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ABSTRACT

Determ ining the factors that influence the delivery o f  nanoparticles to tum ors and 

understanding the relative importance o f  each o f  these factors is fundamental to optim ize 

the drug delivery process. In this research, a model that combines random walk with the 

pressure driven flow o f  nanoparticles in a tum or vasculature is modeled. N anoparticle 

m ovem ent in a cylindrical tube with dim ensions sim ilar to the tum or’s blood capillary 

with a single pore is simulated. N anoparticle velocities are calculated as a pressure driven 

flow over imposed to Brownian motion. During the study, the effect o f  red blood cells 

(RBC) is also studied by com paring the delivery with and w ithout RBC. The num ber and 

percentage o f  nanoparticles leaving the blood vessel through the pore is obtained as a 

function o f  pore size, nanoparticle size and concentration, interstitial pressure, and blood 

pressure in the tum or vasculature. The model presented here is able to determ ine the 

relative importance o f these controllable param eters and thus it can be used to understand 

the process and predict the best conditions for nanoparticle-based treatment. W hen RBC 

are not considered, the results indicate that the nanoparticle delivery gradually increases 

with pore size and decreases with nanoparticle size for tum ors with high interstitial fluid 

pressure (in this work we found this behavior for head and neck carcinom a and for 

metastatic melanoma with interstitial pressures o f  18 mmHg and 19 mmHg, 

respectively). For tum ors with lower interstitial fluid pressure (rectal carcinom a with

15.3 mmHg) however, delivery is about constant for alm ost the entire nanoparticle size



range. Though increase in nanoparticle concentration increases the num ber o f  

nanoparticles being delivered, the efficiency o f  the delivery (percentage o f  nanoparticles 

delivered) is found to rem ain unaffected.

The motion o f red blood cells in the capillary is also simulated and the velocity o f  

nanoparticles between two red blood cells is obtained from the bolus flow o f  plasm a, and 

the velocity between a red blood cell and the capillary wall is obtained from the 

lubrication theory. The results show that bolus flow o f  plasm a in the presence o f RBC 

pushes the N P’s towards the capillary wall leading to an increased N P delivery to the 

tumor; however the delivery as a function o f  N P size, blood pressure and interstitial fluid 

pressure is qualitatively the same that when there are no red blood cells.

A study o f nanoparticle m ovem ent through entire body is perform ed by 

considering that the nanoparticles are uniform ly distributed throughout the blood 

circulation. The nanoparticle delivery to the tum or with tim e obtained from this study 

showed a very good to excellent agreem ent w ith the experim ental results.
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CHAPTER 1

INTRODUCTION

1.1 Goal

The goal o f  this project is to develop a m odel that can simulate nanoparticle (NP) 

transport in tum or capillary and its delivery into the tum or interstitium. The role o f  red 

blood cells in the delivery o fN P  to the tumor is studied. The effect o fN P  size, capillary 

pore size, N P concentration, blood pressure in the tum or capillary and the interstitial 

pressure on the delivery o f  the N P ’s is determ ined.

1.2 Rationale

Cancer is a deadly disease affecting about 12.7 m illion people all over the world 

every year [1]. Cancer can be treated by surgery, radiation therapy, and chem otherapy to 

m ention the more widespread m ethods. Cancer often spreads to other parts o f  the body 

and in those cases, a com bination o f  the treatm ent m ethods mentioned above is used [2], 

Surgery is an invasive procedure where the prim ary tum or tissue is surgically rem oved 

from the body [3]. To remove tum ors spread to other parts o f  the body, radiation therapy 

or chemotherapy is used [2]. In radiation therapy, the tum or tissue is exposed to x-rays, 

gamm a rays or charged particle radiations, thereby destroying the DNA o f  the cancer 

cells and killing the cancer tissue [4]; however, although radiation can be narrowly 

targeted to the desired areas, dam age to surrounding healthy tissue is virtually
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unavoidable. In chem otherapy, drugs introduced into the body either orally or 

intravenously identify the rapidly developing tum or tissue and kills it [5]. Unfortunately, 

the drug may also confuse rapidly dividing healthy cells o f the body such as bone marrow 

or hair cells, with cancer cells and kill them  too, leading to hair loss or m ore serious 

anemia, bleeding, and clotting problem s [6], To m inim ize those side effects, specific and 

targeted delivery is a necessity. N P 's  are being used as delivery vehicles to achieve this 

goal [7] and the drug or a radio isotope is either encapsulated in the NP or attached to it 

[8, 9].

N P ’s introduced into the body enter the blood circulation and travel through the 

entire body. W hen the N P ’s are in the tum or vasculature, they leave the blood circulation 

and enter the tum or interstitium through the capillary wall. Studying the transport o f  

N P ’s through the capillary wall and understanding the effect on the delivery efficiency o f  

the NP size, concentration, capillary pore size, blood pressure in the capillary and the 

interstitial pressure o f the tumor, will help optim ize the delivery process.

1.3 Unique Physiology of Tumor Tissues

The physiology o f  tum or tissue is different from normal tissue; tum or blood 

vessels are different from the normal blood vessels as well. Tumors develops hypoxia 

(lack o f  O2 ) due to the rapid growth o f  tum or cells; hypoxia leads to angiogenesis [10], 

Also, tum ors have higher interstitial pressure than healthy tissue. These unique 

characteristics are discussed in detail below.

1.3.1 Angiogenesis

Due to the rapid growth and m ultiplication o f  tum or cells, more O 2 and nutrients 

are required and if  their supply does not m eet the needs o f  the developing tum or, the
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tumor cells die. The only way to increase O 2 and nutrient delivery to tum or tissue is to 

increase the blood supply; the tumor does this by developing new blood vessels in a 

process called angiogenesis [11-14]. Angiogenesis generally also occurs in the female 

reproductive system, in wound healing in adults, during em bryogenesis and in other 

diseases such as psoriasis, m acular degeneration, and rheum atoid arthritis [15]. It occurs 

due to the increased expression o f pre-angiogenic factors such as VEGF (V ascular 

Endothelial Growth Factor) and FGF (Fibroblast Growth Factor) [16]. Tum ors are able 

to activate the growth factors due to local conditions such as hypoxia. C ancer cells 

receive a signal through the hypoxia inducible factor (HIF-1) and promote the angiogenic 

switch which then induces angiogenesis [17]. Tum or cells also increase FGF. Both 

growth factors bind to their receptors on the endothelial cell and start the activation phase 

o f  angiogenesis by activating the signal transduction pathw ay [11]. A ctivation o f  the 

endothelial cells produce Matrix m ettaloproteinase (M M P) which degrade the basal 

membrane o f  the blood vessels m aking the endothelial cells free to m igrate to the 

angiogenic stimuli [18]. After the m igration o f  the endothelial cells, the form ation phase 

o f angiogenesis starts where the migrated endothelial cells adhere to each other by m eans 

o f  E-selectin, a cell-adhesion glycoprotein. They form  tube-like structures w hich later 

develop into blood capillaries [19]. Blood vessel sprouting is finally induced by binding 

o f angiopoetin-1, which is released by M esenchym al stem cells, with the endothelial cell 

receptors [20, 21]. M esenchymal cells differntiate into pericytes to form  an outer layer 

for the new blood vessel [15].
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1.3.2 Unique Tum or Capillaries

The blood capillaries in tum or differ from the blood capillaries o f  the normal 

organs in the body [10]. The normal blood capillaries are called continuous capillaries 

whereas the blood capillaries in tum or are the discontinuous blood capillaries [22]. The 

basic structure o f capillaries and different types o f  blood capillaries are explained in 

detail below.

Blood Capillaries are the vessels where the true exchange o f  gas and nutrients 

between the blood and the interstitial fluid (fluid present in the tissues) occur. O 2 carried 

by the red blood cells and the nutrients in the blood plasm a like glucose, vitam ins, fatty 

acids and amino acids, are transported to the tissues through the capillaries. C O 2 , 

metabolic waste and excess nutrients, water, and m inerals in the tissues are transported 

back through the capillaries and lymphatic system . The diam eter o f the capillaries is in 

the range o f  5-10 um [23]. The entire exchange occurs through the capillary wall w hich is 

formed by glycocalyx, endothelium , and basem ent m em brane [24], The glycoproteins, 

with a negative charge, form the glycocalyx [25], and it is surrounded by the endothelial 

cells which form a single cell tube. The endothelial cells are bounded by the junctional 

proteins and are covered by the basem ent m em brane which is an electron dense fiber 

m atrix layer [22] that consists o f  laminin, type IV collagen, fibronectin, proteoglycan, 

and glycoproteins [26],

1.3.2.1 Continuous Capillaries

Endothelial cells o f  the continuous capillaries are bound together by junctional 

proteins. Occasionally some o f  the proteins are m issed at the junctions form ing pores in 

the capillary wall [22],
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1.3.2.2 Fenestrated Capillaries

Endothelial cells o f  fenestrated capillaries contain fenestrae which are openings in 

the cells. Some o f  the fenestrae com pletely open into the tissue whereas the others are 

covered by the basem ent m em brane [27]. The open fenestrae can transport larger 

molecules into the tissues. Fenestrated capillaries are present in the liver and kidneys 

where the filtration occurs [22].

1.3.2.3 Discontinuous Capillaries

Discontinuous capillaries occur in newly form ed blood vessels through 

angiogenesis [11]. The endothelial cells have larger gaps and the basem ent m em brane is 

also discontinuous, allowing the transport o f larger m olecules [22].

1.3.3 Hypoxia

Hypoxia is the reduced availability o f  O 2 . According to the m echanism  observed 

from the studies o f  Thom linson and Gray [28], due to the rapid growth and division o f  

tum or cells, the new cells occupy the space which is far aw ay from the existing blood 

vessel and hence do not get enough O 2 supply and finally becom e hypoxic. An alternate 

m echanism  called the acute hypoxia model which states that the hypoxia occurs due to 

the fluctuating blood flow to the tum or has also been proposed.

1.3.4 Interstitial Fluid Pressure

Interstitial fluid is the fluid present in tissues which surrounds the cells. The 

interstitial pressure in tum or tissues is high com pared to normal tissues due to the

abnormal tum or blood vessels and lymph vessels [29, 30], Due to larger pores, the tum or

blood vessels are leaky and hence allow the flow o f  proteins and other m olecules from 

the vessel into the tum or thereby increasing the colloidal osm otic pressure in the tumor.
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Lymph vessels play an effective role in m aintaining the interstitial pressure in normal 

tissues by absorbing the interstitial fluid but they are non-functional or absent in the 

tum or tissues [31-33]. Due to the poor lymphatic system in tumors, the interstitial fluid 

and the proteins rem ain in the tum or increasing the interstitial fluid pressure.

1.4 Types o f Cancer

Cancer develops in many organs o f  the human body and also in bones. Cancer is 

basically differentiated into four types: Carcinom a, Sarcom a, Lym phoma and Leukemia 

[34],

1.4.1 Carcinom a

Carcinom a is the most comm on type o f  cancer arising from epithelial cells which 

cover the inner and outer surface o f  all body organs [35, 36], The m ost common 

carcinomas are the lung cancer, breast cancer, skin cancer, and colon cancer [34],

1.4.2 Sarcoma

Sarcoma is a less comm on type o f  cancer arising from  bone or soft tissues like 

muscles, fat, nerves, blood vessels etc [37]. Osteosarcom a (bone), liposarcom a (fat), 

leiomyosarcom a (smooth muscle), neurofibrosarcom a (nerves), synovial sarcoma 

(Joints), angiosarcom a (blood vessels) are some o f  the sarcom as affecting the body [38].

1.4.3 Lym phoma

Lym phoma arises from lymphocytes (a type o f  white blood cells) which form the 

body’s immune system [39]. Lym phocytes are present in the lymph system  com prising 

o f  lymph nodes, thym us gland, spleen and liver [40],
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1.4.4 Leukemia

Leukemia affects the blood-form ing cells, m ostly white blood form ing-cells. It 

develops in bone m arrow and enters the blood. From the blood, it spreads to the central 

nervous system, liver, spleen and other body parts [41],

1.5 Treatment Methods for Cancer

Cancer can be treated through surgery, radiation, chem otherapy and 

immunotherapy [42-44]. A com bination o f these m ethods is used based on the type, 

location, and severity o f  the cancer.

1.5.1 Surgery

Surgery is generally done to remove the cancer tissue from the body. If  cancer 

develops in a particular tissue and spreads to other parts o f  the body, surgery is used to 

remove the primary source o f  the cancer, and chem otherapy or radiation therapy is used 

to treat the cancer spread to the other parts o f  the body [45]. Surgery is an invasive 

procedure in which the surgeon cuts into the body to access the tum or tissue. Less 

invasive alternatives such as laparoscopy can also be used, in this procedure, the surgeon 

inserts a small cam era and surgical tools into the body by m aking small incisions [46]. 

Through the camera, the surgeon is able to visualize the tissue and perform  surgery. 

Patient recovery tim e is also shorter for this kind o f surgery.

1.5.2 Radiation Therapy

In radiation therapy, the tum or tissue is exposed to x- rays, gam m a- rays or ionic 

particles to damage the DNA o f  the tum or cells [47]. A cell needs D N A to divide and 

multiply in number, once the DNA is dam aged; the cell cannot divide and eventually 

dies. The source o f  the radiation can come from  outside or can be introduced into the
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body. In the external beam radiation, the source o f  the radiation is a m achine such as 

linear accelerator or a cobalt radiotherapy unit. For internal radiation therapy (also called 

as brachytherapy), radioactive m aterials are introduced into the body [48], The 

radioactive m aterials are encapsulated in small particles and placed in the tum or tissue or 

near it.

1.5.3 Chem otherapy

In chem otherapy, a drug (chem ical) which has the ability to kill cancer cells is 

introduced into the body either orally or intravenously. Paclitaxel and Doxorubicin are 

two o f the drugs used in chemotherapy [49], W hen the drug is introduced into the body, it 

identifies rapidly dividing cells o f  the body and kills them . The drug m ay also confuse the 

rapidly dividing healthy cells o f  the body, such as bone m arrow or hair cells, with the 

tum or tissue. Thus the drug kills those healthy cells leading to anemia [50], bleeding and 

clotting problem s and hair loss [6],

1.5.4 Imm unotherapy

In immunotherapy, the body’s immune system is activated such that it destroys 

the cancer cells [51], Cancer vaccines, antibodies, and certain types o f  cells, such as T- 

cells, dendrite cells and natural killer cells, are being used to activate the im m une system 

against cancer in the body [52],

1.6 Nanoparticles in Cancer Treatment

In radiation therapy, radiation targeting the tum or tissue may hit the neighboring 

healthy cells and damage them [53]. Even in chem otherapy, the drug kills healthy cells, 

as m entioned earlier. To reduce dam age to the healthy cells o f  the body, the drug used in 

chemotherapy or the radioisotope used in the radiation therapy need to be targeted
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efficiently to the tum or cells. N P ’s are used in cancer treatm ent as delivery vehicles to 

help in achieving a specific and targeted delivery [54], These N P 's are m ade o f  gold, 

liposomes, polymers, viral N P 's, etc [55], Gold nanoshells and nanorods have unique 

optical properties that allow for non-invasive, real-tim e m onitoring o f N P  concentration 

in the blood [56]. M ost o f these N P 's  are currently only used in research or are in clinical 

trials.

1.6.1 Polymeric Nanoparticles

Chitosan, album in and heparin are naturally occurring polymers used in drug 

delivery. Album in is used as a carrier w here paclitaxel (album in-bound paclitaxel is 

called abraxane) is bound to it and introduced into the body to treat m etastatic breast 

cancer [57], Synthetic polymers such as N -(2-hydroxypropyl)-m ethacrylam ide 

copolym er (HPM A), polystyrene-m aleic anhydride copolym er, polyethylene glycol

(PEG), and poly-L-glutam ic acid (PGA) are also used as drug carriers [58]. Polymeric

m icelles are other type o f polymeric N P ’s whose inner region is hydrophobic and are 

used to store the drug. The outer region is hydrophilic, allow ing the N P to travel through 

the blood circulation [59], Dendrim ers are another type o f  polymeric N P ’s m ade o f 

synthetic polym ers and have a central core region and many branched m onom ers coming 

out o f the core. The surface functionality o f  dendrim ers can be easily m odified to obtain a 

targeted drug delivery [60],

1.6.2 Liposomes

Liposomes are the m ost com m only used N P’s for drug delivery and are made o f 

lipids [61]. They are closed colloidal structures where the outer layer, m ade o f  a lipid 

bilayer, can hold hydrophobic drugs and the aqueous inner layer can hold the hydrophilic
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drugs [62. 63], Doxil and M yocet are some o f  the liposom e based N P 's  which are 

approved for metastatic breast cancer treatm ent [64, 65], Stealth liposom es formed by 

coating liposomes with poly-ethylene glycol (PEG) improve the efficiency o f  the 

liposome N P 's  by increasing their circulation tim e in the human body [66].

1.6.3 Viral N anoparticles

Viruses such as cowpea virus and cowpea chlorotic mottle virus have been 

developed to use as drug carriers [62], They are developed from  plant, anim al, or insect 

viruses [67]. Viral N P 's  can also be used for cancer imaging [68],

1.6.4 Carbon Nanotubes

Carbon nanotubes are being studied as drug delivery vehicles. Carbon nanotubes 

are insoluble and hence are toxic to the body [62], but they can be made soluble and less 

toxic by functionalizing them  with proteins, bio active peptides etc. to change their 

chemical properties [69],

1.6.5 Gold N anoparticles

Gold N P ’s are used as photo therm al therapy agents which kill the cancer cells 

by heating them [70]. Tum or cells cannot withstand heat as well as the norm al cells, due 

to the poor blood supply, and hence they are killed [71]. This effect is m axim ized as 

metal nanoparticles in the tum or enhance the heat absorption. In photo therm al therapy, 

light is used to heat the tissue. Gold N P ’s are used as photo thermal therapy agents 

because o f  their surface plasma resonance. By varying the com position and the 

dim ensions o f the gold N P ’s, the surface plasm a resonance in the range from the visible 

to the near infrared region can be achieved [72], W hen the near infrared light is focused 

on the gold N P ’s, the electron start exhibiting resonance, form ing a heated electron gas
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[73]. This heat is dissipated into the surrounding tissue, thus heating the cells [71]. So, 

by delivering gold N P 's  into the tum or tissue and focusing light on the body externally, 

tum or cells can be heated and killed. Gold N P 's  o f  different shapes such as nanospheres, 

nanorods, nanoshells and nanocages are used [70].

1.7 Transport Path o f Nanoparticles

N P ’s are introduced into the body either orally or intravenously. Once they are in 

the body, they enter the blood circulation and travel throughout the body. W ithin the 

body, the reticuloendothelial system (RES) tries to remove them from the circulation

[74],

1.7.1 Reticuloendothelial System

The reticuloendothelial system is part o f  the imm une system and includes 

phagocytic cells, such as liver kupffer cells, the spleen, m acrophages, m onocytes, and 

lymphatic vessels [75]. The phagocytic cells engu lf foreign substances, such as bacteria 

and viruses, and render them incapable o f  attacking the body. M onocytes are the 

phagocytic cells derived from bone marrow stem cells and exist in the blood stream. 

M onocytes which leave the circulation and enter other tissues o f body, such as liver, 

spleen, and lymph nodes are called as m acrophages [76]. The liver has m ost o f  the 

m acrophages o f  the body which are called kupffer cells [77]. When N P ’s travel along the 

circulatory system, monocytes identify them as foreign substances and engu lf them 

thereby rem oving them from circulation. These engulfed N P ’s are accum ulated in the 

liver or spleen [75].
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1.7.2 Circulation Half-life o f  Nanoparticles

The time in which the N P 's concentration in the blood circulation becom es half 

its initial concentration is defined as the circulation half tim e of the N P 's  [78]. N P 's  

removed from  the circulation accum ulate either in tum or tissue or in liver and spleen. 

The circulation half-life o f  the N P 's  also depend on the formation o f  N P aggregates 

(nanoparticle clusters). If N P 's  have a strong attraction betw een them, they tend to attach 

to one another and form aggregates which are rem oved from the circulation and 

accum ulated in liver or spleen, thereby decreasing the circulation half-life o f N P ’s [79, 

80],

1.7.3 Targeted Delivery to Tum or Tissue

N P’s travel the entire body through the blood circulation and enter the blood 

vessels o f various tissues. For targeted delivery, N P ’s should leave the blood vessel and 

enter the tissue only when it is in the tum or blood vessel, by utilizing the leakiness o f  

tum or tissue blood vessels. The pore size in the capillary walls o f tum or blood vessels is 

in the range o f  200-800 nm whereas the pore size in the capillary walls o f  norm al tissue is 

in the range o f  7-9 nm [22, 81, 82]. N P ’s bigger than the pore size o f  normal blood 

vessels and sm aller than the pore size o f  tum or blood vessels will leak m ostly into the 

tum or tissues resulting in maximum drug delivery to  the tum or. Figure 1.1 shows the 

schematic o f  the targeted delivery o f  N P ’s into tum or tissue.
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Normal B lo o d v e sse l Tumor Blood Vessel

Figure 1.1: Schematic showing a NP in normal blood vessel and tum or blood vessel

The left figure shows a N P in the blood vessel and the capillary wall o f  a normal 

tissue with small pores whereas the right figure shows a NP in the blood vessel and the 

capillary wall o f  a tum or tissue with large pores.

1.7.4 Transport through Capillary Wall

Endothelial cells form the m ajor part o f  the capillary wall. The m em brane o f  the 

endothelial cells, which is made o f lipid bilayers, is perm eable to O2 , C O 2 and other lipid 

soluble solutes such as fatty acids, cholesterol and phospholipids [83, 84], The 

endothelial cells are tightly packed to each other and the cell junctions form  channels 

called intercellular clefts that are 7-9 nm wide [22, 23]. The intercellular clefts allow 

transport o f  water, small hydrophilic solutes, such as glucose, urea, lactic acid and small 

ions such as Na+, K+, C f, through this channels [85-87].

A special means o f  transport, called transcytosis, enables the transport o f  some 

plasma proteins such as album in [88]. The endothelial cells engulf the proteins through
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endocytosis and transport them to the other side o f the cell by vesicles, which are small 

membrane-enclosed sacs [89, 90]. The protein is finally released into the interstitum  o f  

tissue through exocytosis. M ost o f the time, transcytosis allows transport o f  specific 

m acromolecules due to receptor-based transport [91]. Endothelial surfaces have receptors 

for certain m acrom olecules, such as album in, transferrin, insulin and ceruloplasm in [92- 

95]. When these m olecules are present in a blood capillary, their receptors on the 

endothelial surface activate the process o f  transcytosis.

N P’s used for drug delivery are larger com pared to the intercellular clefts, and 

hence they cannot pass through them . But, as stated in an earlier section, tum or 

capillaries have large pores between the endothelial cells m aking them leakier and the 

major transport o f N P ’s across the tum or capillary walls is due to convection o f  N P ’s 

through these large pores [96]. Convection arises due to the pressure gradient across the 

pore and due to the large size o f  N P ’s, convection is dom inant over diffusion [97],

N P’s can transport across the capillary wall through transcytosis by coupling them  

with the m olecules that can activate the receptor-based transcytosis [98, 99], However, if  

a NP transport through transcytosis, specific delivery to the target tissue becom es 

difficult because transcytosis also occurs across the healthy tissue capillary wall leading 

to significant am ount o f  N P delivered to the healthy cells w hich is undesirable [98]. To 

achieve specific delivery in this case, N P ’s are coupled with the superparam agnetic iron 

oxide N P’s (SPIONs) and an external m agnetic field is applied which directs the N P to 

the desired location [100], Transcytosis o f  N P ’s is generally used in delivering drugs to 

tissues which have a tightly bound endothelial cell barrier in their capillary w alls (for 

example, brain) [98],
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1.7.5 Active Targeting

Once N P 's  cross the capillary wall and enter the tum or tissue, they travel through 

the tum or interstitium to reach the cells [101]. The tum or interstitium consists o f  the 

interstitial fluid, collagen matrix and tum or cells [102], Transport o f  N P 's  in the tum or 

interstitium is through diffusion and convection. Diffusion arises due to the 

concentration gradient o f  the N P ’s within the tum or interstitium  whereas convection is 

due to the change in the interstitial fluid pressure in the tumor interstitium  [103], 

Convection occurs at the tum or periphery since the interstitial pressure gradient only 

exists at the periphery. A t the interior o f  the tum or, the interstitial pressure is alm ost 

constant [101],

The N P ’s moving in the tum or interstitium  should be able to identify the tum or 

cell and release drugs to kill them ; that can be achieved by active targeting. The N P 

carrying drug is coupled with a ligand, which is tum or specific, so w hen the N P travels 

through the tum or interstitium and comes near to a tum or cell, the ligand recognizes the 

tum or cell, binds to it and releases the drug. A ntibodies are widely used as targeting 

ligands [104]. As an example, N P ’s conjugated w ith m onoclinal antibodies (mAb) 

increased the uptake o f that nanoparticle by six tim es. N ucleic acid aptam ers [105] and 

peptide ligands [106] are also used as targeting agents.

In sum m ary, the transport path o f  the N P ’s includes transport through the blood 

circulation, across the capillary wall and through the interstitium . A detailed study o f the 

transport o f N P’s through this system and the factors which can affect the transport can 

help increase the drug dosage delivered to the target tissue.
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1.8 Fluid/Particle Flow Models

Pozrikids and Farrow developed a model to study the fluid flow in a tum or tissue 

in which Poiseuille 's law gives the flow rate o f  fluid moving through a cylindrical tube. 

S tarling's equation gives the net fluid movem ent through the capillary wall due to 

hydrostatic and osmotic pressure difference between the tum or and the capillary and 

D arcy's law gives the flow through the tum or interstitium  [22, 107]. These authors 

computed the hydraulic conductivities for a wide range o f  tissue and capillary wall 

conductivities.

Soltani and Chen developed a numerical m odel to study the fluid flow in the 

tumor interstitium that assum es the tum or tissue to be spherical in shape and 

conservation o f  m ass and momentum  is used in the sim ulation o f  fluid flow [108], In this 

model, the tum or interstitium is classified into three regions based on the blood supply. 

(1) The well vascularized region at the periphery o f the  tum or interstitium, which is very 

close to the tum or blood vessels; (2) the sem i-necrotic region, which has a reduced blood 

supply because the region is farther from the blood vessels; and (3) the core o f  the 

interstitium, which is necrotic region due to a poor b lood supply. The authors studied the 

interstitial fluid pressure as a function o f  the area o f  the necrotic region in the tum or and 

found that with an increase in the necrotic radius, the m axim um  pressure inside the tum or 

decreases.

Chang et al., developed a netw ork m odel to study the delivery o f  colloidal drugs 

where the tumor interstitium  was represented by a 2-D  square network m odel and the 

m ovem ent o f colloidal particles in the interstitium was a result o f  the hemodynam ic 

forces, the gravitational force, the van der W aals attraction, and the electrostatic
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repulsion interaction forces, and the random forces caused by the Brownian motion 

behavior o f  m icro-particles [109]. The authors studied the drug delivery for different 

drug concentrations and found that the concentration o f  drug particles in the tum or 

decreases with a decrease in blood velocity in the arterial vasculature. They also found 

that an increase in the tum or interstitial pressure causes a slow increase in the 

concentration o f drug in the tum or whereas an increase in the arterial pressure results in a 

fast increase in the concentration o f  drug in the tumor.

There are certain lim itations in the above m entioned models, the blood is assumed 

to be a Newtonian fluid in the m odels where blood in real behaves as a Non-New tonian 

fluid [22], Also the main focus o f  the Soltani and Chen m odels was the transport through 

the tum or interstitium and the transport through the capillary is not studied. Although 

Pozrikids studied the transport through the capillary wall, the study w as basically on the 

fluid flow through it.

In study presented in this dissertation, the transport o f  the N P’s in a capillary and 

their delivery to a tum or interstitial through the capillary wall is simulated. The effect o f  

various parameters such as the N P size, pore size (pores on the capillary wall), N P 

concentration, blood pressure, and interstitial pressure on the NP delivery through the 

capillary wall is determined. The effect o f  the explicit presence o f  red blood cell is 

determined in this work to only affect the quantity but not the delivery profile. The 

ultimate aim o f  this work is to determ ine effect o f  these param eters on the N P delivery, 

once these are known, favorable conditions for NP delivery can be derived which will 

eventually result in an increased delivery to the tum or tissues.



CHAPTER 2

MODEL DESCRIPTION

2.1 Tumor Blood Capillary

N anoparticle’s (N P’s) entering the blood circulatory system travel through 

arteries, arterioles, capillaries, venules, and veins but it is only at the capillaries that they 

enter the tissue leaving the blood circulation. Hence the movem ent o f  N P ’s in the 

capillaries is simulated. A section o f  blood capillary is built as a single cylindrical tube 

with a diam eter o f  8 pm [23], a length o f  10 pm , and w ith a single pore o f  diam eter in the 

100-600 nm range representing a pore present in the capillary wall. Figure 2.1 shows the 

segment o f  a capillary with a single pore in its wall sim ulated in M ATLAB [110].

18
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Figure 2.1: Segm ent o f capillary with a single pore with N P ’s.

2.2 Nanoparticle Movement in the Capillary

In this m odel, N P ’s are assumed to m ove along with the blood flow ing through 

the capillary and hence have the velocity o f  blood (which is given in Section 2.3.3). The 

movem ent o f N P ’s in the capillary occurs prim arily due to their velocity and secondarily 

due to their collisions with other m olecules in the blood, which is sim ulated as Brownian 

motion. Brownian m otion in general is the random  m otion o f  a particle due to the its 

collisions with other particles [111].

2.3 Velocity of Nanoparticles

The velocity o f  blood depends m ainly on two factors:

1. The pressure gradient present along the length o f  the capillary

2. The viscosity o f  blood.
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2.3.1 Pressure in the Capillary

A capillary arises from an arteriole and term inates into a venule. There exists a 

pressure difference between the arterial and the venous end o f  the capillary. Figure 2.2 

shows the structure o f  a capillary with its two ends and Table 2.1 shows the normal blood 

pressure at the ends o f  the capillary in human body.

Arterial end lenous end

Arteriole J

_________X --------------------------------------------"N

Figure 2.2: Capillary with arterial and venous ends 

Table 2.1: Blood Pressure in the capillary [23],[112]

Parameters Values

Pressure at arterial end o f  capillary 30 mmHg

Pressure at venous end o f  capillary 10 mmHg

Length o f  the whole capillary 700 pm

Pressure gradient along the capillary 0.0286 m m H g / pm

W hen the blood pressure is increased or decreased in the m odel, the pressure 

values are different from the values shown in Table 2.1.

Capillary ' Vemkt
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2.3.2 Viscosity o f  Blood

Blood consists o f  plasm a and cells. The m ajor com ponent o f plasm a is water. It 

also consists o f  plasma proteins, such as album in and globulin. About 55 %  o f  the blood 

volume is plasm a and the rest is cells [113]. Due to the presence of cells, blood behaves 

as a Non-Newtonian fluid whose viscosity is not constant, unlike a New tonian fluid 

[114]. For blood, apparent viscosity decreases with an increased stress which makes it a 

shear thinning fluid [1 15].

Viscosity o f  blood is calculated from a pow er law. The apparent viscosity o f  a 

power law fluid is a function o f  shear rate raised to a pow er [22], Eq. 2.1 shows the 

apparent viscosity o f  a pow er law fluid.

napp = k|Yxln-1- E q . 2 . \

W here, qapp is the apparent viscosity, yx is the shear rate, k and n are the quantities 

which depend on the fluid. If n =1, the fluid is N ew tonian. If  n < l, it is a shear thinning 

fluid and if n > l, the fluid is shear thickening. Since the N on-N ew tonian nature o f  the 

blood is due to the presence o f  red blood cells in it, the value o f  n and k also depend on 

the number o f  cells present in the blood (called as hem atocrit). The values o f  n and k used 

in this model are 0.708 and 17 mPa. sec", respectively [116].

2.3.3 Velocity o f  N P ’s in the Capillary

Blood flow in the capillary is laminar. V elocity o f  a pressure-driven flow o f  a 

power law fluid in a cylindrical tube is obtained from  Eq. 2.2 [22]. As already m entioned, 

the capillary is assum ed as a cylindrical tube and blood, which is a power law fluid, flows 

due to the pressure difference in the capillary, Eq. 2.2 can be used to obtain the velocity 

o f the blood in capillaries.



W here Vz is the velocity o f  blood along the length o f  the capillary, V zP is the 

pressure gradient along the length o f  the capillary, R is the radius of the capillary and r is 

the distance from the center o f  the capillary.

Since velocity o f N P is assum ed to be equal to the velocity o f  blood (as already 

m entioned), Eq. 2.2 gives the velocity o f N P 's  in the capillary. The velocity profile o f 

the N P 's obtained from Eq. 2.2 is shown in Figure 2.3.

10

Distance from center o f  capillary, r (pm)

Figure 2.3: Velocity profile o f the blood obtained from Eq. 2.2

Velocity o f  N P ’s is maximum at the center and decreases as they m ove away from 

the center and becom es zero at the capillary walls.

2.3.4 Velocity in the Vicinity o f  Pore

The pressure in the tum or interstitium  is different from  the pressure inside the 

blood capillary which leads to a pressure gradient through the pore. Figure 2.4 shows the 

pressure gradients in a capillary in the vicinity o f  the pore and away from the pore.
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Figure 2.4: Pressure gradients acting in the capillary

It can be seen from Figure 2.4 that there is an added com ponent o f  pressure 

gradient in the direction o f  the pore in its vicinity. Eq. 2.2 is only applicable to a fully 

developed flow in a cylindrical tube where velocity only exists along the length o f  the 

capillary and hence is not applicable in the vicinity o f  the pore. CO M SO L is an 

alternative to get the velocity near the pore [117].

2.3.5 COM SOL Simulations

COM SOL M ULTIPHYSICS is a finite elem ent analysis based sim ulation 

software which is used for various engineering and physics applications [118]. Lam inar 

flow o f blood in the capillary is sim ulated in CO M SO L using the N avier-Stokes 

equations which are derived by applying N ew ton’s second law o f m otion to fluid flow. 

The equation also assum es that the fluid stress is due to the viscosity o f  the fluid and the 

pressure acting on it. Blood is m odeled as an incom pressible fluid where density rem ains 

constant even when the pressure and the tem perature vary [22], Density o f  blood in this 

simulation is 1060 kg/m 3 [119] and the viscosity o f  blood is obtained from the pow er law 

parameters m entioned in Section 2.3.2.
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The mesh size used in these sim ulations is 0.4 pm. A section o f  capillary with a 

single pore simulated in COM SOL is shown in Figure 2.5

Figure 2.5: Capillary w ith single pore sim ulated in COM SOL 4.0a

To find the effect o f  pore on the velocity o f  N P ’s, a capillary w ith a pore and 

w ithout one are simulated. Velocities obtained from one sim ulation are subtracted from 

the other to get the velocity o f a NP due to the pore. Figure 2.6, Figure 2.7 and Figure 2.8 

show the peak velocities in the X, Y and Z directions in the capillary near the pore.



X axis o f the capillary ((im)

Figure 2.6: Velocity in X direction o f  the capillary due to the pore
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Y axis o f the capillary (nm)

Figure 2.7: Velocity in Y direction o f  the capillary due to the pore

Z axis o f the capillary (nm)

Figure 2.8: Velocity in Z direction o f capillary near the pore
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The capillary blood pressure, the tum or interstitial fluid pressure (IFP) and the 

pore diam eter in these figures are 20 mmHg, 15.3 m m Hg and 400 nm, respectively. The 

pore location is at (4,0,5). It can be seen from the figures that the velocity is higher near 

the pore and decreases as the NPs move away from the pore. The horizontal line shows 

the area where the effect o f  the pore is present and prominent.

2.3.6 Capillary Zones

It is observed from the figures that the effect o f  the pore on the velocity o f  the 

nanoparticle is present only in a certain area near the pore. In the rest o f  the capillary, the 

effect o f  the pore is not prom inent or even negligible. Hence, the capillary is divided into 

two zones (Figure 2.9):

1. Zone 1: A rea in the capillary where the effect o f  the pore is not present.

2. Zone 2: A rea in the capillary where the effect o f  the pore is present.

I

Zone 1

Z:4 nm

Zone 2 .1

X: 1.6 ura

Y

X

Figure 2.9: Zone 1 and 2 o f  the capillary
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The dim ensions o f zone 2 are obtained from the positions o f  the double headed 

solid lines in Figure 2.6, Figure 2.7 and Figure 2.8. The velocity o f  N P in zone 1 is 

obtained from Eq. 2.2. Since in zone 2 the pressure gradients has two com ponents (one 

parallel to the axis o f  the cylinder and the other towards the pore) as shown in Figure 2.4, 

velocity due to the com ponent o f  the pressure gradient along the length o f  the capillary is 

obtained from Eq. 2.2 and velocity due to the com ponent o f  the pressure gradient along 

the pore is obtained from COM SOL. These two velocities add up to give the resultant 

velocity o f  NP in zone 2.

2.3.7 Com parison o f  COM SOL and Eq. 2.2 Velocities

As described above, the velocity profile for the particles leaving the capillary 

through the pore is obtained from CO M SOL sim ulations, but the velocity profile in the 

capillary comes from Eq. 2.2. In order to ensure consistency, a com parison was made 

between the velocity obtained from Eq. 2.2 and COM SOL. A cylindrical tube w ithout a 

pore is simulated in COM SOL and the velocity profile obtained is plotted along with the 

velocity profile o f  Eq. 2.2, as shown in Figure 2.10.
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•  COMSOL

E q u a t i o n  1 j
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D is ta n ce  f ro m  th e  c e n te r  o f  cap illary ', r  (p m )

Figure 2.10: Velocity in the capillary obtained from COM SOL and Eq. 2.2.

From Figure 2.10, it can be seen that the velocities from COM SOL and Eq. 2.2 

overlap with each other showing that they are in good agreement with each other. To 

make a m ore in detailed comparison, %  difference between both the velocities is plotted 

in Figure 2.11.
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Figure 2.11: Percentage difference betw een the CO M SOL and Eq. 2.2 velocity.

It can be seen that the difference is small throughout the tube except near the wall. 

The difference is 2%  or less up to a distance o f  3.85 pm  from the center o f  the capillary.
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For a distance above 3.85 (am (0.15 pm or less from the wall) the % difference is above 

5%. however notice that in this region the velocity is small thus the relative error is 

expected to be large, nevertheless COM SOL results will be used near the pore where the 

velocity is not small. Since the velocity from  CO M SOL and Eq. 2.2 are close to each 

other, it is concluded that obtaining the velocities from COM SOL near the pore will lead 

to no significant error.

2.4 Displacement Due to Collisions

The NP in the blood undergoes collisions with other m olecules which add 

momentum to it thereby displacing it. Collisions occur in any random direction and 

hence Brownian m otion is modeled as a random  walk.

The displacem ent due to one collision is derived in this section. Since w ater is a 

major com ponent o f  blood, the model considers collisions between the N P  and the water 

molecule and assum es that water m olecule transfers all its m omentum to the NP.

? N a  =  p Nb +  Pw- Eq. 2.3

Where P Na and PNb are respectively the linear m omentum o f  the N P  after and 

before the collision and Pw is the linear m om entum  o f  a single water m olecule. As the 

Brownian m otion will be over-imposed to the displacem ent due to the blood flow, the 

common drift velocity on the N P and the w ater can be subtracted and assum e the N P is 

initially at rest. Thus,

MVNa =  mVw. Eq. 2.4
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M and m are the mass o f  the N P and the water m olecule respectively, VNa is the 

velocity o f  the NP after collision and Vw is the velocity o f the water m olecule. So, after 

the collision

VNa =  Eq. 2.5

Since water m olecules move due to thermal energy.

\  Kb T =  \  mV*. Eq. 2.6

K b is the Boltzmann Constant and T is the tem perature.

Solving Eq. 2.6 for Vw and using it in Eq. 2.5,

V3 K T  m  „  ~ _
VNa =  — . Eq. 2.7

Then the m axim um  distance Dmax will be

„  V 3 K T m  _  _ „

T- E q- 2 8

W here x is the tim e step o f  the sim ulation and the N P ’s mass was written in term s 

o f  its density

M =  pVNP. Eq. 2.9

W here p is the density o f  the N P and V np is the volum e o f  the NP. Table 2.2 

shows the values used in the Eq. 2.8.
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Table 2.2: Values o f  param eters used in Eq. 2.8

P a ram e te rs V alues

Mass o f  one water molecule 2.99 e lb Kg

Boltzmann Constant 1.380648 e '^ J K " 1

Body Tem perature 310 K

Time step 4 ps

The com ponent o f  the displacem ent due to the over-im posed Brownian m otion is 

calculated by random ly selecting a hopping distance from zero to a m axim um  and 

randomly selecting the inclination and azim uth angles between zero and n and zero and 

2n respectively where the m aximum  displacem ent is the displacem ent due to one 

collision which is given by Eq. 2.8. A N P m ay actually undergo more than one collision 

in a single tim e step, but the displacem ent due to each collision may be in a different

direction leading, in average, to a sm aller overall displacem ent and thus the actual

displacem ent is determ ined randomly between zero and Dmax.

2.5 Simulation Process and Time Step

2.5.1 Simulation Process

The sim ulation process is as follows:

1. N P ’s are initially distributed random ly inside the cylinder

2. N P ’s are selected one by one and the zone in which they are present is

identified. A new position is determ ined as the tim e step tim es the velocity 

o f  the particle.

3. From this point, the particle is displaced due to the Brownian motion.
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4. If the particle enters the pore, it is accounted as delivered, and another 

particle is added to the volum e to keep the density constant

5. If the particle leaves the cylinder at the bottom, another particle is inserted 

at the top

2.5.2 Boundary and O verlap Check

Every tim e the NP is displaced, a boundary check and overlap check is 

performed. Boundary check is done to verify that the N P does not cross the boundaries o f  

the capillary except at the two outlets (pore and the end o f  the capillary). If  the NP 

crossed the boundary, then the NP is again displaced from  the current position assum ing 

that it hit the capillary wall and bounced back. O verlap check is done to verify that the 

NP does not overlap with another NP in the capillary. I f  overlap occurs, the N P is 

displaced again assum ing a collision.

2.5.3 Time Step

The criterion to  select the tim e step is that no particle is allowed to move from its 

current position a distance larger than its own radius in one time step. Limiting the 

maximum hop distance is necessary because overlap is only checked at the initial and 

final positions, so if  the hop distance is too large, a particle m ay find itself, after the hop, 

at the other side o f  a NP in its way without ever overlapping, leading to an unphysical 

behavior. Choosing the radius and not the diam eter as the maximum distance is an extra 

safety measure as particles will not always be on a direct head-on collision.

Given that N P ’s velocity in zone 2 m ay be significantly  larger than in zone 1, as 

the maximum velocity in zone 2 depends on the difference between the capillary blood 

pressure and the IFP, a different (shorter) tim e step is chosen for this zone. The tim e is
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chosen to be a factor o f  the tim e steps in zone 1 such that particles still will not move a 

distance larger than their radius in one time step. Having tw o different tim e steps for 

zone 1 and zone 2 optim izes sim ulation time as the tim e step necessary for zone 2 is 

unnecessarily short for particles in zone 1. The tim eline o f  particles in both regions is 

maintained in sync by allowing particles in zone 2 to move a number o f  tim es equal to 

the factor between the two tim e steps for each tim e particles in zone 1 are moved.

2.6 Uniform Density of NP in Flow

To maintain a continuous flow o f  NP in the capillary, a new N P is added as soon 

as another NP leaves the capillary. To maintain a uniform density o f NP in the capillary, 

the capillary is divided into concentric sections as shown in Figure 2.12 and the NP is 

entered into these sections based on a probability.

Figure 2.12: Cross section o f  the capillary showing its division into sections each of 
thickness 10 nm

The probability o f  the N P entering a segm ent is derived as shown below. The 

num ber o f  N P ’s entering a section is proportional to the velocity o f the nanoparticles in 

the segment (from Eq. 2.2) and the volum e o f  the section. W ithin the ring o f  the section, 

N P ’s are random ly placed. The concentration o f  NP in a section is given by Eq. 2.10
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Mx N  c  T i np =  — . E q . 2 . 1 0

p is the concentration o f NP in a section. M is the Mass o f  the NP, N is the 

num ber o f NP present in the section, Vol is the volume o f  the section. The volum e o f  the 

section is obtained as

Vol =  Tt(Rs2 -  (R s -  AR)2) x  H. Eq. 2.11

Rs is the outer radius o f  section, AR is the thickness o f  the section and H is the

length o f the capillary section in the sim ulation. Sim plifying Eq. 2.11, we get

Vol =  ttH (2R sA R -  AR2 ). Eq. 2.12

Substituting Eq. 2.12 in Eq. 2.10 and re-arranging, the num ber o fN P  in a segm ent is

N =  P^H (2R sA R -A Rl )  3
M

The NP concentration in the section, the length o f  the sections, and the mass o f  

the NP, remains constant throughout the simulations. Hence,

N oc 2R SAR -  AR2. E q .2 .1 4

The num ber o f  NP entering a segm ent should be proportional to the num ber o f NP 

required in the segm ent to m aintain a uniform  density throughout the capillary

Ne oc N. Eq. 2.15

N e is the num ber o f NP entering each section. From Eq. 2.14 and Eq. 2.15,

Ne oc 2R SAR -  AR2. Eq. 2.16

In a given amount o f tim e, the num ber o f  NPs entering each section Ne should 

also be equal to the num ber o f N Ps leaving that section in the same am ount o f  tim e Ni. As

the length o f  all sections is the same, the num ber o f  NPs leaving a particular section is

proportional to the N P ’s speed in that section.

N, =  Ne ocVz. Eq. 2.17
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From Eq. 2.16 and Eq. 2.17.

Ne oc (2R SAR — AR2)Vz. Eq. 2.18

Hence, probability o f NP entering a section is

P =  J 2 * sA R -A R * )V ,......
K ZP=1(2R SiA R -A R 2)VZi M

Where n is the num ber o f sections.

Simulations were performed to check if  the probability derived in Eq. 2.19 gives a 

uniform distribution o fN P ’s in the capillary. Figure 2.13 shows the density o f N Ps in the 

sections o f  the capillary for NP diam eter 200 nm.
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Figure 2.13: D ensity o f  N P ’s in the sections o f  capillary

It is obvious from Figure 2.13 that the densities are constant in all sections o f  

outer radius less than 3.9 pm and for the rem aining sections, the density is zero. This is 

because the center o f  the NP is considered as its position and a N P o f  radius 0.1 pm 

present in a section o f  radius above 3.9 pm  will be crossing the boundaries o f  the 

capillary which is not physically possible. Hence, N P ’s are not allowed to enter those
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sections which are named as zero density zones. This plot proves that a uniform 

distribution o f  NPs in the capillary is achieved with probability equation derived.



CHAPTER 3

RESULTS AND DISCUSSIONS

3.1 Effect of NP Size in Delivery

Simulations are performed to study the delivery o f  N P ’s as a function o f  their 

size. The pore diam eter and the capillary blood pressure at the pore are 400 nm and 20 

mmHg in these calculations. The sim ulations are perform ed on tum ors w ith different 

interstitial fluid pressure (IFP), head and neck carcinom a (19 m m H g), m etastatic 

m elanom a (18 mmHg), and rectal carcinom a (15.3 m m Hg)[120]. H ypothetical tumors 

with a pressure o f  17 mmHg and 16 m m H g are also simulated to com plete the set. 

N um ber o f  NPs delivered to the tum or as a function o f  NP size for tum ors with different 

IFP is plotted as Figure 3.1. All the sim ulations are run for five trails. The average o f  the 

delivery results obtained from the five trials gives the actual delivery and the standard 

deviation o f  the delivery rates obtained for these five trials gives the error bars o f  these 

simulations.

37
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Figure 3.1: Num ber o f  N P ’s entering the tum or as a function o f NP size

It can be seen from Figure 3.1 that the delivery o f N P ’s to the tum or decreases 

with an increase in N P size for tum ors o f IFP 19 and 18 mmHg. A particle can be 

dragged into the pore or continue its way through the capillary, as the particle size 

increases, the chances o f  m issing the pore also increases as depicted in Figure 3.2.



3 9

Figure 3.2: (a) Arrows denote the pressures acting on the N P near the pore, (b) A larger 
NP hitting the capillary wall and m issing the pore

As IFP decreases, the pressure gradient betw een the blood capillary and the 

interstitium increases and with that the drag forces on the N Ps also increase. For IFP o f  

17mmHg, the effect o f  particle size is significantly sm aller than for 18 m m H g and 19 

mmHg, and for 16 mmHg and 15.3 mmHg, the effect is virtually negligible. Figure 3.3 

shows the percent o f  N Ps delivered for the same sim ulations m entioned in the previous 

paragraph.
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Figure 3.3: Percent o f NPs entering the tum or as a function o f  N P size

Com parison o f Figure 3.1 and Figure 3.3 shows that percentage o f  NPs delivered 

decreases slightly with particle size for IFP 16 and 15.3 m m H g where as the num ber o f  

NPs delivered increases for the same IFP. This behavior can be explained w ith the help o f  

Figure 3.4
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Figure 3.4: Total num ber o f  NPs in the blood flow

The total num ber o f  N P ’s in the flow in a given time period increases as the size 

o f  N P’s increases as shown in Figure 3.4 this is because for larger N P ’s, the zero density
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zone near the wall is larger (particles need to be at least 1 radius away from the wall), 

hence, as the NP size increases, the NPs that are the closest to the wall (this is the group 

from where most o f  the particles delivered to the tum or come from) are farther aw ay than 

for smaller ones and they are dragged with the blood flow at a higher velocity. So NPs 

are added more often and more NPs can miss the pore as they move faster. This is not an 

artifact o f  the sim ulation, in a real experim ent [121], larger particles will also m ove faster 

near the capillary wall than their sm aller counterparts as they will be exposed to faster 

moving blood.

3.2 Effect of Pore Diameter on Delivery

NP delivery as a function o f  pore diam eter is sim ulated fo rN P  o f  size 200 nm and 

capillary blood pressure 20 mmHg. Sim ulations for head and neck carcinom a, m etastatic 

melanoma and rectal carcinom a are perform ed. The results are shown in Figure 3.5
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Figure 3.5: Percent o f  N Ps entering pore as a function o f pore size

The results from Figure 3.5 indicate that the N P  delivery increases w ith the pore 

diam eter for all three tumors. Unlike the case previously studied, where for low IFP, the 

delivery is alm ost independent o f  the particle size; such an effect is not observed here.
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Clearly the relative NP-pore size is not the only factor in the delivery, the difference is 

that when the pore size is fixed, the relative size (pore-N P) changes but all N P experience 

the same drag force. However, changing the pore size changes the relative size but also 

changes the fluid velocity, thus further affecting NP delivery.

3.3 Comparison to an Experimental Study

NP delivery to tum ors is studied in a way that can be directly com pared to the 

experimental results. Experim ents were perform ed by G. K ong [121] by introducing NPs 

o f different sizes into the body o f  mice with tum ors. Later, the tumor tissue was heated 

and the experiment was repeated. NPs o f diam eter 100, 200 and 400 nm were used in the 

experiment. Delivery o f  album in was also m onitored. The experim entalists observed a 

decrease in the delivery with an increase in the N P size at both tem peratures, in 

agreement with the results presented here in previous sections, with an increased delivery 

o f all NP sizes for the higher tem perature. The explanation given was that heat increases 

the pore size leading to an increase in the num ber o f  N Ps delivered.

Considering that all the pores in the vessel are o f  the same size is not a good 

assumption, thus to compare the results from our model to  the experim ental results 

mentioned above, an analysis was made by studying the delivery to a tum or assum ing a 

distribution o f  pore sizes rather than a single size. For that, sim ulations were conducted 

for three different pore sizes and the results were averaged w ith a G aussian-distributed 

weight. Two distributions o f  pore sizes centered at different values were sim ulated. The 

first distribution has pores o f  size 40 nm, 100 nm and 160 nm . The m ean pore size is 100 

nm and the standard deviation is 60 nm. The second distribution has pores o f  size 340 

nm, 400 nm and 460 nm. The mean pore is 400 nm and the standard deviation is also 60
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nm. The reason for choosing the above pore sizes is because the tum or vasculature used 

in the experim ent seems to have a cu t-off pore size o f  100 nm before heating [121]. After 

heating, the experim entalists reported a cu t-off pore size greater than 400 nm [121]. N P 's  

o f the same size as studied in the experim ent are used here. Capillary blood pressure and 

the tum or IFP in this simulation are 20 and 18 mmFIg, respectively. Figure 3.6 shows the 

results obtained from the experim ents [121] and simulations.
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Figure 3.6: NP delivery to  a tum or considering a Gaussian distribution o f  pore size.

As seen in Figure 3.6, for the mean pore diam eter o f  100 nm, N P  o f  200 and 400 

nm do not enter the pore at all since the pore is sm aller than them. There is a marginal 

delivery o f  100 nm NP because the distribution o f  the pore size includes a 160 nm pore 

which allows some o f  the 100 nm N P through it. The delivery o f 7 nm album in is the 

largest because it is sm aller than all the pores. For the mean pore diam eter o f  400 nm, the 

delivery o f  all the N P ’s increased. Table 3.1 shows the sim ulation results compared to 

the experiment.
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Table 3.1: Com parision between experim ental[121] and simulation results

Nanoparticles Compared Experiments Simulations

l O O n m N P -  Album in (cut­
o ff pore size 100 nm)

-95% -99%

200 nm N P-100 nm NP (cut­
o ff pore size > 400 nm)

-37% -12%

200 nm N P-400 nm NP (cut­
o ff pore size > 400 nm)

-53% -82%

In the experim ents, for a cut-off pore size o f  100 nm, the decrease in the delivery 

o f 100 nm NP com pared with the delivery o f album in is 95%. In the sim ulations, for the 

mean pore diam eter o f  100 nm, a 99 %  decrease in the delivery o f  100 nm  NP as 

compared to the album in is observed. For the higher tem perature experiment, N P delivery 

is observed to decrease 37%  as the NP size increase from  100 nm to 200 nm , and 53% as 

the NP size increases from 200 nm to 400 nm. The results obtained from  the sim ulations, 

for a mean pore diam eter o f  400 nm show a decrease o f 12% as the N P size increases 

from 100 nm to 200 nm, and 82%  as the N P size increases from 200 nm to 400 nm. A 

difference between the experim ental and the sim ulation results exists because the exact 

experimental conditions are not known (i.e. the tum or IFP is not reported in the 

experiments). As already m entioned (Figure 3.3), the effect o f  NP size on the delivery 

varies with the tum or IFP. Also, the exact pore size in the capillary is not known. A cut­

o ff  pore size > 400 nm in the experim ents m ay also include pores larger than 460 nm and 

hence m ight have resulted in a larger delivery o f  400 nm NP than in the sim ulations. It is 

worth noticing that the experim ental results have large error bars and the percentages 

reported above are within the experimental error except for the 400 nm N P  and album in. 

The delivery o f  album in in the experim ents and the simulations is observed to be
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different. We believe that this is due to the fact that the albumin can also transport 

through the vesicles in the capillary walls by m eans o f  transcytosis [122], Since the 

simulations consider delivery through the pores alone, w hile other m echanism s are 

available in the experim ent, there is no hope to get album in delivery right. This is not a 

problem for NPs.

3.4 Effect o f NP Concentration in Delivery

Delivery as a function o f  NP concentration in blood is sim ulated for a NP 

diam eter o f  200 nm, pore diam eter o f  400 nm, and capillary blood pressure o f  20 mmHg. 

Simulations are performed for head and neck carcinom a, m etastatic m elanom a, and rectal 

carcinoma. Results are shown in Figure 3.7.
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Figure 3.7: Num ber and percentage o f  N P ’s entering the pore as a function o f  volum e 
fraction o f  NP in capillary

The results indicate that the num ber o f  N Ps entering the pore increases with an 

increase in the NP concentration, but the percentage o f N Ps entering the tum or does not 

improve much for all the tumors. From the results, it can be stated that the increase in the 

NP concentration does not improve the efficiency o f  delivery through a pore at a given 

time, but due to the increased concentration, N Ps are available in the blood for a longer 

tim e and, hence, they are available for m ore cycles o f  the blood around the body, thereby
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increasing the tum or uptake over tim e. How ever this will also increase the uptake by 

healthy tissues and organs like the liver. This imposes a tradeoff that has to be decided 

on each particular case.

3.5 Effect of Blood Pressure on the Delivery

NP delivery as a function o f blood pressure in the capillary is sim ulated for N P 

and a pore diam eter o f  200 nm and 400 nm, respectively. Sim ulations are perform ed for 

all three tumors. Capillary blood pressure at the pore is increased from 20 to 23 m m Hg in 

steps o f 1 mmHg keeping the tum or IFP constant. Figure 3.8 shows the percent o f  NPs 

delivered.
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Figure 3.8: Percentage o f  NPs delivered to tum or as a function o f  the capillary blood 
pressure

The results indicate that the delivery o f  N P ’s to the tum or increases linearly with 

an increase in the blood pressure for all the three tum ors. Due to  the increase in the blood 

pressure, the difference in the pressure across the capillary wall also increases, leading to 

an increase in the velocity towards the pore, and thereby pulling more N P  into it.
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The delivery o f  NPs to the tum or as a function o f  their diam eter for different 

capillary blood pressure (CBP) is simulated. The pore diam eter and the IFP in this case 

are 400 nm and 19 mmHg, respectively. Results are shown in Figure 3.9.

Figure 3.9: Percentage o f  NPs delivered to tum or as a function o f N P size for different 
capillary blood pressure (CBP)

Delivery follows a sim ilar trend as shown in Figure 3.3, as the capillary blood 

pressure increases, for a constant IFP delivery o f  N Ps to the tum or becom es less sensitive 

to their size. Putting together the results from Figure 3.3 and Figure 3.9, it can be stated 

that as the pressure gradient across the pore increases, either due to an increase in the 

capillary blood pressure or due to a decrease in the tum or IFP, the effect o f  N P size on 

their delivery to the tum or becomes less significant.
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CHAPTER 4

M ODELLING RBC IN CAPILLARY BLOOD FLOW

4.1 Red Blood Cell Size and Structure

Red Blood Cells (RBC’s) are biconcave discs with diam eters in the 7-8 jam range, 

a thickness o f  2.5 jam at the edges, and 1 jam at the center [123] . The surface topology o f  

RBC can be modeled from Eq. 4.1 [124],

z =  0 .5 7 1  -  (x2 +  y 2) (a 0 +  a i ( x 2 +  y 2) +  a 2(x 4 +  y 4)). Eq. 4.1

where -1< x < 1; -1< y < 1; ao= 0.207, ai=2.002, a2= -1.122; x, y and z are 

dim ensionless param eters scaled as X/R, Y/R and Z/R; X, Y, Z are the Cartesian co ­

ordinates representing RBC surface and R is the radius o f the RBC.

4.2 Hematocrit in Capillaries

Hem atocrit is the physiological param eter which gives the volum e fraction o f  

R B C ’s present in the blood volume. H em atocrit in large blood vessels (arteries and 

veins) is in the range o f  30-55% , whereas in the capillaries, it drops to 10-20%  [123]. 

Hem atocrit for a single RBC in the capillary section is calculated from Eq. 4.2.

. .. Volume of single RBC . _
H em atocrit =  — ------- -— —1 ------ —  x  100. Eq. 4.2

Volume of capillary section  1

The volume o f  a single RBC is 9 .0 x l0 ‘,7m3 [125], The radius and height o f  the 

capillary section are 4 pm and 10 pm, respectively, and hence the volume o f  the capillary

48
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section is 5.03x10"16 m 3. Substituting both the volumes in Eq. 4.2 gives a hematocrit o f  

18%, which is within the physiological range [123]. In this model, the NP flow in the 

RBC containing the capillary is studied and since a capillary section o f  length 10 pm 

contains one RBC, a capillary section o f  length 20 pm is simulated with two R B C 's in it. 

Figure 4.1 shows the capillary section with two RBC's.

i

Figure 4.1: Red Blood Cells in the Capillary Section

4.3 RBC Flow in the Capillary

Only one RBC (diam eter 7 pm ) can enter a capillary (diam eter 8pm ) at a time 

leading to a single file flow o f R B C ’s in the capillary. Also, R B C ’s in the capillary tend 

to be at the center and align along the axis o f  the capillary, leading to a higher RBC 

velocity than the mean velocity o f  the blood flow [126], Albrecht and his group [127] 

conducted some experiments to study the ratio o f  the velocity o f  RBC to the mean 

velocity o f the blood plasma in capillaries with diam eters in the range o f  3.3-11.0 pm. 

According to their results, the ratio between the velocity o f  the RBC and the average
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velocity o f the blood plasm a is 1.43 for a capillary o f  diam eter 8 pm. Since the mean 

velocity o f  the blood is ha lf its m aximum  velocity in the capillary [22] , utilizing the 

results o f the above experimental group gives the velocity o f  RBC in the capillary.

A thin layer o f  plasma flow exists in between the RBC and the capillary wall 

where the plasma lubricates the flow o f  RBC and the velocity o f  the NP in this layer is 

obtained from lubrication theory [128], whereas the velocity o f  N P’s betw een tw o RB C’s 

is called the bolus flow [129],

Lubrication theory generally gives the flow o f  a thin layer o f  fluid betw een two 

surfaces. The lubrication theory equation is show n in Eq. 4.3 [130],

d2V) 1 dP „ „  . -
— 1 ; 0 <a <w. Eq. 4.3
d2a t| dz

where V| is the velocity o f  the plasm a (and N P ’s) in the thin layer, a is the distance 

from the RBC surface to the capillary wall in the thin layer, w  is the w idth o f  the thin 

layer (difference between the capillary radius and the RBC radius gives the w idth o f  the

dP
thin layer), q is the viscosity o f  the plasm a (0.0035 Pa.s [131]), and — is the pressure 

gradient along the capillary. Integrating Eq. 4.3 tw ice gives

C | and C2 are the integration constants. The boundary conditions are given from  Eq. 4.5 

and Eq. 4.6 where V rbC is the velocity o f  the RBC.

4.4 Velocity of NP’s in the Capillary

4.4.1 Lubrication Theory

Eq. 4.4

At the surface o f  RBC, a =  0; v\ =  v rbc. Eq. 4.5

At the capillary wall, a =  w; V] =  0. Eq. 4.6



Applying boundary conditions to Eq. 4.4, we get

V] =  — ^  (a 2 — w a) +  (w  -  a). Eq. 4.7
1 2r| dz w ^

Figure 4.2 shows the velocity o f  the NP in the thin layer obtained from Eq. 4.7.

0 .50.2 0 .3 0 . 4

a (pm )

Figure 4.2: Velocity o f  N P in the thin layer

Figure 4.2 shows that as the NP m oves from the surface of the RBC to the wall, 

its velocity decreases linearly and finally becom es zero at the wall.

4.4.2 Bolus Flow

Plasma in the capillary gets trapped between the R B C ’s forming eddies around 

them; this flow is called the bolus flow. The velocity o f  the bolus flow o f  the plasm a is 

obtained from the work done by Y. C. Fung [132], Figure 4.3 gives the axial velocity o f  

the bolus flow o f the plasma.
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Figure 4.3: Axial velocity o f  the bolus flow  o f  plasm a between two R B C ’s [132]

The axial velocity o f  the plasm a at a distance o f  above 3.6 pm  from the R B C ’s 

surface is near parabolic and is the same as the velocity profile used in C hapter 3 where 

R B C’s are not explicitly included in the m odel. As the plasm a gets closer to the R B C ’s 

surface, the axial velocity o f  the plasm a decreases and the velocity profile becom es blunt 

at the center. A t the surface o f  the RBC, velocity o f  plasm a is equal to the R B C ’s 

velocity until the radial distance from  the center is equal to the R B C 's radius, i.e., -0.9 < 

r/R < 0.9 and for rest o f the capillary (the beginning o f the thin layer), the velocity 

linearly drops to zero, which shows that the bolus flow  follows the lubrication theory at 

the R B C ’s surface. Figure 4.4 shows the radial velocity o f the bolus flow  o f  the plasm a.
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Figure 4.4: Radial velocity o f  the bolus flow o f  plasma between R B C ’s [132]

Figure 4.4 shows that the radial velocity is m axim um  when the plasm a is at a 

distance o f  1.2 pm from the R B C ’s surface and the velocity decreases as the plasm a 

moves nearer to the R B C ’s surface or farther to it. A t the R B C ’s surface, radial velocity 

is zero. The m ost important feature o f  this profile is that the velocity is directed towards 

the capillary wall and hence a lateral m ovem ent o f  N P ’s in the plasm a tow ards the 

capillary wall is expected.

Simulations were conducted to study the impact o f  RBC on the N P delivery to the 

tum or and the results obtained were com pared to the NP delivery w ithout RBC in the 

capillary. Figure 4.5 shows the NP delivery to head and neck carcinom a (IFP 19 m mHg) 

for different pore diameters.

4.5 Results and Discussions

4.5.1 Com parison o f  NP D elivery with and w ithout RBC
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Figure 4.5: Com parison o f  N P 's delivered to tum or with and w ithout RBC in the 
capillary for different pore size

The NP diam eter in these sim ulations is 200 nm. It can be observed from Figure

4.5 that the delivery to the tum or increased w hen R B C ’s are also sim ulated in the 

capillary; this is because the bolus flow  o f  the plasm a in between R B C 's  has radial 

velocity which pushes the N P ’s towards the capillary wall. A larger num ber o f  N P ’s at 

the capillary wall leads to an increase in the N P delivery to tumor. A bout a 22%  increase 

in the NP delivery is observed for all the three pores.

4.5.2 Sim ulations as a Function o f  NP Size and Blood Pressure

Simulations were conducted to study the effect o f  the N P size and blood pressure 

on the NP delivery to the tum or in the presence o f  RBC for head and neck carcinom a 

(IFP 19 mmHg), m etastatic m elanom a (IFP 18 m m H g), and rectal carcinom a (IFP 15.3 

mmHg). Figure 4.6 shows the N P delivery to the tum or as a function o f  the N P size.
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Figure 4.6: Percentage o f  N P ’s delivered to tum or as a function of NP size with RBC in 
the capillary

Capillary blood pressure in Figure 4.6 is 20 mmFIg, and the pore diam eter is 400 

nm. It can be seen that the delivery o f  N P ’s behave in the same w ay as explained in 

Chapter 3 (Figure 3.3), i.e. for IFP 19 and 18, NP delivery decreases with an increase in 

its size but for tum ors o f  IFP 15.3 mmHg, N P delivery is m inimally affected by its size. 

Table 4.1 gives a com parison o f  the actual values o f  the % o f  N P’s delivered for a 100 

nm NP for various tum ors with and without the presence o f RBC.

Table 4.1: Com parison o f  the percentage o f  100 nm N P  delivered for different tum ors 
with and w ithout RBC in the capillary

IFP
(mmHg)

% delivered for 100 nm 
NP with RBC

% delivered for 100 
nm NP without RBC

% change

19 0.130 ± 0 .0 0 4 0.100 ± 0 .0 0 2 30%

18 0.320 ± 0.009 0.260 ± 0 .0 0 7 23%

15.3 0.930 ± 0 .0 1 4 0.760 ± 0 .0 1 2 22%

I  0.8

2 06 y>

0
100
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From Table 4.1, it can be observed that the am ount o f  N P 's  delivered increased in 

the presence o f RBC in the capillary. Figure 4.7 shows the N P delivery as a function o f  

the capillary blood pressure in the presence o f  RBC for different tumors.

"  ♦ IFP 19 mmHg ■ IFP 18 mmHg IFP 15.3 mmHg

1 1-2

1  0.9

20 21 22 23

Capillary blood pressure at the pore (mmHg)

Figure 4.7: Percentage o f  N P ’s delivered to tum or as a function o f  capillary blood 
pressure in the presence o f RBC in the capillary

NP and pore diam eter in Figure 4.7 are 200 nm and 400 nm , respectively. 

Comparing these results to the results obtained in Figure 3.8 show that the N P delivery to 

the tumor increases approxim ately linearly with the increase in the blood pressure in both 

cases. Table 4.2 shows the % o f  N P’s delivered to the tum or at a capillary blood pressure 

o f  23 mmHg with and w ithout RBC for all three different tumors.
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Table 4.2: Percentage o f  N P 's  delivered to tum or at capillary blood pressure(CB P) 23 
mmHg with and without RBC in the capillary

IFP
(mmHg)

% of NP delivered for CBP 
23mmHg with RBC

% o f NP delivered 
for CBP 23mmHg 
without RBC

% change

19 0.520 ± 0 .0 1 0 0.430 ± 0 .0 0 6 21 %

18 0.690 ± 0.007 0.570 ± 0 .0 0 9 21 %

15.3 1.210 ± 0.010 0.990 ± 0.009 22 %

It can be stated from  these results that there is an increase in the am ount o f  N P ’s 

delivered to the tum or in the presence o f  RBC in the capillary, but the delivery follows 

the same qualitative behavior as reported in Chapter 3.



CHAPTER 5

NANOPARTICLE FLOW THROUGH ENTIRE BODY

In this chapter, a study is performed in which the NP that flow through the entire 

body is considered and the NP delivery to the tum or through the capillary vessel is 

calculated with time and compared with the results o f  the PEG -liposom es and normal

liposomes delivery obtained from an experim ental group led by Ishida [133]. Unlike the

previous chapters where N P flow through a section o f  the capillary is considered, this 

study considers the NP flow through an entire capillary vessel.

5.1 Number o f Pores on the Capillary Wall

A study o f  the m orphom etric data on the endothelium  o f  blood capillaries 

conducted by Simionescu and his group [134] infer that a single endothelial cell form s 

the cross-section o f  a visceral capillary and the w idth and length o f an endothelial cell are

19.2 pm and 10 pm, respectively. The width o f  the endothelial cell form s the perim eter 

o f  the capillary cross section and its length adds up to the  length o f  the capillary. 

According to this data, capillary o f  700 pm length has 70 endothelial cells. Another 

experimental group led by Hashizum e studied the num ber o f  pores in the capillaries and 

reported that 29%  o f the endothelial cells in a capillary wall form  pores [135]. U tilizing 

their results, 29%  of 70 cells, i.e. 20 cells, form  pores, but since every tw o cells form a 

single pore, a total o f 10 pores are present in a capillary.

58
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5.2 Delivery through the Pores

Each pore is assum ed to be present at a distance o f 70 pm from the adjacent pore 

such that a uniform distribution o f  pores on the capillary wall is obtained. The difference 

in the pressure at the arterial and venous end o f  the capillary is 20 mmHg (Pressure 

values are obtained from Table 2.1) and the pressure drop for every 70 pm  distance in the 

capillary is 2 mmHg. Figure 5.1 shows the distribution o f pores on the capillary wall and 

the blood pressure in the capillary at each pore.

30 mmHg

26 mmHg

20 mmHg

14 mmHg

28 mmHg

^  24 mmHg 

22 mmHg

)  18 mmHg 

16 mmHg

)  12 mmHg

(D

Figure 5.1: Distribution o f pores and blood pressure in the capillary at each pore

Figure 5.2 shows the schem atic o f  the drug transport in the capillary. As an 

example, the figure shows delivery through three pores considering the part o f  the 

capillary with each pore as a segment.
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n- <xi X2 )

Figure 5.2: Schematic o f  the drug transport in the capillary 

In Figure 5.2, D is the concentration o f  the drug in the blood flow ing through the

pore one. As the blood enters the second segment, the drug dosage reduces to D -X (, 

which means that as the blood passes through each pore, the dosage o f  drug reduces by 

the amount o f drug delivered through that pore. The m ean blood velocity in the capillary 

is 4.7 mm/s and hence the tim e needed for the blood to pass through a single pore is

0.015 seconds. Blood flow  is continuous in the capillary and hence in 0.015 seconds, 

blood with dose D passes pore 1, blood with dose D-Xi passes pore two, and so on. 

Hence, the drug delivered to  the tum or in 0.015 seconds is the sum o f  the drug delivered 

through all five active pores in that time. The drug concentration in the first segment o f  

the capillary is obtained as follows:

where Db is the drug dosage in the blood circulation, Vbcs is the Volum e o f  the 

blood in the capillary segm ent, and Vtb is the total blood volum e of the body.

first segment o f  the capillary and Xi is the am ount o f  drug delivered to the tum or through

Eq. 5.1
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The blood volume o f  a male m ouse based on the experimental findings o f  Riches 

and his group is 84.7±1.2 m L/Kg body weight [136] and hence the total blood volume in 

the male mouse used in the experim ents o f  Ishida is 2.3 mL (W eight o f  the m ale mouse 

used in their experiments was 25-30 g ).

In this study, delivery o f  a 100 nm NP (because average diam eter o f  liposom es in 

the experiment was 100 nm) through head and neck carcinom a (IFP 19 m mHg) with 

tum or capillary pores o f  diam eter 400 nm is studied. Delivery through each individual 

pore in the capillary is obtained by applying the results o f  the NP delivery through a 

single pore (from Chapter 3 and Chapter 4) for different capillary blood pressures 

sim ulated with the same pore diam eter and for the same tum or as used in this study. 

Figure 5.3 shows the results for delivery o f  100 nm N P through a pore diam eter o f  400 

nm o f  head and neck carcinoma.

p 0.6
y =0.145 lx -  2.7629 

R1 = 0.9966
o  0.5 

x>
% 0.4

♦  Without RBC 

■  With RBC

y = 0 .1 1 9 2 x -2.2715 
R- = 0.997

Blood Pressure in the Capillary at the pore (mmHg)

Figure 5.3: Delivery o f N P ’s as a function o f  capillary blood pressure for 100 nm N P in 
head and neck carcinom a (IFP 19 mmHg)

Figure 5.3 is obtained from  the results o f  Chapters 3 and 4. The figure shows that 

the delivery increases linearly w ith an increase in the blood pressure and the straight lines
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which give the behavior o f  the drug delivery as a function o f  the blood pressure are 

extrapolated to get the delivery at capillary blood pressures 24. 26, and 28 m mHg. The 

% o f  N P 's  delivered obtained from extrapolation is shown in Figure 5.4.

1.4

"B 0.4
 W ith o u t  RBC

W ith  RBC

0
20 22 24 26 28

Capillary blood Pressure at the pore (mmHg)

Figure 5.4: NP delivered to tum or obtained from extrapolation o f results in chapter 3 
and 4.

Interstitial pressure in this case (head and neck carcinoma) is 19 m m H g and, 

hence, for the highest blood pressure considered, i.e. for 28 mmHg, pressure difference 

across the pore is 9 mmHg. Figure 5.5 showing the percentage o f N P ’s delivered to the 

tum or vs. pressure gradient across the capillary pore for rectal carcinom a (obtained from 

results o f Chapters 3 and 4) states that even for a higher pressure gradient o f  7.7 m m Hg 

across the pore, the delivery is still linear and hence validates the linear extrapolation o f  

the delivery rates shown in Figure 5.4.
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Figure 5.5: Delivery o f N P’s to tum or for different pressure gradients across the pore 
for 200 nm N P in rectal carcinom a (IFP 15.3 m mHg)

The NP diam eter in Figure 5.5 is 200 nm and the pore diam eter is 400 nm. For

the pores with a capillary blood pressure less than 19 mmHg, there is a negative pressure

gradient resulting in a flow from  the tum or interstitium  into the capillary. How ever, in 

this study we consider there is no flow o f  NP from the tum or to the capillary. This is 

because NP within the tum or interstitium  travel through diffusion in all directions[137] 

leading to a lower fraction o f  N P ’s near these pores (within the intersitium ), thereby 

causing a low or no re-entry o f  N Ps from the interstitium  to the capillary. Hence, in this 

study, pores with capillary blood pressure less than the tum or interstitial pressure are 

considered functionally inactive.

5.3 Drug Dosage in the Blood

Drug introduced into the body intravenously travel through the entire body and

has an equal probability o f entering the blood vessels o f  all body tissues. H ence, the drug

in this study is considered to  be uniform ly distributed throughout the entire blood 

circulation such that at any given time, all blood vessels carry equal drug concentration.
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In the experiments by Ishida (experim ents with which this study is com pared), an initial 

drug dosage o f  500 pg is introduced into the body o f  a male mice [133]. As the drug 

circulates through the body, some part o f  it is accum ulated in the liver and spleen and 

some part is delivered to the tum or, leading to a gradual decrease in the drug dosage in 

the blood with time. Experim ents (by Ishida) were conducted for normal liposom es and 

PEG-1 iposomes with the same initial drug concentration, but the drug concentration 

remaining in the blood with tim e was observed to be different in each case as shown in 

Figure 5.6.

80
♦  PEG- liposomes Liposomes

2  40
-a

100 200
Time (minutes)

3 00 400

Figure 5.6: Percentage o f  drug dose rem aining in the blood with tim e obtained from 
Ishida experiments [133]

In our study, the am ount o f  drug rem aining in the blood with tim e is obtained by 

using the exponential fits (black lines) from Figure 5.6 for liposom es and PEG- 

liposomes.
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5.4 Results and Discussions

Delivery o f normal liposomes and the PEG -liposom es (both liposom es have the 

same initial drug concentration but drug concentration rem aining in the blood with time 

is different) to the tum or with tim e is calculated and com pared to the experim ental results 

obtained by Ishida as shown in Figure 5.7.
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Figure 5.7: Experim ental and sim ulated results o f  the delivery of liposom es to the tumor

In Figure 5.7 both the sim ulation results (with and without RBC) are normalized 

by the m axim um  drug delivery obtained in the presence o f  RBC after 360 minutes, 

whereas the experimental results are norm alized by the drug delivery found in the tum or 

in experim ents after 360 minutes. The actual percentage o f  drug delivered is shown in 

Table 5.1 for PEG-liposom es and Table 5.2 for norm al liposomes.
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Table 5.1: Actual percentage o f  drugs delivered in experim ents and sim ulations for PEG- 
liposomes

Time (minutes) PEG-liposomes (%)

Experiments Simulations with RBC Simulations 
without RBC

30 2.5 0.00024 0.00020

60 3.75 0.00067 0.00055

180 8.26 0.00210 0.00173

360 11.25 0.00370 0.00303

Table 5.2: Actual percentage o f  drugs delivered in experiments and sim ulations for 
liposomes

Time (minutes) Liposomes (%)

Experiments Simulations with RBC Simulations 
without RBC

30 0.25 0.00010 0.00008

60 1 0.00024 0.00020

180 2 0.00056 0.00046

360 2.5 0.00073 0.00060

The actual delivery rates o f  the experim ents are 103 tim es larger than the delivery 

rates from simulations; this is because in this study the blood flow through a single 

capillary o f  the tum or is considered, whereas in reality at any given point o f  tim e, blood 

sim ultaneously flows through a num ber o f  capillaries within the tum or tissue. Tum or 

tissue may contain thousands o f  capillaries and hence it is reasonable to have delivery
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rates 10J tim es larger than the sim ulation results. Also, Figure 5.7 shows that the delivery 

behavior obtained from sim ulations agree with the delivery behavior o f  the experim ents.



CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

1. A model to sim ulate the NP delivery to the tum or tissue through the tum or capillary 

wall pore was developed. The model uses a param etric equation to describe the 

particles flow in the capillary while a velocity profile predicted in CO M SO L is 

utilized near the pore. Brownian motion is over imposed to the flow -induced particle 

transport. A uniform distribution o f  N P ’s in the capillary is achieved.

2. The effect o f  NP size, pore size, N P concentration, and capillary blood pressure on 

the delivery o f  N Ps to different tum ors such as head and neck carcinom a, m etastatic 

m elanoma and rectal carcinom a is studied.

3. A decrease in the delivery o f  NPs is observed w ith an increase in the N P size for head 

and neck carcinom a (IFP 19mmHg) and m etastatic melanoma (IFP 18 m m H g), but 

for rectal carcinom a (IFP 15.3 m m Hg), increase in the NP size did not affect the 

delivery by much.

4. An increase in the pore size increased the N P delivery to all three tum ors. The results 

obtained for the effect o f  the NP size and pore size on the delivery m ade a qualitative 

agreement to the experimental results.

68
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5. Increase in the NP concentration did not improve the efficiency o f  NP delivery to the 

tumor.

6. With the increase in the capillary blood pressure, the N P delivery to the tum or also 

increased.

7. The relative effect o f IFP, capillary blood pressure, pore diameter, and particle size 

can be used to optim ize the conditions for drug delivery. Pore size can be controlled 

by tem perature [121], capillary blood pressure can be altered by adm inistering 

vasoconstrictors to the body, and IFP can be controlled by using antiangiogenic 

agents [138].

8. Flow of RBC in the capillary is m odeled. In this sim ulation it was ensured that the 

hematocrit is within physiological range. The bolus flow o f  plasma in the presence o f 

RBC pushes the N P ’s tow ards the capillary wall leading to an increased N P delivery 

to the tumor; however, the behavior o f  the delivery as a function o f  N P size, blood 

pressure and interstitial fluid pressure does not change.

9. A study considering the drug flow through the entire body is perform ed. The drug 

concentration rem aining in blood with time obtained from  an experim ental result by 

Ishida [133] is adopted into the study. The drug delivered to the tum or with tim e 

showed a very good agreem ent to the experim ental results o f  Ishida.

6.2 Future Work

1. The model can be im proved by finding an analytical solution for the flow  o f  NP at the 

pore such that the model does not depend on CO M SOL to get the velocity profile at 

the pore.
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2. The model can be extended to include the transport o f N P 's  in the tum or interstitium. 

The tum or interstitium is mainly com posed o f  collagen and elastic fiber netw ork with 

interstitial fluid in it [139], The m ain transport o f  N P 's  through the tum or interstitium 

is through diffusion [137], The transport o f  N P 's  in the interstitium  can be modeled 

as diffusion through porous m edia to study how deep the NP can penetrate into the 

tumor. Also, the transport o f  N P 's  through the pore can be modeled.

3. Charge interactions between the NP and the capillary wall can be introduced into the 

model. Endothelial cells in the capillary w alls are coated with glycocalyx, which has 

negatively charged sulphate and carboxylate groups, and the red blood cells also have 

a net negative charge on their surface [140], Interactions between charged N P ’s, red 

blood cells and the glycocalyx can be m odeled to study the delivery o f  a charged NP 

into the tum or interstitium.

4. The current model assumes that the N P ’s flow with the velocity o f  the blood. Drag 

forces o f  the blood flow acting on the nanoparticles can be included into the model to 

make it a more efficient model.
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FLOW CHART OF THE PROGRAM
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A.I. Flow Chart of the Program without RBC in Capillary
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Figure A . l : Flow chart o f  the program  w ithout RBC in the capillary
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A.2. Flow Chart of the Program with RBC in Capillary
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Figure A.2: Flow chart o f  program w ith RBC in capillary
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B .l. Subtracting Velocity o f Flow with and without Pore

Sub checkz()

Dim n As Integer, m As Integer, column 1 As Integer, colum n2 As Integer, colum n3 As 

Integer, colum n4 As Integer, column5 As Integer

n = 2 

m -  2

column 1 = 3 

column2 = 10 

column3 = 6 

colum n4 = 5 

column5 -  11 

Do W hile n <  33563

Do W hile (Abs(A ctiveSheet.Cells(n, colum n 1) - A ctiveSheet.Cells(m , colum n2)) >

0.0009) 

m = m + 1 

Loop

ActiveSheet.CelIs(n, colum n3) = ActiveSheet.Cells(n, colum n4) - ActiveSheet.Cells(m ,

column5)

n = n + 1

Loop

End Sub
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B.2. Creating Co-ordinates o f Velocity Table

Sub createpoint()

Dim x As Double, d As Double, z As Double, d l As Double, y As Double, k A s Integer, i 

As Integer, j As Integer, 1 As Integer, coum nl As Integer, coumn2 As Integer, columnb3 

As Integer 

x = 3.9265 

d = 0.083 * 2 

d l = 0 .2  

1 =  2

colum nl = 8 

colum n2 = 9 

column3 = 10 

For k = 1 To 10 

z = 23.2 

For i = 1 To 20 

y = -2

For j = 1 To 20

ActiveSheet.Cells(l, co lum nl) = x 

ActiveSheet.Cells(l, colum n2) = y + dl 

ActiveSheet.Cells(l, colum n3) = z 

y = ActiveSheet.Cells(l, colum n2)

1 = 1 + 1
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Next j

L -  7. + dl

Next i 

x = x - d 

Next k 

End Sub

B.3. Getting Velocities for the Table from COMSOL Data

Sub comparevz()

Dim n As Integer, m As Integer, colum nl As Integer, colum n2 As Integer, colum n3 As 

Integer, column4 As Integer, column5 As Integer, colum n6 As Integer, colum n8 As 

Integer, colum n9 As Integer, column 10 As Integer, colum nl 1 As Integer, colum n 12 As 

Integer, column 13 As Integer, colum n 14 As Integer, colum n 15 As Integer, colum n 16 As 

Integer 

m = 6

colum nl = 1 

column2 = 2 

column3 = 3 

colum n4 = 4 

column5 = 5 

column6 = 6 

column8 = 8 

column9 = 9 

column 10 = 10
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colum nl 1 = 11 

column 12 = 12 

column 13 = 13 

Do While m < 1602 

n = 2

dl = (ActiveSheet.Cells(n, co lum nl) - A ctiveSheet.Cells(m , colum n8)) A 2 

d2 = (ActiveSheet.Cells(n, colum n2) - ActiveSheet.Cells(m , colum n9)) A 2 

d3 = (ActiveSheet.Cells(n, colum n3) - ActiveSheet.Cells(m , column 10)) A 2 

Do While Sqr(d 1 + d2 + d3) > 0.1 

n = n + 1

d l = (ActiveSheet.Cells(n, co lum nl) - A ctiveSheet.Cells(m , colum n8)) A 2 

d2 = (ActiveSheet.Cells(n, column2) - A ctiveSheet.Cells(m , colum n9)) A 2 

d3 = (ActiveSheet.Cells(n, colum n3) - A ctiveSheet.Cells(m , column 10)) A 2 

If n > 20008 Then Exit Do 

Loop

I f n <  20009 Then

ActiveSheet.Cells(m , colum nl 1) = A ctiveSheet.C ells(n, column4) 

ActiveSheet.Cells(m , co lum nl2) = A ctiveSheet.C ells(n, column5) 

ActiveSheet.Cells(m , colum n 13) = A ctiveSheet.C ells(n, colum n6)

Else

ActiveSheet.Cells(m , colum nl 1) = A ctiveSheet.C ells(m  - 1, colum nl 1) 

ActiveSheet.Cells(m , column 12) = A ctiveSheet.Cells(m  - 1, column 12) 

ActiveSheet.Cells(m , column 13) = A ctiveSheet.Cells(m  - 1, column 13)
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End If 

m = m + 1 

Loop 

End Sub

B.4. Finding the Highest Velocity in X, Y and Z Directions in Zone2

Sub checkhighvelQ

Dim p As Double, n As Integer, m As Integer, colum nl As Integer, colum n2 As Integer, 

column3 As Integer, colum n4 As Integer 

n =  1282 

m = 2

p = 0.2

colum nl =  3 

column2 = 4 

column3 = 15 

column4 = 14 

Do W hile n < 32002

Do W hile (ActiveSheet.Cells(n, co lum nl) -  p)

If Abs (ActiveSheet.Cells(n, colum n2)) > Abs(ActiveSheet.Cells(m , colum n3)) Then 

ActiveSheet.Cells(m , colum n3) = ActiveSheet.Cells(n, colum n2)

End If 

n = n + 1 

Loop

ActiveSheet.Cells(m , colum n4) =  p
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p = p + 0.2 

m = m + 1 

Loop 

End Sub

B.5. Comparing Velocities from Intrapolation and Table

Sub comparevz()

Dim n As Integer, m As Integer, colum nl As Integer, colum n2 As Integer, colum n3 As 

Integer, colum n4 As Integer, column5 As Integer, colum n6 As Integer, colum n8 As 

Integer, coiumn9 As Integer, colum n 10 As Integer, colum nl 1 As Integer, colum n 12 As 

Integer, column 13 As Integer, colum n 14 As Integer, colum n 15 As Integer, colum n 16 As 

Integer 

m = 2

colum nl = 1 

colum n2 = 2 

column3 = 3 

colum n4 = 4 

column5 = 5 

colum nb = 6 

colum n8 = 8 

colum n9 = 9 

column 10 = 10 

colum nl 1 = 11 

column 12 = 12
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column 13 = 13 

colum nM  = 14 

co lum nl5  = 15 

colum n 16 = 16 

Do W hile m <  1002 

n = 2

d l -  (ActiveSheet.Cells(n, co lum nl) - ActiveSheet.Cells(m , colum n8)) A 2 

d2 = (ActiveSheet.Cells(n, colum n2) - A ctiveSheet.Cells(m , colum n9)) A 2 

d3 = (ActiveSheet.Cells(n, colum n3) - ActiveSheet.Cells(m , column 10)) A 2 

Do W hile Sqr(dl + d2 + d3) > 0.05 

n = n + 1

d l = (ActiveSheet.Cells(n, co lum nl) - ActiveSheet.Cells(m , colum n8)) A 2 

d2 -  (ActiveSheet.Cells(n, colum n2) - ActiveSheet.Cells(m , colum n9)) A 2 

d3 = (ActiveSheet.Cells(n, colum n3) - ActiveSheet.Cells(m , co lum n l0)) A 2 

If n > 4001 Then Exit Do 

Loop

If n < 4002 Then

ActiveSheet.Cells(m , co lum nl4 ) =  A ctiveSheet.Cells(m , colum nl 1) - 

ActiveSheet.Cells(n, colum n4)

ActiveSheet.Cells(m , c o lu m n l5) = ActiveSheet.Cells(m , co lum nl2) - 

ActiveSheet.Cells(n, colum n5)

ActiveSheet.Cells(m , colum n 16) = ActiveSheet.Cells(m , c o lu m n l3) - 

ActiveSheet.Cells(n, colum n6)
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End If 

m = m + 1 

Loop 

End Sub
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