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Various nanoparticles have been investigated as drug carriers for delivery to 

diseased cells in the body. Targeted delivery of nanocarriers specifically to diseased cells 

can help to shield collateral cells from harmful cytotoxic drugs and reduce the many 

harmful side effects associated with chemotherapy. Recent advancements in our 

understanding of the complex behavior of intravenously injected nanoparticles has 

informed the rational design of the next generation of tailored nanocarriers. However 

fundamental questions about the mechanisms driving the behavior of nanoparticles in 

vasculature remain. Phenomena important for particle margination, adhesion, and uptake 

as well as the dependence of each on nanoparticle characteristics such as size and shape 

still remain elusive.  

This dissertation reports an experimental study of the effects of size and shape on 

polymeric nanoparticle margination and uptake in bare and cell-containing microfluidic 

environments, respectively. It is found that the competition of Brownian force and 

electrostatic repulsive forces between particles near the wall and adhered particles on a 

bare glass substrate lead to insensitive size dependence of spherical particles on 

margination and adhesion propensity. With the presence of cells on channel walls and a 

reduced zeta potential, however, the repulsive force is reduced such that a dominant 
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Brownian force leads to more uptake of smaller spherical particles in shear-adapted 

endothelial cells. In comparison, increased flow-driven rotation of non-spherical 

nanoparticles with increased size and aspect ratio enhances particle/cell interaction 

frequency which dominates the effect of Brownian motion and the energy for membrane 

deformation, leading to more uptake of larger and larger-aspect ratio non-spherical 

nanoparticles in shear adapted endothelial cells.   
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Chapter 1:  Introduction 

1.1 NANOPARTICLES WITH PAYLOADS: NANOCARRIERS 

1.1.1 Motivation for the use of nanocarriers 

Over the past thirty years nanocarriers (NCs) have shown promise as adaptable 

carriers for delivering drugs to diseased tissue. Many of the problems associated with the 

lack of specificity of chemotherapeutic drugs can potentially be avoided through the use of 

a drug-loaded carrier particle. By allowing for the optimization of biodistribution, site-

specific targeting, permeation through biological barriers, pharmacokinetics, and bulwark 

from the body’s various clearance systems during transport, nanoparticles (NPs) offer 

unique control that is difficult to achieve using traditional chemical drug delivery. Control 

over these properties allows for versatility and improved efficacy for the treatment of a 

host of diseases.1–4 Properties such as size, shape, material composition, and surface 

chemistry can be tuned in many of these particle classes allowing for engineering 

consideration to play a role in increased therapeutic efficacy.  

1.1.2 Polymeric Nanoparticles 

Polymeric NPs are generally colloidal solid particles synthesized through the 

crosslinking of many monomers. Two general classes: biodegradable and biocompatible, 

are employed as NCs.5 Biodegradable polymeric NPs made from naturally occurring 

polymers such as chitosan and collagen have shown promise as drug delivery vehicles.6,7 

Chitosan, a polymer synthesized from the partial N-deacetylation of Chitin, which is the 
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second most abundant polysaccharide in nature,8,9 has been used to formulate DOX-loaded 

NPs as well as surface decorated with anti-HER2 receptors and shown to discriminate 

between HER2+ and HER2- cells in vitro.10,11 More thorough in vivo studies are still 

needed however to assess the safety of biodegradable polymeric NPs such as Chitosan. 

Biocompatible polymers such as poly(d,l-lactic-co-glycolic acid) PLGA and 

polyethylene glycol (PEG) are relatively widely used as NCs because of the vast tenability 

of their physiochemical, pharmacokinetic, and geometric properties.12–14 PLGA particles 

have even been coated in PEG, a process known as PEGylation to exploit the composite 

benefits of both polymers. Danhier et al. used Pegylated PLGA particles loaded with 

paclitaxel and labeled with RGD targeting peptide in tumor-bearing mice to show that 

targeting NPs reduced tumor growth more efficiently and improved survival times 

compared to non-targeted particles.15 Many polymeric NPs however suffer from the use of 

harsh crosslinking agents in their synthesis and the effect of many of these chemicals in 

vivo must be carefully explored. 

1.2 DELIVERING CHEMOTHERAPEUTICS 

The major problems facing therapeutic NP delivery are the extreme complexity of 

the delivery environment, due to the diverse biological barriers presented by in vivo 

conditions as well as the challenges in the characterization of the transport properties of 

NPs. These biological barriers range from large particle aggregation in circulatory vessels 

to endosomal escape after uptake. The transport characterization of nanoparticles therefore 
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must include problems as diverse as NP margination properties in circulatory vessels to 

their active transport across a lipid membrane. 

1.2.1 Drug delivery in vivo 

The circulatory system which supplies O2 and other nutrients to tissues throughout 

the body, in addition to returning CO2 to the lungs and metabolic byproducts to the kidneys 

for sequestration and filtration, serves to regulate corporal temperature and distribute 

agents that regulate cell function.16 The process can be thought of to begin in the left 

ventricle of the heart. There blood, the working fluid of the circulatory system, a cellular 

smorgasbord of protein rich plasma, as well as red and white blood cells, and platelets; is 

pumped through a bifurcating network of arteries and arterioles to the capillaries where it 

exchanges freely with interstitial fluid. This exchange occurs through pores and 

intracellular incursions in the endothelium. Figure 1.1 shows the circulatory system and 

the potential journey of an intravenously injected nanoparticle (NP) through the various 

vessels which make up the piping of the human circulatory system. 



4 

 

 

Figure 1.1: Depiction of the major vessels which constitute the pathways for the human 

circulatory system.Example of Heading 8,h8 format. 

 

In their journey through the circulatory system, there exist various barriers to 

successful delivery of NPs to diseased sites associated with their size. The first of these 

barriers is due to the chaotic nature of cancerous growth and its effect on endothelial cell 

(EC) alignment. Figure 1.2 shows the gaps or fenestrations which characterize a diseased 
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endothelium. These have been shown to be between 380 and 720 nm in various tumor 

models, a fact which can be exploited for the passive extravasation of NPs into a tumor.17–

19 This strategy is known as the enhanced permeation and retention effect (EPR).20 

Because these vacancies do not exist in healthy vasculature, a NP with characteristic 

dimension below 500 nm will be able to pass through the endothelium and into diseased 

tissue, but will not passively extravasate through a healthy endothelium and into healthy 

tissue. Additionally, due to underdeveloped lymphatic drainage in diseased tissue, 

particles can remain in the tumor environment for an extended period of time. 

 

Figure 1.2: Schematic of tumor tissue attaching to healthy, RBC-containing, 

vasculature. Fenestrations in the endothelium begin to form as cancerous 

cells chaotically divide, promoting the passive extravasation of 

nanoparticles of similar dimension. 
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The second barrier to successful NP delivery is posed by the Mononuclear 

Phagocyte System (MPS), which is the body’s natural filtration system for removing 

potentially harmful particulate from circulation.16 The MPS is comprised of cells, mainly 

macropahges and monocytes lining the liver and spleen. Particles of characteristic size 

greater than 200 nm have been shown to accumulate preferentially in the organs of the 

MPS in vivo, an undesirable destination for tumor delivery.21 Finally, upon successful 

delivery to a target cell, the optimum spherical NP size for cell internalization through 

receptor-mediated endocytosis has been shown to be on the order of 50 nm both 

theoretically and experimentally.22,23 However the NC must have a diameter larger than 

approximately 10 nm to avoid rapid renal clearance.24  

 In addition to controlling the size of NPs to avoid the various filtering mechanisms 

in the body as well as encourage passive extravasation into diseased tissue, NPs can also 

be ‘disguised’ from the immune system using long polymer chains such as PEG. The 

immune system is capable of recognizing specific molecular markers on foreign objects 

such as viruses, bacteria, and NPs and tagging them for clearance by the MPS. Coating 

NPs with PEG results in longer circulation times due to a stealth effect which disguises a 

particle from the MPS.25 Hamad et al. demonstrated that altering the surface coating of a 

NP changes the immune pathway through which the NP is processed, changing the in vivo 

fate of a coated NP.26 Various strategies to avoid this type of clearance have been 

reported,27–29 but little is still known about exact effect of these coatings in vivo. The 
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surface coating of PEG on NPs is known to increase circulation time in vivo30, a desirable 

quality in NPs for drug delivery. 

1.2.2 The delivery environment: vasculature 

The nutrient requirements for various tissues in the body vary greatly depending on 

metabolic output and a host of other factors. In order to supply sufficient nutrients to the 

many tissues in vivo, the diameters of the circular cross-section vessels comprising healthy 

human vasculature span many orders of magnitude. Table 1.1 shows typical diameter 

ranges for each type of blood vessel in the human body. Red blood cells (RBCs) have a 

characteristic size of 6-8 µm and due to their physical properties (i.e. size, shape, and 

compliance) flow preferentially in the center of blood vessels. This phenomenon is known 

as the plasma skimming effect.31 

  

Table 1.1: Sizes of various human blood vessels and corresponding cell free layer 

thicknesses. 

Blood Vessel Typical Diameter Cell Free Layer 

  Thickness 
Vein 500 µm Negligible 
Artery 50-400 µm Negligible 
Arteriole 20-50 µm 8-15 µm 
Venule 20 µm 6-20 µm 
Capillary 5- 20 µm 5-20 µm 

 
 

A  decrease of apparent viscosity of blood with decreasing channel diameter has 

been observed and is known as the Fahraeus–Lindqvist effect.31 This drop in apparent 
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viscosity is the result of lateral migration of RBCs resulting in a two-phase flow, i.e. a 

RBC core and an RBC-free plasma layer adjacent to the wall known as the cell-free layer 

as shown in Figure 1.3. In vessels where RBCs are present, the RBC-dense core of the flow 

acts to expel microparticles out of that region toward the vessel walls, trap NPs in the core, 

and disrupt NP diffusion across the core.32–34 The extent to which RBCs trap NPs, dispel 

microparticles, and prevent diffusion is dependent on particle size and the number of RBCs 

present, which is itself a function of channel diameter. RBC migration and fluid flow 

behaviors in vivo are profoundly influenced by bifurcations and other complex geometries 

that characterize in vivo vasculature35. Nevertheless, it has been shown both theoretically 

and experimentally that as the vessel diameter decreases, the cell-free layer thickness 

decreases until RBCs are eventually excluded from flowing in microcirculatory 

vessels.36,37 

The thickness of the RBC-free layer varies with both mean blood velocity and 

vessel diameter. Typical values for cell free layer thicknesses are shown in Table 1.1 for 

different blood vessels and were determined experimentally by Bugliarello and Sevilla38 

and Reinke et al.39 as well as theoretically by Sharan and Popel.40 For veins and arteries 

the cell free layer thickness is larger than arteries and arteriole but a negligible percentage 

of the total vessel diameter. 
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Figure 1.3: A typical blood vessel with red blood cells flowing preferentially in the 

center of the vessel resulting in a red blood cell-free layer in contact with the 

endothelium. 

 

1.2.3 Manufacturing shape-specific polymeric nanoparticles 

The substantial benefits to drug delivery afforded by polymeric particles to improve 

physiochemical targeting and pharmacokinetics can be extended through the precise 

control of geometric properties. Size has been shown to be an important factor governing 

particle uptake kinetics as well as biodistribution.21,41 More recently, shape has been shown 

to govern many of the same important cell-NP interaction as well as NP flow properties.42 

Indeed most naturally occurring NPs are not spherical in shape but rather take complex 

geometric forms. These shapes are energetically expensive relative to spherical geometries 

and consequently must serve some function to have been evolutionarily preserved. Due to 

their nature as viscoelastic materials until crosslinking, polymers such as PEG can be 

molded into many number of shapes on the nanoscale and crosslinked to remain in that 

configuration after demolding. Several processes have demonstrated the ability to 
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manufacture precisely shaped, soft, monodispersed, polymeric NPs below 200 nm. Particle 

Replication in a Nonwetting Template (PRINT), developed by DeSimone et al., uses this 

mold filling and demolding technique.43 Template induced printing and well as molecular 

transfer lithography using a hydrogel template, and a polymer stretching of spherical 

particles have also been use to make non-spherical polymeric particles.44–46 A new 

technique to fabricate ultra-soft polymeric NPs which eliminates the need for a demolding 

step in the manufacturing process has recently been demonstrated as well by Sreenavasan 

et al.47 Finally, Jet and Flash Imprint Lithography (J-FIL) has been used to make 

monodisperse PEG NPs of various shapes.14,48 

The J-FIL process used to make non-spherical particles using an Imprio 100 

(Molecular Imprints Inc.) is depicted in Figure 1.4.48,49 Briefly a poly(acrylic acid) PAA 

solution (turquoise layer) was prepared in water and spincoated on an 8” silicon wafer (gray 

layer) as shown in Figure 1.4A. The imprinting solution (purple droplets) was then 

inkjetted onto the Water soluble layer as shown in Figure 1.4B. A patterned quartz template 

(transparent glass) was then lowered onto the resist droplets. The imprinting solution then 

filled the quartz pattern, wetting the template surface as shown in Figure 1.4C. The sample 

was then exposed to UV light (365 nm wavelength at 5 mW/cm2 intensity for 25s) in order 

to photopolymerize the solution. After polymerization the template was demolded leaving 

the desired nanostructures and a small residual layer as shown in Figure 1.4D. An Argon 

plasma etch was used to etch the patterned resist until features were monodisperse as shown 
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in Figure 1.4E. NPs were finally harvest by dissolving the PAA release layer in DI water 

and NPs were suspended in aqueous solution as shown in Figure 1.4F. 

 

 

Figure 1.4 
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Figure 1.4: Schematic depicting the J-FIL process used to manufacture shape-specific 

polymeric nanoparticles. (A) A water-soluble release layer (turquoise) is 

spin-coated onto a silicon wafer (grey). (B) Imprinting solution (purple) is 

then inkjetted onto the water-soluble layer. (C) A quartz template 

(transparent) is then pressed down onto the imprinting solution which fills 

the patterned vacancies in the template and the solution is crosslinked using 

UV light. (D) The template is then demolded leaving a patterned layer of 

imprinted solution. (E) The residual layer of imprinting solution is then 

etched away using argon plasma leaving monodisperse NPs on the release 

layer. (F) Water is then applied to the construct dissolving the release layer 

and leaving NPs in solution. 

 

1.3 ENGINEERING A BETTER NANOCARRIER: CHARACTERIZING PARTICLE 

PROPENSITIES 

1.3.1 In vivo – in vitro characterization of nanocarriers  

The majority of in vitro NP uptake studies in the literature are performed using 

static culture which is fundamentally different from the in vivo environment. In addition to 

the NP properties affecting delivery efficacy, the characteristics of ECs encountered by a 

particle on its venous journey also affects the ultimate delivery efficacy of the injected NP 

population. In vitro cell culture models offer the unique ability to study isolated, cell line-

specific populations in a highly controllable physical model. The in vitro models which 

have been reported vary widely in their characteristics, but should generally be more 

mimetic of in vivo conditions. Improving the understanding of NP margination and uptake 

behavior in these microfluidic environments offers the potential for increased drug delivery 

efficacy and therapeutic benefit. Further studies to identify important differences between 
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microfluidic platforms and their effects on NP margination, adhesion, and uptake are 

needed in order to move towards a better understanding of NP delivery in vivo.  

A limited number of studies of NP margination, adhesion, and uptake have been 

done in physiologically relevant flow conditions. Those undertaken have shown that results 

can be significantly different when compared to static in vitro conditions.50–52 Studies that 

report in vivo performance of NPs primarily report tissue accumulation rather than uptake 

by specific cell type targets. There are not many studies in the literature reporting cellular 

uptake efficiencies and mechanisms of internalization of particles in vivo. Instead the term 

tissue uptake used in the literature mostly signifies tissue accumulation. Tissues consist of 

many types of mixed cells (epithelial, macrophages, dendritic cells, neutrophils, other 

lymphocytes, red blood cells, endothelial cells) at target sites such as tumors. Often it is 

unclear as to which cell type the NPs affect and how that influences the therapeutic 

outcome. Therefore the need for biomimetic in vitro models with high NP characterization 

fidelity are essential for maximal improvement in NP delivery engineering.  

1.3.2 Margination 

Margination refers to a particle’s tendency to move radially in a flow. It was first 

noted in the migration of white blood cells (WBCs) in the tails of tadpoles by Dutrochet in 

1842.53 Though it was first examined in physiology in the context of inflammation, where 

WBCs would move toward vessel walls and adhere, margination is also an important 

parameter in particle-based drug delivery. One of the first controlled studies of particle 

margination was reported by Segré and Silberberg in 1962. They reported that spherical 
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polymethylmethacrylate (PMMA) particles with a radius ranging from 0.32 to 1.71 mm 

migrated away from the center of the tube and moved closer to the wall of the tube in 

Poiseuille flow with a viscous fluid.54,55 Because a particle with a high margination 

propensity will interact with the endothelium more frequently, navigate the diminishing 

size of bifurcating capillaries, sense diseased vasculature, adhere, and be uptaken more 

than a particle with low margination propensity; margination has been identified as an 

important parameter in NP drug delivery.56  

A NP’s tendency to marginate is affected by many factors including: NP size, 

shape, elasticity, and concentration as well as shear rate and channel size. In an in vivo 

setting still more factors of the environment affect the margination propensity of a NP. 

Factors affecting the margination propensity of a NP in vivo include: vessel size, shear rate, 

flow pulsatility, surface adsorbtion, and the presence of RBCs. Many studies have reported 

various size dependencies on margination and adhesion propensity. These will be reviewed 

in detail, but first let us examine a few dimensionless parameters and forces important in 

the understanding the margination of spherical particles in flow. 

 We will look specifically at the flow of small particles in small vessels due to our 

interest in NP extravasation in microcirculation. To do this we will restrict ourselves to 

laminar flow which corresponds to a low Reynolds number, given by the following 

expression. 
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𝑅𝑒 =

𝜌𝑈ℎ

𝜇
 

(1.1) 

 

Where 𝜌 is the fluid density, 𝑈 is the fluid velocity, ℎ is the characteristic dimension of the 

domain, and 𝜇 is the dynamic viscosity of the fluid. Another useful dimensionless quantity, 

the Peclet number, can be described as the ratio of the convective transport rate to the 

diffusive transport rate, or  

 

 
𝑃𝑒 =

𝑈ℎ

𝒟
 

(1.2) 

 

where 𝒟 is the translational diffusion coefficient57. For a low Reynolds number and a dilute 

suspension, 𝒟 can be calculated using the following Stoke-Einstein relation 

 

 
𝒟 =

𝑘𝐵𝑇

3𝜋𝜇𝑑
 

(1.3) 

 

Where 𝑑 is the particle diameter and 𝑘𝐵 and 𝑇 a r e  the Boltzmann constant and 

temperature, respectively. When a particle’s diffusive propensity becomes large enough 

relative to its convective transport component it will begin to move across streamlines.58 

This occurs at sufficiently small Peclet numbers and is a mode of margination dependent 

on the particle size, shear rate, and characteristic height of the channel.  
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1.3.2.1 Size 

In vivo NP size affects not only the local forces governing margination in a single 

vessel, but also the ultimate fate of a NP. Particles larger than 200 nm are readily filtered 

from the blood59 while particles less than 10 nm are subject to renal clearance.24 In order 

for margination to occur particles must escape streamline inertia and migrate towards the 

vessel wall due to forces acting normal to streamlines such as Brownian motion, buoyancy, 

hydrodynamic forces, van der Waals interactions, or gravity. For sub-100 nm particles 

gravity is typically ignored due to the increased relative magnitude of other forces such as 

Brownian motion.60 As NP size increases however gravity becomes an important force 

capable of dislodging particles from streamlines. Gravity has been shown both 

experimentally and using various models to be an important factor in the margination of 

particles larger than 500 nm.61,62 Smaller particles have been shown to exhibit faster 

margination times which was attributed to the higher diffusivity of smaller particles.63 

However the competition between electrostatic forces, buoyancy, and van der Waals 

interaction was shown in a separate model to give rise to a local maxima where margination 

time was shown to be the longest for a single NP size. The maxima was between 50 and 

250 nm depending on several modeling parameters. Particles both larger and smaller than 

this maxima marginate more readily than particles of the critical diameter.64  

In whole blood particle margination has been shown to increase for particles 

ranging from 500 nm to 10 µm.32,65 This result was attributed chiefly to the trapping of NPs 

in the RBC-dense core of the flow channel.65 In a modeling/experimental study Lee et al. 
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showed using a model that particles less than 100 nm in diameter are trapped by RBCs 

flowing preferentially in the center of vessels, while 500 nm to 1 µm particles are dispelled 

and tend to marginate,66 a finding consistent with the previous experimental studies.32,65 

Larger, 1 m particles were found to marginate readily in an in vivo mouse model while 

smaller 200 nm particles were found to diffuse in circulatory vessels.66 Various studies 

indicate that there is an optimum size for margination to occur, finding a balance between 

directionally-dependent sedimentation and random Brownian motion to remove particles 

from streamlines remains a challenge for various NP types as well as flow conditions. The 

exact size at which this balance is optimized for a given NP type however is still unclear 

largely because it is dependent on so many factors. 

1.3.2.2 Shape 

Many experiments have been performed using spherical NPs of various chemistries 

to study their margination characteristic. This is largely because spherical particles are the 

most energetically inexpensive to formulate and thus, easiest to manufacture. Modifying 

NP shape however complicates the physics of margination immensely. In particular the 

velocity gradients along the various axes of non-spherical particles are non-zero and give 

rise to various lifts, drags, and torques depending on particle orientation and shape 

eccentricity. Rods and disks are common NP shapes to study and can be defined by their 

aspect ratio (𝐴𝑅): 
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𝐴𝑅 =
𝑙𝑒𝑛𝑔𝑡ℎ

𝑤𝑖𝑑𝑡ℎ
 

(1.4) 

 

Using gold nanospheres (𝐴𝑅=1) and nanorods (𝐴𝑅=2.5) Toy et al. studied their 

margination propensity in water. Nanorods exhibited a much higher margination 

propensity than their spherical counterparts.63 Gentile et al. also showed that changing a 

NP’s aspect ratio increases margination propensity using disks (𝐴𝑅 <1) and hemispherical 

NPs.67 However the particles used in that study were sedimenting to the bottom of a channel 

and also had different densities so the magnitude of the gravity force was different 

irrespective of shape. Doshi et al. showed that for 1, 3, and 6 µm particles stretched into 

various ARs, increasing the AR resulted in greater particle adhesion overall with the effect 

becoming more pronounced with increasing size.68 It is important to note however that this 

could be attributed to increased surface area of adhesion particles with ARs far from unity. 

In particular it increases the binding availability of the bovine serum albumin (BSA) 

antibody-conjugated particles and the BSA-coated wall. Lee et al. also found that deviation 

from an AR of 1, leading to higher rotational inertia, results in increased margination 

propensity.62 Adhesion is used in most studies in order to characterize margination 

propensity. This becomes particularly cumbersome with NPs of varying shapes because 

the forces acting to dislodge a particle from a surface as well as those driving them towards 

the surface are drastically different for different particle shapes and adhesion orientations. 

For this reason modeling the effect of changing geometry on NP margination has been an 
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active research field. Decuzzi et al. have proposed several models to describe the 

margination of spherical and non-spherical particles to the surface of ECs.64,69,70 

Margination propensity has been shown by these models to be increased by increasing the 

particle AR, inducing tumbling and increased velocity perpendicular to the vascular 

surface. 

1.3.2.3 Density 

Toy et al. studied the margination of 65 nm particles of varying densities to all 

surfaces of an artificial capillary.63 NPs with higher densities were found to adhere more 

than their less-dense counterparts. The authors explained that higher-density NPs carry 

more momentum and thus hydrodynamic forces, particularly those acting to keep NPs on 

streamlines, dominated. In contrast the movement of lower-density particles was 

dominated by diffusion.63 Density chiefly affects larger particle margination preferentially 

in one direction. If the density of a particle is greater that the suspending medium, and their 

size is large enough to escape streamlines, particles will sediment (a manner of 

margination) preferentially to the surface in the direction of gravitational acceleration. 

Gentile et al. studied the margination characteristics of disks and hemispherical shaped 

particles of different densities67. In the study discoidal particles approximately 1 µm in size 

were 20% heavier than spherical counter parts, but marginated at a rate 5 times greater. 

Similarly, hemispherical particles were 60% heavier than their spherical counterparts, but 

marginated at a rate three times greater.67 The density-dependent margination results are 

sparse in literature, but show that for small NPs increasing density reduces margination 
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propensity and for larger particles the opposite is the case. However in their study Gentile 

et al. focus only on the bottom surface of their flow chamber, an experimental choice which 

may explain some discrepancy between the trends. 

1.3.2.4 Shear Rate 

For a Steady, incompressible, Newtonian fluid in a cylindrical channel 

experiencing a pressure difference ∆𝑃 the wall shear rate (�̇�𝑤), or wall shear stress (𝜏) 

normalized by the dynamic viscosity (𝜇), is given by the following relation 

 

 
 

�̇�𝑤 =
4𝑄

𝜋𝑅3
 

(1.5) 

 

Where 𝑄 is the fluid’s volumetric flow rate through the vessel and 𝑅 is the radius of the 

vessel. Wall shear rate has been shown to have a profound effect on EC behavior and 

consequently uptake of NCs. In experimental reports without cells it is difficult to decouple 

margination and adhesion because often particles must adhere in order for margination 

propensity to be quantified. Here we will examine several important forces relevant to 

shear stress-dependent margination as well as adhesion. 

For various ranges of Reynolds number the drag on a spherical particle can be 

accurately approximated using various correlations fit to experimental data. It is found by 

first defining the coefficient of drag 𝐶𝐷 which is given by the following expression 
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𝐶𝐷 =
8𝐹𝐷

𝜋𝜌𝑉2𝑑2
 

(1.6) 

 

where 𝐹𝐷 is the drag force on the sphere acting in the opposite direction of the flow, and 𝑉 

is the velocity of the particle. 𝐶𝐷 is a nondimensionalized coefficient and is found using 

experimental data. Correlations are available for various ranges of Reynolds number and 

can be used to calculate the hydrodynamic drag for a particle flowing at low Reynolds 

number.71 This drag force acts in the opposite of the flow direction. A particle not 

marginating at all therefore will experience no drag perpendicular to the flow direction and 

increasing the shear rate has the effect of increasing drag parallel to the flow velocity. 

However a resistance in the form of hydrodynamic drag perpendicular to the vessel wall 

accompanies increased particle migration in that direction. 

 Shear rate has been shown to affect the shape of deformable bodies such as WBCs 

as well. A decrease in shear rate has been shown in several studies to increase the 

margination propensity of WBCs.72–76 The same trend has been shown for several studies 

involving micro- and nanoparticles. Several studies have reported that increased shear rate 

decreased the margination propensity of NPs as well a microparticles.63,65,77 For the three 

particle shapes tested in their study, Gentile et al. report power-law dependent margination 

rates for spherical (�̇�-0.63), discoidal (�̇�-0.85), and hemispherical (�̇�-1) particles.67 
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1.3.3 Adhesion 

Particle adhesion is commonly used to quantify margination in experiments. The 

two phenomenon are closely related, but differ in the extra forces which are apparent near 

a surface and are negligible in margination from bulk flow. These forces include particle-

wall electrostatic and van der Waals interactions, as well as specific adhesion forces due to 

ligand and other antibody targeting. The nature of an adhesion event can be more difficult 

to describe than dilute particle flow because it depends on the characteristics of the surface 

to which the particle is adhering. We will take a much closer look at this interaction for 

non-specific NP binding in the following section as well as in Chapter 2. Specific targeting 

can drastically affect the binding affinity and subsequently the reporting of margination 

and adhesion propensity where specific ligand-receptor pairs are used or biomolecular 

labels are attached to particles and delivered to cells.78 

Once adhered to a vessel wall the shear stress acts to remove adhered particles as 

shown in Figure 1.5. Because of these shearing forces there exists an upper limit on the 

shear stress for which particles will adhere to a surface. This critical shear rate, above 

which adhered particles are sheared off of the wall, has been found to increase with 

decreasing diameter for constant number concentration in several studies32,79,80 

Interestingly Patil et al. also showed that at a sufficiently low shear rate of 75s - 1 , the 

percentage of microparticles adhered from solution was shown to be independent of 

diameter.79 
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Figure 1.5: Spherical Particle adhered to a surface experiencing drag from flow over its 

body.  

 

1.3.3.1 Size 

The margination propensity of spherical particles was first reported to scale 

analytically as a function 𝑑4 by Segré and Silberberg.54 Though this size dependence was 

later revised to 𝑑3, their study represented the first thorough analysis of forces acting on a 

particle under flow.55 Many studies have since reported various size dependencies on 

margination and adhesion propensity. The drag force on a particle scales with the projected 

area of the particle (or 𝑑2). However other adhesive forces, which are also dependent on 
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particle diameter, act with various scalings dependent on mass distribution (shape) and 

separation distance to keep particles adhered to the vessel wall. Because of the unsteady 

nature of particle margination and competing forces at the vessel wall, the exact interplay 

between the effect of particle diameter and shear rate with respect to margination 

propensity is difficult to arrive at analytically.  For this reason it has been explored 

experimentally for spherical particles in various investigations. 

Because the volume of particles adhered is predicted to scale with d4 when the 

number concentration is constant and gravity is the dominant margination force, it has 

been suggested that other forces play an increasingly important role in the margination 

of the sub-200  nm particles.67 Most studies report the margination of particles exclusively 

to the bottom of a channel, neglecting relevant margination propensities to other channel 

surfaces. In comparison, the percentage of particles injected at constant number 

concentration adhered to all four walls of a rectangular cross section flow channel was 

shown to increase with decreasing particle diameter between 135 nm and 60  nm in a 

study reported by Toy et al.63 This result suggested that margination behavior to the 

bottom wall may be different from those to the other walls.  

1.3.3.2 Shape 

The drag experienced by a particle is a function of its shape in flow as well as its 

resting orientation on the surface when adhered. For the same volume of particle, non-

spherical NPs offer both higher contact area as well decreased drag when resting on a 

surface. Therefore a critical shear rate of detachment depends on the specific resting 
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orientation of a non-spherical particle and can be difficult to compare with spherical 

counterparts. Changing the aspect ratio of a particle has been shown in a numerical model 

to have a profound effect on its adhesion probability to a surface.81,82 The ‘pin over’ effect, 

which aids in non-spherical particle adhesion, is depicted in Figure 1.6. A rod-like particle, 

tumbling through the margination volume, first contacts the adhesion surface and rolls 

over, adhering to the surface due to its rotational inertia and near-field attractive forces. 

Additionally for the same volume of particle, non-spherical particles experience a 

diminished dislodging force from shearing and drag due to their lower projected and 

parallel area.   

 

Figure 1.6: Schematic of Rod-like particle tumbling through a vessel and adhering to a 

vessel surface. 
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1.3.4 Uptake  

In NP drug delivery the final phase of delivery, from injection to cell entry is the 

uptake of the NP by a target cell. NP uptake has been shown to be dependent on size, 

surface charge, shape, and elasticity in vivo. In addition, in vitro conditions such as channel 

size and shear rate have been shown to affect NP uptake propensity in various ways. Cells 

uptake particles using a variety of invagination and protein-assisted methods. The 

categories of cellular uptake are: Clathrin-mediated, Caveolae-mediated, 

Clathrin/Caveolae independent pathways, macropinocytosis, and phagocytosis. Several 

approximate size barriers have been proposed for which each uptake pathway is limited. 

These size limits are shown in Table 1.2 for spherical particles, though it is important to 

point out that they are approximate and profoundly affected by NP surface modification.  

The clathrin-mediated uptake pathway is capable of internalizing NPs up to 120 

nm.83 Caveolae pits formed in the lipid bilayer of a cell have been shown to be 50-100 nm 

in width, limiting the size of NPs which can be uptaken through the caveolae mediated 

pathway.83,84 Pathways which are independent of clathrin and caveolae protein assistance 

have been shown to be capable of internalizing particles up to 50 nm in diameter.85 

Macropinocytosis and phagocytosis are both characterized by the larger scale reorganization 

of the cellular lipid bilayer and can invaginate particles up to 1 µm and 5 µm respectively.83,86,87 

However various reports show the use of multiple pathways for a single particle size, as well 

as direct contradictions to the size limits reported here. Therefore these limitation should be 

taken as approximations and specific uptake mechanisms tested for individual particle types. 
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Table 1.2: Spherical nanoparticle size limitation for five major uptake pathways. 

 

 

Several studies have investigated the various effects of NP size, surface charge, 

shape, and elasticity on cell uptake and in vivo delivery efficacy. Uptake has also been 

shown to increase both with increasing concentration and increasing incubation time up to 

a saturation limit.88 Here the focus will be ECs, but where uptake data is sparse, or the NP 

trends important, uptake in other cells lines will be discussed. In general uptake of NPs by 

ECs has been shown to be faster and greater than in epithelial cell lines for various NPs.89,90 

Phagocytic immune cells have different uptake properties than non-phagocytic cells which 

serve much different functions. The study of uptake properties in phagocytic cells is 

important to the field of drug delivery because generally uptake by immune cells is to be 

avoided. Understanding these uptake properties provides characteristics of NPs which 

should be exploited or avoided when engineering NCs. 
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1.3.4.1 Cell Culture 

The majority of NP uptake studies in cell culture have been performed in static 

conditions with the cell line under investigation cultured on the bottom of a reservoir. 

However shear stress has been shown to be an important regulator of a diverse and growing 

number of biological processes including atherosclerosis, thrombosis, and vascular 

regeneration.91–93 A few studies have investigated the effect of NP characteristics on uptake 

propensity in relevant flow conditions. The uptake characteristics of ECs have also been 

shown to change when cultured in a dynamic environment and compared directly to static 

conditions.94  

Knowledge of the differences between static and shear-adapted ECs is incomplete. 

Many endothelial determinants have been shown to be expressed in different quantities and 

qualities in ECs cultured in static vs dynamic conditions.34,95–102 The shear-induced 

alignment of cytoskeletal proteins such as actin also affects both the active and passive 

transport of particles once inside the cytoplasm as well. This cytoskeletal alignment inhibits 

endocytic machinery and consequently the NP internalization efficiency compared to 

unaligned, static cell cultures.51 To elucidate the complex role that shear stress has on cell 

function as well as cell-NP interaction, various flow systems have been demonstrated in 

order to study cultured cells in this dynamic environment.50,51,103–107  

1.3.4.2 Shear Stress 

Various groups have reported that shear stress as low as 0.5 dynes/cm2 in vitro 

result in conformational changes in HUVECs and that the uptake of NPs decreases with 
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increasing shear stress.104,105,108 The uptake of 100 nm targeted PS beads by the pulmonary 

endothelium in mice was shown to be similar to uptake in their dynamic culture of 

HUVECs, and uptake was also faster under lower shear stress.50 These studies show that 

for physiological shear rates particle uptake increases with decreasing shear rate. 

Some studies using specifically targeted NPs however have shown the opposite 

shear stress dependence, highlighting the importance of testing NCs in physiologically 

relevant cultures. Han et al. showed that 180 nm PS beads labeled with PECAM targeting 

antibody are uptaken less efficiently at 5 dynes/cm2 than in static culture.51 Klingberg et 

al. showed that the effect of shear stress reduced the uptake of 80 nm gold nanospheres, 

but increased the uptake of anti-ICAM1 labeled NPs to tumor necrosis factor (TNF)-

activated ECs.94 

1.3.4.3 Size 

In static culture, uptake efficiency has been shown to increase as size decreases 

down to a diameter of approximately 50 nm, suggesting that the optimum size range for 

spherical NP uptake is between 50 and 100 nm.41,108–111.  In shear-adapted ECs, Kona et al. 

used PLGA NPs to demonstrate that smaller particles were more uptaken than larger ones 

in ECs from 200 nm to 1 µm,105 a finding consistent with data from uptake in static culture. 

However Charoenphol et al. showed that the binding efficiency of PS spheres to ECs from 

blood flow increased with increasing particle size from 100 nm to 10 µm.32 Size-dependent 

uptake of NPs by ECs in vitro remains an open research question, and better in vitro models 

will help elucidate a clear optimum size similar to the 50 nm benchmark in static culture.  
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1.3.4.4 Shape 

The dependence of NP shape on uptake has been more elusive to characterize due 

in large part to difficulties in the synthesis of non-spherical NPs.112 However the 

evolutionarily conserved shapes of viruses and bacteria motivate exploring NP shape as a 

potentially key factor in delivery efficacy.113–115 Recent advances in shape-specific NP 

manufacturing14,43,45,48,116 have facilitated the study uptake of a variety of NP shapes in 

various cell lines including ECs. Champion et al. showed that high aspect ratio particles 

are poorly uptaken in vivo by macrophages because of hydrodynamic shearing.117 Other 

elongated and compressed shapes have shown reduced uptake by cells compared to 

comparable spherical counterparts, displaying a negative correlation between aspect ratio 

and uptake rate.118–122 

Rods and disks have also shown different uptake trends from comparable spherical 

particles in several studies. Generally rods have been shown to be more uptaken than disks, 

followed by spheres.49,123–125 However a complex interplay between size, shape, and 

material composition of NPs make it difficult to establish extremely specific criteria which 

govern shape-specific particle uptake. Though contradictions have been reported, overall 

the published literature shows increased uptake of nonspherical NPs compared to spherical 

counterparts and that high AR particles (rods) are typically uptaken more than low AR 

particles (disks). However the exact nature of uptake is still unknown and the dependence 

on many factors other than shape could be responsible for inconsistencies between studies. 

Several modeling studies have been reported to better understand the effect of shape on NP 
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adhesion and uptake.126–131 However the complexity of the delivery environment is 

sufficient such that no model has accurately described the effect of shape on cell uptake or 

biodistribution.112  

1.4 MOTIVATION AND SCOPE OF THIS DISSERTATION 

Increasing our understanding of the important factors which govern NP 

margination, adhesion, and uptake will facilitate the improved ration design of NCs. 

Predicting the in vivo fate of an intravenously injected NP population, as well as the effect 

of tuning important NP characteristics such as size, shape, and surface chemistry, will 

allow for NPs of diverse formulations to treat an equally diverse set of diseases. However 

to date much of the research has described specific trends for specific NP-environ 

interactions limiting the predictive power of the deductions. In this dissertation, the 

margination behaviors of PS particles are studied in a bare glass microchannel in order to 

determine the effects various forces including gravity, Brownian, hydrodynamic, inter-

particle electrostatic, and van der Waals have on particles in order to understand 

contradictions in previous studies.  Moreover, PS NPs are delivered to shear-adapted ECs 

in a novel in vitro flow system in order to investigate the effect of shear stress and zeta 

Potential on their size-dependent uptake in ECs. Finally shape-specific PEG particles are 

delivered to shear-adapted ECs and compared to static uptake of identical particles in order 

to elucidate the importance of non-spherical NP tumbling on uptake in physiologically 

mimetic EC culture. 
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Chapter 2:  Size-Dependent Nanoparticle Margination and Adhesion 

Propensity in a Microchannel1 

2.1 INTRODUCTION 

Engineering a nanocarrier (NC) capable of delivering a payload preferentially to a 

tumor site is a challenge due to the complex dynamic nature of the transport and delivery 

environments in vivo. Additionally the micro/nano-scale physics of nanoparticle (NP) 

transport in a microvessel remains poorly described. Understanding the physics of NP 

motion in vitro as well as the factors governing its adhesion to a vessel wall is crucial for 

designing NCs that can preferentially migrate towards, and adhere to, tumors in vivo. In 

order for a NC to migrate from an intravenous injection site through successively smaller 

blood vessels into microcirculation, tumor vasculature, and eventually adhere to a diseased 

cell, it must tend to marginate radially toward the endothelial walls in vascular transport.62 

This propensity to marginate and adhere to vascular walls is an important factor in  rational 

NC design and has been shown to be desirable in improved NC delivery efficacy.42 

The margination of NPs is dependent on many NP properties including size. 

Spherical polystyrene (PS) nanospheres are commonly used to study NP margination due 

to their tight size distribution and high fluorophore activity for imaging. Using similar PS 

NPs controls for surface charge and density variations present in other studies as well since 

                                                 
1 Jurney, P. et al. Size-Dependent Nanoparticle Margination and Adhesion Propensity in a Microchannel. J. 

Nanotechnol. Eng. Med. 4, 031002 (2013). 
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the material is the same with a constant density of 1.05 g/cm3.132 The effect of spherical PS 

particle diameter on margination and adhesion propensity has been investigated in the 

context of parallel plate flow chambers (PPFCs). PPFCs encompass a broad class of 

experimental setups. In general they consist of a glass surface, often with a relevant cell 

culture, bonded to a polydimethylsiloxane gasket to define a rectangular cross section 

flow cell such that the flow field can be considered two-dimensional.  

The number of spherical particles adhered to the bottom wall of PPFCs has been 

characterized for diameters ranging from 20  µm down to 50  nm with varying 

experimental conditions. Decuzzi et al. studied the adhesion and margination behavior 

of spherical particles with diameters between 10  µm and 500  nm in a PPFC of height 

254  µm 8 0 . At a shear rate of 7.75  s - 1  and constant volume concentration, the 

percentage of particles marginating and adhering to the bottom surface increased with 

increasing particle diameter (𝑑) as 𝑑1.3.80 In a different study, Gentile et al. reported the 

margination of PS particles larger than 500  nm in diameter to the bottom wall was 

attributed chiefly to the gravitational force, while that of particles 50 to 200 nm was chiefly 

affected by particle-particle near-field forces.61 Based on a theoretical calculation, the 

margination of large particles is driven mainly by gravity with the volume adhered (Va) 

depending on Cd4, where C is the local number concentration of particles. This result is 

equivalent to a linear diameter dependence in the percentage of particles adhered to the 

wall. Keeping the total volume of particles injected constant by setting the injected 

particle concentration (C0) proportional to d-3, Gentile et al. observed that the volume 
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adhered- or the percentage of particles adhered- was proportional to d1.25 for particles 500 

nm to 10 µm,  approximately in agreement with the theory.61 Delivering particles with 

diameters between 50 nm and 200  nm at a constant volume concentration, Gentile et 

al. found the volume deposited to be proportional to d3.2 for constant C0.
61 Because Va is 

predicted to scale with d4 when C is constant and gravity is the dominant margination 

force, it was suggested that other forces play an increasingly important role in the 

margination of the sub-200  nm particles.67  

Due to the nature of the PPFC geometry, these reported relations are for particles 

sedimenting and adhering to the bottom surface of large flow chambers relative to 

human capillary diameters. In comparison, the percentage of particles injected at constant 

number concentration adhered to all four walls of a rectangular cross section PPFC with 

dimensions of 175  µm  b y 100  µm was shown to increase with decreasing particle 

diameter between 135 nm and 60  nm in a study reported by Toy et al.63 This result 

suggests that margination behavior to the bottom wall may be different from those to the 

other walls depending on the particle size. In their study Toy et al. used overall 

fluorescence on the channel walls to quantify uptake and therefore did not quantify the 

different margination behaviors to individual walls. 

In a complimentary modeling study to the work by Gentile et al., Lee et al. reported 

that Brownian diffusive force dominates NP margination rather than gravitational forces 

for particles smaller than 500 nm.62 In a modeling study considering electrostatic, van der 

Waals, steric, and buoyancy forces Decuzzi et al. found a critical radius of ~100 nm where 
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the margination time was the longest or the margination was the lowest.64 Carboni et al. 

point out in their review article however that no particle-particle interaction is taken into 

account in this model.56 Taking into account only particle-wall interactions then, does not 

account for the known effect of particle concentration on margination propensity. 

In experiments performed in a  model blood flow, Charoenphol et al. reported 

that for particles ranging from 100  nm to 10 µm adhesion generally increased for 

increasing particle diameter, wall shear rate, and channel height32. In another study 

performed in a red blood cell (RBC)-containing medium, Namdee et al. showed that 2 µm 

and 5 µm spheres marginated much more readily than 200 nm and 500 nm spherical NPs.65 

This result was attributed chiefly to the trapping of NPs in the RBC-dense core of the flow 

channel.65  

The shear rate has also been shown to be important in the overall margination 

characteristics of large particles in other studies as well.133 Toy et al. reported that 

increased shear rate decreased the margination propensity of NPs in their study.63 Using 2 

µm and 5 µm particles, Namdee et al. showed the same trend.65 Thomas et al. also showed 

the same decrease in margination propensity with increasing shear rate in a bifurcating 

microchannel.77 

Although the aforementioned experimental studies have revealed size effects 

on particle margination and adhesion behaviors, there is still a lack of clear understanding 

of the origin of the different trends observed. This chapter reports an experimental study 

that quantifies the different margination behaviors of 60-970  nm diameter PS spheres 
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to the top and bottom walls of microfluidic channels with a radial dimension of 35  µm , 

comparable to human venules and capillaries. Few RBCs are expected to be present 

in microcapillaries of a similar radial dimension in vivo. Hence, the experiments reported 

here have been conducted in a RBC-free solution. It has been found that the 970  nm 

particles marginate to the bottom wall much more than to the top wall due to gravity-

driven sedimentation. In comparison, smaller particles exhibit increasingly uniform 

margination due to Brownian diffusion. For a constant particle number concentration, 

the percentage of sub-micron PS spheres that marginate and adhere to the top 

channel wall increases with decreasing particle diameter down to at least 60  nm and 

follows a 𝑑-3 relation, suggesting that the same volume is delivered regardless of the 

diameter of the sub-970  nm particles. However, for constant volume concentration of 

particles in the flow, a clear diameter dependence of percentage of particles adhered 

was not observed. These results as well as the different trends reported in the literature 

are explained by examining the competition between the gravity, Brownian, 

hydrodynamic, and inter-particle electrostatic forces. Based on such analysis, the repulsive 

electrostatic force between adhered particles and particles in the flow, a factor that has not 

been emphasized in past studies, can play a large role in the size dependence of particle 

margination and adhesion behaviors.  
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2.2 MATERIALS AND METHODS 

2.2.1 Channel Manufacturing 

Half-elliptical cross section microfluidic channels were fabricated in soda lime 

glass wafers using photolithography and etching techniques. An isotropic wet etch 

defining the channel geometry produced a half-elliptical cross section with a 55  µm 

major axis and 35 µm minor axis. In order to manufacture half elliptical cross-section 

microfluidic channels, 100 mm diameter soda lime glass wafers with a thickness of 500 

μm (University Wafer) were first cleaned using a Piranha etch (37 % H2O2: 96 % H2SO4 = 

1:2 by volume) for 8 minutes followed by a 20 s diluted Hydrofluoric Acid bath (H2O: HF 

= 200:1 by volume) to removed native oxide. A schematic of the fabrication process is 

shown in Figure 2.1.  

  

 

Figure 2.1: Process flow for manufacturing half-elliptical cross-section microfluidic 

channels using soda lime glass wafers. 

 

Once cleaned, 700 nm of Cr was deposited on the soda lime glass wafer using a CHA Metal 

Evaporator. Hexamethyldisilazane (HMDS) was then vapor coated onto the sample in 



38 

 

order to promote adhesion of a photoresist (PR) layer. In order to reduce streak formation, 

AZ 4330-RS positive PR was spun from 0 to 4000 RPM at a ramp rate of 200 RPM/s for 

20 s then held at 4000 RPM for 30 s resulting in a 3.4 μm thick PR layer. The sample was 

then soft baked at 90 °C for 60s and patterned using a Karl Suss MA6 Mask Aligner at a 

constant power of 274 W for 17s. The sample was then developed in AZ 400K Developer 

diluted 1:4 in H2O 26 for 210s. A hard baking procedure was then performed in an oven at 

115 °C for 60s and allowed to cool to room temperature for 30 minutes in order to minimize 

thermal shock on the photoresist and prevent crack formation. The Cr layer was then etched 

using a Trion Oracle RIE etcher with Cl2 and O2 flown at 40 and 10 sccm respectively, RF 

power of 80 W, and pressure of 30 mTorr for 360s. A solution of H2O/ 49% HF/ 70% 

HNO3/ 37% HCl (= 18:2:1:4 by volume) was used to etch the semi-elliptical cross-section 

fluidic channel. An etch rate of roughly 1.2 μm/min was observed and half elliptical 

channels with long diameter 55 μm and short diameter 35 μm were obtained as shown in 

Figure 2.2A. Acetone was then used to remove the remaining photoresist and Cr etchant 

used to remove the Cr layer.  

Holes were drilled in an unpatterned wafer using a two-step drilling process to 

prevent wafer shattering. Inlet and outlet holes were first drilled using a Dremel MultiproTM 

handheld drill and a 0.5 mm drill bit. The holes were then expanded using a 0.9 mm drill 

bit. The inlet/outlet holes on the unpatterned wafer were aligned with the channels on the 

patterned wafer and placed between two flat alumina plates to prevent them from adhering 

to any fixtures during the bonding process. The plates were then placed in a furnace under 
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a metal weight to provide downforce in order to facilitate the desired bonding. The furnace 

was then heated at a ramp rate of 15 °C/minute to 680 °C and held for 15 minutes, the 

furnace was then cooled down at a rate of approximately 2 °C/minute. Finally, 0.99 mm 

outside diameter plastic tubing was inserted into each drilled hole and sealed with two part 

liquid epoxy.  

2.2.2 Flow Conditions 

Fluorescent PS nanospheres of diameter 970, 780, 390, 210, 93, and 60  nm 

functionalized with surface carboxyl groups (Bangs Laboratories, Fishers, IN) were used 

as model NCs. Particles were flown at either a constant particle concentration of 1.0±0.2 

x 109 particles/ml or at constant particle volume fraction of 3.1±0.6 vol. % through the 

glass microchannel. The solutions were placed in 1 ml syringes with 23 gauge needles 

attached. The needle was then inserted into the plastic tubing leading to the microfluidic 

channel. A syringe pump (New Era Pump Systems, NE-1000) controlled the volumetric flow 

rate and produced a flow rate of 15 µl/min for all studies except for the flow rate dependent 

study, where solutions were flown at 15, 25, or 35  µl/min. 

2.2.3 Fluorescence Imaging 

Images were taken of the top or bottom wall before the flow, at 1 s, and every 20 s 

for a total flow time of 360s. Representative florescence images of 93  nm particles 

adhering to the channel’s top wall at 20s and 360 s are shown in Figure 2.2B, When the 

flat surface of the channel constituted the top surface (anti-gravity direction), an upright 
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Olympus BX-41 fluorescence microscope and Qimaging Retiga-2000RV cooled 

monochrome camera was used for imaging particles adhering to the flat surface. When 

the flat surface of the channel constituted the bottom surface (sedimentation direction), 

an inverted Ziess Axiovert 200 M fluorescence microscope was used to image particles 

on the flat surface. All image processing was done using Qcapture Pro software.  

  

 

Figure 2.2 
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Figure 2.2: : (A) Cross-sectional scanning electron microscopy (SEM) image of 55x35 

µm2 channel used in experiments. (B) Fluorescence images taken at the 

region of interest, designated by the yellow rectangle, on the top channel 

wall after 93 nm polystyrene spheres were flown in the channel for 20 s 

(left) and 360 s (right). (C) Time dependent intensity profiles across the top 

channel wall in the region of interest perpendicular to the flow direction. (D) 

Total number of particles adhered to the top channel wall in the region of 

interest at each 20s intervals based on the measured intensity for a single 

experiment. 

 

2.2.4 Particle Adhesion Quantification 

Using each image obtained for particles larger than 93 nm, the number of particles 

adhered to the top or bottom wall of the 55  µm  x  120  µ m imaged region of the 

microchannel were counted. For 93 nm and 60  nm particles, where the number of 

particles adhering became very large, a particle quantification technique based on 

individual particle counting and fluorescence intensity was employed. A region of interest 

55  µm  x  17  µm  on the channel wall was designated as indicated by the yellow 

rectangle in Figure 2.2B. For the first three images, taken at 0, 20, and 40 s, fluorescence 

intensity profiles were gathered. The average intensity of the region of interest was then 

calculated based on the measured intensity distribution. For experiments with 93 nm and 

60  nm NPs, particles were counted for the 20s and 40 s time points. The average 

intensity at 20 s was subtracted from the average intensity at 40s to obtain an intensity gain. 

The ratio between the intensity gain and the number of additional particles adhered 

between the two time points was then calculated. This ratio was used to determine the 

number of additional particles adhering for the remaining time points based on the 
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measured average intensity gain. Figures 2.2C and 2.2D show the time dependent intensity 

profiles along with the correlated new particle adherence for the run of 93  nm particles. 

The number of particles in the 55  µ m  x  17  µm  region of interest was then multiplied 

by seven to account for the 55  µ m x  120  µ m full image area in order to maintain 

consistency with larger particle data. For data where the volume concentration of particles 

in the flow was maintained constant, a volume concentration of 3.1 ± 0.6 vol. % was used 

in order to retain the particle concentration for 390 nm particles as a benchmark. 

2.2.5 Verification of Adhesion Quantification Method 

In order to verify the accuracy of the fluorescence intensity counting method, it 

was used to count the number of particles in a run of 390  nm diameter particles for 20s 

and 40 s and then compared with the manual counting method for all time points. This 

was done because the 390  nm diameter particles are readily distinguishable as individual 

particles for all time points. Figure 2.3 shows the agreement between the two methods for 

one run of the 390  nm particles. In switching between imaging particle adherence to the 

top or bottom wall, the channel was cleaned using acetone, air, then DI water and 

inverted so that the flat surface was placed in the desired orientation.  
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Figure 2.3: Number of 390 nm particles adhered to the imaged surface for a single run 

based on the manual counting method and the intensity quantification 

method, respectively. 

 

2.2.6 Measurement of Zeta Potential 

The zeta potential of each particle size was measured in DI water using a Zetasizer 

Nano ZS (Malvern Instruments Ltd.). Cuvettes were prepared at a concentration of ~1x1011 

particles/ml for each particle size and zeta potential as well as size measurements were 

reported. 

2.2.7 Shear Stress Calculation in a Semi-Elliptical Cross Section Channel 

Because the viscosity of blood flow is higher than that of DI water used in our 

study, the flow rates used are larger than RBC flow rates reported in the literature, which 

vary from 0.03  µl/min134 to 2  µl/min135 for vessels of similar sizes. With the viscosity of 
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whole blood taken to be 3.5 mPa·_s,136 the shear stress in real blood vessels can be 

calculated from the Hagen-Poiseuille equation as high as 8.4  Pa.135 The shear stresses 

for the current study are estimated using the following equation from Bahrami et al.137 

 

 
𝜏 =

4𝜇(1 + 𝜖2)�̅�𝐴

𝑐2𝑃
 

(2.1) 

 

where 𝜏 is the mean wall shear stress, 𝜇 is the dynamic viscosity, 𝑐 is the minor axis of 

the half-ellipse, 𝜖 is the ratio of the minor to the major semi-axes, �̅� is the mean flow 

velocity, 𝐴 is the cross-sectional area, and 𝑃 is the perimeter of the channel. For the three 

flow rates used in the study, the calculated shear stress values are 13, 22, and 30  Pa 

respectively.  

2.3 RESULTS AND DISCUSSION 

2.3.1 Zeta Potential 

The zeta potentials of the 60, 93, 210, 390, 780, and 970  nm PS particles in DI 

water were measured to be -40.4, -46.4, -45.5, -41.2, -38.1, and -44.0  mV, respectively, 

with up to ±4.2  mV uncertainty.  

2.3.2 Transient Particle Adhesion 

Figure 2.4A shows a typical image of the top wall at 360 s for each of the particle 

sizes tested. In each case the trial began at t = 0 s with no particles adhered to the walls. 
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At t = 1s a number of particles adhered to the wall due to transient capillary pressure and 

wetting phenomena. This initial number varied between trials because the initial wetting 

is unsteady and the number of particles adhering during this period is likely dependent 

on the distance from the channel entrance. Because these particles are not relevant to the 

study of steady-state particle margination and adhesion propensity, they were subtracted 

from the total particle adherence data. For each particle size the number of particles 

adhered was found to saturate over time. This saturation trend was consistent across trials 

as well as with that observed in previous particle deposition studies.63,67 After some time 

of sustained new particle deposition, the deposited particles become populated on the 

wall surface preventing new particles from adhering to the wall because of the near-

wall and inter-particle repulsive force of these negatively charged particles. 
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Figure 2.4 
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Figure 2.4: (A) Representative fluorescence images of the top channel wall after 360 s 

of continuous particle flow in 55 µm-wide channels for each nanoparticle 

size tested at a shear stress of 13 Pa. (B) The number of adhered particles 

(ΔNsat) normalized by the number of particles in the margination volume as 

a function of time for a constant particle number concentration of n = 

(1.0±0.2) x 10-9 ml-1. (C) The volume of adhered particles (ΔVsat) 

normalized by the volume of particles in the margination volume as a 

function of time for a constant particle volume concentration of ϕ = 3.1 ± 

0.6 vol. %. (D) Percentage of particles adhered as a function of diameter for 

constant n = (1.0±0.2) x 10-9 ml-1 (filled symbols) or constant ϕ = 3.1 ± 0.6 

volume % (unfilled symbols). The data for constant n = (1.0±0.2) x 10-9 ml-1 

can be fitted with a relation of Na/Nmar = (7x109)d-3 (line). (E) The volume 

of particles adhered to the 55x120 µm2 imaged section of the top wall as a 

function of diameter for constant n = (1.0±0.2) x 10-9 ml-1 and constant ϕ = 

3.1 ± 0.6 volume %. For all plots, the error bars indicate the random 

uncertainty with a confidence interval of 95%. 

 

 

Figure 2.4B shows the number of particles adhered to the top wall normalized by 

the number of particles in the margination volume (Na/Nmar), which is defined as the 

volume of fluid in the channel section above (or below) the 55  µm x  120 µm imaged 

region of the flat wall, as a function of time for a constant particle number concentration 

of N = 1.0±0.2x 109ml-1. Figure 2.4C shows the volume deposition normalized by the 

volume of particles in the margination volume (Va/Vmar) for a constant particle volume 

concentration ϕ=3.1±0.6 vol. % in the flow. Data for 970  nm particles are not included 

in Figure 2.4B and 2.4C because no adhesion was observed on the top wall.  

2.3.3 Saturated Particle Adhesion 

An additional set of parameters of interest, ΔNsat and ΔVsat, are the steady-state 

saturation values for the normalized number and volume of particles adhered to the 
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channel wall after 360s, respectively. The values of ΔNsat and ΔVsat are plotted in 

Figure 2.4D and 2.4E for different cases. Each particle size was flown, imaged, and 

quantified four times except for the 60 nm and 93  nm particles, which were measured 

six times each. The error bars represent the random uncertainty exhibited in the multiple 

measurement results with a 95% confidence interval. For the case of a constant particle 

number concentration, the percentage of particles adhered to the top wall shows a 𝑑 -3 

power law dependence on the particle diameter (𝑑), as shown in Figure 2.4D. However, 

for the case of constant volume concentration no discernable trend can be observed 

from the result in Figure 2.4D. In addition, Figure 2.4E shows no clear diameter 

dependence in the volume of particles adhered to the wall for either a constant particle 

number concentration (n = const) or a constant particle volume concentration (ϕ  = const) 

at steady state. 

2.3.4 Adhesion to the Top and Bottom of a Microchannel 

Figure 2.5A shows the total number of particles adhered to the flat side of the 

channel when it constitutes the bottom (B) and top (T) surface of the microchannel, 

respectively. The data are for all six nanoparticle sizes considered in this study, each after 

360 s of flow. The 970  nm particles were found to adhere only to the bottom wall but not 

to the top wall. In comparison, the difference in adhesion to the top and bottom walls is 

within the measurement uncertainty for a l l  smaller particle sizes. Figure 2.5B suggests 

that total particle deposition is not affected significantly for the range of shear stresses 

for any of the particle sizes tested. 
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Figure 2.5: (A) Total particle adhesion for the top and bottom walls after 360 s of 

continuous flow. The bars above “T” are the data for the top wall while 

those above “B” are the data for the bottom wall. (B) Total particle adhesion 

of different sized nanoparticles to the top wall of the microchannel at 

different flow rates maintaining constant particle concentration of 1x109 

particles/ml. 

 

2.3.5 Force Analysis on a Marginating Nanoparticle 

We first examine the observed difference in total particle deposition between the 

top and bottom walls for the largest particle size of 970nm. The relevant forces that 

induce or retard margination for submicron particles far away from the wall include hydro-

dynamic, gravitational, Brownian, electrostatic, and van der Waals forces. The 

hydrodynamic force on sufficiently small particles to keep them on streamlines can be 

approximated as62 

 

 
𝐹𝐻 =

5

2
𝜋𝜇𝑑2�̇� 

 (2.2) 
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where �̇� is the shear rate. The gravitational force acting perpendicular to the horizontal 

channel wall is given as62 

 

 
𝐹𝐺 =

1

6
𝜋𝑑3𝜌𝑝𝑔 

(2.3) 

 

where 𝜌𝑝 is the difference in density between the particle and water, and 𝑔 is the 

acceleration due to gravity. The Brownian force acts in random orientations on the 

particles and is given as62 

 

 
𝐹𝐵 =

𝑘𝐵𝑇

𝑑
 

(2.4) 

 

with 𝑘𝐵 and 𝑇 being the Boltzmann constant and temperature, respectively. The van 

der Waals force between two spheres of the same size is approximated as 

 

 
𝐹𝑉𝑑𝑊 =

𝐴𝑑

24𝑠2
 

(2.5) 

 

where 𝑠 is the separation distance between particles in solution and A is the Hamaker 

constant for PS spheres separated by water and is equal to 0.95 x 10-20.138,139 

Coulomb’s law gives the electrostatic force between two charges as138 

_ 
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𝐹𝑐 =

𝑞1𝑞2
4𝜋휀0ℎ2

 (3.2) 

 

where 휀0 is the vacuum permittivity, 𝑞 is the charge, and ℎ is the separation distance. 

The charge of a sphere of diameter (𝑑), zeta potential 휁, Debye layer thickness 𝛿, and 

dielectric constant 휀𝑟 is given by the following expression140 

 

 
𝑞 = 휁 [

𝛿 + 𝛿/2

𝛿
] 2𝜋휀0휀𝑟𝑑 

(3.2) 

 

In Figure 2.6A, these forces are plotted as a function of the diameter of submicron 

polystyrene spheres for a shear rate of 500 s-1. For particles with diameters of 780  nm 

and smaller, the Brownian force, responsible for isotropic particle margination, 

dominates over the gravity force that drives particle sedimentation as well as van der Waals 

and electrostatic repulsion. Hence, for these small particles, we have found little difference 

between the particle margination to the top wall and bottom walls. 

 



52 

 

 

Figure 2.6: (A) The hydrodynamic, Brownian, gravitational, van der Waals, and 

electrostatic forces as a function of diameter for submicron polystyrene 

spheres in DI water at a shear rate of 500 s-1 at a constant particle number 

concentration of 1x109 particles/ml. The electrostatic force shown is that 

between adjacent particles in the flow. (B) Electrostatic repulsive force 

between a marginating particle in the fluid and the adhered particles on the 

wall when the volume of the adhered particles is taken to be 3.46x10-4 m3 

adhered per m2 channel wall area and the zeta potential is taken to be -

42mV. 

 

The gravity force increases and the Brownian force decreases with increasing 

diameter and become comparable to each other at a diameter of about 1  µm . Because 

of a relatively large gravity force, the 970nm particles were found to adhere much more 

to the bottom wall than the top wall. The 𝑑1.25 and 𝑑1 . 3  dependences reported by Gentile 

et al.61 and Decuzzi et al.80. for the percentage of large particles delivered to the bottom 

wall can also be attributed to this gravity effect.  
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2.3.6 Electrostatic Force between a Marginating Nanoparticle and a Bed of Adhered 

Nanoparticles 

Electrostatic forces repel particles from each other and result in increased lateral 

migration of particles. A calculation of the distance between particles in the flow 

reveals that the average distance would be approximately 10 µm at n =1.0 ± 0.2 x 

109ml-1.  Based on the constant value for n and the average zeta potential of -42 mV, the 

inter-particle electrostatic force increases with particle diameter. However, the calculated 

electrostatic force between adjacent particles in the flow is still much smaller than the 

Brownian, gravitational, and hydrodynamic forces for the particle diameter range studied 

here. Moreover, van der Waals interactions are also shown to be several orders of 

magnitude below all other forces considered here and thus do not affect the margination 

propensity of the submicron particles in this study. The 𝑑-3 dependence in particle 

margination for the constant particle number concentration case can be attributed to a 

dominant Brownian force, which is inversely proportional to 𝑑.  

However, consideration of only the five in-flow forces shown in Figure 2.6A is 

insufficient to explain the lack of a clear diameter dependence in the percentage of 

particles adhered for the case of a constant particle volume fraction (Figure 2.4E), as well 

as in the volume of particles adhered for either a constant particle number concentration 

or a constant particle volume concentration Figure 2.4F). Hence, other forces need to be 

considered, especially those affecting the near-wall attachment behavior of submicron 
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particles. These forces may include van der Waals forces, colloidal fluid forces, and other 

electrostatic interactions between particles in the flow and on the wall.  

Modeling the interparticle repulsion, we have used the average zeta potential 

value of -42 mV to calculate and plot in Figure 2.6B the electrostatic force between a 

particle in the fluid and adhered particles on the wall as a function of separation distance 

(h) between the marginating particle and the wall. The calculation is based on the 

assumption that a new particle marginates into the most energetically favorable location 

on a uniform bed of adhered particles arranged into a square lattice, as shown in Figure 

2.7. The force plotted in Figure 2.6B is the cumulative electrostatic repulsive force 

between the settling particle and its first, second, and third nearest neighbors among the 

adhered particles. With the volume of particles adhered on the wall in the imaging area 

kept constant at 2.28 µm3 of particles per 6600 µm2 of wall area, Figure 2.6B shows that 

the repulsive electrostatic force acting on a marginating particle increases with decreasing 

diameter when the particle is close to the wall, although an opposite diameter dependence 

is observed when the particle is far away from the wall. The nearest neighbor distance 

between the 60 nm particles attached to the wall is as small as 0.5 µm, which is much 

smaller than the interparticle distance of ~10 µm in the flow under a constant particle 

concentration of n =1.0 ± 0.2 x 109ml-1. Hence, Figures 5A and 5B show that the 

electrostatic force between a marginating particle and adhered particles is 5 orders and 1 

order of magnitude larger than electrostatic repulsive force between adjacent particles in 

the flow for 60 nm particles and 970 nm particles, respectively, when the marginating 
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particle is within a particle diameter from the wall. Within this distance, the magnitude of 

the near-wall repulsive force preventing adhesion is comparable to the Brownian force 

driving the particle margination. Hence, although Brownian force drives the small 

particles toward the wall, the repulsive electrostatic force from the adhered particles on 

the wall increases with decreasing particle diameter when the volume of the adhered 

particles is the same. This competition results in the lack of a clear diameter dependence 

of the volume of the particles adhered on the wall. 

 

Figure 2.7: Schematic of a particle approaching the channel wall saturated with adhered 

particles arranged in a square lattice. The nearest neighbor distance of the 

adhered particles is L. The smallest distance between the marginating 

particle and the channel wall is h. The distance between the marginating 

particle and an adhered particle is r. 
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2.4 CONCLUSIONS 

These experimental results show that the gravity force results in preferential 

margination of polystyrene spheres of 970 nm diameter to the bottom wall, whereas the 

margination of smaller polystyrene spheres is isotropic because the Brownian force driving 

particle margination dominates over the gravity force. The Brownian force increases with 

decreasing particle diameter, resulting in increasing particle margination with decreasing 

particle diameter. However, for the same volume of particles adhered on the wall and the 

same zeta potential on the particles, the repulsive electrostatic force between a near-wall 

particle in the fluid and the particles adhered on the wall increases with decreasing diameter 

and prevents additional adhesion of small particles. Because of the competition between 

the Brownian force and the electrostatic forces, no clear diameter dependence of the 

volume of particles adhered to the top wall is observed, which also gives rise to the 

observed d-3 dependence in the number of adhered particles. These results reveal the 

importance of electrostatic force in the margination dynamics of NPs near the channel wall. 

Based on this finding, variation of zeta potential on the particle and wall surface could have 

been responsible for the discrepancies between different reports including the current work.  
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Chapter 3:  Size-Dependent Nanoparticle Uptake by Endothelial Cells 

in a Capillary Flow System 

3.1 INTRODUCTION 

 

Nanoparticles (NPs) as drug carriers were first approved for clinical treatment of 

cancer in 1995 and since that time improving the efficacy of NP-based treatments has been 

an active area of research.141 A large number of NP properties affect their delivery efficacy 

in vivo including the particle shape, size, material composition, and surface chemistry.142–

144 Because the endothelium is the inner-most layer of circulatory vessels in vivo, and 

therefore interacts first with constituents such as NPs in intravascular flow, endothelial 

cells (ECs) have been identified as targets for systemic treatments through intravenous (IV) 

injection.145 The effect of NP size on margination, adhesion, as well as uptake by ECs has 

been studied in static culture as well as various flow systems both with and without 

cells.146–148 In addition to the NP properties affecting delivery efficacy, the behavior of ECs 

encountered by the particle on its venous journey also affects the ultimate delivery efficacy 

of the injected NP population. In vitro cell culture models offer the unique ability to study 

isolated, cell line-specific populations in a highly controllable physical model. These in 
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vitro models have traditionally consisted of ECs cultured in a well-plate configuration 

under a quiescent fluid. In the case where fluid flow is introduced above the cell culture, 

dynamic in vitro models tend to vary in their specific characteristics. Generally these 

platforms should be mimetic of the in vivo delivery environment in order to better 

characterize NP-cell interaction. Improving the understanding of NP margination and 

uptake behavior first in static culture and non-biological microfluidic environments 

followed by dynamic in-vitro models offers the potential for increased drug delivery 

efficacy and therapeutic benefit.  

Non-biological microfluidic platforms to study NP dynamics offer a reduced model 

of more complex dynamic cell culture systems which include both cell culture and fluid 

flow. Without cells, these platforms have shown various trends relating to their physical 

properties and propensity of NPs to marginate and adhere to the wall of a channel. The 

margination and adhesion characteristics of NPs in various microfluidic platforms have 

been shown to depend on size, shape, concentration, surface chemistry, channel height, and 

shear rate.98,149,150 Because of the many factors involved, various trends have been reported 

in experiments performed under different flow situations and conflicting trends are 

attributed to different specific factors. Gentile et al. reported that spherical particles larger 

than 500 nm marginate and adhere to the bottom surface more than smaller ones due to 

gravity effects.61 In a complementary modeling study, Lee et al. reported that Brownian 

diffusive force dominates NP margination rather than gravitational forces for particles 

smaller than 500 nm.62 In addition, Toy et al. found that smaller particles (below 200 nm) 
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adhere more rapidly than larger ones; agreeing that the Brownian force, which scales as the 

inverse of the diameter of the particle, was responsible for increased margination of smaller 

particles.63 Antithetically, when considering electrostatic, van der Waals, steric, and 

buoyancy forces Decuzzi et al.  found a critical radius of ~100 nm where the margination 

time was the longest or the margination was the lowest.64 However no particle-particle 

interaction is taken into account in this model, just particle-wall interactions.56 Gentile et 

al. showed experimentally that the margination of particles larger than 500 nm is affected 

chiefly by gravity, while that of particles 50 nm to 200 nm was chiefly affected by particle-

particle near-field forces.61 Jurney et al. showed that when delivered at a constant volume, 

no discernable relationship with NP size was found to the surface of a sub-100 µm glass 

capillary. This result was attributed to a competition between increased margination of 

smaller particles due to diffusion and increased particle-particle repulsion between smaller 

particles in the flow and particles adhered to the wall146. In addition, Kona et al. used 

poly(d,l-lactic-co-glycolic acid) (PLGA) NPs on a von Willebrand factor (vWF)-coated 

surface to show that in the size range between 200 nm and 1 µm smaller particles adhere 

more than larger ones and that decreased shear stresses result in increased particle 

adhesion.105 NP margination and adhesion to a surface therefore is dependent on a number 

of factors to varying degrees for different situations, and it is necessary to adequately 

describe the minutiae of a given experiment while reporting the observed trends related to 

NP size. 
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NP uptake by ECs in static cell culture has also been investigated previously. The 

uptake behavior has been shown to be dependent on a number of factors including NP size, 

shape, rigidity, and surface charge42,142,143 as well as concentration and incubation time.88 

Uptake has been shown to increase with decreasing particle size down to approximately 

100 nm in static EC culture.108 For example Lin et al. showed that 100 nm polystyrene (PS) 

beads are uptaken more than larger ones in static culture for NPs 100 nm to 1 µm in 

diameter.108 However there are many functional differences between static cell cultures and 

in vivo cell populations. These factors include substrate moduli, multiple cell line 

interactions, cyclical strain, vessel size, and shear stress.97,151–155 Shear stress in particular 

has been shown to be an important regulator of a diverse and growing number of biological 

processes including atherosclerosis, thrombosis, and vascular regeneration.91–93 

To elucidate the complex role that shear stress has on EC function and consequently 

NP-cell interaction, various flow systems have been demonstrated in order to study 

cultured cells in this dynamic environment.50,51,103–105 These flow systems vary in their 

approaches to applying shear stress. The most common strategies involve parallel plate 

flow chambers (PPFCs). PPFCs consist of one or more surfaces functionalized and cultured 

with ECs, which are placed in a channel configuration through which media can be flown 

and shear stress is applied. Particles are then injected into the media and are exposed to 

cultured cells on the bottom of the channel. Using PPFCs several groups have shown that 

the uptake of various NPs by EC lines, including 100 nm PS spheres, decreases with 
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increased shear stress, but no size-dependent uptake was investigated under shear in these 

studies.104,105,108 

In several other experiments, uptake of NPs of different sizes and with biomolecular 

labeling has been investigated in a flow chamber. Han et al. showed that 180 nm PS spheres 

labeled with platelet endothelial cell adhesion molecule (PECAM-1) targeting antibody are 

uptaken less efficiently at 5 dynes/cm2 than in static culture.51 In an in vivo-in vitro 

comparison study, Bhowmick et al. showed that endocytosis of 180 nm intercellular 

adhesion molecule (ICAM-1) activated PS spheres by the pulmonary endothelium in mice 

was similar to uptake in their dynamic culture of HUVECs, and that uptake was faster 

under lower shear stress.50 Finally, Charoenphol et al. showed that the binding efficiency 

of sialyl Lewisa-coated PS spheres from blood flow to ECs increased with increasing 

particle size from 100 nm to 10 µm and that 100 nm and that 500 nm particles exhibited 

minimal adhesion in all PPFC orientations when compared to micron-sized particles32. The 

major distinction in that study is that particles were suspended and delivered in whole 

blood. While the size-dependent adhesion of NPs by ECs under flow conditions has been 

investigated to determine the effect of labeling NPs with targeting moieties, the passive 

effect of size dependence in uptake of NPs without targeting moieties has not been 

investigated and compared to static uptake models. 

In addition, many of the past studies have been conducted in either static culture or 

PPFCs, where gravity plays an important role influencing the margination and uptake 

behaviors. Further development of in vitro culture systems to better mimic the conditions 
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in vivo are necessary in order to move towards a better understanding of NP delivery in 

vivo. In particular, in-depth studies are needed to identify important differences between 

cell and non-cell containing microfluidic platforms and their effects on NP margination 

and adhesion. 

In this work we demonstrate a novel in vitro culture system for studying the 

behavior of shear-adapted ECs and the gravity-independent uptake dynamics of NPs. 

Human Umblical Vein Endothelial Cells (HUVECs) are cultured in glass capillaries with 

a 100 µm radius under shear stress so that they are physically more mimetic of ECs in vivo 

than those cultured in static conditions. Similar to reported findings from static uptake in 

vitro models, smaller PS nanospheres are found to be uptaken more than larger ones in the 

current micro-capillary system under shear stress. The agreement between uptake of NPs 

in this size range for static and dynamic EC cultures has not been previously reported. In 

contrast, when CAM-mediated endocytosis was shown to be the dominant uptake 

mechanism due to particle labeling, Charoenphal et al. report that 500 nm particles are 

more uptaken than 100 nm particles when delivered at constant volume in a PPFC32. In 

addition, the size dependence observed here for NP uptake by ECs differ from the lack of 

size dependence reported in Chapter 2 for NP margination to the surface of similar glass 

microcapillary surface without cells.146 These differences suggest that that the cellular 

factors determining NP uptake play an important role influencing delivery efficacy. In 

particular, the zeta potentials of the NPs used in this study are shown to be reduced in 

serum-containing cell media, which suggests that in vitro the particle-particle repulsive 
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force is diminished. While the lack of size dependence in the observed margination to bare 

glass microcapillary surface is attributed to such repulsive force, the decreased repulsive 

effect may contribute to increased uptake of smaller NPs by HUVECs. 

3.2 MATERIALS AND METHODS 

3.2.1 Cell Culture 

 HUVEC (ATCC) cells were cultured in MCDB 131 medium (Life Technologies) 

supplemented with 10% fetal bovine serum (Characterized FBS, Hyclone) and 1% 

antibiotics (penicillin and streptomycin, Invitrogen) and further supplemented with EGM2 

Supplement and growth factor kit (Lonza Inc.). Glass capillary tubes (Polymicro 

Technologies) with an inner diameter of 200 µm were incubated with Fibronectin (10 

µg/mL; Sigma-Aldrich) for 1 hr at 37 ⁰C. The HUVECs were then trypsinized, pelleted, 

re-suspended in cell medium, and seeded in glass capillary tubes at a density of 5x105 

cells/ml. The seeded capillary tubes were then placed in an incubator at 37 ⁰C and 5% CO2 

for 1 hr to allow the cells to adhere to the capillary wall. A peristaltic pump attached to the 

capillary tubes was then turned on at a flow rate of 78 µl/min, resulting in the 

physiologically relevant shear stress of 12 dynes/cm2 according to the following equation 

for Poiseuille flow,  

 

 
𝜏𝑤 =

4𝜇𝑄

𝜋𝑟3
 

(3.1) 
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Cells were then monitored using a bright field microscope until confluent culture inside of 

the capillary was observed after several days as shown in Figure 3.1A.  

 

Figure 3.1: (A) Optical cross-section of a capillary tube with inner radius of 100 µm 

showing confluent HUVECs on the vessel walls. (B) HUVECs cultured in a 

flat-walled microchannel with no flow. (C) HUVECs cultured in a flat-

walled microchannel with a shear stress of 12 dynes/cm2 and the flow 

direction moving left to right. 
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Figure 3.1B shows HUVECs cultured on a flat surface under static conditions without a 

flow. Figure 3.1C shows HUVECs cultured at a shear stress of 12 dynes/cm2. Once a 

confluent population of ECs was cultured inside of the glass capillaries, PS nanospheres 

were added to the media reservoir at equal fluorescence intensity according to their size as 

shown in Figure 3.2. Particles were then allowed to flow continuously through the system 

for 12, 24, or 48 hours. 
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Figure 3.2: (Top) Picture of flow setup with a peristaltic pump providing a shear stress 

of 12 dynes/cm2 in glass capillary tubes. (Bottom) Schematic of the inlet and 

outlet capillary tubes of the dynamic cell culture system. Media and 

nanoparticles (when used) are drawn through the inlet and flow over 

HUVECs cultured on the capillary surface, as indicated by thick dashed 

lines, then returned to the reservoir in a closed-loop system. O2 and CO2 are 

allowed to diffuse through the top surface of the reservoir. 
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3.2.2 Flow Cytometry 

 For quantification of NP uptake, flow cytometry was used after particle delivery. 

Cells were first removed from the glass capillaries using 0.25% trypsin-EDTA (Life 

Technologies), washed with phosphate buffer saline (PBS) and re-suspended twice in order 

to remove any particles from the supernatent as well as the cell surfaces. Flow cytometry 

on these samples was carried out using Accuri C6 cytometer (BD Accuri). Change in 

median fluorescence was calculated based on the fluorescence intensity of each cell 

harvested from the capillary tube using a minimum of 1000 cells. At each time point 

background fluorescence was measured using untreated cells at that time point, as shown 

in Figure 3.3A, and subtracted from fluorescence profiles obtained for a cell population 

exposed to particles similar to Figure 3.3B. The median fluorescence intensity of each data 

set was calculated and the difference labeled as median fluorescence increase. Here the 

median was chosen instead of the mean in order to reduce the effect of a small number of 

data points which have very low fluorescence intensity and would affect the mean 

disproportionately. At time t = 0 hours particle uptake was taken to be zero. 
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Figure 3.3: Fluorescence intensity profiles of HUVEC cell populations after 12 hours of 

flow (A) without nanoparticles and (B) with 100 nm nanoparticles. 

 

3.2.3 Zeta Potential Measurements 

 In order to measure the zeta potential, samples were prepared in either MCDB 131 

medium (Life Technologies) supplemented with 10% fetal bovine serum (Characterized 

FBS, Hyclone) and 1% antibiotics (penicillin and streptomycin, Invitrogen) and further 

supplemented with EGM2 Supplement and growth factor kit (Lonza Inc.) or non-serum 
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containing MCDB 131 medium (Life Technologies). Each NP solution was sonicated for 

30 seconds before suspension in media to assure monodispersity in the sample and zeta 

potential was measured using a Zetasizer Nano ZS (Malvern Inc.). 

3.2.4 Determination of Cell Orientation 

To determine cell orientation the images in Figure 3.1B and 3.1C were imported 

into ImageJ (NIH freeware). Individual cells were outlined by hand and a best fit ellipse 

was superimposed onto each cell. The major and minor axes of each ellipse along with the 

orientation angle relative to the flow direction was then determined. For all cells the angle 

offset was measured with respect to an axis perpendicular to the direction of the flow. 

Therefore a cell angle offset of 90° signifies perfect alignment with the applied shear stress. 

3.3 RESULTS AND DISCUSSION 

The anisotropic alignment of the cells cultured in static conditions, as in Figure 

3.1B, is shown in Figure 3.4A. The random orientation of cells cultured in these conditions 

indicates population-level structural differences when compared to HUVECs cultured at a 

shear stress of 12 dynes/cm2 as shown in Figure 3.1C. The orientation of cells cultured 

under these conditions is shown in Figure 3.4B. This difference indicates that the shear 

stress used here was sufficient to induce alignment changes in the cells making them more 

physiological than static cultures.  
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Figure 3.4: Orientation angle of cells in Figure 1B, cultured in static conditions (A). 

Orientation angle of cells in Figure 1C, cultured with a shear stress of 12 

dynes/cm2 (B). 

 

The uptake data for 12, 24, and 48 hour NP uptake is shown in Figure 3.5. It shows 

that at all three time points, smaller particles are uptaken more than larger ones. 

Specifically, 100 nm PS spheres are uptaken more than 200 nm beads, which are uptaken 

more than their 500 nm counterparts. Figure 3.6 shows that the zeta potential of each 

particle size is reduced by at least 50% in serum-containing media as compared to non-

serum containing media. For larger particles this factor increases and is over 100% for 500 

nm particles. 
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Figure 3.5: Nanoparticle delivery to HUVECs in dynamic culture system at different 

time points up to 48 hours. Particles were delivered at constant volume 

concentration and error bars represent the random uncertainty with a 95% 

confidence interval for three measurements. 

 

 

The data in Figure 3.5 is consistent with studies in static cell culture which report 

smaller particle sizes in the 100 nm size range tend to be more uptaken than larger 

ones.89,144,156 After 24 hours there is an apparent reduction in NP uptake compared to 

previous time points. This can be explained as an interaction between cell division and NP 

uptake capacity. Upon cell division internalized NPs are randomly distributed among 

daughter cells.157,158 This phenomenon effectively reduces the NP fluorescence per cell by 
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one half on average per divided cell. Various cell lines have also shown different NP uptake 

capacities which have resulted in a similar decrease in apparent uptake at longer time 

points.159 Despite quantitative similarities between previous static NP uptake and the data 

in Figure 3.5, in dynamic culture and serum-containing media the delivery environment is 

more complex with multiple competing phenomenon determining uptake efficacy. These 

factors include in-flow particle dynamics and NP-cell surface forces. 

  

Figure 3.6: Nanoparticle Zeta potential in serum-containing media (black) and base 

media without serum (grey). 
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3.3.1 In-Flow Particle Dynamics 

Attempts to describe the forces that affect NP migration to the periphery of a 

microchannel, or margination, have included several competing mechanisms. 

Hydrodynamic drag, buoyancy, particle-particle repulsion or attraction (aggregation), and 

Brownian motion-driven diffusion all govern various aspects of particle margination. 

These forces act in various directions with respect to the vessel wall. For the purpose of 

studying margination leading to uptake, the component of the force perpendicular to the 

vessel wall is most relevant. In typical in vitro models these forces act in the same direction 

for the entire delivery event (e.g. gravity-driven sedimentation to the bottom of a channel). 

The directional dependence on margination propensity has however been studied by 

altering the orientation of the channel in multiple experiments. Due to the complex 

geometry of human microcirculation, this is not the case in vivo, and margination behavior 

varies from straight channel behavior at bifurcations and bends. Interestingly Cho et al. 

have shown that sedimentation direction and channel orientation must be accounted for in 

NP delivery using gold NPs and human breast cancer cells in static culture.160 Additionally 

for gold NPs 30 nm and smaller Grabinsky et al. report that diffusion and gravity are 

important forces governing uptake in static culture, but that only diffusion is important at 

physiological flow rates.161 

In the setup reported here the quarter-circle profile of the capillary tube allows for 

forces acting parallel to the vessel wall at the inlet such as the gravitational force to 

gradually increase their component perpendicular to the wall as the NP travels through the 
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capillary tube. The component perpendicular to the wall is then at a maximum at the outlet. 

The curved geometry captures more general geometric properties of transport vessels in 

vivo than a typical PPFC or static delivery system. For the NPs used in this study, Brownian 

motion has been shown to be an important factor for margination relative to other forces 

considered, specifically hydrodynamic drag and sedimentation.146,162 Since this diffusive 

force acts in a random direction and scales with the inverse of the diameter, its relative 

contribution can be controlled by varying the NP diameter but is not affected by the 

channel’s profile geometry.  

3.3.2 Nanoparticle-Cell Surface Forces 

In addition to surface charge and materials differences between the delivery surface 

in sterile and cell culture PPFCs, charged NPs which are exposed to biological fluids 

including blood and serum-containing cell media are rapidly coated in a layer of 

biomolecules which adsorb onto its surface. This layer of biomolecules, which affects the 

particle-particle as well as particle-wall near field forces, is known as a ‘protein corona’. 

The protein corona has been shown to reduce NP adhesion to the cell membrane as well as 

reduce uptake efficacy in multiple cell lines163,164. The corona also has specific targeting 

effects and has been shown to alter the uptake mechanism employed by a cell165–167. When 

delivered in whole blood and coated with sialyl Lewisa, larger PS spheres were found to be 

more uptaken than smaller ones including 500 nm and 100 nm NPs.32 For these labelled 

particles, CAM-mediated endocytosis was found to be the dominant uptake mechanism 
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employed by the ECs and was affected by both the biomolecular label as well as the unique 

protein corona from whole blood. 

Once adhered to the surface of the cell, a NP either remains there to be sheared off 

or is uptaken by one of several cellular internalization methods: phagocytosis, receptor-

mediated endocytosis, or pinocytosis. The NP size-dependence on cell uptake has been 

studied extensively and is summarized in a recent review paper.168 The protein corona has 

the effect of lowering the zeta potential of the NPs as shown in Figure 3.6. 

Two mechanisms appear to increase the number of NPs that adhere to the cell 

surface over the course of the delivery time. First the zeta potential of the NPs is reduced 

by biomolecular adsorption, which reduces the overall particle-particle repulsive force 

allowing more particles to be adhered on the cell surface at a given time. Since the 

electrostatic repulsive force between two like charges is proportional to the square of the 

charge according to Coulomb’s Law, 

 

 
𝐹𝑐 =

𝑞1𝑞2
4𝜋휀0ℎ2

 
(3.2) 

 

where q is the charge , ε0 is the vacuum permittivity, h is the separation distance and the 

charge of a spherical particle of diameter 𝑑 is linearly proportional to the zeta potential (휁) 

according to. 
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𝑞 = 휁 [

𝛿 + 𝛿/2

𝛿
] 2𝜋휀0휀𝑟𝑑 

(3.3) 

 

where 𝛿 is the Debye layer thickness and 휀𝑟  is the dielectric constant. Hence, the overall 

repulsive force between the two charges scales as the square of the zeta potential, or 𝐹𝑐 ∝ 

휁2. For the differences in zeta potential shown in Figure 3.6, this trend leads to a four-fold 

difference in repulsive force between two 500 nm particles, depending on their suspension 

in either serum or non-serum containing media. The effect of this particle-particle repulsive 

force diminishes as the concentration of particles in the flow and on the surface decreases. 

Any NPs that are being trafficked and internalized by the cell membrane no longer repel 

similarly charged particles attaching from the bulk flow as was the case with NPs adhering 

to a non-biological surface. Particles remaining on the delivery surface eventually result in 

saturation as depicted in Figure 3.7A. Studying the delivery propensity in this case may be 

better described as a surface packing problem rather than a size-dependent delivery 

efficacy once the surface is saturated. However if the particles are internalized by the cell 

as depicted in Figure 3.7B, new cell surface is exposed and particles in the flow are no 

longer repelled by similarly charged particles adhered to the surface. Therefore NP uptake 

efficiency has a direct effect on the number of NPs which can attach to the cell surface and 

trigger additional uptake. Uptake, then, will lead to more particle adhesion than the case 

where no NP cycling is occurring. These two factors result in particle-particle repulsive 

forces on the surface being reduced from the glass wall scenario discussed in Chapter 2.  
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Figure 3.7: Depiction of (A) Nanoparticles adhered to a saturated surface retarding new 

NP adhesion; (B) Nanoparticles on an active surface being trafficked and 

creating new surface for additional particles to adhere. 

 

3.4 CONCLUSIONS 

Through these experiments we have demonstrated an in vitro EC culture system in 

glass micro capillaries to characterize nanoparticle uptake in HUVECs under constant 

shear stress. The results show that smaller PS spheres are uptaken more than larger ones at 

12, 24, and 48 hour time points for sizes ranging from 100 nm to 500 nm. While the trend 

is similar to those observed in a static cell culture, it differs from the NP margination 

behavior to bare glass microcapillary as well as targeted delivery of labelled particles in 

whole blood. The difference suggests that NP surface properties and particle uptake by 

cells both play an important role in influencing the particle-particle repulsive forces and 

subsequently the NP delivery efficacy. Specifically, because the magnitude of the zeta 

potential of the NPs is reduced due to protein adsorption in serum-containing media, the 
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magnitude of the electrostatic interaction between particles is also diminished. These 

findings provide new insights into the complex cell-NP size interaction and particle 

margination behaviors. In addition, the new flow system demonstrated here can be used to 

further elucidate the many competing factors that determine NP delivery efficacy in vivo. 
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Chapter 4:  Shape-Dependent Nanocarrier Uptake by Endothelial Cells 

in Flow 

4.1 INTRODUCTION 

Nanoparticles (NPs) have shown promise as drug carriers to cancer cells.169–171 

Targeted delivery of nanocarriers only to diseased cells can help to shield collateral cells 

from harmful cytotoxic drugs and reduces the many harmful side effects associated with 

chemotherapy. Because of their size, and unlike individual drug molecules, NPs cannot 

enter cells by diffusion alone.172 Optimizing NP uptake in specifically targeted cells 

requires a detailed understanding of the mechanisms governing their uptake.  

Some general guidelines for the improved delivery of NPs to cancerous tissue 

associated with their size have already been established. Spherical particles smaller than 

approximately 10 nm are rapidly cleared by the kidney glomerulus,24 placing a lower limit 

on the available size of spherical NPs. Additionally an optimum size of 50 to 100 nm for 

spherical NP uptake in endothelial cells (ECs) has been reported in multiple studies.108,110 

NPs with a characteristic dimension less than 500 nm can be used to exploit the fenestrated 

endothelium associated with tumor angiogenesis. This phenomenon along with the reduced 

lymphatic drainage in tumors is known as the enhanced permeation and retention (EPR) 

effect.173 However the proposed benefits of enhanced passive extravasation in diseased 

vasculature is often mitigated by other cellular factors in the tumor microenvironment. 

Specifically the presence of stromal cells, which contain cancer-associated fibroblasts that 



80 

 

can promote cancer genesis and metastasis, can impede intra-tumor convection and 

consequently restrict NP-containing blood from penetrating into the tumor’s core.174 

Therefore relying only on NP size alone is insufficient to maximize the delivery efficacy.  

One strategy to improve circulation time and NP stability as well as reduce serum 

protein adsorption is to decorate the NP surface with polyethylene glycol (PEG).175,176 A 

second common strategy is to label the NP surface with surface ligands which are used to 

target specific receptors on target cell types.177 In addition to size and surface chemistry, 

NP shape has been identified as an important factor influencing the circulation time, 

biodistribution, cellular uptake, as well as targeting in chemotherapeutic delivery.178,179 

ECs offer a logical delivery target for many NP-based therapeutics. In addition to 

being the selectively permeable cellular barrier to extravasation and positioned in direct 

contact with blood flow, the endothelium is known to regulate a diversity of functions in 

vivo.180 Further, the shear stress experienced by ECs has been shown to regulate many 

biological processes including atherosclerosis, thrombosis, and vascular regeneration.91–93 

The effect of NP size on uptake in ECs has been reported in multiple studies for particles 

between 100 nm and 1 µm in static culture. NP uptake has been shown to increase with 

decreasing size down to approximately 100 nm for most studies.108,156 A study examining 

spherical NP uptake in ECs cultured under shear stress has reported uptake increasing with 

decreasing size down to 200 nm as well.105 The effect of labeling NPs with targeting 

moieties such as platelet endothelial cell adhesion molecule (PECAM-1) and intercellular 

adhesion molecule (ICAM-1) on uptake in ECs has also been explored in the context of 
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shear stress and static cultures.50,51 Klingberg et al. showed that 80 nm spherical gold NPs 

were less uptaken under shear than in static culture, and that labeling the same NPs with 

anti-ICAM substantially increased cell association in shear-adapted cells compared to 

static culture,94 underscoring the importance of physiologically mimetic in vitro models to 

quantify NP uptake.  

The dependence of uptake on NP shape however has remains elusive due in large 

part to difficulties in the synthesis of non-spherical NPs.112 Further, the evolutionarily 

conserved shapes of viruses and bacteria motivate exploring NP shape as a potentially key 

factor in delivery efficacy.113–115 Several past investigations have reported that the NP 

shape affects their uptake in multiple cell types including ECs. Champion et al. showed 

that high aspect ratio (particle height divided by its width) micelles are poorly uptaken in 

vivo by macrophages because of hydrodynamic shearing.117 Even in static culture, long 

polystyrene worms exhibited negligible uptake by macrophages. Wooley et al. showed that 

uptake of cylindrical poly(acrylic acid) and polystyrene diblock copolymeric cylindrical 

NPs in Chinese Hamster Ovary (CHO) cells was reduced compared to equivalent spherical 

NPs.121 Other elongated and compressed shapes have shown reduced uptake by cells 

compared to comparable spherical counterparts, displaying a negative correlation between 

aspect ratio and uptake rate.118–120 

Yoo et al. studied the endocytosis of poly(lactide-co-glycolide) (PLGA) 

microparticles (1.8 µm diameter) in ECs, reporting that both spherical and volumetrically 

equivalent elliptical disk particles are internalized but that disks were uptaken more 
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slowly.181 The rate of cell entry of gold nanorods is also dependent on aspect ratio with 

shorter nanorods having a higher efficiency of cellular uptake than longer ones in Human 

breast adenocarcinoma cells (MCF-7).122 The same group showed low rates of 

internalization of larger gold nanorod aggregates due to an increased energy requirement 

for clathrin-mediated endocytosis.122
 

Rods and disks have also shown different uptake trends from comparable spherical 

particles in several studies in static culture. In a breast cancer cell line, rods were the most 

uptaken NPs, followed by disks and finally spheres.123 Hao et al. reported the uptake of 

PEG decorated mesoporous silica NPs was shape-dependent in HeLa cells with NP 

retention highest for longer rods and lowest for spheres.124 Rod-like NPs manufactured 

using the Particle Replication In Non-wetting Templates (PRINT) technique were shown 

to internalize much more rapidly than expected and increased aspect ratio resulted in 

increased uptake in HeLa cells.125 

The most relevant study for this work compared the uptake of negatively charged, 

hydrophilic, PEG NPs of varying aspect ratios.49 In that study, shape was decoupled from 

volume, charge, as well as surface composition and uptake in static culture for various 

endothelial and epithelial cell lines was measured. Mammalian epithelial and immune cells 

preferentially internalized disk-shaped NPs compared to rod-like and smaller disk-like 

NPs.49 ECs internalized intermediate-sized disks followed by higher aspect ratio rods, then 

low aspect ratio rods and larger to smaller disks. Using pharmacological inhibitors, ECs 

were shown to employ clathrin-mediated uptake for all shapes tested. ECs also showed 
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significantly higher uptake efficiency compared to epithelial cells.49 These complex and 

cell-specific shape/size dependence were attributed to a competition between three factors: 

particle-cell membrane adhesion, energy of membrane deformation, and local particle 

concentration.  

Overall the published literature tends to show increased uptake of rod and disk-like 

NPs compared to spherical counterparts. However the exact nature of uptake is still 

unknown and the dependence on many factors other than shape could be responsible for 

inconsistencies between studies. NP size, surface chemistry, elasticity, and concentration 

as well as cell type, uptake pathways, cell medium, and shear stress are all know to affect 

uptake. However the exact nature of each parameter and their coupled effect is still 

mysterious. Several modeling studies have been reported to better understand the effect of 

shape on NP adhesion and uptake.126–131 However the complexity of the delivery 

environment is sufficient such that no model has accurately described the effect of shape 

on cell uptake or biodistribution.112  

In the context of ECs, shear stress is an extremely important factor which has been 

neglected in all shape-dependent uptake studies of polymeric rod and disk-like NPs to date. 

In this paper we report the shape-dependent uptake of negatively charged, hydrophilic, 

PEG NPs of varying aspect ratios under physiological shear for the first time. The particles 

were manufactured using Jet and Flash Imprint Lithography (J-FIL) and their uptake 

previously studied in static culture.49 Uptake in 100 µm channels was found to be gravity 

dependent and differed qualitatively from uptake of the same particles by ECs in static 
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conditions. Larger NPs and NPs with higher aspect ratio show more interaction with and 

uptake by cells because of rotation and tumbling in the flow. This factor dominates a 

number of other factors, which are important in static culture and lead to complicated cell-

specific shape/size -dependent uptake behaviors observed in prior works 

 

4.2 MATERIALS AND METHODS 

4.2.1 Particle Synthesis 

 

 The four particle shapes used in this study are shown in Figure 4.1. The two largest 

particles: 800 nm rods and 325 nm disks, have volumes within 4% of each other. The 400 

nm rods and 220 nm disks have volumes within 5% of one another. All particles were 

manufactured using Jet and Flash Imprint Lithography (J-FIL) as described previously.48,49 

 

Figure 4.1: The geometries of the four particle shapes manufactured using the J-FIL 

process. 
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4.2.2 Cell Culture 

 

 HUVEC (ATCC) cells were cultured in MCDB 131 medium (Life Technologies) 

supplemented with 10% fetal bovine serum (Characterized FBS, Hyclone) and 1% 

antibiotics (penicillin and streptomycin, Invitrogen) and further supplemented with EGM2 

Supplement and growth factor kit (Lonza Inc.). Once confluence was reached in a cell 

culture flask, cells were removed using 0.25% trypsin-EDTA (Life Technologies), pelleted 

and seeded into each of six microchannels (µ-slide VI0.1, ibidi, LLC) at a density of 5x105 

cells/ml. The seeded microchannels were then placed in an incubator at 37 ⁰C and 5% CO2 

for 1 hr to allow the cells to adhere to the channel wall. Sixty ml of cell media was then 

placed in each channel reservoir and replenished at least every 24 hours until cells reached 

confluence. Once confluence was observed, the channels were connected to a multichannel 

peristaltic pump with a pulse dampening system106 as shown in Figure 4.2. The entire 

system was then placed in an incubator at 37 ⁰C and 5% CO2 and flow was applied for 24 

hours to allow for conformational changes in the cells. 
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Figure 4.2: (Top) Schematic of the pulse-dampening flow system used to culture 

HUVECs under shear stress. (Bottom) Shear-adapted HUVECs cultured in a 

100 µm channel using the flow system above. 

 

 

In order to deliver NPs to an inverted culture, ECs were first cultured to confluence 

identiically to other the procedure above. However when connecting the peristaltic pump 

and delivery system, the entire chip containing the six microchannels was inverted 180 

degrees and secured such that the ECs were above the flow of media and NPs. 
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4.2.3 Flow System 

 A chip containing six microchannels with a height (2ℎ) of 100 µm each was 

connected to a multichannel peristaltic pump with a pulse dampening system as shown in 

Figure 4.3. The pump was then turned on at a flow rate of 0.907 µl/min, resulting in a shear 

stress of 10 dynes/cm2 according to the following equations for flow in a finite rectangular 

duct,  

 

 
𝜏 = 휂
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and 2ℎ is the channel height, 2𝑤 is the channel width, 𝑄 is the volumetric flow rate, and 휂 

is the fluid viscosity.182 After 24 hours PEG NPs were added to each reservoir at equal 

fluorescence intensity. Particles were then allowed to flow for 1, 12, or 24 hrs. 
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Figure 4.3: Microfluidic chip with six independent channels 100 µm in height with 

HUVECs cultured on the bottom surface. 

 

 

4.2.4 Cell Staining and Characterization 

Once delivery was complete, the cells were washed once with warm phosphate 

buffered saline (PBS) and fixed in 4% paraformaldehyde for 20 min. Excess aldehydes 

were then quenched by incubating cells with 0.2M glycine for 10 min. The cells were then 
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permeabilized in 0.1% Triton X-100 for 10 min. The actin cytoskeleton was also labeled 

by treating the cells for 1 hr in a 1:200 solution of Alexa 594-labeled phalloidin 

(Invitrogen). Finally the cells were mounted in a DAPI-containing mounting medium and 

imaged using an epifluorescent microscope (Carl Zeiss). Images were taken using three 

different fluorescent channels showing the actin filaments (Figure 4.4A), FITC-containing 

NPs (Figure 4.4B), and DAPI-stained cell nuclei (Figure 4.4C). Individual images were 

then combined into a composite image as shown in Figure 4.4D. 

 

Figure 4.4: Fluorescence images take of: (A) Phalloidin 594-stained actin, (B) FITC-

containing PEG nanoparticles, (C) DAPI-stained cell nuclei, and (D) a 

composite image of all three channels. The images show that cells are 

confluent and that fluorescent nanoparticles are associated with multiple 

cells in a single image. 
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4.2.5 Uptake Quantification 

 Composite images were used to confirm that fluorescent NPs were co-localized 

with cells. NPs were then counted along with cell nuclei and each quantified. The number 

of particles was then divided by the number of cells (nuclei) for a single image and reported 

as particles/cell. Each channel was imaged at six locations, NPs and cells quantified, and 

repeated six times. The error bars represent the random uncertainty with a 95% confidence 

interval. Figure 4.5 shows a composite image of each particle shape used in this study along 

with the fluorescence image of the FITC-containing nanoparticles. 

 

Figure 4.5: (Top) Composite fluorescence images of Nanoparticles and cells. (Bottom) 

Fluorescence image of each of the four FITC-containing nanoparticle 

shapes. 
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4.3 RESULTS 

4.3.1 Particle Uptake by Endothelial Cells 

 Figure 4.6A and 4.6B show the uptake of the four NP shapes delivered to ECs at 1, 

12, and 24 hours. The data in Figure 4.6A and 4.6B is based on the same data, Figure 4.6A 

is grouped by time point and Figure 4.6B is grouped by particle type. Figure 4.6A shows 

that 800 nm rods and 325 nm disks are more uptaken than 400 nm rods and 220 nm disks 

at all three time points. Figure 4.6B shows that uptake increases over the entire delivery 

time and that uptake saturation does not occur before 24 hours. 
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Figure 4.6: Nanoparticle uptake by endothelial cells culture on the bottom of a 100 µm 

channel grouped by (A) time point and (B) particle shape. 
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Figure 4.7 shows the uptake of rod and disk-shaped NPs by ECs cultured on the 

bottom as well as the top (inverted) of the microfluidic channel after 12 hrs. The results 

show that the 325 nm and 220 nm disks as well as the 800 nm rods are more uptaken by 

cells cultured on the bottom of the channel than on the top. The 400 nm rods showed 

statistically equivalent uptake to both surfaces. 

 

Figure 4.7: Nanoparticle uptake at twelve hours in channels with cells on the bottom 

surface (black bars) and with cells on the top surface (grey bars). 

 
In Figure 4.8 the uptake data by ECs at 24 hr in dynamic culture is compared to that 

in static culture reported previously.49 Both data sets were normalized by the maximum 

uptake at 24 hrs in each study respectively. In static culture 220 nm disks were apparently 



94 

 

uptaken more than the 800 nm and 400 nm rods as well as the larger 325 nm disks. While 

in dynamic culture 800 nm rods were the most uptaken NP followed by 325 nm disks with 

220 nm disks and 400 nm rods the least uptaken NPs. 

 

Figure 4.8: Nanoparticle uptake by endothelial cells in static NP-containing media and 

under a shear stress of 10 dynes/cm2. 

 

4.4 DISCUSSION 

The larger particles (800 nm and 325 nm) being uptake more than smaller ones (400 

nm and 220 nm) is contradictory to the trend seen in spherical NP uptake in ECs both in 

static as well as dynamic uptake studies.105,108,156 In those studies, as well as the study 

reported in chapter 3, uptake increases with decreasing particle diameter. It is worth noting 

that the smallest dimension of all four NPs used in this study have is 100 nm.  
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Gentile et al. reported that spherical particles larger than 500 nm marginate and 

adhere to the bottom surface more than smaller ones due to gravity effects61. In a 

complementary modeling study, Lee et al. reported that Brownian diffusive force 

dominates NP margination rather than gravitational forces for particles smaller than 500 

nm62. Both the 800 nm and 325 nm particles used in this study were uptaken more by cells 

on the bottom surface of the microchannel than the top, suggesting a gravity effect on 

margination and adhesion, and consequently uptake, reported previously by Gentile et al. 

for spherical particles with diameter larger than 500 nm.61 However the 220 nm disks also 

showed increased uptake by cells on the bottom of the channel compared to those on the 

top, while the isovolumetric 400 nm rods did not. This result suggests that other factors 

besides just gravity-driven sedimentation affect the difference in the uptake of these shape-

specific particles by the top and bottom surfaces.  

Toy et al. have reported that spherical particles smaller than 200 nm adhere more 

rapidly to the walls of a microchannel than larger ones concluding that the Brownian force, 

which scales as the inverse of the diameter of the particle, was responsible for increased 

margination of smaller particles.63 The non-spherical shape of NPs used in this study, again 

may affect the result of the forces driving margination. For a non-spherical NP, the 

molecular collisions which are responsible for Brownian diffusion occurring away from 

the axes of symmetry of each particle result partially in translation, similar to spherical 

particles, but also in rotation. This has the effect of reducing the translational velocity 

experienced by the NP per molecular collision. However this reduction for non-spherical 
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particles is accompanied by an increase in the number of collisions per unit volume due to 

an increase in the surface area to volume ratio for non-spherical particles.   

Convection-driven tumbling of non-spherical NPs may also be responsible for the 

increase in uptake of larger NPs as well as a factor in the differences seen between static 

and dynamic uptake. As the aspect ratio of a particle increasingly deviates from unity the 

eccentric forces cause increased torques and three-dimensional rotation. This increase in 

aspect ratio and particle tumbling has been associated with increased margination 

propensity in previous studies.62,183 Increased eccentricity also decreases the distance 

between a particle and a cell for two particles whose centers of mass are the same distance 

from a cell, effectively increasing the uptake probability. Therefore the increased 

convection-driven tumbling of larger and larger-aspect ratio particles increases the 

frequency of interaction between particles and cells. This property of non-spherical 

particles dominates Brownian diffusion of smaller particles, the driving factor in small 

spherical particles being uptaken more in static and dynamic EC cultures. 

Another factor that needs to be considered is the curvature strain energy required 

for a cell membrane to wrap around a particle. To calculate this energy, we assume that the 

endosomal shape is dependent on the particle geometry. Figure 4.9 shows the assumed 

endosomal shape enveloping either the rod or disk shaped particle. Using the Canham-

Helfrich formulation to calculate the curvature energy required for the lipid bilayer to 

conform and envelope a particle of a given shape. The following expression describes the 

curvature energy,184 
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𝐸𝑐 = ∮[

1

2
𝑘𝑐(𝑐1 + 𝑐2 + 2𝑐𝑠)

2 + 𝑘𝑠𝑐1𝑐2] 𝑑𝐴 
(4.3) 

 

where 𝑘𝑐 is the curvature modulus, 𝑐1 and 𝑐2 are the principle curvatures of the final vesicle 

shape, 𝑐𝑠 is the spontaneous curvature, and 𝑘𝑠 is the saddle-splay modulus. The product of 

𝑐1 and 𝑐2 is known as the Gaussian curvature and can be ignored for a homogeneous lipid 

bilayer.185 With this assumption, the expression reduces to  

 

 
𝐸𝑐 = ∮[

1

2
𝑘𝑐(𝑐1 + 𝑐2 + 2𝑐𝑠)

2] 𝑑𝐴 
(4.4) 

 

Integrating this expression over the area of the assumed endosome shape gives the 

curvature energy. For rod-shaped particles, the endosomal surface reduces to a single 

sphere of radius 
𝑐

2
, a cylinder of radius 

𝑐

2
 and length 𝑏, a second cylinder of radius 

𝑏

2
 and 

length 𝑎, and two rectangles of zero curvature. The disk-shaped particles experience a 

vesicle shape assumed to be the outer half of a torus with wheel radius 𝑅 and tube radius 𝑝 

along with two circular, zero curvature, areas of 𝜋𝑅2 each. 
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Figure 4.9: Particle shapes (solid blue) and assumed endosome shapes during 

macropinocytosis (blue outline). 

 

 

For the rod-shaped particle the integral takes the following form 
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after evaluating the integral and substituting 𝑟 =
𝑐

2
 the required curvature energy is 

 

 
𝐸𝑐𝑟𝑜𝑑 = 𝜋𝑘𝑐 [2𝑐(𝑎 + 𝑏) (

1

𝑐
+ 𝑐𝑠)

2

+ 2(2 + 𝑐𝑐𝑠)
2] 

(4.6) 

 

For the disk-shaped particle the curvature energy term186 is  
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(4.7) 

 

where 𝑝(𝑅 + 𝑝 cos(휃)) is the Jacobian for the half torus for which 휃 is integrated from 

−
𝜋

2
 to 

𝜋

2
. This expression becomes: 
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Values for 𝑘𝑐 are typically taken to be 20𝐾𝐵𝑇 but have been shown to be as high as 

285𝐾𝐵𝑇 for clathrin.187 The value for 𝑐𝑠 is take to be 1/40 nm-1.188 Figure 4.10 shows the 

curvature energy of each endosome shape normalized by the value for the most 

energetically costly shape, that of the 800 nm rod, and indicates that rods require more 

membrane bending energy to envelope than disks. In comparison, the curvature energy 

required to envelope a sphere when the spontaneous curvature term is included, has a 

𝑟2dependence which is consistent with experimental data showing smaller spheres are 

more easily uptaken by cells in chapter 2. The model used here is geometric but does not 

fully describe the complex and active process of endocytosis across various cell lines. 

Nevertheless, the calculation shows that the membrane energy barrier is higher for larger 

rods and discs than for the smaller ones, and also higher for rods than for the disks with the 

same volume. This trend is opposite to the experimental observation of higher uptake of 

larger size or larger aspect ratio particles in a flow. Such discrepancy has to be explained 

by the role of increasing particle rotation with increasing size or aspect ratio and the 

corresponding increase in the particle-cell interaction, which dominates other competing 

factors including decreasing Brownian diffusion and increasing membrane bending energy 

for larger particles.   
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Figure 4.10: Normalized values for the curvature energy required to envelope a particle 

with a lipid bilayer for the five particles geometries used in uptake studies. 

The values show that discs require less energy than rods. 

 

4.5 CONCLUSIONS 

This chapter reports the uptake of negatively charged, hydrophilic, PEG NPs of 

varying aspect ratios in ECs at a shear stress of 10 dynes/cm2. The results show that that 

the 800 nm long rods and 325 nm diameter disks are more uptaken than 400 nm long rods 

and 220 nm diameter disks at 1, 12, and 24 hours. The experiment has also shown that the 

800 nm rods as well as the 325 nm and 220 nm disks are uptaken less when cells are 

cultured on the top surface of the microchannel whereas 400 nm disks show no change in 

uptake in inverted culture. The trend of larger particles being uptaken more than smaller 

ones observed here is opposite to that of similarly sized spherical particles reported in the 
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literature. The size and aspect ratio dependences observed for the particles in the flow are 

also different from the cell-type specific size and shape dependence observed in static 

culture, which is complicated by several competing factors including particle-cell 

interaction, energy cost for membrane wrapping around the particles, and local particle 

concentration influenced by gravity. The difference reveals that the increased rotation of 

larger and larger aspect ratio nanoparticles in the flow increases the particle-cell 

interaction, and this factor dominates other competing effects such as decreased Brownian 

diffusion and increased membrane wrapping energy with increasing size. The observation 

of increased cell uptake of larger size or aspect ratio particles in a flow and the reported 

physical insight can inform the rational design of NC size and shape to optimize drug 

delivery efficacy. 
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Chapter 5:  Conclusion 

Nanoparticles have been investigated extensively as drug carriers for delivery to 

diseased tissue in the body. By allowing for the optimization of biodistribution, site-

specific targeting, permeation through biological barriers, pharmacokinetics, and bulwark 

from the body’s various clearance systems during transport; nanoparticles offer unique 

control that cannot be achieved using traditional chemical drug delivery. Control over these 

properties allows for versatility and improved efficacy for the treatment of a host of 

diseases as well as a reduction in the harmful side effects of intravenous injection of 

chemotherapeutics.  The properties of polymeric nanoparticles such as size, shape, material 

composition, and surface chemistry can be tuned with the advent of new manufacturing 

methods. Control of these properties allows for engineering consideration to play a role in 

increased therapeutic efficacy.  

Because of the complexity of the delivery environment, due to the diverse 

biological barriers presented by in vivo conditions, as well as the challenges in the 

characterization of the transport properties of nanoparticles, there remain a number of 

fundamental questions on the important mechanisms of various aspects of therapeutic 

nanoparticle delivery. Among them, the effect of nanoparticle size and shape on 

margination, adhesion, and uptake propensities in physiologically relevant conditions has 

been reported to various extents in various studies. However, many of the conclusions are 

confounded by extraneous factors as a result of differing nanoparticle formulations and 

experimental procedures. Understanding the effect of nanoparticle size, shape, surface 
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charge, elasticity, and surface composition as well as environmental factors such as shear 

stress, vessel size, flow pulsatility, and target cell behavior of intravenously injected 

nanoparticles and their targets is essential for successful implementation of nanoparticle-

based therapeutics. This dissertation reports a fundamental study of the margination and 

cell-uptake behaviors of several types of polymeric nanoparticle in microfluidic 

environments. The objective of the experimental study is to elucidate important forces and 

phenomena which dictate microfluidic nanoparticle dynamics.  

Chapter 2 reports a study using spherical polystyrene nanoparticles in a bare 

microfluidic channel in order to determine the size-dependent margination propensity in a 

channel geometrically mimetic of human microcirculatory vessels. Nanoparticles were 

flown at constant number concentration and constant volume concentration, as well as at 

different shear rates and in an inverted orientation. Particles were fluorescently imaged 

adhering to the channel wall in order to quantify their margination and adhesion. Several 

forces important for the dynamics of a marginating particle were examined. The results 

show that the competition of Brownian force and repulsive force between adhered particles 

on a bare glass substrate lead to insensitive size dependence of spherical particles on 

margination propensity and that gravity plays an important role in the sedimentation of 

micron-sized particles.  

Chapter 3 reports a novel in vitro flow system with shear-adapted endothelial cells 

cultured in glass capillaries. Polystyrene nanoparticles of different sizes were flown at 

constant volume concentration for 12, 24, and 48 hours through the capillaries. 
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Nanoparticle uptake by endothelial cells was measured using flow cytometry. The results 

were compared to known size-dependent uptake in static culture as well as size-dependent 

margination propensities reported previously. The presence of cells on vessel walls and 

reduced zeta potential is shown to reduce the repulsive force experienced by a nanoparticle 

approaching the cell surface such that a dominant Brownian force leads to more uptake of 

smaller spherical particles in shear-adapted endothelial cells.  

Chapter 4 reports the uptake of disk and rod-like polyethylene glycol nanoparticles 

of several aspect ratios. Nanoparticles were delivered to shear-adapted endothelial cells at 

a constant volume concentration and uptake was quantified using multi-channel 

fluorescence imaging. The results indicate that increased flow-driven tumbling of non-

spherical nanoparticles increases the frequency of interaction between particles and cells. 

The tumbling of non-spherical particles dominates Brownian diffusion of smaller particles, 

the driving factor in smaller spherical particles being uptaken more than larger ones in 

static and dynamic endothelial cell cultures, as well as the energy for membrane 

deformation leading to more uptake of larger and larger-aspect ratio particles in shear 

adapted endothelial cells.   

The insights presented in this dissertation into the behavior of nanoparticles in 

microfluidic environments inform the ration design of nanocarriers for the treatment of 

specific diseases. The size and shape-dependent nature of nanoparticle margination, 

adhesion, and uptake can be coupled with existing knowledge of biological barriers to 
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intravenous nanoparticle delivery in order to design nanoparticles which passively evade 

sequestration and preferentially accumulate in targeted tissue.  
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