated cutting-edge technologies. CLA-coated PTX-

SPIONs exhibited aqueous stability and a desirable size of 96.5 ± 0.6 nm, ideal for tumor 

penetration, with high loading capacity and a sustained site-specific release of PTX which 

culminated in an enhanced in vitro anti-proliferative activity on A549 lung cancer cells. 

Accordingly, it was concluded that 10E, 12Z CLA favoured maximal partitioning of hydrophobic 

PTX and synergistically conferred additional anticancer benefits. 

An efficient methodology for surface functionalization of CLA-coated PTX-SPIONs with 

antiangiogenic peptides was successfully established in the study. EDC/NHS chemistry 

proved to be an ideal strategy to conjugate HRH and CTT peptides onto CLA-coated PTX-

SPIONs to formulate anti-VEGF and anti-MMP-2 targeted nanosystems, respectively. 

Detailed physicochemical characterization confirmed the conjugation of the peptides as well 

as the morphological attributes of the nanosystems, meanwhile, in vitro cellular analyses 

showed that CLA-coated PTX-SPIONs@HRH and CLA-coated PTX-SPIONs@CTT possess 
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enhanced anti-proliferative activity and a marked cellular uptake and internalization by lung 

cancer cells. Moreover, CLA-coated PTX-SPIONs@HRH and CLA-coated-PTX-

SPIONs@CTT demonstrated a remarkable ability to bind and arrest VEGFRs and MMP-2, 

respectively, which resulted in reduced secretion levels of VEGF-A and MMP-2 enzyme by 

endothelial cells in vitro. This was a significant revelation, and since VEGF-A and MMP-2 

promote angiogenesis, a decline in secretion levels of these angiogenic biomarkers is 

compellingly synonymous with the inhibition of angiogenesis. 

A practical S.C lung tumor Xenograft mouse model was successfully developed and employed 

to evaluate the antitumor activity of the formulated nanonosystems. The in vivo assessments 

revealed that a 4-cycle treatment with either CLA-coated PTX-SPIONs@HRH or CLA-coated 

PTX-SPIONs@CTT significantly regressed tumor growth, with %TGI of 76.6 and 69.7, 

respectively. Most importantly, a marked degeneration of neoplastic cells in tumors of mice 

treated with the nanosystems ascertained that CLA-coated PTX-SPIONs@HRH and CLA-

coated PTX-SPIONs@CTT inhibit angiogenesis, meanwhile, the significant reduction in 

mitoses counts confirmed that the nanosystems successfully delivered PTX into tumors to 

elicit its anticancer activity. Moreover, from the pharmacokinetics evaluation, it was found that 

both CLA-coated PTX-SPIONs@HRH and CLA-coated PTX-SPIONs@CTT prolonged the 

half-life of PTX in plasma. 

In essence, it can be concluded that two novel and robust tumor-targeted PTX delivery 

nanosystems have been fabricated from this study, for potential application as targeted 

nanomedicine in the management of NSCLC.  The nanosystems present with the key 

desirable features (i.e., ideal size for tumor penetration, maximal drug loading capacity, site-

specific release, biocompatibility, and antiangiogenic and antitumor activity) for application 

specifically in NSCLC targeted therapy. Fundamentally, a novel design involving 10E, 12Z 

CLA as a partitioning and surface directing agent is appreciated in the successful development 

of the nanosystems. Similarly, the flexibility of SPIONs to easily adapt to surface modifications 

with varying moieties is applauded, and further motivates the rationale for choosing SPIONs 

as an ideal nanomaterial to execute this study.  
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7.2. Recommendations 

Although the therapeutic efficacy of CLA-coated PTX-SPIONs@HRH and CLA-coated 

SPIONs@CTT has been established in vitro and in vivo, more pre-clinical studies are 

recommended to validate the applicability of the nanosystems as alternative therapeutic 

interventions in NSCLC management. Additional biochemical assays including TUNEL and 

zymogen assays are well recommended to assess the apoptotic activity of the nanosystems 

and the matrix degradation as a marker of MMP-2 activity in cells treated with CLA-coated 

PTX-SPIONs@CTT, respectively. A zebrafish model can also be employed to study blood 

vessel development from the embryo, as a marker of angiogenesis, and assess any 

aberrations resulting from treatment with the formulated antiangiogenic nanosystems. 

Extreme care and caution would need to be exercised during the establishment of model 

embryos, as this is a delicate process and mostly performed by researchers with experience, 

for best desired outcomes. Moreover, an in-depth look into the theragnostic application of the 

formulated nanosystems is advised, where the superparamagnetism of SPIONs can be further 

exploited for biomedical imaging in the visualization of tumors in NSCLC subjects. The 

inherent magnetism and biocompatible properties of SPIONs make the nanoparticles 

excellent image contrast agents, and therefore can be employed in both diagnostic (MRI scan) 

and therapeutic interventions in NSCLC and other cancers.                       
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8.1. Overview of the Program 

The South African (S.A) Fulbright Foreign Student Program is an initiative of the government 

of the United States of America (USA) which provides grants for S.A university graduates to 

pursue post-graduate studies or research activities at a U.S institution in any field of choice. 

Students are selected through a rigorous application and interview process, and receive high 

level of support from the U.S Embassy and Consulates in S.A, including visa processing, and 

health insurance. Accordingly, I was selected to partake in the program’s 2022 – 2023 intake 

as a Visiting Student Researcher (VSR) at a host institution in the US, under a research 

advisor with research expertise in oncology, particularly in the development of smart cancer 

therapeutics. My U.S host institution was Johns Hopkins University, School of Medicine, and 

I was hosted by Professor Wilfred Ngwa, in the Department of Radiation Oncology and 

Molecular Radiation Sciences. 

 

8.2. Research Focus of the Visited Research Group 

Professor Ngwa’s research group studies the smart radiotherapy biomaterials (SRBs) for 

application in radiotherapy and immunotherapy, or in combination (immuno-radiotherapy). The 

lab is at the forefront of the innovative research to extend the use of immuno-radiotherapy to 

curative platforms of both local and metastatic cancers. A key focus of the research is the use 

of biomaterial-derived vectors for smart sustained delivery of immunoadjuvants or drug 

payloads that can engender robust in-situ vaccination in combination with radiotherapy to 

cause regression of both local and metastatic tumors with minimal toxicity. The lab also 

focuses on collaborative global health work, aimed at catalysing high impact international 

collaborations to eliminate global health disparities, with main focus on cancer and related 

diseases. As such, I had the opportunity to partake in various projects and acquired the 

necessary skills in cancer research, related to my current work in anticancer drug discovery. 

 

8.3. Abstracts from the Work Undertaken During the Fulbright Program Period 

The following are the abstracts from some of the studies I was involved in during the Fulbright 

Foreign Exchange Program period, as a VSR. The abstracts have been submitted for 

conference presentations, including the 65th American Association of Physicists in Medicine 

(AAPM) Annual Meeting and the 65th American Society for Radiation Oncology (ASTRO) 

Annual Meeting, 2023. 

CHAPTER 8 
 

FULBRIGHT FOREIGN STUDENT PROGRAM EXPERIENCE 
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Pre-clinical Investigations on the Toxicity of a Smart Radiotherapy Biomaterial-

Derived Immunogenic Vector for Cancer Therapy and Imaging 

 
Michele Moreau1, Lindokuhle M. Ngema1, 2, Shahinur Acter1, Lensa S. Keno3, Yahya E. 

Choonara2, Wilfred Ngwa1* 

1 Johns Hopkins University, Sydney Kimmel Cancer Centre, Baltimore, MD 21218, USA 
2  Wits Advanced Drug Delivery Platform Research Unit, Department of Pharmacy and  

Pharmacology, School of Therapeutic Sciences, University of the Witwatersrand, 

Johannesburg, 7 York Road, Parktown, 2193, South Africa 
3 The University of Scranton, 800 Linden Street, Scranton, PA 18510, USA 

 

Submission: AAPM (Early-Career Investigator Symposium) 

 
Purpose: The application of immunogenic smart radiotherapy biomaterials (iSRBs) in 

radiotherapy presents an effective approach for providing image guidance and sustained drug 

release during treatment. This study set to evaluate the pharmacodynamics (PD) of the 

formulated novel multifunctional iSRB system. 

 

Methods: iSRB seeds prepared from silicone tubing with a poly (lactic-co-glycolic) acid 

(PLGA) matrix fixated with titanium oxide nanoparticles (for image-contrast and 

radiosensitization) were loaded with an immunotherapeutic payload (anti-CD40 monoclonal 

antibody) to formulate iSRB_Anti-CD40. Healthy male and female mice were grouped into 3 

cohorts (n = 3) and received single subcutaneous injection of iSRB_Anti-CD40 or empty iSRB, 

while control mice were left untreated. Blood sampling was done on day 1, 4, 7, 21, and 30 

post treatment, for evaluation of renal and hepatic function. Accordingly, blood urea nitrogen 

(BUN), creatinine, and gamma-glutamyl transferase (GGT) levels were quantified. The data 

was processed on GraphPad Prism 9 and presented as plots (mean ± standard deviation). 

 

Results: The BUN levels at day 1 were comparable amongst all groups, and within the normal 

range (9.42 – 31.53 mg/dL). Similarly, on the final day of the study (day 30), the BUN levels 

from the treated mice were within the normal range, and comparable to the levels from the 

untreated control mice. No significant deviation in creatinine levels was observed between the 

treatment groups and the healthy control. Creatinine levels remained within the normal range 

(0.12 – 0.43 mg/dL) throughout the study. Treatment with iSRB_Anti-CD40 maintained GGT 

levels within the normal range (3.79 – 11.62 mg/dL) in male mice, despite the elevated levels 

recorded from the control mice.  

 

Conclusion: A developed iSRB_Anti-CD40 system exhibit non-toxicity to the liver and 

kidneys in pre-clinical testing, and the results support potential application of the system in 

radiotherapy for effective cancer treatment. 
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Patient Reported Outcomes Following Palliative Whole Brain Radiation 

Therapy in Patients with Brain Metastasis 

 Bolanle Adegboyega1; Adedayo Joseph1; Adewumi Alabi1; John Omomila1; Lindokuhle M. 

Ngema2; Victoria Ainsworth2; Jennifer Chin2; Wilfred Ngwa2* 

 

1NSIA-LUTH Cancer Centre, Lagos University Teaching Hospital, Lagos, Nigeria 

2Johns Hopkins University, Sydney Kimmel Cancer Centre, Baltimore, MD 21218, USA 

  
Submission: ASTRO 

Purpose/Objectives 

Brain metastases (BM) are a common occurrence in patients with advanced cancers, and 

extremely challenging to treat, resulting in short survival periods. Consequently, whole brain 

radiation therapy (WBRT) remains the standard palliative intervention for patients with BM. 

The present study set to evaluate the efficacy of WBRT by assessing the quality of life (QoL) 

and survival outcomes in WBRT-treated patients with BM. 

Materials/Methods 

This was a prospective, longitudinal, hospital-based single-centre study. Consecutive 

sampling methodology was used to recruit 52 patients with BM undergoing WBRT. Patients 

were followed up on days 7, 30, 90 and 180 after WBRT. The EORTC QLQ-C15-PAL was 

employed to report patient responses in a likert scale. A descriptive analysis and multi-trait 

scaling correlation was computed using IBM SPSS Statistics 29.0, 95% confidence interval. 

The overall survival analysis (Kaplan-Meier) was also performed. 

Results 

The study cohort was predominantly females (82.7%), and accordingly, 65.4% of the 

respondents had a breast primary tumor. A Shapiro-Wilk test of normality revealed that the 

data was not normally distributed (sig. < 0.05), however, statistic values (W) closer to 1 

suggested a good fit. A goodness-of-fit test ascertained the assumption, yielding non-

significant Chi square Pearson (p = 0.325) and Deviance (p = 1.000) residuals. There was a 

significant correlation (p < 0.001) between physical functioning and emotional functioning. 

Median overall survival was 180 days (~6 months). A total of 20 patients (38%) that survived 

up to 180 days reported alleviated symptoms and better functioning. A significant improvement 

in physical functioning (p < 0.001) and emotional functioning (p = 0.031) was reported at 180 

days post WBRT, compared to baseline. Similarly, a significant improvement in visual 

disorders (p = 0.002), motor dysfunction (p = 0.031), and communication deficit (p = 0.001) 

was also reported. 

Conclusions 

WBRT is an effective palliative intervention in patients with BM, resulting in improved QoL and 

prolonged survival. More than 50% of patients that survived 3 months reported a significant 

alleviation of pain, and 38% of patients that survived for 6 months reported a significantly 

improved functioning. This demonstrated the effectiveness of WBRT in palliative care and will 

add to the body of data on the efficacy of radiotherapy. 
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Investigation of Factors Contributing to Patient Reported Quality of Life 

Outcomes following whole brain radiation therapy 

  
Victoria Ainsworth1; Lindokuhle M. Ngema1, 2; Jennifer Chin1; Alabi Adewumi3; John 

Omomila3; Bolanle Adegboyega3; Wilfred Ngwa1* 

1Johns Hopkins University, Sydney Kimmel Cancer Centre, Baltimore, MD 21218, USA 
2Wits Advanced Drug Delivery Platform Research Unit, Department of Pharmacy and  

Pharmacology, School of Therapeutic Sciences, University of the Witwatersrand, 

Johannesburg, 7 York Road, Parktown, 2193, South Africa 
3NSIA-LUTH Cancer Centre, Lagos University Teaching Hospital, Lagos, Nigeria 

 
Submission: AAPM (Early Career Investigator Symposium) 

 

Purpose: Analysis of Quality of life (QoL) outcomes and efficacy of whole brain radiation 

therapy (WBRT) for brain metastasis at one Nigerian cancer center was carried out.  Factors 

contributing to QoL outcomes and function/symptom status were investigated including 

demographic and pertinent medical history.   

 

Methods: Patient reported outcomes along with demographic data was collected using survey 

questions from the EORTC standardized questionnaires.  Responses were gathered at day 0, 

7, 30, 90 and 180 post-treatment to inform on currently unmet needs and efficacy of 

interventional radiotherapy in Nigeria with a focus on contributing factors that may correspond 

with improving or declining patient status. Data was then divided into cohorts based on the 

contributing factor of interest. Averages and standard deviations were computed, and 

statistical analysis was performed using a student’s t-test. 

 
Results: Significant improvement in function and/or symptom severity was recorded between 

baseline and days 90 and/or 80 for at least one cohort in each category.  Most cohorts, like 

government workers or patients with comorbidities, showed QoL improvement until day 90 

after which QoL plateaued or worsened.  This trend gives important insight to how much 

different factors can influence outcomes. 

 
Conclusion: WBRT is an effective approach to improve QoL, and function/symptom severity.  

When investigated individually, we can see a fuller picture of how different demographic 

factors like sex and education status or medical history like presence of comorbidities or 

previous RT treatment can influence treatment outcomes and QoL.  Further, it is shown that 

after 90 days, many patients experience decline in all three categories, indicating that further 

investigation into palliative symptom relief is warranted. 
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8.4. Concluding Remarks 

My involvement in the listed studies above, was a huge learning experience which equipped 

me with the interdisciplinary research skills. Particularly, I acquired first-hand experience in 

the discovery process (i.e., screening, development, and pre-clinical testing) of the smart 

radiotherapy biomaterials with theranostic application in cancer therapy. Moreover, a high 

level skill in data handling was attained during the processing and analysis of the clinical data 

from the WBRT study. This collaborative work also granted me an opportunity to broaden my 

knowledge in an unfamiliar field of public health, with insights on the current state of research, 

especially in Sub-Saharan Africa, and the gaps that could be filled through interdisciplinary 

collaborations. In addition to academic experiences, the Fulbright Program enriched my 

interpersonal skills as an individual, and an aspiring researcher, to be able to interact and work 

with people from different backgrounds. In overall, the Fulbright experience could be summed 

as a life-changing, once in a lifetime opportunity I will forever be grateful for.      

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 



149 
 

 

Appendix A: Supplementary Material  

 

Table S1: Mean absorbance values (n=3) used to compute drug release presented in Chapter 

3, Figure 3.7  

 

 

 

Figure S1: Paclitaxel standard curve used to compute drug adsorption efficiency (%AE) and 

loading capacity (%DLC). 

 

Table S2: MTT absorbance values used to compute % cell viability (72 h) presented in 

Chapter 3, Figure 3.8  

Conc. 
(µg/mL) 

SPIONs CLA CLA-coated PTX-
SPIONs 

PTX 

100 1.749 1.706 1.651 1.526 1.538 1.568 0.409 0.430 0.423 0.652 0.607 0.616 

50 1.687 1.774 1.673 1.628 1.627 1.635 0.493 0.483 0.489 0.661 0.620 0.621 

25 1.749 1.774 1.720 1.735 1.752 1.709 0.509 0.491 0.511 0.692 0.642 0.636 

12.5 1.753 1.735 1.755 1.803 1.812 1.807 0.522 0.527 0.520 0.79 0.719 0.694 

6.25 1.861 1.754 1.653 1.841 1.774 1.793 0.561 0.559 0.575 0.945 0.894 0.962 

3.125 1.747 1.806 1.756 1.855 1.896 1.875 0.609 0.959 0.616 1.193 1.147 1.269 

BLANK 0.213 0.208 0.216 CONT; control, UNT; untreated 
 CONT. 1.824 1.861 1.845 

UNT. 1.979 1.999 2.156 

APPENDICES 
 

Time (h) pH 6.8 pH 7.4 

 1 0.278 0.103 

2 0.280 0.106 

4 0.282 0.113 

8 0.556 0.121 

12 0.736 0.134 

24 0.716 0.129 
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Table S3: Mean absorbance values (n=3) used to compute drug release presented in 

Chapter 4, Figure 4.4 

Time (h) pH 6.8 pH 7.4 

1 0.242 0.136 

2 0.251 0.134 

4 0.263 0.137 

8 0.286 0.134 

12 0.722 0.125 

16 0.737 0.145 

24 0.538 0.186 

 

 

Table S4: MTT absorbance values used to compute % cell viability after (72 h) presented in 

Chapter 4, Figure 4.5 

Conc. (µg/mL) CLA-coated PTX-SPIONs CLA-coated PTX-SPIONs@HRH 

100 0.422 0.435 0.447 0.250 0.276 0.263 

50 0.492 0.477 0.486 0.324 0.335 0.320 

25 0.512 0.507 0.496 0.466 0.455 0.512 

BLANK 0.232 0.213 0.221  

CONTROL 1.925 1.881 1.953 

UNTREATED 1.985 1.979 1.989 

   

 

Table S5: Absorbance values (n=3) used to compute VEGF-A secretion levels presented in 

Chapter 4, Figure 4.7 

Treatment Absorbance @ 450nm 

CLA-coated PTX-SPIONs@HRH 0.046 0.119 0.121 

CLA-coated PTX-SPIONs 0.151 0.157 0.162 

Untreated 0.128 0.125 0.136 
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Table S6: Mean absorbance values (n=3) used to compute drug release presented in Chapter 

5, Figure 5.4 

Time (h) pH 6.8 pH 7.4 

1 0.236 0.129 

2 0.254 0.140 

4 0.259 0.139 

8 0.291 0.131 

12 0.751 0.129 

16 0.746 0.152 

24 0.539 0.173 

 

Table S7: MTT absorbance values used to compute % cell viability after (72 h) presented in 

Chapter 5, Figure 4.5 

Conc. (µg/mL) CLA-coated PTX-SPIONs@CTT 

100 0.242 0.253 0.244 

50 0.362 0.372 0.364 

25 0.425 0.417 0.496  

BLANK 0.232 0.213 0.221 

CONTROL 1.925 1.881 1.953 

UNTREATED 1.985 1.979 1.989 

 

 

Table S8: Absorbance values (n=3) used to compute MMP-2 secretion levels presented in 

Chapter 5, Figure 5.7 

Treatment Absorbance @ 450nm 

CLA-coated PTX-SPIONs@CTT 0.117 0.124 0.121 

CLA-coated PTX-SPIONs 0.232 0.248 0.234 

Untreated 0.283 0.298 0.275 
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Appendix B: Animal Ethics Clearance Certificate 
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Appendix C: Publications  

C1: A review on Engineered Magnetic Nanoparticles in Non-Small-Cell Lung Carcinoma 

Targeted Therapy. Lindokuhle M. Ngema, Samson A. Adeyemi, Thashree Marimuthu and 

Yahya E. Choonara. International Journal of Pharmaceutics, 606, 120870, 2021. 
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C2: Synthesis of Novel Conjugated Linoleic Acid (CLA)-Coated Superparamagnetic Iron 

Oxide Nanoparticles (SPIONs) for the Delivery of Paclitaxel with Enhanced In Vitro Anti-

Proliferative Activity on A549 Lung Cancer Cells. Lindokuhle M. Ngema, Samson A. Adeyemi, 

Thashree Marimuthu, Philemon Ubanako, Daniel Wamwangi and Yahya E. Choonara. 

Pharmaceutics, 14, 8219, 2022. 
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C3. Surface Immobilization of Anti-VEGF Peptide on SPIONs for Anti-Angiogenic and 

Targeted Delivery of Paclitaxel in Non-Small-Cell Lung Carcinoma. Lindokuhle M. Ngema, 

Samson A. Adeyemi, Thashree Marimuthu, Philemon Ubanako, Wilfred Ngwa and Yahya E. 

Choonara. ACS Applied Bio Materials, 6, 2747, 2023.  

 

 

 

C4. Short Anti-Angiogenic MMP-2 Peptide Decorated Nanoparticles for Targeted Paclitaxel 

Delivery in an A549 Cell Xenograft Mouse Tumor Model. Lindokuhle M. Ngema, Samson A. 

Adeyemi, Thashree Marimuthu, Philemon Ubanako, Wilfred Ngwa and Yahya E. Choonara. 

Submitted for review: ACS Applied Nano Materials. 

 

 

 

 

 

 



156 
 

Appendix D: Research Outputs 

D1: Annual Young Scientists Conference 2023 (Oral Presentation). University of Venda, 

Thohoyandou, South Africa, June 12 – 13, 2023. 
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D2: 13th WITS Cross Faculty Postgraduate Symposium (Oral Presentation), University of the 

Witwatersrand, Johannesburg, South Africa, July 11 – 13, 2022. 
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D3: 4th International Conference on Nanomedicine and Drug Delivery (Oral Presentation). 

Webinar, June 06 – 07, 2022. 
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D4: American Association of Pharmaceutical Sciences (AAPS) PharmSci360 (Poster 

Presentation). Boston Convention and Exhibition Center, Boston, MA, United States of 

America, October 16 – 19, 2022. 
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Appendix E: Originality Report 
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