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Abstract 

The main focus of this PhD thesis was to investigate the synthesis and 

characterisation of an aerosolised poly lactic-co-glycolic acid (PLGA) nanodrug 

delivery system for MIF enzyme inhibitors to modulate the physiological activity 

of macrophage migration inhibitory factor (MIF) in pulmonary diseases, 

particularly lung cancer.   

MIF is a pro‐inflammatory mediator of the immune system that plays a 

substantial role in the overall inflammatory cascade, tumour growth, 

angiogenesis, and cancer progression.  Recently, we have identified a novel drug 

candidate, SCD19, which showed convincing results in both in vitro and in vivo 

studies of lung cancer.  Herein we report our work to maximise local delivery of 

MIF therapeutics directly to the lungs through the development of an 

aerosolised delivery system utilising state of the art nanoparticle-based drug 

delivery systems. 

Aerosolised nanoparticle delivery systems to the lung represent a novel 

future therapeutic strategy for cancer and in particular lung cancer.  The use of 

aerosolised PLGA nanodrug delivery systems has increased markedly due to 

numerous advantages of this biodegradable, nontoxic and FDA approved 

nanodrug delivery system.   

Initially, we encapsulated SCD19 into PLGA nanospheres by employing 

single emulsion-solvent evaporation technique.  Transmission electron 

microscopy (TEM) and scanning electron microscope (SEM) images of PLGA-

SCD19 nanoparticles showed a uniform spherical shape with smooth surfaces. 

The average hydrodynamic size of the PLGA-SCD19 nanoparticles, as measured 

by using nanoparticle tracking analysis (NTA) were 200 ±20 nm without 

aggregation.  The drug loading efficiency, yield efficiency, and the drug content 

were 63 ±13%, 66 ±4%, and 5.7 ±4%, respectively, which were within the 

acceptable range.  The nanoparticles were found to be stable in both artificial 

lung fluid and artificial lysosomal fluid. 
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For the internalisation study of the nanoparticles, we co-encapsulated 

iron oxide nanoparticles (magnetic nanoparticles (MNPs)) and SCD19 into PLGA 

nanoparticles to make PLGA-MNP-SCD19.  Then, we carried out different 

methods to investigate the cellular uptake of the PLGA-MNP-SCD19, in all of 

which significant accumulations of nanoparticles occurred in the cells after 

overnight incubation.  Biocompatibility and toxicity of the nanoformulation was 

evaluated with high content analysis and LDH assay.  There was no attributable 

toxicity associated with the nanoparticles and they showed a high degree of 

biocompatibility in human A549, murine RAW 264.7, and LLC cell lines.  

In this study, we established a collaboration with Aerogen Ltd, a company 

specialising in the production of aerosol drug delivery devices.  Initially, we 

optimised our nanoformulation for Aerogen’s vibrating mesh nebuliser to 

achieve maximum drug delivery within acceptable nebulisation times.  The 

vibrating mesh nebuliser did not affect the size nor the volume of PLGA-SCD19 

nanoparticles.  Also, laser diffraction method showed that the nebulised 

nanoparticles had an acceptable volume mean diameter (VMD) with an optimal 

particle size distribution for deep lung deposition.  This leads to improve 

treatment efficiency by allowing aerosols to access the small airways with 

minimum waste.  Moreover, in our study, the regional deposition of the aerosol 

nanoparticles in a mechanical human respiratory tract model, resulted in high 

deposition (more than 70%) in the alveolar region of the lung model with very 

low deposition in upper respiratory tract.  Further investigation was conducted 

to define drug delivery efficiency.  In this study we achieved 23% and 14% drug 

delivery efficiency from the mechanical ventilator and the breathing simulator, 

respectively.  However, previous studies of other compounds had shown a wide 

range of drug delivery efficiency (from 1% to 16%). Finally, we examined the 

ability of our aerosolised PLGA-SCD19 nanoparticles to reduce cell proliferation 

in a MIF-Induced cell growth in vitro model which resulted in a significant 

reduction of cell proliferation (***p˂ 0.001) in the selected cancer cells. 
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This study has demonstrated that the developed aerosolised nanodrug 

delivery system may provide a novel adjunctive agent for use with anticancer 

drugs in the treatment of patients with lung cancer and the data obtained from 

characterisation studies may contribute to future drug delivery research.  
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1.1  Macrophage migration inhibitor factor (MIF) 

Macrophage migration inhibitory factor is a key proinflammatory 

cytokine that was discovered in the early 1960s, as one of the first cytokines to 

be identified [1, 2]. MIF was originally discovered during studies of the delayed-

type hypersensitivity reaction as a T-cell derived cytokine that suppresses the 

random movements of monocytes and macrophages, hence its name 

macrophage migration inhibitory factor [3].  However, MIF’s biological function 

remained unclear until the cloning of human MIF complementary DNA (cDNA) in 

1989 [4].  Four years later in 1993 its rediscovery as a pituitary-derived peptide 

released in response to endotoxin in mice was reported [5].  Subsequently, MIF 

has been shown to be constitutively produced and expressed by nearly all types 

of circulating immune cells including macrophages [6], monocytes [7], T and B 

lymphocytes [8], eosinophils [9], neutrophils [10], and polymorphonuclear 

neutrophils (PMNs) [11], as well as structural cells including epithelial and 

endothelial cells.  MIF is also expressed by an extensive variety of tissues such as 

brain, liver, heart, kidney and lung [12].  

1.1.1 MIF from genome to protein  

The MIF gene, MIF, is located on human chromosome 22q11.2., that 

contains 3 exons and 2 introns and encodes a 115-amino acid [13].  The MIF 

promoter is GC-rich and has no TATA box [14]. Several sequences of GC in a 

promoter usually contributes to the constitutive expression pattern similar to 

other housekeeping genes [15].  In addition, the promoter contains several 

consensus binding sequences for transcription factors, including AP-1, NFκB, 

cAMP-response element-binding protein (CREB) [16], and hypoxia inducible 

factor-1α (HIF-1α) suggesting that the expression of MIF could be induced under 

specific conditions [17].  Recently, a polymorphism in the promoter region of 

human MIF has been reported which varies by the presence of a CATT-

tetranucleotide microsatellite at position −794, that is repeated between 5 and 8 

copies in the promoter (–794 CATT5–8).  It has been well demonstrated that 
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expression of MIF is driven by this functional polymorphism presenting in 

approximately 49% of the population, with carriers of the 6-, 7- and 8-CATT 

repeat alleles being genetically primed to produce higher levels of MIF compared 

to those carrying the 5-CATT repeat allele [18].  Those patients genetically 

primed to produce significantly enhanced MIF have been shown to have a more 

aggressive clinical phenotype in such a variety of acute, chronic, inflammatory 

and cancer diseases [12, 19].  MIF is stored in pre-formed cytosolic pools within 

vesicles in the cytoplasm of cells allowing for rapid release in response to 

stressful stimulants such as TLR antigens, mitogens, and pro-inflammatory 

cytokines [2].  In a recent pancreatic cancer study, it was also observed that MIF 

can be transported via exosomes [20].  MIF is a small protein with a molecular 

weight of 12.5 kDa, the secondary structure of MIF consists of two antiparallel α-

helices and six α-sheets, the three-dimensional X-ray crystallography studies of 

human revealed that MIF exists as a homotrimer (Figure 1.1 A) [21].  MIF is a 

highly conserved protein, for instance, all mammalian MIFs including human, 

mouse, rat and cattle have nearly 90% homology [22].  Unlike other cytokines, 

MIF possesses a unique enzyme activity which is ketol-enol tautomerase activity 

[23].  The enzymatic active site is located between each MIF’s subunits so each 

homotrimer has three active sites.  It has been shown that there is a direct 

correlation between MIF biological function and its enzyme activity [24, 25].  The 

enzyme activity of MIF catalyses the tautomerisation of the non-physiological 

substrates D-dopachrome and L-dopachrome methyl ester into their 

corresponding indole derivatives, however the physiological substrate for MIF 

remain undiscovered thus far (Figure 1.1 B) [23]. 
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dopachrome methyl ester 
(red)

tautomerised product
(colorless)

MIF catalysis

A

B

 

Figure 1.1:  MIF Structure and function. A) The crystal structure of human, MIF PDB code: 

1MIF. B) Chromogenic substrate (left) for the measurement of MIF enzymatic 
activity, and its tautomerised, colourless product (right) [19, 26]. 

 

1.1.2 Signalling and function of MIF  

The unique biological functions associated with MIF have led to it being 

described as a cytokine, enzyme, hormone, and chemokine [19].  MIF functions 

through autocrine/paracrine loops inducing expression of pro-inflammatory 

cytokines such as TNF-α, IL-1β, IL-6, nitric oxide, COX2, and IFN-γ [27].  There are 

multiple mechanisms by which MIF’s biological function can lead to pulmonary 

malignancies (Figure 1.2).  MIF has shown to bind to the cell surface receptor 

CD74 inducing a sustained MAPK/ERK activation. It negatively regulates the anti-

inflammatory effects of glucocorticoids and the tumour suppressor protein p53 

resulting in increased cell proliferation and reduced growth limitation [28].  It 

has also been shown that both endogenous intracellular MIF and exogenous 

MIF after endocytosis, interact and directly bind to c-Jun activation domain 

binding protein-1 (JAB1).  MIF antagonises JAB1-stimulated AP-1 transcription 

and JAB1-induced JNK activity [29].  JAB1 also interacts with p27Kip1, which 

functions as an inhibitor of cell cycle progression.  This results in promoting 

p27Kip1 degradation and blocking the cell cycle.  MIF prevents this function and 
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p27Kip1 levels rise, dropping cell proliferation [30].  Moreover, MIF/JAB1 

complexes have been detected in atherosclerotic plaque tissue [31], and 

pituitary tumours [32].  It has been observed that at low MIF concentrations, 

MIF would signal through membrane bound receptors (CD74) functioning in a 

pro-inflammatory fashion.  However at higher concentrations of MIF it could 

act via the non-receptor based JAB1-mediated signalling pathway and thus 

have a negative effect on inflammation and cell growth [33]. 

HIF1α (hypoxia inducible factor) is known as the master transcriptional 

factor which is involved in providing the environment that favours tumour 

growth, it forms a complex with the HRE (hypoxia responsive element) in the 

promoter region of the target gene which activates their expression [34].  The 

further investigation to understand the precise role of MIF and hypoxia has 

shown that MIF is required for optimal hypoxia-induced HIF-1α.  It has also 

been explained that MIF deficient cells do not allow for stabilisation of HIF-1α 

that is hypoxia-induced [35].  Another study that was conducted to investigate 

MIFs role in angiogenesis related signalling pathways, revealed that MIF acts 

through the activation of MAP kinases which allows for the differentiation of 

endothelial cells to blood vessels.  This showed another strategically 

important role for MIF in a hypoxic setting [36].  MIF, also, counter-regulates 

the immunosuppressive effects of glucocorticoids at transcriptional and post-

transcriptional levels.  MIF prevents the glucocorticoid-mediated induction of 

inhibitor of nuclear factor-κB (IκB) synthesis and messenger RNA 

destabilisation, and overrides the glucocorticoid-mediated inhibition of 

phospholipase A2 (PLA2) activity and arachidonic acid production [12]. 
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Figure 1.2:  The role of MIF in cell signalling. MIF causes a cell signalling cascade, inducing 

cell cycle progression and pro-inflammatory cytokine secretion. It prevents 
apoptosis through down regulation of tumour suppressor factor, p53. The 
effect of MIF on cellular signalling is started through receptor mediated 
pathways and intracellular interactions; MIF forms a complex with its receptor 
(CD74) and coreceptor (CD44), leading to phosphorylation of ERK 1/2 and 
sustained MAPK ERK1/2 activation, that triggers downstream processes 
including the release of pro-inflammatory cytokines and cell proliferation. 
During this process, activation of phospholipase A2 (PLA2) and cyclooxygenase 
2 (COX2) leads to the downregulation of the tumour suppressor p53 and the 
inhibition of apoptosis. The Akt pathway is also activated via CD74, leading to 
phosphorylation of proapoptotic proteins such as BAD, this further contributes 
to cell survival and the inhibition of apoptosis. MIF can also play a role in the 
stabilisation of HIF-1α through a p53-dependent mechanism. HIF-1α is a key 
transcription factor for angiogenic proteins such as VEGF. MIF also plays a role 
in chemotactic recruitment of cells to the sites of inflammation via its 
interaction with CXCR2/4. Pathway modified from reference [37]. 

 

1.1.3  MIF and airway diseases 

MIF is a crucial mediator of host defence particularly in the context of the 

regulation of the inflammatory response[38].  However, in the context of 

excessive production in end-organs it can contribute to drive a chronic 

inflammatory phenotype and lead to the propagation of chronic inflammatory 

diseases [39, 40].  There is a growing body of evidence linking MIF in various 
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pulmonary diseases, and the importance of MIF has been demonstrated in many 

of clinically relevant lung disease models where over-expression of MIF has been 

associated with more aggressive clinical phenotypes [41-44].  These diseases 

include lung cancer [24], nasopharyngeal cancer [45], tuberculosis [46], asthma 

[47], cystic fibrosis [48], pneumonia [49], idiopathic pulmonary fibrosis (IPF) [43], 

wegener's granulomatosis [50], pulmonary hypertension [51], obstructive sleep 

apnea [52] chronic obstructive pulmonary disease (COPD) [53] and acute 

respiratory distress syndrome (ARDS) [54] (see Figure 1.3). 

 

Figure 1.3: The association of macrophage migration Inhibitory factor (MIF) with 

respiratory diseases [55-57]. 

 

1.1.4  The role of MIF in lung cancer 

lung cancer has the highest mortality rate worldwide, accounting for 14% 

of all cancers [58], which translates to 2.09 million new cases and 1.76 million 

deaths in 2018 [59].  Over the last 30 years prognosis for patients has remained 

poor with an average 5 years survival rate remaining relatively unchanged at of 

17.8% which is much lower than that of other leading cancers [60].  Therefore, a 

significant global clinical unmet need is to define novel new targets and 

therapies for patients with this aggressive cancer. 

There now is a critical mass of published work highlighting the important 

role MIF plays in cancer pathogenesis. MIF expression levels correlate with 

premalignant, malignant, and metastatic tumours in numerous cancer types, 

including breast, pancreas, prostate, colon, brain, skin, and lung-derived 

tumours.  Significantly higher levels of both MIF message and protein, have been 
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shown in a variety of human tumours compared with their noncancerous cell 

counterparts [42, 61-64].  MIF can play a key role in angiogenesis, metastasis, 

and tumour development via distinct pathways, all highlighting the important 

contribution of this cytokine to cancer growth, proliferation and spread (Figure 

1.4).  

It is well recognised that chronic inflammatory diseases are associated 

with increased risk of cancer, and  it has been proposed that MIF potentially is a 

key link between lung inflammation and cancer development [38].  MIF is 

released from the cells into the alveolar space which brings about upregulation 

of angiogenic growth factors and downregulation of apoptosis, this can have a 

proangiogenic effect, particularly in studies of tumorigenesis [24, 44].  In a 

clinical study, Kamimura et al. showed that in normal lung tissues, both MIF 

mRNA and protein can be found in the bronchial and alveolar epithelium, 

endothelium, vascular smooth muscle, and alveolar macrophages. However, in 

lung adenocarcinoma tissues, MIF is accumulated significantly in the alveolar 

epithelium relative to normal tissue concentrations [65].  It also has been shown 

that there is direct correlation between the levels of MIF in the nuclei of non-

small cell lung cancer and a worse prognosis [62].   Moreover, MIF can act 

together with its newly described homolog, D-dopachrome tautomerase as a 

MIF family member, to upregulate the expression of CXC8 and VEGF in non-

small-cell lung carcinoma leading to angiogenesis progression contributing to 

tumour growth, survival, and invasion [66].  An animal model of chronic lung 

injury has revealed that enhanced MIF expression promoted lung tumour 

growth, indicating the critical role of this cytokine in lung tumour development 

in chronic inflammatory diseases [67].  
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Figure 1.4: The role of MIF in cancer. MIF plays a critical role to develop cancers by 

downregulating p53 expression and stimulating angiogenesis, ERK activation, 
and COX-2/PGE-2 production. The graph was adapted from Ref [19].     

 

1.1.5  The enzymatic active site of MIF; a therapeutic target 

Experimental evidence in recent years has supported strongly a link 

between chronic inflammation and cancer progression/severity [38, 68].  The 

rational for further studies on the inhibition of MIF’s biological function comes 

from the substantial evidence that supports the involvement of MIF in the 

pathogenesis of disease which makes it an attractive therapeutic target in not 

only cancers but also many infectious and inflammatory diseases [69].  The 

importance of MIF in cancer has been confirmed in several preclinically and 

clinically relevant cancer models where deletion of MIF or deactivation of its 

enzyme activity has shown a considerable reduction in the progression or 

mortality of cancer [70].  This includes prostate cancer  [71], colorectal cancer 

[72], bladder cancer [73], pancreatic [74], gastrointestinal cancer [75].  To define 

the role for MIF’s enzymatic activity in cancer pathogenesis, a tautomerase-null 

MIF gene knockout mouse, Mif P1G, was generated, in which the MIF N-terminal 
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proline (Pro1), the active site, encoded by exon 1 of mif is replaced with glycine 

by exchanging the codon CCT for GGC. A Lewis lung carcinoma (LLC) murine 

model was established in Mif P1G, Mif-KO (MIF knockout) and wild-type (WT) 

mice and this work showed a significant reduction in tumour growth in both Mif 

P1G, Mif-KO, in contrast to wildtype mice, suggesting that lung cancer depends on 

MIF’s tautomerase action and modulating MIF’s enzyme activity may be a novel 

therapeutic target for the treatment of cancer [24].  In fact, numerous different 

strategies have been undertaken in the past to inhibit/moderate MIF biological 

activity, including anti‐MIF antibodies, indirect destabilisation of MIF, small 

molecule disruption of MIF activity.  The Inhibition of MIF’s enzyme activity by 

using small molecules is one of the most promising approach to modulate the 

MIF function for the treatment of various diseases such as lung cancer [19].  

Moreover, the inhibition of MIF’s tautomerase activity has shown promising 

results in experimental sepsis, chronic inflammatory, and cancer diseases [76-

79].  

The three-dimensional x-ray crystallographic structure of MIF displays the 

existence of a catalytic site, also known as the tautomerase active site, which 

serves as a small-molecule binding pocket and contains highly conserved amino 

acid residues known to be crucial for MIF’s proinflammatory activity [80].  This 

hydrophobic active site is of great interest for pharmacological development 

because it offers access to the protein’s surface for design of small molecular 

weight inhibitors to target the catalytic site of MIF [19].  SCD-19 is a novel small-

molecular-weight inhibitor targeting MIF's tautomerase activity which has shown 

promising results in both lung cancer and inflammatory studies.  In a previous 

study, to examine the activity of SCD19, a subcutaneous Lewis lung carcinoma 

murine model was stablished in the mice. After tumour growth, the mice were 

treated by intraperitoneal (IP) injection of SCD-19 (35 mg/kg) twice weekly. The 

result of 30 days monitoring tumour volume showed that SCD19 reduced the 

tumour growth by 90% and it was dramatically more active than ISO-1, a 

commercial available MIF inhibitor [24].  In a different study, it was also reported 
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that SCD-19 significantly decreases the inflammatory response in a murine 

pulmonary chronic P. aeruginosa model, suggesting that SCD-19 might be used 

in both cancer and inflammatory diseases [40]. 

1.2  Nanomedicine applications in the lung cancer 

The applications of nanotechnology in medicine, referred to as 

nanomedicine is a relatively new field commencing in the 1990s [81].  

Nanomedicine as a common interpretation in pharmaceutical sciences is the 

study and utilisation of materials and devices below 1000 nanometers (nm) in 

size [82, 83]. Nanomedicine is a multidisciplinary research field with an 

integration of traditional sciences such as chemistry, physics, biology and 

materials science [84]. Food and Drug Administration (FDA) has introduced the 

use of nanomedicine as one the top priorities to stimulate innovation in the 

fields of medicine by stating “Nanotechnology holds huge promise for the design 

and manufacture of many types of novel medical products—from devices to 

therapeutics to combination products” [85].  It is widely believed that 

nanomedicine can open doors to new opportunities for the treatment of 

different types of cancer such as respiratory cancers [86-88]. Promising research 

outcomes suggest that nanomedicine will revolutionise the way we practice 

medicine, through the development of new approaches in therapeutic agent 

delivery [89], vaccine development [90], nanotechnology based medical 

detections [91], and therapeutic-diagnostic capabilities into one single 

nanoplatform (referred as theranostics) [92].  When it comes to recent clinical 

studies, the most active areas are drug delivery, vaccination and diagnosis (see 

Table 1.1).  Whereas, theranostic systems have been investigated mostly in 

research studies thus far.  
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Table 1.1: Examples of nanomedicines employed for lung cancer in clinical trials or on the 

market, collected from clinicaltrials.gov.  a Approved in Korea (2007) [93].  

Therapeutic delivery    

Tradename Route of 
administration 

Particle type/ 
therapeutic agent 

Indication Approval/ 
Status 

Abraxane Intravenous Polymeric/paclitaxel Non-small cell 
lung cancer 
(NSCLC) 

FDA approved 
(2012) 

Genexol® PM Intravenous Micellar/paclitaxel Lung cancer (Ph II)a in US 

Genexol® PM Intravenous Micellar/paclitaxel 
in combination with 
cisplatin 

Lung cancer NCT02667743 
 (Ph III)  

Lipoplatin Intravenous Liposomal/cisplatin Non-small cell 
lung cancer 

(Ph III) 

Opaxio Intravenous Polymeric/paclitaxel Lung cancer (Ph III) 

Paclitaxel 
poliglumex 

Intravenous Micellar/paclitaxel Non-small cell 
lung cancer 

(Ph III) 

nab-P/C  Intravenous Polymeric/ paclitaxel  
in combination with 
free carboplatin 

Non-small cell 
lung cancer 

NCT02027428 
 (Ph III)  

ONIVYDE® 
 

Intravenous Liposomal/ topotecan Small cell Lung 
cancer 

NCT03088813 
(ph II/III)  

Abraxane  Intravenous Polymeric/paclitaxel 
in combination with 
pembrolizumab and 
carboplatin 

Non-small cell 
lung cancer 

NCT02775435 
(Ph III)  

Xyotax  
(CT-2103) 

Intravenous Polymeric/paclitaxel 
compared with 
paclitaxel 

Advanced lung 
cancer 

NCT00269828 
(Ph III) 

Xyotax  
(CT-2103) 

Intravenous Polymeric/paclitaxel 
in combination with 
carboplatin and 
compared with 
paclitaxel plus 
carboplatin 

Advanced or 
recurrent non-
small cell lung 
cancer 

NCT00054210 
(Ph III) 

Xyotax  
(CT-2103) 

Intravenous Polymeric/paclitaxel 
compared with 
gemcitabine or 
vinorelbine 

Advanced or 
recurrent non-
small cell lung 
cancer 

NCT00054197 
(Ph III) 

Xyotax  
(CT-2103) 

Intravenous Polymeric/paclitaxel 
compared with 

Progressive 
non-small cell 

NCT00054184 
(Ph III) 

https://clinicaltrials.gov/ct2/show/NCT02667743
https://clinicaltrials.gov/ct2/show/NCT02027428
https://clinicaltrials.gov/ct2/show/NCT03088813
https://clinicaltrials.gov/ct2/show/NCT02775435
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docetaxel 
 

lung cancer  

Xyotax  
(CT-2103) 

Intravenous Polymeric/paclitaxel 
in combination with 
carboplatin 

Non-small cell 
lung cancer  

NCT00576225 
 (Ph III) 

Xyotax 
(CT-2103) 

Intravenous Polymeric/paclitaxel 
in combination with 
carboplatin 

Stage IIIB, stage 
IV, or recurrent 
non-small cell 
lung cancer 

NCT00551733 
(Ph III) 

Xyotax  
(CT-2103) 

Intravenous Polymeric/paclitaxel 
in combination with 
Alimta 

Advanced non-
small cell lung 
cancer 

NCT00487669 
(Ph II) 

Xyotax  
(CT-2103) 

Intravenous Polymeric/paclitaxel 
in combination with 
carboplatin 

Stage III non-
small cell lung 
cancer 

NCT00352690 
(Ph II) 

Doxil® / Caelyx® Intravenous Liposomal/doxorubicin Non-small cell 
lung cancer  

NCT01051362 
(Ph II)  

SPI-77 Intravenous Liposomal/cisplatin Advanced non-
small-cell lung 
cancer  

(Ph II) 

Abraxane  Intravenous Polymeric/paclitaxel   
in combination with 
free carboplatin and 
bevacizumab 

Non-small cell 
lung cancer 

(Ph II) 

OSI-211 Intravenous lurtotecan/Topotecan Small cell lung 
cancer 

NCT00046787 
(Ph II)  
 

Abraxane  Intravenous Polymeric/paclitaxel   
in combination with 
Carboplatin 

Small cell lung 
cancer 

NCT00454324 
(Ph II)  

CRLX101 Intravenous Polymeric/ olaparib   Lung cancer NCT01380769 
(Ph II)  

Abraxane  Intravenous Polymeric/Gemzar Lung cancer NCT02449122 
(Ph I/II)  

Abraxane  Intravenous Polymeric/paclitaxel   
in combination with 
free carboplatin 

Advanced 
squamous cell 
carcinoma of 
lung 

NCT01236716 
(Ph I/II)  

NC-6004  
 

Intravenous Micellar/ cisplatin  
in combination with 
free gemcitabine 

Advanced solid 
tumours, 
including non-
small cell lung 
cancer 

NCT02240238 
(Ph Ib/II)  

Oncoprex Oral Lipid/ plasmid DNA 
encoding FUS1 (TUSC2) 

Lung cancer NCT01455389 
(Ph I/II)  

Oncoprex Oral Lipid/ plasmid DNA 
encoding FUS1 (TUSC2) 

Lung cancer NCT00059605 
(Ph I/II)  

CRLX101 Intravenous Polymeric/olaparib   
in combination with 
free camptothecin 

Non-small cell 
and non-small 
cell lung cancer 

NCT02769962 
(Ph I/II)  

Abraxane  Intravenous Polymeric/paclitaxel   
in combination with 
 free Nintedanib 

Non-small cell 
lung cancer 

NCT03361319 
(Ph I/II)  

https://clinicaltrials.gov/ct2/show/NCT01051362
https://clinicaltrials.gov/ct2/show/NCT00046787
https://clinicaltrials.gov/ct2/show/NCT00454324
https://clinicaltrials.gov/ct2/show/NCT01380769
https://clinicaltrials.gov/ct2/show/NCT02449122
https://clinicaltrials.gov/ct2/show/NCT01236716
https://clinicaltrials.gov/ct2/show/NCT02240238
https://clinicaltrials.gov/ct2/show/NCT01455389
https://clinicaltrials.gov/ct2/show/NCT00059605
https://clinicaltrials.gov/ct2/show/NCT02769962
https://clinicaltrials.gov/ct2/show/NCT03361319
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CYT-6091 Intravenous Gold and Polymeric/ 
tumor necrosis factor 
alpha 

Lung cancer (Ph I) 

SGT-53 Intravenous Liposomal/plasmid 
DNA encoding wild-
type p53 

Solid tumours 
 

NCT00470613 
(Ph I)  

TargomiRs Intravenous Nonviable minicells/ 
miRNA 

Pleural 
mesothelimoma 
and non-small 
cell lung cancer 

NCT02369198 
(Ph I)  

Abraxane  Intravenous Polymeric/paclitaxel   
in combination with 
free gemcitabine 

Small cell and  
non-small cell 
lung cancer  

(Ph I) 

Abraxane  Intravenous Polymeric/ paclitaxel Non-small cell 
lung 

NCT02495896 
(Ph I)  

BIND-014 Intravenous Polymeric/docetaxel advanced or 
metastatic 
cancer 
included lung 
cancer 

NCT01300533 
(Ph I)  

AuroLase 
(Nanospectra 
Biosciences) 

Intravenous Silica-gold nanoshell 
/AuroLase® Therapy 
(hyperthermia cancer 
therapy) 

Metastatic lung 
tumours 

NCT01679470 
 

 

Diagnosis 
 

    

Trade name Mechanism Nano particle type Indication Approval/ 
Status 

Electronic nose Volatile organic 
compounds 
(VOC) detection 

Polymeric 
nanoparticles 

Lung cancer NCT01386203 

 

Vaccination 

  
                            
 

  

Trade name Route of 
administration 

Particle type Vaccine antigen 
/Adjuvant 

Approval/ 
Status 

BLP25 
(Stimuvax®) 

Intravenous Liposomal MUC1/MPLA 
 

NCT01015443 
(Ph III)  

BLP25 
(Stimuvax®) 

Intravenous Liposomal MUC1/MPLA 
 

NCT00409188 
(Ph III) 

BLP25 
(Stimuvax®) 

Intravenous Liposomal MUC1/MPL NCT00960115 
(Ph I/II)  

 
 
 
 
 
 
 

https://www.clinicaltrials.gov/ct2/show/NCT00470613
https://clinicaltrials.gov/ct2/show/NCT02369198
https://clinicaltrials.gov/ct2/show/NCT02495896
https://clinicaltrials.gov/ct2/show/NCT01300533
https://clinicaltrials.gov/ct2/show/NCT01679470
https://clinicaltrials.gov/ct2/show/NCT01386203
https://clinicaltrials.gov/ct2/show/NCT01015443
https://clinicaltrials.gov/ct2/show/NCT00409188
https://clinicaltrials.gov/ct2/show/NCT00960115
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The continued progress of nanomedicines has the potential to provide 

numerous benefits in the field of cancer as some examples have been 

highlighted in Figure 1.5.  The most promising application of nanomedicine in the 

field of lung cancer is to use nanoparticles as nanodrug delivery vehicles [94], 

which will be discussed in the next section of this thesis. 

It has been well demonstrated that there is a direct relationship between 

immunity and lung cancer which might provide a new immunotherapeutic 

approach that can be combined with other therapeutic methods such as 

immunotherapy, chemotherapy, radiotherapy, and surgery to treat lung tumours 

[95].  In the context of lung cancer, one could envisage nanomedicine and 

specifically, nanocarriers possessing enhanced ability to deliver subunit vaccines 

made of small molecule, protein and peptides, antigens that may overcome 

current  common vaccine industry problems including, degradation, non-specific 

targeting, and lack of sufficient number of antigen-presenting cells [96].  To 

achieve higher immunity response, nanoparticles have the capacity to present 

multiple peptide epitopes in a repetitive pattern, thus addressing a current 

challenge related to poor immunogenicity in current peptide-based subunit 

vaccines [97].  Recent clinical studies of nanovaccine for immunotherapy against 

lung cancer have shown promising results, in terms of disease stability and 

improvement of Overall Survive (OS) in non-small-cell lung cancer patients [98, 

99]. 

One of the significant challenges in improving lung cancer survival relates 

to the late presentation, when the cancer has already spread beyond the lungs.  

Thus, novel methods to detect lung cancer at an earlier timepoint represents a 

significant global clinical unmet need.  Nanoparticles offers a potential solution 

for improving early lung cancer diagnosis/detection as it is highly sensitive, non-

toxic, and relatively non-invasive [100].  

Exhaled breath volatile organic compound (VOC) analysis is one of the 

promising techniques for the early detection of lung cancer [101].  Recently, an 
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advanced nanobiosensor-based system, generally referred as nano-nose or 

electronic nose, has been investigated to detect and diagnosis lung cancer at the 

early stage [102].  Nano-nose is a chemiresistor nano-sensor array that can 

analyse rapidly volatile organic compounds (VOCs) from exhaled breath of 

patients as VOCs related to various diseases, and their composition differs from 

one disease to another [103].  These sensors can distinguish between the breath 

of a healthy and cancerous individual by detecting lung cancer biomarkers in the 

collected VOCs which forms the foundation for a feasible, fast and accurate 

method for the detection of lung cancer [104]. Nakhleh and colleagues has 

recently introduced a new generation of nano-nose, so called an artificially 

intelligent nanoarray based, that is able to detect seventeen different types of 

cancer at the same time with almost 90% accuracy [105].  This nano-based new 

array provides an easy-to-use and portable tool for personalised screening that 

can classify of seventeen different diseases only from exhaled breath.  

The term “theranostics” is defined as combining diagnostics and 

therapies in a single modality and is gaining significant interest in cancer 

molecular imaging and therapy [106].  Numerous nanoparticle-based theranostic 

systems have been created over last ten years to monitor the therapy at a 

cellular level and to provide tracking of nanoparticles both in vitro and in vivo 

[107].  Theranostic agents can play critical roles in early stage drug development 

as well as clinical-stage therapeutic-containing drug candidates. 
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Figure 1.5: Benefits of nanomedicine applications for the treatment of lung cancer. 

 

1.2.1 Nanodrug delivery systems 

Nanodrug delivery systems are playing an increasingly important role in 

the field of nanomedicine [108]. Nanotherapeutics have been approved for the 

treatment of cancer for over 20 years, since the approval of Doxil®, a liposomal 

form of the chemotherapy drug doxorubicin, in 1995 for AIDS related Kaposi’s 

syndrome.  This was the first nanotherapeutic to be approved by the FDA and 

since then [109], has continued to motivate the development of new 

nanotherapeutics for the treatment of cancer, as illustrated by the dominance of 

cancer as the primary therapeutic indication (see Table 1.1).  There are currently 

two nanotherapeutics approved for the treatment of lung cancer.  Both contain 

the potent chemotherapeutic paclitaxel as the active drug component, which is 

widely used to treat a number of different solid tumours including ovarian, 

breast and lung cancer [110].  Due to its poor water solubility, paclitaxel is 

administered with surfactants such as Cremophor EL as solubilisers to increase 
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its bioavailability. But, such excipients have been associated with high toxicity 

and adverse events, such as hypersensitivity and neurotoxicity [86].  However, 

using advanced nano-drug carriers, the use of such excipients, and their 

associated toxicities, can be avoided.  In the case of Genexol-PM, the first 

nanotherapeutic approved for the treatment of non-small-cell lung cancer 

(NSCLC) in Korea in 2007, paclitaxel is encapsulated into nano-sized polymeric 

micelles, which allows a significantly higher paclitaxel dose to be administered to 

patients without an increase in toxicity [111].  Abraxane is a protein-based 

nanotherapeutic, which was originally approved in 2005 for the treatment of 

metastatic breast cancer and gained FDA approval in 2012 as a first-line 

treatment of advanced NSCLC after a phase III clinical trial demonstrated the 

superiority of the nanotherapeutic over the free drug in combination with 

carboplatin [112].  In recent years, there have been ongoing clinical trials 

investigating the efficacy of these approved (Abraxane and Genexol-PM) 

nanotherapeutics in combination with other chemotherapy drugs for the 

treatment of lung cancer; NCT03361319, NCT02495896, NCT02667743, 

NCT02027428, and NCT01023347.  

The use of nanoparticle-based delivery systems is the most documented 

area either in preclinical and clinical studies, when it comes to nanotechnology in 

respiratory medicine (figure 1.6 A) [113, 114].  In fact, almost 40% of currently 

marketed drugs and virtually 90% of small molecules being developed as novel 

drug candidates are poorly water-soluble [115, 116].  Solvents like 

dimethylsulfoxide (DMSO) and dimethylformamide (DMF) are recognized as 

common solvent to dissolve a wild range of insoluble drugs however their cost 

and toxicity pose a limitation on their use for any therapeutic purpose [117].  A 

promising strategy has emerged over the past three decades to address this 

intrinsic drawback of chemotherapeutics. 

There are various types of nanoparticles derived from organic and 

inorganic materials, (see Figure 1.6 B) which have been used to improve water 

solubility for hydrophobic drug molecules [118].  Furthermore, the ability of 

https://clinicaltrials.gov/ct2/show/NCT03361319
https://clinicaltrials.gov/ct2/show/NCT02495896
https://clinicaltrials.gov/ct2/show/NCT02667743
https://clinicaltrials.gov/ct2/show/NCT02027428
https://clinicaltrials.gov/ct2/show/NCT01023347
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nanoparticles to carry therapeutic agents, including organic and inorganic, small 

and macromolecules has also been demonstrated to improve the stability of the 

drug in vivo, enhance the circulating half-life and increase cellular accumulation 

of the drug [108, 119].  It has been well demonstrated that nanoparticle delivery 

systems improve the stability of therapeutic agents and prevent degradation in 

vivo, thereby enabling the delivery of drugs [120].  Employing nanoparticles to 

deliver therapeutic agents can enhance bioavailability and overcome natural 

barriers, such as mucosa [121].  Moreover, nanocarriers can be administered via 

different routes, including intravenous [122], oral [123], and inhalation [124] 

(see Figure 1.6 C) and the development of nanomedicine, has allowed scientists 

to achieve these outcomes, without the need to modify existing drugs [89, 124].  

One of the most pressing need in cancer is to design effective treatments that 

minimize damage to normal tissue.  Anticancer drugs loaded in a nanodrug 

carrier tend to accumulate in tumour tissue much more than they do in normal 

tissues through the enhanced permeability and retention (EPR) effect which 

refers to the accumulation of nanoparticles (NPs) in tumour facilitated by the 

highly permeable nature of the tumour vasculature and poor lymphatic drainage 

of the interstitial fluid surrounding a tumour [125]. 

Nanodrug carriers can also be targeted, so called smart drug carriers, to 

enhance the accumulation of drug compounds in specific disease site and limit 

the exposure to healthy tissues, thereby, reducing drug side effects, and 

reducing the required dose to be administered to the patient [126].  It has been 

shown that overexpression of surface markers on tumour cells which are absent 

in normal cells provides an opportunity of targeting the nanodrug delivery 

systems to cancer cells [127].  Conjugating specific moieties, which include, small 

molecules, proteins, and peptides to the surface of nanoparticles are the most 

common strategies to design a targeted nanodrug delivery carrier [128].  As a 

smart nanodrug delivery system, drug releases can be also controlled/stimulated 

to maximize drug sustain release, prolonged dosage and efficiency [129], by 
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employing  pH-responsive [130], thermo-responsive [131], redox-responsive 

[132], photo-responsive [133], magnetic-responsive [134] drug carriers.  
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Figure 1.6: The data collected based on recent registered clinical trials on Clinicaltrials.gov. 

A) the proportion of the three most applications of nanomedicine in lung 
diseases filed. B) the most popular types of nanocarriers used for the treatment 
of lung diseases. C) the proportion of three different routes of administration 
employed to treat lung diseases by using nanoparticles. 

 

1.2.2 Nano polymer-based for drug delivery  

Numerous research efforts have focused on using polymeric nanodrug 

delivery systems as one of the most prominent nanotherapeutic delivery 

vehicles, due to their large potential in drug delivery [135].  The attracting 

characteristics of polymeric nanoparticles include a wide payload spectrum of 

both hydrophobic and hydrophilic therapeutic agents such as chemical 

compounds (e.g. paclitaxel, doxorubicin) [136], small biomolecules (e.g. DNA, 



22 

 

protein) [137], and metallic materials (e.g. silver, iron) [138].  Therapeutic agents 

can be adsorbed, encapsulated, entrapped, and conjugated either throughout or 

onto the polymeric nanoparticles matrix/ shell as illustrated schematically in 

figure 1.7 [139, 140]. 

Other outstanding features of polymer-based nanodrug carriers are their 

biodegradability and biocompatibility, thus therapeutic agents can be released in 

a controlled manner by taking the advantages of biodegradation kinetics of the 

polymers, this can improve toxicity profile and prolonged circulation of drug 

candidate [141].  Moreover, polymeric nanodrug carriers can be easily 

administrated via different routes which include, oral, injection, and inhalation 

routes [135].  Polymeric nanoparticles are one of the most widely approved 

nanomedicines for the treatment of disease, for instance DOXIL (the first FDA-

approved nano-drug), Genexol-PM, and Abraxane [137]. 

 

Figure 1.7: The most common types of nanocarriers have used for therapeutic agent 

delivery in preclinical and clinical studies to treat lung diseases. Small red 
circles represent schematically therapeutic agents.  

 

The ability to modify the surface of polymeric nanoparticles have made them 

ideal candidates for targeted drug delivery in various diseases treatment, 

including cancer therapy and offers a substantial improvement over traditional 

methods of drug delivery system in terms of efficiency and effectiveness [137].  

Several different clinical trials are being conducted to investigate the efficacy 
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and safety of the targeted polymer-based nanodrug delivery systems for the 

treatment of lung cancer; NCT02369198, NCT01792479, NCT02283320, 

NCT02769962, and NCT01300533 (see table 1.1).  

Technically, there are two different types of polymer-based drug carrier.  

Natural polymer (e.g. albumin, chitosan) and synthetic polymer (e.g. 

polyethylene glycol, poly(lactic-co-glycolic acid)) nano delivery vehicles  [142].  

Natural polymers can be directly found in natural resources such as green plants, 

animals, and bacteria.  Synthetic polymers, however, are synthesised in the 

laboratory by using different chemical components [143].  It has been reported 

that poly(lactic-co-glycolic acid) or PLGA is the most studied/used of the 

degradable synthetic polymers which has been developed as a biodegradable 

polymer, owing to its features of controlled-release, and special release profiles 

biodegradability [141, 144]. 

1.2.3 PLGA-based nanoparticles as a drug delivery system 

PLGA is a linear copolymer which has been approved by Food and Drug 

Administration (FDA) and European Medicines Agency  (EMA) for human 

therapy, including drug delivery, diagnostics and other applications of clinical or 

basic science research [145].  Many innovative research studies have been 

reported in the literature, which highlighted the use of PLGA as a drug delivery 

system to deliver a variety of different types of therapeutic agents, including 

small molecules [146], proteins [147],  and nucleic acids [148].  PLGA is the most 

popular among the various available biodegradable polymers due to its 

favourable characteristics that have been highlighted graphically in figure 1.8. 

 

 

 

https://clinicaltrials.gov/ct2/show/NCT02369198
https://clinicaltrials.gov/ct2/show/NCT01792479
https://clinicaltrials.gov/ct2/show/NCT02769962


24 

 

 

Figure 1.8: Benefits of PLGA nanoparticles in drug delivery applications.  

 

PLGA can be synthesised at different ratios between its two basic 

monomer components, lactic [C3H4O2] and glycolic [C2H2O2] acid, that can 

directly impact on its release profiles, biodegradability and its ability to sustain 

therapeutic agent concentration for an extended period [149].  For instance, 

50:50 (v/v) (lactic and glycolic acid) ratio represents faster drug releases than 

PLGA 65:35 [150].  In fact, drug release decreases as lactic to glycolic ratio 

increases.  The reason is that glycolic acid is more hydrophilic than lactide acid so 

when the PLGA contains higher proportions of glycolic acid, increased 

degradation rate of the PLGA nanoparticles is observed because of higher 

hydrophobicity of PLGA.  Therefore, the drug release can be controlled by 

choosing different ratios of lactic and glycolic acid [151]. 

PLGA biodegrades via hydrolysis in aqueous environments, breaking its 

ester linkages to form lactic and glycolic acid monomers that can be naturally 

metabolised by tricarboxylic acid cycle (Krebs cycle) (see Figure 1.9) [152].  This 

results in PLG being biocompatible, safe, and non-toxic as a platform for in vivo 

drug delivery with minimum side effect [153].  In fact, numerous in vitro and in 

vivo studies have shown the safety and efficacy of the drug loaded PLGA 

nanoparticles in cancer [154-157]. 
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It is noteworthy to point out that there is already some micro PLGA-

based therapeutic carriers in market such as Zoladex®, Sandostatin LAR Depot ®, 

Nutropin Depot® [158], Lupron Depot®, Somatuline® LA, Trelstar™ Depot, 

Arestin®, and Risperdal Consta™ for the treatment of different diseases including 

cancer [159]. However, to the best of our knowledge, there is no nano PLGA-

based drug carrier approved as a therapy.  

 

 

Figure 1.9: Synthesis of poly(DL-lactide-co-glycolide) (PLGA), chemical structure and 

degradation of PLGA via tricarboxylic acid cycle, adapted from ref [160]. 

 

1.2.4 Nebulised PLGA nanodrug delivery system 

Local administration of nano-packaged drugs via the inhalation route 

delivers drugs effectively and specifically to the target organ, namely the lung 

resulting, on the one hand enhanced treatment efficacy, and on the other 

limiting spill-over into the systemic circulation, and consequently reducing the 

risk of potential adverse systemic side effects of the treatment [161].  Pulmonary 

drug delivery prevents the degradation of therapeutic components in the 

gastrointestinal tract and first pass metabolism in the liver.  Moreover, the lung 

provides a large surface area of the alveolar region (100 m2) with low proteolytic 

activity which makes Inhalation local delivery an ideal strategy to treat 

pulmonary diseases.  It has been shown that Inhalation local delivery increases 

significantly the drug half-life and the drug concentration in the lungs compared 

to the intravenous injection route [162].  This is in contrast to oral administration 
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which can be faced with poor bioavailability of the drug to the lung due to its 

degradation during first-pass metabolism [163, 164].  

Despite all the advantages of inhalation therapy, it faces some 

challenges.  In particular for the efficient delivery of therapeutic agents, 

nebulised drugs must effectively deposit along the airways, overcome 

extracellular and cellular airway barriers and, when needed, reach intracellular 

targets [165].  Over the last ten years, considerable attention has been focused 

on the ability of aerosolised PLGA nanodrug carriers to overcome the current 

challenges of inhalation therapy and to improve treatment efficiency for a wide 

range of lung diseases [166, 167].  For instance, Ungaro and colleges has shown 

that antibiotic loaded PLGA nano particles achieved a deep lung deposition after 

pulmonary delivery and were associated with enhanced antibiotic availability 

[168].  In another in vivo study, the PLGA nanoparticles loaded with the 

anticancer drug (TAS-103) were administered in rats by inhalation route.   This 

investigation resulted in a higher accumulation of drugs in the lung (almost 13-

times) compared to those administrated via intravenous injection.  The PLGA 

nano carrier provided sustained levels of the drug in the lungs for up to 8 hours.  

In contrast,  plasma concentrations detectable diminished at an accelerated rate 

over this time period, probably as a consequence of rapid systemic metabolism 

[169].  In a human non-small cell lung cancer model K-rasLA1 mice, Jiang and co-

worker showed that nebulised PLGA nano carrier system encapsulated 

Dihydroergotamine tartrate (anti-cancer drug) had very low cytotoxicity and 

systemic toxicity post aerosol deliver. Moreover, the aerosol delivery of drug 

loaded PLGA nanoparticles significantly suppressed lung tumour growth by 

almost 50%  [170].  Research work to date suggests that a nebulised PLGA-

nanodrug delivery system is a useful, effective and safe in the treatment of 

cancer. 
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1.3 Hypothesis and Aims of the Project 

Recently, Mawhinney et al. demonstrated the impact of a novel 

competitive inhibitor of MIF tautomerase activity, SCD-19, in a murine model of 

Lewis lung carcinoma (LLC).  The results revealed that animals treated with 35 

mg/kg SCD-19 twice weekly for one month had a significant tumour volume 

reduction (90%) in comparison to untreated animals, suggesting that SCD19 

could be an effective drug for the treatment of lung cancer [24].  Here, we will 

explore the development of an aerosolised nanoparticle delivery system to 

improve the solubility and delivery of SCD19 that will allow for local delivery of 

MIF therapeutics directly to the lung utilising state of the art PLGA nanospheres 

(see Figure 1.10).  This would allow enhanced concentrations of active 

compound to be delivered to the lung while minimising potential systemic 

toxicity.  The nanodrug delivery system (PLGA-SCD19) can target the enzymatic 

active site of both extracellular and intracellular MIF.  MNPs were also 

incorporated into the PLGA NPs for imaging and detection purposes and for the 

final product they were removed from the NPs. 
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Figure 1.10: The concept of the project. The nanodrug delivery system consists of PLGA 

(drug carrier), Iron oxide (optionally, for imaging purpose), and SCD19 (drug 
candidate). The nanoparticles are nebulised into the lung by using an Aerogen 
Ultra nebuliser.  

 

             The main goals of this project are: 

i. The Generation and characterisation of SCD19 loaded PLGA NPs (PLGA-

SCD19). 

ii. Assessment of the functional activity of PLGA-SCD19 and subsequent in 

vitro studies. 

iii. Optimisation and characterisation of an aerosolised delivery system for 

PLGA-SCD19 through in vitro studies. 
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Chemical materials and reagents used in this study 

Name Cat No. Supplier 

100-mesh copper grid  G100-Cu Electron 
Microscopy 
Sciences  

96-Well Polypropylene 005055073 Nunc 

Acetone  650501 Sigma-Aldrich  

Agarose 16550100 Invitrogen  

Ammonium acetate A1542 Sigma-Aldrich 

Ampicillin  sc202951 Santa Cruz 
Biotechnology 

Ascorbic acid BP461 Sigma-Aldrich 

Brilliant blue R 250 6104592 Sigma-Aldrich 

Calcium chloride dihydrate C3306 Sigma-Aldrich 

Centrifugal Filter  UFC901024 Merk 

Chambered Cell Culture Slides 354108 Falcon 

cOmplete™ EDTA-free protease inhibitor 11873580001 Roche 

cOmplete™ Protease Inhibitor Cocktail 11697498001 Roche 

Coomassie® Brilliant blue R 250 C.I. 42660 Merck 

D.P.X 317616 Sigma-Aldrich 

Dichloromethane  650463 Sigma-Aldrich  

Disodium hydrogen phosphate S3264 Sigma-Aldrich 

DMEM medium 41965-039 Gibco 

Dulbecco's phosphate-buffered saline 
(DPBS) 

14190-094 Gibco 

EDTA EDS Sigma-Aldrich 

EGTA E3889 Sigma-Aldrich 

Endotoxin free water  95289 Sigma-Aldrich  

FBS 10270106 Gibco 

Filter paper WHA1201150 Whatman 

Formaldehyde F8775 Sigma-Aldrich  

Formaldehyde F1635 Sigma-Aldrich 

Gel Loading Dye, Blue (6X) B7021S Biolabs 

Glacial Acetic acid 27225 Sigma-Aldrich 

Glycerine PHR1020 Sigma-Aldrich 

Glycerol 56815 Sigma-Aldrich 

Glycine G8898 Sigma-Aldrich  

Hoechst 33342 Invitrogen  

Hydrochloric acid 96208 Sigma-Aldrich 

isopropylthio-β-D-galactoside (IPTG) l1284 Sigma-Aldrich 

L- Glutamine 25030081 Gibco 

L-3,4-dihydroxyphenylalanine methyl ester D1507 Sigma-Aldrich 

Leupeptin L2884 Sigma-Aldrich 

LPS free Water  95289 Sigma-Aldrich  

Luria berttani (LB) agar  L3147 Sigma-Aldrich  

Luria berttani (LB) broth  L3147 Sigma-Aldrich  
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Magnesium chloride A0725033646 Merk 

Methanol 67561 Sigma-Aldrich 

Mini-protean TGX Precast Gel 456-1044 Bio-Rad 

Mounting medium H-1000 VECTASHIELD 

MyTaq Red Mix, 2x  BIO-25043 Bioline 

Neocuproine N1501 Sigma-Aldrich 

Nuclear fast red 60700 Sigma-Aldrich 

Paraformaldehyde F8775 Sigma-Aldrich  

Penicillin and streptomycin 15070-063 Gibco 

Phosphate-buffered saline (DPBS) 14190-094 Gibco 

PLGA poly (lactic-co-glycolic acid)  719900 Sigma-Aldrich  

Potassium chloride P9541 Sigma-Aldrich 

Potassium ferrocyanide P3289 Sigma-Aldrich 

PVA Poly (vinyl alcohol)  P8135 Sigma-Aldrich  

Rhodamine phalloidin R415 Invitrogen  

Sodium acetate S2889 Sigma-Aldrich 

Sodium Chloride S3014 Sigma-Aldrich  

Sodium citrate dihydrate 6132-04-3 Sigma-Aldrich 

Sodium citrate tribasic dihydrate C3434 Sigma-Aldrich 

Sodium Dodecyl Sulfate (SDS) S-5200-53 Fisher Chemical 

Sodium hydrogen carbonate S5761 Sigma-Aldrich 

Sodium hydroxide S5881 Sigma-Aldrich 

Sodium hydroxide 221465 Sigma-Aldrich 

Sodium lactate 1614308 Sigma-Aldrich 

Sodium orthovanadate S6508 Sigma-Aldrich 

Sodium periodate 210048 Sigma-Aldrich 

Sodium pyrophosphate 221368 Sigma-Aldrich 

Sodium pyruvate P2256 Sigma-Aldrich 

Sodium sulfate 13462 Sigma-Aldrich 

Sodium tartrate dihydrate 228729 Sigma-Aldrich 

SYBR® Safe DNA Gel Stain S33102 Invitrogen  

Trisodium phosphate 04277 Sigma-Aldrich 

Triton X-100 X100 Sigma-Aldrich 

Trizma® base 93362 Sigma-Aldrich  

Trypsin-EDTA 25200056 Gibco 

β-glycerophosphate G9422 Sigma-Aldrich 

DNA ladder 15628-019 Invitrogen 
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The kits, instruments, and cells used in this study 

 

Name Cat No. Supplier 

Autoclavable Solo nebuliser AS3100-US Aerogen 

Bacterial/viral filter 3500808 Baxter 

Cell culture slides 354118 Corning 

Centrifugal filter UFC901024 Merk 

Chambered Cell Culture Slides 354118 Falcon™ 

Confocal Microscope LSM 510 Zeiss 

Disposable cuvette 67.755 Sarstedt 

Electrophoresis power supplier model E865 Topac Inc. 

Freeze Dry System 7750020 Labconco 

HiLoad 16/600 superdex 200 pg GE28989335 GE Healthcare 

HiPrep™ Q Fast Flow 16/10 GE28936543 GE Healthcare 

Human breathing simulator ASL5000 Ingmar Medical 

Human mechanical ventilator SERVO-i Getinge 

LDH assay kit 11644793001 Roch 

LLC cell line CRL-1642 ATCC 

Next Generation Impactor (NGI) Model 170 Copley Scientific 

Overhead stirrer (Lab egg, IKA® RW 11) Z404756 Sigma-Aldrich 

PenStrep 15070-063 Gibco 

Pierce® High-Capacity Endotoxin Removal 
Resin 

88276 Thermo Fisher 
Scientific  

Pierce™ BCA Protein Assay Kit 23225 Thermo Fisher 
Scientific  

Pierce™ LAL Chromogenic Endotoxin 
Quantitation 

88282 Thermo Fisher 
Scientific  

Quartz cuvette Z600210 Hellma 

Scanning electron microscopy NEON 40 EsB Zeiss 

Slide-A-Lyzer MINI dialysis cassette 66330 Thermo Fisher 
Scientific 

SpectraMax® i3x Multi-Mode 10014-924 Molecular 
Devices 

Spraytec particle size analyser MAN036930 Malvern 

Sputter Coater  108auto/SE Cressington 
Scientific 

Stirrer  2830001 IKA 

Syringe filter (0.22 µm) SLGP033RS Millex 

Syringe filter (0.45 µm) SLHU033RS Millex 

Transmission Electron Microscope JEM-2100F JEOL 

Ultrasonic Processors VCX 130 FSJ Sonics  

UV spectrophotometry 80300372 Biochrom 

VybrantTM MTT cell proliferation assay  V13154 Invitrogen 

Zetasizer Nano  ZS90  Malvern  
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2.1 Experimental design 

SCD19 was synthesised in professor Donnelly’s lab and then it was 

encapsulated in PLGA nanoparticles (PLGA-SCD19) by using a single emulsion-

solvent evaporation technique.  To visualise the uptake of the nanoparticles in 

cells, another nanoformulation was also developed, we co-encapsulated iron 

oxide nanoparticles (MNPs) and SCD19 into PLGA nanoparticles (PLGA-MNP-

SCD19).  SEM, TEM, NTA and DLS were the first tests applied to look at the size, 

shape, charge and hydrodynamic diameter of the nanoparticles.  LPS 

concentration was evaluated to ensure the supplied nanoparticles are LPS free 

and safe for further in vitro studies.  The drug loading efficiency and drug 

content of the nanoparticles were investigated and calculated by an UV-

spectrometer and a standard curve, which was generated by using a serial 

dilution of SCD19.  An in vitro drug release study was carried out by employing a 

dialysis method to evaluate drug release profile of the nanoparticles.  Changes in 

the hydrodynamic size following incubation in lung artificial fluids was tested by 

DLS to investigate the colloidal stability of the nanoparticles.  A549 cells which 

are human alveolar basal epithelial cells were then exposed to the nanoparticles 

to identify formulation that induced acute cytotoxicity using high throughput 

techniques such as high content screening (HCS).  The cytotoxicity of the 

synthesised nanoparticles was also examined by LDH assay for three different 

cell lines, including murine macrophage, RAW 264.7, Lewis lung carcinoma, LLC, 

and A549.  Following this, a range of qualitative studies (prussian blue assay, 

ferrozine assay, and fluorescent microscope) were carried out to study the 

nanoparticles interaction with cells, and to identify rate of cellular uptake and 

intracellular localisation.  For nebulisation studies we stablished a collaboration 

with Aerogen Ltd.  In the first step, the size and the volume of the pre- and post- 

nebulisation nanoparticles were compared by DLS to ensure the nebuliser does 

not impact on the nanoparticles.  Further studies identified the best 

nanoparticles concentration for the nebulisers with a maximum drug delivery 

without vibrating mesh clogging.  Laser diffraction techniques was employed to 
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evaluate the volume mean diameter (VMD), the geometric standard deviation 

(GSD) and the fine particle fraction (FPF) of the nebulised nanoparticles.  Two 

different methods, including mechanical ventilator and human birthing simulator 

were performed to investigate the drug delivery efficiency for unconscious 

patients and conscious patients, respectively.  We also examined the ability of 

the nanoparticles to inhibit MIF-induced cell proliferation in an in vitro LLC 

model.  

2.2 Synthesis of the nanoparticles  

HPLC grade and endotoxin-free solvents were obtained from Sigma-

Aldrich. The NPs synthesised by using an oil in water (o/w) or single emulsion-

solvent evaporation technique.  Oleic acid-stabilised Fe3O4 NPs 40 µl solution (25 

mg/ml in CH2Cl2) was added to Acetone: dichloromethane (4 ml, 1:2 w/v) at 

room temperature.  To this was added 1:1 (wt. ratio) PLGA (100 mg) and SCD19 

(10 mg). The mixture was stirred and 2% (w/v) poly (vinyl alcohol) (PVA, 8 ml), 

was added slowly dropwise. The emulsion formed was homogenised using a 

probe sonicator (Sonics Vibra-Cell™ Ultrasonic, Sandy Hook, USA) (70% 

amplitude, 30 sec) and poured into 50 ml 0.2% PVA. The resulting emulsion was 

stirred with an overhead stirrer (Lab egg, IKA® RW 11, Staufen im Breisgau, 

Germany) 16 h to allow the organic solvents to evaporate.  NPs were then 

recovered by centrifugation (21,000 × g, 10 minutes, 4°C), washed three times 

with water (50 ml) and re-suspended in saline (0.9% NaCl) (1 ml) and stored 4°C 

until use (see Figure 2.1). 

 

100 mg PLGA
10 mg SCD19  

4 ml CH2Cl2 : (CH3)2CO
+
40 µl Fe3O4 25 mg/ml

-5 min vortex
- Add the solution to 8 ml of 

2% (w/v) PVA

Sonicator
(30 sec, 70% amplitude)

Transfer the solution to 50 ml of
0.2% (w/v) PVA

Stirring
(overnight, 300 rpm)

Centrifugation
(21,000 g, 10 min, 4 C) SCD19

MNP

PLGA

 

Figure 2.1: Schematic diagram describing the synthesis process of PLGA-MNP-SCD19. 

Image adapted from reference [171]. 
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2.3 Limulus amebocyte lysate (LAL) assay 

The newly synthesised PLGA-MNP-SCD19 was analysed and compared to 

old batches of the nanoparticles to determine the levels of LPS contamination 

using a Pierce LAL chromogenic endotoxin quantitation assay kit (Thermo 

Scientific, Dublin, Ireland).  Briefly, the standard solutions were prepared in 1, 

0.5, 0.25, 0.1 EU/ml concentrations from 24 EU/ml LPS stock according to the 

manufacturer’s specification.  50 µl NPs were mixed with 50 µl LAL reagent in a 

pre-warmed 96-well plate and incubated for 10 minutes at 37°C followed by the 

addition of 50 µl substrate solution provided by the kit.  Finally, the stop reagent 

50 µl (acetic acid, 25% (v/v) in water) was added into each well. Absorbance (OD) 

was measured at 405 nm using an UV-spectrometer (SpectraMax i3x, California, 

USA).  The correlation between absorbance and endotoxin concentration is 

linear in the 0.1-1.0 EU/ml range.  The developed colour intensity is proportional 

to the amount of endotoxin present in the sample and can be calculated using a 

standard curve. 

2.4 Transmission Electron Microscope (TEM) 

To obtain quantitative measurement of the nanoparticles size, one drop 

of the NPs (20 µl) suspension was diluted in 10 ml water and 100 µl of this 

solution were deposited on a 100-mesh copper grid covered with amorphous 

carbon film (Electron Microscopy Sciences, Hatfield, USA).  Samples were 

incubated for 15 minutes under ventilation to allow for complete drying, and 

then redundant solutions were absorbed with a filter paper.  After that each 

sample was examined by a JEOL 2100 LaB Transmission Electron Microscope 

(JEOL Ltd., Tokyo, Japan) at 100 kV.  The average particle size was calculated 

from measuring 100 nanoparticles in random fields of view. 
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2.5 Scanning Electron Microscope (SEM) 

A scanning electron microscope (Zeiss NEON 40 EsB Cross Beam, Billerica, 

USA) was used to observe the morphology of the NPs.  The nanospheres were 

prepared by sprinkling onto a Silicon wafers (30 µl) and allowing them to dry 

which was then gently tapped on a piece of clean aluminium foil on a work 

bench to remove excess nanosphere before being loaded into a Sputter Coater 

machine (Cressington Scientific, Watford, UK) where they were coated by the 

platinum for 2 minutes at 13 mA to fix the samples and protect from thermal 

damage as well as provide a proper secondary electron that improves the quality 

of the images.  Then, the samples were analysed by the scanning electron 

microscopy.  An acceleration voltage of 10 keV was used with no visible damage 

to the nanosphere surfaces observed.  

2.6 Nano tracking analysis (NTA) 

The measurement of nanoparticle hydrodynamic swelling size was 

carried out by NTA technique using a NanoSight equipped with a 50 mW 532 nm 

laser (Malvern Instruments Ltd., Amesbury, UK), running NTA version 3.1.  The 

device records and tracks the Brownian motion of NPs in solution in 2 

dimensions.  The determination of average distance travelled by each particle in 

the x and y direction allows the particle diffusion coefficient to be determined.  

The fluidic system and sample stage were primed with 0.1 μm filtered 

DNase/RNase free water.  Calibration was conducted prior to loading samples of 

unknown size to ensure that the sizes were accurately determined.  The system 

was regularly checked prior to introducing a nanoparticle sample for the 

presence of any contaminating nanomaterials.  NPs were dispersed in ultrapure, 

20 nm filtered dH2O and loaded into the NanoSight machine, following the 

selection of the appropriate threshold, an automated script was run, and the 

positioning and motion of individual NPs was tracked.  The analysis of each 

sample was conducted in batch mode, so that a mean hydrodynamic size could 

be obtained.  
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2.7 Dynamic Light Scattering (DLS)  

The particle size distribution and polydispersity index (PdI) of PLGA-

SCD19 and PLGA NPs (control) was performed by dynamic light scattering (DLS), 

photon correlation spectroscopy, technique on a Zetasizer Nano ZS90 

instrument (Malvern, Amesbury, UK).  To produce a suitable scattering intensity, 

the samples were diluted to a suitable concentration by diluting 1:500 (2µl of the 

NPs to 1.998 ml Milli-Q water).  A sample volume of 1 ml was used in 10mm path 

length cuvettes (Sarstedt, Wexford, Ireland).  The size distribution profile and PdI 

of the NPs was determined by using a 659 nm/100 mW laser at an angle of 90° in 

10 mm diameter cells at 25°C. Measurements were taken in triplicate and the 

data are the average of all three runs. 

2.8 Drug loading, drug encapsulation, and yield efficiency  

The produced PLGA and PLGA-SCD19 nanoparticles were transferred into 

screw cap micro tubes and incubated for 1 minute in Liquid Nitrogen (LN2) to 

snap-freeze.  All samples were then placed into a FreeZone 4.5 litre Benchtop 

Freeze Dryer (Labconco, Kansas, USA) at 0.02 mbar for 72 h, being maintained at 

the condenser surface temperature of −80 ± 5°C.  PLGA-SCD19 NPs (2 mg) were 

dissolved in 70% DMSO 200 µl followed by 10 minutes vigorous vortex. The 

solution was measured with a validated spectrophotometric method (Spectra 

Max i3x, California, USA) at 330 nm.  The concentration of loaded SCD19 was 

assessed based on the standard curve that was generated from different known 

SCD19 concentrations.  Each experiment was repeated three times.  Drug 

loading (%DL), drug encapsulation (%EE), and drug yield (%YE) efficiency were 

calculated using the following equations [43]. 
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2.9 Stability of the nanoparticles in simulated lung fluids 

To investigate the colloidal stability of the NPs in lung artificial fluids, 0.5 

mg/ml PLGA-SCD19 that contained 100 µM (0.025 mg/ml) SCD19 and 0.5 mg/ml 

PLGA NPs (control) were dispersed in saline (control), artificial lung fluid and 

artificial lysosomal fluid that were prepared prior to the start of the experiment 

(see Table 2.1).  The size and polydispersity index (PdI) of the NPs were 

investigated after 48 h by using a Zetasizer Nano ZS90 instrument (Malvern, 

Amesbury, UK).  

 

 

 

 

 

 

 

 

 

 



39 

 

Table 2.1:  Simulated Lung Fluids (SLFs). Composition of the synthetic biological fluids used 

to simulate the physicochemical environment of the artificial lung fluids [172]. 

Simulated 
fluid 

Chemical name (formula) Composition per 1 Litre 

  
 
 

Artificial 
Lung fluid 
(Gamble’s 
solution) 
(pH 7.4) 

Magnesium chloride (MgCl2.6H2O) 
Sodium chloride (NaCl) 
Potassium chloride (KCl) 
Disodium hydrogen phosphate (Na2HPO4) 
Sodium sulfate (Na2SO4) 
Calcium chloride dihydrate (CaCl2.2H2O) 
Sodium acetate (C2H3NaO2) 
Sodium hydrogen carbonate (NaHCO3) 
Sodium citrate dihydrate (Na3C6H5O7) 

0.2033g  
6.0193 g   
0.2982 g  
0.142 g    
0.071 g     
0.3676 g   
0.9526 g  
2.6043 g  
0.097 g  

 
 
 
 
 

Artificial 
lysosomal 

fluid 
 (pH 4.5) 

Sodium chloride (NaCl) 
Sodium hydroxide (NaOH) 
Citric acid (C₆H₈O₇) 
Calcium chloride dihydrate (CaCl2.2H2O) 
Trisodium phosphate (Na3PO4.12H2O) 
Sodium sulfate (Na2SO4) 
Magnesium chloride (MgCl2.6H2O) 
Glycerine (C3H8O3) 
Sodium citrate dihydrate (Na3C6H5O7.2H₂O) 
Sodium tartrate dihydrate (C₄H₄Na₂O₆.2H₂O) 
Sodium lactate (C3H5NaO3) 
Sodium pyruvate (C3H3NaO3) 
Formaldehyde (CH2O) 

3.21 g  
6 g   
20.8 g  
0.1285 g  
0.2347 g  
0.039 g  
0.106 g  
0.059 g  
0.077 g  
0.09 g  
0.085 g  
0.086 g  
1 mL  

 

2.10 Drug Release  

The freshly prepared PLGA-SCD19 NPs (3 ml) which contained 100 µM 

(0.025 mg/ml) SCD19 were injected into a Slide-A-Lyzer MINI dialysis cassette 

(Thermo Fisher Scientific, Dublin, Ireland) of 3.5K MWCO pore size.  The dialysis 

cassette was then immersed in a water bath (20 litre) and kept under shaking 

(150 rpm).  To assay the amount of SCD19 remaining inside particles at 

predetermined intervals (0, 2, 4, 6, 24, 48, 72 h), 180 µl sample was collected 

from inside the dialysis cassette.  Then the volume of each sample was adjusted 

to 500 µl by adding DMSO and vortexed vigorously for 5 minutes to dissolve the 

NPs properly.  The concentration of SCD19 in each collected sample was 

assessed by a Varian Cary 50 UV-vis (Agilent Technologies, California, USA) in a 

quartz cuvette with 1 cm path length and 0.5 ml capacity for the 330 nm peak.  
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The samples were measured in triplicate.  The SCD19 release percentage was 

obtained according to: 

 

where Dt and D0 indicate the amount of SCD19 released from the PLGA 

NPs suspension at certain intervals and the total amount of drug in the PLGA NPs 

suspension, respectively.  

2.11 Cell culture 

The A549 lung carcinoma cell line, was kindly provided by Prof.Yuri 

Volkov (Department of Clinical Medicine, Trinity Collage Dublin) and the Lewis 

Lung carcinoma cell line (LLC) was directly sourced from ATCC (Manassas, 

Virginia, USA).  All required reagents and medium to culture the cell lines were 

purchased from (Gibco, Life Technologies, California, USA).  Both cell lines were 

maintained in DMEM medium supplemented with 10% FBS, 100 U/ml penicillin 

and streptomycin and 2 mM L- Glutamine.  All cell lines were grown at 37˚C in a 

humidified atmosphere containing 5% CO2.  Cells were passaged every 2-3 days 

when they reached 80-90% confluency.  Cells were not allowed to form a 

complete monolayer or dense colonies.  To passage the cells, growth medium 

was removed from the cells and the monolayer washed once with PBS and 

detachment was induced by adding 5ml of 0.05% Trypsin-EDTA (1.5 ml/75 cm2 

surface area) for 3 minutes at 37°C.  Trypsin was neutralised by adding medium 

(4 mL/75cm2). The cell pellet was collected by centrifugation and cells were 

reseeded at a ratio of 1:5 to 1:10 depending upon the length of time needed 

before cells were used for experiments. 

2.12 High Content Screening (HCS) 

A549 cells were seeded in 96-well Plates (4 × 103 cells/well), exposed to 

different NPs 100 µg/ml (PLGA-MNP-SCD19, PLGA-MNP, PLGA, and MNP) for 24 

h. After washing three times with pre-warmed PBS (Gibco™, Glasgow, UK), the 

cells were fixed by incubating them for 20 minutes with 4% paraformaldehyde 
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solution (Sigma-Aldrich, Zwijndrecht, the Netherlands).  Adherent cells were 

then fluorescently stained with Rhodamine phalloidin (Invitrogen, California, 

USA) to visualise the cellular actin and Hoechst 33342 (Invitrogen, California, 

USA) to visualise the nuclei. Then, the plates were scanned (six randomly 

selected fields/well) using an automated microscope IN Cell Analyzer 1000 (GE 

Healthcare, London, UK) and the acquired images were automatically analysed 

by the IN Cell Investigator software (v1.9 version).  Images were acquired at 10 X 

magnification using two detection channels (DAPI-FITC-Texas Red filter cube set).  

The DAPI filter (channel 1) enabled detection of blue fluorescence indicating 

nuclear staining at a wavelength of 460 nm; the FITC filter (channel 2) enabled 

detection of red fluorescence indicating actin filament staining at a wavelength 

of 620 nm.  A pseudo-coloured merged image was generated according to a pre-

defined colour scheme, with nuclei coloured blue and actin coloured red 

according to their emission wavelength.  Cell count number, cell area, nuclei 

area, nuclei Intensity and cell Intensity were determined to measure 

nanoparticles toxicity. 

2.13 Lactate dehydrogenase assay (LDH assay) 

A549, LLC, RAW 264.7 cell lines were plated at 1 x 104/ml in 450 μl of 

medium in a 48 well plate.  16 hours later cells were treated for 72h with a serial 

dilution of PLGA-SCD19 NPs (0.1, 0.5, 1 and 2 mM of encapsulated SCD19) 

corresponding to PLGA-SCD19 NPs.  After that, 5 μl of lysis buffer was added to 

untreated wells and incubated at 37°C for a further 30 minutes to ensure full 

lysis as a 100% toxic control. The LDH release assays were measured using a LDH 

assay kit (Roche Diagnostics, Dublin, Ireland) according to the manufacturer 

instructions.  The cell viability (%) was calculated according to the following 

equation: 
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2.14 Cellular uptake of nanoparticles in the cells 

Perls' Prussian blue stain, which reveals the presence of iron, was 

performed on the A549 to visualise the cellular uptake of PLGA-MNP-SCD19 NPs.  

A549 cells were seeded at a density of 2×104 cells/well in the 8-well chambered 

cell culture slides (FalconTM, Lowell, USA) and after overnight incubation the cells 

were exposed to different concentrations of PLGA-MNP-SCD19 NPs (50, 100, and 

200 µg/ml based on MNPs concentration) for two different time points, 24h and 

48h.  after the time points, the treated cells were washed three times by pre-

warmed PBS (Gibco™, Glasgow, UK) and fixed using 4% Paraformaldehyde 

(Sigma-Aldrich, Zwijndrecht, the Netherlands).  The chamber was removed, and 

slides allowed to air dry.  Equal parts of 4% hydrochloric acid and 4% potassium 

ferrocyanide were prepared (Potassium ferrocyanide staining solution, appendix 

1) immediately prior to use and slides were immersed in this solution for 20 

minutes.  Following incubation, the slides were then dipped in double-distilled 

water three times and counterstained with 0.5% Neutral Red for 2 minutes to 

stain the nucleus of the cells.  Slides were rinsed a further two times with 

distilled water and allowed to air dry.  Finally, the slides were cover slipped with 

D.P.X (Sigma-Aldrich, St. Louis, USA).  Imaging was completed 24h post mounting 

using the Nikon E800W microscope with 20x and 40x objectives.  Images were 

acquired using the micropublisher 3.3RTV colour camera (photometrics, Arizona, 

USA). 
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2.15 Confocal microscopy 

The uptake of PLGA-MNP-SCD19 NPs and control MNPs were visualised 

using confocal microscopy.  A549 cells were seeded at a density 2×104 cells/well 

in a the 8-well chambered cell culture slide (FalconTM, Lowell, USA), treated with 

MNPs (100 µg/ml), PLGA-MNP-SCD19 NPs (100 µg/ml based on MNPs 

concentration) for 24h, then the cells were thoroughly washed two times in PBS 

(Gibco™, Glasgow, UK). and fixed using 4% Paraformaldehyde (Sigma-Aldrich, 

Zwijndrecht, the Netherlands) for 10 minutes, followed by washing with PBS 

(Gibco™, Glasgow, UK). Then, staining using fluorescent dyes was performed.  

Briefly, 100 µl of 10 μg/ml Hoechst 33342 (Invitrogen, California, USA) for nuclei 

and Rhodamine phalloidin (Invitrogen, California, USA) for F‐actin filaments in 

PBS (Gibco™, Glasgow, UK) was added to each well and allowed to incubate 2h 

at ambient temperature.  After three times washes with PBS (Gibco™, Glasgow, 

UK), coverslips were mounted on glass slides with transparent mounting medium 

(VECTASHIELD, Vector Laboratories Inc., USA) and sealed. PLGA-MNP-SCD19 NPs 

and MNPs cellular internalisation was evaluated by Laser Scanning Confocal 

Microscopy (LSCM).  LSCM imaging and analysis was carried out with equipped 

with a Zeiss LSM 5 software (Carl Zeiss Microscopy GmbH, Jena, Germany).  

MNPs were imaged in reflectance mode at λexc = 561 nm.  

2.16 Colorimetric ferrozine-based assay 

The colorimetric ferrozine-based assay allows the quantification of iron in 

cultured cells.  A549 cells seeded in 24-well plates were incubated with different 

concentrations of MNP-PLGA-SCD19 (50, 100, and 200 µg/ml based on MNPs 

concentration) and intracellular accumulation of the NPs were quantified after 

24h and 48h incubation. Briefly, the cells were lysed with 0.5 ml of 50 mM NaOH 

(Sigma-Aldrich, UK) per well and 2h incubation on the shaker.  The lysed cells 

were then transferred to 1.5 ml microtube and mixed with 500 μl of 10 mM HCl, 

and 500 μl of fresh iron-releasing reagent (a freshly mixed solution of 1:1 

volumes of 1.4 M HCl and 4.5% (w/v) KMnO4 in H2O) (see appendix).  After that, 
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the microtapes were incubated for 2h at 60°C within a fume hood, since chlorine 

gas is produced during the reaction, this step was followed by 1h incubation at 

room temperature to cool down the samples. Finally, 150 μl of iron-detection 

reagent (see appendix) were added to each tube.  After 30 min incubation in 

room temperature, 0.5 ml of the solution obtained in each tube was transferred 

into a well of a 24-well plate, and absorbance was measured at 570 nm 

(SpectraMax i3x, Molecular Devices, San Jose, USA).  Iron content of the sample 

was calculated by comparing the absorbance of the sample to standard curve 

that had been prepared in a way like that of the sample (mixture of 100 μl of 

FeCl3 standards (0–300 μM) in 10 mM HCl, 100 μl 50 mM NaOH, 0.5 ml releasing 

reagent, and 1.5 ml detection reagent) (see appendix). 

2.17 The nebuliser efficiency assay 

A serial dilution of the PLGA-SCD19 NPs (8 mg/ml, 16 mg/ml, 40 mg/ml) 

was prepared in saline and H2O (see Table 2.2).  

Table 2.2:  The concentration and volume of NPs prepared for nebulisation studies with 

Aerogen nebuliser. 

PLGA-SCD19 
concentration 

(mg/ml) 

Volume of the 
samples in saline (ml) 

Volume of the 
samples in H2O 

(ml) 

8 2 2 

16 2 2 

40 2 2 

 

An autoclavable vibrating mesh nebuliser (VMS) (Aerogen Solo, Aerogen, 

Galway, Ireland) was used to nebulize the samples.  To avoid vibrating mesh 

clogging issues, the samples were run from low (0.06 mg/ml) to high (40 mg/ml) 

concentration. Before loading each sample, 1 ml of saline was nebulised to 

remove the NPs left in the nebuliser.  One ml of each concentration was loaded 

into the nebuliser then, the nebuliser was placed on the 50 ml falcon and sealed 

with parafilm. One small hole was made on the parafilm to avoid the build-up of 

pressure which may interfere with the vibrating mesh during nebulisation.  After 

nebulisation, the falcon was shaken vigorously for 30 seconds to detach the 
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delivered NPs that have deposited/sedimented/dried onto the walls of the 

falcon tube and finally the nebulised samples were collected via centrifuge at 

2000 g, 5 minutes, 4°C.  After running each sample, the vibrating mesh was 

washed to ensure that there is no blocking issue for next sample.  To clean the 

vibrating mesh, the nebuliser was turned upside down and a certain amount of 

saline (50 µl) was placed on the vibrating mesh, then the nebuliser was turned 

on.  Once the saline has been sucked into the mesh and disappear the nebuliser 

was turned off immediately. Finally, saline (1 ml) was loaded into the nebuliser 

cup and nebulised into a new falcon. To assess the efficiency of nebulisation of 

each concentration of NPs 1) the time required to nebulise 1 ml of NPs, 2) the 

volume of NPs collected in the falcon tube from the nebuliser, and 3) the 

concentration of NPs in the falcon tube after nebulisation were 

recorder/measured. The size distribution of the NPs was investigated by a 

dynamic light scattering (DLS) (Malvern Instruments Ltd., Amesbury, UK), and 

compared to the sample before nebulisation. The volume of delivered sample 

was also determined by Thermo fisher micropipette.  Sample concentration was 

measured by Varian Cary 50 UV-VIS in a quartz cuvette with 1 cm path length 

and 1 ml capacity.  

2.18 Laser diffraction 

The Volume Median Diameter (VMD) and Geometric Standard Deviation 

(GSD) of the aerosolised PLGA-SCD19 (16 mg/ml) were determined by using a 

Malvern Spraytec particle size analyser with RT Sizer software (version 5.60).  

The NPs were nebulised by a vibrating mesh nebuliser (Aerogen Solo, Aerogen, 

Galway, Ireland) without the holding chamber as recommended by the Aerogen 

technical supporter.  Nebulisers were connected to the inhalation cell and 

aspiration was carried past the laser by means of a vacuum pump set to 20 

L/min, ensuring laminar flow and reducing artificial droplet size growth through 

collision with other droplets.  The vacuum also ensured that the droplets passed 

through the laser beam only once.  The centre of the emitted aerosol plume was 
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directed through the centre of the laser beam to increase the accuracy of data 

acquisition.  The data acquisition rate was set to 500 Hz, that is, 500 individual 

readings per second were taken characterising the droplet size distribution.  The 

value reported for each individual measurement is an average of the individual 

readings recorded over the course of the dose.  All experiments were performed 

at room temperature and ambient relative humidity (40%–60%).  

2.19 Cascade Impactor 

To determine the relative amount of deposition of the nanoparticles in 

the different regions of the lung and Mass Median Aerodynamic Diameter 

(MMAD), the PLGA-SCD19 NPs were nebulised by a vibrating mesh nebuliser 

(Aerogen Solo, Aerogen, Galway, Ireland) in to a Next Generation Impactor (NGI) 

(Copley Scientific Ltd., Nottingham, UK) that was operated at 15 L/min at room 

temperature.  The droplet size cut-off points were set at 14.1, 8.61, 5.39, 3.3, 

2.08, 1.36, 0.98, and 0.70 µm, respectively, for each of the eight stages of the 

cascade impactor. After nebulisation of PLGA-SCD19 (1ml) (16 mg/ml), each 

plate of the impactor and the throat were rinsed with 5 ml and 10 ml of PBS 

(Gibco™, Glasgow, UK), respectively. The amount of SCD19 recovered from each 

stage filter was determined with the use of a spectrophotometer (SpectraMax, 

Molecular Devices, California, US) by measuring the absorbance at 330 nm and 

interpolation on a standard curve of SCD19 concentrations.  Data were 

expressed as the percentage of total drug deposited on all stages of the impactor 

including the throat and was represented by the mean ± standard deviation 

(n = 3).  The Fine Particle Fraction (FPF), FPF5 μm, equivalent to the respiratory 

fraction to target lung and the fine particle fraction, FPF2 μm, equivalent to 

alveolar fraction to target alveoli were calculated as the percentage of aerosol 

particles < 5 µm and < 2 µm, respectively (ISO 27427) relative to the total 

emitted dose by the Next Generation Impactor.  
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2.20 Human Breathing Simulator and Human mechanical 

ventilator 

To simulate a spontaneously breathing adult, A breathing simulator 

(ASL5000, Ingmar Medical, Pittsburgh, USA) was used.  The breathing simulator 

was programmed to simulate the recorded human breathing patterns with adult 

setting (inhalation: exhalation ratio 1:3, 15 breaths/ min, and tidal volume 500 

ml).  A vibrating mesh nebuliser (Aerogen Solo, Aerogen, Galway, Ireland) was 

placed on the system (see Figure 2.2) to nebulise the nanoparticles and at the 

end of the system a bacterial/viral filter (Respirgard II 303, Baxter, Ireland) was 

also placed to collect the nebulised NPs.  

To simulate a mechanically ventilated adult, a Maquet SERVO-i 

mechanical ventilator (Getinge, Sweden) was used.  Breathing parameters were 

inhalation: exhalation ratio 1:1, 15 breaths/ min, and tidal volume 500 ml.  

Active humidification was supplied to the limb circuit by a hot pot humidifier 

(Fisher & Paykel, Auckland, New Zealand).  The bacterial/viral filter (Respirgard II 

303, Baxter, Ireland) was placed before the humidifier while the nebuliser was 

placed at the limb circuit (see Figure 2.3).  

 For both breathing simulator and mechanical ventilator, a nominal dose 

of 1ml (16 mg/ml) PLGA-SCD19 NPs was nebulised in each test run.  The amount 

of NPs captured in the filter was considered the lung dose.  The filter was 

removed upon completion of the run time, eluted 10 ml of PBS (Gibco™, 

Glasgow, UK), and the washings were tested for SCD19 with an UV 

spectrophotometry (Biochro, Cambridge, UK) and interpolation on a standard 

curve at 330 nm.  All test iterations were run in triplicate. 
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Filter to 
capture NPs

Nebuliser

 

Figure 2.2:   The human breathing simulator machine. The aerosolised nanoparticles are 

delivered via limb circuit attached to the machine and the sample are captured 
by a bacterial/viral filter (Respirgard II 303, Baxter, Ireland). Breathing 
parameters were inhalation: exhalation ratio 1:3, 15 breaths/ min, and tidal 
volume 500 ml. 

 

Filter to capture the NPs, for quantification  The patient’s lung

Aerosolised Nanoparticles

 

Figure 2.3:   The human mechanical ventilator. The aerosolised nanoparticles are delivered 

via dual limb circuit attached to the ventilator and the nanoparticles are 
captured by a bacterial/viral filter (Respirgard II 303, Baxter, Ireland). Breathing 
parameters were inhalation: exhalation ratio 1:1, 15 breaths/ min, and tidal 
volume 500 ml. 

 

2.21 Generation of recombinant MIF (rMIF) 

Transformed E.coli BL21 (DE3) bacteria (kindly donation from Prof. 

Richard Bucala Yale school of medicine, USA) containing the pET11b-MIF 
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construct was verified by cultured in selective medium consist of 50 µg/ml 

Ampicillin (Santa Cruz Biotechnology, Inc. Dublin, Ireland) according to antibiotic 

resistance marker of pET11 vector in Luria Berttani (LB) broth (Sigma-Aldrich, 

USA) and LB agar (Sigma-Aldrich, USA) medium (see Appendix).  In addition, the 

transformed bacteria were examined using the colony PCR method for detection 

of the inserted human MIF gene into the plasmid.  Colony PCR is a commonly 

used, valid and quick screen method for plasmids containing a desired insert 

directly from bacterial colonies by using specific primers for targeted DNA 

fragment (see Figure 2.4). 

 

 
Figure 2.4:  Schematic processing of the PCR colony method. 

 

Briefly, Transformed bacteria were cultured on LB agar with appropriate 

antibiotic (50 µg/ml Ampicillin) at 37°C for overnight, then several single colonies 

were picked up, using the yellow sterile tips for preparation a replica plate, after 

that each yellow tip was placed in a ready to use PCR master mix (25 µl) (Bioline, 

MyTaq Red Mix, Dublin, Ireland) and shacked to release/detached the remained 

bacteria to provide DNA template for the primers.  Then, the PCR programme 

(see Table 2.3) was run after incubation of the PCR tube for 10 minutes at 94°C 
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to breakdown the bacteria for exposing the recombinant plasmid to specific 

primers (100 pmol/µl) (see Table 2.4).  

 

Table 2.3:  Colony PCR Program. 

 

 
Table 2.4:  Specific primers for MIF human cDNA gene cloned in pET11b. 

           
 
 

2.21.1  Agarose gel electrophoresis 

PCR products were subjected to electrophoresis in 0.8% agarose 

(Invitrogen, Dublin, Ireland) dissolved in Tris-Boric-EDTA (TBE) buffer (1M Tris 

base, 0.02M EDTA, 1M boric acid) (appendix 1) consist of 3% SYBR™ Safe DNA 

Gel Stain (Invitrogen, Dublin, Ireland).  A 6X gel loading dye solution (Bio Labs, 

Broadheath, Altrincham, UK) was mixed 1µl per 5 µl PCR product prior to load 

into the agarose gel electrophoresis. Electrophoresis was carried out in an 

electrophoresis tank and the power source was a consort regulated high-voltage 

power supply (Topac Inc., model E865, Cohasset MA, USA) and the 

electrophoresis was carried out at 400 mA, 100 V, for 45 minutes or until the dye 

passed two in third of the gel.  

2.21.2  Extraction and purification of human rMIF 

BL21 (DE3) cells transformed by pET11b-hrMIF were grown in 1 litre LB 

broth at 37°C until the OD 600 nm reached 0.6-0.8. Isopropyl 1-thio-P-D-

Cycles Time Temperature Process 

1 10 minutes 94°C plasmid exposition 

 
32 

1 minute 94°C denaturation 

1 minute 55°C annealing 

1 minute 72°C extension 

1 5 minutes 72°C final extension 

Forward primer 5'-CCATATGCCGATGTTCATCGTAAACAC-3 

Reverse Primer 5'-CGGATCCTGCGGCTCTTAGGCGAAGG-3' 
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galactopyranoside (IPTG) (Sigma-Aldrich, Gillingham Dorset, UK) was added to a 

final concentration of 1 mM and the incubation continued at 37°C for an 

additional 3 h.  Bacteria were harvested by centrifugation and stored at -80°C.  

For purification, cell pellets were suspended in Tris-buffered saline (50 mM Tris-

HCl, pH 7.5) and stirred overnight at 4°C.  Benzonase (20 μl at 250 units/μl) 

(Sigma-Aldrich, St. Louis, USA) and 2x cOmplete™ EDTA-free protease inhibitor 

cocktail (Roche, Mannheim, Germany) were added and incubated for 1 hour at 

4°C.  The cells were then lysed via sonication (30 seconds on, 30 seconds off, 

20% amplification, 3 times) and centrifuged at 14000 x g for 20 minutes at 4°C.  

The supernatant was then filtered using a 0.45 μm syringe filter (Millex, Cork, 

Ireland), followed by a 0.22 μm syringe filter (Millex, Cork, Ireland) and loaded 

onto a HiPrep™ Q Fast Flow 16/10 (GE Healthcare Bio-Science, USA) an ion 

exchange column and eluted with Tris-buffered saline (50 mM Tris-HCl pH 7.5).  

Recombinant human MIF elutes in the first flow through fractions.  These 

fractions were concentrated using a centrifugal filter MWCO 10,000 (Amicon® 

Ultra, Cork, Ireland) and loaded into a HiLoad 16/600 superdex 200pg (GE 

Healthcare Bio-Science, USA) gel filtration column and eluted with Tris-buffered 

saline.  Fractions containing MIF were pooled, concentrated and stored in PBS 

(Gibco™, Glasgow, UK) at -80°C.  The purity, concentration and activity of the 

rMIF were then assessed by employing SDS-PAGE, BCA protein assay and cell 

free tautomerase assay.  Figure 2.5 illustrates schematically and briefly the 

expression and purification of rMIF protein. 
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Figure 2.5: Schematic diagram illustrating human recombinant MIF expression and 

purification procedure. 

 

2.21.3  Sodium dodecyl sulfate polyacrylamide gel electrophoresis  

The molecular weight of the recombinant human MIF was determined by 

separation of whole cell lysates by Sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE).  The discontinuous SDS system was used using a 

12% concentration of the Mini-protean TGX Precast Gel (Bio-Rad, California, 

USA) in the resolving gel.  Samples were prepared by adding the sample buffer 

and boiling for 5 minutes before loading onto an SDS-PAGE.  The running buffer 

consisted of 1 g SDS (Fisher chemical, Dublin, Irleand), 3.03 gr Trizma® base 

(Sigma-Aldrich, St Louis, USA) and 14.04 g Glycine (Sigma-Aldrich, St Louis, USA) 

in 1000 ml dH2O (see appendix).  The samples were subjected to electrophoresis 

at 10 mA and 15 mA in stacking and resolving gel, respectively.  Finally, the gel 

was stained with Coomassie® Brilliant blue R 250 (Merck, Dublin, Ireland) after 

fixation of the gel by incubation in the fixation solution (see appendix) for 15 

minutes with shaking. Finally, the SDS-PAGE gel was incubated for 4h in de-

staining solution (see appendix). 
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2.21.4  Endotoxin removal 

The endotoxin (LPS) was depleted from rMIF recombinant protein by 

employing Pierce® High-Capacity Endotoxin Removal Resin.  The column was 

regenerated by 3.5 ml of 0.2N NaOH for 24 h, one day prior to the experiment. 

After removing the NaOH by centrifuge (500 ×g, 1 minute, 4°C), the column was 

washed two times by NaCl (2M) and LPS free water, respectively, and each time 

the centrifuge (500 ×g, 1 minute, 4°C) was applied to remove the liquids.  The 

LPS contaminated rMIF (1 ml) was added on the column and then it was placed 

on a rotator at 4°C for overnight.  Finally, the column was placed on a clean 15 

ml falcon and centrifuged (500 ×g, 1 minute, 4°C) to collect LPS free rMIF.  

2.21.5  BCA protein assay 

The concentration of rMIF was measured with bicinchoninic acid (BCA) 

assay (Pierce™ BCA Protein Assay Kit, Thermo Scientific Inc., Waltham, USA).  

Briefly, the BCA working reagent was prepared by mixing two reagents provided 

by the kit, the reagents A and reagent B in the ratio of 50:1.  The Bovine serum 

albumin (BSA) (provided by the kit) was used to prepare standard solution.  From 

a stock solution of 2 mg/ml dilutions with concentrations of 25, 125, 250, 500, 

750, 1000, 1500, and 2000 g/ml were made.  The prepared standards and 

samples (25 µl/well) were pipetted into a 96 well plate, each in triplicate.  Then 

the BCA working reagent (200 µl/well) was added and the plate was shacked for 

30 seconds by using a plate shaker, followed by 30 minutes incubation at 37°C.  

After cooling down the plate at room temperature, the plate was read at UV max 

of 562 nm (SpectraMax i3x, Molecular Devices, San Jose, USA).  Protein 

concentration of a sample was determined using the standard curve obtained by 

prepared standards. 

2.21.6  Cell free tautomerase assay 

To prepare the MIF’s non-physiological substrate, L-dopachrome methyl 

ester was prepared at 2.4 mM through oxidation of L-3,4-
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dihydroxyphenylalanine methyl ester (L-dopachrome methyl ester) with sodium 

periodate.  The substrate solution was mixed well and placed at room 

temperature for 5 minutes before being placed on ice in the dark.  rMIF (100 

ng/ml) was added to each of the Tautomerase Inhibitor (PLGA-SCD19 or SCD19) 

at the concentrations of 100 μM.  The decrease in absorbance was monitored 

every 25 seconds for 10 minutes with a spectrophotometer at 475 nm. 

2.22 TNF-α ELISA 

RAW 264.7 cells were seeded at density of 1x105 cell/ml in 450μl of 

medium in a 48 well plate.  After overnight incubation cells were treated with 

LPS free rMIF (100 and 500 ng/ml) for 24h.  Then, supernatants were collected to 

determine TNF-α level via a TNF-α specific ELISA (R&D Systems, UK) as an 

adaptation of the procedure provided by the manufacturer.  Briefly, 96 well 

plates were coated with 50 μl of capture antibody (0.8 μg/ml) in PBS and sealed 

and incubated overnight at 4 °C.  After washing the plate three times with 0.05% 

PBS Tween and plates blotted dry, it was blocked by adding 150 μl/well of 1% 

BSA (Sigma Aldrich, Dublin) in PBS (Gibco, Life Technologies, California), 

following two hours incubation at room temperature and washing again as 

described.  50 μl/well of detection antibody (200 ng/ml) in 1% BSA was added 

and incubated for two hours at room temperature. After washing the plate, 50 μl 

of working concentration of Streptavidin-HRP was added to each well and plates 

were covered and incubated for 20 minutes at room temperature.  50 μl/well of 

substrate solution (1 OPD (o-phenylenediamine dihydrochloride) tablet and 1 

urea hydrogen peroxide/buffer tablet dissolved in 20 ml of water to yield a ready 

to use buffered substrate solution, Sigma Aldrich, Dublin) was added and 

incubated for 20 minutes at room temperature.  Finally, 25 μl of 2N H2SO4 

(Sigma Aldrich, Dublin) was added to each well to stop the reaction.  The optical 

density of each well was then measured with a spectrophotometer at 450 nm. 
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2.23  MTT assay 

Inhibition of Lewis lung carcinoma cell (LLC) growth was determined by 

using an MTT (3-[4,5-dimethylthiazol-2-yl] 2,5-diphenyltetrazolium bromide) cell 

proliferation assay. Briefly, the LLC cells (2x102 per well) were seeded in a 48-

well plate in DMEM without FBS. After being serum starved overnight, the cells 

were exposed to the nebulised NPs PLGA-SCD19 (100 µM encapsulated SCD19), 

also the cells were treated by free-SCD19 and PLGA NPs as the controls.  

Background control contained only culture medium without cells.  Cells without 

treatment were included as a maximum cell growth point. After overnight 

incubation, the cells were stimulated by rMIF (100 ng/ml) for two days, then 

individual wells were treated for 4 hours at 37°C with 20 µl of MTT (12 mM) 

(Invitrogen Thermo Fisher Scientific, California, USA) dissolved in PBS (Gibco™, 

Glasgow, UK).  Formazan salt crystals were dissolved with 200 µl of SDS 

(provided by the kit).  Absorbance (OD) was measured at 540 nm using an UV-

spectrometer (SpectraMax i3x, California, USA). 

2.24 Statistical analysis 

Data are expressed as means ± SEM.  A GraphPad InStat version 3.00 

(GraphPad Software) was used to analyse the data.   One-way analysis of 

variance with the with Dunnett (parametric data), Kruskal-Wallis Test 

(nonparametric data), Kruskal-Wallis Test (nonparametric ANOVA) with Dunn’s 

Multiple Comparisons post-hoc test and A one-way ANOVA with Tukey- Kramer 

post-test (compare all pairs of columns) were used to test for statistical 

significance of differences between more than two experimental groups.  

Statistical significance was recorded at P < 0.05.  N= 3, representative of 

independent experiments. 

 

 



56 

 

Chapter 3 
 

Synthesis and 
characterisation of 
PLGA-SCD19 
nanoparticles 
 

 

 

 

 

 

 

 

 

 

 

 



57 

 

3.1 Introduction 

There are various methods that can be used to synthesize nanoparticles 

[173]. Possible approaches to making nanomaterials include top-down (e.g., 

media milling, wet milling, and high-pressure homogenisation) and bottom-up 

(e.g., solvent evaporation, spry drying, and nano-precipitation) [174, 175].  Top-

down approaches include starting with a material which is in the macro/micro 

scale and using chemical/physical methods to reduce its dimensions until the 

nano-scale is obtained [176].  On the other hand, bottom-up methods are 

biology inspired which involves assembling or building up the small units 

(atomic/molecular) by using the interactions between molecules or colloidal 

particles (Figure 3.1) [177].  As a bottom-up approach, single emulsion-solvent 

evaporation (oil/water) is one of the most widely used methods to synthesise 

PLGA nanoparticles and a commonly accepted technique for encapsulating 

hydrophobic therapeutic agents [144, 178, 179].  Therefore, we used this 

technique to encapsulate SCD19, our novel MIF inhibitor, as a therapeutic 

candidate.  The single emulsion-solvent evaporation method consists of two 

steps.  Step one; the polymer and drug are dissolved in a volatile organic solvent 

(e.g., dichloromethane and acetone), this provides the polymer-drug organic 

solution (oil phase), then the water is added to form the oil-in-water emulsion 

(o/w).  As the final part of step one, an ultrasonication or homogenisation is used 

to disperse physically the mixture, making it a uniform emulsion and form of 

“nano-drops”.  Step two; the organic solvent is evaporated by stirring at room 

temperature and finally the polymer which now carry the drug are collected 

ultracentrifugation and washed with water to remove the excess of stabiliser 

and unencapsulated drug [180].   
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Figure 3.1.  Methods of nanoparticle production. Top–down and bottom–up methods for 

nanoparticles preparation [181]. 

 

The importance of synthesising nanoparticles without any bacterial 

endotoxin contamination has been highlighted in many studies, since 

contamination of nanoparticles by LPS is not uncommon [182, 183].  Endotoxin, 

also known as lipopolysaccharides (LPS), is a large molecule (molecular weight 

200–1000 kDa) that can be found on the outer membrane of Gram-negative 

bacteria.  Contamination by LPS can lead to inappropriate immune/inflammatory 

effects [183, 184].  The contamination can occur during the synthesis procedure 

or via contaminated water and buffers [185].  The Limulus Amoebocyte Lysate 

(LAL) assay is the most frequently used endotoxin detection method that can be 

applied to examine the LPS contamination of prepared nanoparticles.  This assay 

can and detect and quantify LPS contamination at the picogram level (assay 

sensitivity 0.005 - 50 EU/ml (each 1 EU/ml is 0.1-0.2 ng/ml)) [186].   

Synthesised nanoparticles need to be characterised to understand their 

physical and chemical features and properties.  Characterisation of 

nanoparticles, in fact, is one of the most crucial steps when developing a 

nanodrug delivery system.  This mostly includes, size, shape, surface charge, 

stability, toxicity, biocompatibility, drug loading capacity and drug release 

profile.  In this study, the developed nanoparticles were designed for pulmonary 

administration targeting end-organ MIF activity.  Therefore, defining the 
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physicochemical properties of PLGA-SCD19 nanoparticles particularly as pertains 

to their physical stability and interaction with cells and biological fluids from the 

lung was of the utmost importance.  Size, shape, and morphology of the 

prepared nanoparticles can be investigated by using scanning electron 

microscope (SEM).  In addition, transmission electron microscopy (TEM) is 

frequently applied to obtain the size distribution of the nanoparticles [187].  To 

investigate the hydrodynamic radius of nanoparticles in aquatic environments 

the standard techniques are nanoparticle tracking analysis (NTA) and dynamic 

light scattering (DLS).  The latter method is also able to determine the surface 

charge of particles and poly dispersity index (PDI) or “dispersity” as 

recommended by IUPAC, which defines the degrees of non-uniformity of a size 

distribution of particles [188].  Both NTA and DLS techniques are based on 

recording and tracking the Brownian motion of nanoparticles in solution in 2 

dimensions.  The measurement of average distance moved by each particle in 

the x and y direction enable the particle diffusion coefficient (Dt) be identified.  

As the three important factors, temperature (T), solvent viscosity (η), and 

temperature are known or introduced at the time of performing the experiment, 

the sphere-equivalent hydrodynamic diameter of the nanoparticles can be 

determined using the Stokes-Einstein equation [189]:  

 

Investigating the colloidal stability of nanoparticles in biological fluids 

provides essential information about their ability to resist sedimentation and 

particle aggregation.  The colloidal stability can also influence bioavailability, 

long-term systemic circulation, and crossing biological barriers [190].  In this 

study we aimed to use PLGA-SCD19 nanoparticles for pulmonary delivery.  

Therefore, the nanoparticles were examined for physical stability of PLGA-SCD19 

nanoparticles incubated with two synthetic simulated fluids, artificial lung fluid 

and artificial lysosomal lung fluid.  The goal of this experiment was to shed light 
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on the size distribution and polydispersity index (PDI) of nanoparticles in the 

artificial fluids.  

PLGA nanoparticles are approved by the US Food and Drug Administration (FDA) 

and European Medicine Agency (EMA) for various drug delivery systems in 

humans due to high biodegradability and biocompatibility [191], There are 

numerous techniques to assess the cytotoxicity of nanoparticles, including 

lactate dehydrogenase (LDH) assay, microculture tetrazolium assay, and trypan 

blue exclusion assay.  LDH assay is one of the most widely accepted methods to 

assess the toxicity of nanoparticles.  LDH is a cytoplasmic enzyme which use as 

an indicator of lytic cell death since it is released into the extracellular space 

following cellular membrane damage resulting from apoptosis or necrosis [192].  

To investigate the toxicity of PLGA-SCD19 nanoparticles we measured the LDH 

release from different cell lines exposed to different concentrations of the 

nanoparticles for various time points.  Additionally, to examine the biosafety and 

biocompatibility of nanoparticles a high content analyser method was used.  

High content screening (HCS) is a combination of high-resolution fluorescence-

based imaging and cell-based assays that produces a visualisation tool and a 

comprehensive set of quantitative data, providing guidance on the toxic 

response of cells.  This technique provides combined screening and analysis 

platform that can screen the impact of novel developed nanofomulation on the 

cell morphology [193].   

One of the most interesting features of nanodrug delivery systems is 

their ability to efficiently cross biological barriers and assess different tissues 

followed by an efficient cellular uptake, based on their submicron dimensions 

[194].  Iron oxide magnetic nanoparticles (MNPs) play an increasingly important 

role in nanomedicine as contrast agents in biomedical imaging and theragnostic 

agents, where therapeutics with diagnostics are combined [195].  To evaluate 

the internalisation of PLGA-SCD19 nanoparticles in lung epithelial cells, we took 

advantage of iron oxide nanoparticles (MNPs) as a non-invasive tool for 

visualisation of cellular uptake.  To this aim, PLGA-MNP-SCD19 nanoparticles 
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were synthesised by packaging both SCD19 and MNPs in PLGA nanoparticles and 

three different methods (Prussian blue, ferrozine-based colorimetric assay, and 

confocal microscopy) were applied to qualify and quantify intracellular PLGA-

MNP-SCD19 content after exposure of in vitro human lung epithelial cell lines. 

3.2 Results 

3.2.1  LPS free nanoparticles 

In this experiment, the concentration of endotoxin was evaluated by LAL 

assay.  Two previous batches of nanoparticles which were found to be 

contaminated with LPS were also used as positive controls.  The LPS 

concentration in the positive controls as assessed by LAL assay was almost 1 

EU/ml, whereas in LPS free batches (nanoparticles without LPS contamination) 

the mean concentration for the whole batch of the nanoparticles without 

dilution was only 0.026 EU/ml (0.0026 ng/ml – 0.0052 ng/ml) and 0.009 EU/ml 

(0.009 ng/ml – 0.0018 ng/ml) for PLGA-MNP-SCD19 and PLGA-SCD19, 

respectively (Figure 3.1).  It is worth mentioning that one endotoxin unit (EU) 

equals approximately 0.1 to 0.2 ng endotoxin/ml of solution [186]. 
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Figure 3.1: Endotoxin assay for nanoparticles. Endotoxin contamination in different 

batches of nanopartlcies was evaluated by Limulus amebocyte lysate (LAL) 
assay. Positive controls are previous batchs of PLGA-MNP and PLGA-MNP-
SCD19 nanoparticles which were confirmed to be comtaminated with LPS. 
These samples were compared to LPS-free PLGA-MNP and PLGA-MNP-SCD19 
nanopartilces (n=3). one EU equals approximately 0.1-0.2 ng endotoxin/ml 
[186].  
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3.2.2  Size and morphology of the nanoparticles  

Size and morphology characterization of nanoparticles is an important 

step to ensure the size range and sample uniformity of the produced 

nanoparticles.  A scanning electron microscope (Zeiss NEON 40 EsB Cross Beam) 

was used to investigate the morphological characteristics of MNPs, PLGA-SCD19 

and PLGA-MNP-SCD19.  Although, significant aggregation was observed in 

uncoated-MNPs (Figure 3.2 A1 and A2), SEM images revealed that both PLGA-

SCD19 (Figure 3.2 B1 and B2) and PLGA-MNP-SCD19 nanoparticles preparations 

(Figure 3.2 C1 and C2) possessed spherical shape and smooth morphology 

without any aggregation.  A transmission electron microscope (JEOL 2100 LaB) 

was also employed to determine the size of nanoparticles.  The average size 

determined from the TEM images was 180 ±25 nm and both PLGA-SCD19 and 

PLGA-MNP-SCD19 samples appear to be of identical size (Figure 3.2 B3 and C3). 
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B1
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B3

C1 C2
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Figure 3.2:  Electron microscopy images of the nanoparticles. Images of MNPs, PLGA-

SCD19, and PLGA-MNP-SCD19 were obtained by scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM). A1 and A2: SEM images of 
MNPs. B1 and B2: SEM images of PLGA-SCD19 nanoparticles. B3: TEM images 
of PLGA-SCD19. C1 and C2: SEM images of PLGA-MNP-SCD19 nanoparticles. C3: 
TEM images of PLGA-MNP-SCD19 in which the encapsulated MNPs can be seen 
in PLGA nanoparticles (higher dark contrast). Scale bars correspond to 200 nm.  

 

3.2.3  Nano tracking analysis (NTA) 

The measurement of hydrodynamic radius of the nanoparticles and their 

size distribution was carried out by NTA using the Malvern NS500 microfluidic 



64 

 

device (Malvern Instruments Ltd.) equipped with a 50 mW 532 nm laser.  

Despite a wide size range and aggregation in uncoated-MNPs (Figure 3.3 A), 

which has been already shown in SEM images, the single and sharp peaks of 

PLGA-SCD19 and PLGA-MNP-SCD19 (Figure 3.3 B and C) confirm that the 

nanoparticles had a uniform size distribution without any aggregation which was 

in accordance with the PDIs as determined by DLS (Table 3.1).  The average 

hydrodynamic size of the samples as measured by using NTA were within the 

nanometric range and for both PLGA-SCD19 and PLGA-MNP-SCD19 nanoparticles 

was found approximately of the same size; PLGA-MNP-SCD19 (225 ±25 nm) and 

PLGA-SCD19 (200 ±20 nm). 

Size

Stats: Mean +/- Standard Error

Mean: 218.9 +/- 1.6 nm
Mode: 204.0 +/- 3.2 nm
SD: 44.4 +/- 4.5 nm
D10: 165.6 +/- 1.7 nm
D50: 201.4 +/- 0.4 nm
D90: 257.2 +/- 5.7 nm

B

Stats: Mean +/- Standard Error

Mean: 225.0 +/- 3.0 nm
Mode: 221.0 +/- 5.3 nm
SD: 51.3 +/- 8.4 nm
D10: 169.1 +/- 3.4 nm
D50: 208.1 +/- 2.8 nm
D90: 249.0 +/- 2.8 nm

Size

A

Stats: Mean +/- Standard Error

Mean: 182.7 +/- 7.5 nm
Mode: 133.7 +/- 11.8 nm
SD: 81.9 +/- 5.0 nm
D10: 99.3 +/- 3.1 nm
D50: 139.8 +/- 7.3 nm
D90: 286.6 +/- 17.0 nm

C

Uncoated MNPs PLGA-SCD19

PLGA-MNP-SCD19

Size

 

Figure 3.3: Size distribution of MNPs, PLGA-MNP, and PLGA-MNP-SCD19 nanoparticles 

using nanoparticle tracking analysis (NTA). A) Size distribution of MNPs. B) Size 
distribution of PLGA-SCD19. C) Size distribution of PLGA-MNP-SCD19. In the 
graphs, Mean is a calculated value which shows the average of the size 
distribution. The mode represents the peak of the frequency distribution. D10, 
D50, and D90 demonstrate D values in which the intercepts for 10%, 50% and 
90% of the cumulative mass. Red line in each graph represents the standard 
deviation. All the information was calculated by the NTA software (NTA version 
3.1.). 
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3.2.4  Surface charge, drug loading efficiency, drug content, and 

yield efficiency 

A methodology developed by Malvern Instruments (Zetasizer Nano ZS90 

instrument) was used to assess the Zeta-potential of PLGA-SCD19 which was our 

final product.  The surface charge of nanoparticles as determined by DLS was -

28.2 ± 5.45 mV which is graphically shown in Figure 3.4. 

 

Zeta potential (mV): -28.2
Zeta deviation (mV): 5.45
Conductivity (mS/cm): 0.001

 

Figure 3.4: Zeta potentials of PLGA-SCD19 nanoparticles. A dynamic light scattering 

technique (DLS) was used to measure the zeta-potential of the nanoparticles. 
 

 

The analysis of six batches of PLGA-SCD19 nanoparticles showed the 

concentration of SCD19 that encapsulated into the PLGA was 3.7 ±0.7 mg or 

15±0.1 mM per batch, indicating that the loading efficiency was 63 ±13 %.  Also, 

the optimised formulation presented satisfactory yield efficiency (66±4%), which 

is the weight of the raw materials (PLGA and SCD19) used in the preparation and 

the final weight of the produced PLGA-SCD19 nanoparticles.  The amount of 

SCD19 which is available for release in the drug delivery system, known as drug 

content, was also 5.7± 0.1 %.  All the information is shown in table 3.1. 
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Table 3.1:  Characteristics of PLGA-SCD19 nanoparticles. PDI= polydispersity index. DE= 
Drug loading efficiency. DC= Drug content. YE= Yield Efficiency. The data were 
obtained from six batches of PLGA-SCD19 nanoparticles.  

 

3.2.5  Effect of lung artificial fluids on PLGA-SCD19 nanoparticles   

The stability of PLGA-SCD19 nanoparticles in saline (control), artificial 

lung fluid, and artificial lysosomal fluid was evaluated after 48 h incubation at 

37°C to simulate in-vivo nebulisation characteristics.  Size and polydispersity 

index (PDI) of the nanoparticles were determined by using a DLS technique.  

Nanoparticles were significantly larger when incubated in artificial lung fluid 

compared to those incubated in saline (p<0.01), however this size change was 

not statically significant (P>0.05).  No significant change in average NP size was 

detected for those incubated with the artificial lysosomal fluid.  The average size 

of PLGA-SCD19 nanoparticles after incubation for 48 h in saline, artificial lung 

fluid, and artificial lysosomal fluid was 234± 10.4 nm, 271±22.8 nm, and 215± 

21.9 nm, respectively (Figure 3.5).   

In comparison to control, PLGA-SCD19 incubated with saline, the value of 

PDI for nanoparticles incubated in both artificial lung fluid and artificial 

lysosomal fluid was increased, but it was not statistically significant (P>0.05) 

(Figure 3.5).  The average of PDI as determined by DLS for the nanoparticles 

incubated with saline, artificial lung fluid, and artificial lysosomal fluid was 0.07± 

0.05, 0.18± 0.1, and 0.16± 0.14, respectively (Figure 3.6).  Although, the average 

PDI was increased in nanoparticles incubated with the artificial lung fluids, 

results obtained are in an acceptable size range which indicate that the 

nanoparticles remained stable and monodisperse in lung fluids. 

 Diameter 
(nm) 

Hydrodynamic 
diameter 

(nm) 

PDI DE 
(%) 

DC 
(%) 

YE 
(%) 

Mass 
of 

SCD19 
in the 
NPs 
(mg) 

Concentration 
of SCD19 in 

the NPs 
(mM/batch) 

PLGA-
SCD19 

180 
±25 nm 

200 
±20 nm 

0.066 63  
±13 

5.7 
 ±1 

66 
±4 

3.7 
 ±0.7 

15 
±0.1 
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Figure 3.5:  Impact of artificial lung fluids on the size of PLGA-SCD19 nanopartilces. The 

PLGA-SCD19 nanoparticles were dispersed in three different solutions (artificial 
lung fluid, artificial lysosomal fluid, and saline (control) (0.9% (v/v)), after 48 h 
incubation at 37 °C a dynamic light scattering technique (DLS) was used to 
measure the size of nanoparticles. Data are presented as mean ± SEM and is 
expressed in Z-average size (nm). A One-way Analysis of Variance (ANOVA) with 
Dunnett (compare all vs. control) test was used to test for statistical 
significance of differences between control (PLGA-SCD19 in saline) and the 
testes (PLGA-SCD19 in artificial lung fluid and PLGA-SCD19 in artificial lysosomal 
fluid). **p<0.01, PLGA-SCD19 in saline versus PLGA-SCD19 in artificial lung 
fluids. The experiment was performed for three batches of PLGA-SCD19 
nanoparticles.  
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Figure 3.6:  Effect of artificial lung fluids on the polydispersity index (PDI) of PLGA-SCD19 

nanoparticles (NPs). The PLGA-SCD19 NPs were dispersed in three different 
solutions (artificial lung fluid, artificial lysosomal fluid, and saline (control) 
(0.9% (v/v)) after 48 h incubation at 37 °C a dynamic light scattering technique 
(DLS) was used to measure the PDI of nanoparticles. A Kruskal-Wallis Test 
(nonparametric ANOVA) analysis was run to test for statistical significance of 
differences between control (PLGA-SCD19 in saline) and the testes (PLGA-
SCD19 in artificial lung fluid and PLGA-SCD19 in artificial lysosomal fluid). No 
significant difference was found between the control (PLGA-SCD19 in saline) 
and tests (PLGA-SCD19 in artificial lung fluid, artificial lysosomal fliuid) (p= 
0.15). The experiment was performed for three batches of PLGA-SCD19 
nanoparticles.  

3.2.6  Drug releases profile 

An in vitro cumulative drug release study was performed to investigate 

the rate at which the loaded drug (SCD19) is released into the environment.  The 

experiment was conducted over three days for three batches of PLGA-SCD19 

nanoparticles.   Figure 3.7 illustrates the drug release profile, with rapid drug 

release over the first 24 hours followed by a plateau.  
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Figure 3.7. Drug releases profile from PLGA-SCD19 nanoparticles. The nanoparticles were 

dispersed in saline (0.9% (v/v), then a dyalisis method was used to investigate 
the drug releases of PLGA-SCD19 nanoparticles. Cumulative release profile was 
measured over three days for three batches of PLGA-SCD19 nanoparticles. Data 
are presented as mean ± SEM. 

 

3.2.7  Biocompatibility 

To investigate the biological safety of PLGA-SCD19 and PLGA-MNP-SCD19 

nanoparticles we examined the morphology of A549 cells exposed to cadmium 

selenide quantum dots (CdSe QD) (positive control), MNP, PLGA, PLGA-SCD19, 

and PLGA-MNP-SCD19 nanoparticles (100 μg/ml each) for 24 h by high-content 

screening (HCS).  The cell morphology parameters, including cell area and 

nuclear area of the cells exposed to PLGA-SCD19 and PLGA-MNP-SCD19 were 

within the normal variation range and there were no signs of cellular or nuclear 

deformities, membrane bound vesicles, or cell rupture.  Compared to the control 

(untreated cells) no significant changes was observed in both cell and nuclear 

area.  The experiment was performed for three batches of nanoparticles.  The 

results are visualised and quantified in Figure 3.8 A and B.  In contrast, a 

dramatic abnormality and deformity was observed in the cells incubated with 

CdSe QD, which is a toxic substance and used as positive control.  
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Figure 3.8:  Cytocompatibility analysis of different nanoparticles in A549 cells. A) The 

morphology of A549 cells exposed to nanoparticles (100 μg/ml) for 24h was 
examined by a cell-based automated microscope after staining the cells by 
Hoechst 33342 and Rhodamine phalloidin to stain nuclei (blue) and actin 
filaments (red), respectively. B and C) Morphological analysis of A549 cells 
treated by the nanoparticles was performed using IN Cell Analyzer-1000 
equipped with Investigator software by quantifying cell and nuclei area. 
Positive control= Cadmium selenide quantum dots (CdSe QD). Negative 
control= untreated cells. Scale bar 10 µm. Data are presented as mean ± SEM 
and is expressed in micrometre (µm). A Kruskal-Wallis Test (nonparametric 
ANOVA) with Dunn’s Multiple Comparisons post-hoc test was used to test for 
statistical significance of differences. ***P<0.001, Medium (negative control) 
versus treated cells with CdSe QD (positive control) in cell area assessment; 
**P<0.05, Medium (negative control) versus treated cells with CdSe QD 
(positive control) in nuclear area assessment. 
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3.2.8  Toxicity 

A standard technique, LDH assay, was performed to assess the toxicity of 

PLGA-SCD19 nanoparticles for three different cell lines (A549 cells, LLC cells, and 

Raw 264.7 cells).  The cells were exposed to a serial dilution of PLGA-SCD19 

nanoparticles for two different time points (24h and 48 h).  No significant 

cytotoxicity was observed at concentrations of 1 mM or less.  The results are 

graphically shown in Figure 3.9.  At 2 mM concentrations at a 48-hour timepoint 

significant cytotoxicity of 18% was observed.  For other cell types assessed 

cytotoxicity at this timepoint was < 10%. 
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Figure 3.9:  Assessment of different concentrations of PLGA-SCD19 nanoparticles-induced 

cytotoxicity in three different cell lines. The cells lines (A549, LLC, and Raw 
264.7) were incubated with four different concentrations of the NPs carrying 
(0.1 mM, 0.5 mM, 1 mM, and 2 mM SCD19) for 24h and 48h. LDH activity is 
expressed as a percentage of a fully lysed cell control. Data are presented as 
mean ± SEM. n=3. 



73 

 

3.2.9  Internalisation of NPs in alveolar epithelial cells 

Iron oxide or magnetic nanoparticles (MNPs) were applied as an imaging 

agent to detect the cellular uptake of nanoparticles, due to their high refractive 

index.  After packaging both MNPs and SCD19 in PLGA, the A549 cells were 

incubated with PLGA-MNP-SCD19 (100 µg/ml) and MNPs as positive control (100 

µg/ml) for 24 h.  After washing the cells to remove nanoparticles from the media 

and staining the cells by Hoechst 33342 and Rhodamine phalloidin fluorescent 

dyes, internalisation of nanoparticles was examined by a laser scanning confocal 

microscopy.  As can be seen in figure 3.10 (the merged pictures), significant 

uptake of the nanoparticles was observed after 24 hours.  There were no notable 

differences between uncoated MNPs (control) and PLGA-MNP-SCD19 in terms of 

cellular uptake and internalisation.  After cellular uptake, no detectable cellular 

deformation or cell necrosis was observed.  

Parallel assays to assess cellular uptake PLGA-MNP-SCD19 nanoparticles 

were undertaken, including Prussian blue and ferrozine-based colorimetric 

assay.  The A549 cells were incubated with three different concentrations of 

PLGA-MNP-SCD19 nanoparticles (50, 100, 200 µg/ml) at 24h and 48 h 

timepoints.  Then the MNPs were stained with Prussian blue and visualised by a 

bright filed microscope.  The nanoparticles, as we observed, accumulated only in 

cytoplasm close to nuclei and did not penetrate into the nuclei after both 24 h 

and 48 h incubation timepoints (Figure 3.11 A & B).  To determine the 

intracellular nanoparticles content, ferrozine assay technique was performed.  

As represented graphically in Figure 3.12, the internalisation of the nanoparticles 

demonstrated a linear correlation with the NP concentration.  However, no 

significant differences in the cellular uptake were found between the same 

concentration in both incubation time points (Figure 3.12). 
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Figure 3.10: Internalisation of PLGA-MNP-SCD19 nanoparticles by A549 cells. Uptake of the 

nanoparticles can be visualised in A549 cells by detecting the reflectance signal 
of MNPs (iron oxide nanoparticles) (green). A ZEISS 510 Meta confocal 
microscope was used to detect the reflection of MNPs. The confocal images 
were acquired after cell exposure to NPs for 24 h. The cells were stained with 
Hoechst 33342 and Rhodamine phalloidin to stain nuclei (blue) and actin 
filaments (red), respectively. A) The A549 cells exposed to PLGA-MNP-SCD19 
(100 µg/ml). B) The positive control was only treated by uncoated MNPs (100 
µg/ml). Scale bar 10 µm. 
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Figure 3.11: Cellular uptake of PLGA-MNP-SCD19 by A549 cells. A) Cells incubated with 

three different concentrations of the PLGA-MNP-SCD19 nanoparticles (50, 100, 
200 µg/ml) at two time points (24h and 48h). The cells were stained with Perls' 
Prussian blue (MNPs) and Neutral Red (0.5% (v/v)) to stain nuclei and 
cytoplasm. The Images were acquired using a 10x objective lens from a Nikon 
epifluorescent microscope with colour camera. Coloured filters were applied to 
aid visualisation of NPs only (red filter) (lower of each panel). B) The A549 cells 
exposed to 100 µg/ml PLGA-MNP-SCD19 nanoparticles for 24 h. Microscopy 
image of the NPs captured using a 40x objective lens. Scale bar 10 µm. 
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Figure 3.12: Intracellular iron content quantification by ferrozine assay. The results on the 

graph are presented as weight of Intracellular iron/well, after 24h and 48h of 
incubation The A549 cells with PLGA-MNP-SCD19 nanoparticles (50, 100, 200 
µg/ml). Data are presented as mean ± SEM and is expressed in microgram per 
millilitre (µg/ml). A One-way Analysis of Variance (ANOVA) with Dunnett 
(compare all vs. control (untreated)) was used to test for statistical significance. 
Quantitative analysis demonstrated degree of MNP association compared to 
untreated sample. n=3. 
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3.3 Discussion  

Nanotechnology is being actively developed in medicine [114], with a 

particular focus on the use of nanoparticles as a drug delivery system [113].  

PLGA is among the most frequently used polymeric nanoparticles for drug 

delivery, which has been approved by the FDA and EMA due to its special 

properties, including biodegradability, biocompatibility, low toxicity, and 

minimum side effect [144, 196].  Emulsion-solvent evaporation (oil/water) 

method is the most commonly used method to prepare PLGA loaded drug 

nanocarriers [144, 178].   

It has been reported that the best drug-to-polymer mass ratio to achieve 

maximum drug loading efficiency and enhance drug release profile is 1:10 [197-

199], hence we utilized PLGA (100 mg) and SCD19 (10 mg) to prepare PLGA-

SCD19 nanoparticles.  The nanoformulation presented satisfactory yield (66% ±4) 

and drug loading efficiency (63% ±13). The drug content (5.7% ±0.1) was above-

average of the drug content efficiency which is usually achieved in nondrug 

delivery systems (maximum 10%) [200].  To examine cellular internalization of 

nanoparticles, we synthesised a thermostatic system in which MNPs (imaging 

reagent) and SCD19 (drug candidate) were encapsulated in PLGA nanoparticle.  

Utilizing the TEM, SEM, NTA, and DLS techniques in this study, we measured the 

particle size distribution, hydrodynamic radius, zeta potential, and polydispersity 

index (PDI) of the synthesised nanoparticles and investigated the stability of the 

nanoparticles in artificial lung fluids at 37 °C.  The average size estimated for 

both PLGA-SCD19 and PLGA-MNP-SCD19 from the TEM and SEM images was 180 

±25 nm which was smaller than the size obtained from the nano tracking analysis 

(NTA).  This difference might be attributed to hydrodynamic swelling of particles 

in aquatic environment that causes particles to be larger [201].  We observed 

that both PLGA-SCD19 and PLGA-MNP-SCD19 nanoparticles in aqueous solution 

remained monodispersed without any aggregation with an associated modest 

increase in size of 225 ±25 nm compared to 200 ±20 nm, respectively.  These 
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findings were in accordance with previous published work where PLGA 

nanoparticles synthesised by the oil/water technique resulted in a hydrodynamic 

radius of the range 100 to 250 nm [202, 203].  In the artificial lung fluid, the size 

of PLGA-SCD19 nanoparticles increased slightly at 24 hours but had decreased at 

48 hours which could possibly be explained by degradation It was also observed 

that the poly dispersity index (PDI) of the PLGA-SCD19 nanoparticles after two 

days incubation in both artificial lung fluid and artificial lung lysosomal fluid was 

greater than the nanoparticles incubated with saline (control).  The PDI value for 

all samples incubated in lung synthetic fluids were less than 0.2, showing an 

acceptable monodisperse size distribution and indicating that the nanoparticles 

are stable under physiological conditions. Recent studies have suggested that 

PDI values smaller than 0.3 are desired to ensure monodisperse PLGA 

nanoformulations [204, 205].  Zeta-potential indicates the surface charge of 

nanoparticles, which is an important factor for prediction of colloidal stability 

and estimation of the nanoparticle’s electrostatic interactions.  The zeta 

potential from PLGA-SCD19 nanoparticles as determined by using DLS was -26± 

5.4 mV, showing the stability of the nanoparticles as the zeta potential values 

greater than +25 mV or less than -25 mV are demonstrative of stabilised 

particles [206].  

The size of nanodrug carries can effect drug release and cellular 

internalisation, two important features of nanoparticles [207].  Larger sized 

particles present slower release rates because of smaller surface area to volume 

ratio compare to smaller sized nanodrug carriers [208].  In the present study, In 

vitro drug release behaviour of PLGA-SCD19 nanoparticles showed a high initial 

burst release (30% drug release) for first 24 h, which is possibly due to the 

percentage of drug that is over or just under the surface of the nanoparticles, 

followed by a plateau release for two days. It has previously been shown that the 

degradation of PLGA nanodrug carriers, characteristically  is rapid in the initial 

stage (approximately 30% in the first 24 h) and subsequently plateau’s, resulting 

in an extended and sustained drug release profile [144, 209]. 
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Providing Endotoxin (LPS) free nanodrug delivery system is a crucial issue 

that must be taken into careful consideration in the field of nanosafety [182].  

LPS binds to a soluble LPS-binding protein, which is recognised by Toll-like 

receptor (TLR4).  TLR4, together with MD2 and CD14 provides the signal-

transducing molecule of the LPS receptor complex [210], allowing rapid response 

to endotoxin-containing bacteria, which promotes the activation of innate 

immune responses and an upregulation of pro-inflammatory cytokines (e.g., 

TNF-α and IL-6), leading to systemic sepsis and enhanced morbisity and mortality 

in the clinical arena [211, 212].  Therefore, endotoxin contamination interferes in 

both in vitro and in vivo experiments [183].   

It should be pointed out the endotoxin limit for medical devices is set at < 

0.5 EU/ml for products that directly or indirectly contact the cardiovascular 

system and lymphatic system, for devices within the spinal cord and in contact 

with cerebrospinal fluid (CSF) the accepted level is < 0.06 EU/ml.  The LPS 

concentration of PLGA-SCD19 nanoparticles used in work presented in this thesis 

as measured by LAL assay was 0.009 EU/ml.  Consequently, the final LPS 

concentration that cells are exposed to will be sub-picogram level which satisfies 

current FDA regulations [213].  

To evaluate the cytotoxicity of PLGA-SCD19 nanoparticles, LDH release 

assays were performed on our selected cell lines which included the human lung 

adenocarcinomic cells line - A549, the mouse lung carcinoma cell line - LLC, and 

the murine macrophage cell line - RAW 264.7.  It was found that PLGA-SCD19 NP 

at conentration < 1mM assessed on selected cell lines was non-toxic.  At higher 

concentraions particularly treated A549 cells – cytoxicity up to 18% was 

observed.  

High content screening (HCS), which is an automated microscopy and 

image analysis for high-throughput screening, was employed to determine the 

changes in cell morphology of epithelial lung cells after incubating the cells with 

the nanoparticles.  Recent studies have demonstrated the suitability of this 
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technique in monitoring and screening the cytotoxic effect of nanoformulations 

[214, 215].  In this study, HCS data showed that both PLGA-SCD19 and PLGA-

MNP-SCD19 were completely safe, since no change in cell and nuclei area was 

observed compared to untreated cells.  A cell undergoing apoptosis shows a 

series of typical morphological features in which the cytoskeletal protein actin 

plays a critical role.  We investigated any changes in the cytoskeletal protein 

actin in A549 cells exposed to nanoparticles.  After 24 h incubation, no 

statistically significant differences were observed in the cytoskeletal protein 

actin of the treated cells compared to untreated control cells.  Chemical-induced 

apoptosis exhibits characteristic nuclear morphological changes that are distinct 

from healthy and apoptotic cells [216, 217].  In comparison to untreated cells, 

the obtained quantified data from the HCS analyser has shown no changes in the 

nuclei area of the treated cells.  Whereas, In the positive control in which the 

cells were exposed to CdSe QD (toxic compound) both cell area and nuclei area 

were decreased dramatically.  

The use of iron oxide nanoparticles (MNPs) has become a widespread 

strategy for visualization of the cellular uptake of nanoparticles, owing to their 

biocompatibility and high refractive index contrast [218-220].  In the current 

study, we used MNPs to investigate the internalisation of the nanoparticles by 

encapsulating MNPs in PLGA nanoparticles.  Then, the quantitative and 

qualitative cellular uptake of the nanoparticles was evaluated by performing 

reflectance confocal microscopy, Prussian blue, ferrozine-based colorimetric 

assay.  The results of the reflectance confocal microscopy revealed significant 

uptake of our PLGA-MNP-SCD19 by lung epithelial cells after 24 h incubation.  

However, we found no detectable differences between uncoated MNP (control) 

and PLGA-MNP-SCD19 in terms of internalisation and localisation.  This can be 

explained by the significant aggregation of uncoated MNPs which was 

demonstrated on TEM and NTA analysis.  The obtained images of Prussian blue 

staining showed that nanoparticles accumulated only in cytoplasm and no 

nanoparticles localisation in cell nucleus was observed.  In our study, ferrozine 
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assay revealed that the uptake of nanoparticles in A549 cells reaches a 

saturation point at 24 h, because no significant changes was detected between 

24 h and 48 h timepoint incubation.  This result strongly agrees with previous 

reports.  In particular, as recently revealed, [221] the internalisation of PLGA 

based drug carriers in alveolar epithelial cells  increased from 2 to 24 h, and then 

plateaued.  
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Chapter 4   
 

Characterisation of 
aerosolised PLGA-
SCD19 
nanoparticles 
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4.1 Introduction 

Pulmonary administration of nanotherapeutics for the treatment of 

respiratory diseases has attracted great interest in recent decades due to the 

numerous advantages of this promising route of administration [222-224].  Local 

pulmonary delivery provides on the one hand, higher drug concentrations with a 

rapid onset of action, combined with less systemic toxicity.  This then reduces 

the dose required and improves overall patient adherence [161].  Moreover, 

targeting the lung has added advantages  such as minimum extra-and 

intracellular enzymatic activity,  significant surface area for absorption efficiency 

while avoiding  first-pass metabolism [225].  The use of aerosolised PLGA-drug 

nanoparticles for local and systemic drug delivery has increased markedly over 

the last ten years, due to its high biosafety, drug bioavailability, and low 

immunogenicity [226].   

Aerosol nanodrug delivery to the lungs can combine the advantages of 

both inhalation therapy and nanodrug delivery methods, providing an effective 

treatment for lung diseases [166, 226].  In the current study we investigated and 

characterised the properties of PLGA-SCD19 nanoparticles after nebulisation by 

Aerogen Ltd nebulisers which incorporate its unique vibrating mesh technology.  

This unique method (i.e. vibrating mesh) has substantially improved the 

development of inhalation devices, allowing enhanced doses of active 

compound to be delivered to the patient while  reduced risk of adverse effects, 

including barotrauma and volutrauma compared to conventional nebulisers 

[227].  Aerogen nebulisers are based on a technology which is known as 

AerogenVibronic, a palladium vibrating mesh just 5mm in diameter with 1,000 

holes that vibrates at 128,000 times per second, creating a ‘’mini pump’’ that 

produces fine particle uniform size droplets, to produce the ideal particle size for 

deep lung deposition [228].  Initially we examined the quality of PLGA-SCD19 

nanoparticles after nebulisation by the Aerogen vibrating mesh nebuliser.  The 

nanoparticles were dispersed in 0.9% (w/v) saline which is referred to as 
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“physiological saline”[229].  Numerous medications are dissolved or dispersed in 

physiological saline, because of its benefits such as aiding pulmonary secretions 

and avoiding hyperosmosis compare to H2O [230].  We compared the 

nebulisation time, delivered volume, and the mass of delivered drug by the 

Aerogen nebuliser from the nanoparticles dispersed in either 0.9% (w/v) saline 

and H2O.  To meet appropriate aerosolisation criteria, aerosolised nanoparticles 

should be characterised in terms of several key biophysical properties, such as 

mass median aerodynamic diameter (MMAD), Geometric standard deviation 

(GSD), volume median diameter (VMD), fine particle fraction (FPF), nebulisation 

efficiency, and regional aerosol deposition [167, 231].  According to European 

and US guidelines, aerodynamic particle size distribution (APSD) is a key factor 

when developing an inhalable therapeutic product [232, 233].  We used a Next 

Generation Impactor (NGI), a multi-stage cascade impactor, to determine the 

APSD of the aerosolised PLGA-SCD19 nanoparticles as well as the MMAD, which 

is defined as the median of the particle-size distribution with having regard to 

the aerodynamic diameter.  NGI is consider as one of the gold standard methods 

for inhaler test [234], due to its high-performance, accuracy and easy to operate 

features.  The cascade impactor has seven stages and the aerosolised particles 

are deposited on removable collection cups that are held in a tray.  The system is 

calibrated within the flow rate range of 30–100 L min-1 which can classify 

aerosolised nanoparticles based on their aerodynamic diameter, according to 

the cut-off diameter on each collection stage from 14.1 µm to 0.98 µm, it also 

has a micro-orifice collector (MOC) that collects extra-fine particles (≤0.7 µm) so 

each stage  captures aerosolised particles in a defined range of aerodynamic 

particle sizes (see Figure 4.1)  [235, 236].  
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Figure 4.1: Next Generation Impactor System (NGI). A) Assembled view and nozzle 

configuration of the NGI. B) Layout of inter-stage passageways to measure the 
aerosol droplet size from a nebulizer [237]. 

 

NGI has been successfully employed to investigate the properties of 

aerosolised PLGA drug carriers in several previous studies [238-240].  It has been 

shown that the ideal aerosol particle size distribution for deep lung deposition in 

alveolar region, is between 1-5 µm.  The aerosol particle sizes range from 5-8 µm 

are preferentially deposited in the airway, whereas mouth and throat deposition 

are found with particles > 8 µm.  Particles smaller than 1 µm are preferentially 

exhaled  (see Figure 4.2) [241].   

We also employed laser diffraction analysis for further characterisation of 

aerodynamic properties of the aerosolised PLGA-SCD19 nanoparticles to achieve 

a transfer from dispersed nanoparticles to aerosolised nanoparticles for 
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inhalation to the lower respiratory tract.  Laser diffraction is a common method 

used for estimating several key features of aerosolised nanotherapeutics, 

including fine particle fraction (FPF) which is referred to as the fraction that lies 

below 5 µm in size and have a high chance of delivering into the deep lung and 

GSD that implicates the variability of the particle size distribution of nebulised 

aerosols [242].  The laser diffraction method is based on determining the angular 

difference in intensity of light scattered collecting the scattered light using a 

detector array as a laser beam passes through aerosol particle sample  [243].  

The angle of the diffraction (scattering angle) can be measured by the detector 

to evaluate the size of the nanoparticle, since large particles scatter laser light at 

small angles compare to small particles [244, 245].   

 

Mouth and throat

Conducting airway 

Alveolar region

8-20 µm

5-8 µm

1-5µm

 

Figure 4.2: The relation of particle size distribution and the deposition of aerosol particles 

in the human respiratory tract [241]. 

 

To investigate the in vitro nebulisation efficiency of our aerosolised 

nanopackage inhibitors generated with a vibrating mesh nebuliser, experiments 

were conducted with two types of breathing simulators – the first for unassisted 

spontaneous breathing and the second for assisted spontaneous ventilation.  

Breathing simulators are designed to reproduce a wide range of breathing 
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profiles that mimic the human inhalation airflow profile and are now a key part 

of routine oral inhaled product (OIP) testing [246].   

Unassisted spontaneous breathing patterns were simulated using a 

digitally controlled breathing simulator (ASL5000, IngMar Medical).  The 

breathing simulator has three main sections; piston, actuator and control unit.  

The piston that is driven by the actuator provides a rectilinear motion which 

simulates lungs inhaling and exhaling, according to the equation of motion.  The 

ASL5000 allows the creation of various types of breaths and simulates the 

spontaneously breathing patient in a variety of modes and patterns such as; 

coughs, apnea, snoring, active exhalation [247], however for this current study 

only a normal breath-simulation tidal pattern was conducted.  We also used a 

mechanical ventilation (also known as assisted ventilation) for In vitro and 

experimental studies of aerosolised PLGA-SCD19 nanoparticles to assess aerosol 

lung deposition.  Mechanical ventilations have been used in intensive care unit 

(ICU) since 1940s [248].  It has been shown that the use of mechanical 

ventilations to deliver aerosolised medications via vibrating mesh nebulisers 

provides a high efficiency dose delivery of aerosol therapeutic agents to the 

lungs (NCT01879488) [249].  Recently, In a clinical studies (NCT02298101) the 

ability of the vibrating mesh nebulisers was investigated via a mechanical 

ventilation to ensure the high efficiency dose delivery of aerosol medications to 

the lung, resulting in high superiority of the nebulisers to deliver nebulised 

therapeutics into the pulmonary system as comparted to other nebulisers [250].   

 

 

 

 

 

 

https://clinicaltrials.gov/ct2/show/NCT01879488
http://clinicaltrials.gov/show/NCT02298101
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4.2 Results 

4.2.1  Optimisation of PLGA-SCD19 nanoparticles for the nebuliser 

To determine the appropriate concentration of PLGA-SCD19 

nanoparticles for use with the Aerogen nebulisers, 1 ml of three different 

concentrations (8, 16, 40 mg/ml) of PLGA-SCD19 nanoparticles dispersed either 

in 0.9% (w/v) saline and H2O was nebulised and collected in the falcon tubes.  

Then we assessed and compared the collected volume, required time for 

nebulisation and mass of delivered SCD19 for the all different concentrations.  

The volume of the nebulised samples dispersed either in 0.9% (w/v) 

saline and H2O was measured and compared to blank samples (H2O and 0.9% 

(w/v) saline) which were used as control.  No detectable change was observed as 

the concentration of the nanoparticles was increased from 8 mg/ml to 40 mg/ml.  

Although, no solution remained in the medication cup after nebulisation the 

volume delivery efficiency for the majority of samples was in excess of 85% and 

no change was found between low and high sample concentration in terms of 

collected volume (see Figure 4.3). 
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Figure 4.3: The volume delivery efficiency of Aerogen nebuliser for PLGA-SCD19 

nanoparticles. Different concentrations (8, 16, 40 mg/ml) of PLGA-SCD19 
dispersed in either H2O or saline were nebulised by an Aerogen Solo vibrating 
mesh nebuliser. The samples (1ml) were nebulised and the collected volume 
was measured by a micropipette. The efficiency of the volume delivery is 
expressed as the millilitre sample collected after nebulisation. Data is 
presented as mean ± SEM and is expressed in microgram per millilitre (µg/ml) 
(n= 3). Blank= saline or H2O as the vehicle control). A One-way Analysis of 
Variance (ANOVA) with Dunnett (compare all vs. control (blank) and samples 
dispersed in H2O vs. samples dispersed in saline) was used to test for statistical 
significance. There was no statistically significant difference. 

 

The time required to nebulise 1 ml of two different nanoformulation 

concentrations (8 mg/ml and 16 mg/ml) was comparable to that observed for 

blank samples (H2O and 0.9% (w/v) saline).  However, the nebulisation time was 

increased for the high concentration (40 mg/ml) of PLGA-SCD19 nanoparticles 

dispersed in both H2O and 0.9% (w/v) saline.  It is important to mention that a 

clogging issue on the vibrating mesh from the high concentration sample (40 

mg/ml) was observed after each run (see Figure 4.4) and extra washing 

procedures were required to clean the vibrating mesh. Due to this clogging issue, 

the time required to nebulise 40 mg/ml was notably higher than controls (see 

Figure 4.5). 
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NPs (16 mg/ml) in salineNPs (16 mg/ml) in H2O

Saline (Blank)
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5 mm5 mm
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Figure 4.4: Photographs of the vibrating mesh of the nebuliser before use (top two panels) 

and after nebulisation on of the 16 mg/ml and 40 mg/ml of PLGA-SCD119 
nanoparticles (NPs) in either H2O or saline. black arrows show the 
nanoparticles clogging on the vibration mesh. Scale bar 5 mm.  
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Figure 4.5:  Nebulisation times of Aerogen nebuliser for PLGA-SCD19 nanoparticles. 

Different concentrations (8, 16, 40 mg/ml) of PLGA-SCD19 nanoparticles 
dispersed in either H2O or saline were nebulised by an Aerogen Solo vibrating 
mesh nebuliser. The samples (1ml) were nebulised and the nebulisation time 
for sample delivery was measured by a lab timer recorder. The nebulisation 
time is expressed as the minutes needed to delivery 1ml of each concentration. 
Data is presented as mean ± SEM and is expressed in microgram per millilitre 
(µg/ml) (n= 3). Blank= saline or H2O as the vehicle control. A One-way Analysis 
of Variance (ANOVA) with Dunnett (compare all vs. control (blank) and samples 
dispersed in H2O vs. samples dispersed in saline) was used to test for statistical 
significance. There was no statistically significant difference. 

 

 

The concentration of PLGA-SCD19 nanoparticles (mass of SCD19) before 

and after nebulisation was compared to assess the nebuliser drug delivery 

efficiency. The maximum delivery efficiency, almost 100%, of nanoformulation 

delivery was found for the 8 mg/ml and 14 mg/ml samples which is shown 

graphically in Figure 4.6.  The samples with highest concentration (40 mg/ml), 

dispersed in either H2O and 0.9% (w/v) saline, resulted in approximately 80% 

delivery efficiency which was the lowest level among all the concentrations.  
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Figure 4.6: The efficiency of Aerogen nebuliser to deliver PLGA-SCD19 nanoparticles. 

Different concentrations (8, 16, 40 mg/ml) of PLGA-SCD19 nanoparticles 
dispersed in either H2O or saline were nebulised by an Aerogen Solo vibrating 
mesh nebuliser. The samples (1ml) were nebulised and the nebuliser efficiency 
to deliver nanoparticles was analyised after comparing the concentration of 
SCD19 before and after nebulisation in the samples by a UV-Vis machine. Data 
is presented as mean ± SEM and are expressed in microgram per millilitre 
(µg/ml), n = 3, representative of 3 experiments. A One-way Analysis of Variance 
(ANOVA) with Dunnett (compare all vs. control (blank) and samples dispersed 
in H2O vs. samples dispersed in saline) was used to test for statistical 
significance. There was no statistically significant difference. 

 

 

To examine the impact of the Aerogen nebuliser on the size and volume 

of PLGA-SCD19 nanoparticles dispersed in 0.9% (w/v) saline, following 

nebulisation, the nebulised nanoparticles were re-collected in falcon tube and 

both the particle size and volume of the nanoparticles, before and after 

nebulisation, were measured and compared by DLS.  Figures 4.7 and 4.8 show 

the size and volume of PLGA-SCD19 nanoparticles for both pre- and post-

nebulisation, respectively.  The particle size and volume of the nanoparticles 

remained similar to the initial nanoformulation before nebulisation and the 

Aerogen vibrating mesh nebuliser had no detectable impact on the PLGA-SCD19 

nanoparticles.  
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Red:PLGA-SCD19 (pre-nebulisation)
Green: PLGA-SCD19 (post-nebulisation)

 

Figure 4.7:  Effect of nebulisation in the size of PLGA-SCD19 nanoparticles. The size of 

PLGA-SCD19 nanoparticles were measured before and after nebulisation using 
DLS technique. An Aerogen Solo vibrating mesh nebuliser (Aerogen, Galway, 
Ireland) was used to generate the aerosolised PLGA-SCD19 nanoparticles. n=3. 

 

Red:PLGA-SCD19 (pre-nebulisation)
Green: PLGA-SCD19 (post-nebulisation)

 

Figure 4.8:  The impact of nebulisation on the volume of PLGA-SCD19 nanoparticles. The 

volume of PLGA-SCD19 nanoparticles were measured before and after 
nebulisation using DLS technique. An Aerogen Solo vibrating mesh nebuliser 
(Aerogen, Galway, Ireland) was used to generate the aerosolised PLGA-SCD19 
nanoparticles. n=3 
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4.2.2  Reginal aerosol deposition in the Next Generation Impactor 

(NGI) 

The mass median aerodynamic diameter (MMAD) of the nebulised PLGA-

SCD19 nanoparticles as determined by a Next Generation Impactor (NGI) was 2.2 

± 0.4 µm.  Also, Volume median diameter (VMD), geometric standard deviations 

(GSDs), and fine particle fraction (FPF) for the three runs are presented in Table 

4.1.  To determine the relative amount of deposition of the PLGA-SCD19 

nanoparticles in the different regions of the lung.  The aerosol was examined by 

the NGI.  During the course of the experiment, the aerosolised nanoparticles 

were deposited on the different plates of the impactor based on their droplet 

size distribution, which is shown in Figure 4.9.  Quantification of deposited 

nanoparticles in each plate showed that most of nanoparticles have deposited in 

the stages of 3, 4, 5, 6 and 7, indicating that the vast majority of the aerosolised 

PLGA-SCD19 nanoparticles had a droplet size range between approximately 1 to 

5 µm.  The highest deposition rate was detected in the stages of 5 and 4, which 

had almost half of the deposited nanoformulation. Also, about 4% of the 

nanoparticles deposited in throat region and only 2% of the nanoformulation 

had the droplet size greater than 14 µm (see Figure 4.10). 

 

Table 4.1:  Aerodynamic properties of the aerosolised PLGA-SCD19 nanoparticles with an 

Aerogen Solo vibrating mesh nebuliser. Results are representative of three 
independent nebulisations, as mean ± SD, with 1 ml of saline solution analysed 
by laser diffraction technique. VMD= volume median diameter, GSD= 
geometric standard deviation, FPF= fine particle fraction.  

Mesh nebuliser  Standard 

Power supply 
(output voltage) 

100% 

HOLDING chamber  No 

VMD (µm) 
GSD (µm)  
FPF 5 µm < 5 µm (%) 
FPF 2 µm <2 µm (%) 
Output (mL/min) 
Duration (min)  

4.4 ± 0.33 
1.5 ± 0.2 
59.6 %  
9.9 % 
0.3 ± 0.2 
3.3 ± 0.2 
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Figure 4.9:  The Aerosol PLGA-SCD19 nanoparticles distribution at different Impactor 

stages. Upper panel, before running the experiment all the caps have been 
washed by BPS buffer to remove any possible contamination. In lower panel, 
an Aerogen Solo vibrating mesh nebuliser was used to nebulised PLGA-SCD19 
nanoparticles into the cascade impactor (Next Generation Impactor, Model 
170). The deposited PLGA-SCD19 nanoparticles, indicated by white arrows, was 
observed mostly in the stages of 3, 4, 5, 6, and 7 with the size distribution of 
3.30 µm, 2.08 µm, and 1.36 µm respectively. 
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Figure 4.10:  Quantification of the deposited PLGA-SCD19 nanoparticles. Distribution of 

droplet size after nebulisation using an Aerogen Solo vibrating mesh nebuliser 
in the different stages of cascade impactor (Next Generation Impactor, Model 
170). The data is represented as mass percentage of nominal dose (n=3). The 
average of delivery time was 4:10 minutes. The Mass Median Aerodynamic 
Diameter (MMAD) obtained with PLGA-SCD19 nanoparticles was 2.2 ± 0.4µm. 
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4.2.3  Drug delivery efficiency; mechanical ventilator & human 

breathing simulators 

To assess the in vitro drug delivery efficiency three batches of PLGA-

SCD19 nanoparticles were nebulised by a human mechanical ventilator and a 

human breathing simulator.  The results of the experiments are summarised in 

Table 4.2 and Table 4.3.  The delivery time for all the samples was in the 

standard range.  Using a mechanical ventilator resulted in 23% drug delivery 

efficiency with the small standard division (0.88%).  The normal respiration rate 

provided by the human breathing simulator brought 14.1% drug delivery and the 

standard deviation was the same as ventilation experiment. 

 

Table 4.2:  The mechanical ventilator measurements. A mechanical ventilator (SERVO-i®) 

was used to investigate the delivery efficiency for PLGA-SCD19 nanoparticles 
delivery. The experiment was conducted for three batches of PLGA-SCD19 (1 
ml, 14 mg/ml). The mechanical ventilator was attached to a filter to collect 
inhaled dose. The delivered dose was determined by extraction of 
nanoparticles from the filter and subsequent quantification by using a UV-Vis 
spectrophotometer based on a standard cure that was generated by preparing 
a serial dilution of PLGA-SCD19 nanoparticles. The percentage found in the 
inhalation filter represents the delivery efficiency. Data are presented from a 
series of n = 3 experiments (Run 1,2 and 3). 

 Loaded 
PLGA-
SCD19 

(mg/ml) 

Dose 
duration 

(min) 

Delivered 
NPs 

(mg/ml) 

Mass 
balance 

(%) 

Average 
 

(%) 

STDEV 
 

(%) 

Delivered 
SCD19 

(mg/ml)  

Run 
1 

14 4:18 3.37 24.07    

Run 
2 

14 4:02 3.17 22.64 23.04 0.88 0.17 

Run 
3 

14 4:31 3.14 22.48    
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Table 4.3:  Breathing simulator measurements. A breathing simulator (ASL5000) was used 

to characterise the delivery efficiency of the breathing simulator for PLGA-
SCD19 nanoparticles delivery. The delivery efficiency was investigated for three 
batches of PLGA-SCD19 (1 ml, 14 mg/ml). The breathing simulator was 
attached to a filter to collect inhaled dose. The delivery efficiency was 
determined by extraction of nanoparticles from the filter and subsequent 
quantification by using a UV-Vis spectrophotometer based on a standard cure 
that was generated by preparing a serial dilution of PLGA-SCD19 nanoparticles. 
The percentage found in the inhalation filter represents the delivery efficiency. 
Data are presented from a series of n = 3 experiments (Run 1,2 and 3). 

 Loaded 
NPs 

(mg/ml) 

Dose 
duration 

(min) 

Delivered 
NPs 

(mg/ml) 

Mass 
balance 

(%) 

Average 
 

(%) 

STDEV 
 

(%) 

Delivered 
SCD19 

(mg/ml)  

Run1 14 3:44 1.92 13.76    

Run2 14 4:26 1.65 11.76 14.1 0.88 0.10 

Run3 14 4:49 2.35 16.78    

 

 

4.2.4 Discussion  

Aerosol therapy is an effective technique to deliver medications, 

including nanotherapeutic agents to the respiratory tract.  It has been previously 

shown that 75% of the nanotherapeutics administered via injection are 

dissipated systemically – with ultimately poor delivery to the lung for the 

treatment of lung specific diseases. This results in not only loss of treatment 

efficiency but also enhances the risk for systemic drug side-effects.  In contrast, 

more than 80% of the drug payload can be delivered to the lung when using a 

nanotherapeutic inhaled strategy [251].  

To optimise inhaled therapies several important factors including, 

physical characteristics of Inhaled pharmaceuticals (e.g. particle size 

distribution), devices and inhalation methods used need to be considered [252].  

Nebulisers are among the most efficient devices that have been developed and 

employed for inhalation therapy [253].  All commercially available nebulisers are 

categorised into three types; (1) jet nebulisers, (2) ultrasonic nebulisers, and (3) 
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mesh nebulisers. Jet nebulisers has been used frequently for the treatment of 

respiratory diseases.  However, several studies have highlighted potential 

disadvantages to this mode of theopoetic administration, including low drug 

delivery efficiency and the requirement for the use of compressed gas and 

additional tubing [254-256].  Ultrasonic nebulizers also have significant 

drawbacks as an optimum lung delivery system.  These include inability to 

deliver viscous solutions and heat-sensitive therapeutic agents, due to the high 

temperate they generate during operation [257, 258].  In order to overcome 

these disadvantages significant work has been undertaken with the 

development of mesh nebulisers.  Mesh nebulisers are practical, portable, quiet 

and small in size.  They also have improved drug delivery efficiency and minimal 

residual volume (reservoir is ~0.3 ml) aligned with shorter treatment times (3-10 

min).  Their capacity to generate high concentration fine-particle fractions 

increases drug delivery to the lung peripheries [227, 256, 259, 260].  The analysis 

of both EU and US clinical trial databases has revealed that mesh nebulisers are 

now the most commonly used inhaled-delivery device compared to jet 

nebulisers for industry clinical trials[227].   

Despite these advantages, these mesh-based systems are not without 

their drawbacks. One such issue is clogging of the pores when delivering viscous 

or highly concentrated drug formulations.  In order to overcome this, it is 

necessary to investigate the effect of these factors on each respective mesh 

nebuliser [260].  In this study, nebulisation of PLGA-SCD19 nanoparticles (40 

mg/ml) resulted in clogging of the nanoparticles on the vibrating mesh, 

increasing nebulisation time and decreasing drug delivery efficiency.  However, 

lower concentration of PLGA-SCD19 (16 mg/ml) showed almost 100% delivery 

efficiency within 4 minutes to deliver 1 ml of the nanoformulation without any 

clogging issues.  The analysis of post-nebulisation PLGA-SCD19 has shown that 

the size and volume of the nanoformulation were identical to the size and 

volume of the pre-nebulisation samples, indicating that the nebuliser has no 

adverse effect on the physical properties of the nanoparticles.  Aerosol particle 
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size has been shown to play a vital role in evading the physiological barriers of 

the pulmonary system and targeting the therapeutics to the appropriate 

respiratory tract [261].  The volume median diameter (VMD) of the aerosolised 

PLGA-SCD19 nanoparticles was measured to be 4.4± 0.33 µm with a possible 

geometric standard deviation (GSD) 1.5 ± 0.2 µm.  This midpoint droplet size is 

recognised as the ideal particle size distribution for deep lung deposition [241].  

The fine particle fraction (FPF) of the aerosolised nanoformulation revealed that 

at least 60% of the particles are perfect size range with a mass median 

aerodynamic diameter (MMAD) of 2.2 ± 0.4µm, predicting targeting and 

achieving deep deposition within the respiratory tract.  Moreover, the results of 

the in vitro regional aerosol deposition measurement (cascade impactor) predict 

that in excess of 70% of the aerosolised PLGA-SCD19 will be deposited within the 

alveolar region.    

Our results reveal that aerosolised PLGA-SCD19 nanoparticles deliver 

highly satisfactory in vitro delivery efficiency for both the mechanical ventilator 

and human breathing simulator.  A recent review of nanoparticle aerosolised 

systems in clinical trials has shown that whole lung drug deposition via 

mechanical ventilators is 1% to 16% [262], whereas our work shows improved 

values of 23% and 14% drug deposition in our mechanical ventilator and  human 

breathing simulator systems.  We suggest that these improved values are 

secondary to a high degree of nanoformulation uniformity without aggregation, 

high stability of nanoparticles, and the optimised nanoformulation concentration 

used in our systems. 

 

 

 

 

 



99 

 

Chapter 5 
 

Drug activity after 
packaging into the 
PLGA nanoparticles 
__________________________________________________________________ 
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5.1 Introduction 

Macrophage migration inhibitory factor (MIF), a pivotal proinflammatory 

cytokine,  which has been implicated in the pathogenesis of inflammation and 

cancer [263].  As previously highlighted in this thesis, over expression of MIF has 

been associated with tumour aggressiveness and poor survival rates [19, 264].  

MIF’s tautomerase activity has been implicated in cancer biology.  Specifically 

inhibiting this enzymatic activity via small molecular weight inhibitors has been 

shown to significantly inhibit cancer proliferation and metastatic spread [19, 

265, 266].  All these studies add significant weight to the expanding body of 

evidence that targeting the enzymatic active site of MIF represents a valid and 

novel therapeutic target in cancer.  In the context of lung cancer, evidence has 

been presented linking MIF activity to cell proliferation, carcinogenesis, and the 

development of malignancy [267, 268].  Pre-clinical studies have revealed that 

stimulating the cells with recombinant MIF resulted in a significant increase in 

cell proliferation [67, 269].  For instance, in a recent study, treating Lewis lung 

carcinoma cell (LLC) with human recombinant MIF (100 ng/ml) resulted in 100% 

increase in cancer cell proliferation [24].  Professor Donnelly’s research group 

has recently described a novel MIF inhibitor (SCD19), which was identified via a 

computational virtual screening of putative ligand binding sites.  As explained 

previously in the thesis introduction (see 1.1.5), SCD19 has been shown to 

effectively reduce tumour size in a murine lung cancer model [24].  In this thesis 

we investigated whether the design of an aerosolised pulmonary delivery of our 

SDC19 packaged into PGLA nanocarrier offered promise as a targeted therapy for 

lung cancer. We have used a cell free tautomerase assay, to investigate the 

efficacy of the MIF inhibitors [270-272].  As part of this screening process we 

generated sufficient quantities of human recombinant MIF (rMIF) via using 

transformed E.coli BL21 (DE3) bacteria containing the pET11b-MIF recombinant 

plasmid, which was provided by  Prof. Richard Bucala, Yale university, USA.  

Subsequently, the expressed recombinant human MIF was purified via anion 

exchange chromatography and fast protein liquid chromatography (FPLC).  After 
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endotoxin removal, this produced recombinant MIF was also used to stimulate 

cell proliferation in LLC cells to examine the ability of PLGA-SCD19 nanoparticles 

to decrease cell proliferation. 

 

5.2  Results 

5.2.1  Expression and purification of human recombinant MIF 

(rMIF) 

To confirm the presence of the pET11b-MIF plasmid in transformed E.coli 

BL21 (DE3) bacteria, the bacteria were inoculated into the selective medium 

containing 50 µg/ml ampicillin, followed by colony PCR method.  Figure 5.1 

shows that transformed E.coli BL21 (DE3) bacteria grow in LB broth and on LB 

agar selective media, owing to the ampicillin resistance gene located on pET11b 

plasmid back bone.  Also, the presence of the inserted human MIF cDNA was 

verified by colony PCR.  As can be seen in Figure 5.2, a single and sharp PCR 

product, the MIF gene, was present in all the nine randomised single colonies 

which have been inoculated on a grade plate as a safe source of transformed 

bacteria.  This gene is 345 bp in size and is found to be located within this range 

on the gel relative to the ladder (between the standard ladders 300-400 bp).  

The lane 1 had the most intense and sharp band, so this single colony was 

selected as the best candidate for large scale culture and protein expression.  

The negative control (C) contains only PCR master mix that was not inoculated 

with bacteria.  As was expected, no MIF PCR product can be seen in this lane.  
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Figure 5.1: Antibiotic selective media for isolation transformed bacteria (E. coli BL21 (DES)) 

containing pET11b-MIF. 1) LB agar with 50 µg/ml ampicillin. 2A) LB broth 
medium with 50 µg/ml ampicillin overnight incubated at 37 °C (negative 
control). 2B) LB broth with 50 µg/ml ampicillin and a single colony of E. coli 
BL21 (DE3) bacteria containing pET11b-MIF, after overnight incubation at 37 °C. 

 

L 1 2 3 4 5 6 7 8 9 C

300 bp 
400 bp

 

Figure 5.2:  Colony PCR screening for transformed E. coli BL21 (DES) by rMIF-pET11b. Left 

panel, Bacteria grid plate of the transformed E. coli BL21 (DES) by rMIF-pET11b 
In LB agar with ampicillin (50 µg/ml). Nine randomly picked colonies were 
swabbed onto each grid and incubated at 37 °C. All nine colonies were 
screened by colony PCR to verify the existence of rMIF-pET11b plasmid in the E. 
coli BL21 (DES). This grid plate provides a safe source of several transformed 
single colony for future work to select best single colony for expression of the 
human recombinant MIF (rMIF) protein. Right panel, Colony PCR screening of 
nine randomly picked colonies identified all positive colonies with PCR bands of 
the expected 345 bp size. bp= base pair. L= DNA ladder (Invitrogen, Cat 
#15628-019). Lane 1 to 9= colonies number. C= negative control. 

 

Based on the results of the colony PCR, the colony number 1 was chosen 

and used for rMIF expression.  The protein expression was performed into two 

Erlenmeyer flasks, each consist of 1 litre of LB broth and 50 μg/ml of ampicillin.  

After IPTG induction, bacterial pellets were prepared and subsequently the cells 

were lysed by vigorous sonication.  The lysed cells were centrifuged to separate 

cell debris and supernatant.  Both cell debris and supernatant were analysed by 

employing SDS-PAGE technique to detect the expressed recombinant MIF (rMIF).  

The size of MIF monomers is 12.5 kD and as can be seen in figure 5.3 (Left panel) 
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Lanes 1 and 2, both of which are the supernatant of induced samples, display 

significant bands present in the 10-15kD region.  Whereas in the supernatant of 

uninduced samples, Lane 3 and 4, no significant bands are found.  The induced 

supernatants (lane 1 and 2) were collected for additional purification stages to 

remove unwanted protein bands which were mostly located between 15-37kD 

region (figure 5.3). 

 

987654321

15KD —
10KD —

37KD —

150KD —

 

Figure 5.3:  Analysis the expressed recombinant protein (rMIF) band. Left panel, two 

Erlenmeyer flasks (batch one and batch two) containing one litre LB broth, 
ampicillin (50 µg/ml), and E. coli BL21 (DES)-rMIF-pET11b were prepared. 
Before inducing the bacteria by IPTG (100 mM) at the OD 0.6, one millilitre of 
each batch was taken as uninduced protein samples (negative control). Then 
the bacteria were shaken for further 3h at 37 °C and harvested by centrifuge. 
Finally, the bacteria were lysed, and cell debris and supernatants were 
separated by centrifuge. Ten-microliter aliquots were taken from each sample, 
electrophoresed in 12% Mini-protean TGX Precast Gel (Bio-Rad), and stained by 
Coomassie® Brilliant blue R 250. Lane 1 and 2, induced supernatants (batch I 
and II). Lane 3 and 4, uninduced supernatants (batch one and two).  Lane 5, 
ladder. Lane 6 and 7, induced cell debris (batch one and two). Lane 8 and 9, 
uninduced cell debris (batch I and II). The rMIF band of the expected 12.5 KD 
size can be seen in lane 1 and 2. 

 

Following protein expression analysis, the supernatant from induced 

cells, which was found to carry human rMIF, was loaded onto a HiPrep mono 

QFF anion exchange column.  The elution process was monitored by an UV trace 

to detect protein in the fractions eluting from the column over the time.  The 

recombinant protein was eluted in the flow through fractions since it does not 

interact with the column.  Figure 5.4, lane 1, shows the collected and pooled 
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samples from the anion exchange column as the first purification step.  Before 

loading the sample on the gel filtration column, the pooled sample (15 ml) was 

concentrated (microconcentrator 10,000 MWCO) to obtain a proper volume (2 

ml).  Figure 5.4 illustrates the concentrated samples (lanes 2 and 3) from the 

batches one and two.  Because of the concentration operation, all the unwanted 

protein bands are more visible compared to unconcentrated sample which can 

be seen in lane 1.  To remove the remained unwanted band, the concentrated 

sample was subsequently loaded onto a HiLoad 16/600 superdex 200pg gel 

filtration column. The sample was eluted by running buffer and the fractions 

were analysed by SDS-PAGE, based on the UV trace that was previously 

described.  Figure 5.4 illustrates the result of last purification.  As can be seen in 

the lanes 2, 3, and 4 larger proteins migrated more faster than small protein 

which is the typical pattern of gel filtration chromatography.  The fractions of 6, 

7, 8, and 9 were found to be pure with a sharp band of the expected rMIF (12.5 

KD size).  Eluted fractions containing pure rMIF were pooled together, 

concentrated to achieve the final volume of 2 ml and stored at -80 °C for further 

studies.  
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Figure 5.4:  Analysis the purified recombinant protein (rMIF) bands. Left panel, first 

purification step was conducted by employing anion exchange chromatography 
(HiPrep™ Q Fast Flow 16/10) on the collected induced supernatants samples. 
ten-microliter aliquots were taken from each sample and electrophoresed in 
12% Mini-protean TGX Precast Gel (Bio-Rad). The protein bands were stained 
by Coomassie® Brilliant blue R 250. Lane 1, Pooled samples after running the 
ion exchange chromatography (before concentration procedure). Lanes 2 and 
3, concentrated samples (batch one and two) by an Amicon Ultra-15 
Centrifugal Filter (ufc901024-merck millipore). Lane 4, ladder. Right panel, the 
analysis the purified recombinant protein (rMIF) bands after final purification 
which was performed by using fast gel filtration chromatography technique 
(Hiload 26/600 superdex 200 pg column). Ten-microliter aliquots were taken 
from MIF-containing fractions at each purification step, analysed to find the 
highest pure fractions. Lanes 1 and 10, ladders. Lanes 2-9 collected fractions. 

 

5.2.2  Endotoxin removal and enzyme activity of purified rMIF 

The endotoxin (LPS) was removed from rMIF by using a Pierce® High-

Capacity Endotoxin Removal kit as described previously in section 2.19.4.  To 

ensure the efficiency of LPS removal, the concentration of endotoxin in 

contaminated rMIF was assessed and compared to LPS free rMIF by using a LAL 

assay kit.  As can be seen in figure 5.5 A, the LPS concentration in the 

contaminated sample was approximately 3 EU/ml, but in LPS free batch the 

mean concentration was only 0.15 EU/ml.  As was mentioned previously in the 

section 3.1.2, one endotoxin unit (EU) equals approximately 0.1 to 0.2 ng 

endotoxin/ml of solution [186].  Following LPS depletion, the concentration of 

rMIF was evaluated by a BCA protein assay kit to find out how much protein can 

be recovered from the endotoxin removal column.  The LPS contaminated rMIF 

sample and LPS free sample had a concentration of 1.2 mg/ml and 1 mg/ml, 
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respectively, which revealed 15% loss of total sample during this LPS removal 

process.  To ensure that the remain LPS has no impact on inflammatory response 

which is very sensitive to LPS contamination, the safety of LPS free rMIF was 

examined by measuring the level of TNF-α in the RAW 264.7 macrophage cell 

line treated by two different concentrations (100 and 500 ng/ml) of LPS free 

rMIF for 24 h.  The concentration of TNF-α was measured using a R&D TNF-α 

Duo Set ELISA (see Methods chapter, section 2.20).  Figure 5.5 B shows the level 

of TNF-α expression and demonstrates that at the even high concentration of 

LPS free rMIF (500 ng/ml) the TNF-α release was on the same level with 

untreated cells (medium) and the TNF-α level for all tests were approximately 

0.06 ng/ml.  As was discussed previously in the introduction chapter, there is a 

direct correlation between MIF’s enzyme activity (tautomerase) and its 

physiological function.  Therefore, it was important to ensure the purified rMIF is 

enzymatically active after purification and LPS removal steps.  Figure 5.5 C 

illustrates the enzymatic activity of the LPS free rMIF at 100 ng/ml 

concentration, indicating that the purification and LPS removal procedure had no 

adverse impact on the enzyme activity of the recombinant protein.  We also 

investigated the activity of our drug candidate, SCD19, before packaging into the 

PLGA nanoparticles to ensure that it inhibits effectively the tautomerase activity 

of MIF.  As can be seen in figure 5.6, SCD19 at the concentration of 100 µM 

blocked almost 100% of the rMIF’s tautomerase activity, while untreated rMIF 

showed a proper enzyme activity.  This is demonstrated by the curve that is 

generated as the dark red substrate (L-dopachrome methyl ester) is converted to 

the colourless product, which know as dopachrome methyl ester tautomerase 

assay. 
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Figure 5.5: LPS removal and analysis the activity of purified recombinant MIF (rMIF). A) 

The concentration of LPS in rMIF before and after LPS removal measured by a 
Pierce high capacity endotoxin removal resin. The protein concertation as 
determined by using a BCA protein assay kit was 1mg/ml. B) The effect of LPS 
free rMIF on TNF-α release in RAW macrophage cells. RAW macrophage cells 
were plated at 1 × 105 per well and treated with 100 ng/ml and 500 ng/ml LPS 
free rMIF. After 24 h, supernatants were collected and assessed for levels of 
TNFα by ELISA. Data is presented as mean ± SEM (n=3). No change was 
detected in either 100 or 500 ng/ml LPS free rMIF (100 ng/ml) compared to 
untreated cells. C) Cell free tautomerase assay of rMIF. Recombinant MIF was 
incubated with L-dopachrome methyl ester substrate and the activity of the 
rMIF was assessed by measuring absorbance at 475 nm over 20 min. 
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Figure 5.6:  The activity of SCD19 to inhibited MIF enzymatic activity. Recombinant MIF was 

incubated with or without (control) SCD19 (100 µM) for 20 minutes in room 
temperature, then the substrate (L-dopachrome methyl ester) was added and 
the activity of the rMIF was assessed by measuring absorbance at 475 nm over 
20 min.   

 

5.2.3  Inhibition of cell proliferation in Lewis lung carcinoma cells  

We examined the ability of nebulised SCD19 loaded in PLGA 

nanoparticles (PLGA-SCD19) to inhibit the cell proliferation of Lewis lung 

carcinoma cell line (LLC). From figure 5.7 it can be seen that MIF stimulates 

(untreated cells + MIF (100 ng/ml)) proliferation of Lewis lung carcinoma cell line 

(LLC) significantly compared to untreated cells ***p<0.001. PLGA-SCD19 

nanoparticles significantly decreased the MIF induced cell proliferation to levels 

similar with untreated cells ***p<0.001.  Also, PLGA-SCD19 nanoparticles 

reduced significantly the cell proliferation of LLC cell line compared to PLGA 

nanoparticles (negative control) *p<0.05.  
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Figure 5.7: Inhibition of cell proliferation in Lewis lung carcinoma cell (LLC) by nebulised 

PLGA-SCD19 nanoparticles. The effect of nebulised PLGA-SCD19 nanoparticles 
on Lewis lung carcinoma cell growth was evaluated by MTT assay. The LLC were 
seeded at the density of 2x102 per well, then treated by PLGA nanoparticles 
(negative control) and PLGA-SCD19 nanoparticles carrying (SCD19 100 µM) one 
day prior to the two days stimulation by rMIF (100 ng/ml). Data is presented as 
mean ± SEM (n=9). A one-way ANOVA with Tukey- Kramer post-test (compare 
all pairs of columns) was used to test for statistical significance of differences. 
***p<0.001, untreated versus untreated + MIF. ***p<0.001, untreated + MIF 
versus PLGA-SCD19 (100 µM) [medium: control, LLC cells stimulated by rMIF]. 
*p<0.05, PLGA versus PLGA-SCD19 (100 µM).  

  
 

5.3 Discussion  

Changes in the cell-cycle allow malignant cells to escape the normal 

control of cell proliferation [273]. The critical role of MIF in cellular proliferation 

have been highlighted in numerous studies [19, 24, 274-279].  As previously 

highlighted, MIF promotes cell proliferation via three main cell signalling 

pathways such as MAPK/ERK [280], JNK/c-Jun/AP-1 [281], and PI3K/Akt/mTOR 

[275], resulting in the development of cancer and tumour growth [19].  In this 

current chapter, we investigated whether our novel drug nanoformulation 

(PLGA-SCD19) could significantly reduce LLC cell proliferation.  

We expressed human recombinant MIF through IPTG induction protein 

expression method from a pET11b-MIF recombinant plasmid which carries MIF 

cDNA, since there is cDNA copy of the gene in the recombinant plasmid, it can be 

expressed in bacterial expression hosts (e.g. E.coli BL21 (DE3)) as no post-



110 

 

transcription modification is required for MIF cDNA.  A high-yield purification of 

recombinant human macrophage migration inhibitory factor (rMIF) was 

achieved (2 ml of 1.2 mg/ml rMIF) after employing anion exchange 

chromatography and gel filtration chromatography, respectively.  Although, 

bacterial expression systems have many benefits such as; rapid expression, high 

yields, and ease of culture [282], there is a considerable LPS contamination issue 

with the purified recombinant protein which can cause misleading experimental 

results in both in vitro and in vivo studies. To tackle this issue, we employed an 

endotoxin binding resin to deplete the LPS contamination to a safe level.  The 

results of endotoxin assay (LAL assay) showed that the concentration of LPS in 

one milligram of rMIF, after LPS removal procedure, is 0.15 EU/ml.  Considering 

the fact that the working concentration of rMIF is 100 ng/ml and the purified 

rMIF should be diluted by 106 times, consequently, the final concentration of the 

LPS is 1.5 × 10-7 EU/ml or 3-1.5 × 10-3 pg/ml as each 1 EU/ml is 0.1-0.2 ng/ml.  LPS 

is a strong inflammatory mediator which triggers immune cells via Toll-like 

receptors (TLRs) leading to the secretion of pro-inflammatory mediators (e.g. 

TNF-α).  To assess whether our purified rMIF possessed and physiologically 

relevant LPS contamination we assessed whether this recombinant protein could 

induce a significant pro-inflammatory response from immune cells and found no 

significant induction of TNF compared to control medium.  Before packaging the 

SCD19 into PLGA nanoparticles, we investigated the activity of the drug 

candidate to inhibit MIF’s enzyme activity.  The dopachrome tautomerase assay 

showed that SCD19 (100 µM) inhibited almost 100% of MIF’s enzyme activity 

compared to untreated rMIF.  In the in vitro experiment, rMIF (100 ng/ml) 

increased cell proliferation of LLC cancer cells by more than 30%.  This data is in 

support of results published by others, who showed that rMIF increased 

significantly cell proliferation in different cells, leading to tumour growth and 

cancer development [24, 283-285].  Treated cancer cells by the nebulised 

nanoformulation carrying 100 µM of SCD19 led to almost 50% cell proliferation 

reduction compared to untreated cells.  This result was similar to  previous 

results, which free SCD19 was applied to decrease cell proliferation from rMIF-
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Induced cell proliferation in LLC cancer cell line [24].  However, vibrating mesh 

nebulisers are inoperative when working with free SCD19 due to the DMSO 

solvent which is required to dissolve free SCD19 and can potentially damage the 

nebuliser’s vibrating mesh.  In fact, the vast majority of the small-molecule MIF 

inhibitors are only soluble in organic solvents (e.g. DMSO), including ISO-1 which 

is the commercially available MIF inhibitor [286].  Nanodrug delivery systems can 

tackle this issue providing long-term stable and well-dispersed drug loaded 

nanoparticles in both saline and water that can be administrated directly into 

the lungs via inhalation, thus, avoiding the use of hazardous solvents.  
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Chapter 6 
 

Discussion  
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The main focus of this PhD thesis was to investigate the synthesis and 

characterisation of an aerosolised PLGA nanodrug delivery system as a novel 

nanoparticle formulation for MIF enzyme inhibitors to modulate MIF’s 

physiological activity in pulmonary diseases, particularly lung cancer.  SCD19 

(MIF inhibitor)-loaded PLGA nanoformulation overcame the water solubility 

issues associated with SCD19 and enabled high levels of lung-specific deliver of 

active compound with minimum toxicity. 

Cancer is the second leading cause of death worldwide, estimated to be 

accountable for 9.6 million deaths and 18.1 million new cases in 2018.  Lung 

cancer is the most frequently diagnosed cancer (11.6% of the total cases) and 

the leading cause of cancer death (18.4% of the total death) [287].  Most of the 

lung cancer patients present with advanced stage cancer with very limited 

therapeutic options and many should be cured by surgery.  However, around 

50% die of their disease despite curative resection [288].  As we have highlighted 

previously, MIF has been implicated as a key protein driving cancer growth and 

inhibiting its unique tautomerase enzymatic activity has been shown to 

significantly inhibit cancer proliferation.  This formed the basis for our work 

developing an aerosolised lung delivery system of a nanopackaged MIF 

enzymatic inhibitor. 

Our original hypothesis was that this inhalable nanodrug carrier can 

provide all the advantages of an inhalational and nanocarrier based drug delivery 

approach to improve treatment efficiency with minimum local and systemic 

toxicity.  To investigate this, we encapsulated our novel MIF enzyme inhibitor, 

SCD19, into PLGA nanospheres (PLGA-SCD19) by using an oil in water (o/w) or 

single emulsion-solvent evaporation technique.  We examined the properties of 

the drug loaded nanoparticles to ensure they meet the essential and desirable 

criteria.  A transmission electron microscope (TEM) and a scanning electron 

microscope (SEM) were utilised to measure the size and to observe and detect 
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surface morphology and structural characteristics of the nanoparticles.  Also, 

nanoparticle tracking analysis (NTA) and dynamic light scattering (DLS) technique 

were applied to determine the size distribution of the nanoparticles in liquid 

suspension and the surface charge of PLGA-SCD19 nanoparticles.  Further 

characterisations were carried out to investigate the drug content, encapsulation 

efficiency, yield efficiency, and the release profile of the nanoformulation, 

followed by the stability of the nanoparticles in artificial lung fluids, this 

experiment was performed to investigate the nanoparticles aggregation or lose 

their uniformity of size and shape in artificial lysosomal fluid and artificial lung 

fluid.  As one of the most crucial steps when developing a nanodrug delivery 

system, the toxicity and biocompatibility of the PLGA-SCD19 was investigated for 

different normal and cancerous cell lines by LDH cytotoxicity assay and high-

content analysis (HCS).  The cellular uptake of the PLGA-SCD19 was also 

evaluated in adenocarcinomic human alveolar basal epithelial cells (A549 cells) 

by using three different techniques; Prussian blue staining, ferrozine assay, and 

confocal microscopy.  In this thesis, we aimed to develop an aerosolised 

nanodrug delivery system for inhalation treatment, therefore we investigated 

the physical properties of the PLGA-SCD19 administered by Aerogen’s vibrating 

mesh nebulisers.  Different techniques and methods were used to characterise 

the aerosolised PLGA-SCD19.  The size distribution, volume median diameter 

(VMD) and geometric standard deviation (GSD) of the aerosolised PLGA-SCD19 

were evaluated by a method known as laser diffraction, this step was necessary 

to ensure that the properties of the aerosolised nanoparticles are suitable for 

deep lung deposition.  The relative amount of deposition of the nanoparticles in 

the different regions of the lung was investigated and determined by utilising a 

Next Generation Impactor (NGI), this experiment was conducted to evaluate the 

amount of the deposited PLGA-SCD19 in both the upper and lower respiratory 

tract.  Further experiments were performed to assess the drug delivery efficiency 

of the aerosolised PLGA-SCD19 by using a mechanical ventilator and a human 

breathing simulator.  Finally, we examined the activity of the encapsulated 
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SCD19 to inhibit cell proliferation from a MIF-induced cell proliferation model in 

lewis lung cancer (LLC) cell line.   

MIF represents a well‐defined, pleiotropic, pro‐inflammatory mediator of 

the immune system that plays a substantial role in the overall inflammatory 

cascade.  MIF is a Swiss Army Knife-type of small protein with many biological 

functions which led to it being considered as a cytokine, enzyme, hormone, and 

molecular chaperone [19, 289].  Within our group the focus is on the vital 

regulator of innate immunity MIF, which has been associated with a wide range 

of diseases, including lung cancer.  It has been well demonstrated that 

inflammation has influential effects on tumour development [290].  The role of 

MIF’s biological activities in tumour growth, angiogenesis, and cancer 

progression is now well supported by published work.  Studies also have shown 

that overexpression of MIF is closely associated with tumour aggressiveness and 

metastatic potential [19, 72, 268, 278, 291-294].  MIF possesses a unique and 

intriguing enzyme activity (tautomerase) which its role and human physiological 

substrate has not been identified thus far.  However, it has been shown that 

MIF’s enzyme activity contributes to the biological functional activity of MIF [24, 

294].  Thus, the tautomerase active site is considered as the logical binding site 

for potential inhibitors of MIF function [271, 289, 295, 296].  Our lab has recently 

reported the discovery of a small-molecular-weight inhibitor, known as SCD19, 

which targets the active enzymatic site of MIF.  In a recent study, SCD19 was 

found to markedly reduce tumour growth compared to untreated tumour in a 

murine lung cancer model [24], in another study, SCD19 decreased significantly 

the inflammatory response in a murine pulmonary chronic P. aeruginosa model 

[40], representing a robust and effective candidate to the concept of anti-MIF 

strategy as a potential future anti-inflammatory/anti-cancer therapeutic 

approach.  In this current study, we report the maximise local delivery of MIF 

therapeutics directly to the lungs through the development of an aerosolised 

delivery system utilising state of the art nanoparticles.  
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Nanoparticles are among the most extensively studied drug delivery 

vehicles which, in turn, are currently the most common application of 

nanotechnology in the field of nanomedicine [297].  Nano particle aerosolised 

delivery systems to the lung represent  a novel future therapeutic strategy for 

cancer and in particular lung cancer. [125].  Nanocarrier based drug delivery 

systems can increase the drug therapeutic index, contributing to improve 

treatment efficiency with less drug toxicity and significantly less adverse effect 

compared to free drugs [129].  Nanodrug delivery system administrated by the 

pulmonary route as a targeted drug therapy and non-invasive route represents a 

promising strategy for the treatment of respiratory diseases [124, 125].  

In this thesis, we took advantage of both nanotechnology-based drug 

delivery system and the inhalation route for administration of our novel MIF 

inhibitor, SCD19, to provide a safe and effective treatment platform. We decided 

to encapsulate SCD19 in poly (lactic-co-glycolic acid) or PLGA, a natural polymer 

nanodrug delivery vehicle, due to numerous advantages of this biodegradable, 

nontoxic and FDA approved nanodrug delivery system [226].  A standard 

method, single emulsion-solvent evaporation technique, was used to 

encapsulate SCD19 into PLGA nanoparticles.  The first challenge was to produce 

LPS free nanoparticles, since nanoparticles can be contaminated easily by 

endotoxins during the synthesis procedure which causes a massive immune 

response in both in vitro and in vivo studies [183].  The endotoxin assay showed 

that the produced PLGA-SCD19 nanoparticles were relatively endotoxin-free.  

The second challenge was to produce uniform size distribution of the PLGA-

SCD19 nanoparticles.  In fact, nonuniform size distribution, lack of 

reproducibility, and lack of stability are considerable as the most challenging 

obstacles when developing a nanodrug delivery system [129].  NTA analysis was 

employed to investigate the hydrodynamic diameter of the PLGA-SCD19 

nanoparticles dispersed in 0.9% (w/v) saline and water which resulted in a single 

and sharp peak, approximately 200 nm in diameter, indicating that the 

nanoparticles were uniform without aggregation.  Also, TEM and SEM images of 
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the nanoparticles showed a uniform spherical shape with smooth surfaces.  It is 

noteworthy that spherical nanoparticles are taken up effectively by the cellular 

mechanisms of phagocytosis owing to the actin structure of the cells that must 

be formed to initiate phagocytosis and let cell membrane progress and then 

move over the nanoparticle [298].  To confirm the cellular uptake, we co-

encapsulated iron oxide nanoparticles (MNPs) and SCD19 into PLGA.  The MNPs 

were added for detection and imaging purpose to observe the cellular uptake of 

our nanoparticles. We carried out three methods; Prussian blue assay, ferrozine 

assay, and confocal microscopy, to investigate the cellular uptake of the PLGA-

MNP-SCD19.  All three techniques showed that significant accumulations of 

nanoparticles occurred in the cells after overnight incubation.  The stability of 

the developed nanoformulation was an important consideration in our study, 

since unstable nanoparticles tend to form sedimentation, agglomeration, and 

crystallisation [299].  The zeta potential value of the PLGA-SCD19 was in a range, 

-28.2 ±5.45 Mv, that would typically be considered high in regard to stability 

[206], moreover further studies to examine the stability of the nanoparticles in 

lung artificial fluids (LAFs) showed that the nanoparticles remained 

monodispersed without any aggregation in ALFs.  The drug content, yield and 

encapsulation efficiency were constant for all examined batches which shows 

the reproducibility of the nanoformulation.  Toxicological study for our 

nanoformulation was one of the top considerations in this study.  We performed 

LDH cytotoxicity assay and HCS analysis to evaluate the capacity of the PLGA-

SCD19 to induce acute cell toxicity.  In both evaluations the nanoparticles were 

found to be non-toxic to cells. 

In this study, we established a collaboration with Aerogen Ltd, one of the 

world's leading medical device companies specialising in the design and 

production of aerosol drug delivery devices.  Initially, we optimised our 

nanoformulation for Aerogen’s vibrating mesh nebuliser to achieve maximum 

drug delivery within acceptable nebulisation times.  The vibrating mesh nebuliser 

did not affect the size nor the volume of PLGA-SCD19 nanoparticles compared to 
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nanoparticles pre-nebulisation.  In our work we noticed that the nanoparticles 

concentration is relevant for nebulisation efficiency, where higher 

concentrations of nanoparticles can bring about vibrating mesh clogging issues 

which leads to reduced delivery efficiency.   

We further characterised the properties of the aerosolised PLGA-SCD19 

nanoparticles by using a laser diffraction method which revealed that they had a 

perfectly acceptable volume mean diameter with an optimal particle size 

distribution for deep lung deposition.  This leads to improve treatment efficiency 

by allowing aerosols to access the small airways with minimum waste [300].  

Further investigation to evaluate the regional deposition of the aerosol 

nanoparticles in an advanced human respiratory tract model, resulted in high 

deposition in the alveolar region of the lung model with very low deposition in 

upper respiratory tract.  Additional experimental methods to define drug 

delivery efficiency included; the human breathing simulator and a human 

mechanical ventilator simulator.   Previous studies of other compounds had 

shown a wide range of drug delivery efficiency (from 1% to 16%) possibly due to 

different factors, such as inhaler devices and drug formulation [262].  In this 

study we achieved 23% and 14% drug delivery efficiency from the mechanical 

ventilator and the breathing simulator machine, respectively.  Finally, we 

examined the ability of our aerosolised PLGA-SCD19 nanoparticles to reduce cell 

proliferation in a MIF-induced cell proliferation in vitro model which resulted in a 

significant reduction of cell proliferation in the selected cancer cells. 

In the context of personalised medicine, MIF represents an ideal 

therapeutic target.  Published work has revealed that a functional MIF 

polymorphism, a tetranucleotide microsatellite (−794 CATT5–7, rs5844572), is 

directly implicated in the overexpression of MIF [18].  It has been shown that 

patients who have 5-CATT repeat have low MIF expression and 6-,7-,8-CATT 

repeat result in high level expression.  Since this polymorphism was identified, 

numerous studies have shown the association of this polymorphism and cancer 

development [301-304].  In relation to lung, it has been demonstrated that 
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patients who have high MIF levels have more aggressive diseases, including 

COPD [305], Cystic fibrosis [48], and Asthma patients [306].  We proposed that 

individuals genetically primed to be high MIF producers would have more 

aggressive disease in lung cancer.  Therefore, targeting those individuals with an 

anti-MIF therapeutic strategy would have significant clinical benefit in lung 

cancer.  A classic example of personalised medicine – getting the right treatment 

to the patients that would benefit the most.  To investigate this, our lab has 

established a humanised MIF polymorphism mouse model, where the mouse 

MIF gene has been replaced by the human equivalent incorporating either our 

5/5 or 7/7 polymorphism.  Thus, being genetically primed to express low levels 

or high levels of MIF respectively.  To ensure our mice were functional the 

Intraperitoneal macrophages were isolated from both groups and stimulated 

with PI:C and LPS.  From the group the 7-CATT mice have higher basal and 

stimulated levels of MIF than 5-CATT.  For future work we aim to establish a 

murine lung cancer model by using these novel mice groups to investigate how 

high and low level of MIF effect lung cancer and secondly incorporate an 

aerosolised PLGA-SCD19 therapeutic arm to assess efficacy in these murine 

models of lung cancer.  We believe that our nanoformulation can be applied to 

modulate the physiological activities of MIF in other lung diseases, including 

Cystic fibrosis, Asthma, and COPD. Therefore, our transgenic mice and 

nanoformulation methodology will provide a framework for the assessment of 

new novel treatments for a range of lung diseases.  A natural extension of the 

work presented in this thesis would be the use of our PLGA-SCD19 nanoparticles 

in alternative administration formats (eg topical, IV, subcutaneous) to treat 

extrathoracic systemic diseases.  

In this thesis we presented work on the synthesis and characterisation of 

an effective and practical nanodrug delivery shuttle for MIF inhibitors.  This 

study has demonstrated that the developed aerosolised nanodrug delivery 

system due to its appropriate characteristics and therapeutic activities may be 

provide a novel adjunctive agent for use with anticancer drugs in the treatment 
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of patients with lung cancer and the data obtained from characterisation studies 

may contribute to future drug delivery researches.  
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Appendix  

▪ Ampicillin sodium salt (stock con. 50 mg/ml, working con. 50 µg/ml) 
1. Ampicillin (100 mg)  
2. dH2O (2 ml)  
3. Vortex 30 seconds 
4. filter (0.22 µm) under laminar hood and liquate 100 µl in microtube 
5. Store -20°C/1 year or 4°C/3 months. 
 
▪ LB broth 1000 ml  
1. LB broth (25 gr)  
2. dH2O 1000 ml  
3. Autoclave  
4. Cool medium to ~50°C add 1 ml Ampicillin 50 mg/ml 
5. Store 4°C 
 
▪ LB agar (1000 ml)  
1. LB agar (40 g)  
2. dH2O (1000 ml) and heat to boiling 
3. Autoclave  
4. Cool medium to ~50°C add 1 ml Ampicillin (50 mg/ml) 
5. Aliquot 25 ml/ Petri dish 
6. 4 hours incubation in room temperature (RT) 
7. Cover by foil and store at 4  

▪ IPTG (100 mM)  
1. IPTG (0.24 gr)   
2. dH2O (10 ml)  
3. filter sterilize (0.22 μm) 
4. Aliquots and store at –20°C for 4 months 
 
▪ TBE buffer (5X) 
1. Tris base 32.4 g  
2. Boric acid 16.5 g  
3. EDTA 2.7 g  
4. H2O (300 ml) 
5. Adjust pH 8.0-8.5 (with NaOH) 
6. Adjust to 1000 ml 
 
▪ SDS PAGE running buffer (10X, 1 Lit) 
1. SDS (10 g)  
2. Tris Base (30.30 g)  
3. Glycine (144 g)  
4. Adjust to 1000 ml 
5. Store at 4 °C 
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▪ Fixation solution (500 ml) 
1. dH2O (400 ml) 
2. Glacial Acetic acid 100 ml 
3. Methanol (500 ml)  
4. Store RT/ use before one month 
 
▪ Staining solution (1000 ml) 
1. dH2O 450 ml 
2. Glacial Acetic acid (100 ml)  
3. Coomassie® Brilliant blue R 250 (3g)  
4. Methanol (450 ml)   
5. Filter the solution  
6. Store at RT 
 
▪ Destining solution (1000 ml) 
1. dH2O 750 ml 
2. Methanol 150 ml 
3. Glacial Acetic acid 100 ml 
4. Store at RT and protect direct light 
 
▪ Glycerol Stock  
1. Inoculate a single colony in medium with appropriate antibiotics  
2. Incubate at 37°C, shaker 200 rpm, overnight 
3. Overnight bacteria (0.8 ml) + sterile Glycerol (0.2 ml)  
4. Vortex vigorously 
5. Store at -80°C 
 
▪ HCl (4% solution) 
1. dH2O (96 ml) 
2. HCl (4 ml)  
 
▪ Potassium Ferrocyanide (4% solution) 
1. Potassium Ferrocyanide (4 gr)  
2. Adjust to 100 ml by dH2O 
 
▪ Potassium ferrocyanide solution, HCl : Potassium Ferrocyanide 4% (1:1) 
1. HCl (4% solution) (20 ml) 
2. Potassium Ferrocyanide (4% solution) (20 ml)  
 
▪ Iron-detection reagent 
1. Ferrozine (6.5 mM)  
2. Neocuproine (6.5 mM)  
3. Ammonium acetate (2.5 M)  
4. Ascorbic acid (1 M)   
5. Dissolved in water (100 ml) 


