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Abstract 

 The goal of nanomedicine is to target therapeutic and diagnostic agents to target tissues. 

However, there are multiple physiological barriers which prevent nanoparticles from reaching the 

desired destination in the body. Progress has been made in rationally designing nanoparticles to 

evade physiological barriers and optimize biodistribution, but many still fail to demonstrate 

significant efficacy to attain clinical approval and use. Contributing to this problem is a lack of 

quantitative reporting and analysis of nanoparticle interactions with nanoparticle-clearing 

physiological compartments, which we call the Nanoparticle Clearance System (NCS). In this 

master’s thesis, we quantify nanoparticle-NCS interactions through a literature review, a 

quantitative literature survey, preparation of liposomal nanoparticle formulations, and a planned 

experiment for future research. We identify certain promising techniques to evade the NCS such 

as the saturation strategy, and conclude that thorough quantitative reporting for novel nanoparticle 

formulations and the combination of nanomedicine with other fields of knowledge will lead to 

advances in the efficacy and safety of nanotherapeutics. 
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1. Literature Review: Strategies for Overcoming Delivery Barriers in Nanomedicine 

 

1.1 Literature Review Abstract 

 The premise of nanomedicine is to improve diagnosis and treatment by selectively 

targeting nanoparticles to diseased organs and cells. However, the targeting efficiency of current 

nanomedicines is limited due to delivery barriers inside the body that sequester the majority of 

administered nanoparticles before reaching targeted tissues. Such delivery barriers include the 

organs and cells of the body’s nanoparticle clearance system (NCS). Here, we explore and discuss 

NCS biology and mechanisms of action at organ and cellular levels. We review strategies that have 

been developed to mitigate nanoparticle-NCS interactions. These strategies can be divided into 

two general categories: (1) nanoparticle design strategies to evade the NCS, and (2) biological 

modulation strategies which reduce nanoparticle NCS interactions. We also report findings from 

a literature survey of the effects of these strategies on biodistribution. Although our findings show 

that the interactions of nanoparticles with the NCS can be difficult to predict, greater understanding 

of NCS function will provide design strategies for next generation nanomedicines with improved 

diagnostic and therapeutic performance by overcoming delivery barriers in the body. 
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1.2. Introduction 

Nanoparticles can be used in medicine as therapeutic and diagnostic agents due to their 

uniquely tunable physicochemical properties, including size, shape, surface chemistry, and 

material composition, and their capacity for loading with drugs and contrast agents. However, the 

efficient delivery of nanoparticles to diseased tissues and cells in the body is a key challenge in 

nanomedicine. For example, a recent meta-analysis of preclinical studies found that only 0.7% 

(median) of systemically administered nanoparticles reach solid tumor tissues.1 In addition, up to 

99% of systemically administered nanoparticles may end up in the liver (Figure 1.1A).2 These 

delivery challenges may contribute to the limited clinical translation of cancer nanomedicines.3,4 

 

Efficient and effective nanoparticle delivery is a complex challenge because, upon entering the 

body, nanoparticles face numerous barriers. These challenges are posed by the physiological 

chemical and molecular environment,5,6 the tumor or target cells,7–9 and the cells and organs of the 

nanoparticle clearance system (NCS). In this review, we focus on the NCS barrier, which includes 

cell-mediated mechanisms such as opsonization, cell uptake through endocytosis,10 direct 

translocation,11,12 and neutrophil extracellular traps (NETs),13 and cell-independent mechanisms 

such as filtering by the kidneys. NCS clearance often starts with nanoparticle-protein interactions 

in the blood (Figure 1.1B) which may lead to nanoparticle uptake by NCS cells (Figure 1.1C). The 

NCS barrier is part of the human body’s own immune system: cells such as mononuclear 

phagocytes, leukocytes, and endothelial cells located in tissues throughout the body engulf 

nanoparticles by various uptake mechanisms. This segment of the immune system is often 

described in the literature as Mononuclear Phagocyte System (MPS) or Reticuloendothelial 

System (RES). These terms are sometimes used indiscriminately. To overcome the NCS barrier, 
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two main strategies have been developed: (i) the modulation of nanoparticle design, and (ii) the 

modulation or pre-treatment of the body’s biological environment.  

 

In this review, we explore the recent strategies and methods for improving nanoparticle 

pharmacokinetics and biodistribution. We characterize and summarize nanoparticle-NCS 

interactions by clarifying MPS/RES terminology and suggesting the broader NCS term, defining 

the mechanistic roles of NCS organs and cell populations in nanoparticle uptake, and describing 

the two distinct paradigms (i.e. modulation of nanoparticle design and modulation of the biological 

environment)  which researchers have used to help nanoparticles evade the NCS. We further 

survey the literature to explore the effects on biodistribution of certain nanoparticle design and 

biological modulation strategies, synthesizing this information into key insights for the field of 

nanomedicine.  
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Figure 1.1: Examples of nanoparticle delivery barriers. (A) The body’s biological and physical 

barriers affect nanoparticle biodistribution. Note: Depicted relative biodistribution may vary 

significantly for different nanoparticle formulations and doses. (B) Upon intravenous 

administration (1), nanoparticles are exposed to blood components. This exposure changes the 

nanoparticle synthetic identity to a biological identity (2). Proteins with varying binding affinities 

interact dynamically with the nanoparticle surface, forming a soft protein corona. Over time (3), a 

hard protein corona forms around the nanoparticle surface composed of proteins with relatively 
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high binding affinity. Proteins with less affinity interact with the hard corona and form a dynamic 

soft corona. (C) Cells of the nanoparticle clearance system (NCS), including tissue-resident 

macrophages, circulating leukocytes, and various endothelial cell types, uptake nanoparticles by a 

variety of mechanisms. 

 

1.3. Mononuclear Phagocyte System, Reticuloendothelial System, and Nanoparticle Clearance 

System 

The MPS and RES are both terms used to categorize cells and organs which pose biological 

barriers to nanoparticles through endocytosis and other mechanisms. Although both MPS and RES 

are relevant for nanoparticle sequestration and uptake, their use in the literature is inconsistent.14–

19 The term ‘RES’ was first used to describe any cell which accumulated systemically administered 

vital stains (dyes which can be used to stain living tissues), which at the time were thought to be 

endothelial in nature.20 The term ‘MPS’ was introduced as a replacement when it was discovered 

that many of the cells involved in clearing macromolecules and foreign particulates from the blood 

were actually from monocyte and bone marrow origin.21,22 However, subsequent research observed 

true endothelial cell types actively clearing material from the blood,23 including scavenger 

endothelial cells (SECs)24 such as liver sinusoidal endothelial cells (LSECs).18,25,26 Therefore, the 

MPS and RES can be conceptualized as two separate systems which participate in sequestration 

of foreign material mediated by two different classes of cells. The MPS categorizes under the term 

‘mononuclear phagocyte’ three ontologically and functionally distinct cell types which endocytose 

nanoparticles: monocytes, macrophages, and dendritic cells (DC’s).27,28 The RES comprises 

various endothelial cell types which exhibit endocytic behaviors. 
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 Yet, MPS and RES categories leave out certain cell types, including leukocytes such as B 

cells and T-cells, which are capable of internalizing nanoparticles.29,30 Further, RES and MPS 

systems rely on endocytic nanoparticle sequestration mechanisms, leaving out physical 

mechanisms such as glomerular filtration. We suggest ‘nanoparticle clearance systems’ (NCS) as 

a more practical and general term to describe organs, cells, and other mechanisms which are 

important in clearing nanoparticles from the blood and mediating elimination from the body. Cell-

mediated NCSs include the MPS, RES, and other cellular mechanisms of nanoparticle 

sequestration and clearance. Cell-independent NCSs include physical mechanisms such as 

glomerular filtration in the kidneys and the unique flow profile of the liver (see section 3.2). 

 

1.4. Nanoparticle Clearance System Organs 

 

Cell-mediated NCS mechanisms 

When a nanoparticle enters the body, it transitions from its lab-designed ‘synthetic identity’ 

to its physiologically-influenced ‘biological identity’ (Figure 1.1). Plasma proteins form what is 

known as a ‘protein corona’ around the nanoparticle, blocking its interactions with target cells and 

increasing non-specific interactions. Inclusion of opsonins in the protein corona can mark a 

nanoparticle for phagocytosis by circulating leukocytes or tissue-resident macrophages.31 This can 

occur through the alternative, classical, and lectin pathways of the complement cascade, a 

bloodborne sector of the immune system which protects the body from foreign pathogens and 

particles.32–34 Nanoparticle uptake can also occur through other types of endocytosis, including 

clathrin-dependent endocytosis, caveolae-mediated endocytosis, clathrin and caveolin 

independent endocytosis, and macropinocytosis. The various mechanisms for cellular 
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internalization of nanoparticles are reviewed in greater detail by Donahue et. al.35 These cell-

mediated NCS mechanisms occur in almost all NCS organs in a variety of cell types. 

  

Cell-independent NCS mechanisms 

Cell-independent mechanisms take on unique forms in different organs. For example, the 

glomerular filtration process in the kidneys is quite distinct from the flow profile and structure of 

the liver sinusoid. There is often an interplay between the cell-independent and cell-mediated 

mechanisms of an NCS organ, and they combine to control that organ’s overall interactions with 

nanoparticles. In this section, we summarize current research on nanoparticle sequestration 

mechanisms in different NCS organs.  

 

1.4.1. Blood 

When nanoparticles enter the bloodstream, they are immediately faced with a complex 

biological environment.36,37 Nanoparticles may interact with any blood component: biomolecules 

such as serum proteins, sugars, and lipids, and cells including red blood cells, white blood cells, 

and endothelial cells.38–40 All of these interactions are highly dependent on nanoparticle design. 

Nanoparticles have been reported to interact with red blood cells in different ways: (i) lyse red 

blood cells (hemolysis),41 (ii) passively enter them,42 and (iii) adsorb to the RBC membrane for 

transport.43 Besides mediating protein corona formation and opsonization, which promotes uptake 

in other NCS organs, the blood can function as its own NCS ‘organ’ by sequestering nanoparticles 

into various circulating cells. A study by Yang et. al. reported a time-dependent distribution of 

500-nm polystyrene nanoparticles in blood cells. Nanoparticle uptake by granulocytes peaked at 

three hours, uptake by B cells peaked at six hours, uptake by monocytes peaked at twelve hours, 
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and uptake by phagocytic double negative (B220-CD11b+Gr-1-Ly-6C-) cells, 74% of which were 

CD11c+ dendritic cells, emerged at twelve hours and increased until 96 hours. The results 

suggested that granulocytes were responsible for most nanoparticle uptake in the blood and that 

the nanoparticles induced the differentiation of monocytes into dendritic cells and macrophages, 

increasing their presence in the blood.44 Although these uptake characteristics are likely different 

for other nanoparticle formulations, the findings of Yang et. al. highlight the complexity of 

nanoparticle-blood interactions and warrant analysis of blood uptake patterns for novel 

nanoparticle formulations.  

 

1.4.2. Liver 

It has been reported that between 30 and 99 percent of an administered dose of 

nanoparticles is sequestered by the liver.2 This high level of uptake is made possible by the large 

portion of cardiac output received by the liver (25%), the large numbers of macrophages found in 

the liver, and the liver’s micro-architecture.45–47 The architecture of the liver is shown in Figure 

1.2, and has a marked effect on the liver’s uptake ability. Stellate cells and the arterial buffer 

response regulate vasodilation in the liver,48 resulting in 1000 fold slower flow in the sinusoids 

than in systemic circulation and increased probability of nanoparticle-cell interactions.45 

Nanoparticle uptake is generally greater close to the portal triad, and Kupffer cells have been 

shown to take up the highest number of hard nanoparticles, followed by B cells, then endothelial 

cells, then T cells and other cell types.45  
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Figure 1.2: Schematic of liver architecture. (A) The liver is composed almost homogeneously 

of microscopic functional units called liver lobules (B). Blood flows into the liver via the hepatic 

veins and arteries. These two vessels, together with the bile duct, form the portal triad. Blood flows 

from each portal triad to the three nearest central veins, and bile flows in the opposite direction to 

collect in the bile duct for excretion. The classic lobule model is composed of a hexagon tracing 

the six nearest portal triads surrounding a given central vein. The portal lobule model is visualized 

with a triangle connecting three adjacent central veins. The acinus model is described as a diamond 

shape with two portal triads on the short axis and two central veins on the long axis. The acinus 

model is most relevant to nanoparticle clearance, as it emphasizes blood flow from the portal triads 

and the vessel network connecting them to the central vein. As blood flows towards the central 

vein, it passes through small vessels called sinusoids (C). Blood velocity decreases significantly, 

and the blood is allowed to interact with various cell types. As shown in panel (C), nanoparticles 

in the blood interact with different cell types, including Kupffer cells (macrophages), fenestrated 

liver sinusoidal endothelial cells (LSECs), and hepatocytes. The liver sinusoids are the primary 

location in the body where clearance of foreign material from the blood occurs. 
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1.4.3. Spleen 

Weighing an average of 150g, the spleen is approximately 0.2% of human body weight but 

receives 5% of cardiac output.49 As shown in Figure 1.3B, the spleen is divided into two main 

compartments: the red pulp and the white pulp. The white pulp contains macrophages, 

lymphocytes, dendritic cells, and plasma cells, but its function is primarily related to the antigenic 

immune system. The red pulp contains macrophages, reticular cells, lymphocytes, hematopoietic 

cells, plasma cells, and plasmablasts, and is primarily tasked with the removal of foreign material 

and aged red blood cells from systemic circulation. The red pulp macrophages are the most 

numerous resident macrophages of the spleen. Dendritic cells and two distinct types macrophages 

in the marginal zone also have the ability to phagocytize pathogens and foreign material.50 

 

Red pulp macrophages and marginal zone macrophages and dendritic cells in the marginal 

zone actively phagocytize foreign material, including nanoparticles, passing through the arterioles 

and sinusoids of the spleen.51,52 The nanoparticle distribution within the spleen can also heavily 

depend on model species and nanoparticle characteristics.53 Nanoparticle accumulation in the 

spleen is assisted by the filter-like characteristics of the splenic sinusoids (Figure 1.3C), resulting 

in much higher uptake levels for nanoparticles over 200 nm in diameter.54 Particles hindered by 

the small slits in the splenic sinusoids can be subsequently taken up by various splenic cells. 

However, recent studies have begun to overcome the variety of splenic barriers and found that soft, 

zwitterionic nanoparticles are able to deform and pass between slits in the venous sinusoids of the 

spleen, passing back into circulation and avoiding splenic entrapment and macrophage clearance.55 

When large particles (e.g., 500 nm polystyrene particles) are trapped in the spleen, they are 
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predominantly taken up by B cells. Dendritic cells are also highly involved, followed by a high 

number of macrophages (relative to blood and bone marrow), monocytes, and granulocytes.44 

 

Figure 1.3: Schematic of spleen architecture. (A). The spleen is fed by arterial blood through 

the splenic artery and drains through the splenic vein. Arterial blood flows through arterioles and 

out into the white and red pulp of the spleen. (B). A small amount of blood is processed in the 

white pulp, and the complex lymphoid (adaptive immunity) function of the spleen is carried out. 

The majority of blood flows out of the branched arterioles into the red pulp of the spleen. The 

blood is pushed into the splenic cords and collects in the splenic sinuses to exit the spleen. (C). 

The splenic sinuses are composed of unique, lengthened endothelial cells with parallel stress fibers 

and perpendicular annular fibers contributing to its filtering function. Slits in the sinuses allow 

healthy RBCs to pass through, while old or damaged RBCs with less flexible membranes are 

excluded and persist in the cords until they are phagocytized by red pulp macrophages. This size 
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exclusion mechanism can hinder re-entry of large nanoparticles into the bloodstream, which are 

subsequently taken up by B cells, macrophages, and dendritic cells. 

 

1.4.4. Lungs 

The lungs receive 100% of cardiac output. They also receive venous blood from every 

tissue in the body, which undergoes gas exchange in the alveolae.56 The three main types of 

macrophages in the lungs are alveolar macrophages, pleural macrophages, and pulmonary 

intravascular macrophages (PIMs).57 For intravenously administered nanoparticles, PIMs are the 

main concern since they are in contact with blood in the capillaries of the lung.58 However, the 

populations of PIMs in the lungs are poorly defined in humans. Other cell types, such as endothelial 

cells and neutrophils, are likely also involved in the processing and surveillance of venous blood. 

Interactions of various cell types in the lungs with foreign material from venous blood is not well 

described in literature.59 Few studies currently exist which analyze the distribution of venously 

administered nanoparticles in physiological compartments of the lung or among cell types. The 

majority of literature focuses on inhaled nanoparticles, in which alveolar macrophages play a large 

role, mediated by surfactant protein A, which enhances nanoparticle uptake when part of the 

protein corona.60,61 

 

1.4.5 Bone Marrow 

The bone marrow is the primary hematopoietic organ and is also a primary lymphoid tissue, 

producing RBCs, various types of WBCs, and platelets. It is located in the core of bones throughout 

the body.62 To supply the body with the cells it produces, it receives a significant blood flow 

through feeding arteries, which then drains through venous sinuses and exits the bone through 
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nutrient veins.63 The marrow sinusoidal system is different from that of the spleen and liver in that 

it comprises a thin, flat layer of endothelial cells between the bone and marrow.64 These endothelial 

cells are called marrow sinusoidal endothelial cells (MSECs), and demonstrate significant 

endocytic behavior of particulate matter, including nanoparticles.65 This function is related to that 

of the splenic SECs and red pulp macrophages, as the bone marrow is similarly tasked with the 

removal of old or damaged RBCs from circulation.66 The bone marrow has been reported to uptake 

as much as 50% ID of nanoparticle formulations in some cases, but this degree of uptake occurs 

primarily with smaller particles which have evaded the liver and spleen through polymer surface 

modification.67 With larger (500 nm) polystyrene nanoparticles, Yang et. al. demonstrated 

prolonged (>96 hours) residence of nanoparticle in the bone marrow, with granulocytes 

dominating nanoparticle uptake. In contrast to blood-mediated nanoparticle uptake in the same 

study, bone marrow uptake among cell populations did not fluctuate as much with time, and double 

negative (Gr-1neg, Ly6Cneg, mostly dendritic) cells were the most efficient population in 

phagocytizing nanoparticles.44 Another study showed that CD11b+ Gr-1+ cells are recruited by 

polymeric nanoparticles (PLGA/OVA) in the bone marrow, and that these cells can then cross-

present the nanoparticle-borne antigen, resulting in antigen-specific T cell proliferationan.68 

 

1.4.6. Skin 

The skin is the largest vascularized organ of the body and carries out multiple functions 

including protection, sensing, and maintenance of homeostasis.69 Some biodistribution studies 

mention accumulation in the skin, usually reporting minimal accumulation in comparison to other 

organs.70–72 However, these studies do not mention the cells involved or mechanism of uptake in 

the skin. A unique study by Sykes et. al described accumulation of gold nanoparticles and quantum 
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dots in the skin in greater detail. This study found that nanoparticles accumulate in in the skin in 

quantities linearly correlated with administered dose. More specifically, nanoparticles were found 

in DCs and dermal macrophages with low administered doses, while they distributed more 

generally in the pericellular space of the dermis and subcutaneous tissue at higher doses.73 The 

higher accumulation of nanoparticles in non-macrophage cell populations at higher doses could be 

due to saturation mechanisms of phagocytic cells. Further, nanoparticles were cleared from the 

skin over time and drained into the lymphatic system and lymph nodes. Thus, nanoparticle 

accumulation in the skin and lymphatic system is closely related.73 

 

1.4.7. Lymph Nodes 

The lymph nodes are integral in the functioning of both adaptive and innate immunity, 

antigen processing, and mounting defenses against a host of foreign pathogens. They contain three 

types of macrophages: subcapsular sinus macrophages, medullary sinus macrophages, and 

medullary cord macrophages.74 Yang et. al show that major populations involved in polymeric 

nanoparticle uptake in lymph nodes include B cells, dendritic cells, monocytes, and granulocytes, 

although lymph node accumulation at six hours was found to be significantly lower than in other 

organs.44 Larger nanoparticles (50-100nm) are retained for long periods of time (>5 weeks) in the 

follicles, while smaller ones (5-15nm) are quickly cleared in under 48 hours.75 In addition to 

nanoparticle size, lymph node accumulation is also very dependent on time: at later time points 

(12 h), lymph node uptake of nanoparticles has been reported to outstrip even liver distribution.76 

It has been suggested that lymph node accumulation may increase over time because the lymphatic 

system drains nanoparticle-containing DCs from other tissues such as the skin.73 However, 
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nanoparticles can also get to lymph nodes apart from DC-mediated transportation: nanoparticles 

are often transported to lymph nodes as extracellular particles in the lymph.76 

 

1.4.8. Kidneys 

Finally, it is worth noting that the kidneys are not included in the NCS organs list because 

their predominant mechanism of clearing nanoparticles from the blood depends on physical 

glomerular filtration rather than uptake by resident immune or endothelial cells. It is widely 

accepted that nanoparticles with diameters less than approximately six nanometers will be quickly 

cleared from circulation by the kidneys.77 However, the kidneys can also be induced to promote 

the clearance of larger nanoparticles through incorporation of a glycan surface modification.78 For 

interested readers, nanoparticle-kidney interactions are reviewed in greater detail by Du et. al.79 

 

1.4.9. Tumor 

Due to large populations of immune cells in some tumors such as tumor-infiltrating 

myeloid cells (TIMCs) and tumor associated macrophages (TAMs), tumors can be viewed as 

another NCS organ.80 Usually, this is seen as a barrier to nanoparticle delivery to tumors. Often, 

nanoparticles are taken up by TAMs instead of cancer cells,81 a fact that is not always represented 

well when nanoparticle accumulation in a whole tumor is imaged by fluorescence or quantified by 

digesting the entire tumor for elemental analysis. Yet rather than presenting an insurmountable 

problem, the uptake of nanoparticles by TAMs represents an opportunity to target these tumor-

associated immune cell populations for immunomodulary cancer therapies. It has been suggested 

that there are at least ten subtypes of macrophages, four subtypes of monocytes, four subtypes of 

dendritic cells, five subtypes of neutrophils, and two subtypes of mast cells present in the tumor 
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microenvironment. They are variously associated with good or bad cancer outcomes, presenting a 

host of potential targets for stimulation, suppression, repolarization, and other immunomodulary 

strategies.80 Various reviews have described this immune-targeting strategy since at least 1988, 

and the idea warrants further development and research.82,83 

 

1.5. Nanoparticle design strategies 

1.5.1. Intrinsic Design 

Nanoparticle design can be categorized into (i) intrinsic design, which refers to a 

nanoparticle’s physical and chemical characteristics, and (ii) surface design, which refers to 

surface modifications added to the nanoparticle surface which can mediate its interaction with the 

physiological environment. One of the ways to control nanoparticle interactions with the NCS is 

by changing nanoparticle physical and chemical characteristics. There are many different 

properties which affect the nanoparticle’s interaction with the NCS,84 but they fall under the main 

categories of material, size, shape, and surface charge. The effects of these physicochemical 

properties on NCS-nanoparticle interactions have been well studied, and certain combinations of 

desirable characteristics promise to make future nanomedicines more efficient and effective. 

However, despite extensive research on effect of physicochemical properties on cell uptake, 

nanoparticle-cell interactions continue to defy generalizations due to the complexity of 

mechanisms at play and lack of standardization of models, procedures, and nanoparticles 

themselves.85 

 

1.5.1.1. Material 
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A wide range of materials are used to make nanoparticles and nanomedicines, including 

metals like gold, silver, and iron oxide, polymers like poly-lactic acid (PLA) and poly(lactic-co-

glycolic acid) (PLGA), and biomolecules such as lipids, albumin, and dendrimers. Because 

nanoparticles are usually decorated with surface molecules, the specific interactions of material 

type with serum proteins and NCS cells are difficult to characterize in vivo. Despite this difficulty, 

the effect of nanoparticle composition on cell interactions has been reported in some studies. For 

example, an increased cholesterol content in liposomes has been linked to generation of reactive 

oxygen species and apoptosis in macrophages.86 However, the main effects of nanoparticle 

material on cellular interactions and biodistribution have to do with the material’s influence on 

physical characteristics such as nanoparticle elasticity and porosity.  

 

Elasticity 

The elasticity of nanoparticles is commonly quantified by Young’s Modulus, which is 

expressed in Pascals and measures a material’s deformation in response to applied pressure.87 High 

elasticity is associated with harder or stiffer materials, and low elasticity with softer and more 

flexible ones. In order to study the effect of nanoparticle elasticity on cellular interactions and 

biodistribution, various types of nanoparticles with tunable elasticity have been designed. The 

main types of tunable elastic nanoparticles include hydrogel nanoparticles, hybrid polymer-lipid 

nanoparticles, and silica nanocapsules.88 Nanoparticle elasticity can influence biodistribution by 

modulating interactions with NCS cells and NCS organ filtration processes.89  

 

Numerous studies have described interactions of nanoparticles of varying elasticity with 

multiple cell lines, but results are often conflicting. For example, less elastic liposomal 
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nanoparticles are able to fuse with cell membranes, leading to decreased endocytosis times for 

lower elasticities.90 However, for (polymer core)-(lipid shell) nanoparticles, a lower elasticity led 

to increased cellular internalization times.91 This demonstrates the importance of material when 

considering the effect of elasticity on direct cell interactions. Shen et. al. reported that membrane 

wrapping efficiency may be a function of both receptor diffusion and kinetic driving force, 

meaning that cell internalization time potentially depends on nanoparticle shape and cell type.92 

The complexity of interacting factors (nanoparticle material, nanoparticle shape, and cell type) 

between studies may account for the variation in results.  

 

Nanoparticle elasticity does not only affect interactions with NCS cells, but also 

interactions with NCS organ macrostructures. Especially salient are nanoparticle interactions with 

the spleen. As a result of the filter-like microstructure previously described, less elastic 

nanoparticles can deform and squeeze through the slits between the endothelial cells of the splenic 

sinus, much like healthy RBCs.93 However, the longer circulation time that results does not 

necessarily translate to higher tumor or target organ accumulation: since in some cases soft 

nanoparticles see reduced internalization in NCS cells, they can resist uptake by tumor or target 

cells in the same way that they resist NCS endocytosis. 

 

1.5.1.2. Nanoparticle Size 

A key determinant of the biological fate, toxicity, and health effects of nanoparticles is 

their size.94–96 Nanoparticle size is often measured using dynamic light scattering and confirmed 

with physical imaging methods such as TEM, and the values found in literature usually report the 

hydrodynamic diameter in aqueous solution.97 Due to the complex interactions between 
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nanoparticle properties and study models, it is difficult to establish consistent and exact 

biodistribution patterns based only on size.98 However, some general rules can be summarized 

which can be used to inform nanoparticle design. Small nanoparticles (<6 nm) are quickly cleared 

from the body by the kidneys. Such small nanoparticles can also see a greater retention in vascular 

endothelium.99 The effects of larger sizes on interactions with the various NCS organs are less 

definitive. Generally, nanoparticles of all sizes greater than 6 nm tend to accumulate predominantly 

in the liver and spleen. In the 6-100 nm size range, smaller nanoparticles tend to distribute more 

equally into multiple organs, while larger ones tend to have a higher percentage concentration in 

the liver and spleen.100,101 Based on the physical filtering characteristic of the splenic sinusoids, 

nanoparticles with >200 nm diameter would be expected to have increased splenic distribution. 

Splenic distribution has been shown to increase with sizes up to ~200 nm,102 but some studies 

report a decrease in splenic accumulation with even larger sizes.103 This could be due to increased 

nanoparticle uptake by the lungs, liver, and other NCS organs before reaching the spleen, since 

very large particles see increased distribution in those organs.2 The differing dynamics between 

sizes of nanoparticles can be attributed in part to the effect of nanoparticle size on protein corona 

formation.104 Overall, 1-6 nm nanoparticles are quickly cleared by the kidneys or are retained in 

vascular endothelium, 6-150 nm nanoparticles experience higher accumulation in the liver and 

spleen with increasing diameter, ~200nm nanoparticles distribute in greater quantities to the spleen 

relative to other sizes, and <250 nm nanoparticles tend to experience efficient hepatic and 

sometimes lung clearance. A challenge with the modulation of nanoparticle size is that larger 

nanoparticle size can inhibit deep penetration into tumor tissues. 

 

1.5.1.3. Nanoparticle Shape 
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The geometric structure of a nanoparticle can also direct its biodistribution. Despite a focus 

on spherical nanoparticles in many studies and clinical applications, a diverse body of literature 

suggests that non-spherical shapes consistently exhibit longer circulation times and lower degrees 

of phagocytosis by NCS cells. The reason for longer circulation times for non-spherical 

nanoparticles is two-fold: less energetically favorable cellular interaction, and improved vascular 

margination dynamics. The efficiency of endocytosis of nanoparticles on a cellular level is highly 

dependent on shape. Even for just ellipsoid nanoparticles, oblate and prolate geometries have 

different internalization and attachment kinetics.105 Shape can have a large effect on whether a 

nanoparticle comes into contact with macrophages at all. Nanorods, nanoworms, filomicelles, and 

nanodisks all exhibit hydrodynamic behavior markedly different from spherical nanoparticles. 

Specifically, filamentous, string-like nanoparticles such as nanoworms and filomiclles may orient 

themselves in the direction of blood flow and distribute mainly in the center of flow, decreasing 

interactions with any NCS cells on the vascular walls or in sinusoids.106 Because of greater 

circulation time due to optimal positioning within blood flow, non-spherical nanoparticles of 

various types accumulate less in the liver and spleen, and more in the more vascularized organs of 

the NCS. However, this trend can be somewhat unpredictable since even small changes in 

geometry can greatly affect a nanoparticle’s biodistribution. For example, short nanorods have 

demonstrated higher accumulation in the liver, in contrast to higher splenic accumulation for long 

nanorods.107 This underscores the need for precision and intentionality in nanoparticle design and 

engineering.  

 

1.5.1.4. Charge 
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Another factor affecting the uptake and biodistribution of nanoparticles is their surface 

charge, usually measured by zeta potential.108 Generally, nanoparticles with neutral surface charge 

(-10 mV to 10 mV) have longer circulation times and slower accumulation in the NCS than 

nanoparticles with large negative or positive charges (< -10 mV or >10 mV).77,109 Levchenko et. 

al showed that liposomes with a more neutral charge exhibited slower clearance from the blood 

than negatively charged liposomes (~ -40 mV), which accumulated in the liver.110 Another study 

on liposomes reported that positively charged liposomes quickly aggregated with serum proteins, 

which promoted a change to negative charge and subsequent sequestration by the NCS.111 A study 

involving gold nanoparticles found that positive or negatively charged nanoparticles tend to locate 

in the red pulp of the spleen and the hepatocytes and endothelial cells of the liver, while 

nanoparticles with neutral charge tend to accumulate in the white pulp and Kupffer cells.112 Based 

on these findings, it is possible that nanoparticles with greater positive and negative charges have 

more non-specific cellular interactions while nanoparticles with neutral charge initially circulate 

longer before accumulating more opsonins and being taken up to a relatively greater extent by 

professional phagocytes. Further, nanoparticle charge has an effect on the uptake mechanism by 

various cell types. With some exceptions, positive nanoparticles generally use a wide variety of 

mechanisms, while negatively charged nanoparticles are more likely to use caveolae mediated 

endocytosis.113 However, the exact effects of nanoparticle charge on uptake mechanism are 

difficult to generalize and contradict between studies (See Table 3). Surface charge is commonly 

modulated by the addition of charged moieties to the nanoparticle surface; some of these moieties 

are discussed in the following section. 

 

1.5.2. Surface Modification 
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The external design of nanoparticles plays a major role in directing interactions with the 

NCS.10 The surface conjugants of nanoparticles, from simple polymers to biologically-inspired 

ligands and membrane structures, determine the fate of the nanoparticle by influencing the 

composition of the protein corona and interacting with specific biological entities.35,114 The ability 

to easily undergo specific surface modification is a primary draw for the development and use of 

nanoparticles for therapy and drug delivery. Various surface modifications of nanoparticles can be 

categorized by their mechanism of action. Some surface modifications such as PEG and other 

synthetic polymers rely entirely on steric inhibitions to decrease interactions with serum proteins 

and cells. Other surface modifications rely on biologically inspired inhibitions, such as the use of 

carefully selected ligands to intentionally inhibit interactions with specific circulatory and cellular 

components. As shown in Figure 1.4, most nanoparticle surface modifications fall somewhere 

between these two paradigms, since almost any ligand which is selected to inhibit a specific NCS 

component will also demonstrate some steric-inhibitory function. 

 

One of the oldest and most common SM methods for minimizing interactions of 

nanoparticles with biological systems is PEGylation.115 PEGylation involves conjugating poly-

ethylene-glycol to the surface of a nanoparticle via chemical methods.116 PEGylation prevents the 

interaction of the nanoparticles with the biological environment through steric inhibition and 

formation of an aqueous layer around the nanoparticle due to its hydrophilic nature.117 In order to 

prevent PEG from covering nanoparticle targeting moieties, a method called PEG backfilling can 

be used.118 Additionally, it has been suggested that the optimum MW of PEG to minimize 

macrophage recognition is 2000 Da.119 PEGylation has been widely researched and is known to 

increase the circulation times of numerous nanodrug formulations, 120,121 but new research points 
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to problems that may limit its effectiveness in clinical applications.122 Some humans have already 

developed anti-PEG antibodies, and after one treatment of a PEGylated therapy, further treatments 

are cleared more quickly – a phenomenon called the accelerated blood clearance effect (ABC).123 

PEGylated nanoparticles can also be endocytosed through various pathways, as PEGylation only 

delays formation of a protein corona and eventual sequestration by the NCS.124 A mechanism by 

which cysteine, followed by serum proteins, replace PEG and destabilize the nanoparticle, has 

been proposed, and this problem can be partially circumvented through the incorporation of a 

hydrophobic layer between the nanoparticle and hydrophilic PEG layer.125 This hydrophobic 

shield solution, however, does not solve the ABC problem. A huge variety of other polymers have 

been synthesized which have a similar mechanism of action to PEG, such as polaxamers, 

polaxamines, and polysaccharides.115 Generally, these methods of surface modification are united 

in their mechanism, which relies on modulating nanoparticle surface hydrophobicity: hydrophilic 

surface modification promotes the formation of a layer of hydration around the nanoparticle, 

minimizing nonspecific interactions with other components in solution. Hydrophobicity has been 

shown to have a strong effect on corona formation and macrophage uptake, which is a reason why 

it remains a popular choice for minimizing nanoparticle-NCS interactions.126 

 

Proteins and other molecules can be conjugated to nanoparticle surfaces using simple 

chemical processes similar to those used for PEGylation. An especially promising technique which 

relies strongly on a steric method of inhibition is the conjugation of zwitterionic ligands to the 

nanoparticle surface. These moieties consist of positively and negatively charged groups linked to 

a stem by a carbon chain, resulting in the overall presentation of a neutral charge.127 A variety of 

studies have reported on the stability of these particles under physiological conditions, and their 
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stealth properties characterized so far demonstrate potential for more extensive exploration.128–132 

However, not all zwitterionic formulations are successful in evading the NCS system: one study 

found that a zwitterionic AuNP formulation accumulated extensively in the liver in spleen, even 

though it also had high tumor accumulation compared to other nanoparticles in the study.133 

Another technique, which utilizes the plasma protein serum albumin (a major component of 

nanoparticle protein coronas), can improve the pharmacokinetics of nanoparticles because the 

serum albumin forms the hard corona and competitively inhibits adherence of more biologically 

active serum components such as opsonins and antibodies.134 A similar approach uses RNA 

complexes called aptamers to decorate the nanoparticle surface, protecting the nanoparticle from 

NCS sequestration and allowing for the targeting of specific biological niches.135 Other techniques 

are even more biologically specific, coating nanoparticles with ‘self-marker’ proteins, normally 

recognized by macrophages and lymphocytes in order to avoid phagocytosis of healthy cells.26 

When these specific biological molecules are used, nanoparticles can be rendered invisible to the 

cell types that recognize those markers.136 However, when only one specialized molecule or 

protein is used, the subset of cells avoided can be too specific and small. An approach that aims at 

less biological specificity is the encapsulation of nanoparticles in cell membranes, which already 

have a plethora of diverse self-peptides conjugated to their surface.137 This approach has the 

greatest degree of biological inspiration, directly using a cell membrane as a trojan horse for 

nanoparticles to evade a wide variety of both specific and nonspecific NCS interactions.138 
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Figure 1.4: Nanoparticle design strategies to inhibit NCS clearance. (A) The intrinsic physical 

properties of nanoparticles can often be easily modulated to reduce uptake by NCS cells. Sizes of 

nanoparticles ranging from 3 nm to over 400 nm have been reported to affect nanoparticle 

biodistribution. Shape has a large effect on cell uptake due to modulation of intravenous flow 

profiles, protein corona characteristics, cell-nanoparticle contact surface area, and uptake 

mechanism. The material of a nanoparticle can influence the makeup of the protein corona. Finally, 

the surface charge of nanoparticle has been shown to change uptake profiles. Large positive or 

negative charges can increase sequestration probability while neutral and zwitterionic charge 

profiles reduce the chance of uptake. (B.) Nanoparticle surface modifications reported in literature 

are incredibly diverse. The designs can be divided into two categories: synthetic surface 

modification, which usually has a mechanism of steric inhibition, and biologically-inspired surface 

modification, which usually has a mechanism of biologically-targeted inhibition. Most surface 
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modifications exhibit some characteristics of both, falling somewhere in a continuous range 

between the two extremes. Here, examples are organized based on how much their design relies 

on synthetic modification (left of panel) and biologically-inspired modification (right of panel). 
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Table 1.2: Selected contradictions arising from complexity of nanoparticle-cell interactions 

Primary finding Contradictory finding 

Increased size increases nanoparticle uptake 

efficiency139–141 

Decreased size increases nanoparticle uptake 

efficiency142 

Only nanoparticles with diameter <100nm 

enter cells through clathrin-dependent 

endocytosis141,143 

Nanoparticles with diameter >100nm can enter 

cells through clathrin-dependent 

endocytosis144–146 

Non-phagocytic cells do not endocytose 

nanoparticles >200nm147 

Non-phagocytic cells endocytose 

nanoparticles >200nm141,144 

Uptake is more efficient with positively 

charged nanoparticles37,144–150 

Uptake is more efficient with negatively or 

neutrally charged particles151–153 

Positively charged nanoparticles enter cells (at 

least partially) through clathrin-dependent 

endocytosis10,149,150 

Positively charged nanoparticles enter cells 

through a mechanism other than clathrin-

dependent endocytosis153 

Opsonization of liposomes leads to increased 

cellular uptake154–157 * 

Opsonization of liposomes leads to decreased 

cellular uptake158–160 * 

Zwitterionic surface modification prevents 

NCS uptake128–132 * 

NCS uptake of zwitterionic surface modified 

nanoparticles is comparable to other 

formulations133 * 

Low elasticity leads to less efficient cellular 

internalization91 * 

Low elasticity leads to more efficient cellular 

internalization90 * 

Splenic accumulation increases with increase 

in nanoparticle size up to ~200nm102 * 

Splenic accumulation decreases with increase 

in nanoparticle size103 * 

Targeted surface modifications increase tumor 

accumulation * 

Targeted surface modifications decrease tumor 

accumulation161 * 

 

There are a great number of variables at play in nanoparticle-cell interactions. The nanoparticles 

themselves are often different between studies, with changes in composition, charge, size, and 

surface modification. Further, immune and non-immune cells in the body use a variety of 
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endocytic mechanisms to uptake nanoparticles, and mechanisms may differ even for small changes 

in nanoparticle formulation. Finally, a lack of standardization in both in vitro and in vivo models 

contributes to the difficulty of generalizing any patterns relating nanoparticle design to interactions 

with the body. Adapted and expanded from Table 1, Interactions at the cell membrane and 

pathways of internalization of nano-sized materials for nanomedicine. Valentina Francia, Daphne 

Montizaan et. al. Beilstein Journal of Nanotechnology, 11, 1, 2 2020. Contributions from this 

review are denoted with *. 

 

1.6. Biological environment modulation strategy 

The biological modification strategies currently described in literature can be divided into 

three primary categories, depicted in Figure 1.5: (1) the saturation of NCS cells with blank 

nanoparticles so they cannot uptake subsequently administered nanotherapeutics, (2) the use of 

drugs to inhibit and endocytic mechanisms of NCS cells, and (3) the use of drugs to directly kill 

tissue macrophage populations. 

 

1.6.1. Saturation strategies 

Although over the NCS is capable of processing multiple doses of nanoparticles over a 

long period of time,162 it has a limited short-term capacity which is naturally limited by the amount 

and rate of foreign material each cell is able to internalize. One study by T. Liu et al. showed that 

overloading the NCS with blank liposomes could increase tumor accumulation of iron 

nanoparticles two-fold.163 This strategy could represent a way to increase nanoparticle circulation 

time with a relatively low-toxicity pretreatment, and warrants further development and study.164 
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1.6.2. Inhibition strategies 

Various drugs have been shown to inhibit the phagocytic mechanisms of the NCS. These 

include chloroquine, gadolinium chloride, and methyl palmitate.165–167 Chloroquine and 

gadolinium chloride work by inhibiting the phagocytic mechanisms of macrophages.166 Wolfram 

et al. chose chloroquine as an ideal candidate from among other known phagocytic inhibitors and 

demonstrated a decrease of accumulation in the liver by 28.5% for liposomes and 22% for discoidal 

silicon nanoparticles.168 Similarly, Deorukhkar et al. used gadolinium chloride to mitigate 

accumulation of quantum dots in the NCS and increase their usefulness as an imaging agent for 

tumors.169 

 

1.6.3. Suicide strategies 

Other drugs have been used to deplete tissue macrophage populations. One drug commonly 

used for this purpose is clodronate. The technique of using clodronate liposomes to deplete liver 

macrophages was first developed by van Rooijen et al.170,171 Hao et al used clodronate liposomes 

to deplete liver macrophages and improve the biodistribution of PTX PLGA nanoparticles. 

Macrophage populations subsequently recovered and little to know toxic side effects were 

observed during the study.172 Chan et al. showed that pretreatment with clodronate liposomes was 

an effective way to decrease the uptake of nanoparticles by kupffer cells in the liver.173 This 

technique has been used in other studies to decrease nanoparticle accumulation in the liver, 

increase circulation time, and increase tumor accumulation of intravenously administered 

nanoparticles.174–177 
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Figure 1.5: NCS preconditioning strategies. (A) Saturation preconditioning strategies work by 

overloading NCS cells with a non-therapeutic nanoparticle. The nanoparticle used for saturation 

is usually chosen to be nontoxic and should degrade easily after a period of time. Because NCS 

cells are full of the saturating nanoparticle and their uptake rates are saturated, they cannot further 

phagocytize more nanoparticles, allowing subsequently and/or simultaneously administered 

therapeutic nanoparticles to evade the NCS and distribute more effectively to target tissues. (B) 

Inhibition strategies make use of drugs which block interactions of NCS cells and nanoparticles. 

One mechanism is the disruption of endocytosis mechanisms by blocking receptor-nanoparticle 

corona interactions. nanoparticles escape attachment to NCS cell membranes and are free to 

interact with target tissues. (C) In the macrophage suicide strategy, chemicals are used to induce 

apoptosis in all or part of resident tissue macrophage populations. Because the NCS cells are dead, 

they cannot sequester nanoparticles.  
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1.7. Literature Survey 

1.7.1. Method 

In order to further characterize the interactions of NCS organs and nanoparticle design or 

biological preconditioning strategies, a survey of nanoparticle biodistribution studies was 

conducted. Papers were sought by searching Google Scholar for the keywords “nanoparticle 

biodistribution.” In order to be selected for the survey, a biodistribution study had to be conducted 

on at least two different nanoparticle formulations or at least one biological modification strategy 

with a non-modified nanoparticle control. A candidate study had to display biodistribution data 

from at least two of the analyzed organs (liver, spleen, blood, tumor, heart, lung, and skin) in a 

measurable manner. When possible, data was gathered directly from numbers or tables in the 

literature. When only a graph or chart was reported, ImageJ was used to manually measure the 

height of bars or points, and actual values were calculated from the pixel values using the y-axis 

scale of the graph. An Excel spreadsheet was used to analyze and store the data, all of which has 

been made available in the Supplementary Information. Data was analyzed by calculating the 

percent change in biodistribution for each organ related to a change in formulation. For example, 

if accumulation in the liver of a range of four nanoparticle sizes was reported in the literature, the 

nanoparticle accumulation in the liver for the larger three would be compared to the accumulation 

in the liver for the smallest. These changes in biodistribution were represented in percent change 

from the original formula or control calculated using Equation 1:  

 

Equation 1:  ((Changed Formulation – Original Formulation)/Original Formulation)*100 
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In this way, whether data was reported as %ID/organ, %ID/g, total fluorescence, or any other 

paradigm, the relevance of comparing effects of formulation changes on biodistribution changes 

between papers is maximized.  

 

1.7.2. Results 

When a nanoparticle is injected into the body, it must go somewhere. If it resides longer in 

the blood, it will accumulate less in other compartments. If it accumulates in the liver, it will be 

present in other compartments to a lesser extent. If it passes by the liver, accumulation in the other 

NCS compartments, and hopefully the tumor, will be greater. This is the basic logic behind the 

development of many NCS-evasion strategies. Some studies analyzed supported this hypothesis, 

with negative percent changes in the liver and spleen accompanied by positive percent changes in 

other organs, or vice versa. 111,163,169,178,179 Studies also supported this hypothesis when a positive 

percent change in the blood was accompanied by negative percent changes in other NCS 

compartments.172 However, other studies showed less ordered or even counterintuitive patterns in 

biodistribution changes,180–185 such as a nanoparticle formulation change leading to higher or lower 

accumulation in all organs measured, including the blood.133 Even within a single study, data from 

one biodistribution quantification method (fluorescence imaging of whole organs) supported the 

NCS-evasion premise while data from quantification via flow cytometry had a less ordered 

biodistribution pattern.102 However, as can be seen in Figure 1.6, there are some important 

exceptions. The various biological modification techniques consistently led to positive 

accumulation changes in the blood and negative accumulation changes in the liver. The changes 

in accumulation in the blood and liver resulting from changes in nanoparticle modulation strategies 
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were less consistent and showed a wide data spread. The variability of results from this survey 

suggest a few key conclusions. 

 

First, as evidenced by multiple sections in this review, the interaction with and resulting 

biodistribution of nanoparticles in the immune system and organs of the body is convoluted and 

complex. Different nanoparticle formulations, different animal models, different species, different 

observation times, and different imaging and quantification paradigms yield diverse, sometimes 

opposite, conclusions. Even for nanoparticles of similar formulation, generalizations are difficult 

to make, emphasizing the importance of thorough biodistribution and toxicity studies for all novel 

nanoparticle formulations. New formulations must be treated on a case-by-case basis. 

 

Second, it is imperative that biodistribution studies are thorough and represent as many 

relevant organs as possible. The importance of other organs and systems to nanoparticle function 

and toxicity has been made clear, and it is no longer sufficient to rely on pharmacokinetic data 

from only the liver, spleen, or blood. Data which depicts a lower distribution in all organs after a 

nanoparticle formulation change means that either the imaging method is faulty, a differing amount 

of nanoparticles was injected for each trial, some other error was made, or nanoparticles 

accumulated in a physiological compartment that was not analyzed. The goal of every 

biodistribution study should be to account for close to 100% of injected nanoparticle dose. If only 

certain organs are of interest, the remaining carcass should be digested and analyzed. Being 

thorough in this manner will either rule out or point to other errors in sample preparation, imaging 

methods, or injection errors like missing the tail vein. Nanoparticles cannot just disappear from an 

animal, so it is necessary to analyze their accumulation in the entire physiological system. 
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Third, quantitative methods of analysis should be used when possible. Fluorescent imaging can 

lead to different conclusions even within the same study,102 and in other studies has been shown 

to be unpredictable and inconsistent for nanoparticle biodistribution analysis.186 The results of 

quantitative analysis should be represented as %ID/g to emphasize relative interactivity of a cell 

population of interest and a nanoparticle, and also as %ID/organ to enhance relevance to 

biodistribution and possibilities for toxicity. 

 

Table 1.3: Percent changes in biodistribution for different NCS-evasion strategies 

Referenc

e Time Strategy NP Liver Spleen Blood Tumor Heart Lung Skin 

163 24h Saturation Targeted 3F-cy7.5 -0.298 -0.524 0.633 1.214 0.340 0.841 

0.02

6 

 24h Saturation 

Non-targeted 3F-

cy7.5 -0.321 -0.452 0.571 0.428 0.270 0.492 

0.14

3 

 24h Saturation 3F-DIR -0.287 -0.379 0.417 0.583 0.737 0.567 

0.12

5 
111 10m Saturation DNA plasmid -0.300     0.400  
172 6h Suicide PTX-PLGA -0.658 -0.701 1.000  -0.111 -0.129  
178 15m Inhibition Discoidal silicon -0.230 0.417 1.765  0.524 0.500  

 6h Inhibition Liposome -0.304 0.023 0.721 0.920    
 6h Suicide Liposome -0.639 1.294 1.333 0.680    

169 4h Inhibition EGF-QD -0.475   0.629    

187 48h 

RBC 

membrane FA-RBC-UCNP -0.350 -0.304 3.263 1.293 0.121 -0.287  

 48h 

RBC 

membrane RBC-UCNP -0.261 -0.287 2.625 1.422 -0.135 -0.257  
188 24h Size 50nm AuNP -0.787 0.098 -0.500  -0.571 -0.701  

 24h Size 100nm AuNP -0.732 0.220 -1.000  0.714 -0.758  
 24h Size 200nm AuNP -0.638 0.707 -0.950  -0.143 -0.807  

179 3h PEG PEG-PLGA -0.416 -0.069 9.000   0.496  
 6h PEG PEG-PLGA -0.180 -0.063 15.909   0.696  

189 24h Charge -26.9mV -0.422 -0.366  0.229  -0.427  
 24h Charge -17.5mV -0.534 -0.298  0.536  -0.382  
 24h Charge -8.5mV -0.592 -0.290  0.800  -0.438  
 24h Charge 3.6mV -0.548 -0.168  0.393  -0.281  
 24h Charge 18.5mV -0.427 -0.282  0.257  -0.169  
 24h Charge 29.5mV -0.230 0.122  0.157  -0.022  

107 2h PEG NSR -0.147 -0.457 0.919   1.069  
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 24h PEG NSR 0.073 -0.486 2.475   0.630  
 7d PEG NSR 0.776 2.583 0.548   1.818  
 2h PEG NLR -0.381 -0.798 0.429   3.045  
 24h PEG NLR 0.056 0.035 -0.682   5.188  
 7d PEG NLR 0.636 1.875 -0.214   0.609  
 2h Shape NSR/NLR -0.558 2.049 -0.505   0.138  
 24h Shape NSR/NLR -0.018 -0.181 0.650   -0.652  
 7d Shape NSR/NLR -0.421 -0.667 -0.333   0.045  
 2h Shape PEG-NSR/PEG-NLR -0.679 0.136 -0.632   1.225  
 24h Shape PEG-NSR/PEG-NLR -0.034 0.648 -0.849   0.320  
 7d Shape PEG-NSR/PEG-NLR -0.467 -0.733 -0.662   -0.403  

190 1hr PEG Au-PEG750 -0.043 -0.713  -0.557 0.758 

1.27

9 

 24hr PEG Au-PEG750 -0.076 26.143  -0.214 0.386 

1.05

9 

 1hr PEG Au-PEG10k -0.965 58.375  

35.66

7 N/A 

-

0.87

9 

 24hr PEG Au-PEG10k -0.413 

1284.71

4  9.000 3.429 

-

0.97

1 
184 1d Size SiNP20/80 -0.685 -0.879 0.000  0.353 0.798  

 3d Size SiNP20/81 -0.643 -0.902 0.500  -0.563 0.110  
 5d Size SiNP20/82 -0.572 -0.867 0.000  -0.862 -0.674  
 15d Size SiNP20/83 -0.597 -0.810 0.000  -0.867 -0.751  
 30d Size SiNP20/84 -0.655 -0.853 0.000  -0.900 -0.841  

191 1hr PEG D/D5 -0.923 -0.538      
 1hr PEG D/D20 -0.909 -0.628      

185 72h PEG/size PLGA 1.164 0.900 0.050 3.625 ND 0.909  
 72h PEG/size PLGA 1.239 2.000 0.650 29.125 Large 6.364  

183 1hr Size DP/EP 0.477 0.362   0.000 0.291  
 4hr Size DP/EP 0.541 0.507   0.000 0.254  
 8hr Size DP/EP 0.250 0.288   0.000 0.329  

192 1d 

Protein 

SM MUA/citrate -0.025 -0.687 0.110  0.750 0.389  

 1d 

Protein 

SM CALNN/citrate -0.486 -1.082 0.748  0.750 0.264  

 1d 

Protein 

SM CALND/citrate -0.337 -0.873 0.850  0.500 -0.222  

 1d 

Protein 

SM CALNS/citrate -0.271 -0.403 0.701  0.750 0.278  

182 1d Size 

20nm/10nm Iron 

Oxide 0.896 0.420   0.102 0.179  

 1d Size 

30nm/10nm Iron 

Oxide 0.421 0.093   0.218 0.006  

 1d Size 

40nm/10nm Iron 

Oxide 0.549 -0.436   0.168 0.060  
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 7d Size 

20nm/10nm Iron 

Oxide 0.238 0.261   -0.081 0.097  

 7d Size 

30nm/10nm Iron 

Oxide 0.274 0.077   -0.185 -0.406  

 7d Size 

40nm/10nm Iron 

Oxide 0.509 0.220   -0.050 -0.100  

181 .5h 

Size, 

material PCL/PLGA -0.009 1.908 -0.259     

 1hr 

Size, 

material PCL/PLGA -0.248 2.720 -0.204     

 2h 

Size, 

material PCL/PLGA -0.341 1.000 -0.312     

 4h 

Size, 

material PCL/PLGA -0.406 1.528 -0.519     

 24h 

Size, 

material PCL/PLGA -0.496 0.455 -0.672     

180 10m PEG 

PEG-

SCKbac/SCKbac -0.212 -0.188 1.529   0.750  

 1hr PEG 

PEG-

SCKbac/SCKbac -0.201 -0.291 1.000   0.115  

 4h PEG 

PEG-

SCKbac/SCKbac -0.318 -0.375 0.844   -0.568  

 24h PEG 

PEG-

SCKbac/SCKbac -0.324 -0.558 0.500   -0.613  
 10m PEG PEG-SCKsac/SCKsac -0.164 -0.150 0.588   -0.451  
 1hr PEG PEG-SCKsac/SCKsac -0.178 -0.257 0.310   -0.235  
 4h PEG PEG-SCKsac/SCKsac -0.085 -0.261 0.243   -0.136  
 24h PEG PEG-SCKsac/SCKsac 0.000 -0.173 0.349   0.000  

 10m PEG 

PEG-

SCKbsc/SCKbsc -0.277 -0.726 -0.290   4.031  

 1hr PEG 

PEG-

SCKbsc/SCKbsc -0.022 -0.503 -0.273   4.057  

 4h PEG 

PEG-

SCKbsc/SCKbsc 0.333 -0.300 -0.025   3.722  

 24h PEG 

PEG-

SCKbsc/SCKbsc -0.021 -0.538 -0.051   4.000  
 10m PEG PEG-SCKssc/SCKssc 0.169 -0.409 -0.139   -0.750  
 1hr PEG PEG-SCKssc/SCKssc 0.128 -0.178 -0.136   -0.514  
 4h PEG PEG-SCKssc/SCKssc 0.098 -0.351 0.211   0.000  
 24h PEG PEG-SCKssc/SCKssc -0.024 -0.220 0.574   -0.188  
 10m Size SCKbac/SCKsac -0.242 -0.657 0.000   -0.725  
 1hr Size SCKbac/SCKsac -0.220 -0.738 -0.103   -0.235  
 4h Size SCKbac/SCKsac -0.067 -0.664 -0.135   0.682  
 24h Size SCKbac/SCKsac 0.271 -0.173 -0.209   1.214  

 10m Size 

PEG-SCKbac/PEG-

SCKsac -0.286 -0.672 0.593   -0.125  

 1hr Size 

PEG-SCKbac/PEG-

SCKsac -0.242 -0.750 0.368   0.115  
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 4h Size 

PEG-SCKbac/PEG-

SCKsac -0.305 -0.716 0.283   -0.158  

 24h Size 

PEG-SCKbac/PEG-

SCKsac -0.140 -0.558 -0.121   -0.143  
 10m Size SCKbsc/SCKssc 0.808 1.263 -0.900   0.714  
 1hr Size SCKbsc/SCKssc 0.202 0.619 -0.860   0.892  
 4h Size SCKbsc/SCKssc -0.262 -0.099 -0.728   4.643  
 24h Size SCKbsc/SCKssc -0.232 -0.119 -0.426   1.813  

 10m Size 

PEG-

SCKbsc/PEG=SCKss

c 0.119 0.049 -0.918   

33.50

0  

 1hr Size 

PEG-

SCKbsc/PEG=SCKss

c 0.042 -0.021 -0.882   

18.66

7  

 4h Size 

PEG-

SCKbsc/PEG=SCKss

c -0.104 -0.028 -0.781   

25.64

3  

 24h Size 

PEG-

SCKbsc/PEG=SCKss

c -0.230 -0.478 -0.654   

16.30

8  
 10m Material SCKbsc/SCKbac 0.244 2.875 -0.088   2.429  
 1hr Material SCKbsc/SCKbac 0.228 2.473 0.269   1.692  
 4h Material SCKbsc/SCKbac -0.123 1.500 0.250   1.135  
 24h Material SCKbsc/SCKbac -0.294 0.209 0.147   0.452  

 10m Material 

PEG-SCKbsc/PEG-

SCKbac 0.142 0.308 -0.744   8.857  

 1hr Material 

PEG-SCKbsc/PEG-

SCKbac 0.503 1.436 -0.538   

11.20

7  

 4h Material 

PEG-SCKbsc/PEG-

SCKbac 0.714 1.800 -0.339   

22.31

3  

 24h Material 

PEG-SCKbsc/PEG-

SCKbac 0.022 0.263 -0.275   

17.75

0  

133 24h Ligand 

TTMA/TEGOH 

AuNP -0.636 -0.383  -0.894  -0.639  

 24h Ligand 

TCOOH/TEGOH 

AuNP 0.832 0.171  -0.404  4.059  
 24h Ligand Tzwit/TEGOH AuNP 0.846 -0.174  -0.028  2.234  

102 24h Size 

166nm PLGA/120nm 

PLGA 0.246 2.024   -0.224 -0.216  

 24h Size 

283nm PLGA/120nm 

PLGA 0.593 3.512   -0.276 -0.427  

 24h Size 

443nm PLGA/120nm 

PLGA 0.547 3.146   -0.586 -0.643  

 24h Size 

166nm PLGA/120nm 

PLGA -0.175 1.456   -0.556 -0.872  

 24h Size 

283nm PLGA/120nm 

PLGA -0.456 0.684   -0.778 -0.915  

 24h Size 

443nm PLGA/120nm 

PLGA 1.965 1.386   -0.583 -0.938  



38 
 

 

1.8. Discussion 

While nanoparticles designed to better evade the immune system may help improve 

pharmacokinetics for certain applications, they face a few key challenges. First, biological barriers 

to efficient drug delivery through nanoparticles are complex and very diverse. They comprise a 

large range of organs and cell types and have evolved specifically to keep foreign matter like 

nanoparticles out of systemic circulation. If a nanoparticle gets past the liver, it has a multitude of 

other organs to evade. If it is designed to evade phagocytosis, it can be engulfed by a number of 

other endocytic mechanisms displayed by a host of non-immune cells such as scavenger epithelial 

cells. If it evades cellular uptake, it can be sequestered by physical filtering methods of the kidneys 

and splenic sinusoids. The complexity and thoroughness of our body’s defenses are astounding, 

and even with years of development and refinement in nanoparticle design, recent reviews have 

concluded “we are not quite there yet.”193 

 

Another challenge is the gap in current research on nanoparticles and their interactions with 

the body. Papers detailing new nanoparticle formulations often focus primarily on new and 

improved targeting strategies, and their biodistribution studies are limited and incomplete. While 

more efficient targeting is a large need in the field, formulation studies must also consider 

biological interactions in order to be clinically relevant. More comprehensive biodistribution 

studies (quantifying accumulation in all organs and cell types of interest) for emerging nano-

formulations will be key in understanding the interactions of different materials, properties, and 

surface functionalities of nanoparticles with the organs and cell types in the body. With this 

information, a nanoparticle design library can be created to inform clinical decisions and selection 
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candidates for specific disease paradigms. Further, nanoparticles can be engineered more easily 

and intentionally with a clear understanding of biological interactions. 

 

A third challenge is the lack of bioinert nanoparticle formulations. While a truly bioinert 

nanoparticle may not be feasible, new surface modifications or cloaking strategies are needed to 

give nanoparticles the circulation time they need to distribute into their target tissue. PEG may be 

outliving its heyday as research continually points to its inadequacy. This is especially relevant in 

certain cancer applications, as tumor accumulation is sometimes correlated to circulation time. 

Conversely, approaches that safely and temporarily incapacitate the NCS to render it ‘blind’ to 

nanoparticles warrant further development and comprehensive testing. Many studies already 

demonstrate encouraging results, and these may be combined with other strategies for synergistic 

effect. Other challenges include inconsistent analysis and reporting methods for nanoparticle 

biodistribution, lack of whole-animal consideration in biodistribution reporting, and inconsistent 

data presentation approaches. 

 

1.9. Future Directions 

One solution to the challenges summarized above is to carry nanoparticle design as far as 

technology will take it, increasing specific interactions with target cell populations and decreasing 

nonspecific interactions wherever possible. This sounds simple, but as seen in this review, the 

challenge is incredible. Even if a 100% bioinert nanoparticle could be developed, it would avoid 

target cell populations in the same way that it avoids non-target populations, since the assumption 

of passive targeting through the EPR effect is being replaced by greater knowledge of cell-
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mediated transport mechanisms.194 Whenever targeting moieties are added, there is some potential 

for non-specific interaction no matter how specific the ligands are. Nanoparticles may end up in 

the tumor microenvironment due to prolonged circulation, but they may not interact with tumor 

cells. The pursuit of increasingly bioinert formulations, then, may be logically self-defeating. 

However, the solution of pursuing better nanoparticle designs is not without merit. In the example 

of Doxil, increased toxicity to tumors and survival of patient populations is marginal, but systemic 

toxicity due to the chemotherapeutic drug is markedly reduced.195,196 This pattern is also seen in 

other current formulations.197 Therefore, although nanoparticle-delivered toxic drugs may not 

demonstrate increased efficacy over free-administered formulations, they have great potential to 

increase safety profiles. Further, great progress has been made in predicting and selectively 

avoiding NCS uptake, especially in the liver and spleen, suggesting the possibility that the efficacy 

and safety of nanoparticle formulations has a future for improvement.198 

Another solution to the challenges listed above is to stop trying to avoid seemingly 

unavoidable immune interactions and use them instead. Many new nanotherapies are currently 

being developed, and a new field combining nanomedicine and immunotherapy has emerged. The 

immune interactions of nanoparticles have even been reported to improve prognosis of acute 

pathologies such as brain injury.199 Other studies focus on targeting the lymph nodes for 

immunomodulary applications.200,201 More exciting studies involving cancer therapies in this 

developing field are wonderfully reviewed by Darrel J. Irvine and Eric L. Dane.202 Further, the 

favorable accumulation of nanoparticles in specific NCS organs can be leveraged; for example, 

lipid nanoparticles can be used to deliver nucleic acids to liver hepatocytes for the potential 

treatment of hepatic pathologies.203 Many other NCS organs are associated with specific and 

widespread pathologies, as in the case of lung cancer and liver cancer. These pathologies represent 
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an opportunity to use the strengths and tendencies of nanoparticle biodistribution patterns instead 

of fighting them. 

1.10. Conclusion 

In this review, we first explored the macro and micro-structure of organs and cells 

important in the capture of nanoparticles from systemic circulation. Consideration and knowledge 

of these interactions will lead to greater understanding of the challenges nanomedicine faces and 

the ultimate advance and development of the field. Understanding the function of these organs and 

the cells within them is essential for designing strategies to minimize their interactions with 

nanoparticles. We then looked at strategies which have been developed to overcome biological 

barriers to nano-delivery. The first group of these strategies are all based on modulating 

characteristics of the nanoparticle itself. Key strategies include modulating nanoparticle size, 

shape, or charge, steric inhibition SM strategies such as PEGylation, biologically inspired SM 

strategies such as the attachment of self-marker ligands, and bio-mimetic strategies including 

membrane cloaking. The second group of these strategies focus on modulating the biological 

environment of the NCS. Key strategies include the depletion of tissue-resident macrophages with 

toxins such as chlodronate, the inhibition of phagocytic pathways with drugs such as chloroquine, 

and the saturation of NCS cells by overloading them with blank and non-toxic nanoparticles. A 

literature survey reported the effects of some of these strategies on nanoparticle biodistribution 

patterns. Even though the results of this analysis were diverse and sometimes counterintuitive, they 

point to key opportunities for improvement in the field of nanomedicine. Specifically, more 

quantitative analytical methods, better consistency and accuracy in biodistribution reporting 

methods, thorough investigation of whole-animal biodistribution with enhanced focus on non-

traditional NCS cell types and organs, an understanding of the strengths and weaknesses of 



42 
 

nanoparticles regarding physiological interactions, and greater knowledge of the immune and 

endocytic environment that nanoparticles face, will all assist in the development of next-generation 

nanoparticles and the field as a whole. 

 

2. Laboratory research: preparation and characterization of liposomes with varying size and 

composition 

2.1. Rationale 

Liposomes are attractive candidates for nanodelivery because of their relative ease of 

preparation, low level of toxicity, and ability to carry a large variety of therapeutics. Further, 

recent studies have explored the use of liposomes as biological pre-conditioning agents to assist 

in the effective delivery of other nanoparticle therapies. This brief report is a proof of concept of 

skills and procedures required for future studies which will explore the kinetics of liposome 

interactions with cells of the NCS.  

2.2. Materials and Methods 

Liposomes of two sizes and formulations were produced. First, liposomes were produced with a 

similar formulation and size to the FDA-approved liposomal cancer therapeutic Doxil.204 100nm 

and 200nm were chosen as two sizes within that range which could be used for comparative 

purposes in future studies (see Future Directions). DiO liposomes were also made with a similar 

formulation to FDA-approved liposomal cancer therapeutic Myocet,204 and 1 mol percent of the 

hydrophobic, fluorescent green dye DiO was added in a procedure similar to that reported by 

Mock et al.205 

The following protocol was used to prepare the 200nm liposomes (200nm Lip):  
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1. Suspend DSPC, Cholesterol, and DSPE-PEG in chloroform at 10mg/mL. 

2. Add 300µL DSPC, 200µL DSPE-PEG, and 100µL Cholesterol to a small round bottom 

flask in a 4:2 molar ratio with 1 mole percent DiO. 

3. Evaporate chloroform from the lipid solution made in round-bottom flask on Roto-Vap. 

a. Turn on all components of Roto-vap and set water bath to 60°C, chiller to 8°C, 

and the pressure to 70 mbar. 

b. Lower the flask into the water bath making sure that it is submerged far enough to 

create a wide film, set rotation speed to a setting of 5, and allow chloroform to 

evaporate (this should take about 5 minutes and a thin film will be formed). 

4. Assemble extruder according to manufacturer’s instructions. 

5. Put assembled extruder, 1X PBS solution, and a small beaker with water in it on a hot 

plate set to about 120°C. Adjust hot plate temperature to keep the extruder temperature at 

70°C. 

6. Resuspend the flask in 1mL 1X PBS solution (heated to about 70°C). 

7. Put parafilm over top of flask and incubate in small beaker for about one minute. 

8. Sonicate flask for about 30 seconds, rotating to hydrate the entire lipid film. 

9. Repeat 8-9 until the solution is dispersed completely. 

10. Push 1mL PBS through the extruder 5 times to pre-wet filter and check for leaks. 

11. Transfer lipid solution from round bottom flask into 1000 µL gas tight syringe for 

extrusion. 

12. Insert the syringe with the lipid solution into one end of the extruder and the other empty 

syringe into the other end. 

13. Wait for about two minutes to let the lipid solution in the syringe reach 70°C. 
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14. Depress plunger of the filled syringe, passing the lipids through the extruder into the 

other syringe.  

15. Complete 21 passages though the extruder with the solution ending in the syringe that 

was originally empty. The solution should be clearer. 

16. Remove the syringe with the liposome solution from the extruder and transfer the 

solution into a 1.5 mL tube to be saved for analysis. 

The same protocol was used to prepare the 100nm liposomes, except a 100nm polycarbonate 

filter was used instead of a 200nm polycarbonate filter. For the DiO liposomes, the procedure 

was also identical except the molar ratio of lipids was 4:2 DSPC to Chol and 1 mol% DiO.  

Table 2.1: Materials and equipment used for liposome preparation 

Materials/Equipment Source 

DSPC Avanti Polar Lipids 

DSPE-PEG Avanti Polar Lipids 

Cholesterol Avanti Polar Lipids 

DiO Avanti Polar Lipids 

PBS Sigma-Aldrich 

Chloroform Sigma-Aldrich 

Lipid extruder Avanti Polar Lipids 

100 and 200nm polycarbonate filters Avanti Polar Lipids 

Filter supports Avanti Polar Lipids 

RotoVap R-100 Buchi 

Zetasizer Nano (DLS) Malvern Panalytical 



45 
 

3800 Ultrasonic Cleaner Branson 

 

2.3. Results 

5µL of each liposome preparation was mixed with 695µL PBS and analyzed using Dynamic 

Light Scattering (DLS). The PDI, mean diameter, and zeta potential of the samples measured is 

reported in Table 1. Each liposome formulation was tested three times. All of these values were 

in expected ranges. However, it was interesting to note that the sizes did not exactly match the 

pore sizes of the polycarbonate filters. This is common with liposome preparation by extrusion, 

and the greater size of the DiO liposomes may have been influenced by greater flexibility due to 

its formulation, allowing it to deform more when passing through the filter and retain a larger 

size. To keep the size closer to 100nm, DSPC or a higher molar ratio of cholesterol could be 

added to the formulation. 

Table 2.2: DLS Characterization of nanoparticles with varying size and composition 

Sample Name PDI Mean diameter 

(nm) 

ZP (mV) 

200nm Lip 0.123 164.4 -0.313 

200nm Lip 0.107 162.6 -0.396 

200nm Lip 0.093 157.7 -0.219 

100nm Lip 0.154 125.1 -0.286 

100nm Lip 0.120 127.3 -0.169 

100nm Lip 0.117 127.4 0.0942 

100nm DiO Lip 0.038 141.5 -0.382 
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100nm DiO Lip 0.070 144.8 -0.210 

100nm DiO Lip 0.094 145.6 -0.198 

 

Each liposome formulation was tested three times. 200nm Lip and 100nm Lip refer to the 

liposomes made from the Doxil-like formulation using 100nm and 200nm polycarbonate filters. 

100nm DiO Lip refers to the Myocet-like formulation made using a 100nm polycarbonate filter 

and DiO. 

 

2.4. Conclusion of laboratory research 

 Various formulations of liposomes similar to current FDA-approved formulations were 

prepared and characterized according to standard protocols. These liposomes were made to 

demonstrate relevant laboratory skills and to explore the formulation of fluorescent liposomes 

which could be used in future studies (see section 3). The size and zeta potential of the liposomes 

were successfully quantified via dynamic light scattering. 

 

3. Future directions: Uptake dynamics of liposomes by model NCS cells in vitro and proof of 

concept for use as NCS-blocking pretreatment strategy 

The following is an experiment plan developed to test nanoparticle interactions with a model 

NCS cell. All results and charts are simulated based on expectations of the outcome of each 

experiment. 

3.1. Project Purpose  



47 
 

3.1.1. Background/specific objective 

The cells of the NCS, which clear nanoparticles through mechanisms including 

endocytosis, direct translocation, and NETs, constitute a large barrier to effective nanodelivery. 

Understanding the kinetics of NCS cellular uptake in order to improve efficacy and mitigate 

toxicity is important for the development of a wide range of nanoparticle-based therapies. 

Liposomes have been explored both as drug delivery vehicles for nanomedicine and as 

preconditioning agents to enhance the delivery of other nanotherapeutics. The objective of this 

study is to quantify and characterize the uptake dynamics of varying formulations of liposomes 

in multiple NCS cell models and explore the possibility of saturating the NCS as a pre-treatment 

for increasing the efficacy of a subsequently administered nanotherapy. 

3.1.2. Novelty of the project 

• Quantifies the uptake dynamics of multiple liposome formulations for multiple cell types 

in the same study 

• Explores the kinetics of the saturation technique on a cellular level 

3.1.3. Scientific questions addressed 

• How many liposomes can various NCS cells clear before their clearance function is 

significantly impaired? 

• How do NCS cell clearance dynamics depend on liposome concentration and time? 

• How do NCS cell clearance dynamics depend on liposome size? 

• Can pre-treatment with liposomes block NCS cells from taking up another nanoparticle? 

 

3.1.4. Key research papers: 
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Rationales for the first 10 papers are given. These papers were read to inform what 

characteristics of liposomes will be best for optimizing macrophage uptake. Recommended 

reading for anyone planning a liposome-based nanoparticle study. 

1. Lobatto, M. E. et al. Multimodal Positron Emission Tomography Imaging to Quantify 

Uptake of 89 Zr-Labeled Liposomes in the Atherosclerotic Vessel Wall. Bioconjug. Chem. 

acs.bioconjchem.9b00256 (2019). doi:10.1021/acs.bioconjchem.9b00256 

-Describes a possible method of labeling liposomes for distribution analysis 

2. Niu, G., Cogburn, B. & Hughes, J. Preparation and Characterization of Doxorubicin 

Liposomes. Cancer Nanotechnol. 624, 211–219 (2010). 

-Discusses the protocol and composition of FDA-approved doxorubicin liposomes 

3. Takano, S., Aramaki, Y. & Tsuchiya, S. Physicochemical properties of liposomes 

affecting apoptosis induced by cationic liposomes in macrophages. Pharm. Res. 20, 962–968 

(2003). 

-Discusses the effect of charged liposomes on cellular processes and uptake. Large positive 

charges should be avoided. 

4. Johnstone, S. A., Masin, D., Mayer, L. & Bally, M. B. Surface-associated serum proteins 

inhibit the uptake of phosphatidylserine and poly(ethylene glycol) liposomes by mouse 

macrophages. Biochim. Biophys. Acta - Biomembr. 1513, 25–37 (2001). 

-Slightly counterintuitive, but states that the serum proteins that interact with PEG liposomes 

actually inhibit macrophage uptake. Trials both with FBS and without should be considered. 
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5. Aoki, H., Fuji, K. & Miyajima, K. Effects of blood on the uptake of charged liposomes 

by perfused rat liver: Cationic glucosamine-modified liposomes interact with erythrocyte and 

escape phagocytosis by macrophages. Int. J. Pharm. 149, 15–23 (1997). 

-Describes effect of charge on interactions with RBCs. Again, positive charge should be avoided 

so that liposomes will be taken up by macrophages. 

6. Contribution of Kupffer cells to liposome accumulation in the liver. Colloids Surfaces B 

Biointerfaces 158, 356–362 (2017). 

-Described an extremely important cell type for physiological liposome uptake. If primary 

Kupffer cells cannot be used, RAW264.7 macrophages can be a sufficient proxy. 

7. La-Beck, N. M. & Gabizon, A. A. Nanoparticle Interactions with the Immune System: 

Clinical Implications for Liposome-Based Cancer Chemotherapy. Front. Immunol. 8, 416 

(2017). 

-A good overview of how liposomes interact with a variety of immune cells, especially 

macrophages. 

8. Petty, H. R. & Francis, J. W. Novel fluorescence method to visualize antibody-dependent 

hydrogen peroxide-associated ‘killing’ of liposomes by phagocytes. Biophys. J. 47, 731–734 

(1985). 

-A good description of an early method for liposome tracking by fluorescence. 

9. Levchenko, T. S., Rammohan, R., Lukyanov, A. N., Whiteman, K. R. & Torchilin, V. P. 

Liposome clearance in mice: The effect of a separate and combined presence of surface charge 

and polymer coating. Int. J. Pharm. 240, 95–102 (2002). 
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-Describes how charge and PEG affect the uptake of liposomes in a physiological system. 

Charged liposomes exhibit greater uptake. 

10. Wassef, N. M. & Alving, C. R. Complement-Dependent Phagocytosis of Liposomes by 

Macrophages. Methods Enzymol. 149, 124–134 (1987). 

-Describes the affect of protein corona formation and effect on liposome uptake by macrophages. 

Macrophages seem to prefer opsonized liposomes, so incubation with FBS may optimize uptake. 

11. Allen, T. M. The use of glycolipids and hydrophilic polymers in avoiding rapid uptake of 

liposomes by the mononuclear phagocyte system. Adv. Drug Deliv. Rev. 13, 285–309 (1994). 

12. Chono, S., Tanino, T., Seki, T. & Morimoto, K. Uptake characteristics of liposomes by 

rat alveolar macrophages: influence of particle size and surface mannose modification. J. Pharm. 

Pharmacol. 59, 75–80 (2007). 

13. Ahsan, F., Rivas, I. P., Khan, M. A. & Torres Suárez, A. I. Targeting to macrophages: 

Role of physicochemical properties of particulate carriers - Liposomes and microspheres - On 

the phagocytosis by macrophages. Journal of Controlled Release 79, 29–40 (2002). 

14. Wei, M., Zou, Q., Wu, C. & Xu, Y. [In vitro targeting effect of lactoferrin modified 

PEGylated liposomes for hepatoma cells]. Yao Xue Xue Bao 50, 1272–9 (2015). 

15. Samuelsson, E., Shen, H., Blanco, E., Ferrari, M. & Wolfram, J. Contribution of Kupffer 

cells to liposome accumulation in the liver. Colloids Surfaces B Biointerfaces 158, (2017). 

16. Zhang, J. S., Liu, F. & Huang, L. Implications of pharmacokinetic behavior of lipoplex 

for its inflammatory toxicity. Advanced Drug Delivery Reviews 57, 689–698 (2005). 
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17. Kelly, C., Jefferies, C. & Cryan, S.-A. Targeted liposomal drug delivery to monocytes 

and macrophages. J. Drug Deliv. 2011, 727241 (2011). 

18. Epstein-Barash, H. et al. Physicochemical parameters affecting liposomal 

bisphosphonates bioactivity for restenosis therapy: Internalization, cell inhibition, activation of 

cytokines and complement, and mechanism of cell death. J. Control. Release 146, 182–195 

(2010). 

19. Petersen, G. H., Alzghari, S. K., Chee, W., Sankari, S. S. & La-Beck, N. M. Meta-

analysis of clinical and preclinical studies comparing the anticancer efficacy of liposomal versus 

conventional non-liposomal doxorubicin. J. Control. Release 232, 255–264 (2016). 

20. Wolfram, J. et al. A chloroquine-induced macrophage-preconditioning strategy for 

improved nanodelivery. Sci. Rep. 7, 13738 (2017). 

21. Derksen, J. T. P., Morselt, H. W. M., Kalicharan, D., Hulstaert, C. E. & Scherphof, G. L. 

Interaction of immunoglobulin-coupled liposomes with rat liver macrophages in vitro. Exp. Cell 

Res. 168, 105–115 (1987). 

22. Kang, K. W. & Song, M. G. Organic Nanomaterials: Liposomes, Albumin, Dendrimer, 

Polymeric Nanoparticles. in 105–123 (2018). doi:10.1007/978-3-319-67720-0_5 

23. Delli Castelli, D. et al. Evidence for in vivo macrophage mediated tumor uptake of 

paramagnetic/fluorescent liposomes. NMR Biomed. 22, 1084–1092 (2009). 

24. Hsu, M. J. & Juliano, R. L. Interactions of liposomes with the reticuloendothelial system. 

Biochim. Biophys. Acta - Mol. Cell Res. 720, 411–419 (1982). 
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25. Hu, Q. & Liu, D. Co-existence of serum-dependent and serum-independent mechanisms 

for liposome clearance and involvement of non-Kupffer cells in liposome uptake by mouse liver. 

Biochim. Biophys. Acta - Biomembr. 1284, 153–161 (1996). 

26. Ahsan, F., Rivas, I. P., Khan, M. A. & Torres Suárez, A. I. Targeting to macrophages: 

Role of physicochemical properties of particulate carriers - Liposomes and microspheres - On 

the phagocytosis by macrophages. Journal of Controlled Release 79, 29–40 (2002). 

27. Kronberg, B., Dahlman, A., Carlfors, J., Karlsson, J. & Artursson, P. Preparation and 

evaluation of sterically stabilized liposomes: Colloidal stability, serum stability, macrophage 

uptake, and toxicity. J. Pharm. Sci. 79, 667–671 (1990). 

28. Raz, A., Bucana, C., Fogler, W. E., Poste, G. & Fidler, I. J. Biochemical, Morphological, 

and Ultrastructural Studies on the Uptake of Liposomes by Murine Macrophages. Cancer Res. 

41, 487–494 (1981). 

29. Hsu, M. J. & Juliano, R. L. Interactions of liposomes with the reticuloendothelial system. 

II. Nonspecific and receptor-mediated uptake of liposomes by mouse peritoneal macrophages. 

BBA - Mol. Cell Res. 720, 411–419 (1982). 

30. Allen, T. M., Austin, G. A., Chonn, A., Lin, L. & Lee, K. C. Uptake of liposomes by 

cultured mouse bone marrow macrophages: influence of liposome composition and size. BBA - 

Biomembr. 1061, 56–64 (1991). 

31. Liu, T., Choi, H., Zhou, R. & Chen, I. W. RES blockade: A strategy for boosting 

efficiency of nanoparticle drug. Nano Today 10, 11–21 (2015). 
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3.2. Experimental design 

3.2.1. RAW267.4 uptake dynamics of different sizes of liposomes 

Rationale 

RAW267.4 macrophages will be used as a model of a tissue-resident macrophage. For a list of 

relevant equipment and materials, refer to Table 2.1. First, fluorescent nanoparticles with sizes of 

100 and 200 nm will be prepared with DiO, cholesterol, and DSPG according to the following 

procedure: 

Liposome Preparation 

1. Suspend DSPG, Cholesterol, and DiO in chloroform at 10mg/mL. 

2. Add DSPG and Cholesterol to a small round bottom flask in a 4:2 molar ratio with 1 

mole percent DiO. 

3. Evaporate chloroform from the lipid solution made in round-bottom flask on Roto-Vap. 

a. Turn on all components of Roto-vap and set water bath to 60 °C, chiller to 8 °C, 

and the pressure to 70 mbar. 

b. Lower the flask into the water bath making sure that it is submerged far enough to 

create a wide film, set rotation speed to a setting of 5, and allow chloroform to 

evaporate (this should take about 5 minutes and a thin film will be formed). 

4. Assemble extruder according to manufacturer’s instructions. 

5. Put assembled extruder, 1X PBS solution, and a small beaker with water in it on a hot 

plate set to about 120°C. Adjust hot plate temperature to keep the extruder temperature at 

70°C. 

6. Resuspend the flask in 1mL 1X PBS solution (heated to about 70°C). 
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7. Put parafilm over top of flask and incubate in small beaker for about one minute. 

8. Sonicate flask for about 30 seconds, rotating to hydrate the entire lipid film. 

9. Repeat 8-9 until the solution is dispersed completely. 

10. Push 1mL PBS through the extruder 5 times to pre-wet filter and check for leaks. 

11. Transfer lipid solution from round bottom flask into 1000 µL gas tight syringe for 

extrusion. 

12. Insert the syringe with the lipid solution into one end of the extruder and the other empty 

syringe into the other end. 

13. Wait for about two minutes to let the lipid solution in the syringe reach 70°C. 

14. Depress plunger of the filled syringe, passing the lipids through the extruder into the 

other syringe.  

15. Complete 21 passages though the extruder with the solution ending in the syringe that 

was originally empty. The solution should be clearer. 

16. Remove the syringe with the liposome solution from the extruder and transfer the 

solution into a 1.5 mL tube to be saved for analysis. 

DSPG is used to give the liposomes a negative charge, which will optimize cellular uptake. 

Cholesterol is used to increase the stiffness and durability of the liposomes. DiO is used as a 

fluorescent marker to aid in liposome quantification. The concentrations of the stock 

nanoparticle preparations can be determined by NTA. Alternatively, concentration could be 

quantified using phospholipid assays. Then, RAW267.4 macrophages will be plated in five 24-

well plates and dosed with liposomes according to Figure 3.1. The cells will be washed with PBS 

and analyzed after 30 minutes, one hour, two hours, four hours, and six hours. If necessary, this 

procedure will be repeated with different time points for enhanced resolution. If there is high cell 



55 
 

death dose can be decreased, and if uptake approaches total number of liposomes administered, 

dose can be increased. The cells will be analyzed in a plate reader for fluorescence, and the 

fluorescence measurements will be correlated to the number concentration of nanoparticles using 

a standard curve. 
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Figure 3.1: 24-well plate setup for experiment component 2. *[x] corresponds to the four 

concentrations to be used for the standard curve, which may vary based on the concentration of 

the stock solution 

 

Expected results 

After a certain amount of time, very few additional nanoparticles will be taken up as time 

goes on. The flattening of the curve at this saturation point is shown in Figure 3.2. This amount 
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of time needed to reach this point may be different for each size of nanoparticles since size of 

liposomes can affect uptake efficiency. 

 

 100nm Liposome uptake dynamics  200nm liposome uptake dynamics 

 

Figure 3.2: Expected results for component 2 – calculation of saturation point 

 

3.2.2 Uptake of AuNPs after saturating dose of liposomes 

Rationale 

Nanoparticle design characteristics can be modulated to optimize biodistribution for 

different therapeutic purposes. Therefore, a universal strategy to mitigate NCS interactions 

regardless of the composition or design of the therapeutic nanoparticle would be highly 

beneficial. In Figure 3.2, the amount of time necessary for liposomes to saturate RAW267.4 

macrophages was reported. The optimum time and nanoparticle size that most quickly saturates 



57 
 

the macrophages will be chosen in this experiment. 50nm AuNPs will be prepared according to 

standard lab procedure. They will not be PEGylated in order to optimize cell uptake. Cells will 

be plated in a 12-well plate according to Figure 3.3. They will be pre-dosed with the liposomes 

from Figure 3.2 which most quickly saturated NCS cells. Then, after the time corresponding to 

the saturation point has been reached, the cells will be washed and dosed with AuNPs. After 1 

hour, 4 hours, and 24 hours, the cells will be washed, harvested, and analyzed via ICP-MS for 

gold content. 

Cells + 50nm 

AuNP, [1], 

unwashed 

Cells only Cells + lip + 

AuNP 

Cells + 

AuNP 

Cells + 50nm 

AuNP, [2], 

unwashed 

Cells only Cells + lip + 
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Cells + 
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Cells + 50nm 

AuNP, [3], 
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Cells only Cells + lip + 

AuNP 

Cells + 

AuNP 

 

Figure 3.3: 12-well plate setup for experiment component 3 

 

Expected results 
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Figure 3.4: Expected results for experiment component 3 – comparison of gold uptake 

between unmodified and pre-dosed macrophages 

 

3.3. Flow of the components of the project 

3.3.1. Basic component flow 
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Figure 3.5: Flow of the basic components of the experiment plan 

3.3.2. Subcomponent flow 

 

Figure 3.6: Component 1 – preparation and characterization of liposomes 
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Figure 3.7: Component 2 – RAW264.7 uptake dynamics 
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Figure 3.8: Component 3 – effect of liposome presaturation on AuNP uptake 

 

3.4. Conclusion of experiment plan 

 These experiments were planned for a future study that will quantify gold nanoparticle 

interactions with a model NCS cells (RAW264.7 macrophages) after they have been saturated 

with liposomes. The strategy of saturating the NCS with a non-toxic nanoparticle was discussed 

in section 1.6.1 and identified through literature survey as a promising technique for NCS 

evasion. By quantifying the interactions of this strategy on a cellular level, the technique can be 

explored in greater detail and the mechanisms of its efficacy clarified. 

4. Conclusion 
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In this thesis, the need for quantification of nanoparticle interactions with the 

Nanoparticle Clearance System was established by literature review. Then, a literature survey 

was used to quantify the differences in organ-level interactions between different nanoparticle 

formulations. Finally, laboratory experiments were developed and planned to test liposome 

interactions with a model NCS cell.  

In many cases, quantification of nanoparticle interactions with every relevant 

physiological system is a challenging task: nanoparticles interact differently with NCS organs 

due to differences in both cell-mediated and cell-independent mechanisms. However, 

quantitative analysis of interactions with every relevant organ and quantitative tracking of the 

nanoparticle’s residence in different physiological compartments is of utmost importance. 

Thorough understanding of how nanoparticles move within the body over time is necessary for 

the continual development of nanoparticle therapeutics with fewer side effects and greater 

efficacy. 

Many contradicting findings regarding how specific nanoparticle characteristics such as 

material, mechanical properties, size, charge, and surface modifications remain in the literature. 

These contradictions may result from the complex interplay of synthetic and biological factors, 

as well as differences in models used for nanoparticle pharmacokinetic studies. Although this 

makes generalizing biodistribution patterns based on singular characteristics difficult, some 

patterns emerge and could be useful for the future rational design of nanoparticles. These 

patterns have been analyzed from a survey of relevant literature, comparing biodistribution data 

from many different NCS-evading strategies. 

One specific NCS-evading strategy, liposomal pre-saturation of the NCS, has been 

expanded on experimentally. Model liposomes were formulated and characterized using DLS for 
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size and surface charge. Further, an experimental plan was developed to quantitatively assess the 

uptake limits of a model NCS cell and how saturating NCS cells may affect their uptake of a 

model therapeutic nanoparticle (AuNPs). This plan could be used in the future to confirm the 

potential of such a NCS-saturating strategy.  

Overall, the quantitative description of nanoparticle interactions with the NCS and other 

physiological systems is an attainable and desirable goal to progress the field of nanomedicine. 

Challenges and knowledge gaps remain, but these represent areas of potential and opportunities 

for growth. As these gaps are filled in, nanoparticles can be designed with a more guided 

approach to assure their efficacy and safety. Especially when combined with other fields such as 

immunology, nanoparticles represent a technological step forward in how medicines are 

delivered to the body and how a range of disease treatments are approached. 
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