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ABSTRACT OF THE DISSERTATION  

Site-Targeting Nanotherapeutic for Suppression of Chronic Vascular Inflammation 

 

by 

 

Soroush Ardekani 

Doctor of Philosophy, Graduate Program in Bioengineering 
University of California, Riverside, March 2016 

Dr. Kaustabh Ghosh, Chairperson 
 

The goal of this research was to develop a site-targeting nanotherapeutic drug 

delivery platform for suppression of chronic vascular inflammation and regression 

associated with debilitating conditions such as pulmonary arterial hypertension (PAH) 

and diabetic retinopathy (DR). Importantly, loss of endothelium-derived nitric oxide 

(NO), an endogenous anti-inflammatory and pro-vasculogenic factor that prevents  

leukocyte-endothelial cell (EC) adhesion and capillary regression, is strongly implicated 

in chronic inflammation associated with these conditions. Thus, restoring NO levels 

represents a viable approach for anti-inflammatory therapies. Nitroglycerin (NTG) 

markedly enhances nitric oxide (NO) bioavailability. However, its ability to mimic the 

anti-inflammatory and pro-vasculogenic properties of NO remains unknown. Here, the 

overarching goal was to examine whether (1) NTG can suppress vascular inflammation 

and regression, (2) a nanotechnological drug delivery approach can be leveraged to 
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simultaneously amplify its anti-inflammatory effects and ameliorate adverse effects 

associated with conventional high-dose NTG administration, and finally (3) NTG 

nanoformulation can be modified to selectively deliver NTG to inflamed  

ICAM-1-expressing vessels. My findings reveal that NTG significantly inhibits monocyte 

adhesion to inflamed ECs and prevents EC capillary regression in vitro through an 

increase in endothelial NO and decrease in endothelial ICAM-1 clustering. More 

importantly, nanoliposomal NTG (NTG-NL) produced an approximately 70-fold increase 

in NTG drug efficacy when compared with free NTG while preventing excessive 

mitochondrial superoxide production and loss of arterial vasorelaxation associated with 

high NTG doses. Finally, to facilitate targeting of NTG-NL to inflamed  

ICAM-1-expressing vessels, whole ICAM-1 IgG and non-immunogenic  

anti-ICAM-1 scFv fragment were tethered to the surface of NTG-NL. As  

a proof-of-concept study whole ICAM-1 IgG-modified NLs demonstrated preferential 

targeting to inflamed vessel, in vivo. Importantly, however, the translational potential of 

these NLs lies with the non-immunogenic scFv fragment. The following in vitro studies 

reveal that NTG-NL modified with anti-ICAM-1 scFv exhibits 6-fold greater binding to 

inflamed (ICAM-1-expressing) ECs than to normal ECs and achieves superior  

anti-inflammatory effects. Thus, these findings provide the rationale to examine this 

novel site-targeting NTG nanotherapeutic as a potentially superior therapy for various 

vascular inflammation-mediated conditions. Addressing these critical issues related to 

potential NTG-based therapy forms the central theme of the following dissertation. 
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Chapter 1:  

Introduction 

 

 

 

Preface 

This Chapter discusses the role of nitric oxide (NO) in vascular  

inflammation-mediated conditions and advocates the use of NO-enhancing therapies for 

treatment of these conditions. The global aim of this doctoral research is to develop and 

characterize a site-targeting Nitroglycerin (NTG) nanotherapeutic system to enhance NO 

bioavailability and suppress chronic vascular inflammation and regression associated 

with intractable conditions such as pulmonary arterial hypertension (PAH) and diabetic 

retinopathy (DR). 
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The Role of Nitric Oxide in Chronic Vascular Inflammation 

Under physiological conditions, vascular inflammation involves the rapid 

recruitment of circulating leukocytes (i.e. neutrophils, lymphocytes, and monocytes) to 

the site of tissue defect where leukocytes bind to the activated endothelium via surface 

cell adhesion molecules (CAMs) and extravasate to the site of injury. Once arriving at the 

site of injury/defect these cells either kill invading pathogens or clean up debris thereby 

resolving inflammation. However, if this process persists, chronic buildup of 

inflammatory cells and pro-inflammatory cytokines released by these cells  

(i.e. tumor necrosis factor-α (TNF-α) and interleukin-1 (IL-1)) create a toxic 

microenvironment for surrounding tissue causing cell death.1 Importantly, chronic 

vascular inflammation is a key characteristic of many debilitating diseases.  

The above-mentioned release of pro-inflammatory cytokines leads to the 

activation of transcription factors activating protein 1 (AP1), and nuclear factor kappa 

beta (NF-κB), the master inflammatory switch during endothelial cell activation. 

Specifically, when inactive, NF-κB is located in the EC cytoplasm bound to inhibitory 

protein IκBα. However, once activated (via TNF-α/IL-1 receptor-mediated stimulation), 

phosphorylation of IκBα by IκB kinase results in disassociation of IκBα from NF-κB 

allowing it to translocate into the nucleus and begin protein synthesis.1 Importantly, NF-

κB leads to expression of pro-inflammatory proteins known as endothelial CAMs 

including E-selectin, vascular cell-adhesion molecule 1 (VCAM-1), and to a large extent, 

the intracellular cell adhesion molecule 1 (ICAM-1), which are responsible for leukocyte 

binding to the endothelium.  
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Importantly, this rate-limiting step during vascular inflammation is suppressed by 

nitric oxide (NO), a potent anti-inflammatory and pro-vasculogenic molecule. NO is 

produced predominantly by endothelial nitric oxide synthase (eNOS), which converts  

L-arginine to L-citrulline and releases NO as a byproduct.1,2 Once produced, NO 

suppresses vascular inflammation by inhibiting nuclear translocation of NF-κB,3 that in 

turn, inhibits downstream production of endothelial CAMs (i.e. ICAM-1) and leukocyte 

binding to the endothelium. 

Chronic Vascular Inflammation in Disease 

Pulmonary Arterial Hypertension (PAH)  
 

Pulmonary arterial hypertension (PAH) is a progressive condition that is clinically 

diagnosed by an elevation in mean pulmonary arterial pressure above 25 mm Hg at rest4 

with risk factors including genetic predisposition, drug use, tobacco smoke, and HIV 

infection.5,6 PAH is characterized by (i) extensive vascular inflammation (upregulation of 

endothelial ICAM-1),4 (ii) capillary degeneration,7 and (iii) constriction of lung arteries, 

resulting in a significant increase in pulmonary arterial pressure and increased cardiac 

workload. Over time, the elevated pulmonary arterial pressure leads to right ventricular 

hypertrophy and, eventually, cardiac failure and death. With mean survival at time of 

diagnosis ranging from only three to seven years, PAH is responsible for approximately 

16,000 deaths in the United States every year.8 What makes this condition particularly 

serious is that it not only affects men and women, but also affects infants and children.9 
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Individuals with PAH are classified into distinct clinical groups based on the 

underlying etiology: group 1 (idiopathic/heritable/toxin-induced), group 2 (left heart 

disease), group 3 (lung diseases and/or hypoxia), group 4 (chronic thromboembolic 

disease), and group 5 (unclear multifactorial mechanisms).10 The exact pathogenesis of 

PAH is very complex and yet to be fully understood. However, it is now widely accepted 

that all PAH groups share a common feature, extensive structural remodeling of 

pulmonary arteries leading to severe vascular constriction.11 This arterial remodeling is 

characterized by (1) reduced endothelial NO bioavailability resulting from impaired 

eNOS activity, (2) excessive accumulation of circulating leukocytes within and around 

the arterial wall, and (3) excessive smooth muscle cell (SMC) proliferation and 

contractility within the arterial wall.  

Importantly, impaired bioavailability of nitric oxide (NO), a potent  

anti-inflammatory and vasodilatory factor produced predominantly by endothelial NO 

synthase (eNOS), is strongly implicated in PAH12 where previous studies have 

demonstrated eNOS knockout mice to develop PAH.6 Since endogenous eNOS-derived 

NO suppresses both leukocyte accumulation (in part by inhibition of ICAM-1 

expression/clustering) and SMC proliferation/contractility, impaired eNOS/NO levels are 

considered to be a major determinant of pulmonary arterial remodeling seen during 

PAH.4 Further, these accumulating leukocytes secrete factors such as interleukin-1-β  

(IL-1-β), IL-6 and IL-8 that exacerbate SMC hypertrophy and recruit additional 

leukocytes, thereby initiating a self-sustained positive feedback loop that drives PAH 

progression.13  
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Diabetic Retinopathy (DR)  
 

Diabetic retinopathy (DR) is a major microvascular complication of diabetes. It is 

prevalent in approximately 35% of people with diabetes and is the leading cause of 

blindness in the working-age (20-64 years old) population.14 Growing evidence indicates 

that retinal microvascular inflammation and regression contributes significantly to DR 

pathogenesis.15,16 During inflammation, activated retinal ECs undergo NF-kB-dependent 

upregulation of cell adhesion molecules (CAMs) such as ICAM-1 and reduced eNOS 

activation/expression levels.  

Notably, DR pathogenesis has been shown to be accelerated in genetic knockout 

mice of endothelial nitric oxide synthase (eNOS), the primary enzyme that produces 

endothelial NO,17 a potent vasodilatory and anti-apoptotic factor. Additionally, studies 

have demonstrated reduced eNOS phosphorylation levels in ECs under high glucose 

(diabetic) conditions. This, in turn, leads to increased leukocyte-EC adhesion 

(leukostasis) and subsequent release of cytotoxic, pro-inflammatory and permeability 

factors that, together, cause capillary degeneration (ischemia) and breakdown of  

blood-retinal barrier (vascular hyperpermeability; DME).16,18 

Current Therapies and Limitations 

PAH Therapies  
 

Current treatments for PAH consist primarily of three classes of vasodilatory 

drugs: prostacyclin (Pgl2) derivatives that facilitate cAMP production (required for 

vasodilation), endothelin-1 (E-1) receptor antagonists that block E-1, (a potent 
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vasoconstrictor molecule) from binding to its receptor (ER) on the smooth muscle cell 

(SMC) surface, and phosphodiesterase-5 (PDE-5) inhibitors that block PDE-5 from 

inactivating cGMP (another vasodilatory molecule).4 These drugs primarily target the 

contractility machinery in arterial smooth muscle cells (SMCs), leading to SMC 

relaxation and widening of constricted lung vessels, thereby restoring normal blood flow 

and pressure. However, these systemically-administered PAH treatments have major 

limitations in that they fail to suppress pulmonary arterial inflammation and cause severe 

non-target side effects such as liver toxicity.19 Other drugs such as Epoprostenol 

(Flolan®), a prostacyclin analog, require invasive medical procedures for their 

administration.20 

Since NO is a potent vasodilatory factor that is markedly impaired in PAH, 

inhaled NO (iNO) offers an excellent alternative treatment for PAH. Importantly, this 

approach delivers NO selectively to the NO-deprived lung to cause rapid vasodilation, 

leading to reduction in mean pulmonary arterial pressure without altering systemic 

arterial pressure. It is commonly used in both infants with severe persistent pulmonary 

hypertension and adult PAH patients.21 Due to its lung-targeted delivery, iNO is a more 

effective PAH therapy than systemically administered NO donors, which cause systemic 

hypotension. The high therapeutic efficacy of iNO also stems from its ability to leverage 

the dual vasodilatory and anti-inflammatory properties of NO.22 

However, despite its excellent therapeutic benefits, iNO is very expensive, 

requires strict patient compliance and frequent administration, and combines with 

hemoglobin to form methemoglobin, which exhibits poor oxygen delivery properties.4 
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Thus, NO-enhancing strategies that address these major limitations of iNO would offer a 

superior alternative for PAH management. 

DR Therapies 
 

Current DR therapies primarily target vascular endothelial growth factor (VEGF), 

a potent angiogenic and permeability factor that is overexpressed in DR and contributes 

to multiplication of leaky retinal capillaries (proliferative DR) and diabetic macular 

edema (DME). Anti-VEGF therapies are very effective in treating proliferative DR.23,24 

However, recent RIDE/RISE and DRCR Protocol I clinical trials have revealed that  

anti-VEGF therapies are less effective in 50% of patients with DME,25-27 thereby 

indicating a likely important role of VEGF-independent pathways in DR. 

Notably, potent anti-inflammatory drugs such as corticosteroids are very effective 

in inhibiting ICAM-1-dependent diabetic retinal microvascular inflammation and 

improving visual acuity in individuals with DME.28,29 However, bolus intraocular 

corticosteroid injection also leads to adverse side effects such as increased ocular 

pressure and cataract formation, which have limited their use to second-line therapy.28 

Thus, it is highly desirable, and perhaps crucial, to develop new therapeutic approaches 

that can leverage the tremendous anti-inflammatory properties of steroids without 

eliciting their adverse effects. 

Since NO is a potent anti-inflammatory, anti-apoptotic, and pro-vasculogenic 

molecule, therapies that enchance endogenous (eNOS-derived) NO bioavailibility would 

likely address key characteristics associated with DR progression. Notably, corticosteroid 
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treatment has been shown to exert its anti-inflammatory effects, in part, through 

activation of eNOS and subsequent enhancement of NO.  

Nitroglycerin (NTG) as a Potential Anti-inflammatory Therapy 

Nitroglycerin (NTG), an FDA-approved organic nitrate for relieving chest pain 

(angina pectoris) resulting from acute vasoconstriction,30 offers a potentially superior 

PAH and DR therapy because it enhances NO bioavailability through both 

activation/expression of eNOS and mitochondrial aldehyde dehydrogenase-2 (mtALDH-

2)-mediated spontaneous biotransformation.31,32 Since eNOS impairment is a key 

determinant of PAH and DR pathogenesis, eNOS activation by NTG will thus likely 

“regenerate” the failing pulmonary arterial endothelium, thereby reducing long-term 

dependence on drug intake. At the same time, NTG is expected to undergo spontaneous 

mtALDH-2 dependent metabolic conversion to rapidly release NO to initiate PAH/DR 

therapy. Importantly, previous studies have demonstrated iNO’s anti-inflammatory 

properties.33 In this context, coupled with studies that have shown NTG to mimic the 

anti-thrombotic effects and vasodilatory effects of endogenous NO,34 it is reasonable to 

hypothesize the NTG will also mimic the anti-inflammatory and pro-vasculogenic 

properties of NO. Another advantage of using NTG is that it is already FDA-approved for 

NO-dependent vasodilation.  

However, despite its potential anti-inflammatory properties, NTG presents a 

conundrum as long-term clinical use of current NTG formulations (e.g. transdermal 

patches, tablets) results in excessive mitochondrial superoxide generation that leads to a 

loss of NTG sensitivity (tolerance) and endothelial dysfunction (cross-tolerance),31,35,36 
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thereby limiting its therapeutic efficacy. Thus, new NTG formulations are required to 

fully leverage the anti-inflammatory potential of NTG. 

Advantages of Nanotherapeutics 

The application of nanotechnological principles in medicine (nanomedicine) has 

led to the development of nanomaterials (i.e. liposomal and polymeric) that can greatly 

improve drug delivery and therapeutic efficacy by simultaneously increasing drug half-

life, reducing toxic off-target side-effects, and controlling drug release kinetics.37 Such 

therapeutic nanomaterials have mostly been used in the field of cancer drug delivery 

where leaky tumor vessels permit passive targeting of nanoparticles to tumor tissue 

through the enhanced permeability and retention (EPR) effect38. The ability of such 

nanomaterials to treat diverse diseases will, however, depend on their ability to 

selectively target the tissue of interest.37 Development of such site-targeting 

nanomaterials will likely create new therapeutic opportunities for the management of 

intractable diseases where systemic therapies often are limited by a high risk/benefit 

ratio. 

Further, the development of site-targeting nanotherapeutics can further improve 

the efficacy of encapsulated drugs by simultaneously increasing drug half-life, localizing 

drug delivery to sites of inflammation, and reducing undesirable off-target effects. As 

others have previously shown,39,40 such site-targeting can be accomplished by tethering 

unique site-targeting moieties (peptides, aptamers, antibodies, and antibody 

fragments)37,39 on the nanoparticle surface that can guide the nanotherapeutic selectively 
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to sites of vascular inflammation and facilitate local drug delivery and therapeutic 

effect.41,42 

Proposed Nanotherapeutic Approach 

	 To address the limitations associated with high clinical doses of NTG, the field of 

nanomedicine will be leveraged to develop and evaluate a novel ICAM-1-targeting 

nanotherapeutic platform. Notably, once injected into the blood stream, this 

nanotherapeutic will efficiently and selectively deliver NTG to inflamed vessels to 

achieve local anti-inflammatory and pro-vasculogenic effects without causing adverse 

off-target effects. Thus, taken together, the proposed therapy implicates nanoparticles as 

an effective NTG delivery system that has the potential to address the major issue of 

tolerance associated with current NTG therapy.   
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Chapter 2:  

Nanoliposomal Nitroglycerin Exhibits  
Potent Anti-inflammatory Effects 

 
 
 
 
 
 
 

Preface 

Nitroglycerin (NTG) markedly enhances nitric oxide (NO) bioavailability. 

However, its ability to mimic the anti-inflammatory properties of NO remains unknown. 

This Chapter examines whether NTG can suppress vascular inflammation and whether its 

nanoliposomal formulation (NTG) can simultaneously amplify its anti-inflammatory 

effects and ameliorate adverse effects associated with high-dose NTG administration.  

This Chapter has been reproduced from *Ardekani S. et al. Scientific Reports. 

2015, 5, 16258. with permission from Nature Publishing Company. 

 

*Adapted from manuscript:     Figures 2.1-2.11 and Tables: 2.1-2.2 
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Introduction 

Loss of endothelium-derived nitric oxide (NO), which prevents  

leukocyte-endothelial cell (EC) adhesion, is strongly implicated in chronic inflammation 

associated with debilitating cardiovascular conditions such as pulmonary arterial 

hypertension (PAH),43 atherosclerosis,44 and diabetes.45 Administration of 

nitrates/nitrites, which rapidly produce NO, is thus being explored as anti-inflammatory 

therapy.46,47 Since organic nitrates exert superior NO-dependent vasodilatory effects 

when compared with inorganic nitrates/nitrites,48 they likely also exhibit more potent 

anti-inflammatory effects.  

Of the clinically used organic nitrates, nitroglycerin (NTG) holds particular 

promise as an anti-inflammatory drug because, in addition to spontaneously producing 

NO via mitochondrial aldehyde dehydrogenase (ALDH-2),49 it also activates endothelial 

NO synthase (eNOS),32,50 the key NO-producing enzyme in ECs that is impaired in 

inflammatory cardiovascular conditions45. However, despite its potential anti-

inflammatory properties, NTG presents a conundrum as long-term clinical use of current 

NTG formulations (e.g. transdermal patches, tablets) results in excessive mitochondrial 

superoxide generation that leads to a loss of NTG sensitivity (tolerance) and endothelial 

dysfunction (cross-tolerance),31,35,36 thereby limiting its therapeutic efficacy. Thus, new 

NTG formulations are required to fully leverage the anti-inflammatory potential of NTG. 

The field of nanomedicine has enabled the development of nanomaterials 

(liposomes and polymeric nanoparticles) that can greatly improve drug delivery and 

therapeutic efficacy by simultaneously increasing drug half-life, lowering effective drug 
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dose (IC50), and reducing toxic side-effects.37,51 For instance, our previous work has 

shown that encapsulation of genistein within polymeric nanoparticles improves its  

anti-inflammatory effect by over two orders of magnitude.39 Thus, such a nanotherapeutic 

approach has the ability to amplify the potential anti-inflammatory effects of NTG as 

well as ameliorate the adverse effects associated with contemporary high-dose NTG 

administration. 

Here, it was first demonstrated that NTG-derived NO effectively suppresses 

endothelial activation during inflammation. Further, development of a new 

nanoencapsulation approach for effective NTG delivery exhibited potent  

anti-inflammatory effects at a dose 70-fold lower than that of free NTG while preventing 

excessive mitochondrial superoxide production associated with high NTG doses. 

 

Materials and Methods 

Cell Culture.  Human microvascular endothelial cells (HMEC-1) were purchased from 

the Center for Disease Control (CDC)52 and cultured on gelatin-coated tissue  

culture-treated dishes in growth medium composed of MCDB-131 basal medium (VWR 

International, USA) supplemented with 10% FBS (Fisherbrand, USA), 2 mM  

L-Glutamine (Invitrogen, USA), 1x antimycotic/antibiotic mixture (Life Technologies, 

USA), 10 ng/ml huEGF (Millipore, USA) and 1 µg/ml Hydrocortisone (Sigma Aldrich, 

USA). Human U937 monocytic cells were purchased from ATCC (Manassas, VA, USA) 

and cultured in suspension in growth medium composed of RPMI 1640 (Fisherbrand, 

USA) supplemented with 2 mM L-Glutamine (Invitrogen), 10 mM HEPES (Fisherbrand, 
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USA), 10% FBS (Fisherbrand), antimycotic/antibiotic mixture (Life Technologies, USA), 

1 mM sodium pyruvate (Life Technologies, USA) and 4.5 mg/ml glucose (Sigma 

Aldrich, USA).  

 

Nanoparticle (NP) Formulation. To synthesize NTG-loaded polymeric nanoparticles 

(NP), block co-polymer PLGA (17 kDa)-PEG-COOH (3.4 kDa) (75:25), Advanced 

Polymer Materials Inc., QC, Canada) was dissolved in DMSO (Sigma Aldrich, USA) at a 

final concentration of 1 mg/ml39, followed by addition of NTG at 10% w/w. NPs were 

obtained by dialysis using Spectra/Pore 6 dialysis membrane (1 kDa MWCO; VWR, 

USA) where the NTG-polymer solution was dialyzed against distilled water (5 L) at 

room temperature, which also removed excess NTG. To synthesize NTG-loaded 

nanoliposomes (NTG-NL), four lipid molecules viz. 1,2-di-(3,7,11,15-

tetramethylhexadecanoyl)-sn-glycero-3-phosphocholine (DPhPC; Avanti Lipids, USA), 

1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phosphocholine (POPC; Avanti 

Lipids, USA), Cholesterol (Sigma Aldrich, USA), and 1,2-dihexadecanoyl-sn-glycero-3-

phosphoethanolamine-triethylammonium salt (Texas Red-DHPE; Invitrogen, USA) were 

dissolved in chloroform at a molar ratio of 6:2:2:0.2, respectively, and purged with 

Nitrogen (N2) to evaporate the chloroform. The resulting lipid cake was placed under 

vacuum for at least two hours prior to rehydration in aqueous NTG (5, 10 and 25% w/w 

of total lipid; Cerilliant, USA) or Fluorescein (1 mM; Sigma Aldrich, USA) solution to 

obtain a final 1 mg/ml drug- or dye-loaded liposome suspension. To obtain NTG-NLs, 

these liposome suspensions underwent five freeze-thaw cycles in liquid N2 followed by 
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eight extrusion cycles through a 100 nm polycarbonate membrane filter (Avanti Lipids, 

USA). Unincorporated NTG or fluorescein was discarded by spinning down NTG-NLs 

for two hours at 60,000 relative centrifugal force (rcf) using a refrigerated ultracentrifuge 

(Beckman Coulter, USA) and decanting the supernatant. The final NTG-NL pellet was 

suspended at 1 mg/ml in water and stored at 4oC until use. 

 

NTG Incorporation Efficiency. To determine NTG incorporation efficiency within 

polymeric NPs and NTG-NLs, pellets of polymeric NP (1 mg) or NTG-NL (200 µg) were 

dissolved in 100% methanol and analyzed using electron spray ionization-mass 

spectroscopy (ESI-MS; Agilent Technologies). NTG (MW 227.1 Da) was ionized by 

trifluoroacetic acid (MW: 112.9 Da) and the signature NTG mass/charge spectrum peak 

was detected at 339.9 mass/charge (m/z; charge z=1 coulomb). Area under the NTG peak 

was measured for both the initial and incorporated NTG and their ratio was calculated to 

determine % NTG incorporation efficiency. 

 

Nanoliposome Size and Morphology Characterization: Blank NL and NTG-NL 

suspensions were prepared at 0.5 mg/ml in distilled water and size distribution was 

measured by dynamic light scattering (DLS) using a Delsa Nano C Particle Analyzer 

(Beckman Coulter, USA). Microsoft Excel and Origin Pro software were used to acquire 

and analyze the data. NL morphology was analyzed using scanning electron microscopy 

(SEM; FEI NNS450) operated in high vacuum mode. For SEM samples, NLs were fixed 

in 2.5% glutaraldehyde (Electron Microscopy Sciences, USA) for 2 hr at 4oC. After 
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fixation, 10 µL of NLs were added to Poly-L-Lysine (Sigma-Aldrich, USA)-coated 12 

mm glass coverslips, allowed to settle for 5 minutes, and subjected to critical-point 

drying in liquid CO2 (Critical-point-dryer Balzers CPD0202). Samples were then sputter-

coated with chromium for 30 sec and analyzed using the SEM instrument described 

above. 

 

Nanoliposome (NL) Uptake. To determine the percent (%) of NL uptake by ECs, Texas 

Red®-labeled NLs were diluted in EC culture medium at 5 µg/ml and added to ECs for  

5, 15, 30 or 60 min at 37oC. To quantify the extent of NL uptake at different doses, Texas 

Red®-labeled NLs at 5, 10, 50 or 100 µg/ml were added to EC monolayer for 30 min at 

37oC. After treatment, non-internalized NLs were removed by rinsing ECs twice with 

PBS, following by culturing ECs in phenol-red free MEM media (Life Technologies, 

USA) supplemented with 2 mM L-Glutamine and 10% FBS and measurement of 

fluorescence intensity by Wallac 1420 Victor2 fluorescent microplate plate reader (Perkin 

Elmer, USA). To determine % NL uptake, fluorescence intensity of NL-treated ECs was 

normalized with respect to the intensity obtained from unrinsed samples. Further, to 

determine whether NTG-NLs were successfully endocytosed, ECs treated with 

fluorescein-incorporated NLs were stained with LysoTracker® Deep Red (Invitrogen, 

USA) to label acidic organelles (lysosomes and endosomes). 

 

Monocyte-EC Adhesion Assay. To examine the effects of NTG on monocyte-EC 

adhesion, confluent EC monolayers were either serum-starved (MCDB-131, 2.5% FBS, 
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and 1X antibiotic/antimycotic supplement) overnight and treated with 10 ng/ml TNF-α 

(eBiosciences, USA) for 4 hr or treated with 5 mM L-NIO (N5 - (1- iminoethyl)- L- 

ornithine; selective eNOS inhibitor; Cayman Chemical, MI, USA) ± varying doses of  

NTG (0, 0.07, 0.2, 1 or 5 µM; Cambridge Isotope, MA) overnight in regular medium, 

followed by addition of fluorescently-labeled U937 monocytic cells at a density of 

130,000 cells/cm2. To confirm that NTG-NLs can be readily uptaken by ECs and 

processed to release NO, some EC cultures were also treated with L-NIO ± NTG-NL for 

4 hr prior to addition of fluorescently-labeled U937 cells. After 30 min of U937 cell -EC 

interaction at 37oC, the EC monolayers were gently rinsed twice with PBS (to remove 

unbound U937s) prior to fixation in 1% paraformaldehyde (PFA; Electron Microscopy 

Sciences, USA). Fluorescent images (10 per condition) of labeled U937 cells were then 

acquired using a Nikon Eclipse Ti microscope (Nikon, Japan) fitted with a Nikon Digital 

Sight DS-Qi1Mc camera and the number of adherent U937s was counted using ImageJ 

software (NIH). For experiments involving NLs, ECs were incubated with 5 µg/ml of 

blank or 10% (w/w) NTG-loaded nanoparticles (NTG-NL) for 30 minutes at 37oC, rinsed 

with PBS to remove excess NLs, and cultured overnight prior to addition of 

fluorescently-labeled U937 cells (as described above). 

  

Determination of NTG-NL’s therapeutic efficacy: The therapeutic efficacy of  

NTG-NL was determined by taking the ratio of the net free NTG dose required to exert 

significant anti-inflammatory effect with the net NTG dose needed to exert the same 

effect when delivered within NL. Significant anti-inflammatory effect was achieved at a 
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free NTG dose of 5 µM (1.136 µg/ml), which results in a net NTG dose of 0.284 µg per 

250 µL of EC culture medium. In comparison, considering a 10% (w/w) initial NTG 

loading, 36.4% NTG incorporation efficiency within NLs, and a 9% intracellular uptake 

(greatest % uptake compared with other doses; Table 2.1), NTG-NLs exhibit similar anti-

inflammatory effect at a dose of 5 µg/ml (0.182 µg/ml of NTG), which results in a net 

intracellular NTG dose of 0.004 µg per 250 µL of EC culture medium. The ratio of net 

free NTG dose (0.284 µg) to net NTG dose delivered via NLs (0.004 µg) was used to 

determine the fold-increase in NTG efficacy achieved with NTG-NLs. 

 

Measurement of endothelial cell (EC)-derived NO. Two independent methods were 

used to measure the amount of NO produced by ECs. In the first method, ECs were 

treated overnight with L-NIO (5 mM) ± NTG (5 µM) or NTG-NL (10 µg/ml), followed 

by incubation with a NO-sensitive fluorescent dye DAF-FM diacetate (2 µM; Life 

Technologies, USA) for 20 minutes at 370C. Following dye loading, ECs were again 

treated with L-NIO and NTG during a recovery phase for an additional 1 hr in regular 

growth medium. EC culture media was then rinsed once with Krebs-Henseleit Buffer 

(KHB) containing 125 mM NaCl, 4.74 mM KCl, 2.5 mM CaCl2, 1.2 mM KH2PO4 1.2 

mM MgSO4, 5 mM NaHCO3 and 10 mM Glucose (Sigma Aldrich, USA), replaced with 

fresh KHB and immediately subjected to live cell fluorescence imaging using Nikon 

Eclipse Ti microscope. At least 30 cells per condition were analyzed for total cell 

fluorescence using ImageJ software (NIH). For the second method, a Nitric Oxide 

Analyzer (NOA; Sievers, USA) was used to measure EC-secreted NO in culture medium. 
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For this measurement, confluent ECs were treated overnight with either  

L-NIO (5 mM) ± NTG (5 µM) or NTG alone, followed by sequential 1 hr incubations 

with KHB without and with L-NIO ± NTG at 37oC. KHB conditioned  

medium (4 replicates per condition) was then collected and analyzed using NOA.  

 

Phosphorylated eNOS Western Blot. ECs were allowed to reach confluence, and 

treated overnight with 1 mM L-NIO and 5 µM NTG. These cells were then lysed with 

RIPA buffer containing protease and phosphatase inhibitors and protein supernatant was 

obtained by centrifugation at 4°C for 20 minutes. The protein samples were ran in 7.5% 

SDS-polyacrylamide gel with GAPDH as the loading control. Phosphorylated eNOS was 

stained using primary mouse anti-phospho-eNOS Ser1179 antibody (BD Biosciences) 

and FITC-conjugated DyLight anti-mouse IgG secondary antibody (Vector Labs). Protein 

bands were imaged using Biospectrum AC Imaging System (ultraviolet Products) and 

densitometric analysis was performed using ImageJ software (NIH).  

 

ICAM-1 Clustering. ECs were grown to confluence on glass coverslips under normal 

growth conditions and treated with L-NIO (5 mM) ± [NTG (5 µM) or NTG-NL  

(5 µg/ml)] for 24 hr. Next, a monocyte adhesion assay was performed (as described 

earlier) and the U937 cell-EC cocultures were fixed, permeabilized with 0.1% Triton X-

100, blocked with 2% bovine serum albumin (BSA; Millipore, USA), and sequentially 

incubated with primary anti-ICAM-1 mouse antibody (Santa Cruz Biotechnology, USA) 

and secondary FITC-conjugated DyLight 488 anti-mouse IgG (Vector Labs, USA). To 
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visualize actin microfilaments, U937 cell -EC cocultures were incubated with Alexa 

Fluor 594-Phalloidin (BD Biosciences, USA). Coverslips were mounted onto glass slides 

and fluorescence images (15 per condition) were taken using a Nikon Eclipse Ti 

microscope fitted with a Nikon Digital Sight DS-Qi1Mc camera. ICAM-1 clustering 

index was determined by measuring ICAM-1 fluorescence intensity (from n ≥ 20 U937 

cells) at the U937-EC adhesion site and normalizing it to the average ‘background’ 

intensity measured from three neighboring EC cytoplasmic sites. 

 

ICAM-1 Expression by Flow cytometry. ECs were grown to confluence under normal 

growth conditions and treated with L-NIO (5 mM) ± NTG (5 µM) overnight. ECs were 

then detached and sequentially labeled with primary anti-ICAM-1 antibody (Santa Cruz 

Biotechnology, USA) for 20 min, followed by FITC-conjugated DyLight 488 anti-mouse 

IgG (Vector labs. USA). Next, ECs were fixed with 1% PFA, detected by a Cell Lab 

Quanta SC flow cytometer (Beckman Coulter, CA), and analyzed by FlowJo software 

(Treestar Inc, CA). 

 

Detection of Endothelial Mitochondrial Superoxide Production. ECs were plated at 

sub-confluence on gelatin-coated MatTek dishes under normal culture conditions and 

subjected to overnight treatment with either L-NIO (3 mM) ± [NTG (5, 25, or 100 µM) or 

NTG-NL (5, 50 or 100 µg/ml)]. To detect mitochondrial superoxide, ECs were labeled 

with MitoSOX™ (Life Technologies, USA), a mitochondrial superoxide-sensitive 

fluorescent dye that is widely used to measure mitochondrial ROS production under 
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various conditions, including NTG treatment 53. ECs were labeled with MitoSOX™ Red 

at a final dose of 5 µM in KHB for 10 min at 37oC, rinsed three times with KHB to 

remove excess dye and placed at 37oC in KHB for an additional 10 min prior to live cell 

imaging. Fluorescence images (six per condition) were acquired using Nikon Eclipse Ti 

microscope and total cell fluorescence intensity from at least 20 cells was analyzed using 

ImageJ software. 

 

Pulmonary Artery Ring Preparation and Isometric Tension Measurements. All 

animal procedures were in accordance with the Animal Welfare Act, the Guiding 

Principles in the Care and Use of Animals approved by the Council of the American 

Physiological Society, the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals, and Loma Linda University Institutional Animal Care and Use 

Committee (IACUC). Pregnant ewes were anesthetized with ketamine (10 mg/kg, IV) 

and midazolam (5 mg/kg, IV) and anesthesia maintained with inhalation of 1-3% 

isoflurane in O2 throughout surgery as required. Ewes and Fetuses were euthanized with 

an overdose of Euthasol (pentobarbital sodium, 100 mg/kg) and phenytoin  

sodium (10 mg/kg; Virbac, Ft. Worth, TX). 

To assess arterial vasorelaxation in response to NTG treatment, pulmonary 

arteries (4th-5th order) were harvested from newborn fetal sheep (gestational period 

between 138-141 days) obtained from Loma Linda University Animal Care Facility, 

dissected free of parenchyma and cut into 5 mm long rings (at least 8 per condition) in 

ice-cold HEPES buffer (Sigma Aldrich, USA). Rings were then preincubated in L-NIO (1 
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mM) ± [NTG (5 or 100 µM) or NTG-NL (5 or 100 µg/ml)] for 4 hr at 370C; free NTG at 

100 µM has previously been reported to induce NTG tolerance of isolated arterial rings 

within 4 hr31. Following treatment, rings were mounted onto tungsten wires under 0.5 g 

of resting tension in organ baths containing KHB, gassed with 95% O2 - 5% CO2, and 

maintained at 370C. Arterial rings were rinsed once with KHB, allowed to equilibrate for 

at least 30 minutes, and retensioned prior to addition of 125 mM KCl (Sigma Aldrich, 

USA) to ensure rings were still functional. Rings were rinsed three times to remove KCl, 

allowed to relax, and preconstricted with 10 µM Serotonin (Tocris Bioscience, USA) to 

achieve 100% contraction. Rings were then exposed to increasing concentrations of free 

NTG (1 nM to 100 µM) and subsequent recordings of concentration-response curves 

were acquired using a force displacement transducer (AD Instruments, New Zealand) and 

analyzed using Prism (Graphpad Software Inc). 

 

Statistics. All data were obtained from multiple replicates (as described in the 

appropriate sections) and expressed as mean ± standard error of mean (SEM). Statistical 

significance was determined using analysis of variance (ANOVA; InStat; Graphpad 

Software Inc.) followed by a Tukey multiple comparison post-hoc analysis. Results 

demonstrating significance were represented as *p<0.05, **p<0.01, or ***p<0.001. 
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Results 

NTG Exerts Anti-inflammatory Effects on Activated ECs 

  Since NTG enhances endothelial NO bioavailability through both spontaneous 

biotransformation and eNOS activation,32,49 we asked whether NTG could mimic the 

anti-inflammatory property of NO. To address this question, EC monolayers were treated 

with L-NIO (5 mM), a selective eNOS inhibitor8, or TNF-α (10 ng/ml), which 

downregulates eNOS mRNA,54 to impair endogenous endothelial NO production and 

thereby enhance monocyte-EC adhesion both in vitro and in pathological conditions in 

vivo.43,45 Images of fluorescently-labeled adherent U937 cells and their quantification 

revealed that addition of NTG to L-NIO-treated ECs produces a dose-dependent 

inhibition of U937 cell adhesion to ECs (Fig. 2.1A, B), with the inhibition being 

significant (p<0.01) at 5 µM NTG dose where U937 cell adhesion was comparable with 

that on untreated ECs. Notably, NTG exerted a similar dose-dependent anti-inflammatory 

effect on cells activated with TNF-α (Fig. 2.1C).  

 

NTG Enhances Endothelial NO Production 

 The potent and hitherto-unknown anti-inflammatory effect of NTG expectedly 

resulted from an increase in endothelial NO production, as confirmed by two independent 

approaches. Measurement of released (extracellular) NO by nitric oxide analyzer (NOA) 

revealed that addition of NTG to L-NIO-treated ECs prevented the loss of NO by L-NIO 

(Fig. 2.2A). These findings were independently confirmed by measurement of 

intracellular NO using a fluorescent NO-sensitive DAF-FM diacetate dye where 
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quantification of fluorescence intensities revealed that NTG causes a significant (79%; 

p<0.001) recovery of NO (Fig. 2.2B), in part, by recovery of phosphorylated eNOS 

expression levels (Fig. 2.2C).  

 NO is known to suppress leukocyte-EC adhesion by inhibiting the clustering 

and/or expression of endothelial cell adhesion molecules (CAMs).3,55 Our flow cytometry 

measurement revealed that neither inhibition of NO (using L-NIO) nor its enhancement 

(using NTG) altered ICAM-1 expression (Fig. 2.3). However, quantitative analysis of 

fluorescent images of U937 cell-EC co-cultures labeled with anti-ICAM-1 antibody and 

phalloidin (which stains actin cytoskeleton) revealed that NTG prevents the significant 

increase (1.6-fold; p<0.001) in ICAM-1 clustering seen on NO-deficient (L-NIO-treated) 

ECs (Fig. 2.2D).   

 

Synthesis and Physicochemical Characterization of Nanoliposomal NTG (NTG-NL) 

 Currently available NTG formulations that aim to treat severe vasoconstriction 

(angina pectoris) commonly yield a cumulative plasma NTG concentration of ~90 µM 

(20 mg/L).56-58 Such high NTG doses result in excessive mitochondrial superoxide 

production that, in turn, leads to impaired NTG sensitivity (tolerance) and endothelial 

dysfunction.31,35,36 Thus to successfully leverage the important therapeutic implications of 

the anti-inflammatory effects of NTG, we employed the principles of nanotechnology to 

incorporate NTG within nanoparticles (NPs) as they are known to significantly improve 

drug efficacy.37,39 NPs were made either from an amphiphilic block copolymer poly(D,L-

lactide-co-glycolide)-block-poly(ethylene glycol) (PLGA-b-PEG) or from a combination 
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of four lipids (DPhPC, POPC, Cholesterol, and DHPE-Texas Red). The two distinct 

building blocks were chosen because the NTG molecule contains both hydrophilic and 

hydrophobic residues (Fig. 2.4A). Thus, we reasoned that if NTG exhibits predominantly 

hydrophobic characteristics, it would preferentially incorporate within the hydrophobic 

PLGA core of the PLGA-b-PEG nanoparticle; if it exhibits greater hydrophilicity, it 

would incorporate within the hydrophilic core of the lipid nanoparticle (nanoliposomes; 

NL) (Fig. 2.4B).  

Analysis of electrospray ionization-mass spectroscopy (ESI-MS) peaks revealed 

differences in NTG uptake into nanoliposomes (NLs) vs. polymeric NPs. While NLs 

demonstrated a dose-dependent increase in NTG loading (Fig. 2.4C and Table 2.1), 

polymeric NPs failed to incorporate NTG (Fig. 3D). These findings, which represent the 

first attempt to encapsulate NTG within a nanocarrier, identify NLs as the preferred 

vehicle for NTG packaging and delivery. Interestingly, although NTG incorporation 

within NLs understandably increased with increasing loading, the incorporation 

efficiency was highest (~37% of initial NTG added) at an intermediate NTG loading of 

10% (w/w) (Table 2.1). Based on these findings, 10% (w/w) NTG-NL was chosen as the 

preferred nanoformulation for subsequent cell functional studies.  

 The size distribution profile of NLs, obtained using dynamic light scattering 

(DLS), revealed an average diameter of 157 ± 36 nm and 154 ± 33 nm for blank and 

NTG-NL, respectively (Fig. 2.4E), which was independently confirmed by scanning 

electron microscopy (Fig. 2.4F).  
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Cellular Uptake of Nanoliposomes 

  Following NL synthesis, we examined their uptake by cultured ECs. Fluorescein-

loaded NLs (5 µg/ml) were added to ECs for 5, 15, 30, or 60 min prior to fixation and 

imaging. Quantification of intracellular fluorescence intensity measurements revealed 

that nanoliposomal uptake peaked at approximately 30 min, followed by a plateau 

between 30-60 min (Fig. 2.5A). These internalized NLs expectedly localized within the 

acidic endocytic organelles viz. lysosomes and endosomes that line the perinuclear region 

(Fig. 2.5B). Notably, although the amount of internalized NLs increased at higher NL 

doses, the percent internalization was highest (9%) at 5 µg/ml (Table 2.2). Based on these 

observations of nanoliposomal uptake, all subsequent in vitro cell functional studies were 

performed following 30 min treatment with a 5 µg/ml dose of NL.  

 

NTG-NL Exerts Superior Anti-inflammatory Effects 

 For NTG-NL to be truly effective as an anti-inflammatory therapy, it is essential 

that blank NLs exert no inflammatory effects. To confirm this, we analyzed U937 cell 

adhesion to ECs treated with blank NLs. Quantification of adherent U937 cells revealed 

that U937 cell adhesion to blank NL-treated ECs is comparable to that seen on untreated 

ECs (Fig. 2.6A). Further, treatment of ECs with blank NLs failed to suppress  

L-NIO-induced increase in U937 cell-EC adhesion (Fig. 2.6A). These data clearly 

indicate that blank NLs are totally inert to ECs. 

 Nanoliposomes are known to enhance drug efficacy (i.e. reduce effective drug 

dose) by simultaneously increasing drug half-life and facilitating rapid cellular 
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uptake.37,39,51 Thus, we asked whether the internalized NTG-NLs could improve the  

anti-inflammatory effect of incorporated NTG. Our studies indicate that addition of NTG-

NL at 5 µg/ml to L-NIO-treated ECs produced a significant (52%; p<0.001) prevention of 

U937 cell adhesion to ECs, with the number of adherent U937s returning to the levels 

seen on untreated ECs (Fig. 2.6B). This reduction in U937 cell-EC adhesion by NTG-NL 

was comparable to the anti-inflammatory effect produced by a 5 µM (0.284 µg total) dose 

of free NTG. Determination of the total amount of NTG delivered intracellularly through 

nanoliposomal formulation revealed that NTG-NL produced its potent anti-inflammatory 

effect at an equivalent NTG dose of 0.07 µM (0.004 µg total), which is 70-fold less than 

the effective dose of free NTG (5 µM) (refer to Materials and Methods). In other words, 

NTG-NL was found to be 70-fold more effective than free NTG in suppressing 

endothelial activation. That this remarkable increase in therapeutic efficacy resulted 

primarily from nanoformulation of NTG was confirmed by the observation that an 

equivalent amount (0.07 µM) of free NTG failed to produce a significant anti-

inflammatory effect (Fig. 2.6B). NTG-NLs stored at 4°C and 37°C for 24 hr exerted 

similar anti-inflammatory effects (Fig. 2.7), thereby confirming past findings that 

nanoliposomes act as stable drug carriers.59 Moreover, similar to free NTG, the anti-

inflammatory effects of NTG-NL correlated strongly with its ability to enhance 

endothelial NO production (Fig. 2.8A, B) and suppress ICAM-1 clustering (Fig. 2.8C).  
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NTG-NL Prevents Endothelial Superoxide Formation Associated with High NTG 

Dose 

 High plasma concentrations of NTG that result from the use of conventional NTG  

formulations (e.g. transdermal patches and tablets) are known to cause significant 

increase in mitochondrial superoxide formation that, in turn, leads to impaired NTG 

bioconversion to NO (tolerance) and endothelial dysfunction.31,35,36 Consistent with these 

observations, treatment of ECs with a 100 µM dose of free NTG, which is comparable to 

the high doses used in NTG therapies, caused a 2-fold (p<0.001) increase in 

mitochondrial superoxide formation (Fig. 2.9A, B), as determined by quantitative 

analysis of cells labeled with MitoSOX™, a fluorescent mitochondrial superoxide-

sensitive dye that is widely used to measure mitochondrial reactive oxygen specie (ROS) 

production in response to high-dose NTG treatment.53 Notably, as shown in Fig. 2.10, 

this difference in MitoSOX™ fluorescence intensity is a true reflection of the differences 

in mitochondrial superoxide production and not an artifact resulting from varying cell 

density or spreading.  

Since NTG-NL exhibited potent anti-inflammatory effects at a dose 70-fold lower 

than that of free NTG, we next asked whether a similar 20-fold increase in NTG-NL dose 

would ameliorate the adverse effects associated with high-dose NTG therapies. Indeed, 

we found that NTG-NL did not elicit any increase in mitochondrial superoxide 

production when used at the 20-fold higher dose of 100 µg/ml (Fig. 2.9A, B).  

Consistent with the view that excessive mitochondrial superoxide production at 

high NTG doses inhibits ALDH-2 activity and, thus, NTG bioconversion to NO, we 
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observed a drastic loss (~2-fold decrease; p<0.001) in the anti-inflammatory effects of 

free NTG at 100 µM (Fig. 2.9C). In contrast, NTG-NL retained its potent 

immunosuppressive effects (84% inhibition; p<0.001) when used at a 20-fold higher dose 

of 100 µg/ml (Fig. 2.9D). We further confirmed NTG-NL’s ability to prevent loss of 

NTG sensitivity at high doses using an ex vivo arterial vasorelaxation assay. This assay, 

which is widely used to evaluate NTG tolerance,35,60 demonstrated that while arteries 

pretreated with 100 µM free NTG exhibited a significant loss of NTG sensitivity (IC50 

increasing from 0.2 to 15 µM), those treated with NTG-NL at an equivalent 20-fold 

higher dose maintained their normal vasodilatory responsiveness (Fig. 2.11).  

 

Discussion 

This study demonstrates a proof-of-principle for a new nanoliposomal NTG 

formulation that amplifies the newly-identified anti-inflammatory properties of NTG 

while significantly ameliorating the adverse effects associated with high NTG doses. 

NTG is one of the most commonly used organic nitrates in the clinic where it is intended 

to mimic the vasodilatory effects of endothelium-derived NO.56 When compared with 

inorganic nitrites/nitrates, NTG produces a significantly greater and rapid yield of NO,48 

which explains its superior vasodilatory properties. Since endothelial NO also exhibits 

potent anti-inflammatory effects, here we asked whether NTG can suppress leukocyte-EC 

adhesion.  

Our findings reveal that NTG significantly inhibits U937 cell adhesion to  

NO-deficient ECs. This anti-inflammatory effect of NTG occurred in a dose-dependent 
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manner, with significance achieved at a dose of 5 µM. That a higher NTG dose is 

required to achieve significant anti-inflammatory effect than is required for vasodilation 

(IC50
 = 0.2 µM) may be attributed to the fact that these different therapeutic effects of 

NTG involve different target cell types with potentially distinct NTG sensitivity. For 

instance, NTG exerts its anti-inflammatory effect on luminal ECs that undergo activation 

to promote monocyte adhesion1 while its vasodilatory effects are targeted towards 

abluminal smooth muscle cells that exhibit excessive vasoconstriction.43 Thus, it is 

plausible that smooth muscle cells are more sensitive to NTG than ECs, and thereby 

require lower doses to exhibit NTG-dependent vasodilation. It should, however, be noted 

the effective anti-inflammatory NTG dose of 5 µM still lies within the dose range (0.09-

90 µM) that is widely used for current NTG therapies.56-58  

Further, consistent with past findings that suppression of monocyte-EC adhesion 

by NO results from inhibition of endothelial CAM clustering,55 NTG treatment produced 

significant inhibition of ICAM-1 clustering on EC surface. ICAM-1 is a key EC surface 

membrane protein (trafficked via membrane-bound endosomes) that facilitates leukocyte-

EC adhesion by undergoing clustering, which results in the formation of an ICAM-1 

binding pocket for firm leukocyte docking and adhesion.61 Past studies have indicated 

that the ability of NO to inhibit ICAM-1 clustering likely results from suppression of 

Rho/ROCK-dependent actin cytoskeletal reorganization at the site of monocyte-EC 

adhesion.62,63   

Although inorganic nitrites have been shown to exert anti-inflammatory effects,46 

to our knowledge, this is the first report indicating that NTG also exhibits similar 
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properties. Coupled with previous findings that (1) NTG activates eNOS,32,50 the major 

NO-producing enzyme in ECs that is impaired in inflammatory conditions such as PAH43 

and diabetes,45 and (2) NTG mimics the anti-coagulating properties of NO to prevent 

inflammation-associated hypercoagulopathy,64 the current findings provide further 

rationale for investigating the use of NTG for anti-inflammatory therapies.  

NTG undergoes rapid (within 15-30 min) clearance from bloodstream.65 To 

address this issue, current NTG formulations are commonly administered at high doses 

(up to 90 µM).56-58 It is, therefore, likely that similar high NTG doses may be necessary 

to achieve its potent anti-inflammatory effects. However, this approach poses a limitation 

in that such high NTG doses lead to excessive mitochondrial superoxide production, 

which greatly limit NTG’s therapeutic efficacy.31,35 Mitochondrial superoxide, a ROS 

that is formed as a byproduct during NTG bioconversion to NO, inhibits the activity of 

mitochondrial aldehyde dehydrogenase (ALDH-2),31,35 the chief enzyme responsible for 

NTG bioconversion. Thus, excessive amounts of mitochondrial superoxide generated in 

response to high NTG doses significantly impairs ALDH-2 activity and, as a 

consequence, NTG bioconversion and sensitivity.31 Indeed, our studies confirmed that 

raising the dose of free NTG from 5 µM to 100 µM led to a significant increase in 

mitochondrial superoxide production that, in turn, correlated with a significant loss in the 

anti-inflammatory effects of NTG.  

To improve the benefit/risk profile of NTG therapy, we leveraged the principles 

of nanotechnology to develop a new nanoliposomal NTG formulation (NTG-NL) that 

undergoes rapid intracellular uptake via the conventional clathrin-mediated pathway66 
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and demonstrates a remarkable 70-fold increase in drug efficacy. Such a tremendous 

increase in drug efficacy is the hallmark of nanocarrier-mediated drug delivery, which is 

known to enhance drug half-life and promote rapid cellular uptake and bioavailability of 

encapsulated drugs.37,39 Importantly, the significant enhancement in NTG-NL bioactivity 

and resultant lowering of the effective therapeutic dose meant that, unlike free NTG, 

NTG-NL did not elicit an increase in mitochondrial superoxide production even at very 

high (20-fold greater) dose. This observation is supported by findings that, in contrast to 

free NTG, NTG-NL treatment at a high dose did not exhibit any loss of  

anti-inflammatory effect in vitro or loss of vasorelaxation response in isolated pulmonary 

arteries. Taken together, these findings implicate NLs as an effective NTG delivery 

system that has the potential to amplify the newly-identified anti-inflammatory effects 

while addressing the adverse effects associated with high NTG doses.  

 

Conclusions 

The in vitro and ex vivo studies performed here are widely used to examine the 

effects of NTG on the vasculature.31,53 However, to fully establish the translational 

potential of nanoliposomal NTG, the current proof-of-concept studies need to be 

validated in appropriate animal models of vascular inflammation. NTG-NL are expected 

to be biocompatible as the lipids used to synthesize these nanoliposomes are found in cell 

membranes.67 This excellent biocompatibility is an important reason why liposomes are 

widely used as drug carriers in pharmaceutical industry.37,67 Further, the size (~150 nm 

dia.) of NTG-NL is suitable to achieve a long circulation time.37,68 Thus, the  
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proof-of-concept studies described here set the stage for the development of  

site-targeting NTG nanotherapeutics that can further improve the efficacy of 

nanoliposomal NTG by simultaneously increasing drug half-life, localizing drug delivery 

to sites of inflammation, and reducing undesirable off-target effects. As we and others 

have previously shown,39,40 such site-targeting can be accomplished by tethering unique  

site-targeting moieties (peptides, aptamers or antibodies)37,39 on the nanoparticle surface 

that can guide the nanotherapeutic selectively to desired vascular sites and facilitate local 

drug delivery and therapeutic effects. Thus, by simultaneously leveraging the  

newly-identified anti-inflammatory and well-known vasodilatory properties of NTG, 

such smart nanomedicine approaches may provide a superior therapeutic strategy for 

effective management of PAH that is characterized by both chronic pulmonary arterial 

inflammation and vasoconstriction69.  
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Fig. 2.1. NTG Exerts Anti-inflammatory Effects on Activated ECs.  

NTG produces dose-dependent inhibition of U937 monocytic cell adhesion to  

L-NIO-treated (5 mM; overnight) ECs, with significant inhibition observed at 5 µM NTG 

dose and not lower (0.2 µM and 1 µM doses), as shown in (A) the fluorescence images 

and (B) quantified in the bar graph (n = 10 fields of view). **, p<0.01; ns, no 

significance. (C) Similar anti-inflammatory effect of NTG was observed on TNFα-treated 

ECs and (D) ECs treated with high glucose (HG; 15 mM; Diabetic blood glucose 

levels)(n = 10 fields of view). **, p<0.01; ***, p<0.001. Data are expressed as mean ± 

SEM. Scale bar: 200 µm. 
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Fig. 2.2 NTG Enhances Endothelial NO Production.  

(A) Addition of NTG (5 µM) to L-NIO-treated ECs prevents the loss of endothelial NO 

production by L-NIO, as determined by NOA measurement of extracellular NO (n = 4 

replicates per condition). Data normalized with respect to untreated control condition 

(con). **, p<0.01; ***, p<0.001. (B) Fluorescent images of ECs labeled with NO-

sensitive dye (DAF-FM diacetate) and subsequent image analysis (bar graph; n = at least 

30 cells) confirms that NTG-mediated increase in NO results from greater endothelial NO 

synthesis. Scale bar: 25 µm. ***, p<0.001. (C) Representative western blot bands and 

their Densitometric analyses (bar graphs) together reveal that the levels of 

phosphorylated-eNOS is significantly higher (***, p<0.001) after NTG-treatment. Bar 

graphs indicate average ± SEM. Phospho-eNOS levels were normalized with respect to 

the corresponding levels of GAPDH (loading control) Staining of U937 cell-EC co-

cultures with anti-ICAM-1 and phalloidin (to label actin) and subsequent image analysis 

(bar graph; n ≥ 30 cells), as described in Materials and Methods, indicates that the anti-

inflammatory effect of NTG (5 µM) correlates strongly with its ability to prevent  

ICAM-1 clustering induced by NO deficiency (L-NIO treatment). ***, p<0.001.  

Scale bar: 25 µm. Data are expressed as mean ± SEM.  
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Fig. 2.3. ICAM-1 Expression is Not Altered by L-NIO or NTG Treatment.  

ECs were treated overnight with L-NIO (5 mM) ± NTG (5 µM) and surface expression of 

endothelial ICAM-1 was determined by flow cytometry. Quantitative analysis of 

fluorescence vs. size (electronic volume) histogram indicates that neither L-NIO nor 

NTG treatment alters ICAM-1 expression in ECs.  
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Fig. 2.4. Synthesis and Physicochemical Characterization of Nanoliposomal 

NTG (NTG-NL).  

(A) Schematic of NTG molecule depicting the hydrophobic (-CH2-CH2-) and hydrophilic 

(ONOO-) groups. (B) For incorporation within nanoliposomes (NLs), NTG was mixed 

with four lipids viz. DPhPC, POPC, Cholesterol, and DHPE-Texas Red, which  

self-assemble to form nanoliposomes in an aqueous solution. For incorporation within 

polymeric NPs, NTG was mixed with an amphiphilic PLGA-b-PEG block copolymer that 

spontaneously self-assembles in aqueous solution to form NPs with a hydrophobic PLGA 

core and hydrophilic PEG surface. ESI-Mass Spec. measurements reveal that at 10% w/w 

initial NTG loading, (C) NLs exhibit successful incorporation (~37% incorporation 

efficiency), while (D) polymeric NPs failed to incorporate NTG.  

(E) Dynamic Light Scattering (DLS) analysis reveals that both blank and NTG-loaded 

NLs exhibit similar diameter (~155 nm). (F) Size distribution of NL was independently 

confirmed using scanning electron microscope (SEM). Scale bar: 200 nm. Data are 

expressed as mean ± Std Dev. 
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Fig. 2.5. Cellular Uptake of Nanoliposomes.  

(A) Spectrophotometer measurements of internalized fluorescently-labeled 

nanoliposomes (NL) reveal time-dependent uptake of NLs by cultured ECs (n = 5 

replicates per condition). ***, p<0.001; ns, no significance.  (B) Fluorescent images of 

internalized NLs indicate strong colocalization with LysoTracker Red™-labeled endocytic 

vesicles (lysosomes and endosomes). Scale bar: 10 µm. Data are expressed as mean ± 

SEM. 
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Fig. 2.6. NTG-NL Exerts Superior Anti-inflammatory Effects.  

(A) Blank NLs are inert to ECs as cells treated with blank NLs exhibit neither an increase 

in U937 cell adhesion (with respect to control) nor a decrease in LNIO-induced U937 cell 

adhesion (n = 10 fields of view). **, p<0.01; ns, no significance. (B) Addition of 5 µg/ml 

NTG-NL (≡ 0.07 µM NTG) to L-NIO-treated ECs significantly inhibits U937 cell-EC 

adhesion, which is comparable to the inhibition produced by a 70-fold greater dose of 

free NTG (5 µM). Free NTG dose of 0.07 µM does not produce a significant  

anti-inflammatory effect. (n = 10 fields of view). ***, p<0.001; ns, no significance. Data 

are expressed as mean ± SEM. 
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Fig. 2.7. Anti-inflammatory Effects of Freshly-prepared and Stored NTG-

NL.  

EC monolayers were treated with L-NIO ± NTG-NL (100 µg/ml) that were either (A) 

freshly synthesized or (B) stored at 4°C or 37°C for 24 hr prior to use. Quantification of 

adherent U937 cells (per mm2) on EC monolayers (n = 10 fields of view) reveals 

significant inhibition in U937 cell-EC adhesion following treatment with NTG-NLs that 

were stored for 24 hr, indicating stable retention of NTG within the lipid core of 

nanoliposomes. ***, p<0.001; ns, no significance. 
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Fig. 2.8. NTG-NL Enhances Endothelial NO Production.  

(A) Immunofluorescent staining of ECs labeled with NO-sensitive dye (DAF-FM 

diacetate) and (B) subsequent image analysis (bar graph; n = at least 30 cells) confirms 

that, like free NTG, NTG-NL enhances NO production in L-NIO-treated cells.  

Scale bar: 25 µm. **, p<0.01; ***, p<0.001; ns, no significance. (C) Immunofluorescent 

staining of U937 cell-EC co-cultures for ICAM-1 and subsequent fluorescent intensity 

measurement (bar graph; n = at least 20 cells) reveals that, like free NTG (5 µM), NTG-

NL (5 µg/ml) suppresses ICAM-1 clustering induced by NO deficiency (L-NIO 

treatment). **, p<0.01; ***, p<0.001; ns, no significance. Data are expressed as mean ± 

SEM. 
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Fig. 2.9. NTG-NL Prevents Endothelial Superoxide Formation Associated 

with High NTG Dose.  

(A) Representative fluorescent images of MitoSOX™-labeled ECs and (B) subsequent 

quantification (bar graph; n ≥ 30 cells) indicate that addition of 20-fold higher  

dose (100 µM) of free NTG to L-NIO-treated ECs significantly increases mitochondrial 

superoxide formation while similar increase in NTG-NL dose (0.07 µM to 1.4 µM) 

produces no effect. Scale bar: 100 µm. ***, p<0.001; ns, no significance. (C) The high 

dose (100 µM) of free NTG fails to suppress U937 monocytic cell adhesion to L-NIO-

treated ECs (n = 10 fields of view). ***, p<0.001; ns, no significance. (D) Unlike free 

NTG, NTG-NL continues to exert potent anti-inflammatory effects on L-NIO-treated 

ECs even at a 20-fold higher dose (n = 10 fields of view) with all NTG-NL doses 

demonstrating similar inhibition of U937 adhesion. Therapeutic dose is indicated in bold.  

***, p<0.001; ns, no significance. Data are expressed as mean ± SEM. 
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Fig. 2.10. EC Density And Spreading Are Similar Across Various 

Treatment Conditions.  

Phase images of ECs treated without or with L-NIO ± NTG or NTG-NL show that cell 

spreading is similar across all treatment conditions. Therefore, the difference in 

MitoSox® fluorescence intensity seen in Figure 2.9A reflects the actual difference in 

mitochondrial superoxide production. The effective therapeutic NTG dose is indicated in 

bold. Scale bar = 100 µm. 

 

100 µM 5 µM Con 0 

0.07 µM*  
(≡	5 µg/ml) 

1.4 µM  
(≡	100 µg/ml) 

NTG-NL 

Free NTG 



49 
 
 

 

 

-10 -8 -6 -4 -2

0

25

50

75

100

NTG [Log M]

%
 R

el
ax

at
io

n
A 

Con 

Free NTG 5 µM 

Free NTG 100 µM 

-10 -8 -6 -4 -2

0

25

50

75

100

NTG [Log M]

%
 R

el
ax

at
io

n

B 
Con 

NTG-NL 0.07 µM*   
(≡	 5 µg/ml) 

NTG-NL 1.4 µM  
(≡	100 µg/ml) 

-Log IC50  (Mean IC50, µM) Maximal Relaxation (%) 

Con 6.73 ± 0.14     (0.19) 63 ± 3 

Free NTG 5 µM 6.60 ± 0.18     (0.25) 69 ± 4* 

Free NTG 100 µM 4.81 ± 0.24*** (15.5) 66 ± 9 

NTG-NL 0.07 µM 
(5 µg/ml) 7.21 ± 0.15     (0.07) 83 ± 3 

NTG-NL 1.4 µM 
(100 µg/ml) 6.98 ± 0.15     (0.10) 78 ± 4 

C 

0 

50 

100 

L-NIO - + + + + + 

*** *** *** *** 

# 
U

93
7 

 

100 µM 5 µM 1.4 µM 
(100 µg/ml)  

0.07* µM 
(≡ 5 µg/ml) NTG  - - 

NTG-NL   Free NTG 

D 

ns 



50 
 
 

Fig. 2.11. Effects of Free NTG and NTG-NL Treatment on IC50 and 

Maximal Vasorelaxation of Isolated Pulmonary Sheep Arteries.  

 (A) Pulmonary arterial rings pretreated with 100 µM free NTG exhibit impaired 

responsiveness to acute NTG treatment, as indicated by a significant rightward shift in 

NTG dose-relaxation curve (n ≥ eight arterial rings). (B) In contrast, arterial rings 

pretreated with a similar 20-fold higher NTG-NL dose exhibit normal relaxation response 

to acute NTG treatment. (C) Pulmonary sheep arteries pretreated with the effective 

(anti-inflammatory) free NTG dose of 5 µM exhibit normal NTG dose-relaxation profile 

similar to untreated controls. In contrast, arteries pretreated with a 20-fold higher free 

NTG dose (100 µM) demonstrate a significant increase in mean IC50 values. 

Remarkably, pretreatment with NTG-NL at both 5 and 100 µg/ml doses exhibit no 

evidence of NTG tolerance. IC50 are concentrations that produced 50% relaxation in 

response to NTG stimulation. The maximal relaxation response was, however, similar in 

the control and both free NTG-treated arteries while the NTG-NL-treated arteries 

exhibited marginally improved maximal relaxation response. The precise reason for this 

improvement in maximal relaxation by NTG-NL remains unclear. (D) Demonstration of 

intracellular NTG-NL uptake and bioavailability following 4h treatment. EC monolayers 

were treated with L-NIO ± NTG or NTG-NL for 4 hr prior to addition of fluorescently-

labeled U937 monocytic cells. Quantification of adherent U937 cells (per mm2) on EC 

monolayers (n = 10 fields of view) show that both NTG at 5 µM and NTG-NL at 5 µg/ml 

produce significant inhibition of U937 cell-EC adhesion within 4 hr of treatment. Further, 

while free NTG loses its therapeutic effect at a 20-fold higher dose of 100 µM, NTG-NL 
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retains its immunosuppressive effects at a similar 20-fold greater dose (100 µg/mL). 

Thus, the anti-inflammatory effects of free NTG and NTG-NL observed after 4 hr of 

treatment are consistent with those seen following overnight treatment. **, p<0.01; ***, 

p<0.001; ns, no significance. Therapeutic dose is highlighted in bold. Data are expressed 

as mean ± SEM. 
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Tables 

 

Table 2.1. ESI-MS Analysis of NTG Incorporation Efficiency within NLs.  

NTG incorporation within NLs increased with increasing loading (5, 10, and 25% wt. 

NTG/wt. NLs), although the maximum incorporation efficiency was observed at the 

intermediate NTG loading of 10% w/w (~37% incorporation efficiency). This trend is 

consistent with drug loading within nanoparticles, as previously reported.  

  

Initial NTG 
Loading 
(% w/w) 

Incorporated NTG  
(Peak Area)  

NTG Incorporation  
Efficiency (%) 

5 3039 15.6 

10 14307 36.4 

25 28653 23.4 
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 Table 2.2. NL Uptake by Cultured ECs.  

When added to cultured ECs, fluorescently-labeled nanoliposomes undergo dose-

dependent uptake by ECs, with the net internalized amount increasing with increasing NL 

dose. However, this dose-dependent increase in net NL uptake is inversely proportional 

to percent uptake by ECs, which is the highest at 5 µg/ml dose and decreases 

progressively with increasing NL dose.  

  

NL Conc. 
(µg/ml) 

NL Uptake 
Net Fluor. Int. (A.U) 

% NL 
Uptake 

5 72 9.0 

10 163 5.1 

50 579 2.0 

100 1580 0.8 
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Chapter 3:  

Nanoliposomal Nitroglycerin Prevents  
Endothelial Cell Capillary Regression 

 

 

 

Preface 

Nitric Oxide (NO) is known to exert both anti-inflammatory and pro-vasculogenic 

effects. In Chapter 2, I demonstrated that NTG exerts anti-inflammatory effects through 

enhancement of NO production. In this Chapter, I investigated whether NTG also 

exhibited pro-vasculogenic properties via NO production. Specifically, I examined 

whether: (i) NTG could also mimic the pro-vasculogenic effects of NO to prevent EC 

capillary regression; and (ii) leveraging the previously developed NTG nanoformulation 

(NTG-NL) would amplify its pro-vasculogenic effects. 

 

Original contribution:      Data for Figures 3.1, 3.5-3.6 

In collaboration:      Data for Figures 3.2-3.4, 3,7 
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Introduction 

Impaired endothelium-derived nitric oxide (NO), a potent 

vasculogenic/angiogenic molecule, is strongly implicated in vascular degeneration 

associated with PAH12 and DR.18 Thus, administration of nitrates/nitrites, which rapidly 

enhances NO bioavailability, is being explored to promote vessel growth and 

regeneration.70 Since organic nitrates exert potent vasodilatory effects compared with 

inorganic nitrate/nitrites,48 they are likely to also exhibit superior neovascularization 

effects.  

Importantly, Nitroglycerin (NTG) holds promise for pro-vasculogenic/pro-

angiogenic therapies due to its ability to enhance eNOS/NO bioavailability as previously 

demonstrated in Chapter 2. Therefore, it was likely that similar NO-mediated therapeutic 

effects would be observed with free NTG with an increase in NTG therapeutic efficacy 

with NTG nanoformulation.  

Here we first hypothesized that NTG-derived NO can prevent regression of a 2D 

endothelial cell (EC) capillary network and this effect may be mediated by key physical 

determinants of capillary formation (i.e. adhesion, spreading, and elongation). Further, by 

utilizing the principles of nanotechnology, a nanoliposomal NTG formulation (NTG-NL) 

was developed, that in vitro studies indicate, demonstrates a 35-fold greater  

pro-vasculogenic effect compared with free NTG. Thus, these findings implicate NTG 

nanotherapeutic as a new and improved NO-dependent approach that may lead to 

superior clinical management of various diseases that are marked by chronic vascular 

regression and dysfunction. 
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Materials and Methods 

Cell Culture. Human microvascular endothelial cells (HMEC-1) were purchased from 

the Center for Disease Control (CDC)52 and plated on gelatin-coated tissue culture dishes 

in growth medium composed of MCDB-131 (VWR International, USA), 10% FBS 

(Fisherbrand, USA), 1x antimycotic/antibiotic mixture (Life Technologies, USA), 2 mM 

L-Glutamine (Invitrogen, USA), 1 µg/ml Hydrocortisone (Sigma Aldrich, USA), and 10 

ng/ml huEGF (Millipore, USA).  

 

Nanoliposome (NL) Formulation. NTG-loaded nanoliposomes (NTG-NL) were 

synthesized as previously described in Materials and Methods section of  

Chapter 2 (pg. 14).  

 

NL Size and Morphology Characterization. Dynamic light scattering (DLS) 

measurements and scanning electron microscopy images were obtained as previously 

described in Materials and Methods section of Chapter 2 (pg. 15). 

 

Vasculogenesis Assay. To examine whether NTG could exhibit therapeutic effects and 

prevent EC capillary regression, ECs were treated with 1 mM N5-(1-iminoethyl)-L-

ornithine (L-NIO; Cayman Chemical, USA) ± 5 µM Nitroglycerin (NTG: Cambridge 

Isotope, MA) or 10 µg/ml NTG-NL 0.12 µM NTG on Matrigel (BD Bioscience, USA). 

Briefly, Matrigel was formed in 48-well plates, incubated at 370C for 30 min prior to the 

addition of ECs at a cell density of 25,000 cells/cm2 per well and observed over 18 hr. To 
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examine whether NTG could also exhibit a long-term effect, ECs were cultured on 

gelatin-coated well plates, treated with L-NIO ± 5 µM NTG for 18 hr, detached, rinsed 

twice with PBS, and re-plated onto Matrigel without factors and observed over 18 hr. For 

time-lapse imaging, 10x images were taken every 0.5, 1, 2, and 4 hr with a Nikon Eclipse 

Ti microscope. At least 4 images per condition were analyzed for total cord length 

measurements using ImageJ software (NIH). 

 

Measurement of Endothelial cell-derived NO. Measurement of EC-derived NO 

production was performed as previously described in Material and Methods section of 

Chapter 2 (pg. 18). 

 

EC Adhesion, Spreading, and Elongation. To evaluate EC adhesion, cells were 

pretreated overnight with 1 mM L-NIO ± 5 µM NTG. Cells were then detached and  

re-plated on gelatin-coated tissue culture plastic in regular medium at a cell density of 

90k cells/cm2. After 30 min, cells were gently rinsed twice with PBS (to remove non-

adhered ECs) and fixed with 1% PFA. Phase images (at least 8 per condition) were then 

taken using a Nikon Eclipse TI microscope. 

Next, to evaluate cell spreading, ECs plated on Matrigel for Vasculogenesis assay 

(as described above) were imaged 0.5 hr post-plating at and 10x phase images were 

acquired using a Nikon Eclipse TI microscope. Cell area was quantified from at least 40 

cells per condition using ImageJ software.  
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Further, to determine EC elongation cell aspect ratio, ECs from the same 

Vasculogenesis Assay were imaged at 1, 2, and 4 hr post-plating. 10x phase images were 

acquired and subsequent analysis of cell aspect ratio was determined by dividing major 

axis by minor axis of the cells.  

 

EC Cytoskeletal Organization. To evaluate cytoskeletal organization, ECs were 

cultured on gelatin-coated glass cover slips and after 1.5 hr cells were treated with 1 mM 

L-NIO ± 5 µM NTG. 6 hr post-plating, cells were fixed with 1% PFA, permeabilized 

with 0.2% Triton X-100 (Sigma Aldrich, USA), and stained with Alexa Fluor-488 

phalloidin (Invitrogen) and DAPI (Invitrogen) for visualization of actin microfilaments 

and nuclei, respectively. Fluorescent images were obtained using Nikon Eclipse TI 

fluorescence microscope and the number of actin filaments were quantified using ImageJ. 

 

Statistics. All data were obtained from multiple replicate experiments (as described in 

the appropriate sections) and shown as mean ± standard error mean (SEM). Statistical 

significance was determined using analysis of variance (ANOVA; InStat; Graphpad 

Software Inc.) followed by a Tukey-Kramer method. Significance of the results were 

represented as *p<0.05, **p<0.01, or ***p<0.001. 
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Results 

NTG Prevents Capillary Regression in NO-deficient ECs. 

 NTG has been shown to enhance NO bioavailability through both EC metabolic 

conversion and eNOS activation32,71 so we first asked whether NTG could recapitulate 

the pro-vasculogenic properties of NO. When NTG was added to ECs treated with L-NIO 

(1 mM), a selective eNOS inhibitor that causes significant regression (p<0.01) in total EC 

cord formation, it recovered the loss of 2D endothelial capillary networks (Fig. 3.1).  

 Additionally, similar to previous findings in Chapter 2, NTG’s pro-vasculogenic 

effects resulted from a significant (*p<0.05) increase in NO production in L-NIO-treated 

ECs (Fig. 3.2). 

 

NTG Normalizes Key Physical Determinants of EC Capillary Formation: Adhesion, 

Spreading, and Elongation.  

Since NTG prevented the collapse of a NO-dependent capillary network, we 

asked whether this effect was due to the effect of NTG on various key physical 

determinants of capillary formation including EC adhesion, spreading/cytoskeleton, and 

(elongation) aspect ratio, where previous studies have shown the effect of NO on cell 

mechanics to be strongly implicated.72 To observe the effects of NTG-derived NO on 

these functional responses, time-lapse images were taken at 0.5, 1, 2, and 4 hr time-points 

during an in vitro vasculogenesis assay. First, NTG treatment demonstrated a significant 

(***p<0.001) recovery effect on adhesion of L-NIO-treated ECs (Fig. 3.3A). Next, NTG 

treatment exerted similar recovery effects on EC spreading after 0.5 hr (Fig. 3.3B) as 
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quantified in the bar graph as cell area (Fig. 3.3C), and EC elongation over 4 hr (Fig. 3D), 

quantified in the bar graph as cell aspect ratio (Fig. 3.3E). Notably, these functional 

recovery effects of NTG correlated strongly with the restoration of actin cytoskeletal 

organization in NTG-treated ECs (Fig. 3.4). 

 

Synthesis and Physicochemical Characterization of NTG Nanotherapeutic (NTG-

NL). 

As previously demonstrated in Chapter 2, NLs were made from a combination of 

four lipids (DPhPC, POPC, Cholesterol, and DHPE-Texas Red) (Fig. 3.5A). 

Additionally, DLS and SEM imaging revealed an average diameter of 155 ± 32 nm and 

153 ± 32 nm for blank and NTG-NL, respectively (Fig. 3.5B). This finding was 

independently confirmed using SEM (Fig. 3.5C).  

 

NTG-NL Exerts Superior Pro-vasculogenic Effects on NO-deficient ECs. 

Nanoliposomes are known to enhance drug efficacy as previously demonstrated in 

Chapter 2. Thus, we asked whether NTG-NL could enhance the pro-vasculogenic effects 

of encapsulated NTG. These studies indicate that addition of NTG-NL (10 µg/ml) to  

L-NIO-treated ECs produced a significant (p<0.05) recovery in EC total cord network 

formation (Fig. 3.6A). This recovery in cord formation by NTG-NL was comparable to 

the recovery caused by a 5 µM dose of free NTG. Determination of the total amount of 

NTG delivered through the nanoliposomal formulation revealed that NTG-NL produced 

its pro-vasculogenic effect at an equivalent NTG dose of 0.14 µM, which is 35-fold less 
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than the effective pro-vasculogenic dose of free NTG. To confirm that this effect resulted 

primarily from nanoencapsulation of NTG we demonstrated that an equivalent amount 

(0.14 µM) of free NTG failed to produce a significant recovery in EC capillary formation 

(Fig. 3.6A). 

 Additionally, similar to free NTG, the preventative effect of NTG-NL was 

consistent with its ability to enhance EC-derived NO production (Fig. 3.6B) and 

normalize the key physical determinants of EC capillary cord formation, cell spreading 

(Fig. 3.7A) and elongation (Fig. 3.7B). 

 

Discussion 

This study reveals the proof-of-principle for a nanoliposomal NTG formulation 

that enhances the newly-identified pro-vasculogenic effects of NTG. NTG, a commonly 

used organic nitrate in the clinic, is used to mimic the vasodilatory effects of 

endothelium-derived NO56. Importantly, when compared with inorganic nitrites/nitrates, 

NTG produces a significantly greater and rapid yield of NO48, which explains its potent 

vasodilatory effects. Since endothelial NO also exhibits superior pro-vasculogenic 

effects, here we asked whether NTG can prevent capillary regression in NO-deficient 

ECs. These findings demonstrate that NTG significantly prevents EC capillary 

regression. This preventative effect of NTG was observed at a dose of 5 µM. 

 Importantly, eNOS-derived NO promotes neovascularization while impaired 

eNOS activity leads to vessel regression and death. Additionally, vascular endothelial 

growth factor (VEGF), a potent angiogenic/vasculogenic growth factor, has been shown 
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to exert these effects in a NO-dependent matter. Therefore, since NTG is known to 

enhance endothelial NO it was likely to exert pro-vasculogenic effects as well. Notably, 

these findings are consistent with the ability of inorganic nitrites to protect against 

capillary regression associated with chronic ischema.70,73-76 This is the first report 

indicating that NTG also exerts similar pro-vasculogenic effects.  

Neovascularization is a physical process that is governed by a mechanical force 

balance, which is established by ECs when they exert their adhesions to the surrounding 

extracellular matrix (ECM). While contractile forces generated in the actin cytoskeleton 

maintain the ECM in a prestressed state, changes in ECM compliance can feed back to 

regulate cell tension creating a feedback system. Importantly, it is this constant change in 

EC-ECM force equilibrium that can produce cord-like networks during normal vessel 

formation.77-81  

Importantly, these studies reveal that NTG regulates several of these key 

processes, which is consistent with previous studies that demonstrate the ability of NO to 

promote cell adhesion and spreading, and assembly of actin fibers.82 

Together with the finding that NTG activates eNOS32, the key NO-producing 

enzyme that mediates neovascularization and is impaired in conditions marked by vessel 

regression,83 the current findings provide added rationale for investigating NTG as a  

pro-vasculogenic drug. 

 Further, to improve the therpaeutic effects of NTG therapy, we leveraged 

nanotechnological principles and developed a nanoliposomal NTG formulation (NTG-

NL) that demonstrates a 35-fold increase in drug efficacy. This significant increase in 
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drug efficacy is a hallmark of nanotherapeutic strategies, which is known to greatly 

improve therapeutic efficacy by simultaneously increasing drug half-life and intracellular 

uptake.37,39,51 To fully leverage the benefits of nanoparticle drug delivery, these particles 

must be rationally designed for long circulation times in vivo. When determining the 

optimal size of long-circulating NLs, studies have shown particles that exceed 200 nm 

risk being caught in the intracellular slit (IES) filtration system of the spleen, while NLs 

smaller than 100 nm likely increase the risk of uptake by liver hepatocytes. Thus, a size 

range between 120 -200 nm is ideal for this nanotherapeutic.84 Additionally, surface 

modifications including addition of poly (ethylene glycol) (PEG) chains will provide 

“stealth” to the NLs so it can avoid capture by circulating immune cells, liver, and 

kidney.85 Specifically, short-chain PEG-lipid conjugates of molecular weight 2000 kDa 

were used as long-chain PEG conjugates (molecular weight ≥ 5000 kDa) result in poor 

steric protection and destabilization.84 All together, these engineering design criteria 

should facilitate the effectiveness of the proposed nanotherapeutic. 

 

Conclusions 

The in vitro studies executed have been used to examine the effects of nitrites and 

now NTG on EC capillary formation. Importantly, however, to fully appreciate the 

therapeutic potential of NTG-NL, the current in vitro studies should be validated in 

appropriate animal models of ischemia. Importantly, the proof-of-concept studies 

described here allow for further enhancement of this nanotherapeutic system with the 

development of site-targeting nanoliposomes, which have been previously shown to 
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simultaneously increase drug half-life, enhance circulation time in vivo, and reduce  

off-target side-effects. Specifically, these nanoliposomes can be surface modified with 

peptides, antibodies, antibody fragments that can guide the nanoliposomes to sites of 

vascular defect. Therefore, by utilizing NTG’s newly-identified pro-vasculogenic 

properties, new approaches for treatment of capillary regression can be explored. 
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Figures 

 

Fig. 3.1. NTG Prevents Capillary Regression in NO-deficient ECs.  

Addition of NTG to L-NIO-treated microvascular ECs significantly prevents capillary 

regression when plated on Matrigel, as shown by phase contrast images and subsequent 

total cord length (µm X 103) /mm2) analysis (bar graph; n = 8 fields of view). Scale bar: 

100 µm. ***, p<0.001 Data are expressed as mean ± SEM.  
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Fig. 3.2. NTG Promotes Endothelial NO Synthesis.  

Images of fluorescently-labeled (NO-sensitive dye; DAF-FM diacetate) microvascular 

ECs and subsequent image analysis (bar graph; n = at least 30 cells) confirms that NTG-

mediated increase in NO results from enhancement of endothelial NO production. Scale 

bar: 25 µm. ***, p<0.001; *, p<0.01. Data are expressed as mean ± SEM. 
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Fig. 3.3. NTG Normalizes Key Physical Determinants of EC Capillary 

Formation: Adhesion, Spreading, and Elongation.  

(A) NTG recovers cell adhesion of L-NIO-treated ECs, as quantified in the bar graph (n = 

4 fields of view). Similarly, time-lapse phase images of EC spreading after 0.5 hr and 

subsequent analysis of EC area (B) and EC elongation at 1, 2, and 4 hr post-plating and 

subsequent analysis of aspect ratio (C) show significant recovery after NTG treatment 

compared to control (untreated), respectively. ***, p<0.001. Scale bar: 10 µm.  
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Fig. 3.4.  NTG Normalizes EC Actin Cytoskeletal Organization.  

Immunofluorescent images of phalloidin-stained-ECs and subsequent analysis of actin 

filaments show a recovery in actin filament density per cell (bar graph; n = at least 30 

cells) after NTG treatment of L-NIO-treated ECs. ***, p<0.001; **, p<0.01. Scale bar: 

25 µm. Data are expressed as mean ± SEM. 
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Fig. 3.5. Synthesis and Physicochemical Characterization of NTG 

Nanotherapeutic (NTG-NL).  

(A) For NTG incorporation within nanoliposomes (NLs), NTG was mixed with four 

lipids viz. DPhPC, POPC, Cholesterol, and DHPE-Texas Red, which self-assemble to 

form liposomes in an aqueous solution followed by extrusion through 100 nm membrane 

to form NLs. (B) Dynamic Light Scattering (DLS) analysis revealed that both blank and 

NTG-loaded NLs exhibit similar diameter (~155 nm). (C) Size distribution of NLs was 

independently confirmed using scanning electron microscope (SEM). Scale bar: 200 nm. 

Data are expressed as mean ± Std Dev.  
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Fig. 3.6. NTG-NL Exerts Superior Pro-vasculogenic Effects on NO-

deficient ECs.  

(A) Addition of 10 µg/ml (≡ 0.14 µM NTG) NTG-NL to L-NIO-treated ECs significantly 

prevents capillary regression (n = 8 fields of view), which is comparable to the same 

effect demonstrated by a ~35-fold greater dose of free NTG (5 µM). (B) Quantitative 

analysis (bar graph; n = at least 30 cells) of fluorescent images of ECs labeled with NO-

sensitive dye (DAF-FM diacetate) confirms that, like free NTG, NTG-NL also enhances 

NO production in L-NIO-treated cells. ***, p<0.001; **, p<0.01; *, p<0.05 Scale bar: 

100 µm. Data are expressed as mean ± SEM.  
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Fig. 3.7 NTG-NL Normalizes Key Physical Determinants of EC Capillary 

Formation: Spreading and Elongation.  

Quantification of phase images of ECs for (A) cell spreading and (B) elongation confirms 

that like free NTG (5 µM), NTG-NL (10 µg/ml) also normalizes spreading (n = at least 4 

fields of view) and elongation of LNIO-treated ECs, respectively. ***, p<0.001. Scale 

bar: 25 µm. Data are expressed as mean ± SEM. 
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Chapter 4:  

Site-Targeting Anti-ICAM-1 Scfv-Modified Nanoliposome Suppresses 
Vascular Inflammation 

 

 

 

Preface 

This Chapter describes the surface modification of nanoliposomal NTG that will 

enable their site-targeted delivery to sites of chronic vascular inflammation. Since PAH 

and DR are inflammatory conditions marked by enhanced ICAM-1 expression,  

site-targeting capability was conferred to NTG-NL using ICAM-1-targeting single-chain 

variable fragments (scFv).  

 

Original contribution:       Data for Figures 4.1, 4.3C-F, 4.4C, 4.6A, 4.7A  

In collaboration:        Data for Figures 4.2, 4.3A-B, 4.4A-B, 4.5, 4.4B, 4.7B-C 
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Introduction 

Many therapeutic agents do not accumulate at intended targets in the body, which 

lower their efficacy and causes adverse off-target effects. The field of nanomedicine has 

enabled the development of site-targeting nanomaterials (i.e. polymeric & liposomal 

nanoparticles) that can deliver drugs locally to sites of tissue defects and greatly improve 

their therapeutic efficacy by simultaneously increasing drug half-life and reducing toxic 

off-target effects.51 Such site-targeted drug delivery can be accomplished by tethering 

unique site-targeting moieties (peptides, aptamers, or antibodies)37,39 on the nanoparticle 

(NP) surface that can guide the nanotherapeutic selectively to desired sites in the body 

and facilitate local drug delivery and therapeutic effect. Although most of the site-

targeting approaches have focused on localized tumor drug delivery, there is growing 

interest in targeting drugs selectively to sites of vascular defects. 

Vascular-targeting strategies have used monoclonal antibodies due to their robust 

high binding affinity properties. However, despite their advantages, monoclonal 

antibodies lack clinical translational potential due to a resident effector domain known as 

the fragment crystallizable (FC), which is known to elicit complement system activation 

and subsequent rapid clearance from the circulation.86 Importantly, this disadvantage has 

been remedied by using NPs tethered to antibody fragments (Fab’) that are void of the FC 

domain allowing for enhanced circulation times and site-targeting potential, in vivo.87 

More recently, even smaller antibody fragments known as single-chain variable 

fragments (scFv) are being explored as an alternative to conventional monoclonal 

antibodies or the Fab’ fragments. These small antibody fragments offer several 



74 
 
 

advantages for use as site-targeting moieties on NP surfaces including lower production 

costs and easier handling, higher surface packing density due to lower steric hindrance, 

and strong binding affinity for their target antigen. Further and more importantly, scFv 

lacks the Fc receptor domain, which is responsible for activation of the host complement 

system, which if activated would result in premature clearance of any scFv-modified NP 

construct thereby reducing its therapeutic effects.66,88,89 

Since ICAM-1 is overexpressed on inflamed (activated) ECs of pulmonary 

arteries and retinal capillaries in PAH and DR, respectively, I hypothesize that 

nanoliposomes (described in Chapters 2 and 3) surface-modified with anti-ICAM-1 scFv 

would preferentially bind to and accumulate within these inflamed ECs and deliver low 

doses of anti-inflammatory NTG to achieve local and potent immune suppression. Here, 

for the first time, I report proof-of-concept studies for the development of  

ICAM-1-targeting nanoliposomes (NLs) that preferentially bind to inflamed vessels in 

vitro and in vivo, and further, exhibit a significant increase in the anti-inflammatory 

efficacy of NTG. 

 

Materials and Methods 

NL-anti-ICAM-1 Targeting to Inflamed Retinal Vessels in Mice. To enhance ICAM-1 

expression in mouse retinal vessels, anesthetized male C57BL/ (8-12 weeks old) mice 

were injected intravitreally with 20 µg of angiopoietin-2 (ANG-2; Sigma Aldrich, USA) 

in one eye. The other eye served as a control. After 4 hr, the ANG-2-treated mice were 

injected intravenously with mouse anti-ICAM-1 IgG-modified (BD Biosciences, USA) 
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and unmodified NLs (containing Texas red-modified lipids for imaging) at a dose of 5 

mg/kg. 30 min post-injection, mice were sacrificed and eyes were enucleated for 

subsequent retinal capillary isolation and whole mount fluorescence imaging. 

 

Retinal Capillary Isolation and Whole Mount Fluorescence Imaging. Enucleated eyes 

from mice were fixed in 4% PFA (Electron Microscopy Sciences, USA) overnight prior 

to retinal isolation. Retinas were isolated, rinsed twice in PBS, and imaged using an Sp5 

confocal microscope. 

 

Cell Culture. Primary Human Pulmonary Arterial ECs (HPAEC) and Human Monocytic 

cells (U937) were purchased from ATCC (Manassas, VA, USA). Human Pulmonary ECs 

were cultured in growth medium composed of MCDB-131 (VWR International, USA) 

supplemented with 10% FBS (Fisherbrand, USA), 2 mM L-Glutamine (Invitrogen, 

USA), 1x antimycotic/antibiotic mixture (Life Technologies, USA), 10 ng/ml huEGF 

(Millipore, USA) and 1 µg/ml Hydrocortisone (Sigma Aldrich, USA), 100 ng/ml Heparin 

Sodium Salt (Sigma Aldrich, USA), and 30 ng/ml Endothelial Cell Growth Supplement 

(Sigma Aldrich, USA). U937 monocytes were grown in RPMI-1640 medium (GE 

Healthcare, USA) supplemented with 10% FBS, 2 mM L-Glutamine, 1x 

antimycotic/antibiotic mixture, 1.5 mg/ml sodium bicarbonate (Life Technologies), 1 mM 

sodium pyruvate (Life Technologies), and 4.5 mg/ml glucose (Sigma). 
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Cloning, Expression, and Characterization of Anti-ICAM-1 scFv. The DNA fragment 

encoding the scFv light and heavy chain domain of Anti-ICAM-1 was obtained from 

previously reported Amino Acid Sequences 90 and amplified by real-time polymerase 

chain reaction (RT-PCR). The resulting DNA sequence was then inserted into the Sfi 

digestion site of pMopac vector. To confirm whether the scFv DNA sequence was 

successfully inserted into the Sfi digestion site, the vector containing the scFv insert was 

digested and analyzed by DNA electrophoresis. Transformed E. coli (Jude-1) were grown 

in enriched LB media (500 ml) supplemented with 100 µg/ml ampicillin at 37°C and 

allowed to reach an OD600 of 0.7-1, followed by addition of 0.2 mM isopropyl-b-d-

thiogactopyranoside (IPTG; Sigma Aldrich, USA) to induce anti-ICAM-1 scFv 

expression. After induction at 37°C for 16 hr, cells were pelleted by centrifugation (4k rcf 

for 10 min) and resuspended in 0.1 M Tris-HCl (pH 7.4). To lyse cells, 50 mg/ml 

lysosome was added to cell suspension and incubated on ice for 10 min. Cells were then 

pelleted at 4°C at 10k relative centrifugal force (rcf) for 10 min and supernatant 

containing scFv was filtered on ice. To purify scFv, cell supernatant was loaded into a 

Ni2+-NTA resin-containing affinity column (Qiagen; CA, USA) and kept at 4°C. The 

column was then eluted using 200 mM imidazole, transferred to a 15 ml concentration 

tube (3k MWCO; Millipore, USA), and centrifuged at 4°C at 4k rcf for 30 min. Typically 

~1.5 mg of purified Anti-ICAM-1 scFv was obtained from a 500 ml culture. To confirm 

successful scFv purification, protein was loaded and run through a 10% SDS-PAGE gel. 
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Anti-ICAM-1 scFv Binding to ICAM-1 Expressing ECs. To determine whether the 

engineered scFv had binding affinity for ICAM-1-expressing ECs, EC monolayers were 

stimulated with TNF-α (eBiosciences, USA) for 4 hr in starvation media (2.5 % FBS), 

followed by incubation with primary scFv at varying (0.06, 0.3, and 1.5 µM) doses for 20 

min at 4°C. Next, ECs were incubated with mouse anti-HIS antibody for 20 min at 4°C, 

followed by FITC-conjugated DyLight 488 anti-mouse IgG (Vector labs, USA) for an 

additional 20 min as previously reported.91 ECs were fixed with 1% paraformaldehyde 

(PFA; Electron Microscopy Sciences, USA), detected by a Cell Lab Quanta SC flow 

cytometer (Beckman Coulter, CA), and analyzed by FlowJo (Treestar Inc, CA). 

 

Nanoliposome (NL) Formulation and Conjugation to Anti-ICAM IgG and  

Anti-ICAM-1 scFv. NTG-loaded nanoliposomes (NTG-NL) were synthesized as 

previously reported.91 Briefly, five lipid molecules viz. 1,2-di-(3,7,11,15-

tetramethylhexadecanoyl)-sn-glycero-3-phosphocholine (DPhPC; Avanti Lipids, USA), 

1-hexadecanoyl-2-(9Z-octadecenoyl)-sn-glycero-3-phosphocholine (POPC; Avanti 

Lipids, USA), Cholesterol (Sigma Aldrich, USA), 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000]  (DSPE-PEG(2000) 

Maleimide (Mal) or Carboxylic Acid (COOH); Avanti Lipids, USA) and 1,2-

dihexadecanoyl-sn-glycero-3-phosphoethanolamine-triethylammonium salt (Texas Red-

DHPE; Invitrogen, USA) were dissolved in chloroform at a molar ratio of 5:2:2:1:1:0.2, 

respectively and purged with N2 to evaporate the chloroform. The resulting lipid cake 

was placed under vacuum and rehydrated in aqueous NTG (10% w/w of total lipid; 
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Cerilliant, USA) or Fluorescein (1 mg/ml; Sigma Aldrich, USA) solution to obtain a final 

1 mg/ml drug- or dye-loaded liposome suspension. To obtain NTG-NL-Mal and NTG-

NL-COOH, these liposome suspensions underwent freeze-thaw cycles in liquid N2 

followed by extrusion through a 100 nm polycarbonate membrane filter (Avanti Lipids, 

USA) where unincorporated NTG or fluorescein was discarded by ultracentrifuge 

(Beckman Coulter, USA) and decanting the supernatant. The final NTG-NL pellet was 

suspended at 1 mg/ml in water and stored at 4oC until use. Next, to conjugate Anti-

ICAM-1 IgG or anti-ICAM-1 scFv onto the NL surface, anti-ICAM-1 IgG at 100 µg/ml 

and scFv at varying doses (20, 50, 100 µg/ml corresponding to 0.76, 1.9, 3.8 µM) were 

added to NL suspensions containing either reactive carboxylic acid or maleimide groups 

(to facilitate NL surface-antibody chemical conjugation), respectively, and incubated 

overnight (O/N) at 4°C with rotation. After O/N incubation, free cysteine (10 µM; Sigma-

Aldrich, USA) was added only to the NL-scFv suspension to quench unreacted 

maleimide groups for 2 hr at RT followed by 3 PBS rinses and storage at 4°C until 

further use. 

 

Detection of scFv on NL Surface. To detect conjugation of anti-ICAM-1 IgG and scFv 

to NL surface, NL-scFv was labeled with mouse anti-HIS antibody (Life Technologies, 

USA) for 2 hr at room temperature (RT) followed by FITC-conjugated DyLight 488 anti-

mouse IgG (Vector labs. USA) for an additional 2 hr at RT, while NL-anti-ICAM-1 was 

only labeled with FITC-conjugated DyLight 488 anti-mouse IgG (Vector labs. USA) for 

2 hr at RT. Next, NL-scFv was transferred to a black-walled 96-well plate and detected 



79 
 
 

by a Flexstation 2 fluorescent microplate reader (n = 3 per condition) (Molecular 

Devices, USA). 

 

Characterization of NL Size and Morphology. Dynamic Light Scattering (DLS) and 

Scanning Electron Microscopy (SEM) sample preparation and imaging was obtained 

using techniques we have previously reported.91 Briefly, for DLS samples NL 

suspensions were prepared at 0.25 µg/ml for measurements by a Delsa Nano C Particle 

Analyzer (Beckman Coulter, USA). For SEM samples, NLs were fixed in 2.5% 

glutaraldehyde (Electron Microscopy Sciences, USA) for 2 hr at 4oC, added to Poly-L-

Lysine (Sigma-Aldrich, USA)-coated 12 mm glass coverslips, and subjected to critical-

point drying (Critical-point-dryer Balzers CPD0202). Samples were then sputter-coated 

with platinum/palladium for 30 sec and imaged using an SEM (FEI NNS450). 

 

NL Uptake. To determine whether NTG-NLs were successfully endocytosed, ECs 

treated with fluorescein-incorporated NLs were stained with LysoTracker® Deep Red 

(Invitrogen, USA) to label acidic organelles (lysosomes and endosomes). Quantitative 

analysis of the degree of the colocalization between green (NL) and red (acidic 

organelles) fluorescent images was performed using Bitplane IMARIS imaging software 

(Zurich, Switzerland). To quantify the extent of NL-scFv uptake at different scFv doses, 

EC monolayers were first treated with TNF-α (10 ng/ml) and then treated with Texas 

Red®-labeled NLs conjugated with scFv doses; 20 (0.76), (50) 1.9 and 100 µg/ml (3.8 

µM) for 30 min at 37oC. EC monolayers were then gently rinsed twice with PBS prior to 
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fixation in 1% PFA. Fluorescent images (8 per condition) of NL-scFv-treated ECs were 

then acquired using an Sp5 Confocal Microscope (Leica, Germany) and net cell 

fluorescent intensities quantified using ImageJ software (NIH).  

 

Monocyte-EC Adhesion Assay. To examine the effects of NTG and NTG-NL-scFv on 

U937-EC adhesion, EC monolayers were either treated with TNF-α (10 ng/ml) ± NTG (5 

µM) for 4 hr or with TNF-α for 4 hr prior to treatment with NTG-NL-scFv for an 

additional 4 hr. Next, fluorescently-labeled (DAPI) human U937s (130,000 cells/cm2) 

were added for 30 min at 37oC. Following two rinses with PBS, adherent U937s were 

fixed with 1% PFA, imaged using Nikon Eclipse Ti microscope fitted with a Nikon DS-

Qi1Mc camera, and counted using ImageJ (n = ≥10 images per condition). 

 

NTG-NL Drug Release Kinetics. To measure the release kinetics of incorporated NTG, 

1 mg/ml NTG-NL was suspended in water and incubated at 37°C for pre-determined time 

durations (0, 6, 12, and 48 hr) (n = 3 per time point). At the end of each time point  

NTG-NL was pelleted by ultracentrifugation at 60k rcf for 1.5 hr and pellets dissolved in  

200 µl methanol for electrospray mass spectroscopy (ESI-MS) measurement of residual 

NTG. 

 

Statistics. All data were obtained from multiple replicates and expressed as mean ± 

standard error of mean (SEM). Statistical significance was determined using analysis of 

variance (ANOVA; Graphpad Instat) followed by a Tukey’s post-hoc analysis. Results 
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were considered significant if p<0.05 and were represented as *p<0.05, **p<0.01, or 

***p<0.001. 

 

Results and Discussion 

In modern medicine, antibodies including whole IgG and fragmented IgG (i.e. 

Fab, scFv) are being explored for treatment strategies. During PAH and DR activated 

ECs overexpress ICAM-1 resulting in leukocyte adhesion, the initial step of the vascular 

inflammation cascade,92 making ICAM-1 an excellent molecular address for  

site-targeting nanotherapeutics. 

More recently, scFv has been pursued for benefits including increased stability, 

long-term storage, and low production costs.88 Importantly, scFv DNA sequences can be 

readily engineered for further functionalization onto NP surfaces.  

Therefore, as a proof-of-concept study prior to exploring anti-ICAM scFv 

fragments, the site-targeting potential of whole ICAM-1 IgG was investigated. Whole 

anti-ICAM-1 IgG-modified NLs were synthesized using a combination of five lipids 

(DSPE-PEG2000–COOH, DPhPC, POPC, Cholesterol, and DHPE-Texas Red) that 

spontaneously self-assemble in aqueous solution to form liposomes and subsequently 

extruded through 100 nm membranes to form nanoliposomes (NLs) (Fig. 4.1A). Once the 

NLs were surface modified, surface packing of anti-ICAM-1 antibody was quantified 

(Fig. 4.1B).   

To demonstrate proof-of-concept in vivo targeting of whole-ICAM-1-modified 

NLs, mouse retina was inflamed using a pro-inflammatory cytokine, angiopoietin-2 
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(ANG-2), a known enhancer of ICAM-1 expression.93 Upon intravenous injection of both 

modified and unmodified NLs (containing Texas red-labeled lipids to facilitate imaging), 

fluorescent images reveal that anti-ICAM-1-modified NLs preferentially accumulated 

within ICAM-1-expressing (ANG-2-treated) retinal vessels (Fig. 4.2A). Importantly, this 

was not observed with unmodified NLs (Fig. 4.2B and C). Upon successful targeting of 

NL-anti-ICAM IgG to inflamed mouse retinal vessels, engineering of anti-ICAM-1 scFv 

for superior NL-targeting was explored.  

To render these NLs site-targeting, anti-ICAM-1 scFv was engineered using 

previously established variable Light and Heavy chain amino acid sequences90 with a 

conventional (Gly3Ser)4 linker, and a reactive cysteine at the heavy chain terminus that 

would facilitate Maleimide-thiol surface chemistries (Fig.4.3A). Successful fusion of 

scFv DNA sequence into a pMopac vector and expression of scFv fragments was 

determined by DNA electrophoresis and SDS-PAGE (~26 kDa), respectively (Fig. 4.4B 

and 4.4C). To demonstrate the ability of scFv to bind human ECs, we added scFv to 

activated (TNF-α-stimulated) ECs. Flow cytometry measurements revealed that Anti-

ICAM-1 bound activated ECs in a dose-dependent manner (Fig. 4.3B and Fig. 4.5).  

As a building block for these NLs, we used a combination of five lipids (DSPE-

PEG2000–Maleimide, DPhPC, POPC, Cholesterol, and DHPE-Texas Red) as previously 

described (Fig. 4.3C). Specifically, to render NLs suitable for ICAM-1 targeting, DSPE-

PEG2000–Maleimide was incorporated within the lipid bilayer and serves two purposes: 

firstly, the Maleimide (M) group will permit chemical conjugation of a ICAM-1-targeting 

moiety (scFv) onto NL surface,94 and secondly, poly (ethylene glycol) (PEG) chains will 
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provide “stealth” to the NLs so it can avoid capture by circulating immune cells, liver, 

and kidney.85 To achieve ICAM-1-targeting, an anti-ICAM-1 scFv was chemically 

conjugated to the NL surface. ScFv will serve as the preferred targeting moiety because 

ICAM-1, an endothelial transmembrane protein, is significantly overexpressed  

(at ~30-fold greater density) in lung vessels compared to vessels in other organs.95  

To confirm successful NL-scFv conjugation, we employed Maleimide-Thiol 

chemistry to covalently conjugate DSPE-PEG-Maleimide to increasing amounts of scFv 

to maximize surface packing on NL surface (Fig. 4.3D). The size distribution profile of 

NLs obtained using dynamic light scattering (DLS) revealed an average particle diameter 

of 144 ± 30 nm (Fig. 4.3E), which was independently confirmed by scanning electron 

microscopy (Fig. 4.3F).  

NLs are known to enhance drug efficacy by simultaneously increasing drug half-

life and facilitating rapid cellular uptake.37,39,91 To determine how these NLs were 

uptaken by ECs, we stained NL-bound ECs with lysotracker to label intracellular acidic 

organelles (lysosomes/endosomes). Overlay of green (fluorescein-loaded NLs) and red 

(lysotracker) fluorescent images revealed a ~95% co-localization of green and red (Fig. 

4.6A). These data suggest these NLs are endocytosed via conventional clathrin-mediated 

pathway.66 

During PAH, infiltrating leukocytes (i.e. monocytes and lymphocytes) produce 

various potent inflammatory cytokines including TNF-α, which further activates resident 

ECs and creates a self-sustaining toxic microenvironment, in vivo.92 Importantly, to 

demonstrate the capability of NL-scFv conjugates to preferentially bind activated ECs, 



84 
 
 

we added fluorescently-labeled NL-scFv conjugates to both untreated (without TNF-α) 

and TNF-α-stimulated ECs. Quantitative measurement of fluorescence intensity of  

NL-treated ECs revealed ~6-fold greater binding of NL-scFv conjugates to stimulated 

ECs compared to untreated control (p<0.001; Fig. 4.6B), thus verifying the potent  

ICAM-1-targeting capability of these NLs. 

To demonstrate the therapeutic potential of these ICAM-1-targeting NLs for PAH 

and DR treatment, we tested their ability to inhibit U937 cell adhesion to  

TNF-α-stimulated ECs using an in vitro U937 cell-EC adhesion assay. In the present 

study we used NTG, a potent endothelial NO enhancer, recently discovered by our lab to 

exhibit significant anti-inflammatory effects.91 We first confirmed the anti-inflammatory 

effects of free NTG on TNF-α-stimulated ECs by showing a dose-dependent inhibition of 

U937 cell adhesion (Fig. 4.7A). Next, NTG was incorporated into NLs at 10% (w/w) 

ratio as previously reported91, and its release kinetics were evaluated over a 48 hr time 

period. ESI-MS quantitative measurements revealed an initial burst release of NTG lastly 

approximately 12 hr followed by a steady release over 48 hr, with approximately ~90% 

of the incorporated NTG being released over 48 hr (Fig. 4.7B). Importantly, to both 

demonstrate and compare the therapeutic efficacy of NTG-loaded NLs with and without 

scFv functionalization, we treated ECs with TNF-α for 4 hr followed by treatment with 

NTG-NL or NTG-NL-scFv for an additional 4 hr and quantified the adhesion of 

fluorescently-labeled U937s (Fig. 4.7C). Not only did we observe inhibition of U937 

adhesion (p<0.005) to ECs treated with NTG-NL, but observed a ~2-fold greater 

inhibition of U937s with NTG-NL-scFv.  
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Conclusions 

In summary, we have demonstrated a proof-of-concept for ICAM-1-targeting NL 

that could potentially provide superior treatment strategies for patients with PAH and DR 

and other inflammation-mediated (ICAM-1 overexpressing) disease states. In addition to 

exhibiting a ~6-fold greater site-targeting capability to activated endothelium, these 

nanomaterials may overcome the limitations associated with systemic drug delivery while 

delivering a remarkable anti-inflammatory and pro-vasculogenic effect, in vitro. 

Importantly, however, these nanomaterials will require further evaluation in animal 

models of PAH and DR.   

More Importantly, there are numerous inflammation-mediated conditions that are 

marked by overexpression of ICAM-1 (i.e. ischemia reperfusion injury (IR/I) and 

atherosclerosis),15,47 where this nanoliposomal drug delivery system can be leveraged 

using different classes of anti-inflammatory drugs. Further, this NL platform allows for 

conjugation of additional targeting moieties (i.e. antibody, aptamers, peptides), offering a 

wide spectrum of therapeutic opportunities making this system robust in its design and 

application. 
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Figures 

 
 
Fig. 4.1. Synthesis and Physicochemical Characterization of  

NL-anti-ICAM-1 IgG. 

 (A) Schematic depicting the synthesis of anti-ICAM-1 IgG modified nanoliposomes 

(NL-ICAM-1 IgG). Five lipids viz. DSPE-PEG-COOH, DPhPC, POPC, Cholesterol, and 

DHPE-Texas Red were combined to form NL in water. Anti-ICAM-1 antibody was 

conjugated on the surface of NL using EDC/NHS reaction chemistry to develop  

NL-ICAM-1. (B) To detect conjugation of anti-ICAM-1 to NL surface, NL-ICAM-1 was 

labeled with FITC-conjugated anti-mouse IgG. Anti-ICAM-1 conjugation to NL surface 

was quantified using a fluorescent microplate reader, which demonstrated a dose-

dependent increase in scFv conjugation to the NL surface.  
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Fig. 4.2. NL-anti-ICAM-1 IgG Targets Inflamed Mouse Retinal Vessels 

Demonstrates NTG-NL-anti-ICAM-1 preferential targeting to inflamed retinal vessels in 

vivo. To enhance ICAM1 expression in mouse retinal vessels, angiopoietin-2 (Ang-2) 

was injected in one eye of adult mice. Ang-2 is known to enhance ICAM-1 expression in 

vascular endothelial cells (ECs). The other eye that received no Ang-2 served as control. 

To evaluate site-targeting capability of anti-ICAM1-conjugated nanoliposomes (NL-anti-

ICAM1), these or unconjugated (control) nanoliposomes were administered (I.V.) into 

the angiopoietin-2-treated mice. To facilitate imaging, nanoliposomes were labeled with a 

red fluorescent dye. As shown in the fluorescent images above, NL-anti-ICAM-1 

preferentially accumulated within ICAM-1-expressing retinal vessels but not in control 

eyes (A, B). Importantly, this preferential targeting was not seen with unconjugated 

nanoliposomes (C).  Scale Bar: 50 um 
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Fig. 4.3. Synthesis and Physicochemical Characterization of scFv and  

NL-scFv. 

(A) Schematic diagram describing the cloning strategy for constructing scFv fragments of 

ICAM-1 antibody in vector. Variable domains of heavy chain (VH) and light chain (VL) 

were linked together and then fused with histidine (HIS)6 tag and terminal free cysteine 

(C). (B) Flow cytometry plots indicate dose-dependent binding of scFv to ICAM-1-

expressing ECs at 0.06, 0.3 and 1.5 µM. (C) Schematic depicting the synthesis of scFv-

modified nanoliposomes (NL-scFv). Five lipids viz. DSPE-PEG-Maleimide, DPhPC, 

POPC, Cholesterol, and DHPE-Texas Red were combined to form NL in water. ScFv 

fragments were conjugated on the surface of NL using maleimide-thiol reaction 

chemistry to develop NL-scFv. (D) To detect conjugation of scFv to NL surface, NL-

scFv was labeled with mouse anti-HIS antibody followed by FITC-conjugated anti-

mouse IgG. ScFv conjugation to NL surface was quantified using a fluorescent 

microplate reader, which demonstrated a dose-dependent increase in scFv conjugation to 

the NL surface. (E) Dynamic Light Scattering (DLS) analysis reveals NL has diameter of 

~144 nm. (F) Size distribution of NL was further confirmed using scanning electron 

microscope (SEM). Scale bar: 100 nm. Data are expressed as mean ± Std. Dev. 

 



90 
 
 

 

 
 

Fig. 4.4. Synthesis and Characterization of anti-ICAM-1 scFv.  

(A) The entire amino acid sequence of the human anti-ICAM-1 scFv fragment is shown 

where orange represents variable light chain followed by a linker and variable heavy 

chain shown in blue. (B) Fusion construct was digested to isolate anti-ICAM-1 scFv 

nucleotide sequence from vector. (C) Western blot analysis of purified anti-ICAM-1 scFv 

fragment under reduced and non-reduced conditions.  
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Fig. 4.5. Flow cytometry analysis of anti-ICAM-1 scFv binding to ECs.   

Flow cytometry analysis reveals a dose-dependent increase in scFv binding to ECs 

treated with TNF-α (10 ng/ml) as quantified in the dot plots as percent population shift 

from IgG.  
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Fig. 4.6. NL-scFv Are Preferentially Uptaken by ECs Under 

Inflammatory Conditions.  

(A) Fluorescent images of internalized NLs demonstrate strong colocalization (~95% 

colocalization of green and red) with LysoTracker RedTM-labeled endocytic vesicles 

(endosomes and lysosomes). Scale bar: 25 µm. (B) Fluorescent images of internalized 

NL-scFv show compared to untreated ECs, ECs stimulated with TNF-α (10 ng/ml) 

significantly uptake NL-scFv in a dose-dependent manner as quantified in the bar graph 

(n ≥ 20). ***, p<0.001. Scale bar: 100 µm.  
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Fig. 4.7. NTG-NL-scFv Exhibits Potent Anti-Inflammatory Effects.   

(A) NTG produces dose-dependent inhibition of U937 cell adhesion to TNF-α-treated 

(10 ng/ml) ECs, with significant suppression of U937 cell-EC adhesion as shown in the 

bar graph (n = 8 fields of view). ***, p<0.001. (B) NTG was encapsulated within 

nanoliposomes at 10% (w/w) and drug release measured over 48 hr using mass 

spectrometry. (C) To examine the anti-inflammatory effects of NTG-NL-scFv, PAEC 

monolayers were first treated with TNF-α (10 ng/ml), followed by addition of NTG-NL 

or NTG-NL-scFv (5 μg/ml) for 4 hr. Quantification of adherent U937 cells revealed that 

NTG-NL-scFv produces a 2.5-fold greater anti-inflammatory effect than non-modified 

NTG-NL. *, p<0.05 **, p<0.01; ***, p<0.001. 
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Chapter 5:  

Conclusions 
 

Using a combination of analytical NO measurement, microfluorimetry, 

vasculogenesis and monocyte-endothelial adhesion assays, immunofluorescence staining, 

and high-resolution confocal and phase contrast microscopy, it was demonstrated  

that (a) NTG significantly inhibits monocyte adhesion to NO-deficient ECs via 

suppression of endothelial ICAM-1 clustering, and (b) NTG prevents EC capillary 

regression in NO-deficient ECs by preventing the loss of actin cytoskeleton-dependent 

endothelial adhesion. Thus, these studies implicate NTG as a multi-purpose drug for 

treatment of both DR and PAH that are marked by vascular constriction, inflammation, 

and regression. 

Further, quantitative assessment of mitochondrial superoxide formation and  

monocyte-EC adhesion demonstrated that NTG-NL produces a remarkable 70-fold 

(suppression of monocyte-EC adhesion) and 35-fold (prevention of capillary regression) 

increase in NTG efficacy when compared with free NTG, and as a consequence, prevents 

tolerance in cultured ECs treated with clinically-administered high doses of NTG. 

Importantly, these in vitro observations correlated strongly with my ex vivo findings that 

show loss of lung arterial vasorelaxation caused by high doses of free NTG was 

completely abolished by treatment with a similar-fold higher doses of NTG-NL. These 

findings indicate that NTG-NL has the potential to significantly improve the benefit/risk 

profile of NTG therapy. 
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Importantly, the benefit/risk profile of NTG therapy was further improved by 

delivering NTG-NL selectively to sites of vascular defect. Since both PAH and DR are 

marked by increased endothelial ICAM-1 expression, non-immunogenic single chain 

variable fragment (scFv) of ICAM-1 antibody was engineered and tethered to the surface 

of NTG-NL. In vitro studies revealed that NTG-NL modified with anti-ICAM-1 scFv 

exhibits 6-fold greater binding to inflamed (ICAM-1-expressing) ECs than to normal ECs 

and achieves superior anti-inflammatory effects in vitro when compared with 

unconjugated NTG-NL. Thus, these findings provide the rationale to examine this novel 

site-targeting NTG nanotherapeutic as a potentially superior therapy for various 

inflammation-mediated conditions.  

Working Model 

The findings from my studies indicate important mechanisms that can leverage 

NTG and NTG-NL for treatment of chronic vascular inflammation. Specifically, to 

recapitulate disease conditions marked by reduced eNOS/NO bioavailability, we used  

L-NIO, a pharmacological eNOS inhibitor, (Schematic 5.1A and B), to reduce NO 

production levels (Schematic 5.1C). In turn, this decrease in NO62 likely increased 

Rho/ROCK activity63 (Schematic 5.1D) causing a significant increase in actin fiber 

density, a key regulator of actin cytoskeletal polymerization.96 Importantly, this increase 

in actin fiber formation likely contributed to ICAM-1 clustering and enhanced monocyte-

EC adhesion (Schematic 5.1E and F).  

Consistent with these observations, I proposed the use of Free NTG and NTG-NL 

to treat conditions marked by eNOS/NO deficiency. Specifically, we have shown NTG 
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and NTG-NL to enhance both eNOS expression and NO production (Schematic 5.1G and 

H). NTG-NL conjugated with anti-ICAM-1 scFv will selectively bind ICAM-1 and likely 

be uptaken via early endosomes via clathrin-mediated endocytosis (Schematic 5.1I). 

These NTG-NL-containing vesicles will then transport the cargo to the EC perinuclear 

region (Schematic 5.1K) while recycling ICAM-1 back towards the EC surface 

(Schematic 5.1J).97 Importantly, once arriving to the EC perinuclear region, it is likely 

these NLs are degraded within these acidic organelles and NTG is released intracellularly 

where it can enhance eNOS expression and subsequent NO bioavailability (Schematic 

5.1L) to suppress monocyte-EC adhesion. Further, my findings demonstrate that while 

high-dose NTG treatment enhances superoxide production, NTG-NL does not (Schematic 

5.1M). Thus, the proposed therapy would allow for a new anti-inflammatory drug 

delivery system while addressing the limitations associated with conventional NTG 

therapies. 

Future Directions 

To further minimize phagocytic clearance, and consequently, enhance overall 

circulation time and site-targeting potential of the site-targeting nanotherapeutic, one can 

leverage the principles of nature (biomimicry) to develop nanoparticles derived from red 

blood cell (RBC) lipid membrane.98,99 These ‘RBC-NPs’ can also be surface modified 

with the engineered human anti-ICAM-1 scFv and loaded with anti-inflammatory drugs 

for in vitro/in vivo studies. This nanotechnological approach, which is expected to confer 

superior “stealth” to these biomimetic anti-inflammatory nanoparticles, has the potential 
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to provide an injectable, safe, and highly effective alternative to the current clinical 

practice of free drug administration that produces undesirable adverse effects.  

Additionally, the anti-inflammatory and pro-vasculogenic effects of the proposed 

site-targeting nanotherapeutic should be evaluated in vivo, in mice. To do so, 

development of an anti-ICAM-1 scFv that can target mouse ICAM-1 is essential. To 

address this need, collaboration with an industrial custom antibody service is ongoing to 

generate scFv fragments by screening a mouse ICAM-1 antigen against a proprietary 

naïve human scFv phage display library. 

Following successful completion of the proposed studies, the production of our 

ICAM-1 site-targeting nanotherapeutic will be subcontracted to a Good Manufacturing 

Practice (GMP)-certified company to ensure high quality and reproducibility of our 

product. Specifically, we will target companies that manufacture NTG: Novasep, Baxter, 

and Pfizer and/or treat inflammatory conditions: Actellion and GSK. Next, we will 

evaluate its therapeutic effect in wound healing, ischemic neovascularization, 

vasodilation and inflammation studies in larger animals such as pigs, sheep, and/or 

monkeys. If successful, we aim to license this technology to pharmaceutical/biomedical 

companies that have an interest in diabetes, cardiovascular sciences, or nanomedicine. 
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Working Model 

 

Schematic 5.1. Illustration of the mechanism behind NO-dependent vascular 

inflammation and therapeutic recovery using NTG and NTG-NL. 
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