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ABSTRACT 
 
 

 Skin cancer affects many people worldwide and is life threatening without treatment.  

People with light skin, genetic diseases, and high exposure to ultraviolet radiation (UVR) are at a 

high risk of developing skin cancer. Once developed, skin cancer can spread to the rest of the 

body, including organs inside the body.  If the cancer is established, it is difficult to control and 

treat.   

 Skin cancer is diagnosed by the depth at which it has spread below the skin.  

Conventional treatments such as creams and lotions treat only the outer skin surface, while 

cancer below the skin is allowed to thrive.  Treating only the outer layer and not the inner layer 

of skin can make it difficult to diagnose cancer because the severity of it can be hidden.  The 

ideal treatment is to treat cancer from the inside out.  Administering common cancer medicines 

means killing healthy cells as well as cancer cells; therefore, developing a drug delivery system 

(DDS), which can be injected into the body and release medicine at an engineered rate and 

location, is needed.     

 In this thesis, a special drug delivery system is proposed—one that lessens the toxicity of 

a therapeutic agent from an intraperitoneal (IP) injection by reducing diffusion of that injection 

into sensitive areas of the body.  This DDS uses both magnetic forces to hold it at the affected 

location and also a protein, encapsulated into the DDS, to reduce an immune response.  The 

protein can also encourage uptake of the DDS into the cancer cell where the DDS releases the 

therapeutic agent.   It is shown that this DDS is successful in treating cancer, and no toxic effects 

were found, which makes this treatment a possible alternative to conventional therapies. 
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CHAPTER 1 
 

1 INTRODUCTION 
 
 

1.1 Impact of Skin Cancer 

Skin cancer affects many people worldwide and can be life threatening.  Figure 1-1 

shows a patient with squamous cell carcinoma (SCC) on the nasal bridge.  This patient noticed 

the tumor four months before the image was taken.  The patient’s face is now deformed, and 

breathing is difficult.  It is crucial to detect and treat cancer before it can grow.  SCC cancer is 

difficult to diagnose, and can easily grow and spread to the rest of the body.   Figure 1-2 shows a 

patient with SCC cancer that has spread to many parts of the body.  Once the cancer has spread, 

or metastasizes, it is difficult for doctors to cure ; thus, treating the cancer before it can spread is 

a priority.   

 

Figure 1-1. Patient affected by skin cancer 
(adopted from [1]). 

 

Figure 1-2. Patient with skin cancer that 
has spread throughout the body  (adopted 

from [2]). 
 

Treating patients with high levels of chemotherapy can be dangerous to the patient; 

however, the cancer must be eradicated quickly to prevent metastasis.  Targeted drug delivery is 

a treatment method that involves treating only the afflicted region.  Higher levels of 



 

2 

chemotherapy can then be used without danger.  Figure 1-3 shows a drug level vs. time profile of 

common treatment methods.  Intravenous injection of a chemotherapy drug involves a very high 

toxicity level, and then the drug is excreted from the blood quickly.  Oral doses of a 

chemotherapy drug are at optimal treatment levels for a short time but drop off quickly.  The 

ideal drug-release profile is to raise the drug concentration quickly to the ideal level, then hold it 

there for a long time period.  Targeted drug delivery can be used to control the release rate of the 

drug but also concentrate the therapeutic agent at the afflicted area. 

 
Figure 1-3. Drug level vs. time profile of 
different methods of administering drugs. 

 
Figure 1-4. Proposed magnetic/protein  

drug delivery system. 
 

1.2 Proposed Method of Treating Skin Cancer 

Many methods of targeted drug delivery are being developed, one of which is 

magnetic/protein targeted drug delivery.  The magnet acts as a guiding force to pull the drug 

delivery system (DDS) into the cancer tissue, while the protein hides the DDS from the immune 

response.   Albumin, a common protein found in animals, is used to keep particles colloidal 

within the body.  Uptake of albumin is common in inflamed tissue.  The uptake of albumin into 

the cell creates a locally reduced concentration of albumin around the inflamed tissue.  Higher 

concentrations of albumin nearby then quickly diffuse to the locally lower concentration.  By 

reducing the concentration of albumin around the cancer tissue, a DDS containing albumin will 
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gravitate to that area, which effectively creates a “cancer-seeking” DDS, a schematic of which is 

shown in Figure 1-4. 

The proposed DDS is made up of five materials. 

• Poly(lactic-co-glycolic acid) (PLGA) 

•  Albumin 

•  5-fluorouracil (5-Fu) 

• Magnetite nanoparticles 

• 1,6-diphenyl-1,3,5-hexatriene (DPH) 

Each component has its own purpose.  PLGA is used as a binding material to prevent albumin 

from becoming colloidal in the body and to encapsulate the 5-Fu and DPH.  Also, PLGA assists 

in the controlled diffusion of the therapeutic agent. Albumin makes up the rest of the matrix.  

Albumin aids in diffusion of the therapeutic agent and in moving the DDS to the inflamed tissue.  

Albumin, a common protein found in the body, can make the DDS “disguised” within the 

immune system.  It is expected that the immune system will find it difficult to tell the difference 

between natural albumin and the DDS-containing albumin, which will prevent a foreign body 

response.  The therapeutic agent 5-Fu, which is used to treat SCC cancer, is both well established 

and cost effective.  For these reasons, it is an ideal therapeutic agent to treat cancer.  Magnetite is 

a material with ferrimagnetic properties.  By utilizing nanotechnology, nano-magnetite can be 

prepared to have unique properties compared to its bulk form.  Nano-magnetite particles are 

superparamagnetic, meaning that once the magnetic field is released, there is no residual 

magnetic field or remanence.  This unique property prevents the agglomeration of particles after 

the magnetic field is removed, thereby reducing the possibility of clotting.  By applying a magnet 

around the injection and affected site, the DDS can be held in place.  DPH is used solely to 
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characterize the effective ability of the currently proposed DDS to “target” the cancer cells.  The 

florescent molecule will leave a “footprint” of the area to which the DDS diffused. 

The effectiveness of the DDS and fluorescence footprint was successfully tested in an in-

vivo situation.  Results show that the DDS will concentrate in the keratin-rich areas of the 

tumors.  Keratin is a natural formation caused by the death of skin cells; however, evidence from 

other research has shown that 5-Fu can induce programmed death in skin cells.  The death of the 

cells and knowledge of DDS concentrated in that area supports the effectiveness of the DDS.  

The study utilized five mice and did not include magnet-assisted targeted drug delivery. 

A larger study of 20 mice was done to test the effectiveness of a magnetic targeted DDS.  

Initial results have shown that this type of system is twice as effective as the same DDS without 

utilization of a magnetic field, and also, it was found to be considerably less toxic to the liver 

then the DDS alone.  Magnetic targeted drug delivery shows great promise in treating cancer and 

other ailments where inflamed tissue is a problem, such as rheumatory arthritis (RA). 
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CHAPTER 2 
 

2 LITERATURE REVIEW 
 
 

2.1 Skin Cancer  

Cancer is a disease in which cells grow at an uncontrolled rate.  These cells intrude into 

nearby healthy tissue, causing its destruction, and can spread to other locations within the body.  

The abnormal behavior of cancer cells is caused by defects within the genetic material.  It was 

estimated that in 2010, 569,490 deaths would occur in the United States due to cancer, and of 

that number, 11,790 deaths were expected to occur because of skin cancer [3].  Although skin 

cancer is not the most deadly form of cancer, it is the most common form of cancer in the United 

States.  More than 3.5 million cases are diagnosed each year (2006) [4], and 1 out of 5 

Americans will develop skin cancer over the course of a lifetime [5].   

 Skin cancer can be classified as melanoma or nonmelanoma.  The two main types of 

nonmelanoma skin cancer are basal cell carcinoma (BCC) and squamous cell carcinoma (SCC).  

BCC is by far the most common form of skin cancer, with 2.8 million cases diagnosed each year 

in the United States (2005) [5].  BCC can be disfiguring if the tumor is allowed to grow; 

however, this form of cancer is not fatal.  SCC skin cancer can spread to other parts of the body, 

including the lining of the hollow organs of the body, which means passages of the respiratory 

and digestive tracts.  SCC skin cancer is reported in 700,000 people a year in the United States. 

Other nonmelanoma skin cancers are Kaposi’s sarcoma, Merkel cell carcinoma, and cutaneous 

lymphoma.  Skin cancer can also be found in melanocytes, or cells that produce the pigment of 

skin.  This form of skin cancer is called melanoma and is not as common but by far the most 

dangerous skin cancer.   
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 It has been found that the risks of getting skin cancer are higher if the patient has light 

skin, hair, or eyes.  Genetics plays a role in the risks of developing cancer.  A person is more 

likely to get cancer if a large percentage of the family members have been diagnosed with 

cancer, rather than a person without a family history of cancer.  Age is also a factor; it is more 

common to have nonmelanoma skin cancers after age 40.  Sunburn and exposure to other 

ultraviolet radiation (UVR) is considered the primary cause of all skin cancers [6].  

 There are many forms of skin cancer treatments, and treatment of basal cell carcinoma 

has a 90% or more chance of success [7].  However, other forms of skin cancer, such as SCC, do 

not see as high a success rate.  Skin cancer is treated in six different ways: curettage and 

desiccation, surgical excision, radiation therapy, cryosurgery, Mohs micrographic surgery, and 

medical therapy using creams.   

2.2 Surgical Treatment of Skin Cancer 

2.2.1 Curettage and Desiccation 

Curettage and desiccation are preferred by dermatologists.  This method uses a spoon-

like instrument to scoop out the skin cancer, or currettage.  A 5 mm or larger curette is used to 

remove the tumor until the physician thinks the cancer is removed.  This instrument can be seen 

in Figure 2-1 and Figure 2-2.  Desiccation is used after the cancer is removed.  Desiccation is the 

use of an electrical current to control the bleeding and to kill any remaining cancer cells.  

Typically, the physician will desiccate normal skin 2 to 4 mm from the interface between the 

cancer area and healthy tissue.  This method does not leave a scar and does not require stitches.  

The cure rate after five years is ~95% for both BCC and SCC cancers [8-10].  In all cases, the 

cancer was identified and treated in early stages of development.  The largest drawback to 
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curettage and desiccation is the individual physician’s technique; it has been shown that certain 

physicians have better cure rates than others [11].   

 
Figure 2-1. Curette used in removing skin 

cancer (adopted from [12]). 

 
Figure 2-2. Scraping out BCC cancer with a 

curette (adopted from [13]). 
 

2.2.2 Mohs Micrographic Surgery 

Surgical excision involves cutting out the tumor and then stitching up the hole left 

behind.    Mohs micrographic surgery, a form of surgical excision, is where the surgeon removes 

a piece of the suspected cancer tissue and examines it under a microscope.  Small specimens are 

taken, making this a slow and painstaking process; however, recover rates are around 98%.  Any 

alternative treatment option should be compared to Mohs micrographic surgery, as it is 

considered the “Gold Standard” for skin cancer surgery.  Not only does it have the highest cure 

rate, but it also preservers the maximal amount of normal tissue.  Compared to alternative 

treatments, the process is most effective in ill-defined cancer-normal skin borders, aggressive 

cancer growth, recurrent growth, and high-risk areas.  Figure 2-3 shows an ill-defined area of 

cancer where the cancer and has had a recurrence, which makes it an ideal candidate for 

treatment with Mohs micrographic surgery.  Figure 2-4 shows the resultant removal of the skin 

by Mohs micrographic surgery.  After the skin cancer is removed, the healthy skin will be 

stretched and stitched together.   Other more-simplistic treatments are used when the severity and 
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risk to health is not a concern.  Also, other methods like radiation are used when it is difficult to 

cut away the tissue, such as cancer near vital organs. 

 

Figure 2-3.  Ill-defined skin cancer  
(adopted from [14]). 

 

Figure 2-4.  Skin cancer removed from patient 
by Mohs micrographic surgery (adopted from 

[14]). 
   

2.2.3 Radiation Therapy 

Radiation therapy is used on areas that are difficult to treat with surgery, such as eyelids.  

To obtain good cosmetic results, 25 to 30 treatments of a lower radiation dosage are required to 

avoid negative side effects.  Large areas affected by cancer, such as on the back, may be better 

treated by radiation therapy.  Radiation kills normal and malignant cells alike; however, normal 

cells are able to recover from the damage.  Radiation has many side effects, and therefore its use 

is limited.  Some early side effects after radiation treatment are that the skin may become warm 

and red, peel, ulcerate, and become moist and oozy.  A side effect showing moist and oozy skin 

after radiation treatment can be seen in Figure 2-5.  Some long-term effects are skin atrophy, 

telangiectasis (abnormal blood vessels), increased pigmentation, alopecia (hair loss), and a non-

healing ulcer.  The side effect of developing ulcers and alopecia can be seen in Figure 2-6. 
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Figure 2-5.  Short-term side effect of radiation 
therapy where treated area has become moist 

and oozy (adopted from [15]). 

 

Figure 2-6.  Long-term side effect of radiation 
therapy where treated area has developed 
ulcers and alopecia (adopted from [15]). 

 
2.3 Non-Surgical Treatments 

2.3.1 Systemic Chemotherapy Therapy 

Chemotherapy is defined as the treatment of disease with chemical agents that have a 

specific toxic effect upon cancer cells and selectively destroy cancerous tissue.  The ideal goal of 

chemotherapy is the total destruction of cancer cells; however, this is difficult to do with 

chemotherapy alone; therefore, chemotherapy is utilized with other treatments such as excision 

or radiation.    

Medical therapy using creams that attack cancer cells or stimulate the immune system 

also can be applied several times a week to kill the cancer cells.  Typical creams that kill cancer 

cells utilize therapeutic agents such as 5-fluorouracil (5-FU), Efudex, and Fluoroplex.  Another 

form of chemotherapy uses therapeutic agents to stimulate the immune response.  Aldara is a 

therapeutic agent that will stimulate the immune system to fight off abnormal cells. Table 2-1 

shows commonly approved nonmelanoma skin cancer therapeutic agents, including typical dose, 

mechanism of action, and typical side effects.  The agent 5-Fu is of specific concern to this paper 

because it is used in the proposed DDS. 
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Table 2-1. Commonly approved cancer drugs (adopted from [14]).  
 

Drug  Usual Dose  Mechanism of Action  Typical Side Effects 

Cisplatin 

50–100 mg/m2 i.v. once 
or 15–20 mg/m2 daily 
for 5 days, repeated 
every 3rd–4th week 

Alkylation, DNA 
crosslinking, active 

mainly against 
actively cycling cells 

Nausea, vomiting, 
nefrotoxicity, ototoxicity 

(especially over 50 mg/m2), 
neurotoxicity 

Doxorubicin 

Depends on 
combination 

chemotherapy protocol, 
usually approximately 

50–75 mg/m2 

Anthracycline 
antibiotic, DNA 
intercalator, and 
yopoisomerase II 

blocker 

Cardiotoxicity (over 
cumulative dose of 550 
mg/m2), bone marrow 

suppression, nausea, vomiting 

Paclitaxel 
100–175 mg/m2 i.v., 
repeated every third 

week 

Tubulin 
depolymerization 

blocker, formation of 
nonfunctional 

microtubules, active 
mainly against G2/M 

phase of actively 
cycling cells 

Bone marrow suppression, 
neuropathy (synergistic risk 

with cisplatin), alopecia 

Bleomycin 
5.000–15.000 IE/m2, 

usually in combination 
regimens 

DNA strand scission 
by free radicals 

Flu-like symptoms, mucositis, 
lung fibrosis (especially over 

250,000 IE/m2 cumulative 
dose) 

5-FU 10–15 mg/kg body 
weight once weekly 

Causes DNA damage, 
active against 

mitotically active 
cells, sensitizes cells 
to ionizing radiation 

Nausea, vomiting, stomatitis, 
diarrhea, bone marrow 

suppression 

Capecitabine 
(Xeloda®) 

1,250 mg/m 2 bid for 
14 days followed by a 

week break 

Oral 5-FU prodrug, 
mechanism of action 

as 5-FU 

Diarrhea, nausea, vomiting, 
stomatitis, hand-and-foot 
syndrome, hepatotoxicity, 

jaundice 

Cetuximab 
(Erbitux®) 

400 mg/m2 followed by 
250 mg/m2 weekly Anti-EGFR antibody 

Acneiform rash, paronychia, 
pyogenic granulomas, 

dyspnea 

Erlotinib 
(Tarceva®) 100–150 mg daily EGFR tyrosine kinase 

inhibitor 

Nausea, vomiting, stomatitis, 
anorexia, dyspnea, 

hepatotoxicity, acneiform 
rash, paronychia, pyogenic 

granulomas 
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2.3.2 Clinical Study—Capecitabine/Interferon Alpha Treatments [16] 

Wollina et al. [16] did a clinical study to characterize the effects of  a prodrug of 5-Fu, or 

capecitabine.  Interferon alpha was used in conjunction with the capecitabine.  Capecitabine was 

administered orally along with subcutaneous interferon alpha injections to treat four patients with 

advanced SCC cancer of the skin.  Capecitabine (950 mg/m2) was applied on the surface of their 

bodies on days 1 to 14, and interferon alpha 3x3 mioU was injected into the subcutaneous tissue 

three times a week.  The injection of interferon alpha was meant to stimulate the immune system, 

and 5-Fu was used to cause necrosis of the cancer cells.  Two out of the four patients had a 

complete remission, and the other two had a partial remission.  One of the patients died but for 

an unknown reason.  The side effects were mild for all patients.   

A 68-year-old man was diagnosed with SCC cancer of the eye, and due to health 

problems, the patient was denied surgery.  Figure 2-7 (a) shows the cancer before treatment.  

After one cycle, partial remission was diagnosed, as shown in Figure 2-7 (b).  Figure 2-7 (c) 

shows the final treatment after three cycles, displaying a complete clinical response.  The patient 

was free of tumor signs for more than 12 months before he was lost to follow-ups. 

   
Figure 2-7. Clinical study of 68-year-old man with advanced SCC cancer:  before treatment (a), 

partial recovery after one cycle (b), and complete clinical response after three cycles (c). 

 Skin cancer is an ailment that will affect 1 out of 5 people in America, making it highly 

beneficial for America and the rest of the world to develop a cure.  Where most skin cancer is 

treatable, SCC skin cancer can be problematic in that it can enter the lining of other organs.  

a b c 
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Treating SCC skin cancer within the body requires surgery and may require multiple surgeries if 

the cancer recurs.  Developing a novel method of curing skin cancer without surgery or reducing 

patient ailments has the potential to affect the majority of the world’s people.  

2.4 Cellular Uptake  

2.4.1 Endocytosis 

 Eventually, nanosphere drug delivery systems need to release the therapeutic agent 

payload into the cell; this can be done by the cell ingesting the DDS or uptaking the therapeutic 

molecules by endocytosis.  Endocytosis is defined as “a process in which a cell takes in materials 

from the outside by engulfing and fusing them with its plasma membrane” [17].  Therefore, 

endocytosis is the method by which foreign material, such as nanoparticles or therapeutic agents, 

are carried into the cell.  Endocytosis is categorized into three processes: phagocytosis, 

pinocytosis, and receptor-mediated endocytosis.  Phagocytosis is how the cell ingests solids by 

making a pouch out of the outer membrane that will then capture particles into the cell via the 

surfactant-based pouch.  Pinocytosis is like phagocytosis except that it takes in liquids instead of 

solids.  It should be noted that since both of these processes are not mediated by a receptor, 

particles are taken in without discretion.  Receptor-mediated endocytosis requires a protein or 

particles that will start the event of ingesting the foreign particle.  The pouch will then form as in 

phagocytosis and pinocytosis.  There is still much debate on how the pouch forms with different 

foreign bodies for all three types of endocytosis. 

 The actual mechanisms and functions of how endocytosis occurs have not been clearly 

identified [18, 19]; however, considerable research and progress has been made to describe this 

process [19].  Actin has been shown to play a key role in endocytosis, as can be seen in Figure 

2-8.  Endocytosis is composed of five different mechanisms: clathrin-dependent, caveolin-
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dependent, macropinocytic, GEEC pathway, and flotillin-dependent.  The regulators, shown in 

Figure 2-8, are identified by color.  Blue indicates coated proteins, red denotes kinases, orange 

indicates GTPases, green  signifies adaptors, and black represents miscellaneous proteins.  

 Gottlieb et al. [20] showed that actin microfilaments are critical in endocytosis at the 

apical membrane; however, this is not true at the basolateral (BL) surface of polarized epithelial 

cells.  The apical membrane is a polarized plasma membrane that faces the lumen, whereas the 

basolateral membrane faces the interstitium.  A schematic of this is shown in Figure 2-9.  The 

significance of this research as applied to nanosphere drug delivery is that there are different 

mechanisms of uptake of drug delivery particles from the lumin or basolateral membrane of 

epithelial cells.  Thus, a drug delivery system can be engineered to enter or be blocked by the 

lumin membrane, yet just the opposite is true for the basolateral membrane. 

 

Figure 2-8. Endocytosis pathways: blue = coat 
proteins, red = kinases, orange = GTPases, 

green = adaptors, black = other proteins 
(adopted from [18]). 

 

 

Figure 2-9. Schematic of apical surface and 
basolateral membrane showing charged 

structure (adopted from [21]).  

2.4.2 Effect of Cytochalasin D on Endocytosis 

 The research by Gottlieb et al. utilized a treatment with cytochalasin D to induce the 

depolymerization of the actin cytoskeleton, which resulted in cytochalasin D increasing the 
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number of coated pits in the apical surface by suppressing the pinching-off of coated vesicles.  

Figure 2-10 shows that cytochalasin D inhibits the uptake of Lucifer yellow, a soluble marker 

that is ingested into the epithelium cell without binding to the plasma membrane.  The white dots 

shown in Figure 2-10 mark the Lucifer yellow inside the membrane.  Utilizing electron 

microscopy, it was found that cytochalasin D prevents the pinching-off of coated vesicles and the 

movement of microvillar surface components to the intermicrovillar spaces. Figure 2-11 shows 

an example of electron microscopy where the coated pits at the apical surface are connected to 

the plasma membrane by a long narrow neck that does not pinch off.  This evidence suggests that 

microvilli may be part of the mechanochemical motor to move membrane components around 

the microvillar surface toward the intermicrovillar space.  Since cytochalasin D does not affect 

the basolateral surface, this implies that actin filaments do not associate at the sites of 

endocytosis on the basolateral membrane. 

 

Figure 2-10.  Endocytosis occurring at apical but 
not basolateral membrane, as shown by Lucifer 

yellow (white dots) that has been ingested into the 
cell (adopted from [20]). 

 

Figure 2-11. Electron microscopy image of 
coated pit (CP), which does not pinch off 

(adopted from [20]). 
 

2.4.3 Passive Endocytosis 

 As shown in Figures 2-10 and 2-11, particles can easily be digested through the 

actinmyosin system; however, Rothen-Rutishauser et al. [22] found that red blood cells without 
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phagocytic receptors and no actinmyosin systems can still take up nanoparticles.  Advance 

microscopic techniques were used to visualize the different materials with different surface 

chemistry and sizes.  The three techniques used in the experiment were “laser scanning 

microscopy (LSM) and image restoration” (LSM analysis), transmission electron microscopy 

(TEM), and energy-filtering transmission electron microscopy (EFTEM) analysis.  Since 

nanoparticles are difficult to identify, different methods were used to take advantage of the 

different properties of the materials in order to contrast with red blood cells.   

 The materials used were florescent particles, gold particles, and titanium dioxide 

particles.  LSM analysis is where a laser is focused to a small point.  This point of light then 

reflects back to a light detector and a pixel is found.  The pixels are then combined to produce a 

3D structure of the sample.  Fluorescent particles will provide a larger response than normal 

particles, thus LSM analysis is ideal for characterizing fluorescent particles.  These particles 

were modified to have a charged surface: positive (amino-modified), negative (carboxy-

modified), and no charge. Different sizes of particles were also characterized.  Figure 2-12 shows 

images taken by LSM analysis in which different-sized particles show different uptake 

characteristics.  Figure 2-12 (insert a) shows a 1 μm fluorescent particle (green) on the outside of 

the red blood cell (red), while the interior shows no fluorescent particles.  However, as the 

particles become smaller, less than 200 nm of nanoparticles where found inside the cell (Figure 

2-12, inserts b and c).  The charges on the particles did not affect the uptake of the 200 nm and 

below nanoparticles; however, positive-charged nanoparticles were seen on the surface, while all 

negative and non-charged particles were seen on the inside of the cell.   
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Figure 2-12.  LSM analysis of fluorescent particles (green) in red blood cells (red).  Images 
show inside of cell, and inserts show outside of cell (adopted from [22]). 

 TEM was used to image gold nanoparticle interaction with red blood cells in real time.  

Once again, only particles smaller than 200 nm were ingested by the red blood cells.  Larger 

agglomerations above 200 nm were seen to adsorb onto the outer membrane.  The gold 

nanoparticles had charged surfaces as in the LSM analysis:  positive, negative, and no charge.  

All three types of charges were found concentrated inside the cell, and positive-charged gold 

nanoparticles were seen outside the cell membrane.    

 EFTEM analysis was done on titanium dioxide particles, and the same results as above 

were found.  All three materials and surface charges showed that the mechanism to uptake 

nanoparticles less than 200 nm is not sensitive to surface charge or material makeup of the 

materials characterized: fluorescent, gold, and titanium dioxide particles.  Particles above 200 

nm were not seen inside the cell; thus it can be concluded that the mechanism of cell uptake 

without phagocytic receptors and actinmyosin systems are controlled by size.  The translocation 

mechanisms of the nanoparticles are unknown, and it is unlikely that the translocation is caused 

by an actin-mediated process.  It is, however, likely that the translocation occurs from an 

unspecific method such as diffusion, trans-membrane channels, electrostatic attraction, van der 

Waals, hydration forces, or steric interactions. 

c b a 
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2.4.4 In-Vivo Experiment Related to Endocytosis 

 The above discussion was focused on in-vitro testing of cell endocytosis of nanoparticles, 

and it is well know that the in-vivo environment is considerably different than the in-vitro 

environment.  For an accurate representation of what happens in in-vivo systems, the in-vitro 

tests must be compared to in-vivo tests.  Geiser et al. [23] reported that nanoparticles or ultrafine 

particles (< 100 nm) can cross the cellular membrane in lungs using a nonphagocytic 

mechanism.  Titanium dioxide particles (22 nm) were inhaled by rats, and the intrapulmonary 

distribution of the particles were analyzed 1 hour and 24 hours after exposure.  The analysis 

technique used was energy-filtering transmission electron microscopy.  EFTEM is based on 

inner-shell ionization of elements that are present in the sample, which give rise to characteristic 

signals in well-defined energy-loss regions.  In simpler terms, TEM can detect the loss of 

electrons from orbitals and find the elemental analysis, which allows for TEM images of specific 

compositions to be shown.  Titanium dioxide particles are easily identified from the background 

images of other particles in the system. 

 Titanium dioxide particles were found in the luminal side of airways and alveoli as well 

as within the tissue compartments of the lung.  Particles were localized inside epithelial cells, 

endothelial cells, and fibroblasts, and between collagen fibril in the connective tissue and red 

blood cells. The intracellular particles were found mostly in the cytoplasm and rarely within the 

nucleus.  Unlike in-vitro experiments that found the agglomerated particles in membrane-bound 

vesicles [24], the currently discussed in-vivo experiments did not have titanium dioxide particles 

in membrane-bound vesicles.  In contrast, the titanium dioxide particles were not agglomerated.  

Distribution of the titanium dioxide particles in the tissue was 79.3 ± 7.6% found on the luminal 

side of the airways and alveoli, 4.5 ± 2.5% within the epithelial or endothelial cells, 4.8 ± 4.5% 
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within the connective tissue, and 11.3 ±  3.9% within the capillaries.  It was found that the 

volume fraction in the 1-hour and 24-hour exposures to the rats was not different, thus exposure 

time does not affect the distribution of particles.  Once again, the exact mechanisms involved in 

the uptake of nanoparticles are unknown, but transport via pores has been proposed by Pante and 

Kann [25].  Also, passive uptake by electrostatic attraction, van der Walls, or steric interactions 

have been proposed by Rimai and Busnaia [26].  Several authors have also suggested that uptake 

is controlled by capillary interactions, and thermodynamic models have been used to predict the 

uptake of in-vivo and in-vitro systems [27-30]. 

 Advanced drug delivery requires drug particles to be concentrated in the affected zone, 

thereby maximizing the therapeutic effect while reducing the toxic effects of the therapeutic 

agents.  McIntosh et al. [31] did extensive research on utilizing caveolae to localize therapeutic 

agents at the effected zone.  Caveolae are a special type of lipid raft, small (50–100 nanometer) 

invaginations of the plasma membrane in many vertebrate cell types, especially in endothelial 

cells and adipocytes [32]. Figure 2-13 shows two pathways in which molecules can cross the 

capillary barrier.  The intercellular cleft shown by the “1” allows molecules to move through the 

intercellular space.  This space regulates the passage of solutes and macromolecules between the 

blood and subendothelial space by intracellular messengers like Ca2+ [33].   The second method is 

by caveolae identified by the “2.”  Caveolae will shuttle or bridge molecules from the lumen to 

the basolateral membrane.  An antibody that is specific to lung caveolae (TX3.833) was created 

by MacIntosh et al. [31] and injected into rats.  After 30 minutes, 89% of the dose was found to 

be concentrated in the lungs, as shown in the weight portion of Figure 2-14 (a). The control-

radiated 125I-labeled IgG1 was localized heavily in the blood, while the radiated 125I-labeled 

TX3.833 was localized heavily in the lungs.  This shows evidence that specific entry and binding 



 

19 

within the caveolae can be developed by designing a specific antibody to target and enter the 

caveolae of cells.  Figure 2-14 (b) shows TX3.833 gold-labeled TEM images of the endothelial 

cell.  The black dots are gold particles that are attached to the TX3.833 and are shown being 

ferried across the cell by caveolae (arrowheads).  Trancytosis occurs, as shown by the arrows 

pointing to TX3.833 labeled with gold particles leaving the endothelial cell. 

 
 

Figure 2-13.  Schematic of different 
pathways for molecules to cross the 

capillary barrier: (1) intercellular cleft 
and (2) caveolae that shuttle across the 

capillary or form a chain of vesicles 
that connect the lumen and albumin 

(adopted from [34]). 

  
 

Figure 2-14.  In-vivo results showing TX3.833 antibody 
localized mostly in lungs (a) and 15 minutes after tail 
injection TX3.833-Au is seen in caveolae throughout 

endothelial cell (b). Arrows represent particles leaving, 
and arrowheads identify gold particles in caveolae. The 

bar is 91 nm (adopted from [31]). 

Research has shown three noteworthy pieces of evidence: “(i) caveolae can contain a 

tissue-specific endothelial protein, (ii) an antibody can selectively and rapidly target and enter 

caveolae of microvascular endothelium in a specific tissue, and (iii) targeting caveolae greatly 

increases the transendothelial transport and tissue accumulation over control antibodies 

(TTI_150)” [31].  By utilizing this knowledge, site-directed pharmacodelivery can be used to 

treat many diseases.  This is done by targeting the caveolae at the luminal surface of the 

endothelium, which then allows the caveolae to transport the antibody from the blood directly to 

the targeted tissue.   

a b 
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2.5 Enhanced Permeability and Retention Effect  

2.5.1 Enhanced Permeability and Retention Effect Phenomenon 

 Enhanced permeability and retention (EPR) is a phenomenon where certain-sized 

molecules tend to accumulate in tumor tissue more than in normal tissue.  This phenomenon has 

been attributed to two causes: (i) disorganized pathology of tumor vasculature with a 

discontinuous endothelium making the cell “leaky,” and (ii) poor lymphatic drainage, which 

results in the retention of the delivery vehicle in the interstitial space of the tumor [35].  By 

nature, the tumor will grow very fast and, in turn, stimulate the production of blood vessels.  

Tumors cells will then aggregate around 150–200 um and become dependent on blood for 

nutritional and oxygen supply.  This will produce abnormal and poorly aligned endothelial cells.  

The abnormal and poorly aligned endothelial cells create a situation called “a leaky cell,” due to 

enhanced permeability caused by the wide fenestrations.  Also, since tumor tissue lacks effective 

lymphatic drainage, the EPR effect results in abnormal molecular and fluid-transport dynamics, 

which can be used to target macromolecules in a solid tumor.  

 The EPR effect has unique characteristics, depending on the size of the molecules [36].  

Figure 2-15 (a-i) shows that very small molecular weight molecules will quickly diffuse into the 

tumor tissue; however, in time, the molecule will also diffuse back into the blood stream.  Figure 

2-15 (a-ii) shows large molecules rapidly diffusing through the permeable fenestrations; 

however, unlike the lower-molecular-weight molecules, higher-molecular-weight molecules 

cannot diffuse back into the blood stream easily.  Thus, the EPR effectively traps the drug 

molecules inside the tumor tissue.  Lactobacillus bacteria, which is approximately 2 um in size, 

was found to localize in tumor tissue more than in normal tissue after injection [37].  Also, it has 

been shown in multiple experiments that molecules > 40 kDa accumulated in tumor tissue for 
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prolonged periods of time [38-40].  The vascular pore size of the LS174T tumor, a human colon 

adenocarcinoma, was found to be as large as 400 nm [41].  Figure 2-15 (b-i) shows the effect of 

increased blood pressure.  Normal tissue has a smooth muscle layer, which will constrict, 

creating tighter endothelial gap junctions, thus preventing the larger-molecular-weight molecules 

from entering into the tissue.  Figure 2-15 shows the same effect of increased blood pressure; 

however, tumor tissue lacks the smooth muscle layer that will tighten the endothelial gap 

junction.  Without this smooth muscle layer, molecules are free to diffuse easily into the tumor 

tissue.  Research into the injections of drug molecules with patients having high blood pressure 

has found to achieve a five-fold higher concentration of drug molecules at the tumor [42]. 

 
 

Figure 2-15. Schematic of effects of low and high molecular weight in the vascular system 
supplying normal and tumor tissue (a) and schematic of effect of blood pressure on normal and 

tumor tissue in relation to vascular system (b) (adopted from [36]). 
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2.6 Lymphatic System 

2.6.1  Lymphatic System Introduction 

 The lymphatic system is a network of conduits that contain lymphoid tissue and lymph 

fluid.  Conduits carry lymph fluid to lymphoid tissue (lymph nodes).  A system is used to 

circulate and produce lymphocytes, which includes the spleen, thymus, bone marrow, and 

lymphoid tissue seen in the digestive system.  The lymphatic system has four interrelated 

functions: (1) removal of interstitial fluid from tissue, (2) absorption and transportation of fatty 

acids and fats to the circulatory system, (3) transportation of immune cells such as antigen-

presenting cells to and from the lymph nodes where an immune response is stimulated, and (4) 

carrier of lymphocytes from the efferent lymphatics exiting the lymph nodes.   

2.6.2 Lymphatic Drainage 

 The lymphatic system or drainage is very important in cancer treatment.  The lymph can 

carry cancerous cells between parts of the body.  If the lymph nodes are not successful in killing 

the cancer cells, those cells may become a second tumor.  Also, the lymphatic system can carry 

drug molecules from the target site to the liver or other nodes.  This will reduce the efficacy of 

the drug and increase its toxicity.  

 Moghimi [43] studied the effect of poloxamer 407-coated nanospheres (45 nm) with 

response to the coating thickness and lymphatic system.  The focus of this research was how to 

target the lymph nodes, since it is common to find secondary tumors at the lymph nodes that can 

be just as deadly as the primary cancer tumor. The coating used was ethylene oxide (EO) and 

adsorbed onto the surface.  The tails of the EO polymer were found to be a “flat or mushroom-

like” configuration at a low concentration of EO surface coverage.  Compared to the uncoated 
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nanospheres, these flat or mushroom-like EO poloxamer 407-coated nanospheres were rapidly 

drained to the initial lymphatic system and promptly captured by scavengers in the lymph nodes.     

 At higher concentrations (>75 μg/ml), the EO chains were seen to be more closely 

packed and projecting outward from the nanosphere surfaces.  These particles drained even faster 

than the EO chains with a mushroom-like configuration in the lymphatic system; however, 

unlike this configuration, the EO changed its outward projection and escaped clearance by lymph 

node macrophages thus reaching the systemic circulation. This research showed that nano-

vehicles can be engineered for optimal lymphatic targeting. 

2.7 Targeted Drug Delivery 

2.7.1 Administering Targeted Drug Deliver 

 Administering drugs can be done in many ways, such as through the mouth or other 

opening in the body, skin absorption, injection into the blood, and injection into the 

subcutaneous tissue, to name a few methods.  Table 2-2 presents a summary of advanced 

targeted drug delivery methods and administering methods.  These methods have been found to 

be beneficial; however, by utilizing magnetic targeted drug delivery, the methods may improve 

efficacy even more. 

 Diabetics have the inconvenience of administering insulin through subcutaneous 

injections. The ideal form of dispensation would be through oral administration.  Radwan [44] 

has shown that absorption of insulin-loaded polyisobutylcyanoacrylate (PIBCA) nanospheres can 

be increased by a sodium cholate surfactant after oral administration in diabetic rats. This study 

investigated the in-vivo performance of insulin-loaded PIBCA in a suspension with or without 

sodium cholate.  It was found that by adding the surfactant, the blood glucose level dropped from 

392 ± 32 to 80 ± 13 mg/dl within two hours and maintained the blood level at 100 mg/dl for 
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more than eight hours.  The impact of this research is that diabetics may be able to take medicine 

orally instead of by subcutaneous injection. 

Table 2-2. Representative examples of various targeted drug delivery systems investigated  
for cancer chemotherapy (adopted from[45]) 

 

Delivery System Drug(s) Tested Route of 
Administration Reference 

Aqueous Media 
Bleomycin i.t. [46] 

Tumor Necrosis Factor i.t. [47] 
Vinblastine Sulfate i.t. [48] 

w/o/w Emulsion Bleomycin i.t. [46] 
o/w Emulsion Mitomycin i.t. [49] 
s/o Emulsion Bleomycin i.t. [50] 

Liposomes 

Bleomycin i.t. [51] 
Cisplatin Analogues i.v. [52] 

Daunorubicin i.a. [53] 
Doxorubicin i.v. [54] 

Starch Microspheres 

Carmustin i.a. [55] 
Fluorouracil i.a. [56] 
Mitomycin i.a. [57] 

Doxorubicin i.a. [58] 

Ethylcellulose  
Microcapsules 

Cisplatin i.a. [59] 
Mitomycin i.a. [60] 

Albumin  
Microspheres 

Cisplatin i.a. [61] 
Doxorubicin i.a. [62] 
Mitomycin i.a. [63] 

Poly(lactic acid) 
Microspheres Aclarubicin i.a. [64] 

Polymethacrylate 
Nanoparticles Doxorubicin i.v. [65] 

Antibodies Vindesine i.v. [66] 
Note:  i.t.= intratumoral, i.v. = intravenous, i.a. = intraarterial, w/o/w = water-in-oil-in-water, o/w = oil-in-water,  
 s/o = sphere-in-oil 
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2.7.2 Targeted Drug Delivery Utilizing Receptors 

 Targeted drug delivery is obviously desired because it has advantages of high local 

concentration and low systemic exposure.  Cancer therapies can benefit from targeted drug 

delivery because tumor cells express many molecules on the surface that will distinguish them 

from healthy cells. Leukemia and lymphoma treatments by antibodies conjugated with a 

radioisotope have been used in clinical environments for years [67]; however, this same 

approach has not been successful with solid tumors.  Some of the reasons are even though the 

EPR effect is beneficial, the depth at which the drugs can penetrate is only a few cell diameters 

into the extravascular tumor tissue from the blood vessels [68].  Two reasons have been stated 

for this effect: (1) tumor vessels are poorly perfused with blood and are dysfunctional, and (2) 

tumors have high interstitial pressure thought to be caused by dysfunctional lymphatic drainage.  

The poorly perfused systemic system of localized tumor cells limits the delivery of blood-borne 

compounds to the tumors [69].  Increased pressure within the tumor cells causes fluid to flow out 

of the tumor making it difficult for diffusion of drugs from the blood vessels to the tumor [70].   

 Distinct features of tumor vessels allow for targeting tumors.  Screening of phage-

displayed peptide libraries has provided a very useful discovery tool for vascular markers in 

tumor vessels [71], which has occurred because in-vivo phage screening is unbiased.  Some 

receptors that have been found are fibronectin ED-B, fibrin-fibronectin complexes, endosialin, 

TEMs, and aminopeptidase N, to name a few.  The receptors can be used as tumor-homing drug 

delivery or targeted drug delivery. 

 Peptides can be used to overcome a major problem with many tumor-targeting probes 

caused by interstitial fluid pressure.  These peptides are designed to penetrate into tumor tissue.  

Since drugs do not penetrate much further than three to five cell diameters, the interior tumor 
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cells have exposure to low concentrations of the drug and therefore can develop a resistance to it 

[68].  An important note here is that experimental and theoretical results have indicated that 

simply increasing the efficacy is not the major change in overall drug uptake by the tumor.  It is 

very important for the drug to penetrate the cell membrane and deliver the drug to the point of 

interest.  This cellular internalization of the drug and retained time in the tumor is of most 

importance [72].  

 Targeting drug receptors can be made to target those receptors on the tumor cell or the 

tumor vasculature.  In comparing the targeting vs. non-targeting receptor on the tumor cell, the 

targeting receptor compound will accumulate more in the first five layers or so of the tumor.  The 

non-targeting compound will enter the tumor site due to the EPR effect; however, it will be less 

concentrated, as shown in Figure 2-16 (A).  Comparing the target compound to the non-target 

compound in the tumor vasculature shows that the targeting compound will stick to the tumor 

vasculature and release its payload, as can be seen in Figure 2-16 (B).  The non-targeting 

compound will leak into the tumor area because of the EPR effect.  The targeting compound can 

have both tumor receptors and vascular receptors, which cause the targeting compound to move 

into the tumor tissue and stick to the walls of the vascular system in high concentrations, as 

shown in Figure 2-16 (C).  The ideal situation is shown in Figure 2-16 (D), where the targeting 

compound has a tumor receptor, vascular receptor, and penetrating receptors, which allow the 

targeting compound to enter into the tumor tissue in high concentrations.   

 Figure 2-17 shows a method of cooperative nanoparticles that are localized and 

concentrated inside tumor tissue.  First, gold nano-rods are injected into the blood stream and 

localized in the tumor tissue due to the EPR effect (A).  Then a laser is used to locally heat the 

gold nano-rods, thus increasing the temperature locally in the tumor tissue (B).  The increased 
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heat will increase the permeability and induce expression of the receptor proteins on the surface 

of the tumor cells.  The target liposomes carrying the therapeutic agent will then collect in the 

highly permeable tumor tissue (C).  A second shot from the laser will heat the tumor tissue again 

at a higher temperature, and the liposomes sensitive to heat will degrade, releasing the payload 

throughout the tumor.     

 

Figure 2-16.  Effects of different receptors vs. 
non-receptor compounds (adopted from [73]). 

 

Figure 2-17.  Example of cooperative treatment 
of nanoparticles (adopted from [73]). 

 
2.7.3 Controlled Release 

Controlled drug delivery occurs as the biodegradable polymer breaks down, thus 

releasing the drug molecules within the targeted area. The three main mechanisms for releasing 

drug molecules from the polymeric spheres into a blood vessel or tissue are diffusion, 

degradation, and swelling followed by diffusion [10]. Diffusion occurs when drug molecules 

dissolve in bodily fluids around or within the particles and migrate away from the particles. 

Degradation takes place when the polymer chains hydrolyze into lower molecular weight 

species, effectively releasing drug molecules that were trapped by the polymer chains. Swelling-

controlled release systems are initially dry but, when placed in the body, swell to increase inside 

pressure and porosity, enabling the drug molecules to diffuse from the swollen network. The 

release of active drug molecules can also be varied over a certain period based on external and 
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internal parameters [9, 10]. Figure 2-18 shows the diffusion, degradation, and swelling followed 

by diffusion release of drug-carrying magnetic PLGA spheres [9].      

 

Figure 2-18. Schematic illustrations of diffusion, degradation, and swelling release mechanisms of 
drug-carrying magnetic PLGA spheres.   

 
For long-term treatment, the polymer must have slow diffusion, degradation, and 

swelling rates to release a constant level of therapeutic agent to the affected area. Particle size 

can also change the release rate because the surface area available to release the therapeutic 

agent is important.  Particle size will be affected by different variables, such as choice of 

polymer, copolymer ratios, molecular weight, solution viscosity, surfactants, hydrophobic 

interactions, encapsulated materials, solvent, solvent evaporation rates, mixing speeds, mixing 

blades, heat generated, etc. [74].  

Figure 2-19 shows how the release rate is affected by changing the molecular weight.  

Studies have shown that polymer microspheres can provide steady release of a therapeutic agent 

for weeks [74, 75]. There are known to be at least two bursts (periods during which the 

therapeutic agent is released at an increased rate) when PLGA 50/50 is used.  The first burst is 

within the first 24 hours, and another burst occurs after 10 to 12 weeks, as shown in Figure 2-20 

[75].   
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Figure 2-19. In-vitro cumulative horseradish 
peroxidase (HRP) release from 50/50 PDLGA 
microsphere showing effect of polymer’s initial 
molecular weight: (■) = 0.17 dL/g, (▲) = 0.39 

dL/g, (◊) = 0.57 dL/g, (●) = 0.89 dL/g, and (x) = 
1.13 dL/g (adopted from [74]). 

 

Figure 2-20. Cumulative release rate of 
bovine serum albumin (BSA) encapsulated in 

PLGA50/50 (adopted from [75]). 

 
2.7.4 Erosion and Diffusion Process of Microspheres 

Albumin-based microspheres that have not been cross-linked are likely to dissolve 

quickly into solution.  In the system described in this dissertation, PLGA was utilized to contain 

the albumin within the microsphere.  Although the method of release of albumin remains in 

question, there are two main  possibilities: bulk erosion or surface erosion [76].  Bulk erosion 

occurs when the medium infiltrates the polymer-based DDS, and the polymer degrades into 

oligomer chains small enough to diffuse out of the microsphere.  In bulk erosion, the polymer 

loses density, and the microsphere retains the same radius.  Surface erosion occurs when the 

polymer degrades from the outside and moves in, thus reducing the radius of a microsphere 

while retaining the polymer density.  Burkersroda et al. [76] demonstrated that a polymer erodes 

depending on the erosion number (𝜓), which is the ratio of the characteristic time for water 

diffusion into the polymer microsphere divided by the degradation rate of the polymer backbone.  

The results of the study are described in equation (2-1). 

 𝜓 = 𝐿(〈𝑥〉) �
𝜆
𝐷𝑒
� (2-1) 
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where 𝜆 is the kinetic rate constant that accounts for the reactivity of the polymer function 

groups, ( 𝐷𝑒) is the effective diffusivity of water inside a polymer matrix, and  𝐿(〈𝑥〉) is the 

characteristic length.  Since  𝜆 and 𝐷𝑒 are attributed to the material itself, the only factor that 

causes  𝜓 to change is 𝐿(〈𝑥〉).  Thus, geometry affects whether the microsphere will erode in a 

bulk- or surface-erosion process.  A critical 𝐿(〈𝑥〉), Lcrit, is used to define the boundary between 

the two types of erosion.  When L > Lcrit, the polymer will undergo surface erosion, and when L 

< Lcrit, it will undergo bulk diffusion. It has been reported that PLGA has an Lcrit ~10-2 [77].  

Also, polymers that are very reactive, those with high 𝜆, are expected to have a smaller Lcrit; thus, 

submicron spheres can still erode in a bulk-erosion model.    

Batycky et al. [78] developed a model to define protein release from a double emulsion 

process that accounts for the initial burst and dynamic populations of micro- and mesopores, thus 

allowing for deabsorption of the hydrophilic protein.  Mesopores are formed by the coalescing of 

pores via channels due to the breakdown of the polymer matrix.  The initial burst of protein 

release is caused by hydration of the microsphere and then deabsorption of the water soluble 

protein from the mesopores connected to the external surface of the microsphere.  Once the 

initial mesopores are formed, the protein release is hindered because the protein is trapped inside 

the microsphere.  However, when polymer degradation starts (td), the outer walls of the 

mesopores begin to erode and widen, thereby releasing previously trapped proteins into the 

medium. Equation (2-2) was developed to take into account the burst described by the evolving 

microstructural model of pores resulting from erosion. 

 

𝑀𝑑(𝑡)
𝑀𝑑(0)

= 1 −  𝜙𝑑𝑏𝑢𝑟𝑠𝑡(1 − 𝑒−𝑘𝑑𝑡) −  (1

− 𝜙𝑑𝑏𝑢𝑟𝑠𝑡)�1 −
6
𝜋2

�
𝑒−𝑗2𝜋2𝐷𝑑

∗�𝑡−𝑡𝑑�/𝑟02

𝑗2

∞

𝑗=1

� 

(2-2) 
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where 𝜙𝑑𝑏𝑢𝑟𝑠𝑡 is the initial burst of protein release (in terms of percent),  𝑘𝑑 is the drug 

desorption rate,  𝑡 is the time,  𝑡𝑑 is the time at which degradation of the polymer begins, 𝑟𝑜 is the 

radius of the microsphere, and  𝐷𝑑∗  is the effective drug diffusivity.  When 𝑡 < 𝑡𝑑,  𝐷𝑑∗   is equal to 

0; thus, prior to 𝑡𝑑, the latter half of equation (2) can be neglected.   

Figure 2-21 shows a graph of protein release from a typical polymeric.  The left side of 

equation (2-2) takes into account the hydration and burst effect from deabsorption (A and B).  

The right side of the equation takes into account the degradation of the polymeric matrix, which 

results in a widening of the mesopores, which allows protein to be released into the medium (C).     

 
 

Figure 2-21. Theoretical model of protein release in a drug occlusion-mesopore model [78]:  initial 
burst release of protein (A), time before degradation of mesopores (B), and degradation of polymer 
matrix resulting in widening of mesopores and release of protein (C), shown versus time in days. 

In this study, a DDS produced by an oil-in-oil emulsion/solvent evaporation (O/OSE) 

technique was used to encapsulate PLGA, albumin, methotrexate (MTX), and magnetite.  

Magnetite is a material with superparamagnetic properties, commonly used in magnetically 

targeted drug delivery [79-81].  Utilizing magnetic targeted DDS in the subcutaneous tissue, the 
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DDS can be held at the site of injection and pulled toward the targeted cell, thereby reducing 

toxic effects of the therapeutic agent. Once close to the targeted cells, albumin encapsulated 

within the particles can facilitate uptake of the submicron-sized DDS into the diseased cells, 

preventing excessive pH change and enhancing the biocompatibility of the system.  Shortly after 

localization at the affected region, the therapeutic agent payload can be gradually released via 

diffusion and/or erosion.  The DDS size, albumin release, and cytotoxicity properties of the DDS 

are characterized in the work presented here.    

2.8 Albumin in Drug Delivery 

Albumin is the main protein in human blood and the key to the regulation of its osmotic 

pressure. Investigations have shown that tumors and rheumatoid arthritis or inflamed tissue 

metabolize substantial amounts of albumin [82, 83]. RA metabolizes albumin for a source of 

nitrogen and energy. Other studies have shown that tumor-bearing animals have provided further 

evidence that albumin accumulates in tumors due to their altered physiology and metabolism 

[84-86]. The uptake of albumin in tumor cells is caused by a fluid-phase endocytosis. Thus, it is 

expected that albumin can be used in targeted drug delivery to locally increase the concentration 

of the drug directly in the affected tissue.   

Wunder et al. [83] have shown the direct affects of albumin injected into a mouse with 

fluorescence-labeled human serum albumin. Three hours after injection, the labeled albumin was 

concentrated in the arthritic digits; however, in those digits without arthritis, little labeled 

albumin was observed, as shown in Figure 2-22.  Figure 2-23 presents a scintigraphic image of 

the entire mouse. A larger concentration of labeled albumin is found in the kidneys and paws of 

the mouse. If albumin is to be used in target drug deliver, a technique is required to allow 

albumin to pass through organs such as kidneys, liver, etc., without being absorbed.  
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Figure 2-22. Fluorescence-labeled human 
serum albumin concentrated in arthritic toes, 
and toes without arthritis showing very little 

labeled albumin (adopted from [83]). 
 

 

Figure 2-23.  Scintigraphic image showing large 
amounts of fluorescence-labeled human serum 
albumin in RA-affected paws collected after 13 

hours (adopted from [83]). 

2.9 Magnetic Carriers in DDS 

2.9.1 Detecting Nanospheres 

 Detection of nanospheres used in drug delivery is problematic, especially biodegradable 

nanospheres, because of the inherent property of degrading.  Once nanospheres are degraded, no 

detectable “footprint” is left, other than results of the drug release.  Many novel optical, 

electronic, magnetic, and structural properties can be found in nanomaterials and not bulk 

materials [87-89].  These novel nanomaterials can be used to detect desired cells with the aid of 

covalently linked peptides, proteins, nucleic acids, and small-molecule ligands [90-92]. 

Superparamagnetic iron oxide nanoparticles have been used as a contrast agent in cancer 

detection [93, 94]. In addition, the development of superparamagnetic iron oxide nanoparticles in 

drug delivery has seen much attention in development and characterization [80, 95, 96]. Metal 

and semiconductor nanoparticles have been used for molecular profiling studies and multiplexed 

biological assays [97, 98]. Quantum dots (QDs) are used extensively in fluorescent probes for 

use in in-vivo biomolecular and cellular imaging [99-101] .  
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 QDs have been reported as being difficult to be used as detecting probes in living animals 

[102]; however, using amphiphilic triblock copolymer QDs has been successful [103, 104].  The 

amphiphilic triblock copolymer prevents the aggregation and degradation of the QDs in in-vivo 

environments.  QDs have been reported to be toxic if there are aggregations of them on the cell 

surface [105], which can interfere with the experiment.   

 Other novel nanomaterials may also have unknown toxic effects. Thus, the ideal 

detection method of nanomaterials would be a well-established and known material.  A 

commonly used fluorescent dye, 1,6-diphenyl-1,3,5-hexatriene, is used in the assessment of cell 

membranes.  This molecule is hydrophobic in nature and has an emission maximum at 428 nm 

and lower maxima at 405 and 452 nm in phosphate buffer/sodium dodecyl sulfate with pH 7.0.  

It is shown in this paper that encapsulations of the fluorescent molecule in the polymeric 

nanospheres leave a footprint behind in order to identify where the biodegradable delivery 

system has been. 

2.9.2 History of Magnetic Carriers 

The concept of magnetic carriers for advanced targeted drug delivery was first published 

in 1978 by Senyei et al. [106].  This research used ultra-fine iron oxide particles encapsulated in 

a polymer-based matrix, and an in-vitro analog of the human circulatory system was used to test 

bipolar and unipolar magnetic arrangements for retention of the DDS.  Since then, many papers 

have been published relating to magnet carriers. Figure 2-24 shows the number of published 

papers from 1978 to 2007 [107] relating to magnetic targeted DDS.  Interest in this area 

drastically increased from 1990 to 1998; however, after 1998, there was a decrease in published 

papers.  Between 1997 and 1998, 24 patents were file relating to magnet carriers resulting in 

reduced interest in the development of this technology.   Figure 2-25 is a graph presenting the 
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number of patents filed per year.  After 2002, a new interest was established in magnetic carriers, 

as new and novel applications were identified, such as ferrofluid, magnet particle separation 

technique, surface functionalization, and advanced polymers matrixes, to name a few [108].  

This new interest resulted in an exponential growth of publications to where more than 4,000 

papers were published in 2009.   

 

Figure 2-24. Number of published papers related to magnetic carriers. 
 

 

Figure 2-25.  Number of patents related to magnetic carriers filed per year. 
 

A company named FeRx Inc., established in 1997, specializes in magnetic targeted drug 

delivery.  It developed a magnetic applicator to localize the DDS in certain areas inside the body 
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from an external magnetic force.  In general, a DDS-containing metallic iron and activated 

carbon is injected into a blood vein, and the magnetic applicator holds the DDS at the affected 

location.  A phase II study was done in China where the DDS was shown to be successfully 

localized in the tumor.  Unfortunately, the company was not able to make a profit and filed for 

bankruptcy in 2008.  A possible reason for the lack of profit is that magnetic targeted drug 

delivery has had limited effectiveness when injected intravenously [109].  In general, the 

problem is that veins branch off, and some of the DDS will go to a branch farther away from the 

magnet due to limited magnetic force. Each time the vein branches, a reduced concentration of 

the DDS is found in the questioned vein.  Figure 2-26 describes this process schematically. 

  
Figure 2-26. Concentration of magnetic particles through vessel without a magnet field (a) and 

with a magnet field applied from the bottom (b) (adopted from[109]). 

Interest was moved to ferrofluid-based magnetic targeted drug delivery due to the fact 

that the fluid would move as one entity, and thus the branching of veins was not a problem. 

Lubbe et al. [110], [111] used ferrofluid (particle size 100 nm) with the therapeutic agent 

epirubicine chemically bonded to the particles in a clinical study (Phase I/II).  A magnet with a 

0.8 T magnetic field was applied to the outside of the body within 0.5 cm of a tumor.   The 

a b 
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ferrofluid was injected intravenously and the magnet held in position for 60 to 120 minutes.  The 

ferrofluid was clinically well tolerated and concentrated at the tumor, which was verified by 

magnetic resonance imaging techniques, pharmacokinetics, and histology.  While the ferrofluid 

was deemed safe, it was concluded that improvements are necessary to make the drug more 

effective and independent of patient- or disease-related problems.   

Lately, researchers have been trying to develop targeted therapeutic systems by using 

external forces, including magnetic fields, ultrasound, electric fields, temperature, light, and 

mechanical forces to concentrate drugs in a target location [112-117]. In these systems, the drug 

is localized by externally generated forces and then subsequently activated [112].  

In the author’s current research, composite spheres carried and released the 

pharmaceutical compound in a controlled manner while an external magnetic field was used as 

the guiding mechanism. Albumin became the secondary targeting mechanism. Shortly after 

concentration in the targeted region, the pharmaceutical compound was gradually released, 

which improved the therapeutic efficiency of the drugs by lowering the collateral toxic side 

effects on healthy cells and tissues [112]. A magnetic targeted system with field strengths 

between 100 and 2500 Oersted appears promising as the basis of a drug-localization system for 

cancer treatment due to the higher magnetic targeting effectiveness, lower risk, and lower cost 

compared to other possible systems [113].  

2.10 Conclusion 

Targeted drug delivery technology has improved significantly in the last decade.  Many 

aliments have been cured because of this technology.  However, cancer has been found to be 

problematic in curing.  It has been shown that of the different methods by which cancer is being 

targeted, such as cellular-based, natural flow of bodily fluids, receptors, and surfactants, the 
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cellular-based uptake of drug particles can be done through actin processes, and caveolae are 

efficient at transcytosis of particles.  Passive transcytosis is possible in non-phagocytosis cells, 

but the mechanisms have not been clearly identified.  Diffusion and particle size (< 200 nm) play 

a role in passive transcytosis.  The passive diffusion is not influenced by the surface charge of 

the particles.  The enhanced permeability and retention effect is crucial in the delivery of 

particles to the tumor site through the systemic circulation.  This is the result of disorganized 

tumor cells producing “leaky” vascular vessels.  Permeability is increased and higher 

concentrations of drug are concentrated; however, the small drug molecule can diffuse quickly to 

normal tissue because of high fluid pressure, which is caused by the tumor’s defective lymphatic 

system.  Tumors can be targeted by changing surface receptors to allow for attachment of 

vascular walls and tumor cells, and the surface of drug particles can be modified to allow for 

penetration into tumor cells.  By using these concepts discussed in targeted drug delivery, it is 

expected that breakthroughs will occur, including treatment of skin cancer.  
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CHAPTER 3 
 

3 METHODOLOGY 
 
 

3.1 Introduction 

The following experiments where done and are discussed in this chapter. 

• Production of DDS 

• MTT Experiment 

• In-Vitro Marker Test 

• Fifteen-Hour Elapsed-Time Study 

• In-Vivo Foreign Air Pouch Body Response 

• In-Vivo Marker Test 

• Effectiveness of Magnetic Targeted Drug Delivery In-Vivo  
 

3.2 Production of DDS 

3.2.1 Materials 

 Poly(lactic-co-glycolic acid), albumin, and a therapeutic agent, methotrexate (MTX), 

were purchased from Sigma Aldrich, while magnetite nanoparticles with an average diameter of 

10 nm were prepared using a chemical co-precipitation technique [79]. These materials were 

directly used in the experiments without further purification.  

3.2.2 Production of DDS 

Magnetite (Fe3O4) nanoparticles were prepared by combining 50 ml of 2 M hydrochloric 

acid (HCl) and 55 ml of 5 M ammonium hydroxide (NH4OH) solution in a beaker. In separate 

beakers, 2.00 g of ferric chloride (FeCl3.6H2O) were dissolved in 40 ml of 2 M HCl, and 1.25 g 

of ferrous chloride (FeCl2.4H2O) were dissolved in 10 ml of 2 M HCl. The two solutions were 

combined and stirred at 1,200 rpm. Then, 55 ml of 5 M NH4OH was added dropwise over a 
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period of five minutes at room temperature. Then, the magnetite nanoparticles (with an average 

diameter of 10 nm) were collected using an Nd magnet, washed several times with DI water, and 

dried at room temperature [9].    

In the nanocomposite sphere fabrication process, two dissimilar oil phases were prepared. 

During the first oil phase, PLGA (mw 40,000–75,000) was added to a solvent, acetonitrile, and 

placed in a conical flask with a stopper. The mixture was kept on a hot stir-plate for 30 minutes 

to dissolve the PLGA completely. Commercially available human serum albumin and 1,6-

diphenyl-1,3,5-hexatriene were also dissolved in acetonitrile and added to the previous solution 

in different weight ratios. Known amounts of magnetic nanoparticles (MNPs) and MTX were 

added to the PLGA/albumin solution, and the solution was sonicated for approximately 15 

minutes. 

The second oil phase was prepared by adding Span 80 to viscous paraffin oil. This 

mixture was then placed under an overhead mixer operated at 7,000 rpm with a specially 

designed high-shear, sharp impeller [13]. The shape and size of the impeller are critical for 

achieving small, uniform-size nanocomposite spheres. Approximately 3 ml of the Phase I 

solution was then added dropwise to the Phase II solution using a pipette. The mixer was allowed 

to run for 1 hour and 30 minutes to evaporate acetonitrile and form drug-carrying magnetic 

nanocomposite spheres in the viscous oil. These submicron spheres were collected by 

centrifuging at 17,000 rpm for 30 minutes at 10οC, followed by washes with n-hexane and 

carbon tetrachloride to completely remove the heavy paraffin oil. Finally, particles were filtered 

out using a 200 nm filter media under 25 in. Hg vacuum, washed three times with DI water at 

4°C, and dried prior to characterization. Scanning electron microscopy and a Marvin Zetasizer 

were used to determine the size and the shape of the spheres.   
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3.3 Procedure and Methodology for Cytotoxicity of Release Products 

3.3.1 Release Rates 

A cytotoxicity experiment was performed to determine the relationship of time/ 

concentration vs. death of cells.  The composition of the drug delivery system (Table 3-1) 

includes 34.5% PLGA and albumin, 20% 5-Fu, and 10% Fe3O4 and 1% DPH.  Fe3O4 was kept to 

1%  in order to reduce variables of this exploratory method of characterizing drug release rates.  

This method focused on the death of cells or cytotoxicity caused by the release of the therapeutic 

agent from the drug delivery system.  The cytotoxicity of the delivery system was also 

determined before release of the therapeutic agent and again ten days after release of the 

therapeutic agent. 

Table 3-1. Sample composition of drug delivery system by weight 
 

Drug Composition Wt % 

PLGA 34.5 

Albumin 34.5 

5-Fu 20 

Fe3O4 10 

DPH 1 
 

This experiment used a 3-(4,5 dimethylthiozol-2-yl)-2,5-diphenyl-tetrazolium bromide 

(MTT) assay to determine the viability or count the cells.  An MTT assay uses a chemical that 

reacts with a living cell to form a color that can be read by a spectrometer.  The darker the color, 

the higher the absorption; therefore, high absorptions are expected to have more cells. 

3.3.2 Protein Release 

 Mouse macrophage cell line raw 264.7 cells (ATCC # TIB-71) were cultured overnight in 

Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) in 96-well 
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culture plates at 5,000 cells/100 µl/well in an incubator (37oC, 5% CO2 in air).  The next day, 

100 µl of the DDS in phosphate-buffered saline (PBS) (10 mg/ml) were added into the wells of 

the first column to mix with the 100 µl of culture medium. Serial dilutions were added to the rest 

of the plate to obtain a known weight of DDS ranging from 0.25 µg to 500 µg per well.  Cells 

without DDS co-cultures were used as the positive control.  The culture plates were kept in the 

incubator before MTT assay at the following intervals: 10 minutes (Day 0),  24 hours (Day 1),  

72 hours (Day 3),  120 hours (Day 5), and  336 hours (Day 14). 

3.3.3 MTT Assay Experiment 

This experiment was done by putting a drug delivery system into a medium at a specific 

concentration.  The drug carrier system was allowed to release the therapeutic agent for a certain 

time, and then the specimen was centrifuged, separating the drug carrier system from the 

solution.  The supernatant or solution containing the released therapeutic agent or 5-Fu was 

removed from the centrifuge tube and stored for later use.  The supernatant was removed at days 

1, 3, 5, and 7.  After each removal of supernatant, fresh medium was added.  The release 

concentration included the total concentration of 5-Fu released from the addition of new medium 

until the medium was removed; therefore, the total concentration of 5-Fu released between those 

days was tested in-vitro. Two additional tests were made with the drug delivery system in the 

medium, in order to accurately present the constant release of the drug delivery system.  

However, this included both the cytotoxicity caused by the delivery system and 5-Fu.  

Raw 3T3 and squamous cell carcinoma cells were cultured in a 96-well plate at a 

concentration of 20,000 cells per well at 37oC for one day.  After the cells had attached to the 

plate, the supernatant from day 1, days 1–3, days 3–5, and days 5–7 was added.  This 

concentration is specified in weight of the drug delivery system per volume of medium.   After 



 

43 

the cells had attached to the plate, the supernatant and DDS were added, and the cells were 

cultured for six days.  On the sixth day, 20 μl of 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide was added to each well of a 96-cell plate and cultured for six hours 

at 37oC. The MTT was replaced by 200 μl of 10% sodium dodecyl sulfate (SDS), and then 150 

μl of the solution was transferred to a new plate.  A spectrophotometry test was performed on the 

new plate at a wavelength of 590 nm, and absorption was recorded for all three types of cells.  

This data is presented later on in a normalized fashion in a bar chart in Chapter 5 showing the 

percent death of raw cells (Figure 5-7, Figure 5-8, and Figure 5-9).  The average absorption was 

found by averaging all cell counts of normal growth in the medium for all three types of cells: 

raw cell 1.29, 3T3 cells 0.83, and SCC cells 0.79.  Equation (3-1) was used to find the percent of 

cell death. 

 % 𝐷𝑒𝑎𝑡ℎ 𝑜𝑓 𝐶𝑒𝑙𝑙 =  1 − �
𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝐴𝑓𝑓𝑒𝑐𝑡 𝑊𝑒𝑙𝑙
𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 � ∗ 100 (3-1) 

 
where “Absorption of Affect Well” is the well on the plate were the supernatant or DDS at the 

described concentration has been added, and “Absorption of Control” is the average absorption 

of the wells that were the control. 

3.4 Procedure and Methodology for In-Vitro Marker Test 

This study was done to test the fluorescent molecule, DPH was encapsulated in the DDS, 

and living cell would fluoresce due to the DDS.  In an eight-cell chamber slide, 2,0000 cells per 

100 μl of medium was cultured overnight in a well.  The next day, 500 μg of the DDS was added 

to cells containing the cells and medium.  The concentration of the DDS was adjusted from 500 

μm to 7.8 μg at half dilution for the seven cells; no DDS was added to the eighth cell.  After two 

days, the slide was imaged under a fluoresce microscope. 
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3.5 Fifteen-Hour Elapsed-Time Study 

 Two studies were done on the interaction of the DDS with cells using a fluorescence 

confocal microscope. The first study was imaged at 20X objective in order to observe the DDS 

interacting with the cells.  The second test was imaged at 40X to observe the interactions of the 

DDS with the nucleus.  Cells were cultured overnight on a petri dish with a glass slide.  The 

DDS was added to the petri dish to saturation and put in an environmental chamber installed on 

the microscope.  The cells and DDS were imaged for 15 hours. 

3.6 In-Vivo Foreign Air Pouch Body Response 

Air pouches were created on the backs of five mice to visually characterize the foreign 

body response of the DDS.  Each air pouch was made a syringe by injecting air with into the 

subcutaneous tissue on the backs of the mice.  The air pouch was established seven days after the 

first injection of air.  Three mice were injected with 200 μl of DDS/PBS solution in the 

established pouch at a concentration of 10 mg/ml.  The fourth mouse was injected with PBS as a 

negative control, and the fifth mouse was injected with high-density polyethylene (HDPE) as a 

positive control.  After 15 days of injections, the air pouches were exposed and images of the 

immune response taken.  

3.7 Procedure and Methodology for In-Vivo Marker Test 1 

 Delivery efficiency and therapeutic effects of an albumin-rich nanocomposite sphere drug 

delivery system to squamous cell carcinoma were evaluated using a nude mouse model. 

Nanocomposite spheres were made by an oil-in-oil (O/O) emulation technique, a detailed 

description of the process which can be found in the work of Asmatulu et al. [95] .  The 

nanocomposite sphere DDS has five components:  39% PLGA, 39% albumin, 20% 5-Fu, 1% 

nano-magnetite particles, and 1% 1,6-diphenyl-1,3,5-hexatriene.  Human SCC tumors were 
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established by subcutaneous inoculation of SCC cells on the left and right dorsal sides of nude 

mice (n = 5). Two weeks after SCC tumor development, 0.5 ml of the chemotherapy DDS (3 

mg/ml solution) was injected in four mice around the left-side tumor in the subcutaneous tissue 

at two-day intervals for seven days.  One tumor-bearing control mouse without treatment was 

sacrificed seven days earlier than the counterpart mice due to the rapid growth of the tumor. The 

mice were monitored daily for tumor growth and general health, and then sacrificed on day 12. 

Tumors were harvested and prepared for frozen and paraffin-embedded sections.    Fluorescent 

microscopy was used to image the frozen sections in order to compare them to the histology 

specimens.   

3.8 Effectiveness of Magnetic Targeted Drug Delivery In-Vivo  

This experiment was designed to characterize the effectiveness of in-vivo magnetic 

targeted drug delivery.  Twenty mice were injected with 0.5 ml solution of 5 million SCC cells 

per 1 ml on their right and left dorsal sides.  Tumors caused by the SCC cells were allowed to 

grow until the injection was no longer distinguishable.  The 20 mice were split into four groups 

of five mice each as follows: 

• Control; no treatment 

• Treatment with DDS on left dorsal side 

• Treatment with DDS on left dorsal side with magnet 

• Positive; treated with therapeutic agent, 5-Fu (no DDS) 

Tumors were distinguishable from the control, DDS group, and DDS + magnet 11 days 

after injecting the SCC cells.  The positive group tumor was distinguishable from the injection 

seven days after injection of SCC cells.    Table 3-2 shows the number of days from the first drug 

treatment.   The mice treated with the DDS were given 0.25 ml of 5 mg/ml of the solution.  The 
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mice treated with 5-Fu were given 0.25 ml of 1 mg/ml of the solution.  A magnet was glued to 

the DDS + magnet group’s left side tumors for at least an hour.   

Table 3-2. Drug treatments on Monday, Wednesday, and Thursday (days from which first 
treatment occurred for all four groups) 

 

Treatment Injection of SCC 
Cells (Day) 

First 
Treatment 

(Day) 

Second 
Treatment 

(Day) 

Third 
Treatment 

(Day) 

Fourth 
Treatment 

(Day) 
Control - - - - - 

DDS -11 0 3 5 7 

DDS + Magnet -11 0 3 5 7 

Positive -7 0 2 4 7 
  

The mice were then characterized every Monday, Wednesday, and Thursday for 19 days 

for the control, DDS, and DDS + magnet groups.  The positive group was characterized every 

Monday, Wednesday, and Thursday for 21 days.  Characterization involved weighing the mice, 

measuring the tumors, and taking photographs of the tumors.  Assuming the tumor was a 

rectangle, it was measured with a ruler on the longest side and the perpendicular side to it.  



 

47 

CHAPTER 4 
 

4 RESULTS 
 
 

4.1 Experiments Performed 

The following experiments where performed and are discussed in this chapter: 

• Development of DDS 

• MTT Experiment 

• In-Vitro Marker Test 

• Fifteen-Hour Elapsed-Time Study 

• In-Vivo Foreign Air Pouch Body Response 

• In-Vivo Marker Test 

• Effectiveness of Magnetic Targeted Drug Delivery In-Vivo 

4.2 Results of MTT Experiment 

The MTT assay results are shown in Table 4-1.  Three cell-absorption intensity data sets 

for raw, 3T3, and SCC were found at different weights of the DDS originally used for the 

cytotoxicity results. In the discussion of these results, weight is converted into concentration and 

the data is normalized to show the percent of cell death. 

4.3 Results of In-Vitro Marker Test 

  Figure 4-1 shows how DPH reacts in different solvents (ethanol, water, and acetonitrile) 

and a lipid bilayer membrane (cetyltrimethylammonium-p-toluene sulfonate, or CTAT).  Solid 

lines indicate absorption intensities at different wavelengths.  Dashed lines indicate fluorescent 

wavelengths caused by the stated excited wavelength.  
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Table 4-1. Empirical data obtained from MTT assay 
 

 
Raw Cells—Weight (μg) 

500 250 125 62.5 31.3 15.6 7.8 3.9 2.0 1.0 0.5 0.2 
Particle Before 
Drug Release 0.10 0.08 0.11 0.08 0.05 0.05 0.10 0.26 0.39 0.63 0.71 1.23 

Day 1 Release 0.08 0.06 0.06 0.05 0.13 0.07 0.25 0.38 0.46 0.62 0.81 0.87 
Day 3 Release 0.21 0.27 0.34 0.3 0.45 0.61 0.69 0.88 0.94 0.92 1.05 1.19 
Day 5 Release 0.41 0.59 0.66 0.77 0.81 0.87 0.99 0.87 1.09 0.83 0.95 1.12 
Day7 Release 0.87 0.92 0.80 0.77 0.93 0.97 0.81 1.01 0.86 1.13 1.07 1.32 
Particle After 
Drug Release 0.86 0.90 0.88 1.17 0.98 1.05 0.90 0.98 0.88 1.00 0.95 1.09 

Medium 1.46 1.44 1.27 1.33 1.31 1.27 1.18 1.25 1.16 1.21 1.33 1.27 

 
3T3 Cells—Weight (μg) 

500 250 125 62.5 31.3 15.6 7.8 3.9 2.0 1.0 0.5 0.2 
Particle Before 
Drug Release 0.21 0.37 0.42 0.41 0.50 0.57 0.63 0.71 0.71 0.89 0.91 1.09 

Day 1 Release 0.06 0.07 0.07 0.05 0.08 0.29 0.36 0.47 0.53 0.72 0.79 0.88 
Day 3 Release 0.22 0.32 0.38 0.42 0.52 0.68 0.63 0.64 0.73 0.80 0.78 0.91 
Day 5 Release 0.37 0.51 0.63 0.67 0.78 0.67 0.63 0.67 0.73 0.77 0.81 0.96 
Day 7 Release 0.61 0.70 0.71 0.78 0.68 0.74 0.68 0.75 0.73 0.83 0.65 0.93 
Day 10 Release 0.62 0.70 0.72 0.68 0.76 0.80 0.76 0.78 0.79 0.83 0.81 0.93 
Particle After 
Drug Release 0.68 0.73 0.68 0.58 0.69 0.69 0.69 0.63 0.67 0.68 0.75 0.98 

Medium 0.89 0.79 0.78 0.79 0.80 0.78 0.79 0.76 0.84 0.85 0.87 1.08 

 
SCC Cells—Weight (μg) 

500 250 125 62.5 31.3 15.6 7.8 3.9 2.0 1.0 0.5 0.2 
Particle Before 
Drug Release 0.11 0.22 0.27 0.44 0.55 0.56 0.56 0.57 0.58 0.68 0.77 0.86 

Day 1 Release 0.04 0.05 0.05 0.06 0.05 0.09 0.21 0.36 0.48 0.51 0.50 0.53 
Day 3 Release 0.20 0.32 0.34 0.36 0.42 0.46 0.46 0.45 0.49 0.56 0.63 0.74 
Day 5 Release 0.30 0.33 0.39 0.41 0.44 0.52 0.56 0.66 0.66 0.69 0.70 0.76 
Day 7 Release 0.35 0.39 0.45 0.54 0.62 0.64 0.64 0.64 0.66 0.67 0.69 0.78 
Day 10 Release 0.36 0.43 0.55 0.62 0.66 0.71 0.65 0.65 0.67 0.74 0.70 0.78 
Particle After 
Drug Release 0.51 0.50 0.59 0.70 0.75 0.69 0.70 0.65 0.75 0.71 0.72 0.80 

Medium 0.73 0.77 0.80 0.79 0.77 0.79 0.73 0.77 0.75 0.78 0.82 0.83 
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Figure 4-1. Normalized intensity and absorbance of DPH in different solvents:  acetonitrile (ace) 

and cetyltrimethylammonium-p-toluene sulfonate (ctat). 
 

  

  
 

Figure 4-2. Cells displaying fluorescent characteristics.  Overlaid red and green fluorescent images 
appear yellow in color. 

a b 

c d 
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Fluorescent images were taken of cells cultured in a chamber slide, and images were 

taken with a fluorescence microscope.  Figure 4-2 shows the results of the experiments.  The 

concentrations of DDS range from low (A) to high (C).  Red and green fluorescent images were 

overlaid on each other, and when mixed, the red and green colors formed a yellow color.   

4.4 Fifteen-Hour Elapsed-Time Study 

To verify the biocompatibility of the DDS over time, an experiment was performed in 

which a confocal microscope was used to characterize the brightfield and fluorescent (green 

wavelength) images.   is a series of brightfield time-elapsed images of the DDS in relation to the 

cell.  Each image represents the progression of one hour.  This data can be viewed as a video 

showing 15 hours with 10-minute increments.  The cells are SCC cells, and the DDS consists of 

35.5% albumin, 35.5% PLGA, 20% 5-Fu, 10% magnetite, and 1% DPH.  The DDS has saturated 

the petri dish containing the SCC cells. 

A 3D structure can be produced by using a confocal microscope that takes slices of 

images on the x-y plane for many z heights.  This 3D structure will show the DDS location with 

respects to the SCC cells from both height and x-y location. The data is utilized to verify if the 

DDS is inside or outside the cell/nuclear membrane; thus, supporting evidence may be produced 

to aid statements that have been made about the DDS-containing albumin, which encourages 

uptake of the DDS into a cell.  As a fluorescent molecule, DPH encapsulated inside the DDS is 

used as a marker to produce 3D images with the confocal microscope.   shows a cell in the 

progression of necrosis where it has absorbed copious amounts of the DDS filling the cell 

interior. 
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Figure 4-3. Time-elapse brightfield confocal microscopy. 

 

 
 

Figure 4-4. 3D image characterized by fluorescent confocal 
microscopy showing a necrotic SCC cell saturated with DDS. 

 

2 hr 3 hr 0 hr 1 hr 

6 hr 7 hr 4 hr 5 hr 

8 hr 9 hr 10 hr 11 hr 
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4.5 Results of In-Vivo Marker Test  

In in-vivo test 1, four mice were injected with the DDS, and there was one control mouse. 

Example histology samples of the control can be seen in Figure 4-5.  The treated tumors can be 

seen in Figure 4-6, Figure 4-7, and Figure 4-8. 

  
 

Figure 4-5.  Histology image of control tumor (a) and treated tumor (b).  Multiple images were 
taken at 2X and stitched together to form a composite image. 

 

 
 

Figure 4-6.  Fluorescence image at 10X magnification of monochromic image (a) and at 2X (b).  
Stained image at 10X magnification (c) and died image at 2X (d).  

a b 

c d 

b a 
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Figure 4-7.  10X microscopic image of treated tumor showing signs of cell death in keratin (a), and 
10X microscope image of control tumor showing signs of healthy cancer cells (b). 

 

 
 

Figure 4-8.  Fluorescence image (a) at 10X objective of right side of tumor (b). 
 

4.6 In-Vivo Foreign Air Pouch Body Response 

Figure 4-9 shows the foreign-body response of two mice to the DDS in an air pouch.  

Notice there is little blood and inflammation. 

b a 

b a 
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Figure 4-9. Images of foreign body response in mice to DDS in air pouch (a and b). 
 

4.7 Effectiveness of Magnetic Targeted Drug Delivery In-Vivo  

4.7.1 Fluorescent Marker 

The DDS was produced using the O/OSE process, which created approximately 800 nm 

nanocomposites consisting of DPH, 10 nm nanosized magnetite magnetic particles, 5-Fu, PLGA, 

and albumin, as shown in Figure 4-10.  The submicrospheres had a diameter range of 0.4 to 1.2 

nm.  The DDS also contained a fluorescent marker to allow tracking of the DDS within the 

tumor. 

 is an overlay of brightfield and FITC fluorescent microscopy images.  The white arrows 

point to the DDS characterized by the round dark green emissions.  The DDS + magnet clearly 

displayed more DDS than the other groups.  The DDS without a magnet treatment presented 

some areas that have the DDS but are considerably less than the DDS + magnet treatment.  For 

comparison, as would be expected, the control and 5-Fu-treated groups showed no signs of the 

DDS.  

a b 
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Figure 4-10. SEM image of DDS. 
 

  

  
 

Figure 4-11. Fluorescent microscopy showing DDS inside tumor tissue (white arrow): DDS + 
magnet (a) and DDS (b) treatments, in comparison to positive (c) and control (d). 

a b 

c d 



 

56 

4.7.2 Histology 

In questioning the mechanism of penetration of the DDS into the tumor tissue, 

hematoxylin-and-eosin (H&E) stained tissue images are presented.  Areas in which the DDS had 

agglomerated on the outside of the tumor tissue and the boundary between the DDS and tumor 

tissue were observed.  A consistent phenomenon was seen in the differentiation of the DDS + 

magnet treatment to the DDS without magnet treatment.  Figure 4-12 shows the DDS and a 

consistent straight line boundary between it and the tumor tissue.  In contrast, the DDS + magnet 

group portrays a “leaky” boundary between the DDS and the tumor tissue (Figure 4-13). 

 
 

Figure 4-12.  Histology of DDS (black arrow)/SCC cancer (grey arrow) boundary of DDS 
treatment without a magnet.   
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Figure 4-13. Histology of DDS (black arrow)/SCC cancer (grey arrow) boundary of  
DDS + magnet treatment. 

 
4.7.3 Visual Observation of Tumors 

In order to determine the overall effectiveness of the treatments, the tumor area was 

measured by assuming the tumors grew in a rectangular fashion.  Not all tumors grew in such a 

way, so visual observation of the progression of tumor was also documented as supporting 

evidence.  Figure 4-14 shows the visual progress for all four treatments.  The DDS + magnet 

tumor size held fairly constant throughout the treatment and post-treatment periods.  The nude 

mouse skin is fairly translucent, thus the dark DDS can be observed beneath the skin.  The 

darkness around the tumor can be seen throughout the post-treatment period. 

The group of tumors receiving DDS treatment without the magnet, as shown in Figure 

4-14 (b), constantly increased in size throughout the treatment and post-treatment periods; 

however, a significant observation was made in which the post-treatment dark areas around the 

tumor diminished over time. 
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Figure 4-14. Visual observation of tumor growth in all four treatments: DDS + magnet (a), DDS 
(b), positive (c), and control (c). 

 
The positive treatment displayed a very good reaction during the period of treatment and 

at the beginning of the post-treatment period; however, a significant increase in tumor size was 

observed between the 16th and 21st day.  The tumor showed a good supply of blood to the tumor.  

The untreated control had an exponential increase in tumor size as would be expected for 

a non-treated tumor.  Significant ulceration was observed in the middle of the tumor.  The tumor 

also showed a good supply of blood to the tumor. 

4.7.4 Growth of Tumors 

The measurement area of the tumor was consistent with the visual observations.  DDS + 

magnet treatment displayed a trend in which there was a slight increase in tumor size and then 

a 

d 

b 

c 
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held constant during the treatment and post-treatment stages.  The data obtained from measuring 

the longest side of the tumor and the side of the tumor perpendicular from the longest side can be 

seen in  and .  The left-side tumor growth of the three batches showed exponential growth control 

(R2 = 0.97), DDS (R2 = 0.97), and DDS + magnet (R2 = 0.92).  The best fit for the 5-Fu (R2 = 

0.95) injection was that of a polynomial fit.  The three batches showing exponential growths 

displayed drastically different exponential exponents.  The largest of the exponential growths 

was the control (0.091x) and then the DDS (0.059x).  The lowest exponential growth was that of 

the DDS + magnet (0.0336x).  The 5-Fu injection group showed a much more erratic growth 

and, nine days after the last injection, showed a clear exponential growth mimicking that of the 

control. 

 

Figure 4-15. Tumor size growth after treatment on left side of mouse. 
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Figure 4-16. Tumor size growth after treatment on right side of mouse. 
 

4.8 Toxicity of Treatments—In-Vivo 

After euthanizing the mice, tissues samples were taken from the left and right lymph 

nodes (Figure 4-17 and Figure 4-18), lungs (Figure 4-19), kidneys (Figure 4-20), and liver 

(Figure 4-21).  A more detailed report of the histology can be found in Appendices A–G.  . 
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Figure 4-17.  Histology of left lymph node for all four treatments: (a) = positive, (b) = control,  
(c) = DDS, and (d) = DDS + magnet. 

  

a b 
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Figure 4-18. Histology of right lymph node for all four treatments: (a) = positive, (b) = control,  
(c) = DDS, and (d) = DDS + magnet. 
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Figure 4-19. Histology of lung for all four treatments: (a) = positive, (b) = control, (c) = DDS, and 
(d) = DDS + magnet. 
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Figure 4-20. Histology of kidney for all four treatments: (a) = positive, (b) = control, (c) = DDS, 
and (d) = DDS + magnet. 
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Figure 4-21. Histology of liver for all four treatments: (a) = positive, (b) = control, (c) = DDS, and 
(d) = DDS + magnet.  

a b 

c d 
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CHAPTER 5 
 

5 DISCUSSION 
 
 

5.1 Size and Geometry of DDS 

 SEM images were taken to visually characterize the geometry, size distribution, and 

particle diameters of the spheres.  Figure 5-1 shows the SEM images of the DDS sample 

containing 65% and 15% albumin, respectively.  Samples with albumin compositions between 

15% and 65% displayed an appropriate gradient of size (0.5 to 2 μm in diameter). The shape was 

spherical as is commonly seen in O/OSE [74, 118, 119].  It is readily apparent that the diameters 

of the spheres with a composition of 65% albumin (Figure 5-1 a) are, on the whole, smaller than 

the diameters observed in the sample with a composition of 15% albumin (Figure 5-1 b).   

 
 

Figure 5-1. SEM image of a DDS with a composition of 65% albumin and average diameter of 750 
nm (a) and a composition of 15% albumin and average diameter of 1,250 nm (b). 

 
 The increase of albumin in the composition of the DDS results in a decrease in particle 

size as is seen in Figure 5-2 a.  The diameter was measured by a Marvin Zeta Sizer. The 

empirical data displayed a linear curve with a high coefficient of determination (R2=0.98). 

Measurements of the diameter of the microspheres obtained from the Zeta Sizer correspond well 

a b 
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with the values obtained from the SEM images showing average diameters between 750 and 

1100 nm.  The correlation between DDS microsphere diameter and albumin composition (seen in 

Figure 5-2 b) can be attributed to the resulting viscosity change of Phase 1.  When the albumin 

concentration is increased in Phase I, PLGA concentration is decreased; therefore, the overall 

viscosity of the system decreases, resulting in smaller sphere diameters as described in Equation 

5-1 [120].  

 𝑑32 = 𝐴 �
𝜇𝑑
𝜇𝑐
�
0.25

 (5-1) 

 
Sauter’s diameter (𝑑32) is the average diameter of the microspheres, 𝜇𝑑 is the viscosity of 

the dispersed phase (Phase I), 𝜇𝑐 is the viscosity of the continuous phase (Phase II) and A is the 

Sauter’s diameter coefficient relating composition and viscosity.  The blended liquids, or 

Refutas, equation can be used to find the resulting viscosity of the two solutions mixed together 

[121].  The Refutas equation requires a three part process in which the viscosity blending number 

(VBN) described by Equation (5-2 must be found for each component. 

 𝑉𝐵𝑁 = 14.534𝑙𝑛[𝑙𝑛(𝑣 + 0.8)] + 10.975 (5-2) 
 

The kinematic viscosity,𝑣, is in centistokes (cSt). Once the VBN has been calculated for 

each component the VBNBlend (the linear viscosity contribution from all the components) can be 

found using Equation 5-3.   

 𝑉𝐵𝑁𝐵𝑙𝑒𝑛𝑑 = [𝑥𝐴𝑉𝐵𝑁𝐴] + [𝑥𝑏𝑉𝐵𝑁𝐵] + ⋯+ [𝑥𝑁𝑉𝐵𝑁𝑁] (5-3) 
 

Here 𝑥𝑁 is the mass fraction of each component in the solution.  The third step is to solve for the 

blended kinematic viscosity by solving 5-4. 

 
𝑣 = 𝑒

�𝑒
�
𝑉𝐵𝑁𝐵𝑙𝑒𝑛𝑑−10.975

14.534 �
�
− 0.8 

(5-4) 
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Now that a relationship between the concentration of the blended solution (containing 

PLGA and albumin in acetonitrile) and the resultant dispersant phase viscosity (𝜇𝑑) is 

established, the experimental data and theoretical equations can be used to find the Sauter’s 

diameter coefficient (A).  This coefficient is affected by agitation, the geometry of the dispersant 

reactor and the geometry of the dispersant blade.  These parameters, as well as the viscosity of 

the continuous phase (𝜇𝑐), have been held constant, so the Sauter’s coefficient is assumed to be 

the same for each composition.  The VBNBlend is calculated from the different compositions 

(15%, 25%, 40% and 65% albumin) that were used in the experiments, so (5-4 was used to 

calculate ν from the VBNBlend.  The calculated kinetic viscosity of the dispersed phase (νdis) is 

then divided by the density of the solution and converted into a dynamic viscosity.  The resulting 

dynamic viscosity of the dispersed medium (𝜇𝑑) can then be divided by the continuous phase 

(𝜇𝑐) to find x.  (5-1 can now be written as. 

 𝑑32 = 𝐴(𝑥)0.25 (5-5) 
 

where x is the calculated viscosity ratio.  The empirical diameter of the DDS for each 

composition was plotted against the corresponding viscosity ratio for the same composition.  The 

calculated viscosity ratio was found by optimizing the lowest standard deviation of the Sauter’s 

coefficient for all data points (see Figure 5-2 b).  A high correlation coefficient (R2 = 0.96) was 

found, thus the empirical data is in line with the theoretical value.  The Sauter’s coefficient is 

found to be 1912 nm for this system. 
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Figure 5-2. Diameter of DDS microspheres as a function of albumin composition measured from 
dynamic light scattering (with a coefficient of determination of 0.98) (a).  Average DDS sphere 
diameter as a function of viscosity ratio showing good correlation with theoretic equations (b). 

 
5.2 Albumin Release 

The DDS contains albumin, and the liberation of this protein will affect how the DDS 

interacts with the environment.  As albumin is hydrophilic, it is expected that albumin will de-

absorb from the PLGA microsphere when immersed in a polar medium (e.g. plasma),  however, 

the protein inside the PLGA microsphere may be trapped until the PLGA matrix degrades 

sufficiently for protein release [78]. 

Figure 5-3 shows the cumulative protein levels in the release products.  Albumin release 

increases with albumin composition up to 40%, then the release amount remains steady (around 

2,800 μg/ml) for the first 10 min.  This suggests that there is a saturation point, or a point at 

which the rate of deabsorption of albumin decreases.  When considering surface erosion, the 

hydration of the matrix will allow large polymer molecules to untangle and diffuse from the 

surface, which can translate into a fast release.  However, once the albumin on or near the 

surface has been released, the albumin trapped inside the microsphere must diffuse, or degrade, 

in order to be released from the DDS.   

b a 
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Figure 5-3. Cumulative albumin concentration released as a function of albumin composition for 
day 0 (10 min), day 3, day 6 and day 14. 

 
When a microsphere starts to swell due to hydration, the proteins trapped inside the 

microsphere will attempt to migrate together as more room is available.  If a segregation takes 

place, then drug occlusion will occur and a mesopore-drug occlusion model [78] may accurately 

predict the phenomenon.  

Figure 5-4 describes the percent albumin release compared to albumin composition in the 

DDS.  As the albumin content increases, the data shows a lower percent of albumin burst release.  

For example, a DDS with an albumin composition of 45% released 78% of the total albumin in a 

quick burst; the higher albumin composition of 65% released only 59% of the total albumin.  A 

higher retention of albumin with an increasing albumin composition would suggest that the 

mesopores are not sufficiently large to allow proteins to diffuse out down the mesopore.  Drug 

occlusions of albumin in a polar medium will swell more than PLGA, possibly causing pressure 
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on the mesopores and constraining the channel. A constrained channel will further restrict the 

flow of the protein out of the channel Figure 5-5 depicts a mesopores-drug occlusion release of 

protein model via mesopores for high and low compositions of albumin.   

 
 

Figure 5-4. Percent albumin released as a function of albumin composition.  Higher compositions 
of albumin in the DDS result in less albumin being retained after the burst. 
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Figure 5-5. Theoretical model developed for drug occlusion-mesopore effect of double emulation 
technique applied to the investigated DDS.  The smaller arrows represent initial burst flow of 

protein. 
 

Fitting the experimental data to Equation 5-1 resulted in a correlation coefficient of fit 

that increased with the composition of albumin. Albumin compositions lower than 40% had a 

coefficient of correlation below 0.85. DDS with albumin compositions below 40% did not 

exhibit saturation points, presenting the possibility of a different mechanism being involved than 

that predicted for the higher compositions.  Table 5-1 reports the constants found from a 

regression model fitting the empirical data to equation 2-2 with R2 above 0.85. The calculated 

𝜙𝑑𝑏𝑢𝑟𝑠𝑡 and k decrease with the increase in albumin composition.  The initial burst release 

(Phases A and B) of protein was characterized. However, the experiments were discontinued 

before Phase C could be observed.  
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PLGA begins to show signs of degradation at about 8 days [121]; however, even after 14 

days the degradation was not obvious in the release of albumin.  It is possible that albumin 

undergoes bulk erosion in the drug occlusions, and any degradation of albumin into oligomers 

would not be detected by the protein assay.  If drug occlusions are significantly small (L < Lcrit), 

then bulk erosion will be the dominant method of degradation. Thus, diffusion from the surface, 

involving the untangling of protein molecules and their subsequent release, will be less likely to 

occur.  Thermal gravimetric analysis (TGA) was performed to confirm that albumin was not 

being lost during processing, and it was found that the remaining albumin in the DDS is 46%.  

While the process added weight percentage was 45%, which presents evidence that a negligible 

amount of albumin loss occurred.   

Table 5-1. 𝜙𝑑𝑏𝑢𝑟𝑠𝑡 and k calculated from regression of empirical data and drug occlusion-mesopore 
theoretical model 

 

Albumin (%)  40 45 65 

𝜙𝑑𝑏𝑢𝑟𝑠𝑡 0.759 0.750 0.575 

k 342 281 210 

R2 0.871 0.897 0.969 

 
5.3 Cytotoxicity of DDS 

Many degradable materials used in drug delivery can cause undesirable side effects.  For 

example, PLGA, while generally considered to be biocompatible, can decrease the pH levels 

locally [119] resulting in irritation and cellular damage.  Albumin is native to the body and does 

not cause irritation during degradation, thus albumin is more biocompatible than PLGA.  At the 

same time, albumin is difficult to use in drug delivery systems as a microsphere because it 

dissolves so rapidly.  A material this soluble is impractical when containing therapeutic agents 
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for long term controlled releases.  PLGA does not have this hindrance since it is more 

hydrophobic.  Combining the two components creates a material that can contain therapeutic 

agents for controlled release similar to PLGA and exhibit the biocompatibility of albumin. 

Cytotoxicity tests were performed to quantify the cell viability as a function of albumin 

composition (15%, 25% and 45%) in a DDS containing 5% MTX, 5% magnetite and the 

remaining PLGA.  Since the delivery system contains 5% MTX, substantial necrosis of cells is 

expected because the raw cells used for culture are inflammatory cells.  Materials with higher 

biocompatibility are less likely to produce an inflammatory response and less likely to result in 

phagocytosis of the DDS.  If the DDS system is phagocytized, then the concentration of MTX 

will increase locally inside the raw cell after MTX release, which will increase the toxicity of the 

therapeutic agent to a healthy cell.  Figure 5-6 (a) shows the cytotoxicity of the three DDS 

samples at different concentrations.   For all three samples, concentrations greater than 0.4 

mg/ml of DDS in medium resulted in 5% cell viability.   Decreasing the concentrations of the 

DDS lower than 0.4 mg/ml resulted in an exponential increase in cell viability.  The DDS with 

the higher albumin composition of 45% had a considerable increase in cell viability compared to 

the lowest albumin composition of 15%.  An albumin composition of 25% was between that of 

15% and 45%, which suggests that the albumin composition directly influences the cytotoxicity 

of the DDS. 

 The release rate of MTX has not been directly assessed, and would affect the cytotoxicity 

of the DDS.  However, it is expected that by increasing the albumin composition the DDS would 

become more hydrophilic.  A more hydrophilic DDS would increase the initial burst of the 

therapeutic agent and produce lower cell viability in the first 3 days.  In contrast, the data shows 
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the opposite, which suggest that MTX is not the root cause of the difference in cell necrosis 

between the samples.  

Figure 5-6 (b) presents the cell viability after 5 days.  Higher compositions of albumin result in 

greater cell viability.  The increase in cell viability of the DDS with higher composition of 

albumin observed on Day 3 suggests the DDS materials directly influence cell viability, and the 

similar trend of all three samples after 5 days suggest there is an upper limit of cell viability.  A 

possible cause of the upper limit of cell viability is the release of MTX.  Ultimately, by adding 

albumin the biocompatibility of the DDS is improved. 

 
 

Figure 5-6. Cell viability as a function of DDS concentration for samples with 15, 25 and 45% 
albumin compositions at (a) Day 3 and (b) Day 5. 

. 
5.4 Cytotoxicity of DDS Release 

In general, the results showed that the cell death was greater at higher concentrations of 

the DDS and closer to the time of injection as expected.  Raw cells, which is a cell line of 

macrophages was found to be the most affected by the DDS.  This is also expected in that 

macrophages will seek out foreign objects and phagocytose or engulf them.  Once the 5-Fu is 

inside the cell it is able to kill the cell.  Figure 5-7,  

Figure 5-8 and Figure 5-9 shows the percent death of raw cells vs. concentration, 

cytotoxity of the DDS and release rates.  Interesting, the specimen with the DDS system and its 
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release of the therapeutic agent has approximately the same cell death rates for most 

concentrations.  This suggests, but does not prove that the cytotoxicty of the DDS materials does 

not play a large role in death of raw cells.  Days 5-7 release products compared to the 

cytotoxicity of the DDS after 10 days of release; also show comparable cell deaths supporting 

the hypothesis that raw cells are not affect by the cytotoxicity of the materials in the DDS.  The 

SCC cells show the longest therapeutic effects over raw cells and 3T3 cells. 

 

Figure 5-7. DDS at a concentration vs. percent death of raw cells. 
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Figure 5-8. DDS at a concentration vs. percent death of 3T3 cells. 
 

 

Figure 5-9. DDS at a concentration vs. percent death of SCC cells. 
 

5.5 In-Vitro Fluorescence Marker Tests 

 To identify the feasibility of a fluorescent encapsulated nanospheres drug carrier system, 

SCC cells were cultured and varying concentrations of the fluorescent carrier system were added.  
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A fluorescent microscope was used to image the fluorescent response of the cell/drug carrier 

system.  The fluorescent molecule utilized for this experiment was DPH which fluoresces in the 

blue wavelength spectrum (DAPI), however when the DDS was added to the culture, a higher 

emission of green wavelength (FITC) was observed.  Also, when the DDS was observed 

independently a strong yellow/red wavelength (TIRTC) emission was detected.  Figure 5-10 

shows that the blue wavelength (DAPI), green (FITC) and orange/red (TRITC) emission ranges 

of the microscope used, and the exact wavelength range for each barrier filter is reported in 

Table 5-2 

While this phenomena is unexpected, the red shift can be explained by hindering of bond 

rotation [122].  If the DPH molecule is sufficiently constrained by PLGA/albumin matrix the bond 

rotation would be hindered and a redshift would be observed.  Also, at high concentrations some 

molecules in solution can achieve long rang order (liquid crystal) that will result in a redshift.   

To investigate the cause of the redshift, DPH was added to some solvents and a lipid 

bilayer solution.  In Figure 5-11, the solids lines detail the absorption spectra of the solutions.  A 

noticeable shift in the absorbance can be seen between a polar (water) solution and non-polar 

solutions (acetonitrile, ethanol and CTAT).  The dashed lines are the fluorescent emissions of the 

DPH molecule in the specific solution.  The green rectangle identifies the wavelength range for 

FITC and the pink box identifies the TRITC range.  The FITC is in the range of emission for all 

samples, so it is possible the green wavelength is noticed from bleed over from the blue 

wavelength.   However, the red wavelength is out of the range, and DPH would not be expected to 

have emissions in this wavelength without a significant redshift.  Spectrofluorometry readings 

were not possible for the DDS as it is a solid.  



 

79 

 

Figure 5-10.  Emission wavelength detection of 
DAPI, FITC and TRITC. 

 

Figure 5-11. Fluorescent spectra of DPH in 
varying solvents and a bilayer micelle solution 

(CTAT). 
 
 
 

Table 5-2. Barrier filters wavelengths for DAPI, FITC and TRICA 
 

 
Barrier Filter (nm) 

DAPI 450-465 

FITC 505-535 

TRICA  580-620 

 
Figure 5-12 is an overlay of green and red fluorescent wavelength images.  It was shown 

that red wavelength relates to the DDS, while the green wavelength relates to DPH inside the 

cell.  When the overlay shows a yellow, both the DDS and DPH are present in the cell.  Since 

there is a yellow glow around the cells, it can be surmised that the DDS is absorbing or attaching 

to the cell membrane. While this shows that there is a force interaction, which brings the DDS 

and DPH in the cell together, it does not show that the cell is actively involved in seeking out or 

has an affinity for uptake of the DDS. 
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Figure 5-12.  Fluorescent images of drug at low concentration (a), low medium concentration (b), 
high medium concentration (c) and high concentration (d). 

 
5.6 Fifteen-Hour Time Elapsed Study 

In our hypothesis, we state that by the addition of albumin to the DDS the cell will be 

encouraged to uptake the DDS.  To challenge this hypothesis, a real time in-vitro experiment was 

conducted to directly observe the behavior of SCC cells over time.  A SCC cell’s nucleus in 

which mitosis was about to occur was the focus of this study.  Figure 5-13 shows a series of 

images in which the SCC cell nucleus (blue arrow) is in a petri dish that is saturated with the 

DDS (white particles).  Each image has progressed 2 hours from the last image.  Starting at time 

0 hr, the nucleus is in the center of the image and the DDS is all around, however the cell starts 

mitosis and a dramatic uptake of the DDS was observed after 2 hr.  When evaluating the video of 

a b 

c d 
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the time elapse, the agglomerated DDS de-agglomerated presumably by the SCC cell and pulled 

toward the nucleus.  This can also be gleaned from the still images as at 0 hr the DDS is clumped 

in batches, however after 2 hrs a powdered look is observed around the nucleus.  Also, the DDS 

movement can be inferred by the particle distribution and blurring of the DDS. 

At 2 hr, observation shows that the right bottom area and right side is where most of the 

loose DDS had been absorbed by the cell.  With the depletion of the DDS, the cell physically 

moves toward more loose DDS in the right upper part of the image.  This can be seen after 4 hrs.  

After 6 hours, the cell has moved up in the image to where there is a higher concentration of 

loose DDS, and by 8 hours the loose DDS has been exhausted by the cell on the left side. During 

the 10 hours direct observation of the cell interaction with the DDS, it can be confidently stated 

that the SCC cell would physically move toward the loose DDS and uptake the DDS.  
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Figure 5-13. Time elapse study of a SCC cell (blue arrow) in a petri dish saturated with DDS 
(white particles).  The green arrow points to the cells seen in Figure 5-14. 

0 hr 2 hr 

4 hr 6 hr 

8 hr 10 hr 
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Figure 5-13 at 10 hours shows a cell (green arrow) that is going through necrosis.  This 

cell is expanded in Figure 5-14 (a), and it can be clearly seen that the cell is in the process of 

losing membrane integrity.  5-Fu takes longer (~24hr) then 10 hrs to cause necrosis, so it would 

not be expected that the chemotherapy caused the necrosis [123].  Figure 5-14 (b) shows an 

overlay of both the fluorescent and brightfield image.  Since the DDS has DPH encapsulated 

inside it, the areas that fluoresce pin point the location of the DDS.  It can also be observed that 

the cell going through necrosis has an extensive amount of DDS associated with the same 

location.  To further examine the SCC cell, a 3D image of the DDS location was created (Figure 

5-15), and shows that the DDS fills the majority of the cell.  The interior of the cell can be 

examined by taking sections of the cell (Figure 5-16), and some voids are noticed where 

chromosomes or the nucleus could be located.  The rest of the volume is filled with the DDS, and 

it is quite possible that the DDS is physically interfering with the function of the cell by 

occupying space. 

  

Figure 5-14.  SCC cell going trough necrosis (a), and the DDS associated in the same location (b). 
 

a b 
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Figure 5-15. 3D image of fluorescent microscopy of a SCC cell containing the DDS. 
 

 

Figure 5-16.  Vertical sections of the SCC cell containing the DDS. 
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5.7 In-Vivo Air Pouch Inflammation Response 

The DDS was found to be very biocompatible in in-vitro experiments, yet in-vivo 

situations can be more complex.  A foreign body response can be very dangerous, thus it is 

important to characterize the magnitude of inflammation that can be caused by the DDS.  

Inflammation of the DDS was characterized by an air pouch model.  A pouch was made on the 

back of a mouse by filling the subcutaneous with air and stretching the skin.  A schematic can be 

seen in Figure 5-17.  Once a pouch was established after 5 days, the DDS was injected into the 

pouch.   

 

Figure 5-17. Schematic of the development of an air pouch in a mouse. (Adopted from [124]). 
 

Fifteen days after the injection, the mouse was euthanized, and the pouch was cut open.  

The blood supply to the area of the foreign material can be used to visually characterize the 

inflammation response of the body.  Figure 5-18 presents the negative and positive controls use 

to identify inflammation response of the carrier solution (PBS) and of a highly inflammatory 

material high (HDPE powder).  From Figure 5-18 (a), it can be seen that there is little to no 

identifiable blood supply on the skin tissue exposed.  Conversely, the positive control shows the 

area of the foreign material (white arrow) has a large blood supply (black arrow) and relating 

inflammation.  
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Figure 5-18.  Negative (a) and positive (b) control for an air pouch inflammation model. 
 

Figure 5-19 shows two foreign body responses from the DDS in an air pouch model.  The 

white arrow is shows the location of the DDS, and the black arrow represents capillary supplying 

the area with blood.  A good supply of blood provides supporting evidence of inflammation to 

that area, however the mice injected with the DDS show very limited blood supply to the DDS 

attached to the tissue.  Thus, it can be concluded that there is limited inflammation response to 

the DDS and can be used in in-vivo tests safely. 

  

Figure 5-19. Inflammation response of the DDS (a and b). 
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5.8 In-Vivo Marker Test  

Nanospheres utilized in targeted drug delivery systems have seen much attention, 

however since the spheres are on the nanoscale it is difficult to detect the nanospheres in an in-

vivo test.  This is a crucial step in targeted drug delivery to show where the nanosphere is being 

concentrated.  Nanospheres developed by oil in oil (o/o) emulsion technique have the benefit of 

being able to encapsulate molecules without damaging or chemically altering a molecule, such as 

1,6-Diphenyl-1,3,5-hexatriene (DPH).  DPH, a fluorescing molecule was encapsulated in a 

nanosphere, and in-vivo tests were performed.   

 Since fluorescence (DPH) was encapsulated into the drug delivery system, it is expected 

that the locations of the drug release are marked by fluorescence.  Comparing the tissue 

specimens under a fluorescence microscope with the H&E stained sections, it clearly showed 

that the fluorescence signals penetrated into tumor tissue, and especially concentrated in many 

keratin-rich areas within tumor tissue.   

Looking at Figure 5-20 (a) and (c), it can be seen that fluorescence concentrated areas 

correlated with the keratin-like areas.  The cells in the areas exhibited cell membrane disruptive 

and nuclear disappearing, and cell debris were ubiquitous.  5-Fu is a well established chemo-

agent for SCC.  Thus, by the fact that both fluorescence and the presence of dying cells, suggests 

the carrier system is infiltrating into the center of the tumor as is shown by the fluorescent 

“footprint.”   

Comparison of the control tumor and the treated tumor shows two main differences.  First, 

there are more keratin-like areas in the treated tumor.  Second, the cells in the keratin show signs 

of cell death, however this is expected in areas of keratin; while the control shows signs of healthy 

cells as are shown in Figure 5-21. 
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Also tested was the communication between the right and left tumor on the mouse.  The 

drug delivery system was injected next to the tumor on the left side.  In order for the effects of 

fluorescence and 5-Fu to be seen on the right tumor, the drug carrier system must communicate 

from the left side of the mouse to the right side of the mouse.  Evidence of fluorescence was seen 

in keratin-rich areas on the right side tumor, as shown in Figure 5-22, however in limited 

quantities. 

 

Figure 5-20.  Fluorescence image at 10X magnification of monochromic image (a) and at 2X 
magnification (b).  Stained image at 10X magnification (c) of died image at 2X (d). 

 

a b 

c d 
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Figure 5-21.  Microscopic image of treated tumor showing signs of cell death in keratin (a), and 
10X microscope image of control tumor showing viable cancer cells (b). 

 

 

Figure 5-22.  Fluorescence image at 10X objective of right-side tumor (a) as indicated in larger 
image (b). 

 This exploratory research has shown that the addition of fluorescence molecule, DPH 

encapsulated into DDS can be use to leave a “footprint” of the location of the DDS.  

Fluorescence has been successfully utilized as a marker for identifying the location of drug 

release of a drug delivery system.  By using fluorescent “footprints,” the final location of a 

degraded biodegradable drug carrier system can be identified in an in-vivo environment.  After 

the therapeutic payload, including the fluorescent molecule, has been released, characterization 

b a 

b a 
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of the effectiveness of the targeted drug delivery system, specifically targeting the afflicted 

location, can be quantified. 

5.9 Effectiveness of Magnetic Targeted Drug Delivery In-Vivo 

5.9.1 Penetration of DDS into Tumor 

The proposed hypothesis is that magnetic targeted drug delivery can increase the efficacy 

of treatment by reducing migration of the DDS from the location of injection and encourage 

penetration into the tumor by an external magnetic force.  Penetration of the DDS into the tumor 

can be directly observed by the fluorescent marker encapsulated within the drug delivery system 

(Figure 5-23).  The DDS + magnet and DDS-only treatments have the DDS within the tumor 

tissue.  However, a much higher concentration of the DDS was noted in the DDS + magnet.  

Albumin is incorporated into the DDS to encourage uptake of the DDS into cancer cells, 

and observation of the DDS inside the tumor tissue without a magnet (Figure 5-23) presents the 

possibility that this has occurred.  However, it is also possible that the lymphatic system removed 

the DDS from the subcutaneous injection sites, introduced it into the circulatory system, and 

eventually penetrated the tumor tissue through a blood vessel.  If this occurred, then there is 

evidence that the DDS was able to evade the immune system long enough to be deposited into 

the tumor tissue.  Since a well-defined boundary was observed between a heavily concentrated 

DDS and tumor tissue (Figure 5-24), the latter is a more plausible explanation.  When 

considering the DDS + magnet treatment, a “leaky” boundary was noted (Figure 5-25), making 

the former more plausible.  Considering the only difference between the two treatments is the 

external force created by the magnet and magnetic nanoparticles encapsulated in the DDS, it can 

be surmised that the DDS was successful in being pulled to or into the tumor tissue by the 
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external force.  Once the submicron-sized DDS was in close proximity to the cell, endocytosis of 

the DDS or the therapeutic agent occurred, eventually resulting in necrosis. 

  

  

Figure 5-23. Fluorescent microscopy showing DDS inside tumor tissue (white arrow): DDS + 
magnet (a) and DDS (b) treatments, compared to positive (c) and control (d) fluorescent images. 

 

a b 

c d 
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Figure 5-24.  Histology of DDS (black 
arrow)/SCC cancer (grey arrow) boundary of 

DDS treatment without a magnet.    

 

Figure 5-25. Histology of DDS (black 
arrow)/SCC cancer (grey arrow) boundary of 

DDS + magnet treatment.    
 

5.9.2 Therapeutic Effects          

Visual observations of the tumor (Figure 5-26) and growth of the tumor area (Figure 

5-27) indicate that the DDS + magnet and positive treatments to be successful in retarding the 

growth of the tumor. However, the positive group showed an exponential increase in tumor size 

between the 16th and 21st day.  The positive group post-treatment period was longer by two days 

than the other treatments in order to fully observe the exponential growth.   An increase in 

growth rate would have been noticed on the 17th or the 19th day of the other treatments if the 

same phenomenon was to occur. 

It is expected that the DDS would slowly release the therapeutic agent resulting in an 

increased time of treatment per injection, and ultimately reduce the possibility of a toxic 

concentration of the therapeutic agent.  The positive group performed as well as the DDS + 

magnet for the first 16 days; however, even though the same amount of 5-Fu was used to treat 

the tumor, the positive treatment produced a larger initial concentration.  5-FU is toxic to the 

liver in a dose-dependent manner, so a higher concentration will lead to increased liver damage, 

thus decreasing its utility as a therapeutic agent.   
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When comparing the DDS + magnet and the DDS only the DDS + magnet performed 

considerably better.  Direct evidence of the dark area around the tumor showed that the DDS + 

magnet retained the DDS longer in the tissue around the tumor.  Since the DDS + magnet 

retained the DDS at the site of injection, it can be concluded that the DDS was successfully 

pulled to or into the tumor tissue (Figure 5-23). 

 

 

 

 
 

Figure 5-26. Visual observation of tumor growth of all four treatments. DDS + Magnet (a), DDS 
(b), positive (c) and control (c) treatments. 

The right side tumors all statistically had the same growth rate, thus the treatments did 

not significantly diffuse through the tissue to treat the tumor on the right side.   Since the 

treatments did not diffuse significantly to affect the right tumor, it can be surmised that the 

lymphatic system is a controlling factor in locomotion of the DDS and 5-Fu.  Without utilizing a 

a 

d 

b 
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magnet to hold or pull the DDS to or into the tumor tissue, diffusion or migration of the 5-FU 

can result in toxic levels of the therapeutic agent in organs such as the liver. 

 

Figure 5-27.  Growth of left-side tumors for all four treatments. 
 
 

 

Figure 5-28.  Growth of right-side tumors for all four treatments. 
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5.10 Toxicity of Treatments—In-Vivo 

While the positive and DDS + magnet groups showed promising results in treatment of 

the cancer, it is important to evaluate the toxicity of the chemotherapy.  If the treatment is toxic, 

it can be dangerous to use and can cause irreparable damage including death.  To evaluate the 

toxicity of the treatments, the kidneys, lungs, liver, and left and right lymph nodes were 

examined.  Also, the tissue samples were examined for metastasis of the SCC cancer, and no 

metastasis was found. 

Because the treatment is injected into the subcutaneous, the chemotherapy may diffuse 

from this point and cause damage to other locations in the body.  The treatment can diffuse or 

move from the injection site by blood flow, lymphatic flow, or within the subcutaneous.  Since 

the lymphatic system serves to remove waste or foreign objects from within the body, it is 

probable that the lymphatic system would aid in relocation of the chemotherapy by carrying the 

chemotherapy first to the lymph nodes, the first organ with which the chemotherapy comes into 

contact.  Figure 5-29 shows an example of left lymph nodes for all four treatments.  These lymph 

nodes look healthy and show no sign of damage.  See Appendix B for higher magnifications of 

the lymph nodes, where healthy cells can be better viewed. 

Lymph vessels will carry the foreign particles/molecules to the closest lymph nodes, thus 

it would be expected that the majority of the chemotherapy would end up in the lymph node 

closest to the injection site (left lymph node).  However, if the chemotherapy diffused within the 

subcutaneous tissue to the right side, then the DDS would concentrate in the right lymph node.  

Figure 5-30 presents the right lymph nodes from all four treatments.  Once again, the lymph 

nodes appear healthy.  Higher magnifications of the left and right lymph nodes can be seen in 
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Appendix B and C.  It is common to see metastasis occur in the lymph nodes, and no SCC cancer 

was seen in the right or left lymph node.   

  

  
 

Figure 5-29.  Left lymph node histology for all four treatments: (a) = positive, (b) = control, 
(c) = DDS, and (d) = DDS + magnet treatments). 

 

 
 

a b 

c d 
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Figure 5-30. Right lymph node histology for all four treatments: (a) = positive, (b) = control, 
(c) = DDS, and (d) = DDS + magnet treatment. 

 
After flowing through the lymph nodes, the lymph fluid carries the impurities, such as 

chemotherapy, into the blood stream via the subclavian veins.  The blood flows from the 

subclavian veins to the heart and then the lungs (Figure 5-31) where  chemotherapy can cause 

damage.   

Figure 5-32 compares a normal lung to a lung affected by inflammation and debris.  The 

white spaces are alveoli, and the lower images show the alveoli filled with inflammation and 

debris.   

a b 

c d 
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Figure 5-31. Circulatory system. 

 

Figure 5-32.  Normal lung (a), and lung 
affected by inflation and debris (b). 

 
Figure 5-33 shows an example of lung tissue after all four treatments, which indicates 

similar features and healthy tissue; however, it was noticed that the mice showed some signs of 

inflammation.  It would be expected that nude mice would be sensitive to bacteria or viruses 

because of their inhibited immune systems, thus the inflammation is not considered an effect of 

the treatments.  No SCC cancer was observed in the lungs.   

Once the blood is oxygenated by the lungs, it then flows to the appendages, head, 

kidneys, intestines, and liver.  The chemotherapy would not be expected to pass through the 

blood-brain barrier, so it would be unlikely to affect the brain.  The appendages and intestines 

would not be expected to be affected by the chemotherapy due to the large surface area of the 

vessel system and resultant reduction of the chemotherapy concentration.  In contrast, the 

a 

b 
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kidneys and liver can concentrate the chemotherapy because these organs are used to filter the 

blood.   

 

  

  

Figure 5-33.  Lung histology for all four treatments: (a) = positive, (b) = control, (c) = DDS,  
and (d) = DDS + magnet. 

 
The kidneys act as a natural filter of the blood and divert waste to the urinary bladder.  If 

the chemotherapy is in a high enough concentration to be toxic, then damage can be done to the 

kidneys.  Figure 5-34 shows that all four groups have healthy kidney cells.  Since the kidneys act 

as a membrane to filter blood cells and do not take up the chemotherapy, the chemotherapy has 

limited contact with the nucleolus.  If the chemotherapy does not enter the nucleolus, it cannot 

a b 

c d 
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cause necrosis.  SCC cancer was not observed in the kidneys.  The kidney histology for all mice 

can be found in Appendix D.  

  

  

Figure 5-34. Kidney histology for all four treatments: (a) = positive, (b) = control, (c) = DDS, 
 and (d) = DDS + magnet. 

 
Once again, if the chemotherapy concentrates in the liver a toxic level can be achieved 

and damage to the liver can occur.  The liver differs from the kidneys in that its cells or 

hepatocytes will uptake the chemotherapy, which can cause necrosis.  It is common to find non-

alcohoic fatty liver disease as a result of chemotherapy [125].  Figure 5-35 (a) shows that 

damage occurred to the positive group.  Appendix E presents liver tissue from multiple mice. 

a b 

c d 
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Figure 5-35. Liver histology of all four treatments: (a) = positive, (b) = control, (c) = DDS, 
and (d) = DDS + magnet. 

 
Figure 5-36 shows the histology characteristics of non-alcoholic fatty liver disease.  

Some notable features are the Mallory's hyaline bodies (black arrowhead), which are cytoplasmic 

inclusions in the hepatocytes that consist of abnormal keratin, hyaline, and other proteins.  The 

bodies are usually found in hepatocytes that are ballooned (black arrow) and are morphologic 

hallmarks of steatohepatitis.   Mallory’s bodies are the consequence of cellural injury, such as 

chemotherapy.  Injured hepatocytes containing macrovesicular fat globules (white arrow) are 

also present.  They occupy almost all cytoplasm, displacing nucleus (white arrowhead) to the 

periphery. 

a b 

c d 
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Figure 5-36. Photomicrograph of histology of nonalcoholic steatohepatitis in 62-year-old woman.   
Notable features are as follows: Mallory’s hyaline bodies (black arrowhead), hepatocytes that are 
ballooned (black arrow), hepatocytes containing macrovesicular fat globules (white arrow), and 

nucleus displaced by fat globule (white arrowhead) (adopted from [126]). 
 

Figure 5-35 clearly shows that the positive treatment has non-alcoholic fatty liver disease; 

however, when observing the DDS treatment closer, it also shows some limited signs of damage.  

This can be seen in Figure 5-37 where the positive treatment has Mallory’s hyaline bodies (black 

arrow) and fat globules (white arrow).  In the DDS treatment, there is some limited damage to 

the liver cells as Mallory’s hyline and fat globules are identified.  The control and DDS + magnet 

treatments have a healthy liver. 

A notable event is that the DDS treatment shows some damage to the liver; however, the 

DDS + magnet treatment did not, which supports the hypothesis that the magnet will pull the 

DDS into the tumor and increase the efficacy of the chemotherapy.  While the DDS + magnet 

and positive treatments where both successful in treating the tumor, it can be clearly seen that the 
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positive treatment can cause toxic effects.  These toxic effects prevent pure 5-Fu from being used 

in clinical studies.  In contrast, however, the DDS + magnet treatment was not toxic to the lymph 

nodes, lungs, kidneys, and liver, making this treatment very favorable for future clinical studies.    

  

  

Figure 5-37. Liver histology of all four treatments: (a) = positive, (b) = control, (c) = DDS, 
and (d) = DDS + magnet). Notable features are as follows: Mallory’s hyaline bodies (black 

arrowhead), hepatocytes that are ballooned (black arrow), hepatocytes containing macrovesicular 
fat globules (white arrow), and nucleus displaced by fat globule (white arrowhead). 

 
5.11 Conclusion 

Magnetic targeted drug delivery was utilized to increase the efficacy of the treatment of 

SCC with 5-FU.  The magnetic targeted treatment (DDS + magnet) was compared to three other 

cases: (1) treatment with DDS alone without the use of a magnet, (2) a positive group in which 

a b 

c d 
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as-received 5-Fu was administered, and (3) a control group in which no treatment was given.  

The treatment with the DDS + magnet was significantly more effective in treating the tumors 

than the other treatments.  The positive group was comparable to the DDS + magnet up to the 

16th day; however, after the 16th day the tumor growth was exponentially increased.  Also, the 

initial high concentrations of 5-Fu from the positive treatment can cause damage to liver. 

The DDS + magnet compared to the DDS-only treatment showed that the magnet helped 

retain the DDS around and inside the tumor.  The DDS was found inside the tumor tissue by 

fluorescent markers at higher quantities in the DDS + magnet treatment group when compared to 

the DDS-only treatment group.  Due to the translucent skin of the nude mice, the DDS could be 

seen inside skin surrounding the tumor for a longer time in the DDS + magnet treatment.   

Conventional treatment of skin cancer is very successful. However, in certain cases, 

conventional treatments cannot be utilized.  In these cases, magnetic targeted drug delivery can 

be utilized.  Ddirect evidence that SCC skin cancer can be successfully treated by the proposed 

magnetic targeted drug delivery system in an in-vivo experiment has been provided. 
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CHAPTER 5 
 

6 FUTURE WORK 
 
 

Future experiments could be performed to gain further confidence in this proposed 

magnetic targeted drug delivery system.  A fundamental study on cells’ adhesion to the drug 

carrier system in question could be done to provide more evidence of the cells’ propensity to 

uptaking the DDS.  An atomic force microscope (AFM) could be used, whereby a drug carrier 

system particle would be attached to an AFM tip.  Cells would be cultured, and force curves 

would be generated with the modified tip to observe what adhesion properties the drug carrier 

system has on the cells. 

An in-vivo experiment involving a large number of mice (20) and the targeting drug 

carrier system could be conducted.  The fluorescents encapsulated within the drug carrier system 

could be used to detect where the drug carrier system has occurred.  A magnet could also be 

utilized to guide the drug carrier system to the affected region.   

Other ailments, such as rheumatory arthritis, breast cancer, liver cancer, and lung cancer, 

could be tested in-vivo to validate the ability of the proposed DDS to treat such ailments. 

Eventually, the DDS could be tested in a human subject. 
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LISTING OF TREATMENTS GIVING TO EACH MOUSE BY ID 
 

Mouse ID Treatment 
151 Positive 
152 Positive 
154 Positive 
155 Positive 
153 Positive 
562 Control 
563 Control 
564 Control 
565 Control 
566 Control 
568 DDS 
569 DDS 
570 DDS 
571 DDS 
572 DDS 
573 DDS + magnet 
574 DDS + magnet 
575 DDS + magnet 
576 DDS + magnet 
577 DDS + magnet 
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