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Abstract 

Atherosclerosis is an inflammation-based disorder of the arteries and one of the leading 

causes of mortality and morbidity worldwide. The initial hallmark of atherosclerosis is 

dysfunctional endothelium (Dys-En), which refers to maladaptive changes and abnormal 

functionalities of the vasculature endothelium. Dysfunctional endothelium results in 

compromised integrity and loss of cell-cell junctions, thus enhancing the permeability 

across the endothelium. Furthermore, cellular adhesion molecules (e.g., VCAM-1) show 

overexpression on dysfunctional endothelium of atherosclerotic lesions. The enhanced 

permeability and the overexpression of VCAM-1 can be considered as promising strategies 

to target nanoparticles (NPs) to dysfunctional endothelium, and thus to atherosclerotic 

lesions. The application of smart nanoparticles to target atherosclerosis is a relatively new 

area and is still in its infancy.  

In this study, we developed different biomimetic in vitro models of dysfunctional 

endothelium and then recruited them for nanoparticle screenings in order to understand any 

structure-activity-relationship behavior of nanoparticles and their potential to target 

dysfunctional endothelium, based on the enhanced permeability and VCAM-1 binding. For 

this purpose, we first investigated the effect of a range of atherosclerotic-relevant 

inflammatory mediators (i.e., TNF-α, IL1-β, thrombin, histamine, oxLDL, IL-6, and c-

reactive protein) on endothelial cells in order to develop the most optimal in vitro models 

of Dys-En. Based on these studies, TNFα, IL1-β, and thrombin were the most potent 

inducers of dysfunctional endothelium. At the next step, we established a library of 

nanoparticles with different properties, conjugated with various VCAM-1 targeting 

peptides. Then, we studied the effect of NP properties on their permeability and binding 

across the developed models of dysfunctional endothelium. These investigations revealed 

that NP size is a more dominant driver of NP permeability and binding to dysfunctional 

endothelium, compared to other NP properties. Furthermore, our finding suggested that 

smaller nanoparticles (in the range of 30-60 nm) are more optimal candidates for targeting 

dysfunctional endothelium. These results, which emphasizes the crucial role of NP size in 

targeting atherosclerotic lesions, can shed more light on the design of more effective 

nanoparticles for further in vivo and clinical studies. 
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These investigations were first carried out using static biomimetic models of Dys-En. 

Subsequently, a biomicrofluidic model of dysfunctional endothelium was developed on a 

microchip and utilized for the nanoparticle screenings. The developed biomicrofluidic Dys-

En model (Dys-En-on-a-chip) not only could mimic the pathophysiological shear 

condition, but also showed loss of VE-cadherin at cellular borders, change of cytoskeleton 

organization to form actin stress fibers, and overexpression of VCAM-1, which are all 

indicators of a successful dysfunctional endothelium model. The recruitment of Dys-En-

on-a-chip for the screening of VCAM-1 targeted nanoparticles confirmed that NP size 

governs NP permeability and binding. Additionally, the developed Dys-En-on-a-chip was 

used to study the restorative effect of annexin A1, an anti-inflammatory mediator, on 

dysfunctional endothelium. Our findings revealed that this inflammation resolving 

mediator could inhibit the loss of junctional proteins on Dys-En models; hence it can be 

used as a potent therapeutic agent for restoration and normalization of dysfunctional 

endothelium in atherosclerosis treatment.  
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 Introduction 

1.1 Motivation 

Cardiovascular diseases (CVD) are among the leading causes of mortality and morbidity 

worldwide, causing 18 million deaths annually, which accounts for 31% of all mortality in 

the world [1]. The mortality rate of cardiovascular disorders is predicted to increase and 

cause 24 million deaths/year globally by 2030 [1, 2]. Therefore, there is a pressing need for 

new therapeutic systems. Despite such a demand, the FDA approvals for new 

cardiovascular therapeutics declined by 33% in the last decade [2]. The sheer cost of 

developing new medicines and their effective screening and testing are amongst multiple 

factors behind this decline. Furthermore, the chronic nature of CVD diseases and lack of 

definitive end-points make clinical trial development difficult and cumbersome. These facts 

emphasize the growing need for extensive research to provide better treatments for this life-

threatening disease. One approach is to develop predictive and cost-effective screening 

tools that allow the investigation of new therapies with their molecular targets in a precise 

and systematic way. For example, compared to conventional drug screening methods, 

microfluidics systems offer several advantages which include faster experimental times 

requiring less sample and leading to more optimal and dynamic measurements and anaylsis. 

Furthermore, a biomicrofluidic system that can provide information on drug-target 

interactions under shear flow rates comparable to blood circulation, can be a valuable 

screening tool to provide molecular binding information to the cells of interest in heart 

disease, in addition to traditional a priori approaches.  

The major cause of CVD is atherosclerosis, which is an inflammation-based disorder of the 

arteries and results in the formation of plaques in arterial walls. Atherosclerotic plaques can 

grow large and block arteries, and thus disrupt the blood flow. These plaques are also 

vulnerable to rupture and can lead to myocardial infarction and ischemic stroke [3]. The 

initial hallmark of atherosclerosis is dysfunctional endothelium, which refers to abnormal 

functionalities and maladaptive changes of the endothelial cells covering the vessel walls 

[3]. Healthy endothelial cells are tightly connected, maintaining the endothelial barrier 

integrity, and resulting in low basal permeability. However, dysfunctional endothelial cells 

are unable to regulate the barrier integrity and show disrupted cell-cell junctions, thus 
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enhanced permeability [4, 5]. The enhanced permeability of dysfunctional endothelium 

allows atherosclerotic lipoproteins to enter the intimal space, where they can retain, get 

oxidized, and form aggregations. The uptake of these aggregations by macrophages leads 

to the formation of fat-laden foam cells, followed by the generation of fatty streaks in 

arterial walls. Then, leukocytes, especially T-cells, are recruited to the lesion and perpetuate 

chronic inflammation [5, 6]. Dysfunctional endothelial cells show higher expression of 

cellular adhesion molecules (e.g., VCAM-1) on their surface. These molecules play a key 

role in adhesion and migration of leukocytes from the bloodstream to the intimal space [7].  

Finally, the persistence of inflammation and the formation of fibrous caps by smooth 

muscle cells can wall-off the lesion from the lumen, leading to the formation of a necrotic 

core, and an atherosclerotic plaque [3, 6]. Various pathological factors participate in 

initiation and progression of atherosclerosis, and the main focus of this study is the 

enhanced permeability, and overexpression of VCAM-1 of dysfunctional endothelial cells 

in atherosclerotic lesions.  

Recently, nanoparticulate drug delivery systems, which can be designed to target a specific 

pathological factor and deliver the therapeutic compounds to the diseased site, have gained 

increasing attention. These engineered nanoparticles can facilitate the delivery of the drugs 

to their site of action, thus increasing efficiency of the treatment and reducing side effects 

[8]. The application of nanoparticles for treatment of atherosclerosis is a relatively new area 

of investigation and it is still in its infancy. The first motivation of this doctoral thesis has 

been to perform a systematic screening to study the effect of nanoparticle properties on 

their potential to target dysfunctional endothelium based on enhanced permeability and 

VCAM-1 binding. For this purpose, endothelial dysfunction in vitro models were 

developed, and the established nanoparticle libraries, consisting of nanoparticles with 

different physiochemical properties, were screened across these models in order to 

understand any structure-activity-relationship behavior of NPs with the dysfunctional 

endothelium. These investigations were first performed using static biomimetic models of 

dysfunctional endothelium. Subsequently, a biomicrofluidic model of dysfunctional 

endothelium was developed on a microchip and recruited for the above nanoparticle 

screenings. The motivation behind the development of this biomicrofluidic model has been 

to mimic shear. Applying microfluidic technology to in vitro screening systems is a 
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promising approach to mimic cellular microenvironment and vascular shear conditions [9]. 

Therefore, the biomicrofluidic model of dysfunctional endothelium not only can mimic the 

relevant pathological condition (i.e., enhanced permeability and VCAM-1 overexpression), 

but also can provide a physiologically reasonable microenvironment and spatiotemporally 

controllable model. Lastly, the developed biomicrofluidic model was not only used for 

nanoparticle screening, but was also utilized to investigate the effect of annexin A1, as an 

anti-inflammatory agent, on dysfunctional endothelium restoration.  

 

1.2 Structure of the thesis 

The present thesis is based on the selected work carried out during a 3-year Ph.D. project, 

and is structured in five chapters. A brief description of the contents in each chapter is as 

follows: 

Chapter 1. Introduction. This chapter describes the research motivation, the outline and 

structure of the thesis, and the aims of the project.  

Chapter 2. Background and premises. This chapter provides background information to 

give context to the work performed in this project. Firstly, an introduction on endothelium 

dysfunction, atherosclerosis, and nanoparticle targeting in atherosclerosis is provided. 

Special attention is paid to the nanoparticle targeting based on the enhanced permeability 

and VCAM-1 binding, and the relevant literature is briefly reviewed. Then, an overview on 

organ-on-a-chip systems is provided, followed by more in-depth information about 

endothelium-on-a-chip systems and their application for evaluation of nanoparticulate drug 

delivery systems.  

Chapter 3. The experimental procedures, findings, and comprehensive discussion of 

project 1, which is entitled “Binding and permeability screening of VCAM-1 targeted 

nanoparticle transport across models of endothelial dysfunction induced by cardiovascular 

inflammatory mediators”, are provided in this chapter.  

Chapter 4. The experimental procedures, findings, and comprehensive discussion of 

project 2, which is entitled “Investigating VCAM-1 targeted nanoparticles and annexin A1 
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therapy using a biomicrofluidic model of the dysfunctional endothelium”, are provided in 

this chapter. 

It should be highlighted that Chapter 3 and Chapter 4 are the main project chapters, and 

each chapter consists of five sections (i.e., introduction, material and methods, results and 

discussion, conclusion, and supporting information).  

Chapter 5. Conclusion and outlook. This chapter sums up the results presented in this 

thesis and provides suggestions for future research. 

 

1.3 Aims of the project 

A brief overview of the aims and performed experiments for each project are as follows: 

Project 1. Chapter 3. Binding and permeability screening of VCAM-1 targeted 

nanoparticle transport across models of endothelial dysfunction induced by cardiovascular 

inflammatory mediators 

Aim 1. Development of endothelial dysfunction biomimetic in vitro models 

For this purpose, Transwell® in vitro systems were used because they are convenient 

platforms to culture endothelial cells and can provide independent access to upper and 

lower compartments for transport studies. Human umbilical vein endothelial cells 

(HUVECs) were cultured on the semi-permeable membrane of these systems to achieve a 

healthy monolayer of endothelium. In order to develop dysfunctional endothelium models, 

a range of cardiovascular inflammatory mediators, including TNF-α, IL1-β, thrombin, 

histamine, ox-LDL, IL-6, and c-reactive protein, were investigated. These atherosclerotic-

relevant mediators were incubated with the healthy endothelium at various doses and 

incubation times, to find the most optimal biomimetic in vitro models. In order to study the 

effect of these mediators on endothelium disruption, four different sets of experiments, 

including Lucifer Yellow permeability, endpoint TEER, real-time TEER, and cell 

capacitance studies were carried out. After selection of the most potent inflammatory 

mediators, the immunostaining experiments and confocal microscopy were performed in 
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order to confirm the loss of VE-cadherin, formation of actin stress fibers, and 

overexpression of VCAM-1 in the developed biomimetic in vitro models.  

Aim 2. Development of a nanoparticle library with different sizes, conjugated with 

different VCAM-1 targeting peptides 

We aimed to develop a nanoparticle library consisting of sixteen nanoparticles with for 

different sizes (i.e., 30, 60, 120, and 250 nm) and four different VCAM-1 binding 

conditions (i.e., conjugated with peptide 1: CGGGVHPKQHR or peptide 2: 

VHPKQHRGGGC or peptide 3: VHSPNKKGGGC or without any peptide conjugation). 

The fluorescently labeled polystyrene nanoparticles were first PEGylated and then 

conjugated with the VCAM-1 binding peptides. The developed nanoparticles were 

characterized, and the PEGylation efficiency, peptide surface density, size, polydispersity 

index, and zeta potential were measured. 

Aim 3. Studying the effect of nanoparticle properties on their permeability and 

binding across healthy and dysfunctional endothelium  

The permeability of the nanoparticle library across the healthy and dysfunctional 

endothelium models was investigated based on the translocation of the nanoparticles from 

apical to basolateral compartments of the Transwell models. The binding of the developed 

nanoparticles to the healthy and dysfunctional endothelium models was first studied based 

on confocal microscopy, then quantified using an artificial intelligence (AL)-based image 

analyzer. Finally, the effect of nanoparticle properties (i.e., size, PDI, zeta potential, and 

peptide density) on permeability and binding across healthy and dysfunctional endothelium 

was discussed. Using this systematic screening and mechanistic investigation, we aimed to 

assess the most optimal nanoparticle properties for in vitro targeting of dysfunctional 

endothelium based on 1) the enhanced permeability of dysfunctional endothelium and 2) 

overexpression of VCAM-1 on the dysfunctional endothelium.  
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Project 2. Chapter 4. Investigating VCAM-1 targeted nanoparticles and annexin A1 

therapy using a biomicrofluidic model of the dysfunctional endothelium 

Aim 1. Development of a biomicrofluidic model of dysfunctional endothelium 

To develop a biomimetic model of endothelium-on-a-chip (En-on-a-chip) and 

dysfunctional endothelium-on-a-chip (Dys-En-on-a-chip): 

• Firstly, a three-layered microchip, consisting of two PDMS layers separated by a 

semi-permeable PET membrane was fabricated. The PDMS layers, which contain 

a microfluidic channel, were fabricated by standard photolithography and soft 

lithography. These parallel microfluidic channels were separated by a semi-

permeable membrane, which provides the support for endothelial cell culture.  

• Secondly, we aimed to establish a microfluidic cell-culture setup, which allows a 

long-term culture of endothelial cells under physiological flow condition, 

inspection of the cells during their growth, and accurate control of the flow rate, 

and shear stress.  

• Thirdly, we aimed to optimize the shear condition. The optimized shear should be 

in line with reported in vivo measurements in the literature, which results in the 

elongation of the endothelial cells along the flow direction, allowing the cells to 

reach confluency to form an intact layer of endothelial cells. 

• Lastly, we aimed to develop Dys-En-on-a-chip using an atherosclerotic-related 

inflammatory mediator (i.e., the most potent mediator based on the data obtained 

from Aim 1 of project 1). The developed dysfunctional endothelium-on-a-chip was 

investigated for the loss of VE-cadherin, formation of actin stress fibers, and 

overexpression of VCAM-1, which are known as indications of a dysfunctional 

endothelium.  

Aim 2. Investigation of VCAM-1 targeted nanoparticles using a biomicrofluidic model 

of dysfunctional endothelium 

We studied the permeability and binding of four different nanoparticles with different sizes 

(i.e., 30, 60, 120, and 250 nm) conjugated with a VCAM-1 targeting peptide (i.e., 

VHPKQHRGGGC) across the developed En-on-a-chip and Dys-En-on-a-chip. In this part 
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of the project, we aimed to investigate the effect of nanoparticle properties on their potential 

to target dysfunctional endothelium under microfluidic flow condition based on 1) the 

enhanced permeability and 2) VCAM-1 binding.  

Aim 3. Investigation of annexin A1 proresolving therapy using a biomicrofluidic 

model of dysfunctional endothelium 

Restoration of compromised Dys-En is known as a potent treatment for cardiovascular 

disorders. In this part of the project, we aimed to investigate the restorative effect of an 

innate and potent inflammation resolving mediator; annexin A1, as an anti-inflammatory 

agent. Here we hypothesized that annexin A1 can reestablish endothelial integrity and thus 

restore the tight junctions. This assessment was performed by TEER measurements, 

confocal microscopy, and Lucifer Yellow permeability studies.
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 Background and premises 

2.1 The Endothelium 

The endothelium (En) is a monolayer of endothelial cells that lines the inner surface of 

vessels. It is a semi-selective barrier and responds to various chemical and physical signals 

to control vasculature tone, cellular adhesion, blood clotting, blood pressure, recruitment 

of immune cells, leukocyte trafficking, and vessel wall inflammation [10]. The endothelium 

is tethered to the extracellular matrix (ECM) by focal adhesions. These En-ECM 

attachments are controlled by transmembrane integrins, focal adhesion kinase (FAK), and 

cytoskeleton-linking proteins (e.g., paxillin and vinculin) [4]. Also, endothelial cells are 

tightly connected through adherens junctions (AJs) and tight junctions (TJs). TJs are 

composed of junctional adhesion molecules (JAMs), occludins, and claudins, which are 

connected to the cytoskeleton (i.e., actin filaments) by zonula occludens-1 (ZO-1). AJs are 

mainly composed of cadherin molecules (e.g., vascular endothelial cadherin and cadherin-

5) that are connected to the cytoskeleton by catenins [5]. These intertwined structures 

maintain the endothelium integrity and result in low basal permeability (Figure 2.1) [3]. 

 

Figure 2.1. Schematic representation of the endothelium-ECM attachment (i.e., focal 

adhesion) and the cell-cell attachments (i.e., tight junctions and adherens junctions). The 

figure is adapted from [3]. 
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2.2 Endothelium dysfunction  

Various pathological conditions such as hemodynamic alteration, cytotoxicity, infection, 

immune-mediated responses, and physical injury can cause endothelial dysfunction (EnD). 

The term endothelial dysfunction typically refers to the endothelium with abnormal 

functionalities and maladaptive changes [11]. The initial stage in EnD is disorder in the 

regulation of barrier integrity. When an injury or inflammation occurs, leukocytes are 

recruited to the location as an immune system response. They release matrix 

metalloproteins that can degrade collagen type IV in the ECM and destroy the endothelial 

barrier [3, 12]. Furthermore, various signaling cascades can be initiated in response to the 

endothelial-related pathological factors. These signaling cascades (e.g., protein kinases, 

MAP kinases, and Rho GTPases) can cause cell contractions, weaken the cell-cell 

adhesions, disrupt the endothelial barrier, and thus enhance the permeability [4]. 

2.3 Atherosclerosis and enhanced permeability 

Atherosclerosis is an inflammation-driven disease of the arteries that results in the build-

up of plaques (composed of cholesterol, fat substrates, cellular debris, and fibrin) in walls 

of the arteries. Therefore, it leads to the hardening and narrowing of the arteries, which can 

block the vessels and disrupt the blood flow. Furthermore, atherosclerotic plaques can grow 

large and become unstable, which leads to plaque rupture, and thus myocardial infarction, 

and ischemic stroke [3, 13, 14].  

Figure 2.2 demonstrates the initiation and progression of atherosclerosis. Dysfunctional 

endothelium is the initial hallmark of atherosclerosis. The enhanced permeability of 

dysfunctional endothelium allows low-density lipoproteins (LDLs, known as atherogenic 

lipoproteins) to enter intimal space, where they are modified by oxidative and enzymatic 

activities and form oxidized LDLs (ox-LDLs). Enhanced permeability of LDLs and the 

retention of ox-LDLs within the intimal extracellular space leads to the aggregation of these 

atherogenic lipoproteins and their phagocytosis by macrophages. Unregulated uptake of 

these lipoproteins by macrophages results in the formation of foam cells. The accumulation 

of these lipid-laden foam cells can cause the generation of fatty streaks (Figure 2.2A). An 

elevated amount of ECM compounds (e.g., collagen) are secreted by smooth muscle cells 

(SMC). The presence of these compounds enhances the accumulation and retention of ox-
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LDLs. Then, other types of leukocytes, especially T-cells, are recruited to the lesions and 

perpetuate a state of chronic inflammation (Figure 2.2B). Foam cells die and release the 

cellular debris. Furthermore, a fibrous cap formed by SMCs, walls off the plaque from the 

lumen and helps the generation of a necrotic core within the atherosclerotic plaque. At this 

stage, the plaque is non-obstructive, but it can rupture and/or erode the endothelium, 

leading to the release of thrombogenic compounds and the formation of a thrombus. The 

thrombus can cause acute coronary disease and myocardial infarction (Figure 2.2C). 

Finally, if the plaque does not rupture and continues to grow, it can cause obstructive 

diseases (Figure 2.2D) [6]. Therefore, enhanced permeability of dysfunctional 

endothelium is the initial step in atherosclerosis and plays an important role not only in 

initiation but also in progression of this life-threatening disease [5, 6]. 

 

Figure 2.2. Initiation and progression of atherosclerosis. (A) An atherosclerotic lesion 

starts as a fatty streak, (B) then grows as an intermediate lesion, (C) gets vulnerable to 

rupture, and (D) leads to an obstructive plaque. The figure is adapted from [6]. 

 

In healthy vessels, the intima is fed by diffusion of oxygen and nutrition from the lumen, 

and the outer compartments of the vessel walls are fed by a network of microvasculature 

called vasa vasorum [15]. The vasa vasorum originates from the vessel and runs 

longitudinally along the vessel wall, known as first-order vasa vasorum, and then branches 

to generate a circumferential network, known as second-order vasa vasorum (Figure 2.3A) 

[16]. In atherosclerotic vessels, the intima thickens due to plaque formation. Therefore, the 

oxygen and nutrition diffusion from the lumen to intima is impaired and insufficient, which 

can lead to local hypoxia. As a compensatory defense mechanism to hypoxia, the vasa 
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vasorum sprout into the intima to restore oxygen and nutrition supply. In other words, 

neovascularization (i.e., the formation of new vasculature networks) within the intima 

occurs (Figure 2.3B-C) [8, 17].  

 

Figure 2.3. (A) The structure of vasa vasorum. The figure is adapted from [16]. The 

difference of vasa vasorum in (B) a healthy and (C) an atherosclerotic vessel. The figures 

are adapted from [17]. 

 

These neovessels that sprout from the vasa vasorum into the intimal space (thus into the 

atherosclerotic plaque) are immature, irregular, and fragile due to their compromised 

structural integrity [8, 16, 17]. Different hypotheses have been reported to explain the 

compromised and leaky structure of these neovessels [16, 18]. A precise balance between 

angiogenic and anti-angiogenic factors is required for the normal formation of neovessels. 

However, there is an imbalance between these factors in an atherosclerotic condition, 

leading to neovessel immaturity [16]. Furthermore, the alteration of the ratio between 

angioprotein-1 (Ang-1) and angioprotein-2 (Ang-2) can be a deterrent to neovessel 

maturation. Ang-1 binds to the Tie 2 receptors on endothelial cells and stabilizes the 

interactions of these cells with smooth muscle cells and the extracellular matrix. On the 

other hand, Ang-2 can destabilize these interactions because it is an antagonist for Tie 2 

receptors. The level of Ang-1 significantly decreases in atherosclerotic lesions, while the 
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level of Ang-2 is constant. This imbalance can significantly affect the attachment of 

endothelial cells to their surrounding supports and result in the formation of compromised 

neovessels [18]. Figure 2.4 shows a schematic representation of compromised and leaky 

neovessels, penetrating from vasa vasorum to an atherosclerotic plaque.  

 

Figure 2.4. (A) The structure of tightly connected endothelial cells in vasa vasorum of a 

healthy vessel. (B) The structure of compromised and leaky neovessels, sprout from vasa 

vasorum into the plaque in an atherosclerotic vessel. The figure is adapted from [19]. 

 

2.4 Atherosclerosis and cellular adhesion molecules 

As mentioned earlier, one of the initial phases in atherosclerosis is the recruitment of 

leukocytes and their transendothelial migration from the blood circulation to the intimal 

space [6]. This process is mediated by CAMs (cellular adhesion molecules), which are 

expressed on endothelial cells [20]. These molecules are either absent or expressed slightly 

on healthy endothelium. However, they show upregulation and overexpression on 

dysfunctional endothelium of atherosclerotic lesions [7, 20]. Cellular adhesion molecules 

including selectins (e.g., P-selectin and E-selectin), integrins, vascular cell adhesion 

molecule 1 (VCAM-1), intercellular adhesion molecules (ICAMs), and platelet endothelial 

cell adhesion molecule 1 (PECAM-1) play key roles in adhesion and transmigration of 

leukocytes in atherosclerosis [20-22]. As can be seen in Figure 2.5, leukocyte 

transmigration across dysfunctional endothelium consists of three steps. First, VCAM-1 
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and selectins participate in rolling-type adhesion of the leukocytes [7, 20]. Then, ICAMs 

and VCAM-1 induce the arresting and firm adhesion of these cells [20]. Finally, PECAM-

1 and VCAM-1 are involved in transmigration and extravasation of the leukocytes from the 

blood circulation into the underlying tissue [20, 23]. Among these adhesion molecules, 

VCAM-1 is the main regulator of leukocyte adhesion and migration [23] because it can 

mediate both rolling-type adhesion and firm adhesion [7]. Also, it participates in signaling 

pathways that lead to the disruption of endothelial junctions, thus  leukocyte transmigration 

[23, 24].  

 

Figure 2.5. Schematic representation of leukocyte transmigration across dysfunctional 

endothelium in atherosclerosis. (A) rolling and tethering, (B) firm adhesion, and (C) 

transmigration of leukocytes. The figure is adapted from [20]. 

 

VCAM-1, also known as cluster of differences 106 (CD106), is a 90 kDa immunoglobulin-

like (Ig-like) adhesion molecule. Structurally, human VCAM-1 contains six or seven Ig-

like extracellular domains, and the Ig-like domain 1 and the Ig-like domain 4 are involved 

in ligand binding to leukocytes. VCAM-1 binds to α4β1 integrins, also known as very late 

antigen-4 (VLA-4), which are expressed on leukocytes [23]. Binding of VCAM-1 to α4β1 

can activate VCAM-1 signaling pathway, which involves various signaling molecules such 

as calcium, reactive oxygen species (ROS), protein kinases C (PKC), Rac1, 

metalloproteinases (MMPs), protein tyrosine phosphate 1B (PTP1B), and myosin light 

chain (MLC). The schematic representation of this pathway can be seen in Figure 2.6. 

Eventually, this signaling pathway results in cytoskeleton remodeling and endothelial 

junction disruption, thus facilitating leukocyte migration  [23, 24].  
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Figure 2.6. Mechanism of (VCAM-1)-mediated transmigration of leukocytes across 

dysfunctional endothelium in atherosclerosis. The figure is adapted from [23]. 

 

2.5 Nanoparticle targeting in atherosclerosis 

Nanomedicine is the “application of nanotechnology for treatment, diagnosis, monitoring, 

and control of biological systems” [25]. These applications range from targeted imaging 

systems, targeted drug carriers, active implants, nano-biological mimetics, and 

nanomachines [8, 25]. Among various nanomedical applications, nanoparticle-based 

systems have gained tremendous attention for diagnosis and treatment of various diseases, 

including cardiovascular disorders [26-28]. Nanoparticles (NPs) are typically 1 to 100 nm 

in size, however, within the nanomedicine community, slightly larger structures (i.e., 

structures with sizes of up to 500 nm) are also classified as nanoparticles [8, 29]. 

Nanoparticles can be made from different materials (e.g., lipids, polymers, and 

biomacromolecules) with different properties (e.g., size, polydispersity index, charge, 
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biodegradability, biostability, and shape) to show the optimal behavior in vitro and in vivo 

[30, 31]. The main feature of nanoparticles is their high surface-to-volume ratio, which can 

be used to conjugate various biological ligands to their surface. These ligands can bind to 

specific receptors on the target cells and facilitate the uptake of nanoparticles in the desired 

site. This strategy is known as active targeting or site-specific targeting of nanoparticles 

[32, 33]. Furthermore, nanoparticles can be used to target diseases by passive targeting, 

also known as nonspecific targeting. For instance, the enhanced permeability and retention 

effect (the EPR effect) has been extensively investigated for passive targeting of long-

circulating nanoparticles in cancer [34, 35]. The endothelial lining of blood vessels in 

cancerous tissues is more permeable than a normal vessel. Thus, large molecules (ranging 

from 10-500 nm) can leave the blood stream and accumulate within the interstitial space. 

This phenomenon is known as the EPR effect of tumors, which is firstly described in 1986 

[36]. Passively targeted nanoparticles for cancer treatment reached the clinic in 1995, when 

the US Food and drug administration (FDA) approved DOXIL as an anticancer 

nanomedicine [34]. As mentioned earlier, the EPR effect also occurs in atherosclerotic 

lesions. However, the potential of this phenomenon to target nanoparticles to 

atherosclerotic plaques has not been extensively studied, and it is still in its infancy [8]. 

The main mechanisms in targeting of atherosclerotic plaques can be classified into 1) 

nonspecific targeting, 2) vascular-specific targeting, and 3) specific targeting of plaque 

components [8].  

• Nonspecific targeting can be exploited owing to the enhanced permeability and 

retention (the EPR), which occurs in the endothelium of the luminal wall and the 

endothelium of the intraplaque neovessels. In a normal vessel, endothelial cells 

show tightly connected junctions (<2 nm) [8], and rarely observed spaces between 

them, were reported to be a maximum of 0.5 µm [37]. However, in an 

atherosclerotic vessel, endothelial junctions show large gaps reaching up to 3 µm 

[37]. Therefore, the tightly connected junctions in healthy vasculature can restrict 

the distribution of nanoparticles, whereas the compromised junctions in 

atherosclerotic vasculature allow nanoparticles to extravasate from the blood 

circulation into the plaque (Figure 2.7A) [37-41]. 



Chapter 2 

__________________________________________________________________ 

 

18 

 

• Vascular-specific targeting can be accomplished using nanoparticles functionalized 

by specific ligands, which bind to vascular adhesion molecules such as ICAMs [42], 

VCAM-1 [43], selectins [44], integrins [45], and PECAM-1 [46]. These adhesion 

molecules show upregulation and overexpression on the endothelium of the luminal 

wall and the endothelium of the neovessels in atherosclerotic lesions. Once the 

nanoparticles bind to these molecules, they can either attach to the surface of the 

endothelial cells or become internalized (Figure 2.7B) [8]. 

• Specific targeting of plaque components can be accomplished using nanoparticles 

that have been functionalized to target different cellular and/or non-cellular 

components within an atherosclerotic plaque such as extracellular matrix [8], fibrin 

[47], ox-LDL [48], and macrophages [49]. Moreover, lipoproteins use a specific 

conduit to interact with plaques. Therefore, using natural lipoproteins such as high-

density lipoprotein (HDL) is a powerful approach to target plaques based on this 

inherent plaque affinity (Figure 2.7C) [8]. 

In this study, we investigated the effect of nanoparticle properties on the permeability and 

VCAM-1 binding across the healthy and dysfunctional endothelium to provide insights into 

the design of optimal nanoparticles for diagnosis and treatment of atherosclerosis. In the 

following sections, the recent studies, which recruited the enhanced permeability and 

VCAM-1 binding to target nanoparticles to atherosclerotic lesions, are briefly reviewed.  

 Nanoparticle targeting to atherosclerotic lesions based on the enhanced 

permeability effect 

 

A small trial by van der Valk et al. is the first-in-human atherosclerosis nano-therapy, in 

which they investigated the clinical applicability of nanomedicine delivery to 

atherosclerotic lesions. Long-circulating liposomes (coated with polyethylene glycol, 

encapsulated prednisolone phosphate, with an average size of ∼100 nm, without any 

targeting ligand), were intravenously infused to patients with symptomatic iliofemoral 

atherosclerosis [38]. Then, noninvasive multi-model imaging and quantification methods 

were performed to study the accumulation of liposomes in macrophages isolated from the 

plaques. They observed a high co-localization of macrophages and liposomes, and ∼77%  
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Figure 2.7. Targeting principles in atherosclerosis. (A) Nonspecific targeting, (B) 

vasculature-specific targeting, and (C) specific targeting of plaque components. The plaque 

targeting can be achieved via not only the vasa vasorum but also the main lumen. It is 

exemplified on this figure with the arrows. The figure is adapted from [8]. 

 

of the isolated macrophages were positive for the liposomal marker. They anticipate that 

the liposomes extravasate due to the enhanced permeability at the luminal and/or adventitial 

sides. Then, they accumulate within the subendothelial environment, which finally leads to 

their phagocytosis by plaque macrophages [38]. Moreover, this group studied the anti-

inflammatory effect of the same liposomes encapsulated with glucocorticoids, in a rabbit 

model of atherosclerosis. The results showed a significant and rapid reduction of 

inflammation within 2 days and lasting up to 7 days by a single injection. Due to the EPR 

effect, the liposomes extravasated from the blood stream to atherosclerotic lesions, where 
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they were retained and acted locally [39]. To validate the passive targeting mechanism of 

these long-circulating liposomes and how they enter the plaques from the bloodstream, this 

group used various imaging techniques in a rabbit model of atherosclerosis. Animals were 

injected with the fluorescently labeled liposomes (Cy-7 liposomes) and Evans Blue (as a 

detector of the enhanced endothelial permeability). The results showed a strong and 

positive correlation between Evans Blue and Cy-7 signals, which indicates the nanoparticle 

accumulation at the sites of enhanced permeability. This data was also confirmed by 

fiberscopy and confocal imaging, which showed high accumulation of the nanoparticles in 

atherosclerotic legions, nanoparticle entrance from the luminal side, and their extravasation 

from vasa vasorum [40]. Furthermore, Beldman et al. investigated the EPR effect during 

atherosclerosis progression as well as the trafficking pathway of hyaluronan nanoparticles 

(HA-NP) in mice models with early or advanced atherosclerosis. 75% of HA-NPs were 

detected in atherosclerotic endothelial junctions, which indicates the junctional traffic of 

the nanoparticles across the disrupted endothelium to the plaques. Interestingly, the 

atherosclerosis development showed a positive effect on barrier integrity and 

normalization, which could be because of endothelial adaption to HFD-induced (High Fat 

Diet-induced) inflammation or the stabilizing effect of the higher collagen content in 

advanced atherosclerosis [37]. 

 Nanoparticle targeting to atherosclerotic lesions based on VCAM-1 

binding 

The recent studies, which investigated VCAM-1 binding nanoparticles for diagnosis and 

treatment of atherosclerosis, are summarized in Table 2.1.  These studies confirmed the 

potential of VCAM-1 as a promising strategy to target dysfunctional endothelium and 

atherosclerotic lesions  [50-59].
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Table 2.1. Targeting of atherosclerosis using VCAM-1 binding nanoparticles. 

NPs Parameters VCAM-1 

targeting 

peptide 

in vitro results in vivo results Ref 

Micelle Size: 17 ± 2 nm C-VHPKQHR Cy7-labeled micelles were incubated with HUVEC and 
mAEC cells for 3h. Then, fixation, fluorescent microscopy, 

and ImageJ quantifications were performed.  A 2-folds 

increase in Cy7 signals was found in the cells receiving 
VCAM-1 targeted micelles compared to the cells receiving 

non-targeted micelles. 

Micelles were injected to early and mid-stage 
atherosclerotic ApoE-/- mice, and near IR in 

vivo imaging was performed. VCAM-1 targeted 

micelles were accumulated at atherosclerotic 
plaques in both early and mid-stage ApoE-/- 

mice. No specific accumulation was found for 
non-targeted control micelles. 

[50] 

Magnetic 
nanoparticle 

Size: 38 nm C-VHPKQHR NPs were incubated with primary mouse cardiac endothelial 
cells, murine smooth muscle cells, and murine peritoneal 

macrophages for 2h. Higher uptake of targeted NPs into all 
cell-lines was observed compared to non-targeted NPs. 

 

 

NPs were injected to atherosclerotic ApoE-/- 
mice. Then, MR imaging, aorta extraction, 

fluorescent imaging, and histopathological 
analysis were performed. Higher 

accumulation of targeted NPs in the 
endothelial layer and subendothelial plaque 
regions was observed. An increased signal-

to-noise ratio for MR imaging was achieved. 

[51] 

Liposome Size: 144±55 nm 

Zeta potential: 

-10 mV 

Cargo: anti-miR-712 

VHPKQHR- 
GGSKGC 

Alexa flour555-labeled liposomes were incubated with 
TNF-α stimulated iMAEC cells for various time points. A 

10-folds increase in Alexa flour555 signals in TNF-α 
stimulated cells receiving targeted liposomes was observed 

compared with the non-inflamed cells receiving non-
targeted liposomes. 

 

NPs were injected to atherosclerotic ApoE-/- 
mice. Then, partial carotid ligation surgery, 
extraction of endothelial enriched RNA for 

qPCR, and fluorescent microscopy were 
performed. The results showed a significant 

VCAM-1 overexpression in d-flow (disturbed 
flow) regions of vessels, a significant increase 

in accumulation of targeted NPs in d-flow 

regions, and selective silencing of miR-712 in 
d-flow regions. 

[52] 

 Abbreviations in Table 2.1: ApoE-/-: atherosclerosis-prone apolipoprotein E-deficient, bEnd.3: brain-derived endothelial cell.3, HUVEC: human umbilical vein endothelial cell, IR: infrared, 

iMAECS: immortalized mouse aortic endothelial cells, LPS: Lipopolysaccharide, mAEC: murine aortic endothelial cell, MR: magnetic resonance, NP: nanoparticle, SPFM: scanning 

polarization force microscopy, TNF-α: tumor necrotic factor α 
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Table 2.1. Continued 

NPs Parameters VCAM-1 

targeting 

peptide 

in vitro results in vivo results Ref 

Liposome Size: 128 ±19 nm 

Cargo: CCR2 antagonist 
(Teijin compound 1) 

VHPKQHR- 
GGSKGC 

Liposomes were incubated with TNF-α stimulated human 
endothelial cells. Then, flow cytometry, fluorescent 

microscopy, SPFM, and monocyte transmigration studies were 
performed. A 4-folds increase in binding of NPs to stimulated 
cells was observed. Also, specific binding and cargo release 

were confirmed based on SPFM studies. Inhibition of 
monocyte transmigration was achieved. 

NPs were injected to atherosclerotic ApoE-/- 
mice. Aorta extraction and fluorescent imaging 

were performed. A 1.3-fold increase in the 
accumulation of targeted liposomes in aortic 

arches, thoracic, and abdominal aorta was 
found compared to non-targeted control 

liposomes. 

[53] 

Viral 
nanoparticles 

Based on Tobacco 
mosaic virus (TMV) 

Containing Cy5 dyes and 
chelated Gd ions for dual 
MR and optical imaging 

VHPKQHR-
AEEA 

_ NPs were injected to atherosclerotic ApoE-/- 
mice. Then, fluorescence analysis and MR 

imaging were performed. Targeted NPs were 
found in 70% of plaque sections. However, 

non-targeted NPs were present in 18% of the 

plaque sections. A 2-folds increase was 
observed in signal-to-noise ratio of MR 

imaging. 

[54] 

Iron oxide 
nanoparticles 

Size: 38 nm VHSPNKK NPs were incubated with TNF-α stimulated mouse cardiac 
endothelial cells and primary mouse macrophages. Then, flow 
cytometry and microscopy were performed. Target binding to 

inflamed endothelial cells was confirmed. Inhibition of 
endothelial-leukocyte interactions was observed. 

 

Ear inflammation of C57BL/6 mouse model 
was developed by administration of TNF-α. 
Then, NPs were injected to the inflamed ear, 
and histological analysis was performed. NPs 

were injected to ApoE-/- mice, and MR 

imaging was performed. Clearance of non-
targeted NPs after 4h and presence of targeted 
NPs up to 24h were observed in the inflamed 
ear.  Accumulation of NPs in atherosclerotic 
lesions was confirmed based on MRI results. 

[55] 
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Table 2.1. Continued 

NPs Parameters VCAM-1 

targeting 

peptide 

in vitro results in vivo results Ref 

Viral 
nanoparticles 

Based on Simian virus 40 

Size: 26 ± 1.2 nm 

Drug cargo: anticoagulant 
Hirulog 

 

VHSPNKK _ NPs were injected to ApoE-/- mice. Then, 
fluorescent imaging of atherosclerosis in live 
mice, and excision of aortic areas to analyze 
drug binding, were performed. A 3.6-folds 

increase in the accumulation of targeted NPs 
was found compared to non-targeted NPs. 

Targeted delivery of Hirulog to atherosclerotic 
plaques was achieved. 

[56] 

Polystyrene 
nanoparticles 

Size: 200 nm             
Shape: Spherical NPs and 
rod-shaped NPs with an 
aspect ratio (AR) of 2   

Zeta potential: +20 mV 

n/s NPs were incubated with LPS-stimulated bEnd.3 endothelial 
cells. Higher accumulation of rod-like NPs was observed 

compared to spherical NPs. 

 

Swiss male mice were used to develop local 
inflammation by LPS. NPs were injected, and 

vessel immunostaining studies were 
performed. A 3.5-folds increase in the 

accumulation of anti-VCAM-1 rods in the 
inflamed areas was observed. 

[57] 

Polystyrene 
nanoparticles 

Size: 500 nm and 2 µm 

Shape: Spherical NPs and 
rod-shaped NPs with 

aspect ratios (AR) of 2,4, 
and 9 

n/s _ NPs were injected to atherosclerotic ApoE-/- 
mice. Then, aorta isolation and staining were 

performed. The binding of the VCAM-1 
targeted NPs to mouse aorta was in the 

following order: 500 nm spheres and rods < 2 
µm spheres and rods (with ARs of 2 and 9) < 2 

µm rods (with an AR of 4). 

[58] 

polyurethane–

urea 
nanoparticles 

Size: 70-74 nm 

Cargo: CBO-P11 

n/s FITC-labeled NPs were incubated with LPS-stimulated 

HUVEC cells for 2h. Then, fixation and fluorescent 
microscopy were performed. No binding of NPs to non-

inflamed cells, and increased binding of NPs to LPS-
stimulated cells were reported. 

 

Ear inflammation of the CD1 mouse model 

was developed by administration of LPS. NPs 
were injected to the inflamed ear. whole-

mount staining and fluorescent microscopy 
were performed. Development of a new vessel 

network, which extended from the main 
vessels to the inflammation region, and 

targeted attachment of NPs to these neovessels 
were observed. 

[59] 



Chapter 2 

__________________________________________________________________ 

 

24 

 

2.6 Organ-on-a-chip systems 

Organ-on-a-chip systems (OOCs) are defined as “microfluidic cell and tissue culture 

systems that recapitulate key physiologies and functions of specific organs for further 

biological and medical purposes” [9]. Organ-on-a-chip systems are commonly fabricated 

by polydimethylsiloxane (PDMS) because of polymer biocompatibility, ease of fabrication, 

low cost, and optical clarity [60]. PDMS soft lithography has been a standard in the design 

and fabrication of PDMS chips since 1998, when this method was introduced and 

popularized by the Whitesides’ group [61].  

As can be seen in Figure 2.8, the first step in the fabrication of a micropatterned slab of 

PDMS, is the fabrication of a master mold. These molds are commonly fabricated by 

photolithography (Figure 2.8A). For this purpose, an epoxy-based photoresist is first 

deposited on a silicon wafer by spin-coating. Then, the photoresist layer is polymerized by 

ultraviolet (UV) light through the mask, which contains the pre-defined micropattern. 

Finally, the non-crosslinked photoresist is dissolved and washed away using an organic 

solvent. After fabrication of the mold, PDMS soft lithography is performed (Figure 2.8B). 

Briefly, PDMS is poured on the mold, thermal polymerization is performed, and the cured 

PDMS slab is peeled away [62]. Organ-on-a-chip systems can be designed to contain one 

or various layers of micropatterned PDMS slabs to provide the required channels and 

chambers for cell and tissue cultures, fluid flow, air-liquid interfaces, mechanical 

stretching, and barrier functions, depending on the physiology of the organ and the aim of 

the study. Therefore, they can generate unique structural topology to mimic an organ‘s 

function in a microchip [9, 63].  

The concept of organ-on-a-chip has emerged to overcome the limitations of the 

conventional in vitro and in vivo systems. In vivo systems (i.e., animal studies) are too 

complicated for mechanistic studies. For example, a metastatic lesion might be found in a 

rat model a few weeks after cancer cell injection. However, the animal model cannot 

explain the details such as cell migrations, escape from circulatory system, invasion into 

the cancerous tissue, etc. Furthermore, due to the complex interplay of in vivo factors, it is 

difficult to study these factors individually. It should also be highlighted that animal studies 

are lengthy, expensive, labor-intensive, and ethically undesirable [9]. On the other hand, 
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conventional in vitro systems are too simple and cannot fully replicate the associated 

biological conditions (e.g., shear stress, cellular microenvironments, ancillary pathways, 

etc.) [64]. To overcome these shortcomings, organ-on-a-chip technology has gained 

tremendous attention. Recently, various organ-on-a-chip devices have been investigated, 

including lung-on-a-chip [65], liver-on-a-chip [66], brain-on-a-chip [67], heart-on-a-chip 

[68], gut-on-a-chip [69], intestine-on-a-chip [70], and kidney-on-a-chip [71].   

 

 

Figure 2.8. (A) Photolithography to fabricate master molds. (B) Soft lithography to 

fabricate micropatterned slabs of PDMS. The figure is adapted from [62]. 
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2.7 Endothelium-on-a-chip 

Among OOC systems, vessel-on-a-chip (VOC) is one of the most important systems for 

drug screening studies because blood vessels are the first and the main organ of contact 

with pharmaceutical compounds after their injection into the body [60]. Furthermore, 

vasculature-related diseases including atherosclerosis, are one of the leading causes of 

mortality and morbidity worldwide [1]. One of the reasons behind this problem is the lack 

of predictive models to test new drugs and drug delivery systems before clinical studies. 

The main advantages of vessel-on-a-chip systems are providing 1) physiologically relevant 

microenvironments and 2) spatiotemporally controllable platforms. These advantages 

make the VOC concept a powerful tool for testing of drugs and drug delivery systems [9]. 

One of the most favorable vessel-on-a-chip designs to evaluate drugs and drug delivery 

systems is a microchip containing a monolayer of endothelial cells under microfluidic flow 

conditions. These simple and convenient designs can mimic vessel dimensions, shear 

stress, and relevant physiopathological factors, depending on the purpose of the study.  

Thus, they can provide valuable insight into the design of optimal therapeutic systems. 

Although these systems are typically classified as VOCs, endothelium-on-a-chip (En-on-a-

chip) is a more accurate term to refer to these systems. The focus of this section is the 

application of En-on-a-chip to study nanoparticulate drug delivery systems.  

Figure 2.9 shows various models of Endothelium-on-a-chip systems, which are designed 

to study nanoparticulate drug delivery systems under shear conditions. The frequently 

reported models can be classified into three groups: 1) single-layered chips containing one 

or more microfluidic channels (e.g., a single rectangle channel, Y-shaped channels, 

complex microvasculature networks, and multiple arrays of channels) [72-81], 2) two-

layered chips, which have a microfluidic channel in each layer, and separated by a semi-

permeable membrane [19, 82, 83], 3) flow chambers to apply shear stress to a slide (e.g., a 

glass slide), which is covered by cells [84-86]. The recent studies, which recruited 

endothelium-on-a-chip platforms to study nanoparticulate drug delivery systems, are 

reviewed in Table 2.2. VOCs can be used to investigate the margination of NPs in vessels 

[72, 75], the effect of vessel anatomy in NP uptake [73, 74], the interaction of NPs with 

blood cells (e.g., red blood cells and platelets) [77, 78], the binding of nanoparticles to 

healthy and dysfunctional endothelium [57, 76, 84], the permeability of nanoparticles 
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across healthy and dysfunctional endothelium [19, 82, 83], and the cytotoxicity of 

nanoparticles under flow conditions [79-81].  

 

Figure 2.9. Endothelium-on-a-chip models. (A) A single-layered chip containing a single 

rectangle channel. The figure is adapted from [79]. (B) A single-layered chip containing Y-

shaped channels. The figure is adapted from [77]. (C) A single-layered chip containing 

complex vasculature networks. The left panel shows an in vivo image, which is digitally 

mapped to generate a real design of a microvasculature network. The right panel shows the 

designed complex microvasculature based on this in vivo image. The figures are adapted 

from [76]. (D) A two-layered chip containing parallel microfluidic channels separated by a 

membrane. The figure is adapted from [87]. (E) A flow chamber to apply shear stress to a 

slide (e.g., a glass slide) that is covered by cells. The figure is adapted from [88]. 
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Table 2.2. Endothelium-on-a-chip systems for evaluation of nanoparticulate drug delivery systems.  

Cells Particles Design Aims Results Ref 

Human umbilical vein 

endothelial cells 

Polystyrene nanoparticles 

and microparticles 

A single-layered chip 

containing a single 

rectangle channel 

Studying the margination of 

microparticles and nanoparticles to 

vessel walls 

Microparticles showed higher 

margination than nanoparticles. 

[72] 

Avidin coating on PDMS, 

no cell culture 

Biotinylated nanoparticles A single-layered chip 

containing complex 

vasculature networks 

Studying the effect of vessel 

anatomical characteristics on particle 

adhesion based on the avidin-biotin 

interactions 

Particle adhesion in bifurcations was 

significantly higher than linear sections. 

[73] 

BSA coating on PDMS, no 

cell culture 

Polystyrene nanoparticles 

coated with anti-BSA 

antibody 

A single-layered chip 

containing Y-shaped 

channels 

Studying the effect of vessel 

anatomical characteristics on particle 

adhesion based on BSA/anti-BSA 

interactions 

Particle adhesion in bifurcations was 

significantly higher than linear sections. 

[74] 

Fibronectin coating on 

PDMS, no cell culture 

Liposomes and metal 

nanoparticles 

A single-layered chip 

containing a single 

rectangle channel 

Studying the effect of NP size (60-130 

nm) and NP shape (spherical and rod-

shaped) on their margination 

Smaller NPs showed higher margination 

than larger NPs. Rod-shaped NPs 

showed higher margination than 

spherical NPs. 

[75] 

Bovine aortic endothelial 

cells 

Polystyrene nanoparticle, 

targeted to ICAM-1 

A single-layered chip 

containing complex 

vasculature networks 

Studying the effect of cytokines in 

adhesion of antibody-conjugated NPs 

Inflamed cells showed higher adhesion 

of NPs. 

[76] 
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Table 2.2. Continued. 

Cells Particles Design Aims Results Ref 

ICAM-1 coating on PDMS, 

no cell culture 

Anti-ICAM-1 conjugated 

nanoparticles 

A single-layered chip 

containing Y-shaped 

channels 

Studying the effect of particle size, 

antibody density, and red blood cells 

on binding of NPs to vessel walls 

The existence of red blood cells can 

increase the binding of NPs to vessel 

walls, especially for particles with larger 

sizes and higher antibody densities. 

[77] 

Hy929 human endothelial 

cells 

Silica nanoparticles A single-layered chip 

containing a single 

rectangle channel 

Studying the effect of NPs on platelet 

aggregation 

High NP doses can induce platelet 

aggregation and clot formation. 

[78] 

Human umbilical vein 

endothelial cells 

Silica nanoparticles A single-layered chip 

containing a single 

rectangle channel 

Studying nanoparticle cytotoxicity Nanoparticles showed higher 

cytotoxicity under flow conditions 

compared to the conventional static 

cytotoxicity assays. 

[79] 

Human umbilical vein 

endothelial cells 

Gold nanoparticles A single-layered chip 

containing Y-shaped 

channels 

Studying nanoparticle cytotoxicity Nanoparticles showed lower cytotoxicity 

under flow conditions compared to the 

conventional static cytotoxicity assays. 

[80] 

Human umbilical vein 

endothelial cells 

Gold nanoparticles A single-layered chip 

containing a single 

rectangle channel 

Studying nanoparticle cytotoxicity Nanoparticles showed lower cytotoxicity 

under flow conditions compared to the 

conventional static cytotoxicity assays. 

[81] 
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Table 2.2. Continued. 

Cells Particles Design Aims Results Ref 

Human umbilical vein 

endothelial cells 

FITC-BSA tracers A two-layered chip 

containing parallel 

microfluidic channels 

separated by a membrane 

Studying the permeability across the 

healthy and histamine-stimulated 

endothelium 

Histamine stimulation can increase the 

permeability 

[82] 

Primary porcine aortic 

endothelial cells 

FITC-BSA tracers A two-layered chip 

containing parallel 

microfluidic channels 

separated by a membrane 

Studying nanoparticle permeability 

across the endothelium 

Laser-induced fluorescent technique can 

be used to study the permeability across 

the endothelium in a real-time manner. 

[83] 

Human umbilical vein 

endothelial cells 

Lipid polymer hybrid 

nanoparticles 

A two-layered chip 

containing parallel 

microfluidic channels 

separated by a membrane 

Studying the permeability across the 

healthy and TNF-α stimulated 

endothelium 

Shear stress and TNF-α can increase the 

endothelial permeability, thus NP 

translocation. 

[19] 

 brain-derived endothelial 

cell.3 (bEnd.3) 

Liposomes  

targeted to VCAM-1 

Cells were cultured on 

coverslips and placed into a 

doublet flow chamber 

Studying the binding and endocytosis 

of VCAM-1 targeted NPs to inflamed 

endothelium (stimulated by TNF-α) 

80% of the bound liposomes were 

internalized.  

[84] 

Human umbilical vein 

endothelial cells 

VCAM-1 targeting 

magnetic nanoparticles 

(core/shell NPs with Fe3O4 

core and SiO2 shell) 

Cells were cultured on glass 

slides and placed into a 

parallel plate flow chamber 

Studying the potential of the 

developed NPs for inflammation 

targeting and MR imaging 

Successful targeting and imaging were 

reported for the developed NPs. 

[85] 



Chapter 2 

__________________________________________________________________ 

 

31 

 

Table 2.2. Continued. 

Cells Particles Design Aims Results Ref 

Human aortic endothelial 

cells 

Polystyrene nanoparticles 

targeted to P-selectin 

Cells were cultured on glass 

slides and placed into a 

parallel plate flow chamber 

Studying the effect of NP size (100-

1000 nm) in their adhesion to P-

selectin 

Smaller NPs showed higher targeting. [86] 

Human cerebral 

microvascular endothelial 

cells 

Polystyrene nanoparticles 

targeted to VCAM-1 

A single-layered chip 

containing a single 

rectangle channel 

Studying the effect of NP shape on 

binding to the healthy and inflamed 

endothelium (stimulated by LPS) 

Rod-shaped nanoparticles demonstrated 

greater binding ability compared to 

spherical nanoparticles. 

[57] 

Human umbilical vein 

endothelial cells 

High density lipoprotein 

(HDL) mimetic 

nanoparticles 

A single-layered chip 

containing multiple arrays 

of parallel channels 

Studying angiogenesis  HDL mimetic nanoparticles can regulate 

angiogenesis with a biphasic effect. 

Also, these NPs can inhibit 

inflammation-driven angiogenesis. 

[89] 

Human umbilical vein 

endothelial cells 

Liposomes  

targeted to VCAM-1 

Gradient shear chambers Studying the effect of peptide density 

on nanoparticle uptake 

NP binding significantly increased by 

increasing the peptide density. 

[90] 
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 Chapter 3 * 

3.1 Abstract 

Atherosclerosis is an inflammation-driven disorder of the arteries and one of the leading 

causes of mortality worldwide. The initial pathological factor in atherosclerosis is a 

dysfunctional endothelium (Dys-En), which results in enhanced permeability of endothelial 

barriers and enhanced expression of adhesion molecules such as VCAM-1. Enhanced 

permeability of Dys-En and overexpression of VCAM-1 are promising strategies for 

targeting of nanoparticles to atherosclerotic lesions and understanding the biological 

outcomes of nanoparticle physicochemical properties with the Dys-En is therefore highly 

important. The goal of this study was to assess the most optimal nanoparticle properties for 

VCAM-1 binding and permeability across a Dys-En in order to provide valuable insight 

into the design of nanoparticles for atherosclerosis treatment. For this purpose, we first 

investigated the inflammatory effects of a range of cardiovascular pro-inflammatory 

mediators on endothelial cells to develop the most optimal in vitro Dys-En models. TNF-

α, IL1-β, and thrombin elicited the most potent effect on endothelial disruption. Incubation 

of HUVEC cells with these mediators led to the loss of VE-cadherin, formation of stress 

actin fibers, and overexpression of VCAM-1, which are all hallmarks of a Dys-En.  We 

then synthesized a library of nanoparticles, with four different sizes (i.e., 30, 60, 120, 250 

nm), conjugated with three known VCAM-1 targeting ligands. The screening of these 

nanoparticles across the Dys-En models revealed that size governs nanoparticle 

permeability and binding, regardless of the type and density of targeting ligand used. 

Furthermore, the results of this study suggest that the design of nanoparticles with the 

appropriate size (in the range of 30-60 nm) can highly increase permeability and binding 

across the Dys-En, and can therefore improve the efficiency of nanoparticles for the 

treatment of atherosclerosis. 

 
*  The content of this chapter has been submitted to a peer-reviewed journal for publication. The manuscript 

is under review at the date of PhD submission.  

S. Bazban-Shotorbani, H. A. Khare, J. Kajtez, S. Basak, J. H. Lee, N. Kamaly, Binding and permeability 

screening of VCAM-1 targeted nanoparticle transport across models of endothelial dysfunction induced by 

cardiovascular inflammatory mediators. 
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3.2 Introduction 

Cardiovascular disease (CVD) is the leading cause of death worldwide [91]. The major 

cause of CVD is atherosclerosis, which is an inflammation-driven chronic disease of the 

arteries. Cholesterol is transported in plasma by apolipoprotein particles within the body, 

and when these cholesterol-apolipoprotein particles, including low-density lipoproteins 

(LDL), accumulate in the sub-endothelium of large and medium sized arteries in regions of 

disturbed blood flow, they are retained and become oxidized. This leads to an accumulation 

of oxidized LDL (oxLDL) and a dysfunctional endothelium (Dys-En) with enhanced 

permeability. The enhanced permeability and retention effect, known as the EPR effect, 

permits further lipoprotein accumulation, which leads to inflammatory responses and 

recruitment of monocyte-derived macrophages [8]. Macrophages ingest oxLDLs and form 

foam cells. Subsequently, foam cells release cellular debris and crystalline cholesterol, 

leading to the formation of necrotic cores and atherosclerotic plaques. Eventually, 

atherosclerotic plaques grow large and become unstable, leading to rupture or endothelial 

erosion with ensuing thrombosis, causing vessel occlusion and myocardial infarction or 

ischemic stroke. Therefore, a dysfunctional endothelium is the initial and critical 

pathophysiological occurrence in atherosclerosis [3, 8, 92]. 

In a healthy vessel, nutrients are supplied to the outer compartment of the vessel wall by 

the vasa vasorum and nutrients can reach to the intima by their diffusion from the lumen. 

Plaque formation results in the thickening of the intima, thus increasing the distance 

between the luminal surface and deep layers of the intima (Figure 3.1). Therefore, deep 

layers cannot be supplied sufficiently by the diffusion of nutrition and oxygen from the 

lumen. To provide sufficient oxygen and nutrient supply, neovascularization occurs as a 

compensatory defense mechanism and the neovessels sprout from the vasa vasorum into 

the plaque [8, 93]. In contrast to the healthy vasa vasorum on a vessel wall (Figure 3.1A), 

these intraplaque neovessels are fragile, compromised, and leaky (Figure 3.1B).  

In atherosclerosis, the enhanced permeability of the luminal endothelium, as well as the 

leakiness of the neovessels can be considered as a promising strategy for nonspecific 

targeting of nanoparticles to atherosclerotic plaques [8, 19, 94]. As shown in Figure 3.1 A-
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B, intercellular gaps allow nanoparticles to extravasate from the bloodstream to the plaques 

and accumulate via nonspecific mechanisms. 

Another hallmark of dysfunctional endothelium in atherosclerosis is an increase in the 

expression of adhesion molecules such as intercellular adhesion molecule 1 (ICAM-1) and 

vascular cell adhesion molecule 1 (VCAM-1) [7]. These upregulated adhesion molecules 

provide a unique mechanism of site-specific targeting to the endothelium (Figure 3.1C). 

VCAM-1 is an attractive target because of its critical role in atherosclerosis development 

and its unique expression pattern on intraplaque neovessels [7, 21]. Various studies have 

been reported on the application of VCAM-1 targeted nanocarriers, including micelles [50, 

95], liposomes [52, 53], viral nanoparticles [54, 56], iron oxide nanoparticles[51, 55, 85], 

gold nanoparticles [96], and polymeric nanoparticles [58, 59] for VCAM-1 specific 

imaging, diagnosis, and treatment of atherosclerosis. 

Upon binding, the nanoparticles can either become attached to the surface of the endothelial 

cells, become internalized or translocate across the leaky dysfunctional endothelium (Dys-

En). Understanding nanoparticle biophysicochemcial interactions with dysfunctional 

endothelial cells is important in the design of optimal nanoparticles that can traverse this 

barrier to atherosclerotic plaques. Design of optimal nanoparticles, which show successful 

targeting and higher therapeutic effects in vitro, is a fundamental step towards predicting 

nanoparticle behaviour in vivo. In this work, we have investigated the effects of a range of 

inflammatory mediators relevant to heart disease in order to assess their effects on 

endothelial cell tight-junction disruption and used this as a model to screen various sized 

fluorescent polystyrene nanoparticles targeted to the VCAM-1 receptor using three known 

VCAM-1 binding peptides. We used a Transwell model of endothelial monolayer culture 

as this is an excellent model that allows both the systemic screening and mechanistic 

investigations of endothelial barrier function and paracellular permeability in vitro. We 

therefore assessed the most optimal nanoparticle properties for 1) VCAM-1 binding and 2) 

translocation across the inflammed and leaky endothelium. Since a dysfunctional 

endothelium plays a significant role in atherosclerosis, our studies demonstrate the utility 

of in vitro based screening models for the determination of nanoparticle and vascular 

permeability and targeting outcomes. 
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Figure 3.1. (A) Structure of a vasa vasorum on a vessel wall. (B) Structure of a neovessel, 

which has sprout from the vasa vasorum into a plaque. Nanoparticles can translocate from 

these neovessels to a plaque environment due to their leaky and compromised structure. 

(C) Upregulation of VCAM-1 receptors on endothelial cells of neovessels leads to the 

selective binding of VCAM-1 targeted nanoparticles to the cells. 

 

3.3 Material and methods 

 Cell maintenance 

Human umbilical vein endothelial cells (HUVECs) were purchased from American Type 

Culture Collection (PCS-100-013, ATCC). The cells were cultured in T-75 flasks, at 37 °C 

in 5% CO2 humidity, in vascular cell basal medium (PCS-100-030, ATCC) supplemented 

with a VEGF growth kit (PCS-100-041, ATCC), 10 % fetal bovine serum (FBS), and 1% 

penicillin-streptomycin (P0781, Sigma-Aldrich). For all experiments, cells were used 

between passages 3 to 7.   
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 Cell culture on Transwell® filters 

All studies (TEER measurements, permeability, CellZscope, and nanoparticle screening) 

were performed using Transwell® filter inserts (6.5 mm diameter, 1 μm pore size, PET, 

Corning). The inserts were pre-treated with 100 µg/ml fibronectin from human plasma 

(Sigma-Aldrich) for 1 h at 37 °C. Then, the cells were seeded on the inserts at a cell density 

of 0.2 × 106 cell/inserts, and incubated for 24 h at 37°C in 5% CO2 under constant humidity 

until full confluency and forming an endothelial monolayer. The cells were then treated 

with the inflammatory mediators. Concentrations of the mediators and their incubation 

times with cells can be found in Table 3.1. 

 Lucifer Yellow permeability studies 

For this purpose, 5 µg/ml Lucifer Yellow solution (Sigma-Aldrich) was added to the apical 

side of the healthy and inflamed endothelial layers, which were developed on Transwell® 

filters. Then, the filters were incubated at 37 °C for 1h. After 1h, the fluorescence intensity 

of Lucifer Yellow in the basal compartment was measured using a Spark® Tecan 

multimode microplate reader at excitation and emission wavelength of 428 nm and 536 nm, 

respectively. The concentration of translocated Lucifer Yellow was calculated based on 

fluorescence intensity and a previously determined standard concentration curve of Lucifer 

Yellow. The permeability coefficient (P) for Lucifer Yellow was calculated based on 

Equation 1. In this equation, C(t0) and C(t) are the concentrations of Lucifer Yellow that 

were measured from the basal compartment after 0 and t seconds, respectively. The 

duration of the experiment is denoted by t. V is the volume of the basal compartment. The 

membrane area is denoted by A and C0 is the initial concentration of Lucifer Yellow. 

 0

0

( ) ( )C t C t V
P

A t C

− 
=

 
       Equation 1 

PCM (permeability of a cell-covered membrane) and PM (permeability of a blank membrane, 

without any cells) were first calculated from Equation 1 . Then,  Equation 2 was used to 

calculate the permeability of the cell-layer (Pc) [97, 98]. 

1 1 1

c CM MP P P
= −          Equation 2 
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A Lucifer Yellow permeability assay was performed for untreated cell layers (no 

inflammatory mediator, control group) and inflamed cell layers. Then, Pc was calculated 

for both using the above-mentioned equations. Lastly, normalized permeability (Pc of 

inflamed cells divided with Pc of control cells) was reported.  

 Endpoint TEER measurement using EVOM2 volt-ohmmeter 

For this group of experiments, an EndOhm-6 chamber (World Precision Instruments) 

connected to an EVOM2 Meter (World Precision Instruments) was used. The TEER values 

of a blank insert (without cells) were subtracted from the resistance obtained from cell-

cultured inserts in order to obtain the true resistance for each cell layer as per Equation 3. 

Then, the results were multiplied by the membrane area (A=0.32 cm2). Therefore, the final 

values are expressed as Ω.cm2 (resistance of a unit area), as per Equation 4 [99, 100]. 

cell layer Total BlankR (Ω)=R -R     Equation 3 

2

Reported cell layer TEER =R (Ω)×  (cm )     Equation 4 

The TEER values were measured for the control group (no inflammatory mediator) and 

inflamed cells. Then, normalized data were calculated by dividing the TEER obtained from 

inflamed cells with that obtained from control cells.  

 Real-time measurement of TEER and cell capacitance using CellZscope 

For this purpose, a CellZscope (nanoAnalytics, Münster, Germany) instrument was used. 

This device measures the complex impedance of the endothelial layers dynamically. The 

TEER and corresponding cell capacitance can be calculated with nanoAnalytics 

CellZscope software. Before starting the experiments, bottom electrodes (pots) and top 

electrodes (stamps and bars) were autoclaved, then assembled on the device under sterilized 

conditions inside a laminar flow hood. Subsequently, the device was placed at 37 °C for 30 

min to avoid any temperature shock on cells, which can occur because of the cold metal 

compartments. Next, the fibronectin-treated inserts were placed inside the pot-like bottom 

electrodes. Cells were seeded on the inserts at the cell density of 0.2×106 cells/insert and 

media volume of 400 µl. Then, 800 µl of warm media was added to the pot-like electrodes. 

After 24 h incubation, media of the inserts was removed and fresh media, containing the 
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inflammatory mediator at the highest dose mentioned in Table 3.1, was added to the inserts. 

For control inserts, the media was changed with fresh media without any inflammatory 

mediator. NanoAnalytics CellZscope software was used to measure TEER and cell 

capacitance every 30 minutes, for a duration of 29 hours, starting 5 hours before the 

addition of the inflammatory mediators and ending 24 hours after the addition of the 

inflammatory mediators. Lastly, data obtained from inflamed cells was normalized to the 

data obtained from control cells.  

 Immunostaining of VE-Cadherin and F-actin 

Healthy endothelial cells (confluent and non-stimulated) and inflamed cells (stimulated by 

TNF-α, IL1-β, and thrombin, at the highest dose mentioned in Table 3.1) were established 

as described earlier. For immunostaining of VE-Cadherin and F-actin, cells were washed 

with PBS (Sigma-Aldrich), fixed with 4% methanol-free paraformaldehyde (Image iT 

fixative solution, Thermo Scientific) for 20 min, rinsed with PBS, permeabilized with 0.1% 

Triton X-100 (Sigma-Aldrich) for 30 min, rinsed with PBS, and then blocked with 1% BSA 

in PBS for 1h at room temperature. After that, the cells were incubated with Alexa Fluor488 

VE-Cadherin antibody (mouse monoclonal IgG1, sc-9989, Santa Cruz Biotechnology), and 

diluted 1:1000 in PBS containing 0.5% BSA for 40 min at room temperature. Subsequently, 

the cells were washed with PBS (3 x 5 min), and then incubated with Alexa Flour 647 

Phalloidin (Invitrogen) diluted 1:40 in PBS containing 1% BSA, for 1 h at room 

temperature. The samples were then washed with PBS (3 x 5 min). Cell nuclei were stained 

with Hoechst 33342 (Thermo Scientifics), diluted 1:2000 in PBS, for 30 min at room 

temperature. The membrane of the insert, which contained the cells was then cut and 

mounted on a glass slide using Fluoromount aqueous mounting solution (Sigma-Aldrich). 

The images were captured by a Laser Scanning Confocal microscope (Zeiss LSM 710), 

using a 63X, NA 1.4 oil objective or a 20X, NA 0.8 air objective. 

 Immunostaining of VCAM-1 

Healthy endothelial cells and inflamed HUVECs (stimulated by TNF-α, IL1-β, and 

thrombin, at the highest dose mentioned in Table 3.1) were first established. For 

immunostaining of VCAM-1, mouse monoclonal IgG1 anti-VCAM-1 antibody 

(Invitrogen) and Alexa Flour555-conjugated goat anti-mouse IgG1 antibody (Invitrogen) 
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were used as primary and secondary antibodies, respectively. For this purpose, the cells 

were washed, fixed, and permeabilized as described above. After that, the cells were 

blocked with 3% BSA in PBS for 1h at RT. Subsequently, the samples were incubated with 

primary antibody, diluted 1:20 in PBS containing 3% BSA, at 4 °C overnight. The cells 

were then rinsed with PBS three times at 5 min each, and incubated with secondary 

antibody, diluted 1:1000 in PBS containing 1% BSA. Nuclei staining, mounting, and 

microscopy were done following the same methods mentioned above for the VE-cadherin 

and F-actin experiments. 

 Quantification of VE-Cadherin, F-actin, and VCAM-1 by ImageJ 

The fluorescent signals of F-actin, VE-Cadherin, and VCAM-1 were quantified using 

ImageJ. For this purpose, three independent experiments (each experiment including TNF-

α, IL1-β, and thrombin-stimulated cells, and non-stimulated cells) were performed. Then, 

5-7 images of each sample were captured and analyzed by ImageJ software. To quantify 

actin signals in an image, a threshold value in the range of 50-70 was selected and applied 

to the image. The total area above the selected threshold value was calculated by the 

software, normalized to the total number of nuclei in the image, and expressed as actin 

signal/cell. This analysis method was applied to all captured images of a sample (5-7 

images) and the average actin signal/cell was calculated. Using a single threshold value for 

all samples within an experiment, the average actin signal/cell was calculated for TNF-α-

stimulated cells, IL1-β-stimulated cells, thrombin-stimulated cells, and non-stimulated 

cells to study the effect of inflammatory mediators on actin filaments. The method was 

repeated for three independent experiments and mean±SD is reported. To quantify VE-

Cadherin signals and VCAM-1 signals, a similar quantification method was carried out 

using the threshold values in the range of 50-70, and 30-40, respectively. 

 Fluorescence-activated cell sorter (FACS) analysis 

Healthy (confluent and non-stimulated) and inflamed HUVECs (stimulated by TNF-α, IL1-

β, and thrombin, with the highest dose mentioned in Table 3.1) were first established. Then, 

the cells were harvested by AccutaseTM cell detachment solution (Becton Dickinson), 

centrifuged at 380 xg, at 4°C for 5 minutes, washed with PBS, washed with FACS buffer, 

and incubated with anti-human FC block (564220 BD, diluted 1:10 in FACS buffer) at 4°C 

for 10 min. Then, a master mix solution containing mouse anti-human VCAM-1 antibody 
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(744309 BD) and fixable viability dye eFluor™ 780 (65-0865-18, eBiosciences™Thermo) 

was prepared by diluting in FACS buffer at the optimum concentration, according to 

titrations carried out beforehand and added to cells. Cells were incubated at 4°C for 30 

minutes in the dark, washed twice with FACS buffer followed by centrifugation each time 

at 380 xg, at 4°C for 5 minutes. Finally, cell pellets were re-suspended in 200µl of FACS 

buffer and analyzed by BD LSRFortessa™X-20 flowcytometer and FACSDiva software 

(version 8.0.1, BD Biosciences, CA, USA). The cellular population to be analyzed was 

gated based on forward and side scattering (FSC-A/SSC-A dot plot & FSC-A/FSC-H dot 

plot) to filter single cells from debris and doublets. Viable cells were gated from the single 

cell population (eFluor 780 VD-A/SSC-A dot plot) and VCAM-1 expression was 

determined from these viable cells (VCAM-1 BV 421-A/SSC-A dot plot). A gate was 

established by having control samples of unstimulated cells as a reference for baseline 

VCAM-1 expression. VCAM-1 expression for each stimulant and control was determined 

by median fluorescence intensity values. The data was analyzed using FlowJo software 

version 10.4.2 (FlowJo LLC, Ashland, Oregon, USA).  

 Calculation of the surface density of amine groups 

Polystyrene nanoparticles labeled by rhodamine B and functionalized by amine groups, in 

four different sizes (30, 60, 120, and 250 nm, corresponding to NP30, NP60, NP120 and 

NP250, respectively) were purchased from Micromod GmbH. The amount of surface amine 

groups (
2NH ) was provided by the nanoparticle manufacturer, which was 10, 14, 12, 26 

nmol/mg for NP30, NP60, NP120, and NP250, respectively. The number of amine groups 

per nanoparticle (
2

# /NH NP ) can be calculated by knowing 
2NH ,   (density of the 

nanoparticles, which is 1.03 g/cm3), and r (radius of nanoparticles) as per Equation 5. 

2 2

34
# /

3
NH NH ANP r N  =                Equation 5 

In this equation,   and AN  represent pi and Avogadro’s numbers. Moreover, the surface 

density of amine groups (
2

2# /NH nm ) can be calculated using Equation 6. 

2

2

2

2

# /
# /

4

NH

NH

NP
nm

r
=

 
             Equation 6 
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 PEGylation of amino-functionalized polystyrene nanoparticles 

A mixture of maleimide polyethylene glycol N-hydroxysuccinimidyl ester (Mal-PEG-

NHS, 2 KDa, Nanocs Inc.) and methoxy polyethylene glycol N-hydroxysuccinimidyl ester 

(m-PEG-NHS, 2 KDa, Nanocs Inc.) were used to PEGylate the nanoparticles. For this 

purpose, a modified protocol reported by Resch-Genger et.al was used [101]. Briefly, a 500 

µL of nanoparticle solution (1 %wt.) was washed twice with phosphate buffer (20 mM, pH 

8) using an Amicon ultra-0.5 centrifugal filter unit (10 kDa cutoff, Millipore) at 10 000 

rpm, at 4 °C (30 min for NP30, NP60, and NP120, and 15 min for NP250) and then 

dissolved in 200 µL phosphate buffer. A mixture of MAL-PEG-NHS and m-PEG-NHS 

(molar ratio 1:5) was dissolved in 100 µL DMSO and added to the nanoparticle solution. 

The molar ratio of amine groups to PEG was 1:3. The mixture was shaken overnight at 

room temperature, then washed twice as mentioned above.  

 Quantification of PEGylation 

The PEGylation efficiency was calculated by subtracting the number of unreacted amine 

groups from the initial number of amine groups. The number of unreacted amine groups 

was obtained by the ninhydrin assay. For this purpose, known concentrations (0, 0.062, 

0.125, 0.25, 0.5, and 1 %wt.) of un-PEGylated nanoparticle solutions were prepared and 

ninhydrin assay was performed to obtain standard curves for each group of the 

nanoparticles. Then, the ninhydrin assay was run for PEGylated nanoparticles (1 %wt.) and 

the number of amine groups was determined using the standard curves. In order to perform 

ninhydrin assay for both PEGylated and un-PEGylated nanoparticles, 100 µL of 

nanoparticle solution was mixed gently with 100 µL of ninhydrin reagent (N7285, Sigma 

Aldrich), incubated for 10 minutes at 90 °C, cooled down and diluted to 1 mL with absolute 

ethanol. Subsequently, the UV absorbance was measured at 570 nm using a nanodrop 2000 

Spectrophotometer (Thermo Fisher Scientific). By knowing the PEGylation efficiency, the 

number of PEG groups per nanoparticle ( # /PEG NP ) and surface density of PEG groups (

2# /PEG nm ) can be calculated by Equation 7 and Equation 8. 

2
# / (# / )PEG NHNP NP= PEGylation efficiency      Equation 7 

2

2

# /
# /

4

PEG
PEG

NP
nm

r
=

 
    Equation 8 
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 Quantification of the maleimide content 

The maleimide content was quantified using a colorimetric maleimide assay kit (MAK 162, 

Sigma Aldrich) according to the manufacturer‘s instructions. Briefly, 100 µL of the 

pegylated nanoparticles (1 %wt.) were mixed with a known amount of excess thiol (2-

Aminoethanethiol Hydrochloride, MEA) in the assay buffer (MAL 162C, Sigma Aldrich) 

to the final volume of 500 µL, and incubated at room temperature for 20 minutes to 

complete the maleimide-thiol reaction. To determine the amount of the unreacted MEA, 

excess amount of 4,4´-DTDP assay solution (4,4´-Dithiodipyridine) was added. The 

mixture was incubated at room temperature for 2 minutes. Using Nanodrop 2000 

Spectrophotometer (Thermo Fisher Scientific), the UV absorbance at 324 nm was 

measured for the samples before and after incubation with 4,4´-DTDP, which were 

respectively shown as initialA  and 
finalA in Equation 9. Furthermore, the UV absorbance at 

324 nm was measured for a solution containing the above-mentioned concentrations of 

MEA and 4,4´-DTDP in assay buffer (without any nanoparticles) after 2 minutes 

incubation, which is shown as totalSHA . Therefore, totalSHA  represents the absorbance of 

remaining DTDP after reaction with total MEA, and ( )final initialA A− represents the absorbance 

of remaining DTDP after reaction with unreacted MEA. Consequently, the moles of reacted 

MEA, which is considered to be equal to the moles of the maleimide groups, can be 

calculated using Equation 9.  In this equation, 324  is DTDP’s extinction coefficient at 324 

nm, which is 19800 M-1 cm-1, V is the sample volume, and L is optical path length of the 

spectrophotometer. Subsequently, similar equations to Equation 5 and 6 can be used to 

calculate the number of maleimide groups per nanoparticle ( # /Mal NP ) and surface density 

of maleimide groups ( 2# /Mal nm ). 

( )

324

totalSH final initial

Maleimide

A A A V
Mole

L

 − − 
 =


     Equation 9 

 Peptide coupling 

Three VCAM-1 targeting peptides (P1: CGGG-VHPKQHR, P2: VHPKQHR-GGGC, and 

P3: VHSPNKK-GGGC) were purchased from Mimotopes, Australia. The molecular 

weight of the peptides was 1175.34, 1175.34, and 1083.24 Da, respectively, and the purity 
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of the peptides was higher than 95%, based on the information provided by the peptide 

manufacturer. To conjugate the peptides to the surface of the maleimide-functionalized 

nanoparticles, the nanoparticles were dispersed in phosphate buffer saline (PBS, pH 7) 

containing 1 mM ethylenediaminetetraacetic acid (EDTA, Sigma Aldrich). 100 µL of the 

nanoparticle solution (1 %wt.) was mixed with 100 µL of the peptide solution overnight at 

room temperature. The molar ratio of maleimide to peptide was 1:4. To quench any 

remaining maleimide groups, 50 µL of 20 mM cysteine solution was added to the reaction 

solution and mixed for 2h. Then, the nanoparticles were washed twice in PBS using an 

Amicon ultra-0.5 centrifugal filter unit (10 kDa cutoff, Millipore) at 10000 rpm, 4 °C (30 

min for NP30, NP60, and NP120, and 15 min for NP250) and then dissolved in 200 µL 

phosphate buffer. 

 Quantification of the peptides on the surface of the nanoparticles 

The UV absorbance for peptide-coupled nanoparticles and non-coupled nanoparticles was 

measured at 205 nm using a nanodrop 2000 Spectrophotometer (Thermo Fisher Scientific) 

and the absorbance difference (ΔA205) was calculated. Subsequently, the extinction 

coefficient of the peptides at 205 nm (Ԑ205) was obtained based on the method reported by 

Anthis et. al [102] and their developed computer software program, which is available 

online (at http://spin.niddk. nih.gov/clore). Ԑ205 was calculated to be 40640, 40640, and 

34090 M-1 cm-1 for P1, P2, and P3, respectively. Knowing ΔA205 and Ԑ205, the Beer-Lambert 

law was used to calculate the concentration of the peptides. Lastly, similar equations to 

Equation 5 and 6 can also be developed for peptides to calculate the number of peptides 

per nanoparticle ( # /peptide NP ) and the surface density of peptides ( 2# /peptide nm ). 

 Measurement of size, PDI, and zeta potential 

Dynamic light scattering (DLS) was used to study the size, polydispersity index (PDI) and 

zeta potential of the nanoparticles using a Malvern zetasizer Nano-ZS. Nanoparticle 

solutions were vortexed extensively and sonicated for 10 minutes before any measurement. 

All experiments were performed in PBS and nanoparticle concentration of 0.1 %wt. The 

dynamic light scattering angle was set at 90°. The measurements were repeated 5 times. 
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 NP permeability across the healthy and inflamed endothelium 

Healthy and inflamed cells (stimulated by TNF-α, IL1-β, and thrombin, at the highest dose 

presented in Table 3.1) were established as described earlier. Subsequently, the healthy 

and inflamed cells were incubated with the nanoparticle solutions (100 µg/ml in cell culture 

media, without FBS) for 6 h. Then, the samples from the basal solution were collected and 

analyzed by a Spark® Tecan multimode microplate reader at excitation and emission 

wavelength of 552 nm and 580 nm, respectively.  The concentration of the nanoparticles in 

the basal solution was calculated using the fluorescence intensity results and nanoparticle 

standard curves. Finally, the percentage of translocated nanoparticles across the cell layer 

can be calculated by Equation 10. 

 concentration in basal compartment after 6h
% translocated NPs across a cell layer = 100

 concentration in upper compartment at t=0

NP

NP
     Equation 10 

 NP binding to the healthy and inflamed endothelium 

Culturing of HUVEC monolayers, inflammation induction by inflammatory mediators, and 

incubation with nanoparticles were performed as mentioned in the previous section. After 

2h, the nanoparticle solution was removed. The cells were washed to remove any unbound 

nanoparticles and then fixed using 4% paraformaldehyde. The membranes of the inserts 

were then cut and mounted on glass slides using H-1000 Vectashield mounting media with 

DAPI. The glass slides were scanned and imaged by Zeiss Axio Scan Z1 with filter sets 

appropriate to detect DAPI and rhodamine, using a 10X, NA 0.45 objective to collect the 

entire image of a membrane. To quantify the rhodamine intensity and the exact number of 

nuclei for each image, Zeiss Zen Intellesis software was used. Subsequently, MFI/cell, 

which shows mean fluorescence intensity of nanoparticles bound to a cell, was calculated 

by Equation 11. In Equation 12, (MFI/cell)0 represents mean fluorescence intensity of 

peptide-free nanoparticles bound to a non-inflamed cell. This normalization was done for 

each group (i.e., NP25, NP50, NP100, and NP250) separately. 

RhodamineMFI
MFI/cell=

Nucleus count
                        Equation 11 

0

(MFI/cell)
Normalized MFI/cell=

(MFI/cell)

             Equation 12 
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 Statistical Analysis 

Statistical analyses were performed using OriginPro 10 (OriginLab Corporation, USA). All 

data are derived from at least three independent replicates and reported as mean ± SD. The 

comparison between groups were made by the two-sample t-test. The p-values of <0.05, 

<0.01, and <0.001 were shown as *, **, and ***, respectively. The symbol ns represents 

the non-significant differences.  

 

3.4 Results and discussions 

 Development of in vitro models of endothelial dysfunction 

The integrity of vascular endothelial junctions is an important structural feature, and in 

vitro endothelial cultures provide a simple and informative model of in vivo microvascular 

barriers, which have been demonstrated to mimic inflammatory responses associated with 

diseased states. A dysfunctional endothelium underlies the pathophysiology of many acute 

and chronic forms of inflammation, wound healing, and immune response and can occur 

when the endothelial junctions are disrupted [4, 11]. Endothelial disruption is caused by 

actin-myosin cross-bridge movements, which is initiated by phosphorylation of the myosin 

light chain (Figure 3.2). VE-cadherin-mediated cell-cell junctions, also known as adherens 

junctions, maintain the barrier integrity of endothelial cells. These molecules are connected 

to actin filaments via the catenin family. Phosphorylation of the myosin light chain (MLC) 

triggers binding of myosin motor domains to actin and results in the formation of the actin-

myosin complex. The cross-bridge movement of the actin-myosin complex causes cell 

contraction, weakens cell-cell adhesion and promotes junction disruption (Figure 3.2A). 

Therefore, in the first instance, we set out to investigate the effects of various 

atherosclerosis relevant inflammatory mediators upon healthy human umbilical vein 

endothelial cells (HUVEC) in order to establish a disease-relevant endothelial dysfunction 

biomimetic in vitro model. For this purpose, we investigated the adherens-junction 

disruption and permeability inducing effects of 7 inflammatory mediators including: TNF-

α, thrombin, IL-6, IL1-β, c-reactive protein (CRP), oxLDL, and histamine. These mediators 

can activate different pathways (Figure 3.2B) and induce endothelial disruption via either 

1) Ca2+/CaM pathway, 2) cGMP/PKG pathway, 3) PTK/MAPK pathway, 4) Rho GTPases 
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pathway, or combination of these pathways. The cascades in Figure 3.2B show how the 

inflammatory mediators can cause production and/or elevated levels of myosin light chain 

kinases (MLCK). MLCK strongly participates in the phosphorylation of MLC and the 

formation of an actin-myosin complex, leading to junction disruptions [4, 103]. Histamine 

causes junction disruption via the Rho GTPase pathway [104], the cGMP-PKG pathway, 

and the Ca2+/CaM pathway [4]. IL-6-induced and IL1-β-induced disruptions of the 

junctions are due to the cGMP-PKG [105], and PTK/MAPK pathways [106], respectively. 

TNF-α [4, 107, 108] and thrombin [4, 109, 110] can extensively activate all of the 

mentioned pathways. So far, a comparative investigation of effects of all these 

cardiovascular relevant inflammatory mediators on the endothelium disruption has not been 

undertaken. Thus, we initially measured the effects of incubation of these seven 

inflammatory mediators at various doses on HUVEC cell permeability and endothelial 

integrity. The concentrations and incubation times were chosen based on reported literature 

values and our preliminary studies (Table 3.1).  

Table 3.1. Incubation time and concentrations of atherosclerosis relevant pro-inflammatory 

mediators based on literature values. 

Inflammatory 

mediator 

Concentration range 

in the literature 
(µg/ml) 

Selected 

concentrations 
(µg/ml) 

Incubation 

time  

Reference 

TNF-α 0.01-0.02 0.02 24h [19, 111-113] 

Thrombin 0.1-5 0.1, 1, 5 6h [109, 114-

116] 

IL-6 0.1-0.5 0.1,0.2,0.5 24h [105, 117] 

IL1-β 0.001-0.1 0.001,0.01,0.1 24h [118-121] 

CRP 20-70 25, 50, 75 24h [122-124] 

Ox-LDL 10-100 10, 50, 100 24h [125, 126] 

Histamine 0.1-10 0.1, 1, 10 30 min [97, 104, 115] 
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Figure 3.2. Effect of key atherosclerotic inflammatory mediators on endothelial barrier 

disruption. (A) Schematic illustration of endothelial barrier disruption. (B) Molecular 

pathways of endothelial barrier disruption.  
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In order to mimic a healthy endothelial layer of a vessel wall, a confluent monolayer of 

HUVEC cells was cultured on fibronectin treated Transwell® permeable supports. The 

optimal cell-seeding density and the incubation time were investigated to be 0.2 x 106 

cells/inserts and 24h (Figure SI 3.1). The use of the Transwell® in vitro system provides a 

convenient platform to study the anchored HUVEC monolayer. Furthermore, the inserts 

provide independent access to both the upper and lower sides of the monolayer for sampling 

and transport studies. Subsequently, the endothelial layers were activated and stimulated 

with the seven atherosclerotic inflammatory mediators to mimic a dysfunctional 

endothelium. To study the effect of the mentioned inflammatory mediators on endothelial 

layers, four different sets of experiments, including Lucifer Yellow permeability studies, 

endpoint TEER (transendothelial electrical resistance) measurements, real-time TEER, and 

cell capacitance studies were performed.  

Lucifer Yellow is a hydrophilic and fluorescent tracer molecule, with wide stokes shift and 

distinct excitation/emission wavelength, making it an ideal marker for robust paracellular 

permeability studies in cell models [127]. Once the healthy and inflamed HUVEC layers 

were established based on the mentioned doses and incubation times, the Lucifer Yellow 

permeability test was performed. For this purpose, Lucifer Yellow was added to the apical 

side of the cell layers. After 1 hour of incubation, the concentration of Lucifer Yellow that 

had passed from the upper Transwell compartment to the lower, was measured and the 

permeability of the cell-layer (Pc) was calculated using Equation 1 and Equation 2 (For 

details, see material and methods section). The inflammatory mediators can cause barrier 

disruption and produce intercellular gaps, which allow the higher permeation of Lucifer 

Yellow molecules through the inflamed layers. The purpose of this experiment was to 

investigate the enhanced permeability of the endothelial layers after incubation with various 

inflammatory mediators. Therefore, the permeability assay was carried out for healthy cell 

layers (no inflammatory mediator, control group) and the inflamed cell layers. Then, Pc 

was calculated for both cell populations. Lastly, normalized permeability (Pc of inflamed 

cells divided with Pc of control cells) was reported (Figure 3.3A). Across the screened 

inflammatory mediators, TNF-α induced the most permeability increase, followed by IL1-

β, thrombin, IL-6, and histamine. These inflammatory mediators showed a dose-dependent 

increase in permeability. ox-LDL slightly decreased permeability. Furthermore, CRP-
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incubated cell layers showed lower permeability compared to the control group. CRP can 

inhibit the P13K/Akt pathway. This pathway induces NO release, thus contributing to 

inflammatory processes, including enhanced vascular permeability. CRP can show anti-

inflammatory effects by inhibition of this pathway and tightening of the cell barrier [122, 

128].  

Besides the permeability studies, TEER, which is a direct measure of endothelial barrier 

function in vitro, was measured. TEER measurement facilitates an assessment of the 

integrity of endothelial monolayers. When the HUVEC monolayer is intact and normal, the 

confluent cells are tightly connected and are resistant to the passage of electrical current, 

therefore TEER measurements remain high. However, if the endothelial junctions are leaky 

and disrupted due to inflammation, then the electrical resistance is low as the current can 

more easily cross the cellular monolayer. Thus, TEER is a widely used parameter to assess 

the health of the barrier function of epithelial and endothelial cell monolayers and provides 

a non-destructive and label-free method for gaining information on the effects of 

inflammatory mediators on a healthy endothelium [99]. Once the healthy and inflamed 

HUVEC layers were established, an EVOM volt-ohmmeter was used to measure the TEER 

values at the end of each experiment, termed as endpoint TEER. The measurements were 

performed for the control groups (no inflammatory mediator) and the inflamed cells and 

normalized results obtained (Figure 3.3B). The overall effect of the inflammatory 

mediators on TEER reduction can be summarized in the following order: TNF-α >IL-β 

>thrombin >IL-6 > histamine >ox-LDL >CRP, which is also in agreement with the 

permeability results (Figure 3.3A). 

To investigate the effect of the inflammatory mediators on barrier disruption dynamically, 

an automated multi-well CellZscope device was used to measure the complex impedance 

of the healthy and inflamed endothelial layers. Next, TEER and corresponding cell 

capacitance were calculated using the nanoAnalytics CellZscope software. A schematic 

illustration of the device and the equivalent electrical circuit can be seen in Figure 3.4A. 

The effect of the inflammatory mediators on TEER as a function of time is shown in Figure 

3.4B. As can be seen in this figure, TNF-α and IL1-β induced cells both showed 

approximately 60% reduction in their TEER values compared to the control cells after 12h.  
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Figure 3.3. Effect of key atherosclerotic mediators on endothelial cell-barrier disruption as 

a function of (A) permeability of Lucifer Yellow and (B) Endpoint TEER measurements. 

 

Thrombin induced cells showed the maximum decrease in TEER after 1h, which later 

increased and was more stable after 4h, and finally showed a 50% decrease in TEER 

compared to the control cells. Moreover, IL6 and histamine induced a slight decrease (i.e., 

6% and 2%, respectively) in TEER values. However, ox-LDL and CRP induced an increase 

in TEER values (i.e., 7 % and 30%), as expected based on the previous experiments. 
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Studying the properties of endothelial layers by measurement of complex impedance is not 

limited to measuring TEER and can also provide useful information on cell capacitance.  

When performing impedance experiments, cells behave as a connection of resistors and 

capacitors because of their membrane properties. The phospholipid bilayer of the 

membrane separates two electrolytic media (i.e., cytoplasm and extracellular environment) 

and acts as a narrow insulator. Therefore, the apical and basolateral membranes of the cells 

can act as a series of parallel capacitors. This capacitance is proportional to the surface area 

of the cells, thus reflecting the cell coverage on an insert. The measured capacitance by 

CellZscope is affected by 1) the cell layer ‘s capacitance (Ccell) and 2) the insert‘s 

capacitance (Cinsert). Cinsert is usually higher than Ccell.  It is known from the literature that 1 

cm2 of a confluent and intact cell layer usually leads to a capacitance of approximately 1 

µF [129], however Cinsert is usually higher than this amount (15 µF/ cm2 for the Transwell 

inserts used in this study). Therefore, any cell contraction, barrier disruption, and gap 

formation between the cells can lead to the domination of Cinsert to Ccell and therefore 

increase the recorded capacitance. In other words, a strong increase in capacitance indicates 

that the cell layer is disrupted, and some parts of the insert are not cell-covered. As can be 

seen in Figure 3.4C, cell layers incubated with TNF-α, IL1-β, and thrombin showed higher 

cell capacitance, which is an indicator of a disrupted cell layer.  

Consequently, TNF-α, IL-β, and thrombin demonstrated the highest permeability, lowest 

endpoint TEER values, lowest real-time TEER values, and highest cell capacitance. These 

results indicate that these three inflammatory mediators have the most potent effect on 

endothelial dysfunction and tight junction perturbation, among the used mediators in this 

work.  From these studies, we chose to use the top three most potent inflammatory 

mediators as inducers of endothelial dysfunction for the rest of our screening studies. 

Based on the literature, the exposure of endothelial cells to TNF-α led to a significant 

increase in permeability of radiolabeled BSA [113], fluorescent-labeled BSA [19, 111, 121, 

130], and fluorescent-labeled dextran [112, 121]. Furthermore, an approximate drop of 60% 

was observed in TEER measurements for TNF-α stimulated cells, compared to non-

stimulated cells [114]. IL1-β stimulated endothelium showed a significant increase in 

permeability of fluorescent-labeled BSA [121], fluorescent-labeled dextran [120, 121],  
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Figure 3.4. (A) Schematic illustration of the electric equivalent circuit applied to fit the 

data. TEER, Ccl, and Rmed represent transendothelial electrical resistance, cell capacitance, 

and ohmic resistance of media, respectively. CPE shows constant phase element, which is 

the electrode-medium interface impedance. Dynamic measurement of (B) TEER and (C) 

capacitance of endothelial cell layer after incubation with key atherosclerotic mediators. 

 

Evans Blue [131], inulin [119], and an approximate drop of 50% in impedance-based TEER 

measurements [114]. Thrombin-stimulated cells revealed an increased permeability of 

radiolabeled BSA [109, 132]. Also, a 50-60 % decrease in TEER was reported for these 

cells, which later increased and reached the TEER of non-stimulated cells [109, 114, 115]. 

IL-6 stimulated cells indicated an increase in permeability of fluorescent-labeled BSA 

[117] and a slight decrease in TEER [105]. Ox-LDL has been reported to induce 

endothelium damage [126] and morphological changes of endothelial cells [125], but a 

comprehensive study on the effect of ox-LDL on TEER and marker permeability has not 

been reported. Histamine-stimulated cells showed a slight but statistically significant 
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decrease in TEER [133]. However, the difference in permeability of histamine-stimulated 

and non-stimulated cells was statistically nonsignificant [133]. CRP was found to increase 

the barrier integrity and decrease the permeability of fluorescent-labeled dextran [122]. 

However, the cell-lines, measurement techniques, permeability markers, type of recruited 

Transwell systems, membrane area, and membrane treatments were different in these 

studies, which can highly affect the results and make the data noncomparable. Therefore, 

the reported set of experiments in this work, not only can provide comprehensive 

information to select the most potent inflammatory mediators for developing in vitro 

dysfunctional endothelium models, but also can be highly informative and beneficial for 

the comparison and deep understanding of the previously reported papers.  

 Loss of VE-Cadherin and formation of actin stress fibers 

VE-cadherin, also known as Cadherin-5 and CD-144 (cluster of differentiation 144), is an 

endothelial-specific cell-cell adhesion protein [134]. VE-cadherin with its intracellular 

complex forms pericellular structures along the cell borders, which are critical to regulate 

endothelial barrier function by controlling pericellular permeability of vasculature. 

Decreased expression and/or disorganized distribution of VE-cadherin at cell junctions 

directly influences monolayer integrity and endothelial permeability [134, 135].  

Consequently, immunostaining for VE-cadherin in endothelial cells is frequently used in 

endothelial biology to provide structural correlates to barrier changes. In this study, Alexa 

Fluor488 VE-Cadherin antibody was used to stain VE-Cadherin molecules pre- and post-

incubation with TNF-α, IL1-β, and thrombin. For non-inflamed cells, VE-cadherin 

molecules were assembled at the cellular periphery and formed tight borders between the 

cells. The inflammatory agents (i.e., TNF-α, IL1-β, and thrombin) decreased the junctional 

VE-cadherin connectivity at the cellular borders, causing barrier disruption and 

intercellular gap formation (Figure 3.5A-D). Quantification of the Alexa Fluor488 VE-

cadherin signals showed 66%, 58%, and 46% loss of VE-cadherin for TNF-α, IL1-β, and 

thrombin-induced cells, compared to the non-inflamed cells (Figure 3.5E). Therefore, the 

effect of these inflammatory mediators on the loss of VE-cadherin molecules was observed 

to be in the following order: TNF-α > IL1-β > thrombin, which is in line with the 

permeability and TEER results.  



Chapter 3 

__________________________________________________________________ 

 

55 

 

 

Figure 3.5. VE-cadherin and F-actin staining to visualize the effects of inflammatory 

mediators on HUVEC endothelial cells, (A) control cells without any inflammatory 

mediator, (B) TNF-α stimulated cells, (C) IL1-β stimulated cells, and (D) thrombin 

stimulated cells, Scale bar=20 µm. (E) Quantification of VE-cadherin signals. (F) 

Quantification of F-actin signals. 

 

Furthermore, peripheral actin networks participate with the submembranous cytoskeleton 

to construct membrane shape, cortex architecture, and endothelial barrier [136]. Peripheral 

actin structures play an important role in cell-matrix tethering and cell-cell adhesions by 

binding to junctional proteins and/or stabilizing them [136]. To visualize the effect of the 

inflammatory agents on actin filaments, Alexa Flour647 Phalloidin was used for actin-
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staining. Non-inflamed cells showed the arrangement of actin filaments into cortical rims 

in the cell peripheries to establish and maintain the cell junctions (Figure 3.5A) On the 

other hand, inflamed cells revealed disruption of the cortical actin rim, and enhanced 

formation of actin stress fibers, which usually is prolonged in central parts of cells (Figure 

3.5B-D). The formation of actin stress fiber generates transcellular tension, which leads to 

cell contraction, thus barrier disruption [136]. Quantification of the phalloidin signals 

showed that all developed dysfunctional endothelium models in this study can highly 

enhance the formation of stress fibers. The generated stress fibers resulted in an 

approximately 2.5-fold increase of actin signals on inflamed cells compared to non-

inflamed cells (Figure 3.5F). 

 Overexpression of VCAM-1 

In order to validate the efficacy of inducing inflammation resulting in a dysfunctional 

endothelium, we carried out immunostaining and FACS experiments to assess the level of 

VCAM-1 expression resulting from HUVEC cell incubation with TNF-α, IL1-β, and 

thrombin mediators. For immunostaining of VCAM-1, mouse monoclonal IgG1 anti-

VCAM-1 antibody and Alexa Flour555-conjugated goat anti-mouse IgG1 antibody were 

used as the primary and secondary antibody, respectively. The inflammatory agents 

significantly caused the overexpression of VCAM-1 on HUVEC monolayers. TNF-α 

showed the highest effect, followed by IL1-β, and then thrombin (Figure 3.6A-D).  

Quantification of Alexaflur 555 VCAM-1 signals showed that VCAM-1 expression on 

TNF-α stimulated cells was approximately 19-fold higher compared to non-stimulated 

cells. Similarly, VCAM-1 signals on IL1-β stimulated and thrombin-stimulated cells were 

respectively 9 and 6-fold higher than the signals on non-stimulated cells (Figure 3.6E). 

Moreover, VCAM-1 expression on endothelial monolayers before and after inflammation 

was investigated using FACS analysis. The plots representing the standard gating protocol, 

the final histogram of VCAM-1 expression, and the bar diagram showing VCAM-1 

expression as mean cellular fluorescence can be seen in Figure SI 3.2, Figure 3.6G, and 

Figure 3.6F, respectively.  These figures show the overexpression of VCAM-1 on inflamed 

HUVEC cells to be in the following order: TNF-α > IL1-β > thrombin-stimulated cells. This 

results not only confirmed the potency of these mediators, but also showed the same trend 

as the immunostaining results. 
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Figure 3.6. VCAM-1 expression on HUVECs pre and post incubation with inflammatory 

mediators. VCAM-1 Alexa 555 fluorescence observed on (A) control cells, no 

inflammatory mediators added, (B) TNF-α stimulated cells, (C) IL1-β stimulated cells, and 

(D) thrombin stimulated cells, Scale bar=50 µm. (E) Quantification of VCAM-1 Alexa 555 

signals. (F) FACS analysis of VCAM-1 expression. (G) Bar diagram showing the VCAM-

1 expression as mean cellular fluorescence in unstimulated and stimulated cells from the 

flow cytometric analysis. 

 Nanoparticle library generation and synthesis 

Having established robust and optimal models of endothelial dysfunction, we next sought 

to use this in vitro model for screening VCAM-1 targeted nanoparticle parameters. We 

developed a nanoparticle library consisting of sixteen nanoparticles with four different sizes 

and three different VCAM-1 targeting peptides (Table SI 3.1). For this purpose, we used 

30, 60, 120, and 250 nm polystyrene NPs abbreviated as NP30, NP60, NP120, and NP250, 

respectively. These nanoparticles were then conjugated with different VCAM-1 binding 

peptides (i.e., CGGGVHPKQHR, VHPKQHRGGGC, VHSPNKKGGGC, abbreviated as 

P1, P2, and P3, respectively). For instance, NP60P3 shows the nanoparticle with an 

approximate size of 60 nm, which is functionalized by P3. The bare control NPs were 

abbreviated as NP30C, NP60C, NP120C, NP250C. In order to generate the nanoparticle 
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library, amino-functionalized and fluorescent-labeled polystyrene nanoparticles with the 

mentioned sizes were first PEGylated and then functionalized by the mentioned peptides. 

A mixture of Mal-PEG-NHS and m-PEG-NHS (with the molar ratio of 1:5) was used to 

PEGylate the nanoparticle surfaces using an amide bond coupling between NHS ester on 

the PEG polymers and the amino functionality on the surface of the polystyrene NPs 

(Figure 3.7A). PEGylation is the most widely used strategy in the field of nanomedicine 

to shield the surface of nanoparticles from aggregation and opsonization, which later 

increases in vivo circulation time and decreases immunogenicity. Moreover, functionalized 

PEGs with reactive distal ends (e.g., maleimide groups in this study) can provide a reactive 

site for the coupling of peptides and proteins. To determine the surface density of PEG 

groups ( 2# /PEG nm ) and  surface density of maleimide groups ( 2# /Mal nm ), a ninhydrin assay 

and a maleimide colorimetric assay were respectively used. Based on the ninhydrin assay, 

the PEGylation efficiency for NP30, NP60, NP120, and NP250 was 41.01 ± 0.33, 41.58 ± 

0.58, 44.65 ± 1.10, and 41.65 ± 1.04. By using the PEGylation efficiency, initial amine 

density, and nanoparticle size, we next calculated the surface density of PEG groups 

(Figure 3.7B). From the maleimide colorimetric assay, the concentration of maleimide on 

the surface of NP30, NP60, NP120, and NP250 was measured to be 0.70 ± 0.15, 1.03 

±0.007, 1.013 ± 0.03, 1.64 ± 0.15 nmol/mg, respectively. Knowing the maleimide 

concentration, nanoparticle density, and size, we calculated the surface density of 

maleimide groups (Figure 3.7B). Based on these results, 40% of the amine groups were 

successfully reacted with the functionalized PEGs.15% of these reacted PEGs were MAL-

PEG-NHS and the rest were m-PEG-NHS, which is in accordance with the initial ratio of 

MAL-PEG-NHS to m-PEG-NHS in the reaction (1:5). These results confirm the successful 

PEGylation of the nanoparticles and the adequate number of maleimide groups for further 

peptide couplings.  

As reported in the literature, nanoparticles containing VHPKQHR and VHSPNKK peptide 

sequences can successfully identify VCAM-1-expressing endothelial cells and bind them 

[50-56, 85, 95]. These sequences showed high affinity to VCAM-1 since they are 

homologous to the α-chain of very late antigen-4 (VLA4, a known ligand for VCAM-1) 

[50-56]. We incorporated a peptide extension (GGGC) into either C-terminal or N-terminal 
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Figure 3.7. Development of VCAM-1 targeted nanoparticle library. (A) PEGylation of 

amino-functionalized polystyrene nanoparticles. (B) Surface density of amine groups 

(NH2/nm2) based on manufacturer’s information, surface density of PEG (PEG/nm2) based 

on ninhydrin assay, and surface density of maleimide groups based on colorimetric 

maleimide assay. (C) Chemical structure of VCAM-1 targeting peptides. (D) Peptide 

coupling reaction. 

 

of these VCAM-1 binding peptides for the nanoparticle conjugation.   In previous studies, 

the peptide extension was incorporated into the C-terminal of VHPKQHR [52-54]. 

Conversely, the N-terminal of this peptide was also used for this purpose [50, 51]. In this 

work, we studied both terminals for the peptide extensions. In the case of VHSPNKK, the 

peptide extension was inserted into the C-terminal, as previously reported [55, 56]. 

Therefore, three different VCAM-1 binding peptides including: P1: CGGG-VHPKQHR, 

P2: VHPKQHR-GGGC, and P3: VHSPNKK-GGGC were investigated in this study 

(Figure 3.7C).  The conjugation of the peptides to the surface of the nanoparticles were 

performed via a maleimide-thiol reaction between the maleimide groups on the surface of 
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the nanoparticles and cysteine (Figure 3.7D). After peptide coupling, the peptide 

concentration on the surface of the nanoparticles was determined based on the difference 

of absorbance at 205 nm (ΔA205) between peptide-coupled nanoparticles and non-coupled 

nanoparticles. Absorbance at 205 nm arises from the peptide backbone and can accurately 

and specifically (i.e., in a sequence-specific manner) be used to measure the peptide 

concentration [102, 137] and hence the number of peptides per nanoparticle and surface 

density of peptides. Furthermore, size, polydispersity index (PDI), and zeta potential of all 

nanoparticles were measured by Dynamic Light Scattering (DLS) technique. Table SI 3.1 

shows the full characterization of the developed nanoparticle library in this study. 

 Nanoparticle permeability across the healthy and inflamed endothelium 

Based on  previous studies, various techniques including magnetic resonance imaging, 

micro-computed tomography, histological imaging, confocal microscopy, Evans Blue 

leakage, and transmission electron microscopy have proved an enhanced permeability in 

atherosclerotic lesions [37, 40, 138, 139] and several in vivo trials have used this effect as 

a targeting strategy for anti-atherosclerotic therapy and imaging [37-41]. Despite the 

numerous in vivo studies on EPR-based atherosclerosis therapy, a comprehensive in vitro 

investigation on permeability of nanoparticles across dysfunctional endothelium has not 

been reported. In the current study, the established healthy and dysfunctional endothelium 

models were exposed to the developed nanoparticle library. Then, the NP permeability 

across these models was comprehensively studied in order to gain insight into VCAM-1 

targeted NP behavior across a dysfunctional endothelium. 

The permeability data are presented in Figure 3.8. We did not observe a significant 

difference between the permeability of peptide-conjugated and non-conjugated 

nanoparticles. Therefore, to explain the data concisely in this section, we calculated the 

average permeability of non-conjugated, P1-conjugated, P2-conjugated, and P3-conjugated 

nanoparticles for each group and considered it as the representative permeability of that 

group. However, the full set of data for all nanoparticles can be seen in Figure 3.8A-D. For 

the first dysfunctional EC model (thrombin-induced EC), the representative permeability 

for NP30, NP60, NP120, and NP250 groups was respectively 3.76%, 2.17%, 0.98%, and 

0.36%, which showed 1.48-fold, 1.44-fold, 1.36-fold, and 1.2-fold increase compared to 
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the healthy endothelium. It needs to be stressed that the permeability of NP30 was 1.73-

fold higher than NP60, 3.76-fold higher than NP120, and 10.44-fold higher than NP250, 

based on this model. For the second dysfunctional EC model (IL1-β-induced EC), the 

representative permeability for NP30, NP60, NP120, and NP250 groups was respectively 

4.32%, 2.73%, 1.26%, and 0.39%, which showed 1.82-fold, 1.77-fold, 1.75-fold, and 1.3-

fold increase compared to the healthy endothelium. It should also be highlighted that the 

permeability of NP30 was 1.58-fold higher than NP60, 3.42-fold higher than NP120, and 

11.07-fold higher than NP250, based on this model. For the third dysfunctional EC model 

(TNF-α-induced EC), the representative permeability for NP30, NP60, NP120, and NP250 

groups was respectively 5.02%, 3.26%, 1.41%, and 0.53%, which showed 2.17-fold, 1.98-

fold, 1.95-fold, and 1.76-fold increase compared to the healthy endothelium. Based on this 

model, the permeability of NP30 was 1.53-fold higher than NP60, 3.56-fold higher than 

NP120, and 9.47-fold higher than NP250.  Consequently, based on the above-mentioned 

data: 1) For all nanoparticles and all stimulations, the permeability of the nanoparticles 

across the dysfunctional EC was higher than the healthy EC. 2) For all nanoparticle groups 

(i.e., NP30, NP60, NP120, and NP 250), the permeability across the TNF-α model was the 

highest, followed by the IL1-β model, and then the thrombin model. This finding is in line 

with our previous results, which compared the effect of these mediators on TEER reduction 

and VE-cadherin loss. Therefore, these results confirm that there is a direct relationship 

between losing endothelial junction and NP permeability. 3) For all models (i.e., TNF-α 

model, IL1-β model, and thrombin model), the nanoparticle permeability was in the 

following order: NP30 > NP60 > NP120 > NP250, which suggests that NP size governs 

permeability. However, interestingly, peptide coupling of the nanoparticles showed no 

significant effect on their permeability. We postulate that the reason behind this finding is 

that NP size is a more dominant driver of NP transport than ligand type and/or presence. 

Since peptide-coupling did not remarkably change the nanoparticle size, it did not affect 

the permeability. The size of NPs (before and after peptide-coupling) and its effect on NP 

permeability are highlighted in Figure 3.8E-H. In addition, these figures show the peptide 

density of NPs and its effect on permeability. Although NP250 group has the highest 

peptide density, it showed the lowest permeability due to its large size. It supports the 

hypothesis that NP size determines NP permeability regardless of surface peptides. 
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Figure 3.8. (A-D) Permeability of the NPs across the endothelium pre and post mediator 

treatment. (E-H) Effect of NP size and peptide density on permeability of the NPs.  
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Furthermore, we studied the effect of PDI and zeta potential on NP permeability (for more 

information, see Figure SI 3.3). No trends were found between PDI and permeability, and 

between zeta potential and permeability. 

Several studies have been reported on enhanced permeability of dysfunctional EC models, 

including thrombin induced EC models [109, 140], IL1-β induced EC models [120], and 

TNF-α induced EC models [130, 141], using fluorescently labeled and/or radiolabeled 

molecules such as albumin and dextran. However, few studies have used these in vitro 

models to investigate the enhanced permeability of nanoparticles across dysfunctional EC. 

For instance, Wang et al. studied the permeability of PEG-liposome and PEG-PLGA NPs 

with a similar size of ∼70 nm across TNF-α induced cells. Their results showed a similar 

permeability of ∼10-5 cm/s for these nanoparticles [112]. Also, Kim et al. studied the 

permeability of lipid-PLGA nanoparticles with the size of ∼70 nm across TNF-α induced 

cells. Their results showed that the NP permeability before the stimulation was negligible, 

and it reached ∼4% after the stimulation [19]. However, these studies did not screen for 

different NP sizes. Also, various in vivo trials have investigated the NP permeability across 

dysfunctional EC. For instance, long-circulating liposomes (coated with PEG, with the 

average size of ∼100 nm, without any targeting ligand) successfully showed the 

extravasation of the liposomes from the bloodstream to atherosclerotic lesions due to the 

EPR effect [39]. Similar results have been reported for hyaluronan nanoparticles [37] and 

superparamagnetic iron oxide nanoparticles [41], using mice and rabbit atherosclerotic 

models, respectively. To the best of our knowledge, the effect of nanoparticle properties 

(e.g., size, PDI, zeta potential, and peptide density) on the NP permeability across 

dysfunctional endothelium has not been reported and we aimed to expand the existing 

literature surrounding the effects of these NP biophysicochemcial properties on Dys-En 

transport.  

 Nanoparticle binding to the healthy and inflamed endothelium 

VCAM-1 is an immunoglobulin-like adhesion molecule, which is normally absent on the 

lumen but shows overexpression on inflamed endothelium and involves in inflammatory 

processes. It interacts with very late antigen-4 (VLA-4, also known as integrin α4β1), which 

is expressed on the surface of leukocytes. This interaction induces signals on endothelial 
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cells to change their shape and allow leukocyte adhesion. VCAM-1 can mediate both 

rolling-type and firm adhesion of leukocytes to inflamed endothelial cells and facilitate 

their migration to the plaque environment [7, 20]. Similarly, VCAM-1 targeted 

nanoparticles can mimic this mechanism to bind to inflamed cells and enter the plaque 

environment [28, 142].  

As mentioned earlier, the surface of the nanoparticles in this study was conjugated with 

three peptides that are homologous to the α-chain of VLA-4, thus can target VCAM-1 and 

bind to the inflamed cells. In order to study the effect of nanoparticle properties (i.e., size, 

PDI, zeta potential, and peptide density) on the binding of nanoparticles to inflamed cells, 

the established nanoparticle library and the inflammation models were used. Briefly, 

nanoparticles were incubated with the healthy and inflamed EC models on Transwells. 

Unbound NPs were removed. Cells were fixed, mounted, scanned, and imaged. Finally, the 

mean fluorescent intensity (MFI) of rhodamine and the number of nucleus for each image 

were quantified by Zen Intellesis software. This software is an artificial intelligence (AL)-

based image analyzer and uses machine learning to build a classifier to detect different 

features in an image. After training the software to detect nucleus and rhodamine-NP 

accurately, the developed program was embedded into Zeiss measurement image analysis 

modules and used to process all images.  

The data obtained from this set of experiments can be seen in Figure 3.9. The results 

showed that the binding of the peptide-conjugated NPs was extremely higher than non-

conjugated NPs (2.5 to 16-fold increase depending on the NP group and inflammation 

model). P1, P2, and P3 can highly target VCAM-1 and increase the binding of nanoparticles 

to inflamed cells but they did not display any superiority over each other. P1 and P2 are 

similar peptide sequences (VHPKQHR) with different conjugation terminals. Both the C-

terminal [52-54] and N-terminal  [50, 51] of this peptide have been used in VCAM-1 

targeting on inflamed endothelial cells. However, the effect of the conjugation terminal on 

VCAM-1 binding potential of this peptide has not been studied. Based on the results in this 

work, we did not observe any significant difference between P1 and P2, which indicates 

that the conjugation terminal of this peptide does not affect its potential to target VCAM-

1. Furthermore, VHPKQHR (i.e., P1 and P2) and VHSPNKK (i.e., P3), which are the most 
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frequently reported sequences for VCAM-1 targeting in nanomedicine [50-56], did not 

reveal any significant superiority over each other.  

Using the thrombin model, the binding of peptide-conjugated NP30 and NP60 were 

approximately 5-fold higher than the binding of non-conjugated nanoparticles to non-

stimulated endothelium. For NP120 and NP250, this comparison revealed ∼2.5-fold and 

∼3-fold increase, respectively. In a similar manner, based on the IL1-β model, the bindings 

of peptide-conjugated NP30, NP60, NP120, and NP250 were observed to be approximately 

9, 9, 4.5, and 7-fold higher than the binding of non-conjugated NPs. Similarly, based on the 

TNF-α model, the bindings of peptide-conjugated NP30, NP60, NP120, and NP250 were 

approximately 16, 16, 6, and 10-fold higher compared to the binding of non-conjugated 

NPs. Consequently, based on these data: 1) For all nanoparticles and all stimulations, the 

binding of VCAM-1 targeted NPs to dysfunctional ECs was higher than binding of non-

conjugated NPs to either healthy or dysfunctional ECs, as expected. 2) For all nanoparticle 

groups (i.e., NP30, NP60, NP120, and NP 250), the binding of peptide-conjugated NPs to 

TNF-α induced EC was the highest, followed by IL1-β, and then thrombin-induced EC. 

This finding is in line with the results of immunostaining and FACS analysis, which 

demonstrated the same trend for VCAM-1 expression on these stimulated ECs. 3) For all 

models (i.e., TNF-α model, IL1-β model, and thrombin model), the nanoparticle binding to 

VCAM-1 as assessed by fluorescence microscopy was in the following order: NP30 and 

NP60 (no significant difference between these two groups) > NP250 > NP120.  

As can be seen in Figure 3.9E-H, Smaller nanoparticles (i.e., NP30 and NP60 groups) 

showed the highest binding, even though they have lower peptide density. Based on the 

previously reported mathematical models [143, 144], the optimal diameter that leads to a 

maximum binding and uptake of a ligand-coated nanoparticle is within the range of 10-60 

nm regardless of core composition, which corroborates our findings. NP250 group, which 

has the highest peptide density among all groups, was in the next place, followed by NP120 

group. Based on these results, it can be anticipated that the binding of VCAM-1 targeted 

nanoparticles to inflamed cells is firstly governed by size, then peptide density. In addition, 

the effect of PDI and zeta potential on NP binding was studied (see supplementary 

information, Figure SI 3.4). No trends were found between PDI and NP binding, and 

between zeta potential and NP binding. 
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Figure 3.9. (A-D) Binding of the NPs to the endothelium pre and post mediator treatment. 

(E-H) Effect of NP size and peptide density on NP binding. 
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Several studies have investigated the enhanced binding of VCAM-1 targeted NPs to 

inflamed ECs in vitro. For instance, Mlinar et al. synthesized VCAM-1 targeted micelles 

with a size of ∼17 nm and incubated the Cy7 labeled micelles with aortic endothelial cells 

[50]. Their results showed a 2-fold increase of Cy7 signals in cells receiving VCAM-1 

targeted micelles versus the cells receiving non-targeted micelles [50]. In another study, 

Weissleder et al. synthesized VCAM-1 targeted Fe2O3 magnetic nanoparticles with a size 

of ∼38 nm and studied the binding of the NPs to primary mouse cardiac endothelial cells, 

murine smooth muscle cells, and murine peritoneal macrophages [51]. The results revealed 

higher binding of the targeted NPs to all cell lines compared to the non-targeted NPs [51]. 

Furthermore, Kheirolomoom et al. synthesized VCAM-1 targeted liposomes with a size of 

∼144 nm and investigated the binding of Alexa555 labeled liposomes to non-stimulated 

and TNF-α stimulated mouse endothelial cells [52]. The results showed an approximately 

10-fold increase of Alexa555 signals in TNF-α-stimulated cells receiving targeted 

liposomes versus non-inflamed cells receiving non-targeted liposomes [52]. Similarly, 

liposomes with a size of ∼120 nm were studied by Calin et al. and showed a 4-fold increase 

in binding to TNF-α stimulated human endothelial cells versus non-stimulated cells [53]. 

Also, several in vivo investigations have been performed to study the binding of VCAM-1 

targeted NPs to atherosclerotic lesions using nanoparticles with different sizes. For 

instance, nanoparticles with a size of ∼26 nm [56], ∼38 nm [55], ∼70 nm [59], ∼120 nm 

[53], ∼200 nm [57], and ∼500 nm [58] have been studied for this purpose. All these studies 

confirmed a significant increase in binding of targeted NPs at atherosclerotic lesions 

compared to non-targeted NPs. However, a systematic in vitro and/or in vivo screening, 

which determines the effect of size and peptide density on binding of VCAM-1 targeted 

NPs, has not been reported previously.  

Considering the permeability and binding results together, smaller nanoparticles showed 

not only higher permeability across the dysfunctional endothelium, but also higher VCAM-

1 binding to the inflamed endothelial cells amongst all NPs screened. This finding is 

confirmed by all three inflammatory models used in this study (Figure 3.10).   
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Figure 3.10. Heatmaps showing the permeability and binding results of the nanoparticle 

library based on (A) thrombin model, (B) IL1-β model, and (C) TNF-α model. 

 

3.5 Conclusion   

In this study, we first investigated the effect of various atherosclerosis relevant 

inflammatory mediators (i.e., TNF-α, thrombin, IL-6, IL1-β, CRP, ox-LDL, and histamine) 

on endothelial cells in order to develop the most potent biomimetic in vitro models of Dys-

En. Based on the fluorescent marker permeability, TEER studies, and immunostaining 

studies, TNF-α, IL1-β, and thrombin were observed to be the most potent Dys-En inducers. 

The robust models of Dys-En established based on these mediators, then recruited to study 

the effect of nanoparticle properties (i.e., size, PDI, zeta potential, and VCAM-1 peptide 

density) on NP permeability and binding across dysfunctional endothelium. The screening 

of the NPs across the developed models revealed that 1) in the first instance NP 

permeability is governed by NP size, regardless of the peptide type and density, 2) 

comparing NP size and peptide density on VCAM-1 binding, NP binding is firstly governed 

by size and then peptide density, 3) no trends were found for varying NP PDI and zeta 

potential upon NP permeability and binding. Therefore, based on these results, we suggest 

that NP size plays a dominating role in permeability and binding across the dysfunctional 
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endothelium, and the design of nanoparticles with an optimal size (in the range of 30-60 

nm) can highly improve NP targeting to atherosclerotic lesions. Moreover, the 

comprehensive in vitro investigation, which is done in this study, can lead to more 

improved in vitro biomimetic screening tools that can more accurately predict in vivo 

success of targeted NPs for atherosclerosis therapy.   

 

3.6 Supporting information 

 

 

Figure SI 3.1. TEER study of HUVEC cells to optimize the cell density and incubation 

time for EC-barrier formation. (A) TEER measurement using EndOhm. (B) TEER 

measurement using CellZscope. Cells with initial seeding density of 2 × 106 cells/insert and 

incubation time of 24 h showed the highest TEER, which means they are highly confluent 

and have formed tight junctions. 
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Figure SI 3.2. Dot plots and histograms representing a standard gating protocol (Clockwise 

from A to F). (A) All acquired events on a forward scatter area (FSC-A) versus side scatter 

area (SSC-A) dot plot. (B) Gate around single events having an equal area and height, 

therefore removing clumps on a FSC-A versus forward scatter height (FSC-H) dot plot. (C) 

Gate around cells in a FSC-A versus SSC-A dot plot. (D) Gating viable cellular population 

from all cells in an eFluor780 Viability Dye (VD)-A versus SSC-A dot plot. (E) Gated cells 

stimulated with various inflammatory stimulants expressing varying levels of VCAM-1 in 

a BV421-A (VCAM-1) versus SSC-A dot plot. (F) Histogram of VCAM-1 expression 

(BV421-A) from cellular populations stimulated with various inflammatory stimulants.  
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Table SI 3.1. Characterization of the nanoparticle library developed in this study. 

Abbr Size (nm) 

 

PDI Zeta 

Potential 

Surface density 

of peptides 

( 2# /peptide nm ) 

NP30C 47.5 ± 0.19 0.009 ± 0.002 -6.84 ± 0.29 - 

NP30P1 48.10 ± 0.21 0.14 ± 0.009 -5.91 ± 0.75 0.004 ± 0.0008 

NP30P2 49.31 ± 0.01 0.11 ± 0.014 -7.51 ± 0.94 0.003 ± 0.0006 

NP30P3 48.4 ± 0.43 0.12 ± 0.052 -6.69 ± 0.10 0.003 ± 0.0007 

NP60C 71.9 ± 1.9 0.17 ± 0.015 -7.7 ± 0.83 - 

NP60P1 72.6 ± 0.022 0.051 ± 0.003 -8.75 ± 0.44 0.007 ± 0.0009 

NP60P2 73.4 ± 0.11 0.104 ± 0.010 -8.01 ± 0.04 0.009 ± 0.0006 

NP60P3 73.9 ± 1.206 0.017 ± 0.007 -8.34 ± 0.61 0.009 ± 0.0007 

NP120C 122.9 ± 1.48 0.05 ± 0.002 -7.9 ± 1.06 - 

NP120P1 123.5 ± 1.106 0.03 ± 0.023 -10.01 ± 2.9 0.017 ± 0.0002 

NP120P2 122.9 ± 1.53 0.024 ± 0.015 -8.3 ± 0.84 0.017 ± 0.0009 

NP120P3 124.01 ± 0.43 0.017 ± 0.001 -11.3 ± 3.1 0.021 ± 0.001 

NP250C 279.9 ± 1.54 0.025 ± 0.004 -9.3 ± 1.30 - 

NP250P1 280.3 ± 2.007 0.027 ± 0.023 -11.8 ± 1.67 0.077 ± 0.005 

NP250P2 281.0 ± 0.503 0.021 ± 0.001 -10.4 ± 1.3 0.078 ± 0.003 

NP250P3 281.2 ± 1.61 0.014 ± 0.010 -10.1 ± 1.4 0.074 ± 0.001 
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Figure SI 3.3. (A-D) Effect of nanoparticle PDI, and (E-H) effect of nanoparticle charge 

on permeability of the nanoparticles across the healthy and dysfunctional endothelium. 
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Figure SI 3.4. (A-D) Effect of nanoparticle PDI, and (E-H) effect of nanoparticle charge 

on binding of the nanoparticles to the healthy and dysfunctional endothelium.
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Investigating VCAM-1 targeted nanoparticles and 

annexin A1 therapy using a biomicrofluidic model 

of the dysfunctional endothelium 
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 Chapter 4 * 

4.1 Abstract 

Atherosclerosis is an inflammation-driven disease of the arteries and one of the dominant 

causes of global mortality. The initial pathological stage of this number-one killer disease 

is dysfunctional endothelium (Dys-En), which results in the enhanced permeability and 

retention (EPR) effect in atherosclerotic lesions. Despite the extensive research on the EPR 

effect in cancer, this phenomenon has not been extensively studied in atherosclerosis, and 

is still in its infancy. Not only the enhanced permeability of Dys-En in atherosclerotic 

lesions can be used as a nanoparticle targeting mechanism, but also the normalization and 

restoration of this phenomenon can be utilized as a potent anti-atherosclerotic therapy. 

Considering these two fields in atherosclerotic drug discovery, we aimed to recruit a robust 

biomicrofluidic model of Dys-En for nanoparticle screening and normalization 

assessments. For this purpose, we first established a Dys-En-on-a-chip model, which can 

mimic the atherosclerotic flow condition as well as the enhanced permeability, loss of 

adherens-junctions, formation of actin stress fibers, and overexpression of VCAM-1, which 

are all hallmarks of a Dys-En. Then, we used this microfluidic model to study 1) the 

permeability and binding of VCAM-1 targeting nanoparticles across Dys-En-on-a-chip, 

and 2) the effect of annexin A1, as a potent anti-inflammatory agent, on the normalization 

and restoration of Dys-En-on-a-chip. Our results on targeting of VCAM-1 binding 

nanoparticles, which revealed that the size of nanoparticles governs their permeability and 

VCAM-1 binding across Dys-En, can provide valuable insight for the design of optimal 

nanoparticles with appropriate properties for atherosclerotic nano-therapy. Furthermore, 

annexin A1 treatment showed a significant effect on the tightening of endothelial cells, 

decreasing of the permeability, and restoration of the dysfunctional endothelium. 

Therefore, this innate and inflammation resolving mediator can be considered as a potent 

therapeutic agent in atherosclerosis treatment.  

 
* The content of this chapter has been submitted to a peer-reviewed journal for publication. The manuscript 

is under review at the date of PhD submission.  

S. Bazban-Shotorbani, M. Dufva, N. Kamaly, Investigating VCAM-1 targeted nanoparticles and annexin A1 

therapy using a biomicrofluidic model of the dysfunctional endothelium.  
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4.2 Introduction 

Cardiovascular diseases (CVD) are the leading cause of death worldwide, causing 18 

million deaths every year [1]. These diseases are estimated to remain as the dominant cause 

of mortality and result in 24 million global deaths/year by 2030 [2]. Despite the need for 

new and improved therapies for CVD, FDA approvals for new cardiovascular therapeutics 

decreased by ~33% during the last decade [2]. One of the reasons behind this problem is 

lack of predictive and effective disease models to test new therapeutics prior to clinical 

studies [145, 146]. In vivo models are lengthy, costly, labor intensive, and ethically 

problematic. Also, cardiovascular animal models are poor predictors of human responses 

[146]. On the other hand, conventional in vitro models cannot fully replicate the biological 

condition of these diseases [147]. A suitable vascular disease model should be able to 

mimic the physiological condition of a vessel (e.g., vessel dimensions, flow rate, shear 

stress, etc.) and the relevant pathological condition of the disease. To overcome the 

shortcomings of the conventional in vitro and in vivo models, biomicrofluidic vascular 

models (i.e., vessel-on-a-chips) have gained significant attention recently [19, 111, 147, 

148]. A vessel-on-a-chip is a microchip consisting of channels and/or chambers that can 

provide a suitable microenvironment for the relevant cells, tissues, and physiological and 

pathological factors in order to simulate the environment and function of a healthy or 

diseased vessels [9, 63]. 

The vascular endothelium (En) is a thin and intact layer of endothelial cells, lining the 

internal surface of vessels. The endothelium is not only a barrier between blood and tissues, 

but also the regulator of vascular tone and homeostasis [149]. It also controls the 

extravasation of blood cells and macromolecules, aggregation of platelets, and activation 

of leukocytes [149]. Therefore, it plays a significant role in regulation of immune responses 

and inflammation [149, 150]. Dysfunction of these endothelium-dependent systems can 

potentially cause various disease, and dysfunctional endothelium (Dys-En) is known to be 

the initial hallmark of most of the cardiovascular disorders [150, 151]. The main 

characteristic of a dysfunctional endothelium is enhanced permeability. Different 

inflammatory responses can cause the elevated permeability of dysfunctional endothelium 

by initiating signaling cascades such as myosin light chain kinase, Rho-kinase, focal 

adhesion kinase, protein kinases, and GTPases [3, 4]. A healthy endothelium is composed 
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of tightly connected endothelial cells, which result in integrity of the endothelial barrier and 

low permeability. In contrast, a dysfunctional endothelium is composed of poorly 

connected endothelial cells and disrupted cell-cell junctions, which result in a compromised 

and leaky barrier [8]. Furthermore, overexpression of adhesion molecules such as vascular 

cell adhesion molecule 1 (VCAM-1) is another hallmark of a dysfunctional endothelium 

[152]. Enhanced permeability and overexpression of VCAM-1 can be considered as 

promising strategies to target therapeutic nanoparticles to the site of dysfunctional 

endothelium [40, 52, 53]. 

The parallel microfluidic channels separated by a cell layer on a supporting semi-permeable 

membrane is a simple but reliable design for permeability studies on chips [98, 153, 154]. 

This model has been previously reported to mimic a vessel-on-a-chip in order to study 

monocyte permeability [155], and PLGA nanoparticle permeability [19] across a 

dysfunctional endothelium. Furthermore, a few studies have investigated the binding of 

VCAM-1 targeted nanoparticles to dysfunctional endothelium under microfluidic shear 

condition using different designs including gradient shear chambers [90], parallel-plate 

flow chambers [85], and doublet flow chambers [84]. However, a comprehensive study to 

investigate the effect of nanoparticle properties on their permeability and VCAM-1 binding 

across healthy and dysfunctional endothelium using microfluidics has not been reported.  

Annexin A1 is a potent anti-inflammatory protein, known to decrease leukocyte adhesion, 

moderate pro-inflammatory cytokines and reactive oxygen species, diminish platelet 

aggregation, and promote a balance between pro-inflammatory and anti-inflammatory 

mediators [156]. Moreover, this protein has shown protective and restorative effects to 

enhance the integrity of a compromised blood-brain barrier [157]. However, the restorative 

effect of annexin A1 on the integrity and permeability of dysfunctional endothelium in 

cardiovascular disease models has not been investigated. The loss of integrity and enhanced 

permeability of the endothelium is known to be the primary pathological stage in 

inflammation-based cardiovascular disorders. The enhanced permeability permits 

lipoproteins and leukocytes to enter the intima, which initiates chronic inflammation and 

can eventually result in plaque formation, thrombosis, myocardial infarction, and ischemic 

stroke amongst other complications. [3]. Therefore, normalization and restoration of a 
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compromised and leaky endothelium is known to be a potent therapeutic strategy for CVD 

[37]. 

In this study, we first fabricated a three-layered microchip, consisting of two PDMS layers 

separated by a semi-permeable membrane layer. Then, human umbilical vein endothelial 

cells (HUVEC) were cultured on the membrane using microfluidic cell culture techniques 

in order to develop a biomimetic model of endothelium-on-a-chip (En-on-a-chip). The 

established En-on-a-chip was inflamed using a pro-inflammatory cytokine to develop a 

dysfunctional-endothelium-on-a-chip (Dys-En-on-a-chip), which mimics the enhanced 

permeability, overexpression of VCAM-1, and the shear condition of a dysfunctional 

endothelium. Then, we used the developed models to study 1) the binding and permeability 

of a library of VCAM-1 targeted nanoparticles with different sizes and peptide densities 

across the healthy and dysfunctional endothelium to investigate the effect of nanoparticle 

properties on their targeting to dysfunctional endothelium and 2) the restorative effect of 

annexin A1 on dysfunctional endothelium. 

4.3 Materials and methods 

 Photolithography and soft lithography 

To design the chip, CleWin5 software (PhoeniX Technologies) was used. Then, the design 

was printed on a 7-inch chromium mask by Delta mask (Delta Mask, Enschede, 

Netherlands) to provide the required photomask for photolithography. Then, 

photolithography was carried out using the photomask and 6-inch silicon wafers to 

fabricate silicon molds, which contain the designed patterns with the height of 150 µm. For 

more details about the silicon mold fabrication, see supporting information and Figure SI 

4.1. Then, Silanization was performed to prevent the molds from sticking to PDMS. For 

this purpose, the silicon molds were silanized by FDTS (Perfluorodecyltrichlorosilane) 

using a molecular vapor deposition system (MVD 100, Applied Microstructures Inc.) for 

60 minutes.  After mold fabrication and silanization, PDMS soft lithography was performed 

[158]. Briefly, PDMS (Sylgard 184, Dow Corning) and curing agent were mixed (10:1 w/w 

ratio), degassed, poured over the silicon mold, and baked at 80°C for 2 hours. The cured 

PDMS slab was peeled from the mold and cut into single devices (i.e., upper and lower 
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layers of the chip). The access holes to the channels were punched using a 1.25 mm biopsy 

puncher on the upper layer.  

 Bonding of the PDMS layers and membrane 

The upper layer was bonded with a microporous PET (polyethylene terephthalate) 

membrane with the pore size of 1 µm (Tissue-culture treated permeable support, Corning 

Incorporated). For this purpose, the protocol developed by Aran et al. was used [159]. 

Briefly, the membrane was activated in an oxygen plasma chamber (600 mTorr, 100 W) 

for 1 min and then immersed in 5% APTES solution ((3-aminopropyl) triethoxysilane, 

Sigma) at 80°C for 20 min. Subsequently, the PDMS upper layer was activated in an 

oxygen plasma chamber for 20 s, immediately brought into contact with the treated 

membrane, and then heated at 80°C for 10 minutes. Finally, the bonded laminate and the 

PDMS lower layer were exposed to the oxygen plasma for 20 s and bonded together 

considering the alignment of the channels. For accurate alignment of the channels, a Dino-

Lite microscope (Dino-Lite AM7915MZTL) was used. Lastly, the fabricated three-layered 

chip was placed in an oven (60°C, overnight) to assure the complete bonding of the layers. 

 Cell line and cell maintenance 

Human umbilical vein endothelial cells (HUVEC, PCS-100-013, ATCC) were cultured in 

vascular cell basal medium (PCS-100-030, ATCC), which was supplemented with 10 % 

fetal bovine serum (FBS), 1% penicillin-streptomycin (P0781, Sigma-Aldrich) and VEGF 

growth kit (PCS-100-041, ATCC). The HUVECs were cultured at 37°C in a humidified 

incubator with 5% CO2. The media was changed every other day. The cells were trypsinized 

after reaching 80% confluency, centrifuged at 100 xg for 5 min, and resuspended in culture 

media at the required concentration. For all experiments, the cells were used between 

passages 3 to 7.  

 Microfluidic cell culture setup 

The microfluidic cell-culture setup used in this study consists of a microfluidic flow system, 

a microscope, a chip holder, tubing, connectors, collection reservoirs, and media reservoirs. 

The microfluidic flow system was purchased from Fluigent Inc., and it consists of a 

microfluidic pressure pump (MFCS-EX, with 8 channels, Fluigent Inc.), a flow sensor 
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(FRP8, Fluigent Inc.), caps for pressurization of the media and collection reservoirs 

(Fluiwell-1C-15ml, Fluigent), and a software to control and monitor the flow rate (A-i-O 

software, Fluigent). The pressure pump was connected to a local compressed air tap, which 

was equipped by a high precision regulator for adjusting the suitable inlet pressure to run 

the pump (1300 mBar). The light microscope and a flexible tabletop microscope stand were 

purchased from Dino-Lite Inc. (AM7915MZTL microscope, and RK-04F stand, Dino Lite 

Inc.) in order to visualize the cells after cell-seeding and during culture. The chip holder 

with the total length, width, and height of 15 × 10 × 2 cm was fabricated using polymethyl 

methacrylate (PMMA) and a laser cutter machine (Epilog laser Inc.). The fabricated chip 

holder contains four separate holders with the dimensions of 7.5 × 2.5 × 1 cm for four chips, 

which were bonded to microscopy slides. The tubing connected to the flow sensor was 

polyether ether ketone (PEEK) tubing (with the outer dimension of 0.75 mm and the inner 

dimension of 125 µm, Thermo fisher scientific). The tubing connected to the chips was 

tygon tubing (with the outer dimension of 1.5 mm and the inner dimension of 0.5 mm, 

Thermo fisher scientific). These two tubes were connected to each other using a PEEK 

micro-tight adaptor (Thermo fisher scientific). 

 Establishing En-on-a-chip 

Firstly, all connectors, fittings, tubing, filters, reservoirs, and caps were sterilized by 

autoclaving. Then, they were connected to the chips and the flow system inside a laminar 

flow hood under sterilized condition. To ensure the sterilization of the chips and all 

components, the entire system was sterilized by perfusing 70 % ethanol for 30 min at the 

flow rate of 20 µl/min. Subsequently, phosphate buffer saline (PBS) was perfused for 30 

min at the same flow rate. After preparation and sterilization of the setup, it was placed in 

a cell-culture incubator (37°C, 5% CO2) for the rest of the experiment duration. Then, 100 

µg/mL fibronectin solution (F2006, Sigma-Aldrich) was perfused to the upper channels of 

the chips with the flow rate of 100 µl/min for 2 min to coat the membranes. Then, the 

system was statically incubated with the perfused fibronectin for 1 h. Following that, 

HUVEC cells (107 cells/ml) were infused to the upper channels of the chips. The cell 

distribution was inspected using the microscope to ensure complete and even seeding of 

the cells on the membrane. The cells were incubated for 3 h under static condition to settle 

and adhere to the membrane. Subsequently, the continuous flow of the culture media was 
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started at the flow rate of 10 µl/min (unless otherwise indicated).  The condition of the cells 

was regularly inspected using the microscope of the system. After 48 h, the cells were found 

to reach confluency and establish a healthy endothelium-on-a-chip.  

 Establishing Dys-En-on-a-chip 

To establish a dysfunctional endothelium, TNF-α (210-TA, R and D systems) was used. 

HUVEC cells were grown to confluency as mentioned above. Subsequently, TNF- α (20 

ng/ml in culture media) was perfused to the upper channel at the flow rate of 10 µl/min for 

12h.  

 Immunostaining and quantification 

To visualize the adherent junctions, cytoskeleton organization, and VCAM-1 expression, 

the cells were stained for VE-Cadherin, F-actin, and VCAM-1, respectively. For all rinsing, 

fixing, permeabilizing, blocking, and labeling steps, the reagent solutions were perfused to 

the upper channel at the flow rate of 100 µL/min for 2 min to deliver the reagents to the 

cells. Then, the cells were incubated with the reagents under a stopped-flow condition at 

room temperature. The following solutions were introduced to the cells in the order: PBS 

(Sigma-Aldrich) to rinse away the culture medium, 4% paraformaldehyde solution (Image 

iT fixative solution, Thermo Scientific) for 20 min to fix the cells, PBS to rinse, 0.1 % 

Triton X-100 (Sigma-Aldrich) for 30 min to permeabilize the cells, PBS to rinse, and 1% 

BSA (Sigma-Aldrich) for 1 h to block nonspecific bindings. Subsequently, cells were 

labeled with an immunostaining antibody. For VE-cadherin staining, cells were incubated 

with Alexa fluor488 VE-cadherin antibody (Sc-9989, Santa Cruz Biotechnology, diluted 

1:1000 in PBS) for 40 min. In the case of F-actin staining, cells were incubated with Alexa 

fluor647 Phalloidin (Invitrogen, diluted 1:40 in PBS) for 1h. For VCAM-1 staining, cells 

were first incubated with mouse monoclonal IgG1 anti-VCAM-1 antibody (Invitrogen, 

diluted 1:50 in PBS containing 1% BSA) for 1h as the primary antibody. Following that, 

cells were rinsed with PBS and incubated with Alexa fluor555-conjugated goat anti-mouse 

IgG1 antibody (Invitrogen, diluted 1:1000 in PBS) for 1h as the secondary antibody. For 

all experiments, nucleus staining was performed using Hoechst (Thermo Scientific, diluted 

1:2000 in PBS) for 30 min. Lastly, confocal images were captured using a laser scanning 

confocal microscope (LSM780, Zeiss, Germany).  
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In order to quantify the images, three independent experiments were performed. For each 

experiment, 3-5 images (>200 cells per image) were obtained by confocal microscopy and 

then quantified by imageJ software. To quantify the VE-cadherin signals in an image, a 

threshold value of 90-120 in the range of 0 to 255 was applied to the image and the 

fluorescent area above the threshold value was calculated by the software. The obtained 

fluorescent intensity was normalized to the number of nuclei in the image to calculate the 

average VE-cadherin signal per cell. To quantify F-actin and VCAM-1 signals, the same 

method was performed using the threshold value of 80-110 and 70-90, respectively.  

 Preparation of VCAM-1 targeted polystyrene NPs 

Polystyrene nanoparticles, which were functionalized by amine groups and labeled by 

rhodamine B, were purchased in four different sizes (i.e., 30, 60, 120, and 250 nm) from 

Micromod GmbH (Micromod particle technology, Rostock, Germany). For the 

nanoparticles with the size of 30, 60, 120, and 250 nm, the surface amine density was 

respectively 10, 14, 12, and 26 nmol/mg, based on the information from the manufacturer. 

Nanoparticle solutions were first washed twice in phosphate buffer (20mM, pH 8). For this 

purpose, nanoparticles were centrifuged at 10000 rpm, 4 °C (30 min for NP30, NP60, and 

NP120, and 15 min for NP250) using Amicon ultra-0.5 centrifugal filter unit (10 kDa 

cutoff, Millipore) and then dissolved in 200 µL phosphate buffer. Then, nanoparticles were 

PEGylated by a mixture of maleimide polyethylene glycol N-hydroxysuccinimidyl ester 

(MAL-PEG-NHS) and methoxy polyethylene glycol N-hydroxysuccinimidyl ester (m-

PEG-NHS). The PEG linkers with the molecular weight of 2 kDa were purchased from 

Nanocs (Nanocs Inc., NY, USA) and dissolved in DMSO. Subsequently, a volume of 100 

µL of the linker solution (containing MAL-PEG-NHS and m-PEG-NHS at the molar ratio 

of 1:5) was mixed with a volume of 250 µL of nanoparticle solution (2 %wt.) overnight at 

room temperature. The molar ratio of amine groups to PEG in the reaction mixture was 1:3. 

Next, the VCAM-1 targeting peptide (VHPKQHR-GGGC, Mimotopes, Australia) was 

conjugated to the surface of the nanoparticles. For this purpose, the PEGylated 

nanoparticles were washed twice in PBS-EDTA buffer (pH 7, phosphate buffer saline 

containing 1mM EDTA), and reacted with an excess amount of the peptide overnight at 

room temperature. Then, unreacted maleimide groups were quenched using 20mM cysteine 
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solution (Sigma-Aldrich). Lastly, the nanoparticles were washed twice in PBS using 

Amicon centrifugal filter units and above-mentioned centrifuge conditions.  

 Characterization of VCAM-1 targeted polystyrene NPs 

In order to quantify the peptide density on the surface of the nanoparticles (number of 

peptides per nm2 of NP surface or #peptide/nm2), the UV absorbance of the nanoparticles was 

measured at 205 nm before and after peptide coupling using a spectrophotometer 

(Nanodrop 2000, Thermo Fisher Scientific) and the difference of the absorbance (ΔA205) 

was obtained. Moreover, the extinction coefficient (Ԑ205) of the peptide at 205 nm was 

calculated based on a model reported by Anthis et al. [102] and their online computation 

program (available at: http://spin.niddk. nih.gov/clore). Based on this model, the extinction 

coefficient of VHPKQHR-GGGC at 205 nm, is 40640 M-1 cm-1. Therefore, the 

concentration of the peptide can be calculated based on Ԑ205 and ΔA205 results, using the 

Beer-lambert law.  Lastly, we calculated #peptide/nm2 by knowing the concentration of the 

peptide, size of the nanoparticles, and density of the nanoparticles (1.03 g/cm3). 

Furthermore, size, zeta potential, and poly dispersity index (PDI) of the nanoparticles were 

measured by dynamic light scattering technique (DLS, Malvern, Nano-ZS).  

 Permeability of VCAM-1 targeted PS-NPs across En-on-a-chip and Dys-

En-on-a-chip 

After establishment of the En-on-a-chip and Dys-En-on-a-chip, the nanoparticle solution 

(100µg/ml in culture medium) was perfused to the upper channel at the flow rate of 5 

µL/min. Moreover, the culture medium without any nanoparticles was perfused to the lower 

channel at the flow rate of 1 µL/min. After 6h, the solution containing translocated NPs 

was collected from the collection reservoir of the lower channel. This solution was analyzed 

using a fluorescence plate reader (Spark, Tecan Austria GmbH) at the excitation/emission 

wavelength of 552/580 nm to measure the fluorescent intensity of the translocated NPs. 

Furthermore, standard curves were prepared to indicate the relationship between the 

intensity and concentration of the nanoparticles. Based on the intensity results and the 

standard curves, the concentration of the translocated NPs was calculated. Lastly, the 

concentration of the translocated NPs was divided by the initial concentration of the 

nanoparticles to obtain % permeability. 
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 Binding of VCAM-1 targeted PS-NPs to En-on-a-chip and Dys-En-on-a-

chip 

For this purpose, the nanoparticle solution at the concentration of 100 µg/ml was perfused 

to the upper channel at the flow rate of 5 µL/min for 2h. Subsequently, the cells were 

washed extensively to remove any unbonded nanoparticle, fixed by 4% paraformaldehyde 

solution (Image iT fixative solution, Thermo Scientific) for 20 min,  stained for nucleus 

(Hoechst 33342, Thermo Scientific, diluted 1:2000 in PBS) for 30 min, and then imaged 

using a laser scanning confocal microscope (LSM780, Zeiss, Germany). Zeiss Zen 

Intellesis software was used to quantify the images and obtain the mean fluorescent 

intensity (MFI) of rhodamine (i.e., MFI of the nanoparticles) and the exact number of the 

nucleus (i.e., the exact number of the cells) for each image. Then, MFI/cell, which shows 

the mean fluorescent intensity of the nanoparticles per cell, was calculated.  

 Modulation of Dys-En-on-a-chip by annexin A1 

20 µg/ml recombinant human annexin A1 (ANXA1, R and D systems) was added to the 

TNF-α containing medium. Then, the medium was perfused to the upper channel of the 

chip at the flow rate of 10 µl/min for 12h. 

 Lucifer Yellow permeability assay 

For this purpose, Lucifer Yellow solution (5 µg/ml in culture medium) was perfused to the 

upper channel. The culture medium without any fluorescent tracer was perfused to the 

lower channel. The flow rate for both channels was set at 5 µl/min. After 30 min, the 

samples were collected from the collection reservoir of the lower channel. The fluorescence 

intensity was measured using a fluorescence plate reader (Spark, Tecan Austria GmbH) 

with excitation/emission wavelength of 428/536 nm. For comparison, data were normalized 

to the fluorescence intensity of the translocated Lucifer Yellow across a bare membrane (a 

chip without any cells).  

 TEER studies 

To study the transendothelial electrical resistance (TEER), CellZscope (nanoAnalytics, 

Germany) was used. Firstly, cells were cultured on tissue-culture treated permeable 

supports containing a polyethylene terephthalate porous membrane with pore size of 1 µm 
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(Transwell® inserts, Corning Incorporated). The Transwell inserts were first treated with 

100 µg/ml fibronectin for 1 h at 37°C. Then, HUVEC cells at the cell density of 0.2 × 106 

cell/inserts were seeded on the membrane and incubated for 24 h to get confluent and form 

an endothelial layer. Subsequently, for the dysfunctional endothelium group, the media in 

the upper compartment of the Transwells was exchanged with the culture media containing 

20 ng/ml TNF-α. For the annexin-treated dysfunctional endothelium, the media of the upper 

compartments was exchanged with the culture media containing 20 ng/ml TNF-α and 20 

µg/ml annexin A1. For the healthy endothelium (control group), the media of the upper 

compartments was exchanged with the normal culture media without any TNF-α and 

annexin A1. Then, the insets were placed inside the CellZscope device and the TEER was 

measured every 30 min, for the duration of 24 h. Lastly, the data obtained from the 

untreated and treated dysfunctional endothelium were normalized to the data obtained from 

the control group. 

 Statistical analysis 

OriginPro 10 (OriginLab Corporation, USA) was used to perform statistical analyses. All 

data were derived from at least three independent experiments and reported as mean ± SD. 

The comparison between groups were made by two-sample t-test. The p-values of <0.001, 

<0.01, and <0.05 were shown as ***, **, and *, respectively. The symbol ns shows the 

non-significant differences.  

4.4 Results and discussion 

 Development of En-on-a-chip and Dys-En-on-a-chip 

Firstly, we developed a microfluidic platform incorporating a monolayer of endothelial 

cells exposed to flow and shear stress, to be able to mimic the physiological environment 

of a vessel (Figure 4.1). For this purpose, we used a microfluidic chip consisting of three 

layers. The upper layer and the lower layer were made of polydimethylsiloxane (PDMS) 

and fabricated by standard photolithography and soft lithography procedures. Each PDMS 

layer contains a channel with the dimensions of 6 × 0.4 mm as the main channel, which is 

connected to two side channels with the dimensions of 4 × 0.4 mm. Two circles (2mm 

diameter) are considered as the access points to the channels to prevent the leakage at the  
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Figure 4.1. Development of the En-on-a-chip. (A) Schematic representation of the three-

layered chip fabricated in this study and the dimensions of the chip and channels. In this 

figure, a and b show the inlet and outlet of the upper channel, c and d show the inlet and 

outlet of the lower channel. Photographic representation of the chip from (B) top view, (C) 

perspective view, and (D) side view. (E) Schematic representation of the chip after 

culturing the cells on the membrane. (F) Confocal image showing the top view of the upper 

channel proves the full coverage of the membrane by HUVEC cells (shear rate: 10 µL/min, 

scale bar: 100 µm). Cells were stained for nucleus (blue), VE-cadherin (green), and actin 

filaments (red).  
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inlet and outlet points. A thin layer of semi-permeable polyethylene terephthalate (PET) 

membrane was bonded between these PDMS layers. This membrane not only separates the 

upper and lower channels, but also provides a suitable support for culturing of endothelial 

cells. The schematic and photographic representation of the fabricated chip can be seen in 

Figure 4.1A and Figure 4.1B-D, respectively. After the fabrication of the chip, the porous 

membrane was treated by fibronectin to promote the cell attachment. Then human umbilical 

vein endothelial cells (HUVEC) were cultured on the membrane by microfluidic cell 

culture techniques. The schematic representation of the developed screening system and 

the full coverage of the membrane by the cells can be seen in Figure 4.1E and Figure 4.1F, 

respectively. Various drugs and nanoparticles can be perfused to the upper channel and 

their interaction with endothelium under physiological shear condition can be studied not 

only by collecting the samples from the lower channel, also using microscopy techniques. 

The components of the microfluidic cell culture setup used in this study are shown in 

Figure 4.2. The system allows long-term culture of the cells under physiological flow 

condition, inspection of the cells after seeding and during their growth, and accurate control 

of the flow rate, thus shear stress. Based on the literature, the proposed approach to calculate 

shear stress from the flow data in a microchannel with a rectangular cross-section is as 

follows [160, 161]: 

τ =
6𝜂𝑄

𝑊𝐻2
 × (1 + 

𝐻

𝑊
 ) × f* (

𝐻

𝑊
) 

In this equation, τ and Q are shear stress and volumetric flow rate, respectively. η is the 

viscosity of the fluid and assumed to be equal to the viscosity of water at 37°C, which is 

~10-3 Pa.s. W is the width and H is the height of the microchannel. f* (
𝐻

𝑊
) is a correction 

factor, which depends on the channel dimensions and the aspect ratio. For the designed 

microchannel in this study, the height-to-width ratio ( 
𝐻

𝑊 
) is 0.375. The calculated f* for the 

channel with this aspect ratio is reported to be 0.7 [161]. The arteries prone to 

atherosclerosis and dysfunction show a shear stress > 4 dyne/cm2 based on in vivo 

measurements and fluid mechanical models [162]. In this study, we performed the 

microfluidic cell-culture with the shear stress of 0, 0.1, 1, and 2 dyne/cm2. The optimized  
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Figure 4.2. Schematic representation of the microfluidic cell-culture setup used in this 

study, which consists of (A) chip and chip holder, (B) pressure pump, (C) flow sensor, (D) 

media reservoir, (E) collection reservoir, (F) caps for pressurization of the reservoirs, (G) 

filters to avoid contamination, (H) tubing of the sensor (PEEK tubing), (I) tubing of the 

chip (tygon tubing), (J) micro-tight fitting to connect the sensor tubing and the chip tubing, 

(K) microscope stand, (L) light microscope, and (M) holder of the reservoirs. This 

schematic illustration depicts the connections, reservoirs, and tubing for only a channel of 

a chip. Each chip consists of two channels and the same connection method was applied to 

the other channel. It should be highlighted that the setup can be used to run eight channels 

(i.e., four chips), simultaneously. The depicted setup was placed inside a cell-culture 

incubator and the pressure pump, flow sensor, and microscope were connected to a 

computer to control the system.  

 

shear stress not only should be in line with in vivo measurements, but also should result in 

the elongation of the cells along the direction of the flow without disruption of the 

endothelial integrity. Based on the above-mentioned equation, the experienced shear stress 

by the endothelial cell layer at the flow rates of 0, 1, 10, and 20 µL/min is calculated to be 

0, 0.1, 1, and 2 dyne/cm2, respectively. As can be seen in Figure 4.3, the low shear stress 

(0.1 dyne/ cm2) did not result in the complete elongation of the cells along the direction of 

the flow. High shear stress (2 dyne/ cm2) can disrupt cell-cell connections. Moderate shear 

stress (1 dyne/ cm2) showed elongation of the cells and complete barrier integrity. 

Therefore, 10 µL /min (corresponding to 1 dyne/ cm2) was selected as the perfusion rate 

for HUVEC culture and development of the En-on-a-chip. 
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Figure 4.3. Confocal images of the En-on-a-chip under different shear condition (i.e., 0, 

0.1, 1, and 2 dyne/cm2). Cells were stained for VE-cadherin (green) and nucleus (blue) to 

visualize the orientation of the cells along the flow direction and barrier integrity. Shear 

stress of 0 and 0.1 dyne/cm2 did not show the complete elongation of the cells. Cells 

cultured with shear stress of 2 dyne/cm2 showed disrupt adherens junctions. Some of the 

gap openings are marked by white arrowheads. Shear stress of 1 dyne/cm2 resulted in the 

elongation of the cells, while supporting the barrier integrity (Scale bar: 50 µm). 

 

After culturing of En-on-a-chip, tumor necrosis factor (TNF-α) was used to induce 

endothelial dysfunction. TNF-α is a proinflammatory cytokine, which is highly involved in 

the pathogenesis of cardiovascular disorders and the plasma level of TNF-α have been 

shown to correlate with cardiovascular risks [163, 164]. The plasma level of TNF-α in 

patients suffering from cardiovascular disorders was reported to be ∼20 ng/ml [165]. In 

this study, the healthy En-on-a-chip was treated with the media containing 20 ng/ml TNF-

α for 12 h to develop Dys-En-on-a-chip. Then, three indicators of a dysfunctional 

endothelium, including the loss of vascular endothelial cadherin (VE-cadherin), formation 

of actin stress fibers, and overexpression of VCAM-1 receptors, were investigated by 

immunostaining and fluorescent microscopy (Figure 4.4).  

VE-cadherin is a cell-cell adhesion protein located at adherens junctions between 

endothelial cells. This protein, also known as cadherin-5 and CD144, plays a key role in 

endothelial barrier integrity, and controls the vascular permeability [134]. The loss of VE-

cadherin in endothelial cells results in endothelial barrier disruption, thus enhanced 
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permeability [4, 135]. The results of VE-cadherin immunostaining using Alexa Fluor488 

VE-cadherin antibody in En-on-a-chip and Dys-En-on-a-chip are shown in Figure 4.4A. 

In En-on-a-chip, VE-cadherin molecules assembled at the cellular periphery, where they 

form tight borders between endothelial cells. On the other hand, Dys-En-on-a-chip showed 

patchy expression of VE-cadherin and loss of VE-cadherin connectivity at the cellular 

borders, which is an indicator of intercellular gap formation and enhanced permeability. 

Furthermore, Alexa Fluor 647 phalloidin was used for staining of actin filaments to study 

actin organization. Actin networks participate in endothelial barrier integrity by binding to 

junctional proteins and stabilizing them. Therefore, healthy endothelial cells show the 

arrangement of actin filaments at the cellular borders to establish the endothelial junctions. 

In contrast, dysfunctional endothelial cells show the formation of actin fibers in central 

parts of the cells, known as actin stress fibers. These fibers cause transcellular tensions and 

cell contractions, and finally disrupt the barrier integrity [136]. In this study, the developed 

En-on-a-chip showed the arrangement of actin filaments at the cellular periphery and the 

formation of actin cortical rims. Also, the developed Dys-En-on-a-chip in this study, can 

successfully show the formation of actin stress fibers, which were prolonged in the central 

domain of the endothelial cells (Figure 4.4B). VCAM-1 immunostaining was also 

performed using Alex Fluor555 conjugated antibody to investigate the expression of this 

molecule on the developed En-on-a-chip and Dys-En-on-a-chip. VCAM-1, also known as 

CD106, is an immunoglobulin-like adhesion molecule. This molecule is normally absent 

on healthy endothelial cells but rapidly shows overexpression on activated and 

dysfunctional endothelial cells. It induces signals, which mediate the adhesion of 

leukocytes to the endothelium, and participates in inflammatory pathways of vascular 

disorders [7, 20]. As can be seen in Figure 4.4C, the developed Dys-En-on-a-chip in this 

study, successfully showed a significant increase in VCAM-1 expression, compared to the 

En-on-a-chip. In order to quantify the fluorescent signals, imageJ software was used. The 

quantification of Alexa Flour 488 VE-cadherin, Alexa Fluor647 actin, and Alexa Fluor555 

VCAM-1 showed a 2.2-fold decrease, 1.8-fold increase, and 7.8-fold increase of the signals 

in Dys-En-on-a-chip, respectively (Figure 4.4D-F). Therefore, the quantification results 

confirm the loss of VE-cadherin, formation of actin stress fibers, and overexpression of 

VCAM-1 in the developed Dys-En-on-a-chip.  
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Figure 4.4. Confocal microscopy of (A) VE-cadherin, (B) F-actin, and (C) VCAM-1 for 

En-on-a-chip and Dys-En-on-a-chip (Scale bar: 50 µm). Quantification of (D) VE-

cadherin, (E) F-actin, and (F) VCAM-1 signals. The developed Dys-En-on-a-chip in this 

study can successfully show the loss of VE-cadherin, formation of stress actin fibers, and 

overexpression of VCAM-1, which are known as the hallmarks of a dysfunctional 

endothelium.  

 

 Permeability and binding of VCAM-1 targeted NPs across En-on-a-chip 

and Dys-En-on-a-chip 

Amino-functionalized and rhodamine-labeled polystyrene nanoparticles with the size of 30, 

60, 120, and 250 nm were abbreviated as NP1, NP2, NP3, and NP4, respectively. The 

nanoparticles were first PEGylated based on amide bond coupling between amine groups 
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on the nanoparticles and N-hydroxysuccinimidyl ester (NHS ester) on the PEG polymers. 

Then, a VCAM-1 targeting peptide (VHPKQHR-GGGC) was conjugated to the surface of 

the nanoparticles based on maleimide-thiol reaction between maleimide groups on the 

nanoparticles and cysteine groups on the peptide (Figure 4.5A). In order to characterize 

the nanoparticles, dynamic light scattering technique was used and size, zeta potential, and 

poly dispersity index of the nanoparticles were measured. To obtain the peptide density on 

the surface of the nanoparticles, the difference of absorbance at 205 nm between peptide-

coupled and non-coupled nanoparticles was measured. The absorbance at 205 nm arises 

from peptide backbone and is an accurate and sequence-specific method to quantify the 

peptide concentration [102]. Based on these measurements, the peptide density 

(#peptide/nm2) on the surface of NP1, NP2, NP3, and NP4 was calculated to be 0.003 ± 

0.0006, 0.009 ± 0.0006, 0.017 ± 0.0009, and 0.078 ± 0.003 nm-2, respectively (Figure 

4.5B).   

After nanoparticle preparation and characterization, the permeability of the nanoparticles 

across healthy and dysfunctional endothelium was studied (Figure 4.5C). The permeability 

of NP1, NP2, NP3, and NP4 across En-on-a-chip was respectively 2.01 ± 0.46 %, 1.69 ± 

0.88 %, 1.21 ± 0.04 %, and 0.21 ± 0.1 %. For Dys-En-on-a-chip, the permeability of all 

NPs was higher than their permeability across En-on-a-chip due to intercellular gaps, 

disrupted junctions, and compromised integrity of dysfunctional endothelium. The 

permeability of NP1, NP2, NP3, and NP4 across Dys-En-on-a-chip was respectively 7.87 

± 1.08 %, 6.05 ± 0.77 %, 3.88 ± 1.04 %, and 0.5 ± 0.1 %. Furthermore, the relative 

permeability (i.e., the enhanced permeability across Dys-En-on-a-chip compared to En-on-

a-chip) was calculated. The results showed that the permeability across Dys-En-on-a-chip 

for NP1, NP2, NP3, and NP4 was respectively 4.24-fold, 3.57-fold, 2.91-fold, and 1.9-fold 

higher than their permeability across En-on-a-chip.  

Additionally, the binding of the nanoparticles to En-on-a-chip and Dys-En-on-a-chip was 

investigated. The results of the confocal microscopy can be seen in Figure 4.5D. As 

expected, the binding of the nanoparticles to Dys-En-on-a-chip was significantly higher 

than their binding to En-on-a-chip due to the overexpression of VCAM-1 on dysfunctional 

endothelium. To quantify the results, an artificial intelligence (AL)-based software (Zen 

Intellesis) was used. As shown in Figure 4.5E, the binding of NP1, NP2, NP3, and NP4 to  
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Figure 4.5. (A) Schematic representation of the PEGylation and peptide-coupling 

reactions. (B) Characterization of the nanoparticles for size, zeta potential, polydispersity 

index, and peptide density. (C) Permeability of the nanoparticles across En-on-a-chip and 

Dys-En-on-a-chip. (D) Confocal images showing the binding of the nanoparticles to En-

on-a-chip and Dys-En-on-a-chip. Red and blue colors show nanoparticles and cell nucleus, 

respectively (scale bar: 20 µm). (E) Quantification of the binding results. (F) Heat-map 

showing the effect of the nanoparticle properties on their permeability and binding across 

dysfunctional endothelium 
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En-on-a-chip was respectively 2.5 ± 0.41, 2.2 ± 0.38, 1.6 ± 0.27, and 1.8 ± 0.9. However, 

their binding to Dys-En-on-a-chip was found to be 20.02 ± 0.8, 18.7 ± 0.9, 8.3 ± 0.6, and 

11.7 ± 1.2.  

Consequently, based on the above-mentioned data: 1) The permeability across 

dysfunctional endothelium was in the following order: NP1 > NP2 > NP3 > NP4. So, the 

smaller the NPs are, the higher the permeability is. The larger NPs showed lower 

permeability, even though they had higher peptide density. Consequently, the results 

suggest that under in vitro biomimetic shear flows NP size governs NP permeability 

regardless of peptide density. 2) The NP binding to dysfunctional endothelium was in the 

following order: NP1 and NP2 (no significant difference) > NP4 > NP3. So, the smaller 

NPs showed the highest binding even though they had the lowest peptide density. NP4, 

which had the highest peptide density among all groups, was in the next place, followed by 

NP3. Consequently, the results suggest that the NP binding is firstly governed by size, then 

peptide density. 3) In this study, no trends were found between permeability and binding 

data with PDI and zeta potential. The summary of the results can be seen in Figure 4.5F, 

which shows the effect of the nanoparticle properties on their permeability and binding 

across dysfunctional endothelium.  

Incorporating a porous membrane into a microfluidic device has been previously used to 

study the permeability of fluorescent tracers across endothelial layers [60, 82, 83, 98]. For 

instance, Young et al. investigated the permeability of FITC-BSA across a monolayer of 

primary porcine aortic endothelial cells using laser-induced fluorescence detection [83]. 

Similarly, Shao et al. studied the permeability of FITC-BSA across healthy and 

dysfunctional (histamine-stimulated) HUVEC cells and reported the higher permeability of 

the tracers across the dysfunctional endothelium [82]. Although the results of these studies 

can be informative about the integrity and disruption of various endothelial layers, they 

cannot be used in the field of nanomedicine to design optimal nanoparticles to traverse 

these barriers. The reason is that the hydrodynamic diameter of these tracers is much 

smaller than the diameter of typical nanoparticles used in nanomedicine. Few studies have 

been reported on the permeability of nanoparticles across healthy and/or dysfunctional 

endothelium under microfluidic flow. For instance, Wang et al. studied the permeability of 

two types of NPs (PEG-PLGA and PEG-liposome) with different stiffnesses but similar 
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sizes (∼70 nm) across TNF-α stimulated cells [112]. The results showed a similar 

permeability for these nanoparticles, which indicates the dominant effect of size on 

permeability. Also, Kim et al.  studied the permeability of lipid-PLGA nanoparticles with 

a size of ∼70 nm across non-stimulated and TNF stimulated cells [19]. The results showed 

a significant increase of nanoparticle permeability across TNF-α stimulated cells compared 

to non-stimulated cells, which is in line with our findings. However, none of these studies 

investigated the effect of nanoparticle properties such as size and peptide density on their 

permeability. Additionally, Sasaki et al. developed a mathematical model to investigate the 

relationship between the size of nanoparticles and their permeability across a microporous 

membrane under microfluidic flow. The model confirms the higher permeability of smaller 

nanoparticles, but the main limitation of this study is that the membrane was without any 

cells. Therefore, the effect of nanoparticle-cell interactions on the permeability was not 

considered [87].  

The VCAM-1 bond to its ligands has been reported to show catch-bond characteristics [90, 

166]. The lifetime of a catch-bond initially increases by force because the molecules deform 

and lock more tightly, and then decreases like in a normal bond [167]. Therefore, any kind 

of mechanical force like shear stress can highly affect VCAM-1 binding, and in vitro 

investigations of VCAM-1 binding nanoparticles should be performed under a relevant 

shear condition instead of conventional static experiments. Despite the important role of 

shear in this field, a few studies have used shear generating systems when studying the 

effect of nanoparticle properties on VCAM-1 binding [57, 60, 90]. For instance, Kusunose 

et al. synthesized a VCAM-1 targeting liposome with a size of ∼100 nm and studied the 

effect of peptide density on VCAM-1 binding under microfluidic flow. The results showed 

that the NP binding significantly increases by increasing the peptide density [90]. 

Furthermore, Campos et al. investigated the effect of NP shape (rod-like and spherical 

nanoparticles with a size of ∼200 nm) on VCAM-1 binding under microfluidic flow. The 

results revealed that the binding of rod-like nanoparticles was significantly higher than the 

binding of spherical nanoparticles [57]. However, all studies were based on single-sized 

nanoparticles, and the effect of NP size on VCAM-1 binding has not been reported earlier 

to our knowledge.  
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 The restorative effect of annexin A1 on Dys-En-on-a-chip 

Annexin A1 is a 37 kDa protein, consisting of 346 amino acids, and a member of the 

annexin protein superfamily [156]. This protein is an endogenous anti-inflammatory 

mediator, which is naturally present in neutrophils, monocytes, and macrophages [156, 

168]. Annexin A1 is within the cytoplasm under resting conditions, and any inflammation, 

which results in cell activation, can trigger its release [168]. This protein has been reported 

to show anti-inflammatory effects by decreasing leukocyte adhesion, moderating pro-

inflammatory cytokines and reactive oxygen species, diminishing platelet aggregation, and 

promoting balance between pro-inflammatory and anti-inflammatory cytokines [156]. 

Recently, annexin A1 has attracted tremendous attention in the field of anti-inflammatory 

drug discovery because it can mimic how inflammation naturally subsides in the body, thus 

it has fewer side effects than current anti-inflammatory drugs [156, 168]. Additionally, 

annexin A1 is expressed by brain endothelial cells and participates in the regulation of 

blood-brain barrier (BBB) permeability [157]. It has been reported that annexin A1 can 

show positive effects to restore the damaged BBB [157, 169, 170].  

To study the effect of annexin A1 on the integrity of dysfunctional endothelium, we first 

measured the transendothelial electrical resistance (TEER) for the healthy endothelium, 

dysfunctional endothelium, and annexin A1 treated dysfunctional endothelium, using an 

automated multi-well CellZscope device. TEER measurement is a non-destructive and 

label-free method to study barrier integrity. Intact and tightly connected endothelial cells 

are resistant to the passage of the electrical current but disrupted endothelial layers allow 

the passage of the electrical current more easily. Therefore, there is a direct relationship 

between the measured TEER and the integrity of the endothelial layer [99]. Figure 4.6A 

shows the real-time TEER, and Figure 4.6B shows the measured TEER at the end of the 

experiment, termed as endpoint TEER. As shown in these figures, annexin A1 showed a 

positive effect on the integrity of endothelial layers. The endpoint TEER (after 24 hours) 

for dysfunctional endothelium was 3-fold less than healthy endothelium. However, annexin 

A1 treatment of dysfunctional endothelium could increase the TEER values, and the 

endpoint TEER for treated dysfunctional endothelium was 1.5-fold higher than non-treated 

dysfunctional endothelium.  
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Furthermore, the developed En-on-a-chip and Dys-En-on-a-chip were used to investigate 

the translocation of Lucifer Yellow (LY), an endothelial permeability marker (Figure 

4.6C). The average intensity of translocated LY across Dys-En-on-a-chip was 

approximately 3.5-fold higher than En-on-a-chip, which indicates the enhanced 

permeability and compromised integrity of the dysfunctional endothelium. As can be seen 

in Figure 4.6C, annexin A1 treatment could significantly lower the LY translocation across 

Dys-En-on-a-chip, which confirms the endothelial tightening and the rescue effect of this 

protein on the permeability of dysfunctional endothelium.   

Immunostaining of VE-cadherin was also performed to investigate the distribution of this 

adherens junction component for Dys-En-on-a-chip before and after annexin A1 treatment 

(Figure 4.6D-E). The results of confocal microscopy displayed a patchy distribution of 

VE-cadherin and loss of cell-cell connectivity in non-treated Dys-En-on-a-chip, as 

expected. However, the treated Dys-En-on-a-chip showed more distribution of VE-

cadherin molecules at the cellular borders and higher connectivity of the junctions (Figure 

4.6D). The quantification of fluorescent signals by ImageJ confirmed a ∼1.7-fold increase 

of VE-cadherin signals in treated Dys-En-on-a-chip, compared to non-treated Dys-En-on-

a-chip (Figure 4.6E). Therefore, annexin A1 treatment of the developed Dys-En-on-a-chip 

can inhibit the loss of VE-cadherin and/or enhance the expression of this critical component 

of adherens junctions. 

The above-mentioned results (i.e., the TEER measurements, LY permeability, and VE-

cadherin microscopy) were confirmed the restorative effect of annexin A1 on dysfunctional 

endothelium. The reason behind this effect is the inhibition of RhoA GTPase pathway, also 

known as RhoA-ROCK pathway. This signaling pathway starts in response to 

inflammatory cytokines and neutrophils by activation of RhoA and its effector kinase 

ROCK, and indirectly promotes the phosphorylation of myosin light chain (MLC). MLC 

phosphorylation results in the binding of myosin motor domains to actin and the formation 

of actin-myosin complex. The cross-bridge movement of this complex can cause cell 

contraction, junction disruption, and endothelial hyperpermeability [4]. Annexin A1 can 

inhibit the RhoA GTPases pathway [169, 170] therefore show protective and restorative 

effect on endothelial barrier integrity.  
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Figure 4.6. The restorative effect of annexin A1 on dysfunctional endothelium. (A) Real-

time TEER measurement using CellZscope. (B) Endpoint TEER measurement after 24 

hours. (C) Lucifer Yellow permeability studies. (D) Immunostaining and confocal 

microscopy of VE-cadherin. White frames show regions of interests (ROIs) enlarged in the 

second panel.  (E) Quantification of VE-cadherin signals by ImageJ. 

 

Recently, there has been a large focus on the protective effect of annexin A1 on blood-brain 

barrier integrity in vitro and in vivo  [157, 169-171]. For instance, administration of human 

recombinant annexin A1 to compromised blood endothelial cell lines such as bEnd.3 cell 

line [169] and hCMEC/D3 cell line [170] could restore their paracellular permeability. 

However, the effect of this protein to restore the barrier integrity in cardiovascular disorders 

has not been comprehensively undertaken. It should also be highlighted that mechanical 
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forces (e.g., shear stress) have a significant effect on RhoA activity [4, 172]. Therefore, any 

in vitro investigation on the restorative effect of annexin A1 should be performed under 

physiopathological relevant shear conditions instead of static experiments.  To the best of 

our knowledge, it is the first report, which has recruited the vessel-on-a-chip technology to 

study the effect of annexin A1 on modulation of dysfunctional endothelium under shear 

condition.  

4.5 Conclusion 

In this study, a microchip consisting of two parallel channels separated by a semi-permeable 

membrane, which is a simple but robust design for on-chip permeability studies, was 

utilized to establish a Dys-En-on-a-chip model. The developed biomicrofluidic model not 

only can mimic the relevant pathological shear stress but also showed loss of adherens-

junctions at cellular borders, change of cytoskeleton organization to form actin stress fibers, 

and upregulation of VCAM-1 on endothelial cells, which are all indicators of a successful 

Dys-En biomimetic in vitro model. The developed platform was used to screen a library of 

VCAM-1 binding nanoparticles with different properties. Based on the nanoparticle 

translocation assessments and microscopy studies, smaller nanoparticles showed higher 

permeability and binding, and NP size dominated the NP targeting to dysfunctional 

endothelium. Moreover, the restorative effect of annexin A1 on dysfunctional endothelium 

was investigated. Treatment of Dys-En-on-a-chip with annexin A1 resulted in restoration 

of adherens-junctions and enhancement of the barrier integrity, which confirms the 

potential of this mediator on the treatment of atherosclerosis. It should be highlighted that 

binding of VCAM-1 to its receptors on Dys-En is a catch-bond. Furthermore, annexin A1 

initiates its anti-inflammatory responses by inhibiting the ROCK-Rho pathway. Both catch-

bonds and Rho activities are known to be highly affected by biomicrofluidic conditions. 

These facts emphasize the importance of the recruited biomicrofluidic model for these 

investigations instead of the conventional static models. 
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Supporting information 

Fabrication of the silicon master molds 

 Photolithography was used to fabricate the silicon master molds. For this purpose, 6-inch 

silicon wafers were first heated overnight in a 250°C oven to remove moisture. Then, SU-

8 2075 (MicroChem Corp., USA) was spin-coated on the silicon wafers by MicroTec 

RCD8 T spin coater to get a uniform layer of SU-8 on the surface of the wafers. The speed 

and duration of the spin-coating process to achieve the final thickness of 150 µm were 

adjusted based on our preliminary studies. The spreading speed and duration were 300 rpm 

and 30s, followed by the spinning speed of 600 rpm for 60s.  Subsequently, soft bake (i.e., 

post-coating bake) was performed to evaporate the solvent and densify the coated layer. 

For this purpose, the wafers were placed on a programmable hot-plate, the temperature was 

increased from room temperature to 65°C with the increasing rate of 5°C/min, the wafers 

were baked at 65°C for 10 min, the temperature was increased from 65°C to 95 °C using 

the increasing rate of 5°C/min, the wafers were baked at 95 °C for 45 min, and finally 

placed in room temperature to cool down. The reason for the temperature ramps during the 

soft-backing procedure was reduction of internal mechanical stresses. After the soft-

backing step, the wafers and the photomask were placed in an aligner (Mask Aligner MA6-

2, Süss MicroTek). Then, UV light with the wavelength of 365 nm and exposure energy of 

390 mJ/cm2 was exposed to the wafer through the photomask, which contains the 

predefined patterns of the channels, to initiate the photopolymerization process. Therefore, 

the SU-8 layer started to crosslink in the defined sites. Subsequently, post-exposure bake 

was used to increase the diffusion rate of photoactive compounds and complete the photo-

crosslinking procedure. The temperatures, durations, and temperature ramps were same as 

the soft-backing step. The wafers were then submerged in a SU-8 development bath, 

containing propylene glycol monoethyl ether acetate (MGMES, also known as mr-Dev 

600) for 30 minutes to etch away the non-crosslinked parts of the SU-8 layer and get the 

final patterns of the channels. Lastly, the wafers were cleaned by isopropyl alcohol and 

dried.  

To inspect the patterns on the fabricated silicon molds, optical microscopy and profilometer 

(Dektak XTA stylus profilometer) were used. The microscopy results confirmed that the 
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width of the channels was 400 µm. Moreover, based on the results from profilometer, the 

height of the channels was 150 µm. These results show that the fabrication process of the 

master molds was successfully performed. Figure SI 4.1 shows the fabricated silicon mold 

in this study, the patterns, and the characterizations. 

 

 

Figure SI 4.1. (A) Photographic representation of a silicon mold fabricated by 

photolithography in this study. (B) Schematic representation of the patterns on the silicon 

mold. (C) Schematic representation of the patterns on a PDMS layer, after using this mold 

for PDMS lithography. (D) Microscopy results to inspect the width of the channels. Scale 

bar: 1000 µm. (E) Profilometer results to inspect the height of the channels.
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 Conclusion and outlook 

5.1 Conclusion 

In this multidisciplinary and applied Ph.D. project, different biomimetic models of 

dysfunctional endothelium were developed and utilized for nanotherapy screenings. In this 

section, the conclusions are summarized according to the listed aims for each project in 

chapter 1.  

Project 1. Binding and permeability screening of VCAM-1 targeted nanoparticle 

transport across models of endothelial dysfunction induced by cardiovascular 

inflammatory mediators 

Development of endothelial dysfunction biomimetic in vitro models. In order to develop 

robust biomimetic in vitro models of dysfunctional endothelium, we first investigated the 

effect of a range of inflammatory mediators relevant to atherosclerosis (i.e., TNF-α, 

thrombin, IL-6, IL1-β, CRP, ox-LDL, and histamine) on endothelial cells. For this purpose, 

we set up four series of experiments, including translocation of Lucifer Yellow (i.e., an 

endothelial permeability marker), measurement of endpoint TEER (i.e., transendothelial 

electrical resistance), measurement of dynamic TEER and cell capacitance using 

impedance-based techniques. The stimulation of endothelial cells using inflammatory 

mediators can disrupt cell-cell junctions and produce intercellular gaps, which results in the 

enhanced permeability of Lucifer Yellow across the stimulated cells compared to non-

stimulated cells. Furthermore, disruption of endothelial junctions permits the passage of 

electrical current through the stimulated endothelial cells, but healthy and non-stimulated 

cells are resistant to the passage of the electrical current. Thus, stimulated cells show lower 

TEER values. The overall effect of the inflammatory mediators on increasing the 

permeability and decreasing the endpoint TEER and dynamic TEER of endothelial cells 

can be summarized as follows:  TNF-α > IL1-β > thrombin > IL-6 > histamine > ox-LDL 

> CRP. The results from Lucifer Yellow studies and TEER measurements showed a strong 

corroboration in this work. Based on the capacitance studies, a confluent endothelial layer 

leads to a capacitance of ∼1 µF/cm2, and any sharp increase in cell capacitance values is 

an indicator of a disrupted endothelial layer. The measured cell capacitance values for TNF-
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α, IL1-β, and thrombin stimulated cell layers were significantly higher than 1 µF/cm2. 

However, the measured cell capacitance values for the cells stimulated by the rest of the 

inflammatory mediators were approximately 1 µF/cm2. It indicates the lower effect of these 

inflammatory mediators on endothelial disruption, which was not detectable by the device.  

Based on the above-mentioned results, we found TNF-α, IL1-β, and thrombin as the top 

three potent mediators to establish robust in vitro dysfunctional endothelium models. In 

order to validate the efficacy of these mediators on the loss of junctional molecules, 

formation of actin stress fibers, and overexpression of cell adhesion molecules, 

immunostaining studies were performed pre- and post- incubation with these inflammatory 

mediators. These experiments confirmed i) disorganized distribution and decreased 

expression of VE-cadherin (i.e., an endothelial adherens junction protein), ii) formation of 

actin stress fibers (i.e., an indicator of cellular tension in inflammation), and iii) 

upregulation of VCAM-1 (i.e., vascular cell adhesion molecule and a promotor of leukocyte 

adhesion in inflammation conditions), in stimulated cells compared with non-stimulated 

cells. It should be highlighted that the effect of these inflammatory mediators on the 

decreased expression of VE-cadherin and increased expression of VCAM-1 was found to 

be in the following order: TNF-α > IL1-β > thrombin, which is in line with our findings 

from permeability and TEER studies.  

Development of the nanoparticle library. Having developed optimal dysfunctional 

endothelial models, we sought to use this for nanoparticle screening studies. Amino-

functionalized and fluorescent-labeled polystyrene nanoparticles with four different sizes 

(i.e., 30, 60, 120, and 250 nm, abbreviated as NP30, NP60, NP120, and NP250) were first 

PEGylated by Mal-PEG-NHS and m-PEG-NHS linkers based on a reaction between amine 

groups of nanoparticles and NHS groups of the linkers. Quantification of PEG groups and 

MAL groups were carried out using ninhydrin assays and maleimide colorimetric assays, 

respectively. The results confirmed the successful PEGylation of the nanoparticles and an 

adequate number of maleimide groups for the next steps. Subsequently, VCAM-1 binding 

peptides were conjugated to the nanoparticle’s surface based on a reaction between 

maleimide groups of the nanoparticles and cysteine groups of the peptides. The VCAM-1 

binding peptides used in this work are P1: CGGG-VHPKQHR, P2: VHPKQHR-GGGC, 

and P3: VHSPNKK-GGGC. Finally, the quantification of the peptides on the surface of the 
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nanoparticles was performed. The density of amine groups, maleimide groups, and peptides 

on the surface of the nanoparticles were in the following order: NP250 > NP120 > NP60 > 

NP30. The nanoparticle library consisting of sixteen nanoparticles with four different sizes 

and four different VCAM-1 binding conditions (i.e., P1, P2, P3 conjugated, and bare 

nanoparticles) were then characterized by dynamic light scattering technique. Based on the 

results of this section, the generated library consists of nanoparticles with different 

properties (i.e., size, PDI, zeta potential, and VCAM-1 peptide density), and screening of 

these nanoparticles across the developed dysfunctional endothelium models can provide 

valuable insight on the effect of nanoparticle properties on their permeability and binding, 

and thus their ability to target dysfunctional endothelium.  

Studying the effect of nanoparticle properties on their permeability and binding 

across healthy and dysfunctional endothelium. Permeability screening of the established 

NP library across the biomimetic Dys-En models showed that: i) For all NP groups (i.e., all 

sizes and peptide conjugations), the permeability across TNF-α induced cells was the 

highest, followed by IL1β induced cells, then thrombin-induced cells, and lastly non-

stimulated cells. This trend was in complete agreement with the observed trend for VE-

cadherin and TEER studies. Therefore, it strongly confirmed the direct relationship 

between loss of endothelial integrity and NP permeability. ii) For all Dys-En models (i.e., 

TNF-α, IL1-β, and thrombin stimulated En), the permeability of NPs across the 

endothelium was in the following order: NP30 > NP60 > NP120 > NP250. Therefore, the 

smaller the NPs are, the higher the permeability is. iii) The presence and type of VCAM-1 

peptides on the surface of the nanoparticles did not change their permeability across Dys-

En models significantly. Therefore, it indicates that size governs NP permeability, 

regardless of the peptide type and/or presence. iv) No trend were observed between PDI 

and NP permeability, and between zeta potential and NP permeability, in this study.  

Binding studies of the established NP library across the biomimetic Dys-En models showed 

that: i) For all NP groups, the NP binding to TNF-α induced cells was the highest, followed 

by IL1-β induced cells, and then thrombin-induced cells. The observed trend was in line 

with the VCAM-1 immunostaining and FACS studies, which displayed the same trend for 

expression of VCAM-1 on these Dys-En models. ii) For all Dys-En models (i.e., TNF-α, 

IL1-β, and thrombin stimulated En), the NP binding was in the following order: NP30 and 
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NP 60 (no significant difference between these two groups) > NP250 > NP120. Smaller 

nanoparticles (i.e., NP30 and NP60) were found to show higher binding to Dys-En, even 

though the density of VCAM-1 binding peptides on their surface was lower than the larger 

nanoparticles. NP250, which has the highest peptide density among all groups, was in the 

next place, followed by NP120. The results suggested that NP binding was firstly governed 

by size and then peptide surface density. iii) The binding of peptide-conjugated NPs to Dys-

En was extremely higher than non-conjugated NPs, which highlighted the potential of 

VCAM-1 in targeting dysfunctional endothelium for diagnosis and treatment of 

inflammation-based disorders. The results confirmed that P1, P2, and P3 could highly 

increase the binding of NPs to dysfunctional endothelium, but they did not display any 

superiority over each other. iv) No trend were observed between PDI and NP binding, and 

between zeta potential and NP binding, in this study. 

Consequently, the binding and permeability screening of the nanoparticle library across the 

biomimetic in vitro models of Dys-En revealed that NP size is a more dominant driver of 

permeability than peptide density, type, and presence. Moreover, VCAM-1 binding of NPs 

is firstly dominated by size and then peptide density. Therefore, size plays a prominent role 

in permeability and VCAM-1 binding to Dys-En. We suggest that the design of 

nanoparticles with optimal size can highly improve their targeting to Dys-En, thus their 

ability to traverse this barrier to atherosclerotic plaques. Based on the performed research 

in this thesis, smaller nanoparticles (30 nm and 60 nm) showed the most favorable results 

for targeting of Dys-En in vitro. Understanding nanoparticle biophysiochemical 

interactions with dysfunctional endothelium in vitro provides a valuable insight to predict 

the nanoparticles’ behavior in vivo. Therefore, the systematic screening experiments carried 

out in this project can pave the way to design optimal NPs for more successful in vivo and 

clinical studies in the field of atherosclerotic nano-therapy.  

Project 2. Investigating VCAM-1 targeted nanoparticles and annexin A1 therapy using 

a biomicrofluidic model of the dysfunctional endothelium 

Development of a biomicrofluidic model of dysfunctional endothelium. The biomimetic 

in vitro models developed in the first project could successfully mimic the enhanced 

permeability, barrier disruption, loss of junctional proteins, cellular tension, and 
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overexpression of vascular cell adhesion molecules. In order to improve the model and 

consider the effect of shear stress as an important physiopathological factor in vascular 

research, we sought to develop a biomicrofluidic model of endothelium-on-a-chip (En-on-

a-chip) and dysfunctional endothelium-on-a-chip (Dys-En-on-a-chip).  For this purpose, 

we used a simple but robust design for our microfluidic chip, which consists of two parallel 

microfluidic channels separated by an En layer on a semi-permeable membrane. The 

microchip was first fabricated by standard photolithography and soft lithography, and then 

recruited for microfluidic endothelial cell culture. The established setup for microfluidic 

cell culture in this study was a robust system, which allowed the long-term culture of 

endothelial cells to form an intact monolayer, accurate control of flow rate and shear stress, 

mimicking pathophysiological flow of an atherosclerotic vessel, and inspection of the cells 

during their growth. Having established the En-on-a-chip successfully, we used TNF-α as 

the most potent pro-inflammatory cytokine to develop Dys-En-on-a-chip. This 

biomicrofluidic model of Dys-En could successfully display the disrupted integrity, 

enhanced permeability, decreased expression of junctional molecules, generation of actin 

stress fibers, and enhanced expression of vascular cell adhesion molecules, which are the 

hallmarks of a dysfunctional endothelium.  

Investigation of VCAM-1 targeted nanoparticles using a biomicrofluidic model of 

dysfunctional endothelium. We utilized the En-on-a-chip and Dys-En-on-a-chip 

platforms for screening of a library of nanoparticles, consisting of four NPs with four 

different sizes (i.e., 30, 60, 120, and 250 nm, abbreviated as NP1, NP2, NP3, and NP4) 

conjugated with a VCAM-1 binding peptide (i.e., VHPKQHR-GGGC). The results 

confirmed the trend as per the Transwell studies. i) For all nanoparticles, the permeability 

across Dys-En-on-a-chip was significantly higher than En-on-a-chip due to the 

compromised integrity of dysfunctional endothelium. ii) The permeability was in the 

following order NP1 > NP2 > NP3 > NP4. Therefore, the smaller the NPs are, the higher 

their permeability is, which was also in line with our findings in the previous biomimetic 

models. iii) For all nanoparticles, the binding to Dys-En-on-a-chip was significantly higher 

than En-on-a-chip due to the overexpression of VCAM-1 on dysfunctional endothelium. 

iv) The binding to Dys-En under biomicrofluidic flow condition was in the flowing order 

NP1 and NP2 > NP4 > NP3, which corroborated the results of the previous models. Smaller 
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NPs (i.e., with the size of 30 nm and 60 nm) revealed higher binding even though they had 

the lowest density of VCAM-1 binding ligands. NP3, which had the largest size and the 

highest ligand density, was in the next place, followed by NP4. The results suggested that 

NP size is a more dominant factor of NP binding than ligand density. v) No trends were 

found between PDI and zeta potential with NP permeability and binding in this study. The 

above-mentioned findings, which emphasizes the crucial role of small-sized nanoparticles 

in targeting atherosclerotic lesions, shed more light on the design of more effective 

nanoparticles for further in vivo and clinical studies.  

Investigation of annexin A1 proresolving therapy using a biomicrofluidic model of 

dysfunctional endothelium. Biomimetic dysfunctional endothelium models not only are 

effective tools for gaining valuable insights on nanoparticle targeting to atherosclerotic 

lesions, but also can be utilized to investigate the effect of endothelial normalization and 

restoration on atherosclerosis treatment. In this thesis, we studied the effect of annexin A1, 

a potent anti-inflammatory mediator, on dysfunctional endothelium. The results of Lucifer 

Yellow translocation confirmed the endothelial tightening and restorative effect of this 

mediator on barrier integrity. Moreover, immunostaining of VE-cadherin showed that this 

protein could enhance the expression and/or inhibit the loss of junctional molecules on 

dysfunctional endothelium. Our findings suggest that this innate and restorative protein can 

be used as a potent therapeutic agent for atherosclerosis.  

5.2 Outlook 

The presented Ph.D. thesis developed various in vitro biomimetic models of dysfunctional 

endothelium (Dys-En) and recruited them for nanoparticle screening in order to investigate 

the targeting potential of various nanoparticles to atherosclerotic lesions. Some further 

investigations are suggested in continuation of the presented results, where some of them 

are listed as follows. 

• In this project, screening of nanoparticles across the developed biomimetic in vitro 

models of Dys-En showed that NP size is a more dominant factor of nanoparticle 

targeting to atherosclerotic lesions than other NP properties, based on both 

permeability studies (as a model to study nonspecific and passive targeting 

mechanism) and VCAM-1 binding studies (as a model to study active targeting 
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mechanism).  Furthermore, our investigations suggest that small-sized 

nanoparticles are better candidates for anti-atherosclerotic nanotherapy. In order to 

confirm these findings, the next step would be in vivo experiments using 

atherosclerotic rabbit and mouse models, which are underway in our research group. 

• In this study, the developed biomicrofluidic Dys-EC model recruited the flow rate 

and shear conditions, which were reported for early atherosclerosis. Atherosclerosis 

is promoted by decreased shear stress (< 4-5 dyne/cm2) because it results in 

reduction of various vascular wall functions (e.g., reduced production of NOS, 

reduced endothelial cell repair, increased production of ROS, and increased 

translocation of lipoproteins and leukocytes) [162, 173]. As we aimed to study the 

enhanced permeability of Dys-En, which is reported to occur in early 

atherosclerosis and later got normalized in advanced atherosclerosis [37]; therefore, 

we selected to use lower shear stress conditions, which corresponds to early 

atherosclerosis. However, in advanced atherosclerosis, the obstructive plaques can 

increase the shear stress to more than two orders of magnitudes [174]. It would be 

interesting to investigate both shear conditions in one study in order to explore the 

effect of shear stress on nanoparticle targeting to early and advanced atherosclerotic 

lesions. 

• The established Dys-En-on-a-chip in this project recruited translocation 

investigations and microscopy techniques for nanoparticle targeting and 

normalization assessments. Besides these techniques, TEER measurements can be 

highly beneficial and informative for these assessments. Therefore, it is of interest 

to incorporate microelectrodes in the designed microchip in order to measure TEER 

values for healthy En, Dys-En, and treated Dys-En, as a further proof for the 

observed results.  

• The developed Dys-En-on-a-chip in this project is still in its prototype phase. 

Although the preliminary studies showed promising results, this screening platform 

can be further expanded by using more disease-specific cell sources, blood flows 

(instead of cell media), co-culture of SMC-EC, and recruitment of monocytes. 

Furthermore, investigation of more pro-inflammatory and anti-inflammatory 

mediators is strongly suggested. Some of these studies are underway in our research 

group. 
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