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Abstract 
Pulmonary arterial hypertension (PAH) is an aggressive disease with poor prognosis, no 

available cure and with survival rates of 2-5 years after diagnosis.  However, there are 

drugs available, which work by enhancing dilator pathways or blocking constrictors that 

limit progression of the disease; Unfortunately these drugs have the critical limitation of 

dilator effects in the systemic circulation and are associated with class specific side 

effects. One way of overcoming systemic (and other) side effects is to employ a 

nanomedicine approach where drugs can be encapsulated in a nano-sized (≈100nm) 

carrier molecule and directed specially to the diseased vessels of the lung. 

Nanoparticles used in the medical field are classified to being organic or inorganic. In my 

PhD I investigated the effects of two nanomedicine formulations in biological systems 

one organic and one inorganic. Firstly I prepared an iron (Fe) containing metal organic 

framework (MOF), MIL-89 and it is PEGylated form (MIL-89 PEG).. MIL-89 preparations 

confirmed to the predicted structure and were non-toxic in vitro and in vivo with some 

potential anti-inflammatory effects at high concentrations. Unfortunately loading MIL-89 

with drug and assessing effects in relevant systems was beyond the scope of my PhD 

thesis, but future development of MIL-89 in a PAH setting is discussed throughout. 

Secondly I studied the chemical and biological effects of a novel NO-releasing 

nanomedicine formulation consisting of nitrated polymers (NO-NP). NO-NP released 

NO, is relatively non-toxic, inhibited some aspects of inflammation and was an effective 

vasodilator with selectively towards pulmonary artery over systemic vessels (aorta). The 

data in my thesis are consistent with the idea that a nanomedicine approach is 

achievable in PAH and my personal view is that in the future PAH drugs will be delivered 

as targeted therapies with the potential of converting PAH into a chronic drug-managed 

condition.    
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Foreword 

In 1891 a German doctor called Ernst Romberg described a disease during autopsy 

that affected the pulmonary arteries and caused vascular remodelling in a patient 

that did not have any lung or heart diseases3. Now we know that this pathology is a 

fundamental characteristic of pulmonary arterial hypertension (PAH). As was seen 

by Romberg in 1891, PAH is characterised by hyperproliferative pulmonary vessel 

cells coupled with increased vasoconstrictor and reduced vasodilator mediators 

leading to raised pulmonary artery pressures that are normally 14 mmHg at rest, to 

>25 mmHg. The increased pulmonary pressures result in an additional work load on 

the right side of the heart, which leads to right heart hypertrophy and ultimately heart 

failure. The right heart has now, in addition to pulmonary arteries, become a 

therapeutic target in it is own right in the search for treatments for PAH4. According 

to The World Health Organization (WHO) PAH is one of five categories of a broader 

clinical phenomenon that encompasses pulmonary hypertension (PH) of all 

manifestations. PAH comprises group I of the WHO classification, group II is PH 

caused by left heart diseases (e.g. mitral valve disease)5, group III is caused by 

chronic obstructive pulmonary diseases (COPD), group IV is caused by chronic 

thromboembolic pulmonary hypertension (CTEPH) and group V involves all other PH 

caused by unclear multifactorial mechanisms6.  

Although rare, PAH has no cure. However, there are current treatments that 

constitute vasodilator drugs, discussed in detail below, which are used to relieve 

symptoms and slow disease progression. These drugs were introduced based on 

sound preclinical rational and have the potential to be used more effectively by (i) 

aggressive early use in combination (see below) and (ii) with more effective targeted 

delivery. In my PhD I have considered the idea that current PAH drugs have the 
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potential, if delivered directly to the affected pulmonary arteries, to extend life in PAH 

and, perhaps, convert this fatal disease to a chronic manageable condition. One 

approach to do this is by using nanomedicine technology.  

In my Introduction I have covered various aspects of PAH, including current 

therapies and the fundamentals of nanomedicine technology. In the nanomedicine 

part of the introduction I have focused on two preparation types, which I have used in 

my thesis, namely (i) the metal organic frame works (MOFs) and (ii) polymers. 

Causes of pulmonary hypertension (PH) and pulmonary arterial hypertension 

(PAH) 

PH is not a disease as such and simply refers to pressure in the pulmonary arteries 

being higher than normal. Specifically where normal pressures are around 14 mmHg 

at rest, PH is noted when pressures exceed 25 mmHg. Up until 19987 PH was 

classified into two broad groups; (i) primary PH (PPH) and (ii) secondary PH 

attributable to the presence of identifiable causes or risk factors8. However since 

1998 during the second world symposium on PH held in Evian, France, a 

comprehensive clinical classification of PH was proposed7 and which included five 

groups: (Group 1) PAH, (Group 2) PH caused by left heart diseases, (Group 3) PH 

caused by hypoxia and/or chronic lung disease, (Group 4) PH caused by CTEPH 

and (Group 5) PH caused by unclear multifactorial mechanisms. Where relevant, 

each one of these categories is further classified according to the cause and the site 

of injury8. The defining feature of PAH is that it is a disease of the pulmonary blood 

vessels where structure and remodeling underlay the root cause of the PH. 

PAH is further classified according to the underlying cause into (i) idiopathic PAH 

(IPAH), (ii) hereditable PAH (HPAH), (iii) PAH associated with drugs and toxins, (iv) 

PAH associated with viral infections, (v) PAH associated with connective tissue 
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disease and (vi) PAH caused by congenital heart defects8. Despite the diversity of 

these PAH sub-groups they all share similar prognostic, pathophysiological,  

histological features and all respond, to a less or greater degree to drug therapy9.  

Idiopathic pulmonary arterial hypertension (IPAH) 

This is one of the rarest forms of the PAH and is defined by having an undetermined 

cause (idiopathic). In addition to the vascular remodelling, IPAH is also associated 

with the presence of plexiform lesions9. Plexiform lesions consist of hyper-

proliferative monoclonal endothelial cells and smooth muscle cells which attract the 

accumulation of inflammatory cells and vascular progenitor cells10. As with all forms 

of PAH, the increased pulmonary artery pressure increases the workload applied to 

the right heart ventricle causing hypertrophy and ultimately right heart failure10, 11. 

Hereditable pulmonary arterial hypertension (HPAH) 

Genetics is now known to contribute to some forms of PAH (HPAH) with mutations in 

some genes now known to contribute to vascular remodelling. Arguably the best 

studied gene associated with PAH is bone morphogenic protein receptor type 2 

(BMPR2)1, 12. Mutations in a parallel pathway, regulated by the PPH1 gene are also 

associated with HPAH12, 13. BMPR2 gene products work to limit abnormal vascular 

smooth muscle cell proliferation, whilst PPH1 gene products prevent abnormal 

vascular endothelial cell proliferation. Therefore mutations in these two genes can 

lead to abnormal vascular smooth muscle and endothelial cell proliferation which in 

turn can contribute to vascular remodelling and PAH12, 13. Other mutations that are 

also linked to PAH are mutations in the tumour growth factor-β (TGF-β)-super 

family14 such as the those seen in the activin-like receptor kinase-1 (ALK1)15, 16, 

endoglin (ENG)16, and mothers against decapentaplegic 9 (Smad 9)17. Recent 
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studies linked mutations in other genes to the development of PAH such as those 

involved in regulating the potassium channel subfamily K member 3 (KCNK3)18, 

mutations in the Caveolin-1 (CAV1) gene19, and finally mutations in the Eukaryotic 

Translation Initiation Factor 2 Alpha Kinase 4 (EIF2AK4)20. 

Pulmonary arterial hypertension associated with drugs and toxins  

The possibility that drugs might cause PAH was first considered as a result of 

increased cases in people having taken the appetite suppressant aminorex fumarate 

in the mid-late 1960s21.  Since then the possibility that drugs might cause PAH as a 

side effect has been a concern that needs to be investigated before a drug can be 

approved22. Since aminorex fumarate 77 drugs and toxins have been classified as 

having the potential to cause PAH; these 77 drugs and toxins are further divided into 

4 classes: (i) confirmed PAH-inducers, (ii) possible PAH-inducers, (iii) Likely PAH-

inducers and unlikely PAH inducers2, 8, 22. Some of these drugs or toxins are listed in 

Table 1.1 taken from the most recent guidelines1, 2.     
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Definite Possible Likely Unlikely 

Aminorex Cocaine Amphetamines Oral 

contraceptives 

Fenfluramine Phenylpropanolamine l-Tryptophan Oestrogen 

Dexfenfluramine Chemotherapeutic 

agents 

Methamphetamines Cigarette 

smoking 

 

Toxic rapeseed 

oil 

Interferon α and β  Antidepressants 

Benfluorex Amphetamine-like 

drugs 

  

Dasatinib Selective serotonin 

reuptake inhibitors 

  

Table 1.1: List of some of the drugs and toxins linked to PAH development. Modified from 
Simonneau et.al 1 and Seferian et.al2. 
 

Pulmonary arterial hypertension associated with viral infections  

Associations between viral infections and PAH was first established in the 1980s 

when it was found that patients with HIV had a higher than expected prevalence of 

PAH22. This was then followed by more evidence linking HIV and PAH23 and now 

other viruses including hepatitis B24 and C25 to PAH. The pathogenesis of these viral 

infections resemble some aspects of PAH pathogeneses in that they include 

proangiogenic and prosurvival signals26; however it is unlikely that viral infections 

alone cause PAH and likely that there are other cofactors needed for this to happen 

such as genetic factors and/or dysregulations in the immune system26.  
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Pulmonary arterial hypertension associated with connective tissue diseases 

There are several connective tissue diseases that can be accompanied by PAH such 

as scleroderma27, systemic sclerosis (SSc)28, systemic lupus erythematosus (SLE)29, 

and mixed connective tissue disease (MCTD)30. However, the best established 

connective tissue disease directly connected with PAH is scleroderma which is 

associated with a prevalence of 8-14%31. Patients with scleroderma induced PAH 

have a particularly bad prognosis with mortality estimated at up to 30% during the 

first year compared to 15% mortality in other PAH forms over this time frame1. 

Pulmonary arterial hypertension caused by congenital heart diseases  

PAH caused by congenital heart disease is induced as a result of the endothelial cell 

damage that occurs in pulmonary vessels because of the increased shear stress 

exerted by high blood flow as a result of structural abnormalities in the heart8. The 

prevalence of PAH in patients with congenital heart diseases is 10%; patients with 

congenital heart disease and large ventricular or arterial shunts are at higher risk of 

developing PAH than those with atrial shunts only1.  

Features of pulmonary arterial hypertension 

Clinical features 

The clinical features of PAH are often overlooked with the average time from the first 

symptoms to a diagnosis occurring at approximately 2 years32. The PAH community 

is aware of these delays and efforts have been made to reduce the time to diagnosis 

but so far these have not been effective. The main two symptoms that PAH patients 

experience begin with decreased exercise tolerance and shortness of breath after 

physical activities and as the condition worsens they experience these symptoms at 

rest, however this is often not until 2 years or more after the symptoms begin4, 33. 

47 
 



The problem is that the early symptoms of PAH such as dizziness, fatigue and 

dyspnoea are mild at the beginning and can be confused with other conditions, 

particularly asthma. In addition in early disease stages there tends to be no 

symptoms at rest, making these early symptoms generally nonspecific. The most 

common symptoms include, (i) breathlessness, which occurs in 60% of patients, (ii) 

weakness that occurs in 19% of patients and recurrent fainting that occurs in 13% of 

patients. Other less common symptoms include tiredness, loss of appetite, and chest 

pains34. Once other conditions have been ruled out and PAH is then suspected the 

patient is generally referred by their GP to a specialised center and PAH is 

diagnosed by right heart catheterization where pulmonary pressures >25 mmHg are 

confirmed34.         

Pathological features 

As mentioned above, the pathology of PAH includes vascular remodelling that 

affects small pulmonary arteries (~500mm)35.  It is thought that the vascular 

remodelling occurs when the endothelium becomes dysfunctional resulting in 

hyperproliferation of the underlying vascular smooth muscle cells. This then affects 

the composition of the vessel wall (intima, media and adventitia) causing blood 

vessels to remodel36, 37 and the accumulation of the extracellular matrix, circulating 

progenitor and inflammatory cells (Figure 1.1). PAH shares some similarities with 

cancer in terms of having (i) vascular remodelling, (ii) hyperproliferative cells (smooth 

muscle cells), (iii) dysfunctional cells (endothelial cells)38, (iv) inflammation39, (v) 

abnormalities in regulating cell apoptosis and immigration40-42 and (vi) genetic 

factors38, 43. 
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Prostacyclin, a vasodilator and anti-proliferative lipid mediator50, is also formed 

within the endothelium by the coupled activity of cyclo-oxygeanse (COX) and 

prostacyclin synthase51. Prostacyclin acts on two types of receptors, the best studied 

being the cell surface IP receptor which is linked to activation of adenylate cyclase 

which converts ATP to cAMP52. Where IP receptors are limited or prostacyclin is 

present in excess it can cross over on to other prostanoid receptors (see Figure 1.8). 

Prostacyclin also acts on cytosolic PPAR receptors, particularly the PPARβ 

form53(see Figure 1.9).  

ET-1, a vasoconstrictor peptide, is formed from the precursor big-ET-1 by the 

enzyme ET-1 converting enzyme (ECE)47. ET-1 acts on two types of receptors, ETA 

and ETB. ETA receptors are expressed on endothelial and vascular smooth muscle 

cells whilst ETB receptors are mainly on endothelial cells54. ETA receptors mediate 

vasoconstriction and remodelling whilst ETB receptors can cause endothelial 

dependent relaxation and are important in removing ET-1 in the lung55 (Figure 1.7).   

PAH patients have low levels of endogenous NO and prostacyclin48, 56 and high 

levels of ET-157.  Downstream signalling pathways for NO and prostacyclin are also 

compromised in PAH such that tissues from patients show reduced prostacyclin 

receptor (IP) and impairment in the NO sensing pathway guanylate cyclase activity58 

(Figure 1.2). 
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Several pathways are involved in increasing the vascular cells proliferation in PAH 

such as the NO60; prostacyclin61 and ET-1 pathways47 (see above). These pathways 

are involved in the modulation of vascular cell proliferation both directly and 

indirectly. In addition to these pathways, intrinsic proliferation pathways are hugely 

involved in PAH; examples of these pathways include BMPR2 (Figure 1.3). As fully 

discussed by Hansmann G et.al12 and then followed by extensive studies in this 

area62-64, PPH1 genes are also implicated in the proliferation pathways associated 

with PAH as discussed by Deng et.al13. Other related proliferation pathways that 

have also been implicated in PAH are  ALK114, ENG16, SMAD917, CAV119, KCNK318 

and EIF2AK420 

 

Figure 1.3: Signalling pathways of the BPAR2 in vasculature. 

Inflammatory pathways 

Inflammation is considered one of the components involved in the development of 

PAH65. Patients with PAH have high levels of a number of cytokines66 and interferon 
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(IFN)57 in their plasma and PAH pathology includes inflammatory cells. Evidence 

also comes from animal models where features of PAH and/or mediators of disease 

can be induced in animals models such as mice  through hypoxia this was shown to 

be mediated by genetic deletion of IFN receptors57. In addition, as mentioned above, 

IFN-like drugs are now included as potential causes of PAH in patients57.  

Treatments of pulmonary arterial hypertension  

Since PAH is an incurable disease a structured therapeutic package is offered to 

patients once a positive diagnosis is confirmed67. This package starts with 

professional delivery of the news to the patients that they have PAH and discussing 

the therapeutic options with them explaining how they work, the side effects and 

what they need to expect in terms of associated care68. From the point of diagnosis 

the life of a patient with PAH changes forever; they will need to rely on the health 

service, charities and family to support them through it. Therefore, the package of 

care routinely includes health, social and psychological consultations, 

pharmacological therapy and nutritional advice to insure the best quality of life for 

PAH patients69. Available drug treatments for PAH are vasodilator therapies that 

work by inhibiting vasoconstriction or enhancing endogenous vasodilator pathways 

(Figure 1.10).  

In the section below I have included details of the current drugs used to treat PAH. 

Because prostacyclin drugs were the original therapies and because they, as a 

class, are more complex than PDE570 inhibitors or ETRAs71. I have gone into more 

detail for them. However, A full review for the PDE5 and ETRa  has been done by 

Masaki72 and Corbin et.al73 respectively.  
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Calcium Channel Blockers  

Calcium channel blockers act by blocking the Ca2+ influx through the smooth muscle 

cells and therefore promoting vascular relaxation15.  The Ca2+ channel antagonists 

used for PAH treatment are nifedipine, diltiazem, and, increasingly, amlodipine74 

(Figure 1.4). Despite all blocking the L-type Ca2+, these drugs bind to different parts 

of the Ca++ channel, diltiazem binds to the D binding site while nifedipine and 

amlodipine  bind to the N binding site74. Ca2+ channel blockers only work on patients 

who have a positive acute vasodilator test and therefore are effective in relieving the 

symptoms of 13% of the idiopathic PAH patients75-77. In addition to the very limited 

number of patients suitable for this therapy, the main concern with calcium channel 

blockers is that not all the patients can tolerate long term usage since some patient 

develop side effects such as gastrointestinal upset, headache and occasionally  

more serious side-effects such as hypotension and bradycardia78, 79. 
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Drugs acting on the NO/cGMP pathway 

The NO signalling pathway is crucial for the maintenance of normal arterial pressure 

(Figure 1.5A) and for a limited number of patients with PAH inhaled NO offers some 

therapeutic benefits49, 80. However, as described above, the actions of NO in vessels 

can be enhanced by blocking PDE5. PDE5 inhibitors were first introduced for the 

treatment of PAH in 199881. PDE5 inhibitors act by prolonging the half-life of cGMP. 

By blocking PDE5 with inhibitors such as sildenafil and tadalafil, the breakdown of 

cGMP to GMP is inhibited, resulting in the accumulation of cGMP within pulmonary 

vascular cells increasing the NO mediated vasodilation and anti-proliferative effects. 

However, since PDE5 inhibitors work by enhancing endogenous NO activity their 

efficacy is limited by the availability of NO and the efficiency of the eNOS pathway, 

which, as mentioned above can be compromised in PAH15, 33 (Figure 1.5B). 
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Prostacyclin analogues 

The oldest class of drugs for PAH are compounds that mimic the effect of 

prostacyclin46, 93. Prostacyclin drugs act through the extracellular  IP receptor (Figure 

1.8) and/or intracellular PPARβ receptors (Figure 1.9); they share the hemodynamic  

effects of the naturally occurring prostacyclin however they have different 

pharmacokinetic properties46 (Figure 1.10). The first prostacyclin drug to be used to 

treat PAH was epoprostenol sodium, which is a chemically synthesized form of 

naturally occurring prostacyclin. It was first approved in 1995 and since then clinical 

data has shown efficacy in PAH treatment with some studies showing that it has a 

long term benefit on pulmonary hemodynamics which in turn improves exercise 

tolerance and survival. As with naturally occurring prostacyclin, epoprostenol is a 

potent vasodilator, antiplatelet agent and prevents pulmonary vascular remodelling94. 

However, epoprostenol has a short half-life (~3 minutes), which means that it 

requires continuous intravenous infusion using a Hickman catheter95. The infusion 

must be maintained 24 hours a day using an infusion pump, any sudden interruption 

can cause serious complications. Epoprostenol has some relatively  minor side 

effects such as headache, diarrhoea, jaw pain as well as some more serious 

complications mostly related to the delivery system such as interruption of drug 

infusion because of either pump failure or dislocation of the central venous catheter 

which could be life-threatening as well as infection at entry sites4, 15, 96-98.   

Epoprostenol’s short half-life has created the need to find other more stable 

prostacyclin analogues that can be delivered by a different route of administration. 

Beraprost, was the first biologically stable and orally administered prostacyclin 

analogue. It has similar properties to epoprostenol, with 50% of epoprostenol’s 

potency but with a longer half-life (35-40 minutes) as with all drugs in this class 
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beraprost is a vasodilator, it works by inhibiting vascular remodelling, platelet 

aggregation and improves hemodynamics98-100.   

Treprostinil sodium is a more stable prostacyclin analogue than beraprost with a half-

life of more than 4 hours. It has a neutral pH and a tricyclic benzene prostacyclin 

analogue structure that was approved in 2004101-103. Trepostinil sodium can be 

administered subcutaneously or intravenously, with slightly different half-lives for 

each (subcutaneously; half-life ~4.6 hours: intravenously; half-life ~ 4.4 hours)104. 

Unlike epoprostenol, which needs to be kept at 5°C, treprostinil sodium is stable at 

room temperature and does not require ice backs or refrigeration101, 102. As with all 

prostacyclin drugs treprostinil sodium has a vasodilator effect; it improves vascular 

hemodynamic, inhibits platelet aggregation, increases exercise capacity and 

improves survival in PAH patients105. The drug’s long half-life minimizes the risk of 

having any potentially fatal cardiovascular collapses due to infusion interruption, 

which as mentioned above, is a serious limitation of epoprostenol. When patients 

receiving epoprostenol are admitted to hospital they can be successfully transitioned 

to treprostinil sodium via either the intravenous or subcutaneous route without losing 

the drug’s clinical efficacy. The first route of choice for trepostinil sodium 

administration is subcutaneously, where the drug comes in a pre-mixed syringe and 

requires continuous injection of the medication via a small self-inserted 

subcutaneous catheter. Assuming no infections, patients are able to use the site of 

infusion for 2-3 weeks before changing it. This route minimizes the risk of having 

thrombosis, endocarditis, bacteraemia and sepsis106, 107. However it is accompanied 

with side effects that include subcutaneous infection and sever pain at site of 

infusion in 85% of patients.  To overcome the pain patients are given nonsteroidal 

anti-inflammatory agents, local anaesthetic solutions and neuropathicagents. Other 
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patients switch to the intravenous treprostinil sodium which involves continued drug 

infusion through a central venous catheter that needs changing every other day101-

103. A third and recent form of treprostinil sodium is the inhaled form that was 

approved for use in PAH in 2009102.  After careful transition, the inhaled form is 

reserved for patients who respond well to treprostinil sodium but experienced life-

threatening side effects from using subcutaneous/intravenous treprostinil sodium108, 

109. In recent study by New York Heart Association (NYHA), inhaled treprostinil was 

shown to improve functional capacity and to be safe and efficacious when a 

combination treatment was used with either an ETRA (e.g. bosentan) or a PDE5 

inhibitor (e.g. sildenafil) in PAH patients with class III and IV disease110, 111. Another, 

earlier, example of aerosolized prostacyclin drug is Iloprost.  Aerosolized Iloprost 

was first approved in 2004 to also overcome the limitations of the 

subcutaneous/intravenous infused drugs; it is chemically and metabolically stable at 

room temperature with a normal pH15, 112. Iloprost has a half-life of 20-25 minutes, it 

is hemodynamic effect lasts for 30 to 60 minutes but it has a long pulmonary 

vasodilator effect in well-ventilated regions of the lung that lasts up to 120 minutes 

which compares favourably with epoprostenol (only 15 minutes)111, 112. Early studies 

of iloprost showed that it has beneficial short-term effects for both primary and 

secondary PAH. Iloprost can also be administered intravenously through either 

central venous or non-tunnelled central venous catheter, although, as with other 

prostacyclin drugs given by infusion, this route for iloprost is also susceptible to 

infection113, 114.  

 

 

 

62 
 



63 
 



64 
 



both of these drugs. Finally, for suitable patients, as they move through the 

functional classes of disease they will be prescribed triple therapy consisting of an 

ETRA, PDE5 and prostacyclin drug. The rational for giving single versus triple 

therapy is currently the subject of debate within the PAH community with recent work 

suggesting that, now we have orally active IP receptor agonists to replace traditional 

prostacyclin drugs, there is a case for starting patients with PAH immediately on 

triple therapy120 (Figure 1.10).    
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Future advancements for delivering pulmonary arterial hypertension drugs 

Current PAH drugs work well in preclinical models, where results show in some 

models animal models that ETRAs, PDE5 inhibitors or prostacyclin drugs can 

actually reverse the PAH pathology121-125. Unfortunately that is not the case with 

human PAH patients where their disease, even with triple therapy remains 

irreversible and incurable67. Clearly the reason behind the disparity in the positive 

preclinical work and the reality in the clinic is attributed in part to the complexity and 

diversity of the disease in humans compared to the simplicity in models using human 

cells in vitro and standard laboratory animal in vivo models. However, another 

reason for why current drug therapies does not deliver the promise in the clinic that 

is shown in preclinical studies relates to the systemic side effects seen in all forms of 

PAH drugs. As detailed in above sections, PAH drugs are dilators, acting equally on 

the systemic circulation as well as in the lung. This means that the dose of drug that 

can be delivered to the diseased pulmonary vessels is limited.  In addition drug’s 

efficacy is complicated by short half-life, metabolism and interactions with blood 

components (e.g. albumin) which can limit the effective concentrations achieved as 

well as leading to immune and other types of tolerance. This makes PAH an ideal 

condition to consider using targeted drug to improve available treatments. The use of 

vehicles as drug carriers and protectors actually exist within the field of 

nanotechnology which is being increasingly and more widely explored in different 

areas of medicine, especially in the field of cancer therapy. 

Whilst the idea that nanomedicine can be translated into PAH was reviewed recently 

by Mosgoeller et al.126, it remains a highly novel and un-tested idea with the greatest 

limitation being the knowledge of which formulation to select, the potential for 

toxicity, effectiveness of drug delivery and efficacy of targeted drugs. The sections 
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below introduce elements of what we currently know about nanomedicine which 

relate directly to the subject of my PhD thesis. 

Nanotechnology approaches  

Nanotechnology is defined as the manipulation of matter at the atomic and molecular 

level127. A more general definition was established by the National Nanotechnology 

Initiative, which defines nanotechnology as ‘the manipulation of matter with at least 

one dimension sized from 1 to 100 nanometers’, which translates in lay terms as 

using nanoparticles as tools to do specific jobs127. Nanomedicine is a subdivision of 

nanotechnology, where nanoparticles are used in medicine often as a drug delivery 

vehicle or for imaging disease pathology and progression; both of which are 

increasingly important aspects of pharmacotherapy. Nanomedicine can (i) overcome 

non-selective drug delivery to undesirable sites128, (ii) the pre-activation of drugs 

before they reach their tissue targets, (iii) early clearance by the immune system and 

(iv) sometimes even improve drugs pharmacokinetics129 at the level of drug 

permeability, absorption and drug distribution in tissues126. In addition nanomedicine 

can be used to promote a controlled and sustained drug release to the affected 

tissues.  

Using nanoparticles to encapsulate drugs was first introduced in the early 1990s by 

Fujita and Stang129 when this approach was defined as using nanocages that are 

capable of encapsulating different molecules (e.g. drugs) either temporarily or 

permanently in their cavities depending of the chemical bond by which the molecule 

will bind to the nanocage130. Since then nanoparticles (first referred to as 

nanocages), are increasingly studied as potential drug carriers in many areas in 

medicine. As with other human diseases, there is a wide range of nanoparticles that 
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could be used as PAH drug carriers; in broad terms these can be classified into two 

main groups: (i) organic nanoparticles and (ii) inorganic nanoparticles131. 

1. Organic Nanoparticles 

Organic nanoparticles are malleable and less complicated than the inorganic 

nanoparticles and composed of organic materials such as lipids, carbohydrates and 

polymers. Examples of organic nanoparticles include three specific types of 

nanomedicine formulations each of which could be used for delivery of PAH drugs; 

these are (i) liposomes, (ii) carbohydrates132 and (iii) polymeric nanoparticles126, 133.  

1.1. Liposomes 

Liposomes are attractive drug carrier candidates that have been studied for the 

treatment of pulmonary diseases, such as the sildenafil loaded lipososmes which 

were studied for in vivo and ex vivo suitability by Paranjpe et.al134. Liposomes can be 

prepared by hydration and extrusion methods using endogenous compounds already 

present in the lung (e.g. surfactant) which may overcome the toxicity element of 

nanoparticles135.  Liposomes used in any study, as a drug carrier should be fully 

characterised for their physicochemical properties prior to their consideration as drug 

carriers. Drug loading can then be achieved in liposomes using different 

transmembrane induced electrochemical gradients136. Drug-liposome conjugates, 

prepared for the treatment of acute respiratory distress syndrome (ARDS) was the 

first nanomedicine that used liposomes that were, in this case, made of lung 

surfactant; the drug’s name is synthetic lung surfactant and licensed under the name 

of Alveofact® by Dr Karl Thomae GmbH (Biberach, Germany)135.  Alveofact® is used 

in liquid state and has the disadvantage of being unstable therefore the concept of 

using it as a dry liposomal powder formulation was introduced and studied with 
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clinical trials still in progress135. Another use of liposomes in ‘drug’ delivery to the 

lung for pulmonary disease is in the form of gene delivery; here cationic liposomes 

(this form of liposomes has the ability to self-assemble with the DNA material 

through cationic–anionic electrostatic interactions) have been suggested to have the 

property of transgenic selectivity within the lung.  

The first successful study using cationic liposomes was in 1992 by Robert et.al, 

where they used chloramphenicol acetltransferase (CAT) expression plasmid 

complexes that were administered through inhalation. The drug induced a high level 

of lung specific CAT expression in mice (in-vivo) after 21 days following 

aerosolization137. Liposomes can also be made using cell-penetrating peptides which 

will enhance the intracellular uptake of a drug, this idea was first used by Cryan et.al, 

to deliver the  HIV-1 transcriptional activator antennapedia and octaarginine inside 

cells138. Another study was done by Fakhrul et.al136 whose group investigated the 

usability of liposomes as carriers for a test drug studied for potential in PAH. In this 

study liposomes were coupled with fasudil (HA-1077), which is a rho-kinase inhibitor 

with vasodilator effects in both animal and human preclinical models of PAH. Free 

fasudil, similar to prostacyclin, lacks selectivity to the pulmonary circulation and has 

a short half-life of 45 minutes139. Fasudil-liposome conjugates induced vasodilation in 

an in-vivo model of monocrotaline (MCT) induced PAH in rats where mPAP after one 

hour of drug administration was reduced by 37.6±5.7%. Combining in the liposome 

conjugate also prolonged the half-life of fasudil for up to 4.71±0.72 h compared to 

0.39±0.12 h for the free forms136, 140.  Since then many more studies evaluating the 

possibility of using liposomes as drug carriers for a wide range of diseases140-145 

including PAH have been published134, 139. 
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1.2. Carbohydrates 

Carbohydrates can be synthesized as nanoparticles and applied for use in 

nanomedicine; they are endogenous to our bodies and so will not trigger an immune 

response146. PAH patients have abnormal endothelial cells (in their lungs) and one 

way to overcome this is by recruiting ‘normal’ endothelial progenitor cells circulating 

in the blood stream to the damaged pulmonary vessels. In a recent study by Zhang 

et al 132 this idea was tested by using stromal cell-derived factor-1α (SDF-1α), which 

is a peptide that plays fundamental roles in stem cell homing, coupled in 

carbohydrate (glycan) nanoparticles. The nanoparticles were prepared from two 

charged glycans, dextran sulfate and chitosan. The resulting molecule maintained a 

slow and sustained drug release of 3% over a period of 7 days. The chemotactic 

activity and receptor activation of the SDF-1α-NP was higher than the free SDF-1α 

and was found to function as a homing signal in lungs of monocrotoline treated 

animals shown as recruited circulating endothelial cells and tissue repair. Specifically 

the SDF-1α-NP was not cleared by the cells used in this study (which were Jurkat 

cells). However when given by aerosoliztion to rats treated with  monocrotaline to 

cause lung injury, SDF-1α-NP but not free SDF-1α reduced PAH with a prolonged 

half-life which suggests that glycan nanoparticles protected SDF-1α from being 

cleared by the immune system and sustain its biological activity both in-vitro and in-

vivo 132. 

1.3. Polymers 

Polymers can be manufactured on the nanoscale as nanomedicine candidates. 

When choosing polymers as drug carriers, certain criteria should be considered such 

as (i) the safety and biodegradability of the polymer, (ii) the rate at which the polymer 

will degrade, since it is undesirable to have the polymer accumulate in patient’s body 
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for long term, (iii) the safety of the constituent components formed when the polymer 

degrades and (iv) the desired/required route of administration. For this later point it is 

important that safety and stability tests be performed using the correct cell based or 

in vivo protocols. For example if a polymer is to be used through inhalation, along 

with general safety, it is effect on the lung alveoli cells and surfactant production 

needs to be specifically considered135. Examples of safe and biodegradable 

polymers are poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), poly 

(caprolactone) (PCL), gelatin, alginic acid and chitosan.  

Polymers are often preferred as carriers for pulmonary drugs due to the ease of 

modifying their surface, biocompatibility and their suitability as inhaled 

formulations135, 147, 148. There are several examples of pulmonary drugs that have 

been coupled with polymers such as encapsulated NF-κB decoy 

oligodeoxynucleotides (ODNs), (ODNs-NP)149. The NF-κB pathway is considered to 

be an important signal transduction pathway involved in the PAH development. It 

was found that the ODNs-NP reached distal regions of the lungs being present in 

alveolar macrophages and small pulmonary arteries for up to 14 days after 

administration. Furthermore, ODNs-NP reduced PAH and improved survival in a 

MCT rat model149, 150. Other examples of where polymers have been used as PAH 

drug carriers include a combination of polyethylenimine (PEI) and the a pH-

responsive cyclodextrin material (Ac-aCD) or poly(lactic-co-glycolic acid) (PLGA) to 

form hybrid nanoparticles that were then loaded with rapamycin (mTOR) siRNA. This 

siRNA polymer conjugation showed efficacy in inhibiting proliferation and increasing 

apoptosis of the hypoxic pulmonary artery vascular smooth muscle cells151.  

Possibly the best-known example of a polymer used in drug therapy is that of poly 

[ethylene glycol] (PEG) where PEG moieties are added to drugs resulting in a 
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PEGylated molecule. PEGylation modifies drug pharmacokinetic properties and 

effectively decreases the clearance of the encapsulated drug by the immune system, 

as well as decreasing the renal clearance, thrombosis and platelet activation144, 152. 

PEGylation also increases clinical efficacy especially by maintaining a sustained 

absorption rate of some of the subcutaneously/intravenously infused agents, which 

in turn stabilizes the plasma concentrations and increases drug’s half-life152. 

Examples of clinically approved PEGylated drugs are PEGylated Interferon β-1a  

used to treat multiple sclerosis153, PEGylated interferon-α used to treat hepatitis C154. 

PEGylated naloxol used to treat opioid-induced constipation, was shown to be 

superior to the non-PEGylated form in terms of preventing adverse gastrointestinal 

complications associated with non PEGylated naloxol155 also insulin has been 

recently added to the list of the PEGylated drugs156, 157. Other PEGylated drugs 

include the certolizumab pegol (Cimzia) which is used for the treatment of severe 

rheumatoid arthritis and Crohn's disease furthermore there is the PEGylated 

Peginesatide (Omontys) which is used to treat chronic kidney disease associated 

anaemia158. Of direct relevance to my PhD thesis PEG has been used to 

encapsulate prostacyclin drugs including treprostinil sodium, beraprost sodium159. 

2. Inorganic Nanoparticles 

Inorganic nanoparticles composed of metal ions can be assembled to from a 

nanocage with a cavity suitable of drug encapsulation. By using different metal ions 

additional benefits can be provided based on specific chemical properties that 

sometimes can increase drug efficacies160. Raymond and co-workers were the first 

to demonstrate the ability of using a range of metal ions such as Ge4+, In3+, Ga3+, 

Ti4+, Al3+, Fe3+¸ Mg2+ and Cu2+ to assemble different nanocages. They also 

demonstrated the fact that the polarity of the nanocage cavity can be modified in 
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order to accommodate hydrophilic or hydrophobic molecules130. Early formulations of 

inorganic nanocages were limited by lack of molecular flexibility which initiated 

research in the area to find more flexible structures which led to a new area of 

research in chemistry specialising in the so called metal organic frameworks 

(MOFs)161.  Despite being originally described in 1965, MOFs were not considered 

for nanomedicine applications until 1999161-163, after which they have developed as a 

field because of their diverse properties and a wide range of applications that they 

are suitable for. MOFs are small crystalline structures that consist of metal-oxide 

units linked through strong covalent bonds by organic linkers164. MOFs are one of 

the most flexible types of nanoparticles and offer dynamic motion in liquids161. 

Moreover some MOFs are preferred over others because of their additive properties 

as they can synergistically act with a drug encapsulated within them. An example of 

this is the prototype cuMOF - 5-fluorouracil drug formulation160.  

2.1. Materials of Institut Lavoisier  

The Materials of Institut Lavoisier (MIL) family of MOFs was pioneered by Férey and 

co-workers161. MIL-MOFs are amongst the most promising drug carriers. The MIL 

family of MOFs consist of metal ions linked together by an organic linker161 to form a 

crystalline structure with central cavities suitable to carry the desired drug. MILs 

display advantageous characteristic features such as: (i) well-structured crystals, (ii) 

high porosity, (iii) the ability to change their size which usually ranges from 

nanometre to micrometre in diameters, (iv) their high surface area: volume ratio, (vi) 

thermal and mechanical stability161, 165, (vii) a high drug loading capacity and (viii) 

large surface area allowing chemical modifications163. These features make them not 

only appropriate for use in industrial applications such as catalysis, gas storage, 

filtration and chemical sensing but also in medical applications166-169.  Other 

74 
 



properties of MIL-MOFs that make them good candidates to carry drugs include low 

density, being biodegradable and having functional moieties that increases their 

stability170-172. Finally, by changing the organic linker holding the metal ions together, 

the pore size can be increased in MOFs up to 50nm, this serves to increase the 

drug-loading capacity and control the rate by which the drug will be released161, 163, 

173.  

As mentioned above the functionality of a MOF can be altered by changing the metal 

component. Of particular relevance to my PhD thesis are iron [Fe+3] containing 

MOFs. The functionality of iron containing MIL-MOFs was extensively studied by 

Horcajada et. al161, 174, 175, in terms of carriers of drugs with molecular weights in the 

range of those used to treat PAH161, 165, 170. There have been 101 iron containing 

MIL-MOFs synthesised161 but within my PhD I have focused on one particular 

example, namely MIL-89. As an iron containing MOF MIL-89 not only has the 

capability of housing drugs but also the advantage of being imagable by  MRI176. 

This provides a huge advantage in the field of PAH treatment because it provides a 

non-invasive method to localize where the drug is and how the disease 

progresses176. Recently scientists have developed procedures to synthesise nano-

MOFs, where particle size is <200nm; which adds weight to the benefits MOFs can 

offer if used as drug carriers176, 177. 

Although MOFs are not yet used as drug carriers in clinical practice, there are other 

clinically approved metal-based nanoparticles that are used in medical imaging and 

diagnostics summarized in Table 1.2178-180. These consist of metals, that are 

naturally found in the body such as iron, copper, manganese and zinc. These MOFs 

are considered non-toxic candidates for drug carriers172. Table 1.3 summarizes the 
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physiochemical properties and the advantages that MOFs can offer when used as 

drug carriers in the medical filed. 
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Metal Nanoparticle Size (nm) Uses Current status Mechanism of Action 

Iron Ferumoxytol 

(Superparamagnetic iron 

oxide (Fe3O4) with outer 

coating180, 181 

<50 Treats iron deficiency 

anaemia in chronic kidney 

disease 181  

FDA approved post-randomised 

control clinical trials (RCT) 

Iron is discharged within 

macrophages. It is then 

stored or binds to plasma 

transferrin. 

MRI- based cancer and CVD 

diagnosis 180, 182  

Development in Phase 0-4 trials Contrast agent pools 

within the blood. 

Nanotherm 

(Superparamagnetic iron 

oxide)183 

15 Anti-cancer  drug Approved in Europe post- clinical 

testing 

Upon tumour entry, 

magnetic exposure 

increases particle 

temperature, destroying 

the tumour or causing 

chemotherapy 

sensitisation. 

Iron(III) carboxylate MOFs 

(MIL family)161, 174  

200 Drug carrier for retrovirals, 

anti-cancer drugs and 

ibuprofen 

In vitro cytotoxicity testing 

(mouse macrophages) and in 

vivo toxicology testing on rat 

models 

High drug loading and 

sustained release of drug, 

causing low levels of 

inflammation and toxicity. 
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Table 1.2: Examples of the metal based-Nanoparticles in clinics with their uses, status and mechanism of actions.

Zinc Zinc-Adeninate MOF184 - Drug carrier for procainamide  Lab-based experiments (liquid 

chromatography) to measure 

drug release 

Storage and release of 

cationic drugs. 

UMCM-1 MOF (ZnO4)185 - Drug carrier for ibuprofen Lab-based experiments to 

measure drug-loading and 

release 

Higher drug-loading and 

controlled release 

achieved. 

Copper Copper benzene 

tricarboxylate MOF 

(HKUST-1)186, 187 

15-40 Absorption and release of 

exogenous nitric oxide 

 

Lab-based experiments 

measuring nitric oxide adsorption 

and bioactivity using a platelet 

aggregometer on platelet-rich 

and platelet-poor plasma 

High capacity for nitric 

oxide gas storage, which 

is released and inhibits 

platelet aggregation. 

Manganese Manganese MOFs with 

terephthalic acid and 

trimesic acid ligands188 

50-100 MRI contrast media for 

malignant cells 

In vitro testing measuring efficacy 

of MOF uptake into human colon 

cancer cells and in vivo testing 

on mouse liver, kidneys and 

aorta 

MOF surface modification 

allows targeted delivery to 

cancer cells, causing clear 

MRI contrast 

enhancement of tumour 

cells. 
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MOFs 
Physiochemical Properties 

MOFs 
Medical advantages 

 
Small particle size (<200nm) 

 Increased retention 
•    Higher bioavailability 

 Increased penetration 
•   Access tumour 

vasculature 
 

High surface area to volume ratio  
 Undergo surface 

modifications 
•  Increased reactivity 
•  Targeted drug delivery 
•  Increased efficacy 
•  Reduce side effect 

profile 
 

Low density 
 Suitable for biomedical 

applications 
 

Non- toxic 
 Suitable for biomedical 

applications 
 

Biodegradable 
 Suitable for biomedical 

applications 
 

Functional Moieties  
 Thermal and mechanical 

stability 
 

Unique Porosity 
 Pore size can be altered 

giving: 
• Higher drug loading 

capacity 
• Tailor drug release 
• Carry range of drugs 

Table 1.3: MOFs physiochemical properties and the advantages they offer when used as 
drug carriers in the medical filed.  
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Summary 

PAH is a rare but devastating and incurable disease affecting people of all 

ages. Pathologically PAH is considered a complex proliferative disease were 

excess in the proliferation of vascular cells and impaired regulation of the 

vascular cell apoptosis leads to changes in pulmonary artery structure and 

therefore vascular remodelling; Imbalance between the vasoconstrictor and 

dilator mediators is also implicated in this disease. Current PAH treatments are 

based on dilator therapies that can be used to delay disease progression. 

However, despite these drugs being effective reversers of PAH in preclinical 

models they do not cure PAH in man and are dose limited because of vascular 

side effects in the systemic circulation as well as side effects in other organ 

systems.  

In other diseases such as cancer where targeted drug delivery is important to 

avoid side effects and increase drug efficacy nanomedicines are currently in 

use. Nanomedicines comprise a group of candidate nanoformulations which 

includes liposomes, carbohydrates, polymers and MOFs. Polymers and Iron 

MOFs of the MIL- family have been particularly attractive candidates for use in 

PAH. 

In my PhD I have considered the following hypothesis: 

Hypothesis 

 ‘A nanomedicine approach can be used to deliver drugs that will ultimately 

improve the treatment of PAH’.              

To test this hypothesis fully will require at least 5-10 years of preclinical and 

clinical testing. In light of this my thesis was designed to test the following 
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specific aims, which build together the necessary groundwork that will ultimately 

allow for a full testing of my general hypothesis. 

 

Specific Aims 

MOFs as nanomedicine prototypes 

(i) To synthesise, fully characterize MOFs from the MIL family and test in in 

vitro models relevant to PAH. 

(ii) To perform a pilot in vivo study where the MOF MIL-89 was administered 

in vivo to rats in order to determine organ and tissue distribution, toxicity 

and markers of lung inflammation. 

‘NO releasing’ polymer nanomedicine formulations 

(i) To profile a polymer nanomedicine formulation containing nitrite (as a 

means of donating NO) manufactured by collaborators for (a) chemical 

release of NO; (b) toxicity in cell based assays; (c) effects on cellular 

responses relevant to PAH and (d) relaxation of pulmonary artery from mice 

with and without PAH. 
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Chapter 2 

General Methodology
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List of abbreviations used in the general methodology chapter 

 

1. 4',6-diamidino-2-phenylindole    DAPI 

2. Absorbance       OD 

3. Alanine transferase     ALT  

4. Albumin/globulin ratio     AG 

5. Alkaline phosphatase     ALK 

6. Blood outgrowth endothelial cells    BOECs 

7. Chitosan       Cs 

8. Dulbecco's Modified Eagle Medium   DMEM 

9. Endothelial growth media-2     EGM-2 

10. Fetal bovin serum      FBS 

11. Foetal bovine serum      FBS 

12. Gamma GT       GGT 

13. Gentamicin, Amphotericin-B    GA 

14. High potassium physiological saline solution  KPSS 

15. Human Endotheline-1     ET-1  

16. Human epidermal growth factor    HEGF 

17. Human fibroblastic growth facto-B    HFGF-B 

18. Human IFN-gamma-inducible protein 10  IP-10 or IL-10  

19. Human interlukine 8     CXCL8 or IL-8 

20. Hydrogen peroxide     H2O2 

21. Infrared spectroscope     IR  

22. Insulin-like growth factor-1    IGF-1 

23. Intraperitoneal injection     IP 

83 
 



24. Kilopascals       kPA 

25. Lactate Dehydrogenase     LDH 

26. Metal Organic Frameworks    MOFs 

27. Nitrated-nanopolymers     NPs 

28. Nitric Oxide       NO 

29. Oxidation-reduction potential    ORP 

30. Pegylated MIL-89      MIL-89 PEG 

31. Phosphate buffer saline      PBS 

32. Phosphate buffer saline     PBS 

33. Physiological saline solution    PSS 

34. Polyethylene glycol     PEG 

35. Polyvinyl pyrolidone     PVP 

36. Powder X-ray diffraction     PXRD  

37. Pulmonary arterial hypertension     PAH  

38. Pulmonary arteries      PA 

39. Pulmonary artery vascular smooth muscle cells  PAVSMCs 

40. Relative centrifugal force      RCF 

41. Scanning electron microscope    SEM  

42. Serum glutamic pyruvic transaminase   SGPT  

43. Sodium iodide      NaI2 

44. Thermogravimetric Analysis    TGA 

45. Vascular endothelial growth factor    VEGF 

46. Vascular endothelial growth factor   VEGF 
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Methods are organised as follows: 

1) Biological methods: The biological methods I have used include the 

culture of a range of human and mouse cells; these are listed below in Table 

2.1 with a full description of the methodology provided below. I have also 

employed a classical in vitro blood vessel bioassay system using Mulvany 

myographs where vessels were obtained from control mice and from mice 

with pulmonary arterial hypertension (PAH). Finally I have used an in vivo 

approach to test the toxicity and distribution of molecules (MOFs) in an 

animal model (rats). 

2) Synthetic chemistry methods: This section includes details of how the two 

classes of nanoparticles used in my thesis were made. The first section 

details the methodology for synthesis of metal organic frame works (MOFs), 

which I made myself and the second, covers the methodology for synthesis 

of nitrated nanopolymers (NPs), which were made by my collaborator, Dr. 

Ibrahim M. El-Sherbiny, from the Centre for Materials Science, Zewail City, 

6th of October City-Egypt. 

3) Analytical methods: This section includes details of how Nitric Oxide (NO) 

was measured using an NO-electrode and how the structure of MOFs and 

NPs was determined using (i) powder X-ray diffraction (PXRD), (ii) infrared 

spectroscope (IR), (iii) themogravimetric analysis (TGA) and (iv) scanning 

electron microscope (SEM). 
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Chemicals and reagents 

Table 2.1 contains details of all the chemicals and reagents used throughout my 

PhD; the procedure and the reaction each chemical/reagent was used for is 

mentioned accordingly in relevant sections below.   

  

Reagent/Chemical 

 

Catalogue number 

 

Company 

1 1X non-essential amino acid 

solution 

M7145 Sigma Aldrich®-UK 

2 3-(2-PYRIDYL)-5 6-DIPHENYL-

1 2 4-TRIAZI&amp (Ferrozine) 

160601 Sigma Aldrich®-UK 

3 4',6-diamidino-2-phenylindole 

stain (DAPI) (1mg/ml) 
62248 

 

Thermo fisher scientific uk 

4 AlamarBlue® DAL1100 Invitrogen-UK 

5 Alpha-methoxy-omega-amino 

poly(MeO-PEG-NH2, 5.000 Da) 

PEG1154.0005 IRIS Biotech-UK 

6 ArthoPhosphoric acid (H3PO4) 10173AB Fisher® Scientifics-UK 

7 Calcium chloride (CaCl2) 21115 Sigma Aldrich®-UK 

8 Chitosan 260kDa (Cs) 448869 Sigma Aldrich®-UK 

9 Cryopreservative media (Cryo 

SFM freezing media) 

C-29910 PromoCell-UK 

10 D-glucose G8270 Sigma Aldrich®-UK 

11 Diethylamine NONOate 

diethylammonium salt ≥98% 

(NONOate) 

372965-00-9 Sigma Aldrich®-UK 

12 Dulbecco's Modified Eagle 

Medium (DMEM) 

D6546-6X500ml Sigma Aldrich®-UK 

13 Dulbecco's phosphate buffer 

saline (PBS) 

P4417-100TAB Sigma Aldrich®-UK 

86 
 



14 Endothelial Cell Growth Medium 

MV 

C-22120 PromoCell-UK 

15 Ethanol (99%) E7023-500 Sigma Aldrich®-UK 

16 Ethanol 24102 Sigma Aldrich®-UK 

17 Ethylenediaminetetraacetic acid 

disodium salt dehydrate (EDTA) 

E5134 Sigma Aldrich®-UK 

18 Fetal bovin serum (FBS) FB10019G/500 Biosera-UK 

19 Gelatine solution G1393 Sigma Aldrich®-UK 

20 Glucose G8270 Sigma Aldrich®-UK 

21 H&E (Hematoxylin and Eosin) MHS1 Sigma Aldrich®- Spain 

22 Haemoglobinbovine H2500 Sigma Aldrich®-UK 

23 HEPES buffered saline solution CC-5034 PromoCells-UK 

24 Human CXCL8/IL-8 DY208E R&D Systems-UK 

25 Human CXCL10/IP-10 DY266 R&D Systems-UK 

26 Human ET-1 SET100 R&D Systems-UK 

27 Hyclone foetal bovine serum 

(FBS) 

HYC-001-330Y 

 

Thermo-Fischer-UK 

29 Hydrochloric acid solution (HCl) 

1N 

71763 Sigma Aldrich®-UK 

30 Hydrogen peroxide (H2O2)  H1009 Sigma Aldrich®-UK 

31 Iron (III) chloride hexahydrate 

(FeCl3.6H2O) 

236489 Sigma Aldrich®-UK 

32 Iron standard for AAS 02583 Sigma Aldrich®-UK 

33 Lactate Dehydrogenase (LDH) ab65393 Abcam-UK 

34 L-glutamine (200 mM) G7513 Sigma Aldrich®-UK 

35 Lipopolysaccharide (LPS) L4391 Sigma Aldrich®-UK 

36 Lonza endothelial growth media-

2 (EGM-2) 

CC-3162 Lonza-UK 

37 Magnesium sulfate (MgSO4) 230391 Sigma Aldrich®-UK 
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38 Monopotassium phosphate 

(KH2PO4) 

P0662 Sigma Aldrich®-UK 

39 Napthylethyl-endiamide 

dihydrochloride- 

N9125 Sigma Aldrich®-UK 

40 Paraffin 327204 Sigma Aldrich®- Spain 

41 Penicillin/streptomycin solution P4333 Sigma Aldrich®-UK 

42 Phosphoric acid  O/0450 
 

Fisher® Scientific-UK 

42 Polyethylene glycol of MW 400 

Da (PEG-400) 

P3265 Sigma Aldrich®-UK 

43 Polyvinyl pyrolidone (PVP) 856568 Sigma Aldrich®-UK 

44 Potassium chloride (KCL) P9541 Sigma Aldrich®-UK 

45 Pure water DENWAT Sigma Aldrich®-UK 

46 Sodium acetate S2889 Sigma Aldrich®-UK 

47 Sodium bicarbonate (NaHCO3) S6014 Sigma Aldrich®-UK 

48 Sodium chloride (NaCl) S9888 Sigma Aldrich®-UK 

49 Sodium chloride solution 

 

S8776 Sigma Aldrich®-Spain 

50 Sodium iodide (NaI2) P4286 Sigma Aldrich®-UK 

51 Sodium nitrite (NaNO2) S2252 Sigma Aldrich®-UK 

52 Sodium nitroprusside  71778 Sigma Aldrich®-UK 

53 Streptavidin-HRP solution 555214 BD OptEIATM-UK 

54 Sulphanilamide  S2951 Sigma Aldrich®-UK 

55 Sulphuric acid (H2SO4) 320501 Sigma Aldrich®-UK 

56 Tetramethyl orthosilicate 341436 Sigma Aldrich®-UK 

57 Thioglycolic acid 528056 Sigma Aldrich®-UK 

58 Trans, trans-muconic acid M90003 Sigma Aldrich®-UK 

59 Trichloroacetic acid T6399 Sigma Aldrich®-UK 

60 Type-1 rat-tail collagen  (5.2 354236 BD biosciences-UK 
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µg/cm2) 

61 Trypsin/EDTA (10X) 59418C Sigma Aldrich®-UK 

62 Trypsin-EDTA Solution (1X) 59429C Sigma Aldrich®-UK 

63 Trypsin/EDTA Solution CC-5034 PromoCells-UK 

64 Trypsin neutralizing solution C-22120 PromoCells-UK 

65 U46619 56985-40-1 Cayman Chemical-UK 

Table 2.1: A list of all the chemicals and reagents used with their name, catalogue 
number and the providing company. 

89 
 



Biological methods 
1. Cell culture 

In my thesis I used a range of human and mouse cell types to test the toxicity 

and cellular function of MOFs and NPs. Table 2.2 lists the cells I have used with 

details of their phenotype. Below is a full description of the methodology used 

for each of these cell types. 

Cell type Description References 

1:     Blood outgrowth 
endothelial cells 
(BOEC) 

Highly proliferative, functionally ‘normal’ endothelial 
cells grown from blood progenitor cells isolated from 
within the peripheral blood mononuclear cell (PBMC) 
fraction of human blood. These endothelial cells have 
the advantage of being accessible and so can be 
obtained from healthy donors as well as patients with 
pulmonary arterial hypertension (PAH). 

189-192 

2:     Pulmonary 
artery vascular 
smooth muscle cells 
(PAVSMCs) 

Normally functioning cells derived from primary 
explanted cells that are isolated and grown from 
pulmonary artery segments isolated from volunteers 
with other morbidities other that PAH during lung 
transplants. These cells can be also obtained from 
patients with PAH 

193 

3:     Human airways 
smooth muscle cells 
(HASMCs) 

Normally function cells derived from primary cells 
from human airways obtained from surgical 
specimens. HASMCs are used in a range of 
biomedical applications include those related to 
understanding airway disease and drug testing. 

194 

3:     
Adenocarcinoma 
human alveolar basal 
epithelial cells (A549) 

Type II pneumocytes originally cultured from a 
cancerous lung tissue tumour explant isolated from a 
58-year-old caucausian male. In normal lungs these 
alveolar cells are squamous and function in 
maintaining water/electrolytes diffusion across the 
alveoli. A549 cells are used as a lung cell model of 
epithelia in a range of biomedical applications.  

195, 196 

4:     Murine 
macrophage/ 
monocyte cell lines 
(J774) and (RAW)  

Immune cells (white blood cells) that are used in a 
wide range of biomedical applications including those 
studying the immune response to pathogens, toxins, 
drugs other toxicological substances (e.g. 
nanoparticles). These cells are particularly useful in 
studying iNOS responses. Both J774 and RAW cells 
are of murine origin. 

197 

Table 2.2: A list of the different human and mouse cell models used in the biological 
assessment of the different nanoparticles with their name, source and phenotypic 
description. 
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1.1. BOECs Isolation 

BOECs were isolated and cultured as described in previous studies189-192. 50 ml 

of blood was collected in 10 ml Ficoll tubes from healthy volunteers (ethics 

code: 08/H0708/69) and pulmonary arterial hypertension (PAH) patients (ethics 

code 10/H0504/9). Table 2.3 at the end of the cell culture section describes the 

features of the BOEC donors used in my thesis alongside details of other cell 

lines. Tubes were then inverted 8 times followed by centrifugation for 30 

minutes at room temperature with maximum acceleration rate, maximum 

braking rate and a relative centrifugal force (RCF) of 1600.  After that tubes 

were inverted 8 times to allow mixing of the buffy coat and plasma/serum 

fraction. The mixture of the buffy coat and plasma/serum fractions was then 

pooled in to one 50 ml falcon tube and the volume was adjusted to 50 ml using 

10% Hyclone foetal bovine serum (FBS) (Biosera-UK) in Dulbecco's phosphate 

buffer saline (PBS; Sigma Aldrich®-UK) followed by centrifugation for 15 

minutes at maximum acceleration, intermediate break and 520 RCF. Cells were 

washed 3 times by re-suspension in 10 ml 10% FBS/PBS and then centrifuged 

for 15 minutes. The pellet was then re-suspended in 10 ml of fresh Lonza 

endothelial growth media-2 (EGM-2; Lonza-UK) with 10% FBS and human 

epidermal growth factor (hEGF), hydrocortisone, GA-1000 (Gentamicin, 

Amphotericin-B), vascular endothelial growth factor (VEGF), human 

fibroblastic growth factor-B (hFGF-B), insulin-like growth factor-1 (long R3-IGF-

1), ascorbic acid and heparin; then 10 µl of the cell suspension was transferred 

to haemocytometer for cell counting. Cell numbers were then adjusted to give a 

total of 3x107 cells per well in 4 ml. Cells were seeded into collagen-coated 

plates (Nunc, Denmark) which were previously coated with type-1 rat-tail 
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collagen (BD biosciences-UK) (5.2 µg/cm2) and incubated for 1 hour under 

humidified conditions (37oC, 5% CO2), followed by 3 washes with warm PBS. 

After 24 hours media was removed carefully, cells were washed with 1 ml of 

fresh Lonza-EGM2 10% FBS and 4 ml of fresh Lonza-EGM2 10% FBS media 

was added.  Media was changed 3 times within the first 96 hours and then 

every 2 days without washing until colonies emerged. Colonies of endothelial 

cells usually emerged between day 5 and day 21. Once colonies had stopped 

expanding, they were removed by trypsin digest (Trypsin-EDTA Solution (10X); 

Sigma Aldrich®-UK). Cells were then incubated with 2 ml 1x trypsin for 3 

minutes or until cell detachment. Trypsin was then neutralized with 4 ml of fresh 

Lonza-EGM2 10% FBS, the 6 ml of neutralised cell suspension in trypsin/media 

were then transferred to a 50 ml falcon tube and centrifuged for 5 minutes, at 

room temperature, 200 RCF, maximal acceleration and intermediate break. The 

resulting pellet was then re-suspended in 7 ml of fresh Lonza-EGM2 with 10% 

FBS and transferred to collagen-coated (5.2 µg/cm2) T25 culture flasks (Nunc-

Denmark) until confluent. Cells were then expended into T75 culture flasks. 

Cells were maintained with fresh media changes every 2 days prior to use in 

experiments (Figure 2.1).  
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1.1.1. BOECs passaging 

Once the T75 flask was confluent, cells were passaged into 3 collagen pre-

coated T75 flasks.  As follows cells were washed 3 times with PBS, followed by 

addition of 3 ml 1x trypsin to the cells and incubation for 2-4 minutes in 

humidified conditions (37oC, 5% CO2). When the cells had detached 12 ml of 

fresh Lonza-EGM2 was added and the 15 ml cell suspension was transferred to 

a 50 ml falcon tube and centrifuged at 200 RCF, maximal acceleration and 

intermediate break for 5 minutes. The supernatant was then discarded and 

pellets re-suspended in 5 ml of fresh Lonza-EGM2 and cells counted using 

haemocytometer. 12 ml of cell suspension with 5X105 cells/ml was added to 

each T75 and maintained with media changes every 3 days until confluent.  

1.1.2. BOECs plating 

To plate BOECs, 96-well plates (MicroAmp® EnduraPlate™ Optical 96-Well 

Fast Clear Reaction Plates with Barcode; Sigma Aldrich®-UK) were coated with 

1x gelatine (in PBS; Sigma Aldrich®-UK) and incubated for 10 minutes in 

humidified conditions (37oC, 5% CO2). Meanwhile, a suspension of BOECs was 

prepared by discarding the media, washing cells 3 times with PBS and 

incubation with 3 ml of 1x trypsin for 2-4 minutes in humidified conditions (37oC, 

5% CO2). When the cells had detached, 12 ml of fresh Lonza-EGM2 was added 

and the 15 ml cell suspension was transferred to a 50 ml falcon tube and 

centrifuged at 200 RCF, maximal acceleration and intermediate break for 5 

minutes. The supernatant was then discarded and pellets re-suspended in 5 ml 

of fresh Lonza-EGM2 before the cells were counted using a haemocytometer. 

Excess gelatine was discarded from the 96-well plates and 100 µl of 104 
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solution (PromoCells-UK), transferred to 50 ml falcon tube and centrifuged for 

three minutes at 200 RCF, maximal acceleration and intermediate break for 5 

minutes. The supernatant was then discarded and the cell pellet was re-

suspended in 5 ml of fresh endothelial cell growth medium MV. Cells were then 

counted using a haemocytometer and 12 ml of cell suspension with 5X105 

cell/ml was added to each T75 and cells maintained with fresh media change 

every three days until confluent.   

1.2.2. PAECs plating 

To plate PAECs, cell suspensions were prepared by discarding the old media 

followed by 3 washes with HEPES buffered saline solution (PromoCells-UK) 

and incubation with 3 ml of Trypsin/EDTA solution (PromoCells-UK) for 2-4 

minutes in humidified conditions (37oC, 5% CO2).  Trypsin was then neutralized 

by adding 13 ml of the trypsin neutralizing solution, which was then transferred 

to 50 ml falcon tubes for centrifugation for 3 minutes at 200 RCF, maximal 

acceleration and intermediate break for 5 minutes. The supernatant was then 

discarded and cell pellets were re-suspended in 5 ml of fresh endothelial cell 

growth medium MV. Cells were then counted using an haemocytometer and 104 

cells/ml suspension in 100 µl added to each well of a 96-well plate which was 

placed in humidified conditions (37oC, 5% CO2). Cells were allowed to 

equilibrate and reach confluence (usually 24-48 hours) until treatments were 

added in fresh media. 
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1.3. Pulmonary vascular smooth muscle cells (PAVSMCs) 

PAVSMCs were isolated from pulmonary artery segments using an explant 

technique as described before193; briefly lung tissue was obtained during 

surgery from histologically normal sections of lung from patients with lung 

cancer or from patients having lung volume reduction surgery. Arteries were 

cleaned of connective tissue and dissected open. The endothelial surface was 

exposed and gently scraped to expose the smooth muscle cell layer; tissue was 

then cut into small pieces (2 mm cubes) and placed with smooth muscle cell 

layer facing the flask membrane in order to allow tissue attachment and 

explanting cells. Explants were then maintained in Dulbecco's Modified Eagle 

Medium (DMEM; Sigma Aldrich®-UK) with 15% FBS, 2 mM L-glutamine, 100 

U/ml penicillin, 0.1 mg/ml streptomycin and 1x non-essential amino acid 

solution (Sigma Aldrich®-UK). Once tissue had adhered they were maintained in 

fresh DMEM with carefully monitoring for the presence of cells migrating from 

the edges of the explants193 It could take up to 2-3 weeks until the cells 

emerged, reach confluence and were ready to be passaged to 75T flasks 

(Figure 2.3). Table 2.3 at the end of the cell culture section describes the 

features of the PAVSMCs used in my thesis. 

97 
 



98 
 



1.3.1. PAVSMCs passaging 

Once cells had reached confluence they were passaged into a new T75 flasks 

by first discarding the old media and washing the cells 3 times with PBS. Then 

1x trypsin was prepared from diluting 10x  trypsin/EDTA (Sigma Aldrich®-UK)  in 

PBS, then 5 ml of 1x trypsin was added and cells were incubated for 2-4 

minutes in humidified conditions (37oC, 5% CO2). Once cells had detached, 

trypsin was neutralized with 10 ml of fresh DMEM containing 15% FBS and the 

cell suspension was transferred into 50 ml falcon tube and centrifuged at 400 

RCF at maximal acceleration and intermediate break for 5 minutes. The 

supernatant was then discarded and the cell pellet was re-suspended in 5ml of 

fresh DMEM with 15% FBS. Cells were then counted using a haemocytometer 

before 12 ml of cell suspension with 106 cells/ml was added to each T75 and 

maintained until confluent.  

1.3.2. PAVSMCs plating 

To plate PAVSMCs, a cell suspension was prepared by discarding the culture 

media from PAVSMCs in the T75, followed by 3 washes with PBS and 

incubation with 3 ml of 1x trypsin, prepared by diluting 10x  trypsin/EDTA in 

PBS, for 2-4 minutes at humidified conditions (37oC, 5% CO2). When the cells 

had detached 12 ml of fresh DMEM (without FBS) was added and the 15 ml cell 

suspension was transferred to a 50 ml falcon tube and centrifuged at 400 RCF, 

maximal acceleration and intermediate break for 5 minutes. The supernatant 

was then discarded and the pellet was re-suspended in 5 ml of fresh DMEM 

(without FBS) and cells were counted using an haemocytometer. 105 cell/ml 

suspension was prepared and 100 µl was added to each well of a 96-well plate 

99 
 



which was then placed in humidified conditions (37oC, 5% CO2). Cells were 

allowed to equilibrate and reach confluence (usually 24-48 hours) before 

treatments were added in fresh media with 10% FBS. 

1.4. Human airways smooth muscle cells (HASMCs) 

HASMCs were isolated from trachea segments of a healthy (ex-smoker) donor 

obtained during lung resection for cancer were grown by explant using the 

same protocol used for the PAVSMCs. Cells were maintained in fresh DMEM 

with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 

100 U/ml Amphotericin-B and 1X non-essential amino acid solution. Media was 

changed every 2-3 days (Figure 2.4). Table 2.3 at the end of the cell culture 

section describes the features of the HASMCs donors used in my thesis.
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1.4.1. HASMCs passaging 

Once cells were confluent, they were passaged into a new T125 flask by first 

discarding the media followed by washing 3times with PBS and incubation in 5 

ml of 1x trypsin/EDTA, prepared by diluting 10x  trypsin/EDTA in PBS, for 2-4 

minutes at humidified conditions (37oC, 5% CO2). Once cells had detached, 

trypsin was neutralized with 10 ml of fresh DMEM containing 10% FBS and cell 

the suspension was transferred into a 50 ml falcon tube and centrifuged at 400 

RCF at maximal acceleration and intermediate break for 5 minutes. The 

supernatant was then discarded and the cell pellet re-suspended in 10 ml of 

fresh DMEM with 10% FBS. Cells were then counted using a haemocytometer; 

25 ml of cell suspension with 106 cells/ml was added to T125 flasks and 

maintained until confluent.  

1.4.2. HASMCs plating 

For plating, HASMCs suspensions were prepared by discarding the media in 

the T125 followed by washing 3 times with PBS and incubation in 3 ml of 1X 

trypsin, prepared by diluting 10x trypsin/EDTA in PBS, for 2-4 minutes at 

humidified conditions (37oC, 5% CO2). When the cells had detached, 12 ml of 

fresh DMEM (without FBS) was added and the 15 ml cell suspension was 

transferred to a 50 ml falcon tube and centrifuged at 400 RCF, maximal 

acceleration and intermediate break for 5 minutes. The supernatant was then 

discarded and the cell pellet re-suspended in 10 ml of fresh DMEM (without 

FBS) and cells were counted using a haemocytometer. A 105 cell/ml suspension 

was prepared and 100 µl of the suspension added to each well of a 96-well 

plate which was then placed in humidified conditions (37oC, 5% CO2). Cells 
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CO2). Once cells had detached, trypsin was neutralized with 10 ml of DMEM 

with 10% FBS and the cell suspension was transferred to a 50 ml falcon tube 

and centrifuged at 400 RCF at maximal acceleration and intermediate break for 

5 minutes. The supernatant was then discarded and cell pellet was re-

suspended in 10 ml of fresh DMEM with 10% FBS. Cells were then counted 

using an haemocytometer and 25 ml of cell suspension with 106 cells/ml was 

added to each T125 and maintained until confluent. 

1.5.2. A549 plating 

For plating A549, a cell suspension was prepared by discarding the supernatant 

from the A549 in the T75 flasks then washing cells 3 times with PBS, adding 3 

ml of 1x trypsin, prepared by diluting 10x trypsin/EDTA in PBS, and incubating 

for 2-4 minutes in humidified conditions (37oC, 5% CO2). When the cells had 

detached, 12 ml of fresh DMEM with 10% FBS was added and the 15 ml cell 

suspension was transferred to a 50 ml falcon tube and centrifuged at 400 RCF, 

maximal acceleration and intermediate break for 5 minutes. The supernatant 

was then discarded and pellet re-suspended in 10 ml of fresh DMEM (without 

FBS) and counted using a haemocytometer. 105 cell/ml suspension was 

prepared and 100 µl of the suspension was added to each well of 96-well plates 

and placed in humidified conditions (37oC, 5% CO2) until treatments were 

added in fresh media. 

1.6. Murine macrophage/monocyte cell lines; J774 and RAW 

J774 and RAW cells were purchased from Sigma Aldrich®-UK. Cells were 

maintained in DMEM with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, 0.1 

mg/ml streptomycin and 1X non-essential amino acid solution. Cells (106 
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1.6.2. J774 and RAW cells plating 

For plating J774 and RAW cell suspensions were transferred to 50 ml falcon 

tube and centrifuged at 400 RCF at maximal acceleration and intermediate 

break for 5 minutes. The supernatant was then discarded and cells were re-

suspended in fresh 10 ml DMEM with 10% FBS. Cells were then counted using 

a haemocytometer. A cell suspension of 105 cell/ml was prepared and 100 µl of 

the suspension added to each well of the 96-well plates and placed in 

humidified conditions (37oC, 5% CO2) until treatments were added in fresh 

media. 
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Healthy BOECs 

Donor Age Gender ID Medical Condition 

1 - Female EPC-M Healthy 

2 28 Female EPC-AK Healthy 

3 25 Male EPC-AG Healthy 

PAH BOECs 

Donor Age Gender ID Medical Condition 

1 24 Male BRU721 IPAH 

2 33 Male BRU735 IPAH 

3 52 Male BRU733 IPAH 

PAVSMCs 

Donor Age Gender ID Medical Condition 

1 63 Male 0615 Non-smoker with lung 
adenocarcinoma 

2 66 Male 0186 Non-smoker with lung 
adenocarcinoma 

bronchiectasis 

3 69 Female 0871 Non-smoker with metastatic 
myxoid sarcoma 

HASMCs 

Donor Age Gender ID Medical Condition 

1 35 Male 001 Healthy non-smoker 

Table 2.3: List of the different human cell models used in the biological assessment with 
the donors information including: donor age, gender, ID and medical conditions. 
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2. Cell cryopreservation 

Cell suspensions were prepared according to respective protocols for each cell 

line were BOECs, PAECs, PACSMCs, HASMCs and A549 were trypsinized, 

whilst J774 and RAW were removed by scraping. Cells suspensions were then 

centrifuged at 200 RCF maximum accelerating rate and intermediate breaking 

for the BOECs and PAECs and at 400 RCF maximum accelerating rate and 

intermediate breaking for PACSMCs, HASMCs, A549, J774 and RAW cells. 

The supernatant was then discarded and 5 ml cryopreservative media (Cryo 

SFM freezing media; PromoCell-UK) was added. Cells were counted using a 

haemocytometer and 500 µl of 5X105 cells/ml was added to the cryovials 

(Sigma Aldrich®-UK). Cryovials containing the cells suspensions were then 

placed in -80oC for overnight incubation and then placed in liquid nitrogen until 

used. 

3. Cell treatments 

Cells were treated with nano-formulations (MIL-89 and NPs) at a range of 

concentrations according to protocols described in the results chapters. In some 

experiments cells were treated with lipopolysaccharide (LPS; Sigma Aldrich®-

UK) to mimic an inflammatory stimulus. At the end of the experiment 

supernatants were collected for the measurement of a range of mediators using 

colorimetric assays or ELISAs (see below) and cell viability/toxicity measured 

using different techniques (described below). 
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4. Cell based assays 

4.1.  Cell proliferation and viability assays 

AlamarBlue® (Invitrogen-UK) was used as a marker of respiring cells to indicate 

cell proliferation and viability. AlamarBlue® incorporates a 

fluorometric/colorimetric growth indicator, as cells grow and perform their 

metabolic reaction which includes respiration and therefore oxidation-reduction 

reactions the colour of this indicator changes from blue to red. With blue colour 

meaning low cell proliferation and red meaning maximum cell proliferation.  

10% alamarBlue® solution is prepared in DMEM as stated in manufacturer’s 

instructions and added to the cells and then incubated in a humidified incubator 

(37°C, 5% CO2) for 4-6 hours. The absorbance (OD) was then measured at 

570-620 nm. 

4.2. Cell cytotoxicity measurement using Lactate Dehydrogenase (LDH) 

LDH (Abcam-UK) was used as a marker of cell cytotoxicity.  In this assay it was 

important to include two cell reference points representing full cell viability (Low 

control) and where >90% of cells are killed with 10 mM and 100 mM hydrogen 

peroxide (H2O2) (30% in H2O; Sigma Aldrich-UK); High control. LDH was 

measured according to manufactures instructions. Briefly after plating the cells 

and allowing them to equilibrate for 24-48 hours treatments or H2O2 were added 

in fresh media and then cells were incubated in humidified incubator (37°C, 5% 

CO2) for the desired time point (usually 24 hours). After that 50 µl of the 

supernatant was transferred to another 96-well plate and 50 µl LDH Reaction 

Mix was added, then OD was read at wavelengths of 450 nm and 620 nm. 

Finally cytotoxicity/death was measured by the following equation: 
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                                   (Test Samples-Low Control) 

Cytotoxicity (%) =     -------------------------------------------     X 100 

                                   (High Control- Low Control) 

 

4.3. Cellomics 

Evaluating cell state using different methods was important to assess the 

potential toxicity effect of nanoparticles. Therefore, in addition to other more 

standard laboratory techniques (e.g. AlamarBlue® and LDH release) a more 

sophisticated cell imaging approach was taken using a ‘Cellomics’ approach. 

Cells were first plated and treated as described above for each cell type, then 

cells were stained with 4',6-diamidino-2-phenylindole (DAPI; thermo fisher 

scientific-UK)  stain and imaged/counted using a Cellomics VTi HCS 

Arrayscanner (Arrayscan 12bit dynamic range high resolution thermo-cooled 

with a Zeiss Plan Neurofluour objective lens) (Thermo Fisher, Pittsburgh-

USA)198. The Cellomics machine works by dividing each well of the 96-well 

plate into 25 fields, then imagining and counting the number of cells in each 

field. Which enables the generation of the following information: (i) the number 

of cells in each well (cell/field), (ii) the number of cells in the whole well 

(cell/well), (iii) changes in nuclear shape of the cells in the whole well (mean). 

Cells treated with 10 mM H2O2 were used as negative control (100% dead) in 

each experiment. 
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4.4. Enzyme-linked immunosorbent assay (ELISAs):  

Human interlukine 8 (CXCL8 or IL-8), human IFN-gamma-inducible protein 10 

(IP-10 or IL-10) and human Endotheline-1 (ET-1) 

CXCL8/IL-8, CXCL10/IP-10 and ET-1 were measured using ELISAs (R&D 

Systems-UK). ELISAs were performed according to the manufactures 

instructions. After adding detection of Streptavidin-HRP conjugated antibodies 

with substrate solution (BD OptEIATM-UK), OD readings were measured at 450- 

570 nm for the CXCL8 and IP-10, whereas for the ET-1 ELISA the OD 

measured at 450 nm within 30 minutes of adding the stop solution with a 

reference wavelength at 570 nm.  Standard curves for CXCL8, IP-10 and ET-1 

are shown in Figures 2.7, 2.8 and 2.9 respectively.   

  

 

 

 

 

 

 

 

 

 

Figure 2.7.  Example of standard curve for CXCL8. 
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5.1. Tissue preparation 

Mice handling, maintaining hypoxic mice and up to the dissection of the mice 

pulmonary arteries and aortas was done by Dr. Lucie Duluc from 

Beata Wojciak-Stothard group. Briefly C57BL male mice (20 g; Charles River, 

Margate-UK) aged 8-12 weeks were housed either in normal air or placed in a 

normobaric hypoxic chamber (FIO2 10%) for 2 weeks to induce PAH as 

reported previously200, the development of PAH was confirmed by Dr.Lucie 

measuring (i) Right ventricular systolic pressure, (ii) right ventricular hypertrophy 

and (iii) vessel muscularization in the lungs of normoxic and chronically hypoxic 

mice. Animals were killed by CO2 asphyxiation and death was confirmed by 

cervical dislocation. Lungs and aorta from normoxic and hypoxic mice were 

collected and placed in ice-cold PBS for transport and dissection (Figure 7).  All 

animal procedures were performed in accordance with the Animals (Scientific 

Procedures) Act, 1986 under project license authority (PPL 70/7013) and after 

local ethical review by the Imperial College Ethical Review Panel.  

5.2. Tissue loading 

5 ml of warmed gassed (37oC, 95% O2 and 5% CO2) physiological saline 

solution (PSS); consisting of NaCl 119 mM, KCL 4.7 mM, CaCl2 2.5 mM, 

MgSO4 1.17 mM, NaHCO3 25 mM, KH2PO4 1.18 mM, EDTA 0.027 mM, glucose 

5.5 mM, was added and maintained in each chamber of a pre-heated Mulvany 

myograph set up. For the PA, lung was pinned down in PSS and 3rd order PAs 

were separated, cleaned from any lung connective tissue, veins and bronchi 

and dissected in small rings (1.5 mm). Rings of PA were kept in PSS until used. 

For the aorta, vessels were dissected using the same procedure as used for 

114 
 



dissecting the PA, by cleaning the aorta from the connective tissue surrounding 

it, cutting it into small rings (1.5 mm) and keeping it in PSS until used.  

PA and aorta were threaded with tungsten wires (40 µm in diameter) from two 

sides, one (bottom side) used to fix the tissue and the other (top side) was 

connected to a force transducer (attached to a PowerLab/800 recording unit; 

ADinstruments). Once tissues were loaded, they were left to equilibrate for 10 

minutes. Normalization programs were then followed to calculate the optimum 

pressure before starting the experiments; this was done using LabChart 6 

software. Each tissue has it is own normalization program; for the PA, 

normalization was done by applying physical tension to the tissue by tightening 

the wire and leaving it to equilibrate for 1 minute and then tightening it again 

until a force of 4 Kilo Pascals (kPa) was achieved. For the aorta, a force of 11 

kPa was required before starting the experiments and this was achieved 

through the same procedure used for the PA. The normalization step was 

important as it increases the accuracy by minimizing the false +ve/-ve values 

that result from having tissues with different sizes and/or activities200, this also 

ensures reproducibility amongst the segments and between experiments201. 

Tissues were left to equilibrate for 10 minutes after normalization. Tissues were 

then ‘activated’ to contract using a high potassium physiological saline solution 

(KPSS; KCL 123.7 mM, CaCL2 2.5 mM, MgSO4 1.17 mM, NaHCO3 25 mM, 

KH2PO4 1.18 mM, EDTA 0.027 mM, glucose 5.5 mM). KPSS stimulates tissues 

by causing a contraction; tissues were then left until the contraction reached a 

plateau, then washed 3 times with PSS and left for 5 minutes to equilibrate. The 

KPSS protocol was then repeated 3 times. Tissues were then contracted with 

an EC50 concentration using (10-8 M) of the thromboxane mimetic U46619 
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(Cayman Chemical-UK) and then the effects of nano preparations (MIL-89 or 

NO-polymer; see Synthetic chemistry methods below) or dilator NO-donors 

(sodium nitroprusside; Sigma Aldrich®-UK) were assessed. Forces were 

recorded via a PowerLab/800 (AD Instruments Ltd.-UK), analysed using Chart 

6.0 acquisition system (AD Instruments Ltd., UK) and presented as defined in 

individual figures (Figure 2.11).  
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6. Assessment of in vivo effects of MOFs in rats 

In addition to the in vitro models described above it was an essential part of my 

PhD thesis to test the effects and distribution of my nanomedicine carrier MIL-

89 (see Synthetic chemistry methods) in vivo. To do this I collaborated with 

Dr Laura Moreno at Faculty of Medicine, Universidad Complutense de Madrid. 

Her team carried out inoculation of the animals but I performed organ 

harvesting, tissue dissection, preparation and measurements. All animal work 

conformed to the Directive 2010/63/EU of the European Parliament and was 

approved by the institutional Ethical Committee (Comité de Experimentación 

Animal de la Universidad Complutense de Madrid). Male Wistar rats (250 g 

body weight; Harlan Iberica) were randomly allocated into the following 

experimental groups: control and MIL-89. Animals were left for one week to 

acclimatise before MIL-89 administration. 50 mg/kg of the MIL-89 was prepared 

in 0.9% NaCl (99.5%; Sigma Aldrich®-Spain), the mixture was sonicated for 7 

minutes, homogenized with the mini tissue lyser (Qiagen-Spain) and vortexed 

for 30 seconds. MIL-89 suspension was administered by intraperitoneal (IP) 

injection twice a week for 2 weeks at the following time points (1, 3, 7, 10 and 

14 days). The control group was injected with vehicle (0.9% NaCl) at the same 

time points. Animal weights and behaviour were monitored during the course of 

the experiment and selected organs (lung, heart, liver, spleen, kidneys (left and 

right), thymus and brain) and tissues/waste products (blood, plasma, urine and 

faeces) were collected at the terminal time points. Lung tissue was weighed 

before and after drying (see below) and fixed and sectioned for histology (see 

below). Plasma and organ homogenates were extracted for the measurement 

of iron (see below). Plasma was also assayed for oxidant capacity (see below) 
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and for measurement of markers of organ failure (see below). A study plan for 

this experiment is shown in Figure 2.12.
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6.1. Measuring mass and lung wet/dry ratio 

Animals were weighed at each time point. At terminal time points lungs were 

weighed ‘wet’ and then dehydrated in an incubator at temperature of 50oC for 

24 hours before being weighed again using a Sartorius M-power weighing scale 

(USA) to obtain a wet/dry ratio calculated. Values were calculated as follows: 

                                 Wet lung weight 

Ratio (wet/dry) = --------------------------------------- 

                                  Dry lung weight 

6.2. Measurement of oxidative stress and oxidant capacity in plasma 

Oxidative stress and oxidant capacity of plasma from the rats was measured 

following the RedoxSYSTM diagnostic system according to manufactures 

instructions (Diagnostics, Inc.-US). This system detects the oxidation-reduction 

potential (ORP) in biological samples by measuring two parameters (i) static 

ORP and (ii) capacity ORP.  The static ORP represents the current redox 

balance in the sample, the higher this balance is the more the reduction 

reactions that occurred. Capacity ORP measures the amount of antioxidant 

capacity of biological samples. Both of these values were used to determine the 

level of oxidative stress in each sample. 

6.3. Measuring markers for organ failure  

The following organ failure markers were measured commercially (IDEXX 

laboratories-UK). Plasma markers included; (i) total protein, albumin, globulin 

and albumin/globulin ratio (AG), renal markers included; (ii) urea and creatinine, 

liver function markers included; (iii) alanine transferase (ALT) or the so called 

serum glutamic pyruvic transaminase (SGPT) 37oC, alkaline phosphatase 
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(ALK) 37oC and gamma GT (GGT), (iv) total bilirubin, cardiovascular markers 

included; (v) cholesterol, other markers included; (vi) inorganic phosphorus (for 

kidney glands and bone), (vii) calcium (for bones) and (ix) glucose (for 

pancreas).  

6.4. Measuring iron level in the tissue homogenates 

Iron was measured in the tissue/organ homogenate and plasma from rats 

treated as above. Tissue homogenates were prepared as follows: pieces of 

each organ (~20 mg) were placed in 0.5 ml microcentrifuge tubes; Containing  

1:10 (w/v) of the protein precipitation solution (1N HCl and 10% trichloroacetic 

acid in high-purity water; Sigma Aldrich®-UK). Organs were then homogenized 

using a Precellys® 24 homogenizer (USA) set at 3 x 6000 rpm x 30 second. 

Homogenates were then vortexed and placed in 95oC heating block for 15 

minutes. Homogenates were then left to cool down for 10 minutes at room 

temperature, vortexed and then centrifuged at 8000 g for 3 minutes. 50 µl of the 

homogenate was transferred to ½ area 96-well plates and 50 µl of the 

chromogen solution (0.508 mmol/l ferrozine, 1.5 mol/l sodium acetate and 0.1% 

or 1.5% (v/v) thioglycolic acid in high purity water; Sigma Aldrich®-UK) was 

added to each well, plates were incubated at room temperature for 30 minutes 

and OD was read at 570 nm. The chromogen solution contains ferrozine which 

is colourless but  turns violet in the presence of the iron. As a control, a 

chromogen solution without the ferrozine was prepared and 50 µl of it was 

added to 50 µl of each organ homogenate, incubated for 30 minutes at room 

temperature and OD measured at 570 nm. Iron standards at (0, 2, 4, 8, 16, 32, 

64, 128 µg/ml) were prepared using Iron standard for AAS (10 g/; l02583; 

Sigma Aldrich®-UK) (Figure 2.13). 
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 Figure 2.13.  Example of standard curve for iron measurement assay. 

 

Histological studies 

Organs were collected then pieces of each organ were snap frozen for 

histological studies. Each piece was first sectioned, embedded with paraffin 

(Sigma Aldrich®-Spain), sectioned and stained with H&E (Hematoxylin and 

Eosin; Sigma Aldrich®-Spain) followed by prussian blue staining to identify the 

presence of iron in the histological tissue. In the presence of iron, small blue 

dots will be seen across the tissue.  
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Synthetic chemistry methods 

1. Preparation of the Metal Organic Frameworks (MOFs) 

1.1. Preparation of MIL-89 

The iron MOF MIL-89 was prepared as previously described 161, 165, 174, 175. 1 

mml of iron (III) chloride hexahydrate (FeCl3.6H2O) (MW=270.3; Sigma 

Aldrich®-UK) was dissolved in 10 ml absolute ethanol (99%; Sigma Aldrich®-UK) 

and sonicated for 10 minutes. Then 1 mmol of Trans, trans-muconic acid (MW= 

142.1; Sigma Aldrich®-UK) was added to the mixture and sonicated for 10-20 

minutes until it dissolved. After that the brown coloured mixture was transferred 

to a reaction container by funnel, sealed and then placed inside a reaction 

bomb. The reaction bomb was then placed in an incubator at 100°C for 15 

hours. At the end of the incubation period the mixture was allowed to cool to 

room temperature and then centrifuged at 10,000 RPM for 15 minutes. Ethanol 

(Sigma Aldrich®-UK) was then discarded and the brown precipitate, (MIL-89) 

was washed twice with 30 ml pure water, each wash was for 30 minutes. The 

suspension was centrifuged at 10,000 RPM for 15 minutes after each wash. For 

the last wash 50 ml of pure water was added, left stirring overnight and then 

centrifuged as detailed above. The brown precipitate was left to air-dry for 5 

days. One reaction could yield up to 10 mg of the MIL-89. After it was 

completely dry MIL-89 was harvested and kept for further characterization (see 

Analytical methods section below).  
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1.2. Preparation of PEGylated MIL-89 (MIL-89 PEG) 

The PEGylated form of the MIL-89 (MIL-89 PEG) was prepared as discussed 

above for MIL-89, with the additional step of adding 10 mg of the alpha-

methoxy-omega-amino poly(ethylene glycol (PEG-MW 5.000 Da, IRIS Biotech-

UK) to the iron(III) chloride/Trans-trans muconic acid mixture. This was 

sonicated for 15 minutes. Then, the cream coloured mixture was transferred to 

the reaction container and reaction bomb as above with other steps followed as 

detailed for MIL-89. After it was completely dry, MIL-89 PEG was harvested and 

kept for further characterizations; from one reaction 50 mg of the MIL-89 PEG 

can be prepared. (See Analytical methods section below).  

2. Preparation of the nitrated-nanopolymers (NPs) 

2.1. NPs synthesis 

The NPs were prepared by dissolving 1 g of the sodium nitrite (Sigma Aldrich®-

UK) in 30 mM PBS at pH 7.5, followed by adding D-glucose (Sigma Aldrich®-

UK) at a ratio of 40 mg of D-glucose per each ml of sodium nitrite solution and 

mixing it properly. Then 6.25 mg of polyvinyl pyrolidone (PVP) (Sigma Aldrich®-

UK) was added to the mixture and stirred. Then 0.5 ml of the polyethylene 

glycol of MW 400 Da (PEG-400; IRIS Biotech-UK) was added for each 10 ml of 

the mixture. 0.5% w/v of the chitosan (Cs) of low MW (260 kDa; Sigma Aldrich®-

UK) was dissolved in 0.06% acetic acid and then added to the mixture of the 

NO-precursor solution in a 0.5 ml:10 ml ratio. In a different container, 

tetramethyl orthosilicate (Sigma Aldrich®-UK)  was prepared in acidic solution 

(2.5 ml/0.6 ml HCL), sonicated on ice for 10 seconds, added to the NO-

precursor solution (1 ml tetramethyl orthosilicate/10 ml solution), stirred and left 

125 
 



at room temperature to completely gelatinize. The gelatinized particles were 

then freeze-dried and stored at room temperature for further experiments. 

Control polymer was prepared as described above without the addition of the 

sodium nitrite. 
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Analytical Methods 

1. Powder X-ray diffraction (PXRD) using PANalytical MRDs with a 

difractometer (XPERT-PRO)  

This technique allows the detection of the MOF’s crystallinity, i.e. confirming if 

the reaction worked and the iron particles were linked together by the muconic 

acid forming a uniform structure (i.e. crystals) with central cavity capable of 

encapsulating drugs. This technique works by directing a beam of light at 

different angles (4-70o) to the MOF or NPs. The beam will diffract producing 

different peaks at different angles, which can be detected by a detector and 

then plotted as graphs called diffractograms; from diffractograms we can 

calculate the number and the position of each peak. Sharp peaks indicate the 

presence of crystalline structures, whereas linear diffractograms indicate that 

the crystalline structures failed to form. The detected peaks can then be 

compared to an international library and indexed to confirm the ionic 

composition of the MOFs and NPs; also the pattern of the diffractograms can be 

compared to those previously reported in the literature (Figure 2.14). 
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standard curve was generated using starting concentrations of 1 mM sodium 

nitrite (NaNO2) in purified water. Once the sensor was calibrated in the 

calibration solution, different concentrations of the NaNO2 were added which 

forms free NO in the presence of the NaI2  (10-200 nM) (Figure 2.18). The 

sensor was then washed with 75% ethanol for 5 minutes, followed by 3 washes 

with water, each for 20 minutes to get a steady baseline. Then the sensor was 

placed in the relevant solvent, i.e. if assessing release from a NO donor that 

was dissolved in pure water then the sensor should be placed in pure water for 

15-20 minutes before recording the NO release from the studied sample. To get 

optimal results the sensor was left in pure water overnight to de-polarize. To 

assess the effect of NaI2 in the detection of NO using the NO-electrode, the 

NaNO2 standard curve was read in the presence and absence of NaI2, NaI2 is 

essential as it mediates the generation of the free NO from the NaNO2 and only 

when present the electrode will detect the NO (Figure 2.19). 
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Figure 2.19: Example of standard curve for sodium nitrite (NaNO2) in the presence and 
absence of NaI2. 
 

6. Measuring NO release kinetic from NPs 

Different concentrations of each NP were prepared in PBS. However, the NPs 

did not readily dissolve but rather formed a suspension, therefore it was 

important to keep the NP suspension stirred throughout the experiment. The 

concentrations used for the purpose of this study were 0.75, 1.5, 2.5, 5 and 10 

mg/ml. After calibrating the sensor and obtaining the baseline in PBS, the 

sensor was immersed in each concentration of each NP or the control polymer 

and NO levels recorded for 20 minutes. It was important to compare the NO 

release profile from the polymers with standard NO releasing donors, the NO 

donor used for this study was the SNP at the following concentrations 0.75, 1.5, 

2.5 and 5 mg/ml. To investigate how long the NO release persisted readings 

were collected for up to 120 minutes using a 5 mg/ml concentration for each NP 

or SNP. NP 4 (see result Chapter 5) was then selected and NO release 

recorded from 5 mg/ml concentration for 8 hours. 
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Chapter 3 

Synthesis, characterization and 
assessment of cellular effects 
of the MIL metal organic frame 
nanoparticle, MIL-89 
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Abbreviations 

Attenuated total reflection      ATR 

Blood outgrowth endothelial cells     BOECs 

Endothelin-1        ET-1 

Enzyme-Linked Immunosorbent Assay    ELISA 

Human interlukin 8       CXCL8 

Human lung epithelium, specifically type II pnuemocytes A549 cells 

Infrared Spectroscope      IR 

Lactate Dehydrogenate      LDH  

Lipololysccharide       LPS 

Materials of Institute Lavoisier-89     MIL-89 

Metal Organic Frame works     MOFs 

Nitric Oxide        NO 

PEGylated MIL-89                   MIL-89 PEG 

Powder x-ray diffraction      PXRD                                                                                          

Pulmonary airway smooth muscle cells    HASMCs  

Pulmonary Arterial Hypertension      PAH 

Pulmonary artery endothelial cells    HPAECs 

Pulmonary artery smooth muscle cells    HPASMCs 

Scanning Electron Microscope     SEM     

Sodium nitroprusside      SNP  

Thermogravimetric Analysis     TGA    
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Rational 

The idea that nanomedicine formulations will provide significant advantages to 

the treatment of pulmonary arterial hypertension (PAH) is becoming 

increasingly recognised. However, so far there is very little in the way of basic 

research in this area. The greatest challenge to nanomedicine applications is 

the issue of toxicity. Here, after careful consideration, I have made and 

assessed the potential for metal organic frame works (MOFs) of the MIL-family 

as suitable nanomedicine formulations for drugs used to treat PAH. These 

MOFs are iron based and can be modified to have suitable pore and core 

capacity to accommodate small molecule drugs such as those currently used to 

treat PAH. After reviewing the literature I opted to make the MOF, MIL-89 and a 

PEGylated form (MIL-89 PEG). The first challenge of this section of my thesis 

was to make the MOF molecules.  

Next I had to fully characterise the structure, formulation and stability of 

molecules that I had made. Finally, I then had to assess the toxicity and basic 

effects of the MOFs on cells and tissue. I began with simple mouse 

macrophage cell lines that had been used by others as a standard MOF toxicity 

screen161. Then, since my ultimate aim is to study the MOFs as carriers for PAH 

drugs to be used to better treat patients with PAH, I extended what is known 

currently about these molecules by investigating their effect in endothelial cells 

from healthy donors and compared the effects in endothelial cells from patients 

with PAH. As endothelial cells from pulmonary vessels are difficult to assess I 

have adopted the technique of growing endothelial cells from blood cells, these 

cells are often referred to as ‘blood outgrowth endothelial cells’ (BOECs). 
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Next, in order to perform a comprehensive study of the effects of the MOFs on 

a range of pulmonary cells, I extended my in vitro assessment to the following 

lung cell lines: human pulmonary artery vascular smooth muscle cells 

(PAVSMCs), human pulmonary artery endothelial cells (PAECs), human 

pulmonary airway smooth muscle cells (HASMCs) and human lung epithelium 

(specifically type II pnuemocytes; A549 cells). 

Finally, because in PAH release and stability of endothelial derived nitric oxide 

(NO) is compromised, it is important that any nanomedicine formulation should 

not negatively affect the stability of endothelial derived NO or of pulmonary 

vessels to dilate, before testing the effects of MOFs in vivo (detailed in Chapter 

4) I therefore investigated the effects of MIL-89 molecules on vasomotor 

responses of pulmonary artery and on the half-life of NO. 

The specific aims of this chapter were to: 

• Synthesise  MIL-89 and MIL-89 PEG 

• Characterize the chemical and physical structure of MIL-89 and MIL-89 

PEG 

• Develop culture models relevant to toxicological screens and to PAH 

• Assess the effects of MOFs on cell viability and inflammatory function 

• Test the effects of MOFs on NO stability in aqueous solution 

• Test the effects of MOFs on vascular responses in pulmonary arteries 
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Methods 

The key methods used in this chapter are listed below together with page 

references where they can be found in detail in the methods section (Chapter 

2).            

   Method                                                                           Page 

Synthesis of MOFs        p117 

PXRD          p120 

IR          p121 

SEM          p122 

TGA          p122 

Cell culture; J774 macrophages      p98 

Cell culture; RAW macrophages       p98 

Cell culture; BOEC        p85 

Cell culture; A549 cells       p97 

Cell culture; PAVSMC       p90 

Cell culture; HASMCs       p94 

Cell culture; PAECs        p89 

Viability assay; AlamarBlue      p102 

Cell cytotoxicity; LDL       p103                           

ELISA (CXCL-8 and ET-1)       p104 

Cellomics         p103 

NO electrode         p123 

Pulmonary artery bioassay using wire myography   p107 
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Results 

1. Synthesis and chemical characterization of MIL-89 and MIL-89 PEG 

MOFs were prepared as previously described161, 170. Briefly MIL-89 was 

prepared as follows, iron (III) chloride hexahydrate (FeCl3.6H2O) (MW=270.3; 1 

mmol) and trans, trans-muconic acid  (MW= 142.1; 1 mmol) were mixed in 10 

ml of absolute ethanol, heated at 100 °C for 15 hours in a Parr bomb reactor 

and the precipitate recovered by centrifugation at 10500 rpm for 15 minutes. 

The sample was purified by serial washes in deionised water and air dried to 

retrieve the brown precipitate of MIL-89 (10 mg), which was used in further 

studies.   

The PEGylated form of MIL-89 (MIL-89 PEG) was prepared as above with the 

following modifications; FeCl3.6H2O (MW=270.3; 1mmol), trans, trans-muconic 

acid (MW= 142.1; 1 mmol) and a alpha-methoxy-omega-amino poly(ethylene 

glycol (PEG-MW 5.000 Da) were dissolved in 10 ml of absolute ethanol, heated 

to 100 °C for 6 hours and centrifuged to retrieve the creamy color precipitate. 

The sample was washed with deionized water, air-dried and ground to a fine 

powder (50 mg) for use in further studies. Figure 3.1 shows the workflow for 

synthesis of MIL-89. 
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Scanning electron microscope analysis showed MIL-89 to form fine spherical 

nanoparticles of diameter 76±35 nm while MIL-89 PEG forms a more crystalline 

nanoparticle with average size of 100±38 nm in diameter (Figure 3.2). The 

powder X-ray diffraction pattern for MIL-89 PEG (Figure 3.2) was found to be 

consistent with the literature165. MIL-89 is known to exhibit a large degree of 

flexibility, swelling up to 160% in volume on encapsulation of ‘guest molecules’ 

within its pores202. The powder X-ray diffraction pattern for MIL-89 PEG was 

indexed successfully in the hexagonal cell with a = 13.44(3) Å, c = 17.11(1) Å 

and V = 2675 Å3 which is within the range of previously reported cell volumes 

for MIL-89 (1470 – 3900 Å3) and showed that MIL-89 had a mixture of 

amorphous and crystalline nanoparticles whereas the MIL-89 PEG consisted of 

pure crystalline nanoparticles. Infrared ATR for MIL-89 showed sharp peaks at 

1600, 1370, 1000 and 850 ν(cm-1), (Figure 3.2). Infrared ATR for MIL-89 PEG 

showed peaks at 1690, 1650, 1360, 1250 and 850 ν(cm-1). When tested within 

1 month of synthesis both MOFs were stable at temperatures of 25-800°C 

(Figure 3.2). At room temperature, MIL-89 PEG was stable for at least 3 

months. By contrast MIL-89 was less stable having lost its structure after 2 

months stored at room temperature. 
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Figure 3.2: Chemical analysis of MIL-89 (A-C) and MIL-89 PEG (D-F). (A,D) Scanning 
Electron Microscope(SEM) (x6,000); (B,E) Powder X-ray Diffraction (PXRD); (C,F) 
Thermogravimetric analysis (TGA).   

  

Using the pattern obtained from the powder X-ray diffraction studies I was able 

to compute using CrystalMaker software 9.2, the predicted 3-D structure of MIL-

89 (Figure 3.3-4). Figure 3.3A shows how the predicted structure throughout the 

layers whilst Figure 3.3B illustrates a single layer and Figure 3.3C a single unit. 

This analysis suggests that MIL-89 is a superstructure formed of multiple unites 

comprised of an chlorine (green) core surrounded by oxygen (red), carbon 

(black) and iron (orange) units (Figure 3.3). 
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2. Effects of MIL-89 preparations on viability and iNOS activity in mouse 

macrophage cell lines 

At concentrations of up to 10 μg/ml neither MIL-89 nor MIL-89 PEG affected cell 

viability (respiration), measured using AlamarBlue®, in two separate murine 

macrophage cell lines; J774 (Figure 3.5) and RAW (Figure 3.6) under control 

culture conditions or when cells were stimulated to mimic inflammation with the 

addition of LPS (1 μg/ml). Both MIL-89 and MIL-89 PEG reduced respiration (a 

marker of viability) in both J774 and RAW cell lines at high concentrations (30 

or 100 μg/ml; Figure 3.5 and Figure 3.6). Under control culture conditions 

mouse macrophages expressed low or undetectable levels of iNOS activity 

shown by low levels of nitrite in the media (Figure 3.5 and Figure 3.6). As 

expected from published papers203, 204 lipopolysaccharide (LPS) induced iNOS 

activity and associated increased nitrite levels. Both type of MOF inhibited LPS-

induced iNOS activity in both J774 and RAW mouse macrophages (Figure 3.5 

and Figure 3.6). Whereas the effects seen with MIL-89 were in line with those 

on cellular respiration, the inhibitory effects of MIL-89 PEG at 30 μg/ml on iNOS 

activity were noted to be independent of changes in respiration seen using 

AlamarBlue® (Figure 3.5 and Figure 3.6).  
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Figure 3.5: Effect of MIL-89 (black squares) and MIL-89 PEG (white squares) on J774 
mouse macrophage cell viability A and B) and iNOS activity (C and D) under control (A 
and C) and inflammatory (LPS 1μg/ml) conditions (B and D). Data are mean ± SEM for n=6 
determinations. Statistical analysis for effects between each MOF was determined by two-way 
ANOVA followed by Bonferroni Posttests (#p<0.05) and for each MOF compared to the relevant 
controls by one-way ANOVA followed by Dunnett’s Multiple Comparison Tests (*p<0.05). 
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Figure 3.6: Effect of MIL-89 (black squares) and MIL-89 PEG (white squares) on RAW 
mouse macrophage cell viability A and B) and iNOS activity (C and D) under control (A 
and C) and inflammatory (LPS 1μg/ml) conditions (B and D). Data are mean ± SEM for n=6 
determinations. Statistical analysis for effects between each MOF was determined by two-way 
ANOVA followed by Bonferroni Posttests (#p<0.05) and for each MOF compared to the relevant 
controls by one-way ANOVA followed by Dunnett’s Multiple Comparison Tests (*p<0.05). 

 

Because MOF might affect oxidation of nitrite (which is detected by Greiss 

assay) to nitrate (which is not detected on the Griess assay) I performed control 

experiments to show that MIL-89 did not affect NO release from an NO-donor 

sodium nitroprusside  (SNP) proving that this iron based MOF does not 

increase the conversion of nitrite to nitrate (Figure 3.7). 
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Figure 3.7: Effect of MIL-89 on Sodium nitroprusside (SNP) standard curve. Data are 
mean ± SEM for n=3 determinations. Statistical analysis was determined by two-way ANOVA 
followed by Bonferroni Posttests (*p<0.05). 

 

Also the starting materials used to prepare MOFs (i.e. iron (iii) chloride, 

trans,trans-muconic acid and polyethyleneglycol) might affect the proliferation 

and nitrite production from the mouse microphages (J774). In another 

experiment these cells were treated with different concentrations of the starting 

materials and incubated for 24 hours in identical conditions to those used for 

the cell-MOF experiments. None of the starting materials affected the cells in 

term of viability and NO release (Figure 3.8). 
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Figure 3.8: Effect of iron (iii) chloride (A and B), trans,trans-muconic acid (C and D) and 
polyethyleneglycol (PEG) (E and F) on J774 cells proliferation using alamarBlue® (A, C 
and E) and iNOS activity measured as nitrite using Greiss assay (B, D and F) under 
control and inflammatory conditions (LPS 1µg/ml). Data are mean ± SEM for n=3 
determinations. Statistical analysis for effects between each MOF was determined by two-way 
ANOVA followed by Bonferroni Posttests (#p<0.05) and for each MOF compared to the relevant 
controls by one-way ANOVA followed by Dunnett’s Multiple Comparison Tests (*p<0.05). 
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The above experiments using mouse macrophages show that in simple cell 

based models MOFs were, on the whole, none toxic and did not have additional 

effects in inflammation. The next step was to study how MIL-89 and MIL-89 

PEG would affect human cells. Because my research question relates to PAH I 

focused experiments with human cell lines on those representative of different 

structures within the lung namely, (i) A549 cells, (ii) HASMCs, (iii) PAECs and 

(iv) PAVSMCs. Finally because my work comprises of preclinical studies that 

are ultimately aimed at making new drugs for PAH it was important to 

investigate how MOFs might affect cellular responses in cells from patients with 

PAH. In order to do this I decided to take advantage of stem cell technology 

employed within our group where endothelial cells can be grown easily from the 

blood of donors. For these experiments I was able to collect blood and grow the 

endothelial cells from healthy volunteers and from patients (from the Brompton 

Hospital) with PAH (see Table 3.1 for healthy and PAH donors).
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Donor ID 

 

Age 

 

Gender 

Healthy Endothelial Cells 

EPC-M - F 

EPC-AK 28 F 

EPC-AG 25 M 

PAH Endothelial Cells 

BRU721 24 M 

BRU735 33 M 

BRU733 52 M 

 
Table 3.1: Donor information for healthy volunteers and PAH patients including donors 
ID, age and gender. 
 

At concentrations up to 30 μg/ml neither MOF preparation affected cellular 

respiration, again measured using AlamarBlue®, of endothelial cells from 

donors with or without PAH (Figure 3.9). However, at the highest concentration 

tested (100 μg/ml) MOFs caused a small but statistically significant reduction in 

respiration of cells from donors with and without PAH (Figure 3.9). Neither MIL-

89 nor MIL-89 PEG induced cytotoxicity (measured by detecting lactate 

dehydrogenase (LDH) release) at any concentration tested (Figure 3.9). 

Similarly MOFs did not affect cell number or nuclear shape (Figure 3.9), 

reasons behind this is explained in the general discussion chapter 7.
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Whilst MIL-89 and MIL-89 PEG had relatively little effect on various markers of 

cell viability in endothelial cells from control donors and patients with PAH 

(Figure 3.9) both preparations inhibited the release of the inflammatory 

chemokine CXCL8; measured by enzyme linked immunosorbent assay 

(ELISA), and the constrictor peptide endothelin-1 (ET-1) in cells from both 

groups of donors (Figure 3.10). These effects were concentration dependent 

and were found at concentrations that did not affect cellular respiration or cause 

cell death (Figure 3.9). 
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Figure 3.10 Effect of MIL-89 and MIL-89 PEG on endothelial cell inflammatory markers. 
CXCL8 release from (A: n=6 from 3 donors without PAH: B: n=6 from 3 donors with PAH) and 
ET-1 release from (C) MIL-89 and (D) MIL-89 PEG. Data are mean ± SEM for n determinations. 
Statistical analysis for effects between each MOF was determined by two-way ANOVA followed 
by Bonferroni Posttests (#p<0.05) and for each MOF compared to the relevant controls by one-
way ANOVA followed by Dunnett’s Multiple Comparison Tests (*p<0.05). 
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3. Effect of MOFs on PAVSMCs viability and inflammatory response  

At concentrations up to 3 μg/ml neither MOF preparations affected cellular 

viability measured as respiration using AlamarBlue® in PAVSMCs, although 

reductions were seen at higher concentrations (≥10 μg/ml) of MOFs (Figure 

3.11). This was accompanied by increased cell cytotoxicity (LDH release) and 

reduction in cell number (Figure 3.11). 
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Figure 3.11: Effect of MIL-89 and MIL-89 PEG on pulmonary artery vascular smooth 
muscle cells (PAVSMCs).  Measuring (A) cell viability using AlamarBlue®, (B) cell cytotoxicity 
detecting LDH, (C) cell count per filed and (D) nuclear shape using cellomics. Data are mean ± 
SEM for n=6 from 3 donors. Statistical significance for the effect of MOFs was determined by 
two-way ANOVA followed by Bonferroni Posttests (#p<0.05)and for each MOF compared to the 
relevant controls by one-way ANOVA followed by Dunnett’s Multiple Comparison Tests 
(*p<0.05). 
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In addition, in PAVSMCs both preparations of MOF inhibited the release of the 

inflammatory chemokine CXCL8 (Figure 3.12).  

 

 

 

 

 

 

 

Figure 3.12: Effect of MIL-89 and MIL-89 PEG on pulmonary artery vascular smooth 
muscle cells (PAVSMCs) CXCL8 release. Data are mean ± SEM for n=6 from 3 donors. 
Statistical significance for the effect of MOFs was determined by two-way ANOVA followed by 
Bonferroni Posttests (#p<0.05) and for each MOF compared to the relevant controls by one-way 
ANOVA followed by Dunnett’s Multiple Comparison Tests (*p<0.05) 
 

4. Effect of MOFs on cellular viability in other pulmonary cells: PAECs, 

HASMCs and A549 

As with endothelial cells from control donors and patients with PAH and 

PAVSMCs, a wider range of cells cultured from different lung structures were 

also relatively insensitive to the effects of MOFs with no effect seen in PAECs 

(Figure 3.13), HASMCs (Figure 3.14) or A549 cells (Figure 3.15) with either 

MOFs at 1 μg/ml (MIL-89) and 10 μg/ml (MIL-89 PEG). Specifically, in PAEC 

MIL-89 PEG at concentrations of up to 30 μg/ml had no effect on any of the 

cellular viability readouts studied (Figure 3.13). However, in these cells MIL-89 

at 3 μg/ml and above reduced cell count and at 10 μg/ml and above inhibited 

other markers of viability (Figure 3.13). HASMCs were also relatively insensitive 

to the effects of MIL-89 with no noticeable changes in any of the viability 

readouts seen at concentrations up to 30 μg/ml (Figure 3.14). For MIL-89 PEG 

154 
 



concentrations of 3 μg/ml and above reduced respiration but had no effect on 

other markers of cell viability at concentrations up to 30 μg/ml (Figure 3.14). 

Finally A549 were unaffected by MIL-89 or MIL-89 PEG at any concentration 

used (Figure 3.15). 
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Figure 3.13: PAECs (see below for legend details). 
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Figure 3.14: HASMCs (see below for legend details) 
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Figure 3.15: A549 (see below for legend details) 

Figure 3.13 to 3.15: Effect of MIL-89 and MIL-89 PEG on cells. Pulmonary artery 
endothelial cells (PAEC), human airway smooth muscle cells (HASMCs) and type II 
pneumocytes (A549). Measuring (A) cell viability using AlamarBlue®, (B) cell cytotoxicity 
detecting LDH, (C) cell count per filed and (D) nuclear shape using Cellomics. Data are mean ± 
SEM for n=6 experiments. Statistical significance for the effect of MOFs was determined by two-
way ANOVA followed by Bonferroni Posttests (#p<0.05) and for each MOF compared to the 
relevant controls by one-way ANOVA followed by Dunnett’s Multiple Comparison Tests 
(*p<0.05). 

 

The experiments so far in this chapter show that MIL-89 and MIL-89 PEG are 

relatively non-toxic in a range of human pulmonary cells and in endothelial cells 

grown from the blood of patients with PAH. These data are consistent with the 

idea that MIL-89 MOFs may be well tolerated in vivo and ultimately useful to 

use as drug carriers in human disease. However, iron is known, under some 
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conditions to react with NO. As described in the introduction NO from the 

endothelium is a critical homeostatic pathway in all blood vessels. Any drug 

carrier that might negatively affect vascular NO would therefore not be valuable 

in treating patients with PAH. To test if MIL-89 formulations might affect NO I 

took two separate approaches. Firstly I measured the stability of ‘free’ NO in 

aqueous solution using an NO-electrode and second I investigated how MIL-89 

might affect endothelial dependent vasodilation in pulmonary arteries, a 

response that is entirely mediated by endogenous NO. 

5. Effects of MIL-89 on NO stability and NO bioavailability 

Free NO in solution generated from the NO donor NONATE at 1µM had a half-

life of approximately 10 minutes (Figure 3.16). NO levels could be quenched by 

the addition of hemoglobin. In the presence of MIL-89 the half-life of NO in 

solution was significantly reduced (Figure 3.16) with no further effect seen in the 

presence of saturating concentrations of haemoglobin(Figure 3.16).  
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Figure 3.16: Effect of MIL-89 on NO release from the NONOate. (A) Representative traces of 
the effect of MIL-89 on NO release from the NONOate over 120 minutes and (B) pooled data of 
the MIL-89 effect on NO release from NONOate detected by the NO detecting electrode. Data 
are mean ± SEM for n=6 experiments. Statistical significance for the effect of MOFs was 
determined by two-way ANOVA followed by Bonferroni Posttests (*p<0.05). 

 

These observations suggest that MIL-89 might negatively affect normal 

vascular homeostasis by interfering with the biological half-life of endothelial 

derived NO. However, the experiments shown in Figure 3.16 uses NO free in 

aqueous solution but in blood vessels NO are released albuminally from the 

endothelium to the underling smooth muscle cells. This means that for larger 

molecules access to the NO may not occur. In order to test this directly MIL-89 

was added to pulmonary arteries and vasomotor responses measured. 
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Mouse pulmonary arteries contracted to the thromboxane mimetic U46619 

(Figure 3.17). When a stable, sub maximal contraction was produced with 

U46619 further contraction is caused when eNOS is blocked by the competitive 

inhibitor L-NAME. However, MIL-89 at concentrations up to 100µg/ml had no 

effect on vessel contraction (figure 3.17), suggesting that MIL-89 did not cause 

inhibition of endothelial derived NO.  
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Summary 
In this chapter I have made and characterised the iron containing MOF MIL-89 

and it is PEGylated form MIL-89 PEG as suitable carrier for PAH drugs, 

examples of different PAH drugs are seen in Table 3.2. The data I have 

obtained is summarized and detailed below: 

MOF chemical characterization: 

• Both MIL-89 and MIL-89 PEG retained the required functional groups; 

MIL-89 consisted of a mixture of crystalline and amorphous structure 

while MIL-89 PEG formed pure crystalline structures. Both MOFs were 

thermally stable at temperatures up to 150oC and SEM showed that MIL-

89 has a fine spherical shape with a diameter of 76±35 nm while MIL-89 

PEG has more crystalline nanoparticle with average size of 100±38 nm 

in diameter.  

Effect of MIL-89 and MIL-89 PEG on different cell lines 

• Overall MIL-89 and MIL-89 PEG were not toxic to mouse macrophages 

or human pulmonary cells, including endothelial cells cultured from 

healthy donors and those with PAH.  

Effect of MOFs on mouse macrophage viability and inflammatory response to 
LPS: 

• MIL-89 and MIL-89 PEG had minimal effect on cell viability with 

reductions seen only at concentrations above 30µg/ml. These 

observations are in line with reports in the original paper describing the 

synthesis of MIL MOFs161 and illustrate in a simple mouse macrophage 

model that they are relatively non-toxic. 
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• MIL-89 and MIL-89 PEG reduced iNOS activity in mouse macrophages 

stimulated with LPS. Again this was at relatively high concentrations, but 

below those that caused cytotoxicity. These observations suggest that 

there could be a concentration window within which the MOFs were 

exerting an anti-inflammatory effect in the mouse macrophages. 

Effect of MOFs on human cell lines relevant to PAH: 

• The following pulmonary cell lines were established in culture: 

endothelial cells, PAECs, A549, PAVSMCs and HASMCs. 

• At concentrations of up to 30 µg/ml neither MIL-89 nor MIL-89 PEG 

affected cell viability in endothelial cells and PAECs with no detectable 

cytotoxicity measured by LDH for the endothelial cells, while there was 

an increase in cell cytotoxicity in line with the reduction of PAECs 

respiration (Figure 3.18 and Table 3.3). 

• At concentrations up to 10µg/ml MOFs did not affect PAVSMCs viability 

whereas for the HASMCs a reduction at concentrations higher than 

1µg/ml was seen with the MIL-89 PEG treated cells with an increase in 

the cell cytotoxicity measured as LDH at the highest concentration 

100µg/ml (Figure 3.18 and Table 3.3). 

• A549 cell viability was not affected by the MIL-89 and MIL-89 PEG. 

• Both MOFs caused a concentration dependent reduction in CXCL8 as 

well as reduction in ET-1 release from endothelial cells and PAVSMCs 

(Figure 3.18 and Table 3.3). 

Conclusion 
MIL-89 and MIL-89 PEG are relatively non-toxic to the investigated cells. In 

addition for some cells MIL-89 and MIL-89 PEG might have ‘anti-inflammatory’ 
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effects not explained by the effect on cell viability. See summary Figure 3.18 

and for more detailed results Table 3. 

A

B

C

 

 

 

Figure 3.18: Heat map for the effect of MIL-89 and MIL-89 PEG on different cell lines. 
Healthy endothelial cells, PAH endothelial cells, pulmonary artery endothelial cells (PAECs), 
pulmonary arterial vascular smooth muscle cells (PAVSMCs), human airways smooth muscle 
cells (HASMCs) and epithelial cells (A549). Measuring (A) cell viability using alamarBlue®, (B) 
cell cytotoxicity using LDH assay, (C) cell counts and using cellomics. 
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AlamrBlue® (% Cell 
Control) LDH (% Cell Control) Cell count/field (% Cell 

Control) 
Nuclear Shape (% Cell 

Control) 

MIL-89 MIL-89 PEG MIL-89 MIL-89 PEG MIL-89 MIL-89 PEG MIL-89 MIL-89 PEG 

Healthy 
Endothelial 

Cells 

0µg/ml 99.7±1.5 99.7±0.7 99.9±2.2 99.6±0.8 100.2±5.6 100.1±5.1 100.1±5.1 100.2±3.2 

1µg/ml 102.5±2.8 88.1±5.5 101.3±2.8 97.9±0.9 100.2±0.6 85.2±1.7 106.5±0.4 99.3±4.2 

3µg/ml 100.1±2.2 98.7±1.4 105.3±0.8 101.9±0.4 99.4±0.6 86.0±7.1 102.1±2.2 99.6±0.4 

10µg/ml 102.2±3.7 87.6±6.4 105.0±2.3 100.3±0.7 85.4±6.4 88.2±4.9 103.9±0.4 100.8±0.1 

30µg/ml 102.7±3.4 102.1±1.9 102.8±1.9 99.3±0.1 79.8±5.8 86.0±7.1 100.9±1.3 99.2±1.6 

100µg/ml 96.4±3.2* 81.2±3.2* 103.4±1.2 99.6±0.1 52.92.5* 46.8±1.2* 99.6±1.7 96.7±1.5 

PAH  
Endothelial 

Cells 

0µg/ml 99.4±0.6 99.4±0.8 97.3±3.5 100.3±0.6 100.4±8.7 100.0±2.6 
100.7±11.

9 100.0±1.7 

1µg/ml 99.3±0.7 101.1±0.6 103.5±2.8 103.3±5.3 88.4±0.6 100.2±6.4 95.2±5.7 103.8±2.9 

3µg/ml 99.2±0.8 101.1±0.9 107.9±3.1 110.9±6.6 90.1±0.9 103.8±3.2 100.2±9.9 99.2±0.6 

10µg/ml 98.6±1.3 97.8±1.1 105.9±2.8 105.7±5.5 82.4±14.2 102.9±2.3 98.5±8.3 99.6±2.1 

30µg/ml 99.2±0.8 90.1±1.6 107.8±2.7 101.5±5.1 80.1±4.2 89.9±0.8 93.6±5.6 102.5±3.3 

100µg/ml 91.2±4.9* 93.3±3.8* 102.5±1.2 102.4±1.9 43.9±3.4* 50.8±6.5* 93.5±5.5 98.8±0.4 

PAECs 

0µg/ml 99.9±0.7 100.5±2.2 105.7±4.7 99.2±0.8 99.8±0.2 102.1±2.1 99.6±0.4 103.4±2.6 

1µg/ml 100.4±4.6 103.6±0.7 
107.5±14.

6 103.9±11.7 111.8±3.2 101.9±1.8 101.3±0.4 100.4±1.3 

3µg/ml 98.4±2.4 105.1±1.8 89.3±7.5 101.5±9.3 108.1±4.3 97.3±2.7 99.2±0.8 92.3±2.4 

10µg/ml 86.7±1.7 88.3±12 88.7±7.3 102.3±8.2 82.6±2.6* 99.4±6.7 100.9±0.2 105.6±6.4 

30µg/ml 69.9±2.8* 83.1±11.5 54.4±8.3* 101.1±5.9 37.4±5.1* 102.8±9.3 100.4±0.4 102.6±3.4 

100µg/ml 62.1±2.4* 68.7±7.8* 
38.3±11.5

* 76.9±8.4 32.2±0.9* 30.9±5.7* 99.6±0.6 102.9±2.9 

PAVSMCs 

0µg/ml 95.9±3.4 93.6±4.1 100.4±0.4 100.3±0.3 99.7±0.3 110.6±10.6 100.4±0.4 100.4±1.2 

1µg/ml 85.2±8.7 98.5±1.5 102.7±2.4 99.3±3.9 92.2±0.7 108.4±23.8 99.2±1.6 91.9±3.9 

3µg/ml 70.7±12.9 73.1±10.6 108.7±1.9 100.9±5.1 87.7±1.9 98.2±18.1 97.6±0.8 100.4±0.4 

10µg/ml 
60.5±17.1

* 67.4±14.3* 110.7±3.1 99.6±3.5 83.6±3.9 103.9±31.5 96.4±1.2 100.1±1.6 

30µg/ml 
57.7±16.8

* 56.2±16.9* 111.3±2.1 103.7±2.1 93.8±9.8 100.6±18.1 97.6±0.8 99.2±0.8 

100µg/ml 
57.7±15.9

* 40.9±14.1* 104.2±1.6 105.3±5.2 65.4±3.9* 64.6±9.2* 96.8±0.8 100.8±0.8 

HASMCs 

0µg/ml 99.9±1.4 99.3±0.8 100.2±0.2 99.6±0.4 100.2±0.2 100.6±0.6 99.6±0.4 99.2±0.8 

1µg/ml 104.8±0.8 89.4±1.1 99.3±2.8 101.9±1.8 95.8±1.4 95.7±5.5 106.3±2.1 93.4±5.8 

3µg/ml 99.5±2.5 85.6±1.6* 98.4±1.6 102.1±2.7 90.5±1.5 95.9±5.3 99.2±0.8 104.2±0.1 

10µg/ml 98.6±1.8 85.3±1.2* 104.2±6.5 99.2±2.2 99.7±0.1 99.6±5.6 100.1±1.7 99.9±1.7 

30µg/ml 99.1±1.7 85.8±1.3* 108.4±8.1 95.9±1 89.3±1.6 91.1±6.4 106.7±1.6 101.7±3.3 

100µg/ml 99.9±3.4 75.4±2.9* 69.8±3.8* 97.2±1.2 91.2±3.5 73.6±2.7* 99.5±0.4 

 

100.8±0.8 
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Table 3.3: Summary table for the effect of MIL-89 and MIL-89 PEG on different cell lines. 
MOFs effect was tested on different human cell lines relevant to pulmonary system such as 
endothelial cells (healthy and PAH cells),pulmonary artery endothelial cells (PAECs), Human 
lung epithelium, type II pnuemocytes (A549), pulmonary artery vascular smooth muscle cells  
(PAVSMCs) and human airway smooth muscle cells (HASMCs). The effect was assessed by 
measuring cell viability using AlamarBlue®, cell cytotoxocity measuring LDH, cell count/field (% 
cell count) and nuclear shape (%cell count) were optained using cellomics. Data are mean ± 
SEM for n=3 experiments. Statistical significance for the effect of MIL-89 was determined by 
two-way ANOVA followed by Bonferroni Posttests (*p<0.05)

A549 

0µg/ml 99.9±0.4 99.6±0.3 100.2±0.2 100.6±0.6 99.8±0.2 99.9±0.1 100.4±0.4 99.5±0.4 

1µg/ml 98.4±1.8 94.3±2.8 100.1±3.7 103.6±1.4 95.7±0.4 99.3±0.2 99.1±1.8 91.3±4.3 

3µg/ml 102.3±2.2 96.9±4.3 99.3±0.8 102.2±0.4 93.3±1.1 97.5±1.2 97.4±0.9 100.4±0.4 

10µg/ml 99.9±1.3 89.2±6.3 100.2±2.9 103.6±2.6 99.1±5.8 98.4±0.4 96.1±1.3 100.1±1.7 

30µg/ml 100.3±1.3 89.1±6.1 101.1±1.5 101.8±0.4 101.1±0.8 97.7±0.1 97.4±0.9 99.1±0.9 

100µg/ml 99.3±1.9 90.1±6.1 99.1±3.5 102.8±1.4 104.1±2.2 95.5±0.6 96.5±0.8 100.8±0.9 
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Limitations and Future Studies 
There are a number of limitations of the work presented in this chapter, these 

include those that are relatively simple to address such as: 

1. Investigating the effect of MIL-89 on human inflammatory cells and other 

lung cells such as lung fibroblasts. 

2. Measuring a wider range of inflammatory markers. 

3. Assessing the effects of MIL-89 on indicators of thrombosis, such as 

platelet aggregation and activation. 

4. Assessment of the toxicity of MIL-89 in vivo (this is addressed in the next 

chapter). 

Smooth muscle cells which are known to be hyperproliferative in PAH  were 

more sensitive to MOFs than the endothelial cells which are slow in 

proliferation, therefore it might be useful to let the endothelial cells grow for 

longer periods (24 hours or more) before treating them with MOF to test if we 

will see similar effects to the ones seen with the smooth muscle cells. However, 

the biggest limitation of this chapter is that drug loading of MIL-89 has not yet 

been performed. Once such a formulation has been made, in addition to the 

studies reported in this chapter for MIL-89 alone it would be necessary to 

investigate the MOF’s size change upon drug encapsulation, to analyse rate of 

drug release and to study efficacy of drug on targeted tissues. For example, if 

MIL-89 were loaded with PDE5 inhibitors such as sildenafil, drug release could 

be measured using high performance liquid chromatography (HPLC) and drug 

efficacy could be measured by measuring cGMP in cells ( such as those used 

in this chapter) stimulated with threshold concentrations of an NO donor. For 

this type of experiment cGMP could be measured using ELISA. 
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Chapter 4 

In vivo assessment of the MIL 
metal organic frame 
nanoparticle, MIL-89 
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Abbreviations 

Alanine aminotransferase       ALT 

Albumin Globulin ratio       AG ratio 

Alkaline phosphatase       ALK 

Gamma GT         GGT 

Greater Omentum        G.O 

Intraperitoneal        IP 

Materials of Institute Lavoisier-89      MIL-89 

Pulmonary arterial hypertension       PAH 

Powder x-ray diffraction       PXRD 
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Rational 

The overall aim of my thesis is to investigate options of how a nanomedicine 

approach could be employed to deliver drugs to treat pulmonary arterial 

hypertension (PAH). In the previous chapter I focused on the synthesis, 

chemical characterization and in vitro study of a particular MOF from the MIL 

family, namely MIL-89 and it is PEGylated form, MIL-89 PEG.  

My results confirmed that MIL-89 can be synthesized routinely and confirmed 

the predicated structures. MIL-89 was found to be relatively stable and non-

toxic in vitro in mouse and human cells, including human cells relevant to PAH.  

The next step would therefore be to investigate the effects of MIL-89 in vivo with 

particular attention paid to toxicity and organ distribution. Thus, in this chapter I 

have prepared MIL-89 and assessed it is effects in rats in vivo dosed with MOF 

over the course of 2 weeks. Biometric data was collected throughout the course 

of the experiment. At the end of each time point rats were killed and samples 

were taken for analysis of toxicity markers and for investigating the distribution 

of MOFs in different organs/tissues, with particular attention paid to the lungs 

(see Figure 4.1). 

The specific aims of this chapter were 

• To synthesise MIL-89  

• To administer the MIL-89 in an in vivo model (Rats)  

• To determine tissue and organ distribution of MIL-89 in vivo 

• To assess it is effects on biometric and inflammatory readouts  

Figure 4.1 shows the study design for the results that were obtained in this 

chapter
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Methods 

The key methods used in this chapter are listed below together with page 

references where they can be found in detail in the methods section (Chapter 

2).  

Method         Page 

MIL-89 administration to the rats      p111                            

Measuring lung weight       p114 

Measuring oxidative stress       p114 

Measuring markers for organ failure     p114 

Measuring iron level in the tissue homogenates    p115 

Lung histological studies       p116 
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Results 

1. Preparation of MIL-89 

MIL-89 was synthesized freshly for these experiments with structure and 

physical characteristics being in line with those found in Chapter 3 (Figure 4.2). 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: The powder X-ray diffraction (PXRD) of MIL-89 used for the in vivo study.  

 

2. Administration of MIL-89 in vivo 

2.1. Effects on biometric read outs 

For this study a dose of 50mg/kg was chosen. This dose was based on 2 other 

similar studies where iron based MOFs were administered to rats and because 

this dose represents an amount far in excess of that expected to be given to 

humans, thereby providing a secure window where gross toxicological effects 

would be noted. The first challenge in administering the chosen dose was to 

obtain a working suspension that could be accurately given to rats by 

intraperitoneal injection (IP). Since MOFs do not dissolve as such they need to 

be used as a suspension. Initial attempts to make a suspension of MOF in a 
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vehicle of 0.9% NaCl consisted of 1 minute of sonication followed by 30 

seconds of vortexing. However this strategy did not result in a suspension that 

would reliably pass through the injection needle (gauge 25). This was then 

modified to extend the sonication period to 7 minutes with vortexing in between; 

this approach then resulted in a suspension that passed readily through the 

syringe and 25 gauge needles. 

As expected, over the course of the 14 day study period control vehicle treated 

rats gained approximately 20% of their staring body weight (Figure 4.3). MIL-89 

was administered in two regimes over 14 days. These were (i) as a single dose 

where animals were weighed, killed and tissue samples taken after either 1 or 3 

days and (ii) as multiple doses for 7 days (dosed on day 1 and day 3), 10 days 

(dosed on day 1, day 3 and day 7) or 14 days (dosed on day 1, day 3, day 7 

and day 10). MIL-89 had no effect on body weight (Figure 4.3) and had no 

obvious effects on qualitative assessment of the state of the rats that appeared 

normal in terms of activity and physical appearance. It was however noted that 

rats that were given MIL-89 for 3 days had reduced appetite but that this 

resolved by day 7 and had no obvious impact on weight gain of the rats (see 

above, Figure 4.3). 
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Figure 4.3 Effect of MIL-89 of weight on rats over the 14 day study period: Data is mean ± 
SEM for n= 2 rats at each time point, Data analysed using two-way ANOVA followed by 
Bonferroni Posttests (*p<0.05). 

 

After the time course was complete and animals killed and dissected, residual 

MIL-89 particles were found to be present at the site of injection in the 

peritoneal cavity with an obvious presence in the great omentum (Figure 4.4) 
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3. Effect of MIL-89 on organ failure and other toxicological biomarkers in 

rats 

MIL-89 did not appear to cause oxidative stress or change the anti-oxidant 

capacity of blood (Figure 4.5). 

 

 

 

 

 

 

Figure 4.5: Effect of dosing with MIL-89 in vivo on measures of oxidant stress in blood of 
rats.  (A) Static ORP (mV) and (B) Capacity (µC). Data is mean+/- SEM for n=4 (single dose) 
and n=6 (multiple dose).  Data was analysed using two-way ANOVA followed by Bonferroni 
Posttests (*p<0.05). 

 

MIL-89 also had no effect on markers of liver failure including alanine 

aminotransferase (ALT), alkaline phosphatase (ALK) and gamma GT (GGT) 

(Figure 4.6). 

 

 

 

 

Figure 4.6: Effect of dosing with MIL-89 in vivo on plasma markers of liver failure in rats.  
(A) Alanine aminotransferase (ALT), (B) Alkaline phosphatase (ALK) and (C) Gamma GT 
(GGT). Data is mean+/- SEM for n=4 (single dose) and n=6 (multiple dose). Data was analysed 
using two-way ANOVA followed by Bonferroni Posttests (*p<0.05). 
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MIL-89 similarly had no effect on renal dysfunctional markers (Figure 4.7) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Effect of dosing with MIL-89 in vivo on plasma markers of renal failure in rats.  
(A) Total Protein, (B) Albumine, (C) Globulin, (D) Albumin Golbulin ratio (AG Ratio), (E) Urea, 

180 
 



(F) Creatinine, (G)  Total Bilirubin and (H) inorganic phosphorous. Data is mean+/- SEM for n=4 
(single dose) and n=6 (multiple dose). Data was analysed using two-way ANOVA followed by 
Bonferroni Posttests (*p<0.05). 

 

In line with data reflecting renal and liver function MIL-89 had no effect on 

metabolic markers (Figure 4.8). 
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Figure 4.8: Effect of dosing with MIL-89 in vivo on plasma markers of body metabolism 
markers in rats.  (A) Calcium, (B) Glucose and (C) Cholesterol. Data is mean+/- SEM for n=4 
(single dose) and n=6 (multiple dose). Data was analysed using two-way ANOVA followed by 
Bonferroni Posttests (*p<0.05). 

 

The above data shows that MIL-89 can be safely administered to rats without 

inducing failure of major organ systems. However since the aim of this work is 
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to assess the suitability of MIL-89 as a carrier for drugs used to treat PAH it was 

additionally important to look at the MIL-89 effects on the lung.  

4. Effect of MIL-89 on the lung 

Treating rats with MIL-89 had no effect on gross lung morphology and did not 

cause oedema (Figure 4.9). 

A B

C

 

Figure 4.9: Effect of dosing with MIL-89 in vivo on gross lung morphology and oedema.  
(A) lung weight (wet/dry ratio) of the control group vs the MIL-89 treated group. Gross lung 
morphology after (B) one day of treatment and (C) 14 days of treatment with MIL-89. Data is 
mean+/- SEM for n=4 (single dose) and n=6 (multiple dose). Data was analysed using two-way 
ANOVA followed by Bonferroni Posttests (*p<0.05). 

 

The data above show that MIL-89 at high doses does not cause any significant 

toxicological effects, including (on a gross level) in the lung. The next step was  to 

determine how MIL-89 was distributed after in vivo dosing. For these experiments I 

followed protocols used by others175 performing similar studies using MIL-88 where by 

iron content was measured in blood and in extracts of each organ system. To do this I 

established a colorimetric assay based on the conversion of colourless ferrozine to 

violet in the presence of the iron. This assay can be used to detect iron levels in the 0-
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128µg/ml range (Figure 4.10). In pilot experiments I assessed the ability of this assay 

to detect iron in standard solutions and contained within the structure of the intact MOF 

(Figure 4.10). 

A B

0 2 4 6 8 10

-0.5

0.0

0.5

1.0

1.5 + Ferrozine
- Ferrozine *

[Iron Standard Solution] µg/ml

Ab
so

rb
an

ce
(5

70
 n

m
)

0 2 4 6 8 10

-0.5

0.0

0.5

1.0

1.5 Iron standard
MIL-89 *

[Iron Standard Solution/MIL-89] µg/ml

Ab
so

rb
an

ce
(5

70
 n

m
)

Figure 4.10: Ability the iron measurement assay in detecting iron in solution as well as 
contained within the intact MOF structure of MIL-89. (A) Effect of Ferrzonie in iron standard 
readout for n=3 repetition (0.15-10µg/ml)t. (B) Comparison between iron standard and MIL-89 
concentration curve n=3 repetition (0.15-10µg/ml). Statistical significance was determined by 
two-way ANOVA followed by Bonferroni Posttests (*p<0.05).  

 

 

5. Iron levels in blood and organs after in vivo treatment of rats with MIL-

89 

Iron was measured in blood and in homogenates of a range of organs including 

the lung (Figure 4.11). However, with the exception of the spleen and liver, iron 

levels were not detectable in animals treated with MIL-89. Levels of iron in the 

spleen and the liver were increased only transiently and normalised after 

animals were treated with MIL-89 for 7-14 days (Figure 4.11).  
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Figure 4.11: Effect of MIL-89 in vivo on iron levels from different rat organs. (A) Lung, (B) 
Heart, (C) Liver, (D) Spleen, (E) Plasma, (F) Kidney, (G) White Fat and  (H) Brain. Data is mean 
± SEM for n=2 (0 time point), n=4 (Single) and n=6 (Multiple). Statistical significance was 
determined by two-way ANOVA followed by Bonferroni Posttests (*p<0.05).  
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Using the crude measure of iron in tissue homogenates shown above was not 

able to indicate the accumulation of MIL-89 in the lungs or other organs. In 

order to investigate this further immunohistoligcal analysis of lung was 

performed. 

In lungs from MIL-89 treated rats MOF particles were observed (Figure 4.12).  
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Figure 4.12: Histological identification of iron particles in the lung. (A) Shows 
representative images of lung sections stained with Prussian Blue (Arrows show MIL-89 
particles) and (B) shows quantification of iron particles in lungs from different animals where 
data is mean ± SEM for n=2 (0 time point), n=4 (Single) and n=6 (Multiple). Statistical 
significance was determined by two-way ANOVA followed by Bonferroni Posttests (*p<0.05).  
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Summary 

Treatment with MIL-89 (50mg/kg, twice a week) for up to two weeks did not 

affect total body weight (Figure 4.3). Despite a deposition of MIL-89 particles in 

the great omentum (Figure 4.4), oxidative stress levels remained unchanged 

(Figure 4.5). Similarly, MIL-89 treatment had no effect on iron content in the 

brain, kidney, heart and white fat or in plasma (Figure 4.11). By contrast, I 

detected a transient increase in the iron content in the spleen (day 1) and the 

liver (day 10) (Figure 4.11), accompanied by a trend of transient decrease in 

ALT within 24 hours of treatment and an increase in GGT at day 7 (Figure 4.6). 

Noteworthy, ALK levels remained unchanged in MIL-89-treated rats (Figure 

4.6). Importantly, treatment with MIL-89 did not modify the total levels of iron in 

the lung and did not induce lung edema (Figure 4.9). However, histological 

analysis revealed the presence of iron particles without any detectable tissue 

damage, thus confirming that MIL-89 safely reached our target organ of 

interest, the lung (Figure 4.12). 

The evaluation of the in vivo effects of MIL-89 revealed that this particular MOF 

is well-tolerated in the short term. Thus, treatment with MIL-89 for up to two 

weeks had no effect on body weight, lung edema or plasma markers of organ 

failure or oxidative stress. However, transient increases in iron content in the 

spleen and the liver were found in this study, accompanied by changes in 

circulating hepatic enzymes that returned to normal values by the end of the 

study. These data are in line with those reported by Horcajada et.al174, 175 and 

suggest that the liver is the main place where MIL-98 is being cleared following 

IP administration. Importantly, histological analysis confirmed that MIL-89 was 
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able to safely reach our target organ, the lung, without causing any detectable 

damage.  

Limitations 

In this part of my PhD I was limited by the time and access available for the in 

vivo study and was only able to do the in vivo study for up to 14 days. Also I 

was unable to test the effect of the MIL-89 on a PAH animal model which if 

done would have provided more information about the behavior of these 

nanoparticles in the normal versus PAH animal models. I was unable to do MRI 

to the animals subjected to MIL-89 during the in vivo study which could give us 

a better idea of where MIL-89 was depositing.  

Future Studies 

- To extend the experiment time to more than 14 days. 

- To investigate the reason why the MOF particles were accumulating at 

the site of injection and studying if it was going to the circulation. 

- To include PAH animal models in the in vivo study.  

- To use MRI to image MIL-89 in in vivo models. 

- Investigate the effect of MIL-89 on oxidative stress using further 

detection methods besides using the RedoxSYSTM diagnostic system, 

such as using the oxygen radical absorbance capacity (ORAC method). 

As well measuring the difference between the reduced and oxidized 

forms of the glutathione and the thiol oxidation element test. 

-  To treat the normoxic and hypoxic animal moels with MIL-89 loaded with 

PAH drugs. 
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Chapter 5 

Characterization of nitrite-
polymer nanoformulations: 
chemical properties  
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Abbreviations 

Chitosan         Cs   

Differential scanning calorimerty      DSC 

Dynamic light scattering        DLS 

Fourier transform infrared spectroscopy     FTIR 

Hemoglobin         Hb 

High-resolution transmission electron     HR-TEM 

Nitrated nanopolymers       NPs 

Nitric Oxide         NO 

Phosphate buffer saline       PBS 

Polyethyleneglycol 400        PEG-400 

Polyvinyl pyrolidone        PVP 

Powder x-ray diffraction       PXRD   

Pulmonary Arterial Hypertension      PAH   

Scanning Electron Microscope      SEM 

Sodium Nitrite        NaNO2 

Sodium nitroprusside       SNP 

Tetramethylorthosilicate        TMOS 
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Rational 

The overall objective of my thesis is to explore the idea that pulmonary arterial 

hypertension (PAH) is a disease suitable for management with targeted delivery 

of current drugs directly to the affected vessels. In the previous 2 result 

chapters I describe one approach that I have taken by making and 

characterizing metal organic framework (MOFs) as potential drug carriers. This 

work was completed to a point where the molecules that I made can be 

considered as viable options to load with drugs. However, making MOF-drug 

formulations and testing them clinically is beyond the scope of my PhD although 

the future plans for this work are discussed in detail in the general discussion 

chapter 7. 

During the course of my PhD training I had the opportunity to receive and 

characterise a novel compound that was made by my collaborator Dr.Ibrahim 

with the idea that it would be a nanomedicine drug formulation with the potential 

to treat PAH. In simple terms, these formulations were based on a series of 

molecules where a polymer mixture was made with different numbers of nitrite 

molecules incorporated into their structures. The compounds that I received 

were totally untested in terms of chemical composition, nitric oxide (NO) 

releasing capacity and biological effect. However, the rational for making the 

molecules was based on the idea that they could provide NO in a sustained 

way to the lung and in so doing allow for a new approach to ‘NO therapy’ in 

PAH. For the purpose of my thesis and the work described in this chapter (i.e. 

at a point before their ability to release NO was determined) these preparations 

are referred to as nitrated nanopolymers (NPs). 
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Thus, in the next two chapters I describe my input to this project which was to 

(i) characterize the compounds chemically, including the critical property of 

releasing NO (Chapter 5) and (ii) for their effects in biological systems relevant 

to PAH (described in Chapter 6). 

The specific aims of this chapter were 

• To chemically characterize the structure of NPs 

• To establish the NO-releasing capabilities of NPs 

Methods 

The key methods used in this chapter are listed below together with page 

references where they can be found in detail in the methods section (Chapter 

2).            

Method        Page 

IR         p121 

SEM         p122 

TGA         p122 

NO electrode        p123,p126 
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Results 

1. Chemical characterization 

NPs, as illustrated in Figure 5.1, were made by Dr Ibrahim, from the Center of 

Materials Science, Zewail University, using a combination of polymers including 

polyethyleneglycol-400 (PEG-400), polyvinyl pyrolidone (PVP), low molecular 

weight Chitosan (Cs), and glucose and tetramethyl orthosilicate (TMOS). In the 

synthesis process of the NPs, glucose was used to produce electrons that 

performed a reduction of the precursor, sodium nitrite (NaNO2) to generate NO 

gas. The theory behind these molecules is that once exposed to an aqueous 

environment, the hydrophilic properties of the nanoparticles allow for the 

opening of water channels inside their matrix, facilitating the release of the NO 

over extended time intervals (Figure 5.1). 
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Polymers

NaNO2 and GlucoseNaNO2 and Glucose
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NP1: 0.75gm Contain 6% of NaNO2 

Control NP: 0gm Contain 0% NaNO2 

All 4 of the NP preparations as well as the control polymer appeared as white 

dense solid particles (Figure 5.2 A). The NPs were insoluble in aqueous 

solution and so were used as suspensions. To avoid precipitation of the viscous 

suspension shown in Figure 5.2 B, NPs were constantly stirred throughout 

experiments. 

A

B

NP

 

Figure 5.2: Appearance of nitrated nanopolymers (NPs) as (A) powders and (B) in 
solution.  

 

Physicochemical characterisation was carried out using various analytical 

techniques. Fourier transform infrared spectroscopy (FTIR) spectra of the NPs 

as compared to their main polymeric component, Cs is illustrated in Figure 5.3. 

The spectrum of Cs depicts a peak at about 3354 cm−1, which can be assigned 

to the N-H extension vibration and the O-H stretching vibration of the 
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polysaccharide moieties of Cs molecules. The signal that appeared around 

2870 cm−1 corresponds to the stretching vibrations of the aliphatic C-H bonds 

whereas, the absorption peak noted at 1592 cm−1 is attributed to the stretching 

vibration of the amide C=O bond. The NPs showed similar FTIR spectrum to 

that noted from Cs with only a slight shift in some of the peaks (Figure 5.3 A). 

The thermal behavior of the NPs was investigated using differential scanning 

calorimetry (DSC) (Figure 5.3 B) demonstrated a wide endothermic peak at 

100oC for Cs, and a sharp exothermic peak around 250oC corresponding to the 

thermal decomposition of the polymer. In the case of the NPs, the thermogram 

showed one endothermic peak at about 145oC in addition to two exothermic 

peaks around 310 and 367oC representing the dehydration, crystallization, and 

the thermal decomposition, respectively (Figure 5.3 B). When analysed using 

powder X-ray diffraction (PXRD) (Figure 5.3 C), the NPs showed a clear peak at 

24.5º and spikes consistent with some level of crystalline structure. 
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Figure 5.4: Size and morphology of the nitrated nanopolymer4 (NP4) as determined by 
(A) Dynamic light scattering (DLS), (B) Scanning electron microscopy (SEM) at x3, 035, and (C) 
high resolution transmission electron microscopy (HR-TEM). 

 

The data shown in Figure 5.3 and 5.4 was generated from samples of NP4. 

Similar spectra and structures were found when measurements were made 

using NP1-3 (Table 5.1). 
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Thermal Stability 
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Particle size 

 

NP 

control 

Alcohol/Phenol (3600 Cm-1) 

Nitro compounds (1500 Cm-1) 

Carboxylic acid/ esters/ ethers 

(1000 Cm-1) 

 

 

Stable up to 150 o 

C 

 

 

Peak at 30o 

 

 

200-230nm 
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NP3 
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(1000 Cm-1) 

NH wage (800 Cm-1) 
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(1000 Cm-1) 

NH wage (800 Cm-1) 

 

 

Stable up to 150 o 

C 

 

 

Peak at 30o 

 

 

200-230nm 
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Table 5.1: characterization of control and nitrated nanopolymer 1-4 (NPs) using different 
chemical characterization procedures including infrared spectroscope (IR) to identify 
functional groups, differential scanning calorimerty (DSC) to detect the thermal stability 
of the NPs, Fourier transform infrared spectroscopy (FTIR) to identify peaks and High-
resolution transmission electron (HR-TEM) for the particle size. 

 

2. Assessment of nitrite content of NPs 

In order to determine the nitrite content of NPs a Griess assay was performed 

and results compared to a sodium nitrite standard curve (Figure 5.5). 
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Figure 5.5: assessment of ‘nitrite’ content of nitrated nanopolymer4 (NP4) using the 
Griess assay and the effect of centrifugation on the results. (A) Control (5mg/ml), (B) NP4 
(5mg/ml) and (C) different concentrations of the control and NP4. Statistical significance was 
determined by two-way ANOVA followed by a Bonferroni Post-hoc test (*p<0.05). 

 

NPs had detectable level of NO compared to the control polymers.   

 

199 
 



3. Assessment of NO releasing capacity of the NPs 

In aqueous solution the NO-donor sodium nitroprusside (SNP) released NO in a 

concentration dependent manner that was detected by the NO-electrode 

(Figure 5.6 A). Using equivalent mass of NP4 free NO release was also 

detected again in a concentration dependent manner with steady-state kinetics 

noted at 6.6 minutes (Figure 5.6 B). The release of NO from NP was around 6 

fold lower than seen for an equivalent concentration (mg/ml) of SNP at the 

same time point (Figure 5.6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: NO release pharmacokinetics from different concentrations of (A) SNP and (B) 
nitrated nanopolymer4 (NP4) compared to the control polymer. Measurements were recorded 
using NO measuring electrode over a period of 20 minutes. Statistical significance was 
determined by two-way ANOVA followed by a Bonferroni Post-hoc test (*p<0.05). 
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Summary 

NPs were successfully synthesized (Figure 5.1); Chemical characterization 

showed that NPs (i) had the required functional groups (Table 5.1) and  (ii) 

PXRD showed that NPs were crystalline (Figure 5.3) with particle size of 200-

230nm in diameter using HR-TEM. Griess assay showed that NPs released 

nitrite whereas the control polymer did not (Figure 5.5), NO release from the 

NPs was compared to the NO release from the SNP over 20 minutes; results 

showed that the NO release from the NPs was 6 times lower than the SNP 

(Figure 5.6). When recorded over 8 hours, NP released a level 200nM of NO 

over the first 30 minutes, this level decreased after 2 hours to exhibit another 

steady state level of 100nM of NO that continues for 8 hours (Figure 5.7). When 

Hb was added the NO release was quenched from the NPs (Figure 5.8 and 

5.9). 

Conclusion 

The NO system is a target for therapy in PAH which currently is utilized in two 

ways. Firstly by inhaled NO used as a test for ‘reactive’ PAH and secondly by 

the use of PDE5 inhibitors, which prolong the half-life of the NO-signaling 

pathways cGMP. This makes NO formulations potential options for PAH 

therapy. The aim of developing NPs that should theoretically release NO was 

that they might ultimately be used via inhaled (or other) delivery routes to 

provide a slow and sustainable release of NO to the lungs. In this chapter I 

have performed chemical assessment of the structure of NPs and shown that 

they do in fact release free NO. Importantly I found that the release of NO from 

NPs, in aqueous solution, occurs in a slow and sustained manner. The next 

step in the assessment of what amounts to a novel nanomedicine that could be 
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suitable to treat PAH was to assess it is actions in biological systems relevant to 

the disease.  

Limitations 

These NPs were prepared by our collaborators in the Center for Materials 

Science, Zewail City-Egypt, therefore I was unable to closely be involved in the 

synthesis procedure of the NPs.  

Future Studies 

- To carry out elemental analysis to identify the amount of NaNO2 

available per one polymer molecule. 
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Chapter 6 

Characterization of nitrite-
polymer nanoformulations: 
biological properties  
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Abbreviations 

High-resolution transmission electron     HR-TEM 

Lipopolysaccharide        LPS 

NO releasing nanopolymers      NO-NPs 

Nitric Oxide         NO 

Phosphordiesterase inhibitor 5      PDE5 

Pulmonary Arterial Hypertension      PAH 

Pulmonary artery smooth muscle cells     PAVSMCs 

Pulmonary artery        PA 

Sodium nitroprusside       SNP 
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Rational 

In the previous chapter I have characterised a novel potential nanomedicine 

formulation suitable for the treatment of PAH, namely nitrated-nanopolymers 

(NPs). I showed that these substances release free NO in aqueous solution, 

which means that I can now confidently refer to them as NO releasing 

nanomoplymers (NO-NPs). The next step in assessing the suitability of NO-NPs 

as potential therapies was to investigate how they affect cells and tissues. To 

do this I have chosen cell-based models that are relevant to PAH, including 

using endothelial cells cultured from patients with pulmonary arterial 

hypertension (PAH). Since NO-NPs were designed as vasodilators, I have gone 

on to investigate how they affect blood vessel responses of contraction and 

relaxation including comparing responses in systemic vessels (aorta) and in 

pulmonary artery. Finally since the vascular responses of pulmonary vessels 

are changed during PAH I have compared the effects of NO-NPs on tissues 

from a mouse model of hypoxia driven PAH. 

The specific aims of this chapter were to 

• To investigate the effects of NO-NPs on endothelial cells from patients in 

terms of cell viability and inflammatory responses indicated by the 

release of human interlukin-8 (CXCL-8) measured by enzyme linked 

immunosorbent assay (ELISA).  

• To investigate the effects of NO-NPs on vasomotor responses in mouse 

aorta and compare responses in pulmonary arteries. 

• To compare the responses of NO-NPs on the above vessels from control 

mice with those with PAH established using the hypoxic model 
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Methods 

The key methods used in this chapter are listed below together with page 

references where they can be found in detail in the methods section (Chapter 

2).            

 

Method        Page 

Cell culture; BOEC        p85 

Cell culture; PAVSMC       p90 

Viability assay; AlamarBlue      p102 

ELISA (CXCL-8 and ET-1)       p104 

NO electrode         p123 

Pulmonary artery bioassay using wire myography   p107 
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Results 

1. Effect of NO releasing nanopolymers (NO-NPs) on viability and 

inflammatory responses of human endothelial cells 

In these experiments the effects of NO-NPs were compared with those induced 

by the NO-donor sodium nitroprusside (SNP). Because PAH is considered an 

inflammatory condition in some settings, included in the protocols was also cells 

that were stimulated to induce an inflammatory response using 

lipopolysaccharide (LPS). Neither SNP nor NO-NPs (formulation 1-4) affected 

endothelial cell viability in cells grown from control donors healthy donors either 

in the presence or absence of LPS (Figure 6.1). 
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Figure 6.1:  Effect of the NO-releasing donors on healthy endothelial cell viability (n=6 
from 3 healthy donors). (A) Control polymer (B) sodium nitroprusside (SNP); and NO-
releasing nanopolymers (NO-NPs) (C) NO-NP1 (D) NO-NP2 (E) NO-NP3 and (F) NO-NP4 
under control conditions and inflammatory (LPS 1μg/ml) conditions. Data are mean ± 
SEM for; between groups analysis was performed using two-way ANOVA followed by 
Bonferroni Posttests (#p<0.05); within group analysis was performed using one way ANOVA 
followed by Dunnett’s Multiple Comparison Tests (*p<0.05). 
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Similar results on cell viability in each of the experimental conditions were seen 

using endothelial cells from patients with PAH (Figure 6.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2:  Effect of the NO-releasing donors on PAH endothelial cell viability (n=6 from 
3 patients) (A) Control polymer (B) sodium nitroprusside (SNP); and NO-releasing 
nanopolymers (NO-NPs) (C) NO-NP1 (D) NO-NP2  (E) NO-NP3 and (F) NO-NP4 under 
control conditions and inflammatory (LPS 1μg/ml) conditions. Data are mean ± SEM for; 
between groups analysis was performed using two-way ANOVA followed by Bonferroni 
Posttests (#p<0.05); within group analysis was performed using one way ANOVA followed by 
Dunnett’s Multiple Comparison Tests (*p<0.05). 
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Under control culture conditions endothelial cells from healthy donors and from 

patients with PAH released ‘basal’ levels of CXCL8 (Figure 6.3). As shown57 

cells from patients with PAH have a higher CXCL8 basal level compared to the 

cells from healthy donors. Neither SNP nor NO-NPs affected CXCL8 release in 

any condition tested from endothelial cells from control healthy donors (Figure 

6.4). 
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Figure 6.3:  Basal release of CXCL8 from endothelial cells isolated from healthy donors 
compared to the cells isolated from PAH patients.  Data are mean ± SEM for n=6 from 3 
donors in each group; Statistical analysis was performed using one-way ANOVA followed by T-
test using Mann-Whitney test (*p<0.05). 
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However, by contrast, NO-NPs inhibited release of CXCL8 from endothelial 

cells grown for patients with PAH, with no effect seen with the control polymer 

or SNP even at the highest used concentration (Figure 6.5)
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Figure 6.5:  Effect of the NO-donors on CXCL8 release from PAH endothelial cells (n=6 
from 3 patients): (A) Control Polymer, (B) Sodium nitroprusside (SNP); NO-releasing 
nanopolymers (NO-NPs), (C) NO-NP1, (D) NO-NP2, (E) NO-NP3 and (F) NO-NP4 under 
control conditions and inflammatory (LPS 1μg/ml) conditions. Data are mean ± SEM for; 
between groups analysis was performed using two-way ANOVA followed by Bonferroni 
Posttests (#p<0.05); within group analysis was performed using one way ANOVA followed by 
Dunnett’s Multiple Comparison Tests (*p<0.05). 
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2. Effect of NO-NPs on viability and inflammatory responses of human 

pulmonary artery smooth muscle cells (PAVSMCs) 

In PAVSMC’s, SNP caused incomplete but statistically significant reduction in 

cell viability in cells cultured with and without LPS (Figure 6.6). In PAVSMCs 

cultured under control conditions control polymer caused reduction in cell 

viability at concentrations ≥1µg/ml with no effect on cells cultured under 

inflammatory conditions. Whereas NO-NP1 and NO-NP2 under both controlled 

and inflammatory conditions caused reduction in cell viability at concentrations 

≥3µg/ml. On the other hand NO-NP3 and NO-NP4 did not cause any reduction 

in cell viability under both controlled and inflammatory conditions (Figure 6.6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

217 
 



Figure 6.6: Effect of NO donors on cell viability in human pulmonary artery vascular 
smooth muscle cells (PAVSMCs). (A) Control Polymer, (B) Sodium nitroprusside (SNP); 
and NO-releasing nanopolymers (NO-NPs) (C) NO-NP1 (D) NO-NP2 (E) NO-NP3 and (F) 
NO-NP4 under control conditions and inflammatory (LPS 1μg/ml) conditions. Data are 
mean ± SEM for n=6 from 3 donors; between groups analysis was performed using two-way 
ANOVA followed by Bonferroni Posttests (#p<0.05); within group analysis was performed using 
one way ANOVA followed by Dunnett’s Multiple Comparison Tests (*p<0.05). 
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PAVSMCs release CXCL8 under control culture conditions, which was 

increased when cells were stimulated with LPS (Figure 6.7). SNP and each 

formulation of NO-NPs reduced CXCL8 from cells under control culture 

conditions and after stimulation with LPS (Figure 6.7).
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Figure 6.7: Effect of NO donors on CXCL8 in human pulmonary artery vascular smooth 
muscle cells (PAVSMCs). (A) Control polymer (B) Sodium nitroprusside (SNP); and NO-
releasing nanopolymers (NO-NPs) (C) NO-NP1 (D) NO-NP2 (E) NO-NP3 and (F) NO-NP4 
under control conditions and inflammatory (LPS 1μg/ml) conditions. Data are mean ± 
SEM for n=6 from 3 donors; between groups analysis was performed using two-way ANOVA 
followed by Bonferroni Posttests (#p<0.05); within group analysis was performed using one way 
ANOVA followed by Dunnett’s Multiple Comparison Tests (*p<0.05). 
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3. Effect of NO-RPs on vasomotor responses of aorta and pulmonary 

artery (PA) 

The development of PAH in the hypoxic mice was assessed using (i) Right 

ventricular systolic pressure,  (ii) right ventricular hypertrophy and (iii) vessel 

muscularization in the lungs of normoxic and chronically hypoxic mice as shown 

in Figure 6.8. These unpublished results were obtained by Dr. Lucie Duluc from 

Beata Wojciak-Stothard group. 

Figure 6.8: Development of pulmonary hypertension in mice exposed to chronic hypoxia. 
(a) Right ventricular systolic pressure,  (b) right ventricular hypertrophy and (c, d) vessel 
muscularization in the lungs of normoxic and chronically hypoxic mice. In (d) top panel shows 
SMA staining in lung sections from normoxic and hypoxic lungs and bottom panel shows SMA 
staining in lungs from hypoxic mice. Magnified boxed areas illustrate changes in 
muscularization of small intrapulmonary arteries. In (a-c) data represent mean±SEM. ***p<0.001 
vs normoxic control. 
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Aorta and 3rd order pulmonary arteries from control mice contracted to the 

thromboxane mimetic U4669 (Figure 6.9). U46619 was more efficacious in 

aorta than in pulmonary artery. 

Figure 6.9: Contractile effects of U46619 on mice aorta and pulmonary artery (PA) from 
control rats maintained in a normoxic environment. Representative myograph traces 
showing the response of (A) aorta and (C) PA when contracted with U46619. Response of (B) 
aorta and (D) PA to U46619. B, D and E show pooled data from aorta (B), PA (D) and a 
comparison between the two vessels (E). Data are mean ± SEM for n=3 from 3 mice; statistical 
analysis was performed using two-way ANOVA followed by Bonferroni Posttests (*p<0.05). 
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Result showed that in aorta normoxic vessels were more sensitive to the 

U46619 than the hypoxic ones, whereas for PA vessels hypoxic vessels were 

more sensitive to the U46619 than normoxic vessels (Figure 6.11). 

                     

Figure 6.11: Contractile effects of U46619 on mouse aorta and pulmonary artery (PA) 
from normoxic mice and mice with PAH(Hypoxic) induced by being maintained in a 
hypoxic environment. (A) aorta and (B) PA when contracted with U46619. Data are mean ± 
SEM for n=3 from 3 animals for each group; analysis was performed using two-way ANOVA 
followed by Bonferroni Posttests (*p<0.05). 

 

Both SNP and NO-NP4 caused concentration dependent relaxations of U46619 

contracted PA with greater effects seen in vessels from mice with PAH (Figure 

6.12). Although in the case of SNP this effect did not reach statistical 

significance but was evident as a trend (Figure 6.12).  
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Figure 6.12. Effect of (A) control polymer, (B) NO-releasing nanopolymer4 (NO-NP4) and 
(C) Sodium nitroprusside (SNP) on pre-contracted pulmonary artery from control mice 
and mice with pulmonary arterial hypertension (PAH). Data represents mean ± SEM for n=3 
from 3 animals. Statistical significance was determined by two-way ANOVA followed by a 
Bonferroni Post-hoc test (*p<0.05).  

 

Vasodilator drugs used to treat PAH are limited by effects on systemic vessels. 

Interestingly I found that whilst the vasodilator effects of SNP were comparable 

in aorta and pulmonary artery the effects of NO-NP4 appeared somewhat 

selective to the pulmonary artery (Figure 6.13) 
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Figure 6.13: Relative dilator effect of different nanopolymers and SNP on aorta and pulmonary 
arteries (PA)  pre-contracted with U46619. (A) Control polymer (B) NO-releasing nanopolymer4 
(NO-NP4) (C) and sodium nitroprusside (SNP). Data is mean ± SEM for n=3 from 3 animals; between 
groups analysis was performed using two-way ANOVA followed by Bonferroni Posttests (#p<0.05); 

within group analysis was performed using one way ANOVA followed by Dunnett’s Multiple 
Comparison Tests (*p<0.05). 
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Summary 

In this chapter I have characterized the biological effects of NO-NPs in cells and 

tissues in vitro using models that are relevant to PAH. I found that NO-NPs profiled 

well against the well-studied NO-donor SNP. Specifically NO-NPs did not 

dramatically affect cell viability in endothelial cells grown from either control healthy 

donors or from patients with PAH. Interestingly I found that the NO-NPs inhibited 

release of CXCL8 from endothelial cells, stimulated with LPS, grown from patients 

with PAH, but not from healthy donors. By contrast, SNP did not affect CXCL8 

release. It is not clear why this effect was specific to patient cells or why the effect 

was not seen with SNP but both differences could be due to a number of reasons, 

which are discussed in detail in the general discussion chapter. Nonetheless, these 

findings could potentially suggest that the NO-NP formulations may provide a 

favourable profile in patients with PAH where increased cytokine release is thought 

to contribute to disease.  

SNP and NO-NPs preparations had some moderate inhibitory effects on PAVSMCs 

viability. However, both SNP and NO-NPs caused clear inhibition of CXCL8 release 

by PAVSMCs stimulated with LPS. The effects on cell viability could not explain the 

effects on CXCL8 release. Again, as with the effects seen on CXCL8 release form 

endothelial cells, the inhibitory effect seen in PAVSMCs could be seen as a potential 

benefit in PAH of NO-NPs. 

As with SNP, NO-NPs, but not control polymer caused clear and consist vasodilator 

responses in both aorta and pulmonary arteries from rats. The effects of NO-NPs 

were greater in tissue from mice with PAH and were more effective in pulmonary 

artery than in aorta. These findings are interesting and again could suggest that NO-
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NPs may release NO (or via another mechanism) favor the pulmonary circulation in 

PAH. 

Conclusion 

These observations show that this novel class of molecules that were prepared by 

our collaborators in Egypt, the NO-NPs (i) release free NO in aqueous solution, (ii) 

are non-toxic to cells and (iii) relax systemic (aorta) and pulmonary vessels. Our 

findings that the NO-NPs appeared to selectively target vessels from mice with PAH 

is interesting and supports the idea that these preparations may be useful in the 

treatment of human disease. 

Limitations 

During my PhD I managed to study the effect of NO-NPs on hypoxic and normoxic 

pulmonary arteries and aorta from animal models (Mice); in order to move this 

research forward it will be useful te study the effect of these NO-NPs on human PA 

and aorta from healthy donors and donors with PAH.   

Future Studies 

- To study the effect of the NO-NPs in pulmonary arteries and aorta from 

healthy volunteers and PAH patients dissected during lung translapnt. 

- To study the effect of the NO-NPs in an in vivo hypoxic vs normoxic animal 

models. 
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Chapter 7 

General Discussion 
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Discussion 

The first record of pulmonary hypertension (PH), as we know it now, was in 1891, 

when a German doctor called Ernst Romberg published the first case report of a 

patient, who at autopsy, was found to have a thickened pulmonary artery with no 

heart or lung diseases3. Then in 1901, Professor Abel Ayerza in Argentina described 

a syndrome where patients develop dyspnoea, shortness of breath, polycythaemia 

and chronic cyanosis which was associated with the pulmonary arteries, 

subsequently this syndrome was called Ayerza’s disease210. However the ethology 

of Ayerza’s disease was debated and surrounded by controversy. This led to a 

conclusion put forward by Oscar Brenner in UK in 1913 that the so called Ayerza’s 

disease was neither a clinical nor a pathological entity, he proved that this disease 

involved heart failure due to an unknown pulmonary disease and the name was 

changed to primary pulmonary hypertension (PPH)211. 17 years later scientists 

managed to understand the histopathology of this syndrome and thereby understood 

the link between the pulmonary vascular lesions, the right ventricle and the 

subsequent heart failure.  

PH is very rare which made it easy to notice the 1965 PH outbreak, later it was 

discovered that this outbreak was caused by the weight loss drug aminorex fumarate 

which was subsequently withdrawn from the market in 196821. This major outbreak 

raised two main concerns about PPH pathogenesis, (i) the fact that not everyone 

who took the drug developed PPH strongly suggested that there is a genetic 

involvement in the pathogenesis of this disease and (ii) the fact that there must be 

some mediators that triggered PPH in those patients. These two main concerns 

illustrated the importance of having an international meeting to discuss this disease 

in a more productive way and the first world health organization (WHO) meeting to 
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discuss this disease was held in Geneva in1973212. The aims of this meeting where 

to (i) standardize the pathological and clinical names of PPH and (ii) to gather as 

much relevant information as possible. However, it was not until the second WHO 

meeting in Evian in 1998 that this syndrome was classified in to categories according 

to the underlying pathology behind and the term pulmonary arterial hypertension 

(PAH) was introduced to replace PPH as a catch-all phrase which was instead 

designated a category within the main classification7.  

We now understand that PAH is associated with constriction of pulmonary arteries 

thought to be due, in part, to a deregulation of vasodilator/constrictor hormones. The 

constricted arteries then cause remodelling of smooth muscle and fibroblasts leading 

to a futile cycle of increased pressure, constriction and remodelling. This puts 

increasing work load on the right heart leading ultimately to right heart failure. 

Clinical symptoms include breathlessness and a continuous decrease in exercise 

tolerance that patients notice as the condition worsens until normal daily physical 

activity such as walking is severely compromised.  

Since being identified several drug classes were discovered to treat PAH, however 

none if these drugs213 can cure or reverse PAH instead they work to help the patient 

to better tolerate their symptoms. Drug classes include calcium channel blockers77, 

endothelin-1 (ET-1) inhibitors87, 88, phosphodiesterase-5 (PDE5) inhibitors33, 

prostacyclin Analogues214 and the most recent one is the soluble guanylate cyclase 

activators215; these classes are given either solely or in combination with one 

another216, 217. There are three main administration routes for PAH drugs; (i) 

intravenous/or subcutaneous (ii) oral and (iii) though inhalation76. Each one of these 

routes has advantages and disadvantages, for example whilst intravenous/or 

subcutaneous administration accesses the circulation this route of administration 
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requires regular needle changes which in turn necessitates the need of having a high 

level of commitment and is associated with pain and significant risk of infections. 

Intravenous administration of drugs also has the danger of life threatening PAH 

rebound if the infusion is interrupted, this can, in some cases be fatal.  For these 

reasons for patients who live by themselves these infusions of PAH drugs are 

particularly difficult. Inhaled PAH drugs can also be difficult for the patient to manage 

requiring multiple doses a day but are less complicated than drugs taken by the 

intravenous/or subcutaneously route. Orally PAH drugs have less complications than 

the intravenous/or subcutaneously administrated ones, however they can be less 

efficacious. 

Importantly PAH drugs share three main limitations. These are (i) the need for the 

multiple doses per day, (ii) the need for constant drug dose increases as patients 

tend to develop tolerance and (iii) side effects which include specific side effects to 

each class of the drugs and a common side effect/limitation of dilator actions on the 

systemic circulation.   

It is interesting to consider that current PAH drugs work better in preclinical animal 

models where PAH pathology is prevented or reversed121-125. It is not clear why 

these drugs reverse PAH in animal models but not in patients. However, one reason 

could be that in animal models PAH drugs can be tested in a ‘prevention’ setting, 

given before the disease has been initiated, obviously, without predictors in humans, 

this type of ‘pre-treatment’ is not possible to use in humans as it is hard to identify 

who has the disease but not yet showing any pathology. In patients, then, drugs are 

not given until after the disease has developed. 

It is hard to predict who is going to develop PAH and who won’t because some 

people can develop PAH even if they do not have any medical history that can 
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predict it. However, that is not the case with all PAH patients because some of them 

carry indications such as (i) family history, (ii) genetic factors and (iii) congenital 

abnormalities or other primary conditions where secondary PAH can be predicted. 

Until we can solve of which patients are highly likely to get PAH, preventative 

therapy is simply not an option for these patients.  

Whilst many preclinical studies use drug treatments in a preventative protocol 

(before the induction of PAH) there are some papers that show that current PAH 

drugs can reverse the disease in laboratory animals121-125. The reason for this 

paradox is unclear but one possibility is that in laboratory animals relatively higher 

dose of drug can be given218. For example, in an important paper from the Wilkins 

group at Imperial College, the PDE5 inhibitor sildenafil not only prevented PAH in 

rats but also reversed pathology when given after disease had been initiated by 

hypoxia. However, in this study, sildenafil was given at 75 mg/kg per day when in 

adults with PAH, sildenafil is typically initiated at a dose of 25 mg every 6 to 8 hours 

(75-100 mg/day)219. Assuming a person with PAH might weigh 60-80 Kg this works 

out to less than 10 mg/day, 7 times less drug than used in the animal studies. 

This raises the idea that current PAH drugs could work better, even reverse disease, 

if they can be delivered at higher doses to the affected vessels. Therefore, it is 

important to start investigating possible ways to apply targeted delivery in PAH. 

There are three main factors to be considered in any type of targeted drug delivery 

strategy; these are (i) can the drug be delivered directly to the affected area through 

topical application (e.g. skin) or, as in the case of the lung, by inhalation; (ii) 

identification of a suitable drug carrier molecule and (iii) identification of a ligand or 

environmental advantage that can be used to increase the site accumulation of the 

drug/carrier. 
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For PAH, the inhalation route of current drugs has been tried and is useful for some 

formulations124 but it (i) may not get to the affected pulmonary vessels, (ii) it is 

associated with side effects and (iii) it has not resulted in a cure. Thus, the idea of 

drug carriers and targeted delivery formulations for drugs to treat PAH remains an 

attractive but untested route for improving drugs in this disease. 

To find a drug carrier, this is achievable by applying advances in the nanomedicine 

field and taking lessons from other medical areas that have made big steps in 

benefiting from targeted drug delivery and different formulation used in 

nanomedicine. The field of nanomedicine uses nanoparticles (<100nm) to carry 

drugs to the desired area or organs.  Nanoparticles are capable of encapsulating a 

range of drugs and releasing them in a rate that is controllable by adjusting the size 

of the nanoparticle pores. Nanoparticles also provide a barrier between the drug and 

the immune system avoiding the early recognition and degradation of the drug which 

will help increase the drug half-life, solving another problem that faces PAH drugs. 

This barrier is important because by minimizing interactions with the immune system 

drug tolerance, which is another common problem when using PAH drugs, may be 

reduced129.   

The size of the nanoparticle is clinically important because it determines the route of 

administration and the mechanism of action; large nanoparticles undergo impaction 

and sedimentation while small nanoparticles act through diffusion160. Thus, 

depending on the size of the nanoparticles they can be administered through 

intravenous infusion, where they can increase solubility, oral administration, where 

they can allow for targeted drug release (e.g. within components of the digestive 

system) or inhalation, where they allow for uniform distribution and absorption160. 
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However, as discussed below, the safety of the nanoparticles to be used as drug 

carriers is all important and should also be assessed before being given to 

patients128 . The two forms of nanoparticles mainly investigated in medicine 

nowadays are organic nanoparticles and inorganic nanoparticles. Organic 

nanoparticles are preferable in terms of safety and in terms of current knowledge of 

their applications as drug carries. Examples of organic nanoparticles include 

liposomes135, 136, 140 and polymers129, 149, 150. The main disadvantage with organic 

nanoparticles is that in terms of chemical manipulability, there is not much scope for 

improvement and changing chemical properties, for this reason they could be 

referred to as ‘naïve' or ‘simple’ nanoparticles. Inorganic nanoparticles which are 

constructed using metal ions on the other hand are more complex offering more 

room for manipulation and informed modification of structure. The metals used to 

make inorganic nanoparticles are generally transition metals, especially groups 7, 8 

and 11; iron (Fe), manganese (Mn), copper (Cu) and gold (Au). These metals are 

called transition metals and they offer the advantages of (i) being imageable such as 

Fe176, 220 and Au221, 222 and (ii) there ability to interact with some drugs. For example, 

in the cancer field, which is one of the few medical fields that benefit from 

nanomedicine technology with numerous clinically approved nanoparticles to carry 

cancer drugs223, 224, it was shown that  Cu could interact with an anticancer drug 

called 5-flurauracil and boost its efficacy160.  

When metals are used to assemble a nanoparticle a linker is needed, these linkers 

are often organic linkers. There are different types of metal containing nanoparticles 

that use this type of structural design including metal organic frameworks (MOFs). 

The main function of the linkers in MOFs is to chemically bind the different metal 

particles together which forms a closed nanoparticle and by controlling the length of 
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the linker the  pore size and, in turn the rate by which the drug will be released, can 

be controlled and  manipulated164.  

For the above-mentioned reasons in my thesis I have explored both organic 

nanoparticles in the form of polymers and inorganic particles in the form of Fe MOFs. 

I have also combined organic and inorganic nanoparticle technology by making and 

analysing PEGylated formulations of MOFs. From the inorganic nanoparticle group 

in my PhD thesis I chose to study a Fe based nanoparticle as potential future carrier 

for PAH drugs. It should also be mentioned that iron MOFs have the advantage that 

they can be used as imaging contrast materials. This would be a great advancement 

in PAH since something like MOFs could carry a drug and be used to track (i) drug 

location and (ii) diagnose disease progression.  

My work has taken the form of early preclinical studies investigating toxicity in 

different cell lines relevant to PAH as well as in an in vivo animal model. The iron 

based nanoparticle I selected to make and use was from the MIL family of MOFs, the 

particular member I selected was MIL-89 (and as mentioned above, PEGylated form 

MIL-89 PEG). Selecting this nanoparticle came after (i) carefully studying the 

possible inorganic options in the literature, (ii) investigating the cytotoxicity effect 

these MOFs might poses using other cell lines and (iii) investigating the theoretical 

capability of these particular MOFs to carry PAH drugs.  The prefix ‘MIL’ stands for 

the Material Institut Lavoisier and it took the name from the institute it was first 

designed in which is the Institut Lavoisier Versallies. The number post-script to MIL 

was assigned in the order of when each MOF was made and classified as being 

suitable for carrying drugs. Some members of the MIL family of MOFs are highly 

flexible with MIL-89 being able to expand upon liquid absorption with a cell volume 

increase size of  160%202 .   
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I synthesized both MIL-89 and MIL-89 PEG according to the method reported by 

Horcajada et.al161 , I then tested it is chemical and structural characteristics, all of 

which fitted with what was expected from this molecule. The novel contribution of my 

work then began when I tested the effect of MIL-89 formulations in the human cells, 

particularly those from patients with PAH. I found that MIL-89 was non-toxic and 

perhaps has some anti-inflammatory properties, although this idea was limited to 

studies in vitro and only seen with relatively high concentrations. My work is 

important because if these kind of molecules are to be ultimately used to carry PAH 

drugs we need to know that they are not toxic to cells of the lungs. To know this I 

looked at a wide range of lung cells – in all cases there was no real negative cellular 

effects.  

As mentioned above, there were some examples where I found that MIL-89 might 

reduce inflammatory responses in cells. This included reduction in the inflammatory 

marker CXCL8 release from the endothelial cells grown from healthy volunteers and 

PAH patients as well as from vascular smooth muscle cells of pulmonary arteries. As 

inflammation is involved in PAH  it was interesting to find that these MOFs were 

capable of reducing inflammatory markers that are highly elevated in PAH relevant 

cells. Also, important to PAH, MIL-89 reduced ET-1, which is highly elevated in PAH, 

from the endothelial cells.  

It was interesting that MIL-89 MOFs were somehow controlling the proliferation of 

the smooth muscle cells because these cells hyperproliferative in PAH and anything 

that might cause them to grow less could be thought of as an added advantage. 

Vascular smooth muscle cells were more sensitive to the MOF than the endothelial 

cells because smooth muscle cells are more proliferative than the endothelial cells 

and there for by incubating both cell type for the same period of time might result on 
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having cells at different proliferation stages. This will affect the sensitivity of the cells 

to the MOFs, therefore by prolonging the incubation period of the endothelial cells 

we might see similar MOF effects to ones seen with the smooth muscle cells. 

The mechanism that was involved in inhibiting CXCL8, ET-1 or proliferation is still 

unclear and, as I mention above, may not be relevant to in vivo dosing since the 

concentrations I used were very high. Nonetheless, it is worth pointing out that iron, 

which is a major constituent of the MIL-89 MOFs, has a complex biology including 

both inflammatory and anti-inflammatory effects. These should be kept in mind if 

MIL-89 MOFs prove to have effects by themselves in in vivo models of PAH (see 

below). 

After considering the in vitro data I then had the confidence to look at the effects of 

the MIL-89 MOF in vivo. I followed protocols that has been published previously for 

other members of the MIL-MOF family and used control (non-PAH) rats. I found that 

MIL-89 proved to be safe when administered through the IP route with the liver and 

spleen being the main organ for MOF accumulation. However for the in vivo effect of 

MIL-89 on tissue iron level I used the ferrozine assay. This assay works by freeing 

the bound iron and then detecting it, this means measured iron level will include the 

iron released from tissue and iron released from MIL-89. Other ways of measuring 

total iron level from tissues include using atomic absorption spectroscopy and 

measuring the iron by reaction with a bathophenanthroline reagent225. However, 

because the bound between the iron and organic linker in the MIL-89 might be very 

strong and the it might not be broken it will be good to detect the presence of MIL-89 

in tissues using MRI as MIL-89 is a transient metal that could be detected by this 

methods another way of measuring MIL-89 is by labelling fluorescent ligand by this it 

will be possible to take images from tissues and quantify the number of particles in 
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each tissue. Loading MIL-89 with a detectable agent such as gadolinium will be 

another way of detecting the presence of MIL-89 in tissues.   Once MIL-89 is either 

labelled or loaded with a detectable agent its distribution in tissues and organs will 

be better investigated. 

 

The most important finding in the in vivo study was the  accumulation of MIL-89 in 

the lung without causing any lung oedema or lung failure. This observation was a 

major finding in my thesis and gives increased credibility to using MIL-89 MOFs as 

prototypes for loading PAH drugs and continuing preclinical studies in an animal 

model of the disease.  

In summary, my work using both in vitro and in vivo approaches showed that MIL-89 

MOFs are non-toxic being tolerated by both cells relevant to PAH and in control rats 

in vivo. It was beyond the scope of my PhD thesis but the next vital steps include (i) 

chemistry; where these molecules will be loaded with PAH drugs and (ii) testing the 

carrier with and without drug loading in animal models of PAH.  These future 

experiments are described in more detail below. 

The main component in the MIL-89 is iron which is believed to be involved in PAH, 

where it is low level influences the vascular response to hypoxia and exercise 

capacity226. Despite being in the early research stages it is noted that iron level is 

compromised in patients with idiopathic and hereditable PAH and therefore iron 

deficiency in the absence of anaemia is common in these two classes of PAH. One 

possible explanation for this is the fact the in these patients the dietary intake of iron 

is compromised by the high level of hepcidin in the blood of these patients. Hepsidin 

is known to regulate the level of the iron circulating in the blood, high levels of 

hepcidin causes a decrease in the iron absorbance by the gut and an increase in the 
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iron retention by macrophages and liver cells. Some studies showed that mutations 

in bone morphogenic receptor proteins type 2 (BMPR2) is behind the increase in the 

hepsidin level. The mechanism behind this disturbance in iron regulation in PAH 

along with the exact pathways by which iron is involved in PAH is still unknown and 

further investigations are required in this area. Some clinical studies226, 227 to assess 

the safety and potential clinical benefits of giving iron supplements to PAH patients 

are currently being carried out in the Hammersmith hospital (London-UK) as well as 

other countries such as Netherlands227. On the other hand some clinical studies 

showed that the decrease in iron level in PAH animal model was beneficial and that 

it attenuated vascular remodelling as well as relieving the right ventricle systolic 

pressure228. It is controversial wither iron deficiency is good or bad for PAH; 

therefore the findings of these ongoing animal and human clinical results needs 

further investigation. If its proven that iron supplements can improve PAH then that  

might come to the favour of MIL-89 and it will be important to investigate if MIL-89 

will have that property. 

From the organic nanoparticle group I have used a polymeric nanoparticle that 

consisted of poly (ethylene glycol) (PEG) and polyvinylpyrrolidone (PVP). These 

molecules were made by my collaborator but analysed and tested by me. The cavity 

of the polymer was loaded with sodium nitrite and glucose to provide a nitric oxide 

(NO) generated property propagated by thermal reactions; these nanoparticles were 

called NO-releasing nanopolymers (NO-NPs). This type of chemistry has been 

reported previously where it was shown that polymers can act as carriers and as NO 

generating compounds135, 229, 230. The reason why an NO generating compound was 

selected is because the NO pathway is deficient in PAH and drugs including PDE5 

inhibitors and guanylate cyclase activators are used clinically to treat PAH. 
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Therefore, an NO-NPs nanomedicine formulation which could be targeted directly to 

the pulmonary arteries and, where NO could be released slowly would be predicted 

to have benefit in treating PAH.  

As with the MIL-89 MOFs I found that the NO-NPs were non-toxic and had some 

evidence of anti-inflammatory properties. For example I found that NO-NPs were 

selective for endothelial cells from patients with PAH cells where they reduced 

CXCL8 release. NO-NPs also showed an inhibitory effect on the proliferation of the 

vascular smooth muscle cells and the CXCL8 release which could be beneficial 

because PAH is known of having hyperproliferative smooth muscle cells and an 

increased inflammatory profile.   

Unlike the NO-NPs, SNP did have an affect the CXCL8 release from both healthy 

and PAH endothelial cells despite releasing NO, this could be due to the fact the 

SNP contains cyanide which might be interfering or inhibiting its effect on reducing 

CXCL8 release from the endothelial cells. Another explanation is the fact that the 

NO-NP s dose not composed of pure NO, instead it has chitosan, polyvinyl 

pyrolidone (PVP), tetramethyl orthosilicate (TMOS) as well as the glucose that 

carry’s a reduction reaction with the sodium nitrite NaNO2, this reaction might be 

interfering with the CXCL8 release from the endothelial cells. To further investigate 

this we will need to study the effect of the starting materials on the healthy and PAH 

endothelial cells as well as the smooth muscle cells. It will also be useful to 

investigate the effect of the cyanide on the CXCL8 release from the endothelial cells.  

Finally, and possibly most importantly, I found that the NO-NPs were able to release 

free NO and to relax blood vessels, including pulmonary artery. I found that some 

evidence to suggest that NO-NPs might favour pulmonary arteries and vessels; 

although I only compared pulmonary artery with aorta and so a firm conclusion would 
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need a lot more testing before particles could be useful in the treatment of human 

disease (see below). 

The Future 

My work has highlighted the idea that delivering PAH drugs to the lungs may 

improve the ability of current drugs that we already have to treat the disease. 

However, this is a very new idea and a very new field which means that I was not 

able to complete all of the experiments that I would have liked to in order to deliver a 

drug to patients. For the two types of nanoparticles that I studied there are clear 

preclinical follow on experiments that are required these are: 

MIL-89: 

Chemistry: The MIL-89 formulations should be loaded with PAH drugs and the 

structural analysis, stability and release experiments performed. These experiments 

are complex but with the collaboration of chemists, biochemists and pharmacologists 

it is possible to be achieved within 2-3 years.  The choice of PAH drug to perform 

these first experiments of drug loading with is not obvious and each of the classes of 

drug could be considered. However, with the current newest drug information, I 

would select the newest of them to be approved which is a selective, orally active 

prostacyclin receptor (IP) drug called selexipag. For the first formulation I would use 

it is active metabolite, MRE269. I would select this because, from what we know, 

targeting the prostacyclin pathway can provide the best clinical outcomes, although 

not everyone agrees with this. 

In vitro and in vivo: Once a formulation of MIL-89/MRE269 has been made it would 

require detailed in vitro and in vivo testing, using similar protocols to those that I 

have described in my thesis. It would also be necessary to determine how drug is 

released under different experimental biological conditions. Finally, and ultimately, 
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the MIL-89/MRE269 molecule would need to be tested for efficacy in a number of in 

vivo models of PAH; these would include (for example) an hypoxia model and an 

endothelial damage/inflammation model (monocrotaline) model. 

Imagining: As mentioned above, the MIL-89 MOFs should be suitable imaging 

contrasts. It would therefore be important to perform experiments in cells, in 

laboratory animals and ultimately in humans where these molecules are imaged 

using MRI. 

NO-NPs: 

As with the MIL-89 MOFs it would now be important to investigate how NO-NPs 

affect toxicity and PAH efficacy in vivo. For the NO-NPs it would also be important to 

think about comparing different routes of administration including inhalation. For 

these experiments it would be hoped that the pulmonary vessels would be targeted 

but as with the MIL-89 MOFs a strategy to target pulmonary vessels directly (see 

below) would be the optimal approach. 

Targeting drug delivery: 

For either of the formulations that I have studied (MIL-89 MOF and NO-NPs) it will 

eventually be very important to find the right strategy to target the pulmonary 

arteries. This can be done in a number of ways but finding an antigen on the smooth 

muscle that is only present in PAH would be ideal.  

Few years ago this idea was realised for some cancer studies where selectively 

expressed ligands were found and antibodies designed to tag them allowing for truly 

targeted drug delivery231, 232. We can apply the same type of strategy to achieve 

targeted PAH drug delivery to the affected endothelial and vascular smooth muscle 

cells. Whilst genetic mutations have been associated with PAH, the ideal ligand 

would be one that is only expressed in affected vessels and so the search for a 
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Whilst it is not appropriate for me to elaborate on the identification of genes or 

pathways in my thesis I have included the information in my discussion to show that 

this strategy may be useful in the future. 

Conclusion 

I was hugely inspired by Professor Phillips Feynman, a Nobel Prize winner and the 

establisher of the nanotechnology field who once said ‘‘There is Plenty of Room at 

the Bottom’’ 233. A sentence that for people like me who are interested in the 

nanotechnology field is a constant reminder that the more we think we know about 

the nanotechnology field and the more we think we can finally see the complete 

picture the less we know and the more we miss. More investigations are needed in 

this field and with PAH there is still plenty of room for improvement there is still room 

for innovating new ideas and new techniques to at least convert this long term life 

threatening disease to a chronic/controllable one and to give PAH patients a decent 

life where they do not need to be inflected with limiting efficacy, debilitating side 

effects and difficult to manage routes of administration. As research progresses in 

this field I believe that one day we will get lucky and cure PAH; hopefully that will be 

in the near future but until then the least we can do is strive for therapies that give 

patient more time, more quality of life to give them room to live their lives. I believe 

that these objectives will come for the continued study of nanoparticles applied to 

PAH therapy. 
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