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             Conventional cancer chemotherapy results in systemic toxicity which severely limits 

             effectiveness and often adversely affects patient quality of life.  There is a need to find new drugs 

             and delivery methods for less toxic therapy. 

             Previous studies concerning DNA complexing with chemotherapy drugs suggest unique 

             opportunities for DNA as a mesosphere drug carrier.  The overall objective of this research was 

             devoted to the synthesis and evaluation of novel DNA-drug nano-mesospheres designed for 

             localized chemotherapy via intratumoral injection.  My research presents DNA nano-meso-

             microspheres (DNA-MS) that were prepared using a modified steric stabilization method 

             originally developed in this lab for the preparation of albumin MS.  DNA-MS were prepared 

             with glutaraldehyde covalent crosslinking (genipin crosslinking was attempted) through the 

             DNA base pairs.  In addition, novel crosslinking of DNA-MS was demonstrated using 

             chromium, gadolinium, or iron cations through the DNA phosphate groups.  Covalent and ionic 

             crosslinked DNA-MS syntheses yielded smooth and spherical particle morphologies with 

             multimodal size distributions.   
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         Optimized DNA-MS syntheses produced particles with narrow and normal size 

distributions in the 50nm to 5µm diameter size range.  In aqueous dispersions approximately 

200% swelling was observed with dispersion stability for more than 48 hours.  Typical process  

conditions included a 1550rpm initial mixing speed and particle filtration through 20µm filters to   

facilitate preparation.  

DNA-MS were in situ loaded during synthesis for the first time with mitoxantrone, 5-

fluorouracil, and methotrexate.  DNA-MS drug incorporation was 12%(w/w) for mitoxantrone, 

9%(w/w) for methotrexate, and 5%(w/w) for 5-fluorouracil.  In vitro drug release into phosphate 

buffered saline was observed for over 35 days by minimum sink release testing.  The effect of 

gadolinium crosslink concentration on mitoxantrone release was evaluated at molar equivalences 

in the range of 20% to 120%.  The most highly crosslinked DNA-MS exhibited the longest 

sustained release. 

The drug efficacy of mitoxantrone loaded DNA-MS was evaluated in vitro using a murine 

Lewis lung carcinoma cell line and a significant cytotoxic response was found at mitoxantrone 

doses as low as 1ppm.  Drug release properties, DNA biodegradability, and observed cancer cell 

cytotoxicity of drug loaded DNA-MS suggest that they are appropriate for intratumoral 

chemotherapy evaluation aimed at improved and less toxic cancer therapy. 
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CHAPTER 1 
INTRODUCTION 

Research Rationale 

Cancer is the second most common cause of death in the United States, following heart 

disease, and accounts for every 1 in 4 deaths nationwide according to the 2005 and 2006 cancer 

statistic reports published by the American Cancer Society.1, 2  Over one-half of these reported 

deaths can be attributed to cancers of the breast, prostate, lung and bronchus, and colon and 

rectum for both men and women.1  Leukemia and cancer of the brain and central nervous system 

account for one-half of all children’s fatalities.2  Primary modalities of treatment for these and 

other forms of cancer include surgery, radiation, and systemic chemotherapy.3  Conventional 

systemic chemotherapy is often used as the standard of care for most cancer cases, and, in many 

circumstances, is given in combination with surgery or radiation therapy in order to decrease the 

size of the tumor prior to excision or enhance the effects of radiation on cancerous cells.3   

Conventional systemic chemotherapy functions by attacking rapidly dividing cancer cells 

while traveling through the bloodstream.  When used as a sole form of treatment,  conventional 

systemic chemotherapy often provides limited effectiveness and compromises the quality of life 

for its patients.4   Patients undergoing systemic chemotherapy not only experience a variety of 

acute side effects such as nausea, mouth sores, alopecia (hair loss), irritation of the veins, and 

induced menopause, but may also experience debilitating long term effects such as multiple 

organ failure and even death.3, 5  Adverse side effects, such as those just previously mentioned, 

arise because chemotherapeutic agents are incapable of differentiating between cancerous cells 

and healthy rapidly dividing cells such as hair follicle, gastrointestinal, and bone marrow cells.   

The inability for chemotherapy agents to differentiate between healthy cells and cancerous 

cells are not solely to blame for their lack of therapeutic efficacy.   When delivered 
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intravenously, chemotherapeutic agents are very effective against blood borne cancers such as 

leukemia and lymphoma, however, they tend to be less effective against solid tumor cancers such 

as that of the breast, lung and bronchus, prostate, colon and rectum, and head and neck.6, 7  The 

therapeutic deficiency of systemic chemotherapy against solid tumor cancers can be attributed to 

the inability for chemotherapy agents to penetrate the tumor cells due to their intricate 

vasculature and interstitium.6, 7 

It is estimated that there will be 1,399,760 new cases of cancer diagnosed this year 

resulting in a vast demand for conventional treatment modalities such as systemic 

chemotherapy.2   This large demand for systemic chemotherapy produces an urgent need for 

researchers to develop new delivery methods to localize chemotherapy to thereby reduce its 

systemic toxicity and increase its therapeutic efficacy.   

The idea of localizing chemotherapy has been around since the onset of its use in the 

1940s.8  In the 1950s, scientists such as C.T. Klopp and others experimented with localizing 

chemotherapy agents such as nitrogen mustard by intra-arterial infusion.8, 9  They found that the 

intra-arterial infusion of these agents led to increased efficacy, however, the dose required for 

this type of administration did not eradicate problems with systemic toxicity.  Over the next 40 

years, these findings led to the development of drug delivery carriers in the form of microspheres 

synthesized from proteins, polysaccharides, and synthetic polymers.10  The most successful of 

the aforementioned microsphere formulations were those synthesized with bovine serum albumin 

or human serum albumin.10  The success of albumin protein as a microsphere drug carrier can be 

attributed to its high stability,  biodegradability, and ease of processing.10  Past research has 

shown the ability of albumin to load various drugs such as doxorubicin, mitomycin C, cisplatin, 

5-fluorouracil, and mitoxantrone.4, 10, 11  Recently it has been shown that the intratumoral 
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delivery of mitoxantrone loaded albumin microspheres localized the activity of mitoxantrone and  

increased survival time in a murine mammary adenocarcinoma model.4, 12  This research also 

indicated that the maximum tolerable dose of mitoxantrone increased 8-fold when delivered 

intratumorally rather than intravenously.12   

The use of albumin as a chemotherapy drug carrier has been successful with a variety of 

anti-tumor agents, however, it has one major disadvantage in that it has a low drug-carrying 

capacity.10 The maximum drug payload for mitoxantrone loaded albumin microspheres has been 

limited to 15% (w/w).4, 11  Studies have been conducted to increase the payload of cationic drugs, 

such as doxorubicin, into albumin microspheres by incorporating anionic constituents into the 

albumin carrier matrix.10  These studies have shown that the incorporation of anionic materials 

help to increase the loading capacity of the albumin microspheres by 4 times the original value, 

however, the downfall was that the release of drug via ionic binding was rapid.10  Recent 

research has shown similar results except that drug release was prolonged.13  Studies conducted 

recently illustrated that the incorporation of anionic poly(glutamic) acid into gelatin 

microspheres did not increase the payload of cationic mitoxantrone, however, it did extend its 

release over 100 days.13    

Many know DNA for its role as a carrier of genetic information; however, very few have 

given thought to the possible biomaterial functions of this supramolecular biopolymer.  For the 

past 30 years scientists have focused their efforts on the delivery of viral DNA, otherwise known 

as plasmid DNA, for its function as a gene expressor and for its novel use as a therapeutic for 

cancer and genetic disorders.14-16  With most attention focused on plasmid DNA, scientists have 

overlooked the attractive properties that chromosomal DNA has to offer.  It has only been within 



 

32 

the past decade that scientists have shown interest in the biomaterial functions of chromosomal 

DNA. 

In the late 1990s, the use of DNA as a natural occurring functional biopolymer surfaced.  

Scientists began to report the successful coating of non-soluble DNA-alginic acid films on 

Millipore filters for the successful absorption and removal of toxic intercalating pollutants such 

as benzopyrene.17  Insoluble DNA films cast on polysulfone dialysis membranes were also 

researched and scientists illustrated that the DNA films increased the hydrophilicity and 

hemocompatibility of the hydrophobic polysulfone surfaces.18  Scientists have even shown that 

DNA-lipid films can be used as drug delivery vehicles and antimicrobial surfaces by 

incorporating agents such as ethidium bromide and silver ions into the film.19, 20  Most recently, 

scientists have shown that DNA may be used as a structural biopolymer for the development of 

biodegradable scaffolds for tissue engineering.21  In the early 1980s, Trouet et al complexed 

DNA to adriamycin and daunorubicin chemotherapeutic agents and injected the DNA-drug 

complex intravenously into rabbit and mice models.22, 23  These studies found that the DNA-drug 

complexes reduced the cardiotoxicity and improved the half-lives of the drugs.22, 23   

The novelty of the use of DNA as a functional biopolymer and the need for developing 

new methods for delivering chemotherapy is what inspired the research presented in this 

dissertation.  The research presented here describes the development and use of DNA nano-

meso-microspheres as drug carriers.  Shortly after these studies began, a collaboration with Dr. 

Amanda York looked at incorporating 1.5% (w/w) DNA into albumin microspheres.24  The 

results from these studies indicated that DNA blended albumin microspheres not only loaded the 

same amount of drug as the albumin microspheres, but also extended release over 1000 hours.13, 

24  The optimistic payload and release characteristics of the DNA blended albumin microspheres, 
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which had not yet been reported in the literature, further solidified the concept of using DNA as a 

sole drug carrying material. 

Specific Aims 

The research presented in this dissertation was devoted to the development of a novel drug 

delivery carrier for localized or regional chemotherapy using DNA.   

Aim 1: Synthesis and Characterization of DNA Nano-Meso-Microspheres 

Nano-meso-microspheres from DNA derived from herring testes (DNA-MS) were 

synthesized to a target dry mean diameter range of 50nm to 20µm, where at least 60% of all 

particles prepared were within the mesosphere size range of 1µm to 10µm and < 5% of all 

particles were greater than 10µm in size.  Particles less than 1µm in diameter were also 

acceptable.  Hydrated particle diameters were to be less than 25µm.  DNA-MS were sought to 

obtain aqueous dispersion stability of over 24 hours and elicit minimal toxic effect on fibroblast 

cells in culture.  

DNA-MS were prepared using a modified steric stabilization process developed in this lab 

and were either covalently crosslinked with genipin or glutaraldehyde or ionically crosslinked 

with chromium (III) potassium sulfate, gadolinium (III) chloride, or iron (III) nitrate.  A 

crosslinking reaction study was conducted, prior to any synthesis studies, to determine the time 

needed to establish DNA crosslinking with the covalent or ionic crosslinking agents.  

Crosslinking time was estimated by measuring the time required for each agent to precipitate 

DNA from solution.   The crosslinking reaction study was conducted at room temperature with a 

maximum crosslink time of two hours to mimic conditions observed during DNA-MS synthesis. 

Preliminary studies were also conducted to determine the optimal concentration of the stabilizing 

agent used during DNA-MS synthesis.   
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The morphology and topography of the DNA-MS were examined by optical microscopy 

and scanning electron microscopy.   The presence of trivalent cations in the DNA-MS was 

assessed by energy dispersive x-ray spectroscopy.  Crosslinking was confirmed through DNA-

MS dispersability testing in 0.05M phosphate buffered saline at a pH of 7.4.  Dry and PBS 

swollen particle sizes were quantitatively characterized using an LS Coulter 13 320 particle size 

analyzer.  The DNA-MS surface charge was measured by zeta potential analysis in 0.01M PBS 

at a pH of 7.4.   Normal human dermal BJ fibroblast cells were used in culture to evaluate the 

effect of DNA and crosslinked DNA-MS on cell growth.  Concentrations of 100µg and 500µg 

for DNA, and 25µg and 100µg for crosslinked DNA-MS were tested.  A colorimetric MTS assay 

was used to measure fibroblast growth at the 0, 24, and 72 hour time points.   

Aim 2: Optimization of DNA Nano-Mesosphere Synthesis 

The process parameters for DNA-MS synthesis were optimized to produce controlled 

particle size distributions with mean dry diameters in the mesosphere size range of 1µm to 10µm 

and mean hydrated diameters of less than 25µm.  DNA-MS were prepared to where at least 60% 

of all particles fell within the mesosphere size range of 1µm to 10µm and < 5% of all particles 

were greater than 10µm in size.  Particles less than 1µm in diameter were also acceptable.  DNA-

MS were sought to obtain hydrated particle diameters of less than 25µm with aqueous dispersion 

stabilities of over 24 hours. 

DNA-MS synthesis parameters were optimized by incorporating a filtration step at the end 

of the MS synthesis process with a filter pore size of 20µm to reduce or eliminate the presence of 

aggregates from the yield.  The DNA-MS synthesis parameters were further optimized by 

analyzing the effects of mixer speed and crosslink concentration on particle diameter, swelling, 

morphology, and size distribution.  Mixer speeds of 950rpm, 1250rpm, and 1550rpm with ionic 

crosslink concentrations of 20%, 50%, and 120% molar equivalence (MEQ) were assessed for 
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these studies.  Synthesized DNA-MS were characterized using the characterization techniques 

employed in Aim 1. 

Aim 3: In Vitro Evaluations of Mitoxantrone In Situ Loaded DNA Nano-Mesospheres 

Mitoxantrone in situ loaded DNA-MS (DNA-MXN-MS) were prepared using optimized 

synthesis conditions from Aim 2 to obtain particles with controlled size distributions where at 

least 60% of all particles prepared were within the mesosphere size range of 1µm to 10µm and < 

5% of all particles were greater than 10µm in size.  Particles less than 1µm in diameter were also 

acceptable and hydrated particle diameters were to be less than 25µm.  In addition, MXN in situ 

loaded DNA-MS were sought to obtain loadings of ≥ 12% (w/w) MXN and release MXN for 24 

hours or more in phosphate buffered saline under minimum sink conditions.  DNA-MXN-MS at 

MXN concentrations of 1µg/mL, 10µg/mL, and 25µg/mL were also sought to elicit a cytotoxic 

response ≥ to that of free drug at the same MXN concentrations on murine Lewis lung carcinoma 

(mLLC) cells in culture.   

Gadolinium cation crosslinked DNA-MS were in situ loaded with mitoxantrone using 

20%MEQ, 50%MEQ, and 120%MEQ crosslink concentrations.  The particle diameter, size 

distribution, morphology, drug loading, and percent drug release of the DNA-MXN-MS were 

evaluated with respect to the crosslink concentration.   

The particle diameter, size distribution, morphology, and presence of gadolinium trivalent 

cations were assessed using characterization techniques from Aim 2.  Drug loading was 

determined by incubating the DNA-MXN-MS under stirred conditions in an enzymatic digestion 

buffer at 37ºC for 48 hours.  DNA-MXN-MS were prepared to obtain mitoxantrone loadings of ≥ 

12% (w/w).  The released drug concentrations were then analyzed using UV-visible 

spectroscopy against a MXN standard curve.  The percent drug release was measured under 

minimum sink conditions (i.e. low volume, 1.25mL) to simulate the tumor environment.  Drug 
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release data was obtained by incubating the DNA-MXN-MS in phosphate buffered saline under 

constant agitation at 37ºC for a minimum of fourteen days in triplicate.  At specific time points, 

aliquots were taken and measured using UV-visible spectroscopy against a MXN standard curve 

to determine drug concentration. The cytotoxicity of DNA-MXN-MS crosslinked with 120% 

MEQ gadolinium was evaluated using a murine Lewis lung carcinoma cell line at concentrations 

of 1µg/mL, 10µg/mL, and 25µg/mL.  These concentrations were used to determine the effects of 

MXN dose on the tumor cell line.  The cytotoxicity of free drug and blank DNA-MS were also 

evaluated.  An MTS assay was used to measure the cellular viability of the mLLC cells at days 0 

through 4. 

Aim 4: In Vitro Evaluations of Methotrexate or 5-Fluorouracil In Situ Loaded DNA and 
BSA Nano-Mesospheres 

Deoxyribonucleic acid (DNA) and bovine serum albumin (BSA) nano-meso-microspheres 

(MS) were in situ loaded with methotrexate (MTX) or 5-fluorouracil (5-FU) using optimized 

DNA-MS synthesis conditions from Aim 2 to further analyze the drug loading capabilities of 

DNA and BSA.  MTX and 5-FU in situ loaded DNA-MS and BSA-MS were synthesized to 

produce particles with controlled size distributions where at least 60% of all particles prepared 

were within the mesosphere size range of 1µm to 10µm and < 5% of all particles were greater 

than 10µm in size.  Particles less than 1µm in diameter were also acceptable and hydrated 

particle diameters were to be less than 25µm.  In addition, DNA-MS and BSA-MS were sought 

to obtain drug loadings of ≥ 5% (w/w) MTX or 5-FU and release drug for more than 24 hours in 

phosphate buffered saline under minimum sink conditions.  MTX or 5-FU in situ loaded DNA-

MS and BSA-MS were compared with respect to particle diameter, size distribution, 

morphology, topography, drug loading, and percent drug release. 
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DNA-MXN-MS were also prepared with a 120%MEQ gadolinium crosslink concentration 

and were in situ loaded with 10% (w/w), 15% (w/w), and 25% (w/w) MXN to determine the 

maximum drug loading ability of DNA.  The particle diameter, size distribution, morphology, 

topography, drug loading, and percent drug release of the DNA-MXN-MS were evaluated with 

respect to MXN concentration.  In addition, DNA-MXN-MS were prepared with no gadolinium 

crosslinking to determine if MXN serves as a crosslinking agent for DNA-MS.  DNA-MXN-MS 

were prepared to obtain in situ MXN loadings of ≥ 10% (w/w).  The DNA-MXN-MS were 

characterized as mentioned above and compared with respect to crosslinking.   

The particle diameters and size distributions and morphologies and topographies were 

obtained using characterization techniques from Aim 2.  Drug loading and release were 

determined by using the analysis techniques from Aim 3.  MTX, 5-FU, and MXN standard curve 

were constructed to determine drug concentration and release from the drug loaded DNA-MS 

and BSA-MS. 
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CHAPTER 2 
BACKGROUND 

Introduction 

There are over 100 types of cancers known to man which may arise from a variety of 

organs within the body.25, 26  The American Cancer Society estimates that in the USA, there will 

be 1,444,920 new cases of cancer and over 1 million cases of basal and squamous cell skin 

cancers diagnosed this year (2007), which will result in approximately 560,000 deaths.27  These 

estimates are consistent with data collected in 2005 and 2006 by the National Cancer Advisory 

Board.28  Cancer continues to be a national and worldwide problem and since 1999 has surpassed 

heart disease as the leading cause of death for people of age 85 and under.1  In addition, cancer is 

the second leading cause of death for children between ages 1 and 14.1  The global incidence of 

cancer is expected to increase from 10.3 million to 14.7 million by the year 2020.29 

The increase in cancer incidence places a financial burden on national and international 

economies.  In 2006, the National Institutes of Health estimated that the overall cancer medical, 

indirect morbidity, and indirect mortality costs were over $206 billion.27  The incurred cost of 

cancer treatments such as radiation and chemotherapy was approximately $72.1 billion in 2004 

and is expected to increase in the forthcoming years.30  Primary treatment modalities such as 

radiation and chemotherapy not only place a financial burden on cancer patients, but also impact 

their quality of life due to the systemic toxicity and limited effectiveness of the treatments.  The 

increasing rates of new cancer cases, their attributed costs, and impact on human life generate a 

significant demand to develop inexpensive drugs and new treatment modalities. 

Conventional chemotherapy is delivered orally or intravenously which results in systemic 

toxicity.  Traditional alkylating and antimetabolite cancer drugs function by attacking rapidly 

dividing cells such as those seen in tumor cells, however, many normal tissue cells also divide 
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rapidly and thus normal tissue toxicity occurs.5  Normal tissue toxicity results from poor tumor 

cell specificity which may be remedied through localized delivery techniques such as those 

obtained with intratumoral delivery.4, 5  The potential benefits of intratumoral therapy (IT) are a 

localized super dose delivery to the tumor, greatly reduced systemic toxicity, and the opportunity 

to prolong local drug effectiveness.  Recent research has shown that the intratumoral delivery of 

biodegradable carriers loaded with mitoxantrone greatly improved survival and decreased 

toxicity in a murine breast cancer model.12  These findings suggest that IT may be a useful 

alternative to conventional chemotherapy.  

Previous studies concerning the intravenous delivery of DNA complexed with 

anthracycline chemotherapy drugs have shown that DNA reduces the cardiotoxicity and 

increases the half-life of the chemotherapy drugs in vivo.22, 23, 31-33  The therapeutic value of the 

DNA-drug complexes was also found to be comparable to that of free drug.22, 23, 31-33   These 

studies suggested that crosslinked but biodegradable DNA mesosphere compositions, which 

have not been previously reported, might have interesting and useful IT drug delivery properties.   

Cancer 

Types of Cancer 

The most common cancers found in humans arise from mutations in epithelial cells leading 

to the formation of solid tumor carcinomas.34  Solid tumor carcinomas account for 80% of all 

cancer-related deaths and include cancers of the mouth, stomach, esophagus, skin, mammary 

glands, pancreas, lung, liver, ovary, gallbladder, urinary bladder, and the small and large 

intestines.34  There are two major classifications of carcinomas which include squamous cell 

carcinomas and adenocarcinomas.34  Squamous cell carcinomas arise from mutations in 

epithelial cells that serve as a protective lining for underlying cells such as the skin and 

esophagaus.34  Adenocarinomas arise from secretory cells that are contained within epithelial 
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cells that protect the cavities or channels that they line such as mammary glands, lung, uterus, 

and cervix.34  

Nonepithelial tumors account for the remaining 20% of all malignant cancers and include 

sarcomas, lymphomas, leukemias, neuroectodermal tumors (i.e. gliomas, neuroblastomas, 

schwannomas, etc.), melanomas, and small-cell lung carcinomas.34  Sarcomas arise due 

mutations in connective tissue cells such as fibroblasts (secrete collagen), osteoblasts (form 

bone), and myocytes (form muscle).34  Furthermore, sarcomas may also arise from alterations in 

adipocyte cells whose primary functions are to store fat from cytoplasm.34  Lymphomas and 

leukemias develop from blood-forming cells which include the red and white blood cells and are 

usually classified as systemic cancers.34  Neuroectodermal tumors account for 2.5% of all cancer 

deaths (~14,000 deaths/year) and arise from cells derived from the central and peripheral nervous 

systems.28, 34, 35  Melanomas derive from pigmented cells that line the skin and retina whereas 

small-cell lung carcinomas originate from endodermal cells that line the lung. 

Tumor Development 

Cancer is a progressive disease displaying benign, malignant, and metastatic stages.25, 34-37  

Initially, cancer was thought to be a disease defined by uncontrolled cell proliferation, however, 

the identification of many malignant tumors which are slow growing in humans and diseases that 

demonstrate very rapid cell proliferation with no evidence of neoplastic transformation, have 

proven otherwise.36  Current models have shown that cancer develops due to genetic alterations 

that result in a cell’s inability to respond to intra- and extracellular signals that control 

proliferation, differentiation, and death. 35-38  Genetic alterations may arise due to inherited gene 

mutations, ionizing or UV radiation, exposure to physical or chemical carcinogens, free radical 

attacks, or errors during DNA synthesis.35, 37   
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Two to six types of genetic alterations arise with respect to each individual type of cancer 

with each alteration having a specific capability.25, 35  Normal cell proliferation is attained 

through the successful progression through the cell life cycle.38-42  The normal life cycle of a cell 

involves four phases including the Gap1 or “G1” phase,  the DNA Synthesis or “S” phase, the 

Gap2 or “G2” phase, and the Mitosis or “M” phase, Figure 2-1.41-43  Normal cells will grow (G1), 

replicate and synthesize their DNA (S), continue to grow with two sets of DNA with matching 

chromosomes (G2), and finally divide to produce two cells with matching DNA (M).38-43 
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Figure 2-1.  The 4 phases of the life cycle of a cell.41-43 

Genetically altered cells also progress through the cell life cycles; however, they attain new 

capabilities with each alteration that lead to the development of malignant growth, Figure 2-2.25, 

44  These six new capabilities include self-sufficiency in growth signals (SS), insensitivity to 

anti-growth signals (IAS), tissue invasion and metastasis (TI&M), limitless replication potential 

(LRP), sustained angiogenesis (SA), and apoptosis evasion (AE).25, 45   

These six new capabilities allow cancerous cells to self-stimulate into an active 

proliferative state (SS) and desensitize themselves to anti-growth signals (IAS).25  Genetically 

altered cancer cells thus divide and grow quicker than normal cells.25, 44  The formation of large 
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cancerous cell colonies allow them to invade surrounding tissues and detach to become systemic 

(TI&M).25, 37  Their acquisition of limitless replication potential and their ability to evade 

apoptosis represent the truly devastating effects of this disease and introduces the urgent demand 

for new chemotherapy drug and delivery methods.25, 37 
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Figure 2-2.  Physiological capabilities of genetically altered cancerous cells.  

Conventional Treatments 

Conventional cancer treatments include surgery, radiation, and chemotherapy and 

improvements in cancer survival often result in using a combination of the three.3, 26, 45, 46  The 

choice of treatment regimen varies with each patient and is dependent on the type and location of 

the cancer and the physical condition of the patient.3  Radiation therapy and surgery are localized 

forms of treatment whereas chemotherapy is a systemic treatment.3, 46   

Surgery and radiation 

Surgery is the oldest form of cancer treatment known dating back to Egyptian times when 

benign lipomas and polyps were surgically removed with a knife or red-hot iron.47  Instances of 

excisions and cauterizations of tumors and ulcers have also been documented dating back to the 

Medieval time period between 500 and 1500 A.D..47  This form of localized treatment continued 
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on through the Renaissance and Reformation periods to current day.47  Surgery is a very common 

form of cancer treatment and is often used to confirm the diagnosis of cancer, determine the cell 

type, and to reduce the size of the tumor through excision.3, 26  Advances in surgical technologies 

have lead to less invasive forms of surgery which spare as much normal tissue as possible.  In 

some cases, radiation or chemotherapy will be used before surgery to decrease the size of the 

tumor and after surgery to eliminate any further traces of the cancer.3  

Radiation therapy is the second oldest of the three conventional cancer treatments and 

involves the administration of x-rays or gamma rays directly to the tumor.3   The localization of 

radiation therapy destroys cancer cells and minimizes toxic effects on healthy adjacent cells.3  

Radiation therapy functions by damaging the DNA of the cancer cell thus hindering it from 

functioning normally.3  The first treatment of cancer using radiation was in 1896 following the 

discovery of the radioactivity of uranium by Becquerel.47  The treatment of uterine carcinoma 

with radium soon followed in 1905 after radium’s initial discovery by Marie and Pierre Curie in 

1898.47  

Chemotherapy 

The first use of “anti-cancer” drugs was found during the Medieval time period when 

arsenic pastes were used to locally treat tumors.47  Arsenic pastes continued to be used until 1865 

when a potassium arsenite solution was given to a patient to treat chronic leukemia.45, 47  At the 

turn of the twentieth century, Paul Ehrlich, “the father of chemotherapy”, made tremendous 

advances in the field of chemotherapy and tested many new systemic chemical agents based on 

arsenic compounds on rodent models to predict their effectiveness in humans.47, 48  Later during 

the early 1940s, the first successful clinical studies using systemic chemotherapy were 

reported.45, 47  Patients at Yale University with Hodgkin’s disease were treated with nitrogen 

mustard, a derivative of mustard gas, and were found to respond positively to the systemic 
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treatments (i.e. tumor size decreased).47  However, patients relapsed after a short period of time 

and no true successes were found with systemic chemotherapy agents until 1956 when 

methotrexate cured over 50% of patients with choriocarcinoma.47   

Chemotherapy is most commonly administered intravenously, however it may also be 

delivered orally in pill form or through other methods such as muscular, subcutaneous, or intra-

arterial injections.3, 46  The route of chemotherapy administration depends strongly on the drug’s 

in vivo pharmacological properties such as half-life and metabolim.46  The ultimate clinical 

objective of systemic chemotherapy is to kill cancer cells in the body while leaving all other 

healthy and normal functioning cells intact.46  This is difficult to accomplish since chemotherapy 

drugs function by attacking rapidly dividing cells while circulating throughout the bloodstream.  

Since many normal functioning cells also divide rapidly such as hair cells, bone marrow cells, 

and cells that line the mouth and gastrointestinal tract, toxic side effects result such as hair loss, 

nausea, and even death.3, 45, 46, 49  Systemic chemotherapy is most effective against systemic 

cancers such as leukemia and lymphomas and is less effective against solid tumor cancers such 

as the most prominent breast, lung, colon, and rectum cancers because these cancers have a 

lower number of rapidly dividing cells.45  It is therefore important to find new delivery methods 

that localize the cancer drugs in order to increase their effectiveness and decrease systemic side 

effects. 

Intratumoral Chemotherapy 

Rationale for Intratumoral Chemotherapy 

It has long been noted the therapeutic effectiveness of many chemotherapy drugs is often 

limited by their inability to reach the location of solid tumor cells and permeate the tumor cells’ 

membranes.6, 50  Intratumoral chemotherapy, through drug loaded microsphere delivery, offers 

one possible solution to this reoccurring problem.  The main goal of intratumoral chemotherapy 
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is to increase the exposure of the chemotherapy drugs to the cancer cells by means safer than 

those achieved through systemic intravenous or oral delivery.12, 51  Conventional systemic 

chemotherapy is constantly balancing the administration of a toxic dose with an effective 

therapeutic dose, generally described as the therapeutic ratio, which for most chemotherapy 

drugs has a value of one.4, 46, 52, 53  A therapeutic ratio value of one implicates that damage to 

normal tissues is dose dependent which in turn limits the frequency of chemotherapy regimens.26, 

46  Thus, most chemotherapy treatments are given at concentrations below the therapeutic ratio in 

order to not comprise healthy rapidly dividing cells and are given in cycles long enough to allow 

cells in the bone marrow to recover.46   

Advances in cancer care have led to longer patient survivals, however, it has also exposed 

long-term chemotherapy side effects such as infertility and carcinogenicity which have been 

predominant in young patients who have been cured of leukemia, testicular cancer, and 

Hodgkin’s disease.46  Therefore, great attention has been placed on the development of localized 

drug delivery methods, such as intratumoral chemotherapy, that incorporate zero-ordered 

controlled release devices, such as microspheres, that can maintain a desired concentration of 

drug at the site of the tumor without reaching toxic or minimum effective levels, Figure 2-3.52, 54   
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Figure 2-3.  Therapeutic dose chart illustrating a toxic dose (red line), moderate dose (blue line), 
and a controlled release curve (dashed line).52, 54 
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Intratumoral chemotherapy using controlled release devices increase cancer patient quality 

of life by enhancing the safety and efficacy of chemotherapy drugs and decreasing chemotherapy 

frequency.4, 55  

Controlled Release Microspheres 

Controlled release devices in the form of microspheres have been prepared using 

biodegradable materials such as albumin, gelatin, casein, and deoxyribonucleic acid.11, 24, 56-59  

Biodegradable materials are capable of being loaded with cytotoxic drugs and can be prepared in 

microsphere form.  The spherical morphology of these devices make them ideal for intratumoral 

injections since locally delivered drug loaded microspheres are trapped in the micro-circulation 

of tumors and release cytotoxic agents slowly with minimal systemic exposure.60  Decrease in 

systemic toxicities have been proven through pharmacokinetic studies which have shown that 

cytotoxic agent serum levels after microsphere injections are much lower than those obtained 

when free drug is administered intravenously and also locally.5, 7, 60-65  Locally delivered drug 

loaded microspheres also increase drug efficacy not only by increasing drug half-lives, but by 

also prolonging drug exposure to newly replicating cancer cells.61, 66 

The drive to use microspheres as drug delivery vehicles may be explained by the enhanced 

permeability and retention (EPR) effect that was introduced in 1986.67, 68  The EPR effect states 

that drug loaded microspheres improve the half-life of chemotherapy agents because 

microspheres do not exhibit the same lymphatic clearance rates as free drug and are capable of 

being trapped within the tumor vasculature.67, 68  The question that then arises is: "What is the 

optimal particle size for microspheres used in intratumoral chemotherapy?".  The general 

consensus appears to be that microspheres smaller than 25µm in diameter are preferred since 

they have a high surface area-to-volume ratio, are able to be entrapped in tumor tissue, and are 

also small enough to pass through dilated tumor vessels.69  Microspheres in the 20µm to 40µm 
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size range are also preferable since they are also able to be entrapped in tumor tissue and can be 

administered intratumorally without complications.9  For studies presented in this dissertation, 

particles were prepared in the injectable mesosphere size range (i.e. 1µm < d < 10µm). 

Drug Release Kinetic Models 

Release profiles 

Drug elution from drug delivery devices may occur either through drug diffusion or 

through the erosion of the drug carrier matrix.67, 70  The drug release profiles for each system will 

be different and it is possible for a drug carrier to release drug through a combination of 

diffusion and erosion.67  The profile for diffusion based release will display an initial burst 

followed by a continual slow release over time as shown in Figure 2-4.  The profile for erosion 

based release will initially release slowly and then increase exponentially over time, Figure 2-4.   
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Figure 2-4.  Diffusion (blue line) and erosion (orange line) drug release profiles.67, 70 

The initial burst release illustrated in the diffusion release profile is attributed to the quick 

diffusion of the drug molecules that are entrapped on the carrier surface and hydrophilic outer 

layers, Figure 2-5.67, 70  The quick release exhibited towards the end of the erosion release profile 
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is attributed to the release of the drug molecules that are entrapped within the carrier matrix due 

to the dissolution or erosion of the matrix, Figure 2-5.   

Drug Carrier Diffusion ErosionDrug Carrier Diffusion Erosion  

Figure 2-5.  Drug release due to diffusion or erosion.67, 70 

Release kinetics 

Drug release from biodegradable controlled release matrix devices (i.e. microspheres) 

generally follow first order release meaning that the drug release rate is proportional to the 

remaining drug concentration.71  First order release kinetics are typically observed with diffusion 

based release where the drug release rate decreases over time, Figure 2-6 (A).71  The first order 

release kinetics model is described by plotting the log of the amount of drug remaining in the 

carrier versus the amount of time released and is distinguished as a linear curve, Figure 2-6 

(B).72-74   
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Figure 2-6.  First order profiles for (A) drug release and (B) release kinetics. 
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Ideal drug delivery release is obtained when the drug release curve is linear and is 

generally described using zero order and Higuchi drug release kinetics models.67  Zero order 

release is obtained when the active drugs are released over time at a constant rate and is 

distinguished as a linear curve on a percent drug released versus time plot, Figure 2-7 (A).67, 71    
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Figure 2-7.  Drug release profiles for A) zero order release kinetics and B) Higuchi release 
kinetics. 

The Higuchi release model was created in the early 1960s by Takeru Higuchi and was one 

of the first models ever used to describe the release of therapeutic drugs from a matrix carrier 

based on Fickian diffusion principles.75-77  The Higuchi release model is one of the models most 

commonly used to describe drug release for controlled drug delivery devices and is obtained 

when the active drugs are released at a constant rate over the square root of time, Figure 2-7 

(B).75-77 

Chemotherapy Drugs 

Chemotherapeutic drugs function by interfering with one or more processes involved with 

cell replication.46, 49  This interference causes either cancer cell apoptosis (cytotoxic drugs) or 

cessation of cancer cell growth (cytostatic drugs).46, 49  There are five major standard classes of 

anticancer agents which include the antimetabolites, covalent DNA binding drugs, noncovalent 
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DNA binding drugs, chromatin function inhibitors, and drugs affecting endocrine function.78  

The standard classes of anticancer agents with their respective subclasses are given in Table 2-1.  

The majority of chemotherapy drugs fall under the antimetabolite and noncovalent DNA binding 

drug classes and are known for their effectiveness against systemic and solid tumor cells with a 

high ratio of dividing cells.26  Mitoxantrone, methotrexate, and 5-fluorouracil which are drugs in 

the antimetabolite and noncovalent DNA binding classes, were chosen for the research presented 

in this dissertation due to their broad treatment spectrum and their ease of availability. 

Table 2-1.  Classes and subclasses of anticancer agents.78 

Antimetabolites 
Covalent DNA 
binding drugs 

Noncovalent  
DNA binding drugs 

Chromatin  
function inhibitors 

Endocrine 
function drugs 

Folate 
antagonists 

Nitrogen 
mustards Anthracyclines  

Topoismerase 
inhibitors Glucocorticoids

Pyrimidine 
antagonists Aziridines  Mitoxantrone 

Microtubule 
inhibitors Estrogens 

Purine 
antagonists 

Alkane 
sulfonates Dactinomycin  Antiestrogens 

Sugar-modified 
analogs Nitrosoureas Bleomycin  Progesterins 
Ribonucleotide 
reductase 
inhibitors 

Platinum 
compounds Plicamycin  Androgens 

 
Monoalkylating 
agents   Antiandrogens 

    
Aromatase 
inhibitors 

 
Mitoxantrone 

Principle attention throughout the research presented in this dissertation was given to the 

use of mitoxantrone due to its broad treatment spectrum, blue chromaphore for analysis, and 

excellent in vivo murine adenocarcinoma results that were obtained in this lab.11, 12, 56   

Mitoxantrone is a synthetic anthracenedione which is a member of the anthracycline class 

of antitumor antibiotics.78-81  It has a planar tetracyclic aromatic ring structure that can easily 

intercalate into DNA.78, 79  Mitoxantrone has two symmetrical aminoalkyl side arms with no 
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sugar moiety which is common in most anthracycline agents, Figure 2-8.78-81  Its trade name is 

NovantroneTM and is also known as dihydroxyanthracenedione dihydrochloride.81  Mitoxantrone 

has a molecular weight of 517.4 g/mol and is available as a blue powder that is hygroscopic and 

soluble in water and ethanol.81  In a clinical setting, mitoxantrone has been shown to produce less 

cardiac toxicity and a diminished potential to attack healthy rapidly dividing cells as compared to 

other anthracyclines.79 
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Figure 2-8.  Chemical structure for mitoxantrone hydrochloride. 

Mitoxantrone produces antitumor activity through two main interactions with DNA.79, 81  

The first interaction is considered a combination of high-affinity intercalation of the planar 

mitoxantrone structure into opposing DNA strands and lower-affinity electrostatic binding.78, 79, 

81  Intercalation occurs most preferentially at the G-C base pairs, which disrupts DNA 

synthesis.78, 79, 81  This intercalation is thought to be further stabilized through electrostatic 

interactions between the positively charged nitrogens on the two alkyl side chains and the 

negatively charged ribose phosphates on the DNA.79, 81  The second interaction involves 

impairment of cell division through the inhibition of topoisomerase II activity which is an 

enzyme most prominently found in the G2 phase of the cell cycle.78, 79, 81 



 

52 

Mitoxantrone is administered by intravenous injection and is primarily used to treat 

leukemias, lymphomas, and advanced or recurrent breast cancer.78, 81  The therapeutic dosage for 

mitoxantrone ranges from 10 to 14 mg/m2 daily for 1 to 3 days.80  Mitoxantrone is known to 

cause dose-limiting toxic side effects even though it has lower cardiac toxicity as compared to 

other commonly used anthracycline drugs.79, 81  The most significant side effects are nausea, 

vomiting, and stomatitis, however, myelosuppression, alopecia, and phlebitis may also occur.79-81  

Methotrexate 

Methotrexate was discovered in the late 1940s after leukemic children went into cancer 

remission after being treated with folic acid antagnonists.78, 80, 82  Methotrexate is categorized as a 

folate antagonist in the antimetabolite cancer drug class.  It is a weak acid with a chemical 

structure that consists of 95% N-[4-[[2,4-diamino-6-pteridinyl)methyl]methylamino]benzoyl]-L-

glutamic acid, Figure 2-9.81  Methotrexate has a molecular weight of 452.5 g/mol and is available 

as sodium methotrexate which is readily soluble in water.81 
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Figure 2-9.  Chemical structure of methotrexate. 

Methotrexate produces antitumor activity by binding to dihydrofolate reductase (DHFR) 

which is a key enzyme in DNA synthesis.78, 80-82  When methotrexate is bound to DHFR, DHFR 
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activity is inhibited and dihydrofolate is not reduced to tetrahdyrofolic acid which ceases de novo 

purine synthesis.78, 80, 81  For this reason, methotrexate is considered an S phase cell cycle specific 

drug.80   

Methotrexate is most frequently administered intravenously; however, it may also be 

administered through intratumoral or intramuscular injections.80  The dosage range for each 

administration method is given in Table 2-2.  Methotrexate is a first-line drug for the treatments 

of breast cancer, osteogenic sarcoma, gestational choriocarcinoma, and leukemia and under high 

doses, can cross the blood brain barrier to treat cancers of the brain.80, 82  Methotrexate has been 

clinically shown to be as effective as and less toxic than its folic acid antagonist counterpart 

aminopterin; however, it still causes toxic side effects.78  The two major sites of methotrexate 

toxicity are located in the bone marrow and in the endothelium of the oropharynx and 

gastrointestinal tract.78  This leads to a variety of toxic side effects which include 

myelosuppression, mucositis, renal tubular obstruction, hepatoxicity, pneumonitis, 

hypersensitivity, and neurotoxicity.82  

Table 2-2.  Methotrexate dosage ranges for various administration routes. 
Administration method Dosage range (mg/m2) 
Intravenous – low dose 10 to 50
Intravenous – medium dose 100 to 500
Intravenous – high dose > 500
Intratumoral 10 to 15
Intramuscular 25

 
5-Fluorouracil   

5-fluorouracil is a fluorinated pyrimidine uracil within with a fluorine atom substituted for 

a hydrogen atom at the carbon number 5 position on the pyrimidine ring, Figure 2-10.81, 83  5-

fluorouracil falls within the antimetabolite cancer drug class and has a molecular weight of 5-

fluorouracil is 130.08 g/mol.80, 81, 83  Its full chemical name is 5-fluoro-2,4(1H,3H)-
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pyrimidinedione and its registered name is Adrucil®.80, 81  5-Fluorouracil is sensitive to light and 

easily precipitates out of solution at low temperatures or if let standing at room temperature for 

prolonged periods of time.80, 81  It is partially soluble in water or ethanol, Table 2-3, and is 

commercially available as an alkaline buffered solution with a pH of 9.81  

N

N

O

F

O

H

H  

Figure 2-10.  Chemical structure of 5-fluorouracil.81, 83 

Table 2-3.  5-fluorouracil solubility in various media.81 
Media Solubility (mg/mL) 
Water 12.2
Ethanol 5.5
Chloroform 0.1
 

5-Fluorouracil produces antitumor activity by behaving as a “false” pyrimidine ultimately 

inhibiting the formation of thymidine synthetase, an enzyme necessary for DNA synthesis.78, 80, 81  

The antitumor activity of 5-fluorouracil is governed by three main mechanisms which include 1) 

the inhibition of thymidine synthetase by the generation of fluorodeoxyuridine monophosphate 

(FdUMP), 2) the incorporation of fluorouridine triphosphate (FUTP) into RNA, and 3) the 

incorporation of FUTP into DNA.81, 83  During its primary mechanism of action, FdUMP binds 

tightly to thymidine synthetase and prevents the formation of thymidylate.83  Thymidylate is one 

of the four essential deoxyribonucleotides required for DNA synthesis and without it causes 

toxicity in actively dividing cell.81, 83  Therefore, 5-fluorouracil is considered as an S phase cell 

cycle specific drug.78, 81, 83 
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5-fluorouracil is primarily administered intravenously; however it may also be 

administered by hepatic or by head and neck infusions.78, 80, 81  The dosage ranges varies for each 

different administration method and are given in Table 2-4.80, 81   

Table 2-4. 5-fluorouracil dosage ranges for various administration routes.80, 81   
Administration method Schedule Dosage range  
Intravenous  Once a week 12 to 15 mg/kg 
Intravenous  Every day for 5 days every 4 weeks 12 mg/kg 
Intravenous Every week for 5 weeks 500 mg/m2 

Hepatic infusion Eight hours for 5 to 21 consecutive days 22 mg/kg in 100mL D5W 
Head and neck infusion Continuous for 4 to 5 days 1,000 mg/m2 

 
5-fluorouracil was discovered in 1958 and since then has been used to treat a variety of 

solid tumor cancers including commonly occurring cancers such as breast, head and neck, 

colorectal, gastric, and pancreatic cancers.78, 81  5-fluorouracil is also used to treat renal cell 

carcinoma, squamous cell carcinoma of the esophagus, prostate cancer, bladder cancer, and basal 

cell carcinoma; however, it is not recommended for invasive skin cancers.78, 81  The most dose-

limiting toxic side effects of 5-fluorouracil are stomatitis, nausea, vomiting, diarrhea, and 

anorexia since 5-fluorouracil frequently attacks rapidly dividing cells within the gastrointestinal 

tract.80, 81, 83  In addition, 5-fluorouracil causes such toxic side effects as myelosuppression, 

dermatologic toxicity, ocular toxicity, neurotoxicity, bone marrow suppression, cardiac toxicity, 

and biliary sclerosis.78, 81, 83  

Deoxyribonucleic Acid 

Many know DNA for its role as a carrier of genetic information; however, very few have 

given thought to the possible biomaterial functions of this supramolecular biopolymer.  For the 

past 30 years scientists have focused their efforts on the delivery of viral DNA, otherwise known 

as plasmid DNA, for its function as a gene expressor.15, 16  Plasmid DNA, unlike chromosomal or 

genomic DNA, are small circular DNA molecules that are regarded as genetic mobile elements 
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because they have the ability to independently replicate themselves and have their genetic 

information transferred between cells.84  The delivery of plasmid DNA has been sought after for 

such applications as biosensing for the detection of chemical contaminants, gene expression for 

its use as a novel therapeutic for cancer and genetic disorders, and tissue engineering as bone, 

skin, and nerve cell regenerative stimuli.15,14,85  With all of this attention focused on plasmid 

DNA, scientists have overlooked the attractive properties that chromosomal DNA has to offer.  It 

has only been within the past decade that scientists have shown interest in the biomaterial 

functions of chromosomal DNA.  

Chromosomal DNA is a macromolecular polynucleotide with a rigid right-handed double 

helical molecular conformation, Figure 2-11.86  The molecular structure of chromosomal DNA 

was discovered in 1953 by James Watson and Francis Crick and consists of two phosphodiester 

deoxyribose backbone chains that connect together through adenine-thymine and cytosine-

guanine base pairs, Figure 2-12.87  This naturally occurring biopolymer has a unique base pair 

configuration for each individual living creation, from humans to plants, bacteria, etc.  In 

addition, the molecular weights of DNA range from the hundreds of thousands to easily into the 

hundreds of millions which is also dependent on the original source of the DNA.86     

 

Figure 2-11.  A drawing of DNA. 
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Figure 2-12.  Cartoon of the molecular structure of a DNA subunit (Note: Bonds are not drawn to 
scale). 

In the late 1970s and early 1980s, scientists began to explore the use of chromosomal DNA 

for biomedical purposes.22, 23, 32, 33, 88  During this time, chromosomal DNA was used as a 

conjugated carrier for chemotherapy drugs such as doxorubicin and was found that DNA helped 

to reduce the cardiotoxicity of such drugs when injected intravenously.22, 23, 32, 33, 88  Into the late 

1990s, scientists further explored the biomaterial properties of DNA and used DNA-lipid films 

as drug delivery vehicles for ethidium bromide.19, 20  DNA-alginate films were also shown to 

have been cast onto Millipore filters and remove contaminants such as benzopyrene and acridine 

orange from aqueous solutions.17  DNA films have also been coated onto nonwoven cellulose 

fabrics and loaded with silver ions to give the fabric surface antibacterial properties.20  In 
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addition, in 2003 DNA films were shown to increase the blood compatibility of hemodialysis 

membrane polysulfone fiber surfaces.18  DNA films increased the hydrophilicity and decreased 

the protein absorption of the polysulfone fibers.18  In 2003, DNA was used to produce 

regenerative tissue scaffolds and in 2006, DNA films were cast onto titanium medical devices.21, 

89  The combination of the biomaterial properties of DNA presented in this section suggest that 

DNA may be a desirable exploratory material for mesosphere synthesis for intratumoral 

chemotherapy applications. 

DNA Mesosphere Synthesis 

Steric Stabilization 

The DNA microspheres (i.e. d > 10µm), mesospheres (i.e. 1µm > d > 10µm), and 

nanospheres (i.e. d < 1µm) (DNA-MS) presented in this dissertation were prepared using a steric 

stabilization process developed in this lab for the synthesis of albumin microspheres.11, 56-59  This 

process creates a sterically stable colloidal microemulsion through the complete solvation of a 

stabilizing agent (i.e. cellulose acetate butyrate in 1,2-dichloroethane) at the surface of aqueous 

DNA droplets.90 

In brief, the DNA-MS synthesis process involves adding a small volume of an aqueous 

DNA solution to a large volume of an organic polymer solution and mixing these two solutions 

at high speed (i.e. speeds greater than or equal to 900rpm) for 20 minutes in order to create a 

DNA microemulsion.  The DNA microemulsion is then crosslinked using covalent or ionic 

crosslinking agents and the mixer speed is reduced to 600rpm.  Crosslinking reactions continue 

for another hour and 40 minutes at which time acetone is added to the system to compensate for 

any evaporation during synthesis and to initiate the DNA microsphere washing process, Figure 

2-13.  The synthesis process continues for an additional hour and then the DNA-MS are washed 

in acetone four times, collected through centrifugation, and allowed to air dry over night at room 
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temperature.  All DNA-MS synthesis processes are carried out at room temperature and are 

given in more detail in each subsequent chapter in this dissertation. 
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Figure 2-13.  A brief schematic of the DNA-MS synthesis process. 

DNA Crosslinking 

Ionic crosslinking 

It has long been shown that multivalent metal cations have the ability to crosslink plasmid 

or chromosomal DNA via the phosphate groups found along the DNA backbone or via the 

electron-donor groups found within the base pairs.91, 92  Recent studies cited in the literature have 

shown that divalent cations, such as Co2+ and Zn2+, and multivalent cations, such as spermidine 

(tertiary valence) and spermine (quaternary valence) destabilize the double helix of DNA by 

disrupting the base pairing of DNA due to metal ion crosslinks.93  Therefore, the concept to use 

trivalent cations, such as those obtained in chromium (III) potassium sulfate, gadolinium (III) 

chloride, and iron (III) nitrate, as crosslinking agents for DNA-MS synthesis was developed in 

this lab and set forth in this dissertation.  The mechanisms describing possible DNA-MS 

crosslinking with each of the aforementioned trivalent cations is given in detail in Chapter 3. 

Covalent crosslinking 

Glutaraldehyde has been the primary crosslink agent used in this lab for the preparation of 

albumin, gelatin, poly(glutamic acid) and blended microspheres since the early 1980s.11, 13, 56-59, 



 

60 

94 Glutaraldehyde is a dialdehyde, Figure 2-14, that reacts easily with primary amine sites 

commonly found in the biomaterials mentioned above through a Schiff base reaction.11, 13  

Therefore, glutaraldehyde was chosen as an experimental covalent crosslinking agent for DNA-

MS synthesis due to the amino groups found on the adenine, guanine, and cytosine base groups 

within DNA, Figure 2-15.  Possible crosslink mechanisms between glutaraldehyde and DNA are 

given in detail in Chapter 3. 

O O

 

Figure 2-14. Chemical structure of glutaraldehyde. 
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Figure 2-15.  Chemical structures of the four DNA base groups. 
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More recently, the use of genipin as a naturally occurring biomaterial crosslinking agent 

has been receiving much attention due to its significantly lower in vitro cytotoxicity as compared 

to glutaraldehyde.57, 95  Genipin is an iridoid glucoside extract from the fruits of the Gardenia 

jasminoides Ellis, Figure 2-16.95, 96  It also has the ability to react with primary amines and was 

thus chosen as an experimental covalent crosslinking agent for DNA-MS synthesis.  Possible 

crosslink mechanisms between genipin and DNA are given in detail in Chapter 3. 
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Figure 2-16.  Chemical structure of genipin. 

Research Goals 

The increase in cancer incidence rates and financial burdens on worldwide economies 

places an urgent need on new cancer diagnostics, drugs, and treatment modalities.  The limited 

effectiveness of chemotherapy agents on solid tumor cancers suggest that localized treatment 

through intratumoral chemotherapy may provide increased drug therapeutic efficacy and may 

improve the quality of life for cancer patients.  The possible biomaterial applications of DNA are 

limitless and its demonstrated ability to load drugs such as ethidium bromide and doxorubicin 

make it a very desirable material for mesospheres synthesis for intratumoral chemotherapy 

applications. Therefore, the objective of the research presented in this dissertation was the 

synthesis and characterization of drug loaded DNA nano-meso-microspheres for intratumoral 

cancer therapy.  Studies were aimed at producing DNA-MS with > 60% of all particle diameters 
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prepared falling in the mesosphere size range (i.e. 1µm > d > 10µm), < 5% of all particles greater 

than 10µm in diameter, swollen diameters < 25µm, and dispersion times of ≥ 24 hours for 

injectability and stability purposes.  Studies were also aimed at preparing DNA-MS capable of 

loading ≥ 12% (w/w) MXN, loading ≥ 5% (w/w) MTX or 5-FU, releasing drug for ≥ 24 hours, 

and producing cytotoxic effects on murine Lewis lung carcinoma cells at concentrations as low 

as 1µg/mL MXN. 
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CHAPTER 3 
DNA NANO-MESO-MICROSPHERE SYNTHESIS 

Introduction 

This chapter is devoted to the studies conducted on the synthesis and characterization of 

nano-meso-microspheres (MS) prepared from deoxyribonucleic acid (DNA) and crosslinked 

with covalent and ionic agents. To date, there is little in the literature regarding the use of DNA 

as a biopolymer for chemotherapy applications. 

DNA-MS were prepared using a steric stabilization process that was developed in this lab 

for the synthesis of albumin (BSA) and gelatin (GEL) MS.11, 57  This steric stabilization process 

was adapted to prepare DNA-MS that were crosslinked while in suspension covalently with 

either genipin or glutaraldehyde or ionically with either chromium (III) potassium sulfate, 

gadolinium (III) chloride, or iron (III) nitrate.  The steric stabilization process involved a 20 

minute microemulsion process followed by a one hour and 40 minute crosslink process based on 

previous results obtained with glutaraldehyde crosslinked BSA-MS and genipin crosslinked 

GEL-MS synthesis.11, 57  DNA-MS were prepared by increasing the concentration of the 

stabilizing agent from 3% (w/v) to 5% (w/v) in order to obtain better steric repulsion between the 

higher molecular weight DNA-MS.  DNA-MS were crosslinked via the aqueous phase unlike 

BSA-MS and GEL-MS which are crosslinked with glutaraldehyde or genipin via the continuous 

organic phase.11, 57  Crosslinking through the continuous organic phase was attempted with the 

DNA-MS, however, crosslinking via the aqueous phase yielded particles that were less 

aggregated and agglomerated and more spherical in morphology.   

The objectives for this chapter were to synthesize DNA-MS to a target dry mean diameter 

range of 50nm to 20µm, where at least 60% of all particles prepared were within the mesosphere 

size range of 1µm to 10µm and < 5% of all particles were greater than 10µm in size.  Particles 
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less than 1µm in diameter were also acceptable.  Hydrated particle diameters were to be less than 

25µm.  DNA-MS were sought to obtain aqueous dispersion stability of over 24 hours and elicit 

minimal toxic effect on fibroblast cells in culture.  

The morphology and topography of the DNA-MS were examined by optical microscopy 

and scanning electron microscopy.   The presence of trivalent cations in the DNA-MS was 

assessed by energy dispersive x-ray spectroscopy.  Crosslinking was confirmed through DNA-

MS stability testing in 0.05M phosphate buffered saline (PBS) at a pH of 7.4.  Dry and PBS 

swollen particle sizes were quantitatively characterized using an LS Coulter 13 320 particle size 

analyzer.  The DNA-MS surface charge was measured by zeta potential analysis in 0.01M PBS 

at a pH of 7.4 .   Normal human dermal BJ fibroblast cells were used in culture to evaluate the 

effect of DNA and crosslinked DNA-MS on cell growth.  Concentrations of 100µg and 500µg 

for DNA, and 25µg and 100µg for crosslinked DNA-MS were tested.  A colorimetric MTS assay 

was used to measure fibroblast growth at the 0, 24, and 72 hour time points.   

Materials and Methods 

Materials 

Synthesis and characterization 

The following were purchased from the Sigma-Aldrich Company: DNA sodium salt 

derived from herring testes Type XIV, cellulose acetate butyrate, HPLC grade 1,2-

dichloroethane, methanol, chromium (III) potassium sulfate dodecahydrate, gadolinium (III) 

chloride hexahydrate, iron (III) nitrate nonahydrate, 25% (w/w) Grade II aqueous glutaraldehyde 

solution, and Grey’s Balanced Salt Solution.  Acetone, sodium phosphate monobasic 

monohydrate, sodium phosphate dibasic anhydrous, and sodium chloride, each A.C.S. certified, 

60mm by 15mm polystyrene radiation sterilized petri dishes, Fisherbrand microscope slides, and 

50mL and 15mL polypropylene centrifuge tubes were purchased from Fisher Scientific 
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International.  Genipin was obtained from Challenge Bioproducts Co., Ltd.  Type I and Type II 

deionized ultrapure water was prepared using a Barnstead NANOpure Ultrapure Water System 

and is termed ultrapure water throughout.  The resistivity of the ultrapure water was at least 16 

MΩ-cm-1 for all aqueous solutions prepared.   

Cell culture 

Corning 75cm2 cell culture flasks, Fisherbrand clear polystyrene 96-well plates, MEM 

non-essential amino acid solution, Cellgro heat inactivated fetal bovine serum, and 0.22µm 

Corning cellulose nitrate filters were purchased from Fisher Scientific International.  The 

CellTiter 96 Non-Radioactive Cell Proliferation Assay was purchased from the Promega 

Corporation.  Normal human dermal BJ fibroblast cells, Eagle’s Minimum Essential Modified 

Media (EMEM), L-glutamine, trypsin-EDTA solution, and penicillin-streptomycin were 

obtained from the American Type Culture Collection (ATCC, Manassas, VA). 

Synthesis equipment 

Solutions prepared or washed by vortex mixing were conducted on a Genie 2 vortex.  

Centrifugation used a Dynac II bench top centrifuge.  General microsphere syntheses were 

carried out using Caframo Model BDC6015 and Lightnin Model LIU08 mechanical lab mixers 

in 300mL Labconco lyophilization flasks.   

Methods 

Solution preparation 

Deoxyribonucleic acid.  Aqueous 5% (w/v) DNA solutions were prepared at room 

temperature by adding 0.5g of DNA to 5mL of ultrapure water in a 50mL polypropylene 

centrifuge tube.  The solution was mixed on a vortex mixer for 30 seconds.  Three milliliters of 

ultrapure water was then added to the DNA and placed on the rotary shaker for at least two hours 

until the DNA had completely dissolved.  Once the DNA had dissolved, the volume was brought 
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up to 10mL and vortexed for 30 seconds.  The DNA solution was then placed in the refrigerator 

over night to ensure the complete collapse of bubbles generated during vortex and rotary mixing.  

The percent solid concentration of the DNA solution was quantified using a Metler LJ16 

Moisture Analyzer at 130ºC for 60 minutes.  The concentration of the DNA solution was then 

adjusted until the concentration was within 10% of the desired concentration.  Once the desired 

concentration was reached, the aqueous DNA solution was placed in the refrigerator until further 

use.  

Cellulose acetate butyrate.  Solutions of cellulose acetate butyrate in 1,2-dichloroethane 

(CAB) were used as the water-immiscible continuous phase for the emulsion stabilization 

process during DNA-MS synthesis.  The CAB solutions were used at a concentration of 5% 

(w/v) and prepared by adding 25g of cellulose acetate butyrate to 500mL of 1,2-dichloroethane.  

The CAB solution was mixed at room temperature on a magnetic stir plate on high until the 

cellulose acetate butyrate had completely dissolved in the 1,2-dichloroethane.  The resulting 

CAB solution was capped, parafilmed, and stored at room temperature. 

Genipin.  Aqueous genipin solutions were prepared to a concentration of 5% (w/v) by 

adding 1.25g of genipin to 25mL of ultrapure water.  The genipin solutions were mixed on a 

vortex at room temperature until the genipin had completely dissolved in the ultrapure water.  

The genipin solutions were capped, parafilmed, and stored in the refrigerator. 

Glutaraldehyde.  Aqueous glutaraldehyde solutions were prepared to a concentration of 

5% (w/v) by diluting the 25% (w/w) aqueous glutaraldehyde solution purchased from the Sigma 

Aldrich Company.  The aqueous glutaraldehyde solution was diluted by adding 20mL of 

ultrapure water to 5mL of the 25% (w/w) solution.  The glutaraldehyde solutions were prepared 
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in 30mL glass jars and mixed on a vortex at room temperature for 1 minute.  After mixing, the 

aqueous glutaraldehyde solutions were parafilmed and stored in the refrigerator.   

Chromium (III) potassium sulfate.  Aqueous chromium (III) potassium sulfate solutions 

were prepared to a concentration of 0.1M by adding 24.97g of chromium (III) potassium sulfate 

dodecahydrate to 500mL of ultrapure water.  The chromium (III) solutions were mixed on a 

magnetic stir plate over night at room temperature until all the chromium had dissolved in the 

water.  After complete mixing, the 0.1M chromium (III) solution was parafilmed and stored at 

room temperature. 

Gadolinium (III) chloride.  Aqueous gadolinium (III) chloride solutions were prepared to 

a concentration of 0.1M by adding 18.59g of gadolinium (III) chloride hexahydrate to 500mL of 

ultrapure water.  The gadolinium (III) solutions were mixed on a magnetic stir plate over night at 

room temperature until all the gadolinium had dissolved in the water.  After complete mixing, 

the 0.1M gadolinium (III) solution was parafilmed and stored at room temperature. 

Iron (III) nitrate.  Aqueous iron (III) nitrate solutions were prepared to a concentration of 

0.1M by adding 2.02g of iron (III) nitrate nonahydrate to 50mL of ultrapure water.  The iron (III) 

solutions were mixed in a 50mL polypropylene centrifuge tube on a rotary shaker over night at 

room temperature until all the iron had dissolved in the water.  After complete mixing, the 0.1M 

iron (III) solution was parafilmed and stored at room temperature. 

Phosphate buffered saline.  Four liters of a 0.05M phosphate buffered saline (PBS) 

solution with a pH of 7.4 was prepared in the lab for measuring the swelling properties of the 

DNA-MS.  The PBS solution was prepared by mixing 2.9L of a 0.05M sodium phosphate dibasic 

solution with 1L of a 0.05M sodium phosphate monobasic solution.  During mixing, the pH of 
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the PBS solution was measured and sodium phosphate monobasic solution was added until the 

target pH of 7.4 was reached.  

A PBS solution with a concentration of 0.01M at a pH of 7.4 was used for the zeta 

potential measurements and was prepared by diluting a 0.1M PBS solution and adjusting the pH 

back to 7.4.  The 0.1M PBS solution was prepared by mixing 2.9L of a 0.1M sodium phosphate 

dibasic solution with 1L of a sodium phosphate monobasic solution.  The two solutions were 

mixed and the pH of the resulting solution was brought to 7.4 by adding monobasic solution. The 

prepared PBS solutions were stored at room temperature until needed. 

Cell culture media.  Cell culture media was prepared by adding 50mL of fetal bovine 

serum (FBS), 10mL of non-essential amino acid solution, 10mL of L-glutamine, and 10mL of 

penicillin-streptomycin to 500mL of Eagle’s Minimum Essential Modified Media (EMEM) in 

order to obtain a 10%FBS, 2%non-essential amino acid (NEAA), 2% L-glutamine, and 2% 

penicillin-streptomycin treated media and will be referred to as treated media from this point 

forward.  The treated media solutions were mixed manually and placed in the refrigerator until 

further use.  DNA solutions used in the cell culture study were prepared as mentioned above; 

however; they were sterilized with a 0.22µm filter immediately prior to adding treatment. 

Crosslinking reaction study 

The time to crosslink DNA with covalent or ionic crosslinking agents was estimated by 

measuring the time needed for each agent to precipitate DNA from solution. For these studies, 

genipin and glutaraldehyde covalent crosslinking agents were tested by adding 2mL of the 5% 

(w/v) crosslinking agent solutions to 3mL of the 5% (w/v) aqueous DNA solution.  For ionic 

crosslinking, 2mL of the 0.1M chromium (III), gadolinium (III), or iron (III) solutions were 

added to 3mL of the 5% (w/v) aqueous DNA solution.  The amount of time required for the 

individual agent to crosslink the DNA, as measured by the precipitation of the DNA, was then 
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recorded.  These studies were conducted at room temperature with a two hour reaction time in 

order to mimic conditions observed during MS synthesis. 

Pilot microsphere synthesis study 

DNA-MS were initially prepared using chromium (III) potassium sulfate dodecahydrate 

to determine if the chromium (III) cations (Cr3+) could ionically crosslink the DNA molecule.  

For this study, DNA-MS were synthesized using a 1% (w/v) aqueous DNA solution, a 0.1M Cr3+ 

solution, and a 3% (w/v) CAB solution.  DNA-MS were prepared by adding 2mL of the 1% 

(w/v) aqueous DNA solution to 16mL of the 3% (w/v) CAB solution in a 50mL polypropylene 

centrifuge tube.  The centrifuge tube was capped and then mixed on the vortex at level 8 for 2 

minutes.  After 2 minutes, 1mL of the 0.1M Cr3+ solution was added and mixed on the vortex at 

level 8 for an additional 5 minutes.  After 5 minutes, the DNA-MS suspension was separated into 

three separate 50mL polypropylene centrifuge tubes and acetone was added up to 35mL.  The 

DNA-MS were then rinsed in the acetone for 30 seconds using the vortex at level 8 and collected 

by centrifugation at 2000rpm for 10 minutes.  After centrifugation, the acetone was decanted and 

the DNA-MS were combined into two centrifuge tubes.  The acetone rinse was repeated and then 

the DNA-MS were combined into one centrifuge tube and the acetone rinse was repeated.  After 

the final rinse, the acetone was decanted and the DNA-MS were allowed to air dry at room 

temperature by securing a Kimwipe over the mouth of the open centrifuge tube with a rubber 

band.   

General microsphere synthesis 

Based on results obtained from the pilot study and previous research conducted on BSA-

MS and GEL-MS synthesis, DNA-MS were prepared using an emulsion stabilization technique 

that sterically stabilizes the DNA molecule into spherical conformations and crosslinks them 

while in suspension.  This emulsion stabilization process involved dispersing 3mL of a 5% (w/v) 
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aqueous DNA solution (i.e. the aqueous phase) into 47mL of a 5% (w/v) CAB solution (i.e. the 

continuous phase) in a 300mL Labconco lyophilization flask.  After dispersion, a DNA 

microemulsion was created by vigorously mixing the two solutions at 1250rpm for 20 minutes at 

room temperature, using a paddle mixer with a two inch, two blade propeller.  The DNA 

microemulsion was then covalently or ionically crosslinked while in suspension by reducing the 

speed of the paddle mixer to 600rpm and adding 2mL of a crosslinking agent.  In the case where 

genipin was used as a crosslinking agent, 9mL was added instead of 2mL because the amount of 

genipin needed to establish the same amount of crosslinking as glutaraldehyde in albumin was 

found to be 4.5 times more.57  Therefore, the amount of genipin used for these studies was also 

increased by a factor of 4.5.  The DNA microemulsion then underwent crosslinking for 1 hour 

and 40 minutes at which time 50mL of acetone was added and any further reactions were 

allowed to reach completion for another hour.  After synthesis was complete, the DNA-MS 

underwent four rinses in acetone to remove any residual organic phase or crosslinking agent.  

The DNA-MS were rinsed by separating the resultant DNA-MS suspension into four separate 

50mL polypropylene centrifuge tubes.  To these tubes, acetone was added up to 35mL and the 

tubes were capped and vortexed on high for 30 seconds.  After vortexing, the DNA-MS were 

collected by centrifuging the tubes at 2600rpm for 10 minutes.  After centrifugation, the acetone 

was decanted and fresh acetone was added again up to 35mL.  The acetone rinse was repeated 

once more as mentioned above and then twice more by consolidating the contents of 4 tubes to 2 

tubes and then 2 tubes to one tube.  After the final acetone rinse, the centrifuge tube was 

uncapped, the acetone was decanted, and a Kimwipe was secured over the mouth of the tube 

using a rubber band.  The DNA-MS were then allowed to dry overnight at room temperature. 
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Crosslinking determination 

DNA-MS were crosslinked by either ionic bonding through the phosphate groups on the 

DNA backbone or by covalent bonding presumably through the amino groups within the base 

pairs of the DNA molecule.  Crosslinking efficiency was estimated on the basis of percent molar 

equivalence (%MEQ) of crosslink agent to moles of possible reactive sites found within one DNA 

repeat unit. 

For these crosslinking estimates, a generic repeat unit structure, independent of DNA 

source, was established and considered to include phosphate, deoxyribose, adenine, thymine, 

cytosine, and guanine groups as shown in Figure 3-1. The number of repeat units within a DNA 

molecule was estimated from the molecular weight of the DNA molecule and the molecular 

weight of the repeat unit.  A molecular weight of 1.3million Daltons was used for these 

calculations as reported from the Sigma-Aldrich Company. 
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Figure 3-1.  A cartoon of the DNA generic repeat unit used for all crosslink calculations (Note: 
Bonds are not drawn to scale). 
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Using the generic repeat unit model, the number of amino groups and phosphate groups 

per repeat unit were calculated to obtain the number of sites available for possible covalent or 

ionic crosslinking.  The number of amino groups and phosphate groups per repeat unit was 

multiplied by the total number of DNA repeat units in the 1.3 million Daltons chain to obtain the 

total number of possible reactive sites; which were 3,231 amino groups and 4,308 phosphate 

groups.  The extent of crosslinking was estimated from these available sites.  Ionic crosslinking 

was based on the assumption that the trivalent cations can bind to 3 possible phosphate groups as 

shown in Figure 3-2.   
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Figure 3-2.  Schematic drawing of possible DNA crosslinking sites for trivalent cations, M = 
Gd3+, Cr3+, or Fe3+.  (Note: Bonds are not drawn to scale.) 
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For covalent crosslinking conditions, it was assumed that one glutaraldehyde molecule 

could establish a crosslinking unlike genipin for which it was assumed that two genipin 

molecules would be needed for crosslinking.11, 96  Glutaraldehyde crosslinking was assumed to 

occur through a Schiff base reaction with the amino groups found within the adenine, cytosine, 

and guanine nucleobases of DNA.  A possible mechanism for DNA covalently crosslinking with 

glutaraldehyde is shown in Figure 3-3.  Future studies should be conducted to determine the true 

mechanism for DNA to crosslink with glutaraldehyde.  A possible schematic drawing for DNA 

covalently crosslinking with genipin was not included since genipin was found to not crosslink 

DNA efficiently (i.e. DNA-MS did not turn blue and immediately dissolved in water.). 
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Figure 3-3.  Schematic drawing of a possible mechanism for glutaraldehyde to covalently 
crosslink DNA.  (Note: R1 and R2 represent the remainder of DNA molecule.) 

Microsphere characterization 

Yield analysis.  The yield of each DNA-MS condition was calculated and expressed as a 

percent yield value.  The percent yield was calculated by dividing the final weight of the DNA-

MS by the amount of weight used to synthesize the MS.  Equation 3-1 illustrates the expression 

for calculating the percent yield where WF is the final weight of the DNA-MS, VDNA, ρDNA, and 
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CDNA are the volume, density, and concentration of the aqueous DNA solution used, and WX is 

the weight of the crosslinking agent added during synthesis   

100)
W)V((C

W(  %Yield
XDNADNADNA

F ×
+××

=
ρ

%      (3-1) 

Dry particle size analysis.  The mean dry diameters and particle size distributions of the 

DNA-MS were obtained using a Coulter LS 13 320 particle size analyzer.  Approximately 2mg 

of the dried DNA-MS were suspended in 2mL of methanol.  The suspension was then sonicated 

for 30 seconds in order to break up any aggregates and tested.  The Coulter LS 13 320 particle 

size analyzer was set to run at a pump speed of 73% using a protein/DNA particle diffraction 

model.  Standards were tested in methanol before the first run of the first batch to ensure that the 

instrument was performing adequately.  Each condition was tested three times in which each test 

consisted of two runs.  This method of testing produced six independent particle diameters and 

size distributions.  Data collected from these experiments were statistically analyzed using 

SigmaStat 3.0 software. 

Hydrated particle size analysis.  The mean swollen diameters and particle size 

distributions of the DNA-MS were obtained using a Coulter LS 13 320 particle size analyzer.  

Approximately 2mg of the DNA-MS were suspended in 2mL of 0.05M PBS with a pH of 7.4.  

The suspension was then sonicated for 30 seconds in an attempt to break up any MS aggregates.  

The DNA-MS were then allowed to swell in the PBS for an additional two minutes and thirty 

seconds.  After swelling the DNA-MS were tested in the Coulter LS 13 320 particle size analyzer 

using a pump speed of 73% and a protein/DNA particle diffraction model.  Standards were tested 

in PBS before the first run to ensure that the instrument was performing adequately.  Each 

condition was tested three times in which each test consisted of two runs.  This method of testing 

produced six independent particle diameters and size distributions.  After obtaining the mean 
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swollen particle diameters, the data was used to calculate the percent change in size following 

Equation 3-2, where DD is the dry diameter and DH is the swollen or hydrated diameter.  A 

negative percent change in size depicted a decrease in particle size (i.e. degradation) whereas a 

positive percent change in size depicted an increase in particle size (i.e. swelling).  Data collected 

from these experiments were statistically analyzed using SigmaStat 3.0 software.  

100)
D

DD(  Sizein  Change %
D

DH ×
−

=        (3-2) 

Surface charge analysis.  DNA-MS surface charge was characterized to determine 

dispersability and obtained using a Brookhaven ZetaPlus zeta potential analyzer with ZetaPALS 

software.  Approximately 2mg of dry DNA-MS were suspended in 1.5mL of 0.01M PBS with a 

pH of 7.4.  Each DNA-MS condition was sampled three times in which each sample underwent 

ten runs.  This method of testing produced thirty independent zeta potential values.  The data 

collected from zeta potential analysis was statistically analyzed using SigmaStat 3.0 software.   

Dispersability.  The dispersability of the DNA-MS was measured by suspending 

approximately 13mg of dried DNA-MS in 20mL of cold Grey’s Balanced Salt Solution (BSS) in 

a 50mL polypropylene centrifuge.  The centrifuge tube was capped and the DNA-MS were 

mixed on a vortex at level 8 for thirty seconds.  After mixing, the centrifuge tube was placed in a 

stand and the time for DNA-MS to fall out of dispersion was measured using a stop watch.  Each 

condition was sampled three times resulting in three separate dispersability measurements.   

Optical microscopy.  The morphology of the DNA-MS was observed through optical 

microscopy.  Approximately 1mg of the DNA-MS were spread over a Fisherbrand microscope 

slide and observed under a Zeiss Axioplan2 optical microscope.  Images were taken with a Carl 

Zeiss AxioCam HR camera under 40x magnification and saved using AxioVision 3.1 software.   



 

76 

Scanning electron microscopy.  The morphology and surface topography of the DNA-

MS were observed using scanning electron microscopy (SEM).  Approximately 1mg of dry 

DNA-MS was mounted onto aluminum SEM stubs using double sided tape.  The DNA-MS were 

then coated with gold-palladium for 2 minutes using a Technix Hummer V sputter coater.  

Images were taken either on a JEOL 6400 SEM using an accelerating voltage of 5KeV, 

condenser lens setting of 10, objective lens setting of 117, and a working distance of 15mm, or 

on a JEOL 6335F Field Emission SEM at an accelerating voltage of 5KeV and a working 

distance of 15mm. 

Energy dispersive x-Ray spectroscopy.  The presence of trivalent cations in the DNA-

MS after washing and drying was observed using energy dispersive x-ray spectroscopy (EDS).  

DNA-MS were mounted onto a piece of silicon wafer.  The silicon wafer was then secured to 

aluminum SEM stubs using carbon double sided tape.  The DNA-MS were then coated with 

carbon for 2 minutes using a Technix Hummer V sputter coater.  EDS spectra on the DNA-MS 

were collected using a JEOL 6400 SEM at an accelerating voltage of 15KeV and working 

distance of 15mm.  A dead time of 20% to 40% was allowed for each condition tested.   

Evaluation of fibroblast growth 

Synopsis.  Normal human dermal BJ fibroblast cells were used in culture to determine the 

effects DNA and crosslinked DNA-MS on cellular growth.  DNA was evaluated at 

concentrations of 100µg and 500µg, and DNA-MS were tested at concentrations of and 25µg and 

100µg.  The effects of DNA and DNA-MS on fibroblast growth was determined using a 

colorimetric MTS assay which measures the number of metabolically active cells in culture.35  

The MTS tetrazolium salt, which is also known as Owen’s reagent, is bioreduced to a colored 

formazan product through the functioning electron transport systems of viable cells.35, 97, 98  This 

conversion is assumed to take place through the interaction of the tetrazolium salt with 
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nicotinamide adenine dinucleotide (NADH) linked dehydrogenases, which are produced during 

cellular respiration.35, 99   This interaction results in the oxidized form of nicotinamide adenine 

dinucleotide (NAD+) and a colored formazan product which absorbs at the 490nm wavelength, 

Figure 3-4.35  The fibroblast cells were evaluated at the 1, 24, and 72 hour time points.  An 

increase in cell growth was defined by an increase in absorbance at 490nm for any given 

treatment group. 
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Figure 3-4.  The chemical conversion of MTS to formazan.35, 97, 99 

Culture.  Fibroblast cells were cultured in 75cm2 cell culture flasks with 20mL of treated 

media.  The cells were incubated at 37ºC in humidified air with 5% carbon dioxide for at least 24 

hours.  After 24 hours, the cells were monitored daily until the cells reached 95% confluency.  

The cells were then trypsinized and counted in order to determine the cell density.  If the cell 

density was below a concentration of 1 x 104 cells/mL, the cells were split and re-cultured until 

the cell density was between 1 x 104 cells/mL and 1 x 105 cells/mL.  Once the desired cell 

density was obtained, the cell suspension was used to seed the corresponding 96-well plates used 

for the study. 

Cell seeding.  A cell density of 4.4 x 104 cells/mL was obtained for these studies and 

100µL of the acquired cell suspension were added to specified wells in six separate 96-well 
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plates.  Eight well plates were used for this study representing the two control plates used to 

measure the absorbance of treatment groups in the absence of cells and the six treatment plates 

representative of the 1, 24, and 72 hour time points.  The six seeded well plates used to evaluate 

the cytotoxicity of the treatment groups were incubated at 37ºC in humidified air with 5% carbon 

dioxide in order to reach adequate attachment for at least 24 hours before adding the first 

treatment.  After 24 hours the media was removed from the wells and the treatments were added.  

The cell culture procedures for this proliferation study were conducted with the help and 

guidance of Paul Martin.   

Treatment groups.  The treatment groups for this study evaluated the effects of DNA and 

crosslinked DNA-MS on fibroblast growth.  To evaluate DNA as a sole biomaterial without the 

influence of possible cytotoxic crosslinking agents, 0.50g of DNA derived from herring testes 

was dissolved in 10mL of ultrapure water.  The aqueous DNA solution was then sterilized using 

a 0.22µm filter and 2µL of the sterile DNA solution was added to 98µL of the treated media to 

obtain a concentration of 100µg of DNA in the wells.  Similarly, 10µL of the filtered DNA 

solution was added to 90µL of the treated media to obtain a concentration of 500µg.   

DNA-MS synthesized with covalent and ionic crosslinking agents were assessed at 

concentrations of 25µg and 100µg to determine if the leaching of the crosslinking agents during 

DNA-MS degradation caused a negative response on fibroblast growth.  For these conditions, 

2mg of crosslinked DNA-MS were sterilized by thoroughly rinsing the DNA-MS with 1mL of 

70% ethanol by vortexing them on high for 30 seconds.  The DNA-MS were then centrifuged at 

3,000rpm for 5 minutes and collected by decanting the ethanol and allowing the sterilized DNA-

MS to air dry over night.  The sterilized DNA-MS were then resuspended in 1mL of treated 

media and added to designated cells using appropriate volumes to reach desired treatment group 
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concentrations.  For the 25µg treatment conditions, 13µL of the MS/media suspension was added 

to 87µL of the treated media.  For the 100µg treatment conditions, 50µL of the MS/media 

suspension was added to 50µL of the treated media.   

There were three control groups used in this study which consisted of 1) treated media in 

the absence of cells, 2) treated media with cells, 3) treatment groups in treated media in the 

absence of cells.  Absorbance values taken of the media and treatment groups in the absence of 

cells were used to correct cell culture data obtained in the study.   

To access the morphology of the fibroblast cells after treatment, the cells were fixed with 

10% formalin and stained with crystal violet immediately following the proliferation assay.  All 

control, DNA, and DNA-MS conditions were evaluated in replicates of six.  All cellular 

proliferation data collected was statistically analyzed using SigmaStat 3.0 Software.  

Results 

Pilot Microsphere Synthesis Study 

Synopsis 

A pilot study was conducted to determine if DNA-MS could be prepared through 

chromium trivalent cation crosslinking.  Synthesis procedures were carried out in a 50mL 

polypropylene centrifuge tube at room temperature.  Prepared chromium crosslinked DNA-MS 

were analyzed via scanning electron microscopy.  

Scanning electron microscopy 

The pilot study was successful in producing chromium trivalent cation crosslinked DNA-

MS.  Evidence of successful chromium bonding was visually denoted by the blue color of the 

resultant DNA-MS.  It was visually observed that during the synthesis process, the chromium 

crosslinked DNA-MS aggregated during washing and furthermore upon drying.  SEM 

micrographs confirmed aggregation and discrete particles were not produced.  However, the 
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SEM micrographs also illustrated that the pilot study produced DNA-MS with spherical 

morphologies as shown in Figure 3-5. 

 

Figure 3-5.  SEM micrograph of chromium crosslinked DNA-MS (Magnification:1,000x). 

Stabilizing Agent Study 

Synopsis 

A study was designed to evaluate the effects of the stabilizing agent concentration (CAB) 

on synthesized DNA-MS particle discreteness due to particle aggregation encountered in the 

pilot study.  The concentrations of the CAB solutions were varied for this study and assessed at 

3% (w/v), 5% (w/v), 10% (w/v), and 25% (w/v).  In order to increase the yield of the synthesized 

DNA-MS, the concentration of the aqueous DNA solution was increased from 1% (w/v) to 3% 

(w/v).  Prepared DNA-MS were characterized using scanning electron microscopy. 
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Scanning electron microscopy 

  SEM micrographs displayed varied results for the CAB concentrations used for this 

study.  The 5% (w/v) CAB condition produced DNA-MS that were disperse during washing and 

dried into nice discreet powders.  DNA-MS prepared with the 3% (w/v), 10% (w/v), and 25% 

(w/v) CAB concentrations produced particles that aggregated during acetone rinsing which 

resulted in agglomerated clumps upon drying.  SEM visually confirmed these observations as 

shown in Figure 3-6.   

 

Figure 3-6.  SEM micrographs of DNA-MS prepared with CAB concentrations of A) 3% (w/v), 
B) 5% (w/v), C) 10% (w/v), D) 25% (w/v) (Magnifications: 2,000x), and E) 25% 
(w/v) (Magnification: 130x; Scale bar: 200µm). 

The 5% (w/v) CAB condition produced the most discrete DNA-MS particles as compared 

with the other three conditions examined.  The 25% (w/v) CAB condition produced the highest 

level agglomeration, followed by the 10% (w/v) and 3% (w/v) CAB conditions.  SEM 

micrographs also illustrated a trend in decreasing particle diameter size as the CAB 
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concentration increased with the 25% (w/v) CAB condition producing DNA-MS with the 

smallest diameters.  

Crosslinking Reaction Study 

The time to crosslink DNA with covalent or ionic crosslinking agents used for general 

microsphere synthesis was investigated.  Crosslinking time was estimated by measuring the time 

needed for each agent to precipitate DNA from solution.  This study found that the ionic 

crosslinking agents displayed the quickest reaction with DNA, with the glutaraldehyde and 

genipin following after.  The chromium and gadolinium crosslinking agents reacted 

instantaneously with the DNA and appeared to produce films that were crosslinked 

homogenously.  The iron reacted with the DNA rapidly; however, the reaction was not 

homogeneous and produced clumps of iron crosslinked DNA instead of a uniform DNA film.  It 

took approximately two hours for the glutaraldehyde to react with the DNA and produce a 

crosslinked film.  The film appeared to be crosslinked homogenously.  The genipin crosslinking 

agent did not appear to react with the DNA since no noticeable change in color was observed 

(i.e. The DNA solution did not turn from white to blue which is indicative of genipin reacting 

with openly functional primary amine sites.95).   

It was speculated that the genipin solution was no longer reactive since there was no 

interaction between the DNA and genipin.  A side study was therefore conducted to determine if 

the genipin solution was still reactive.  To test this, 9mL of the 5% (w/v) genipin solution was 

added to 3mL of 5% (w/v) lysine, 3mL of irradiated 5% (w/v) DNA, and 3mL of 5% (w/v) DNA 

separately.  The genipin and lysine and genipin and DNA solutions were mixed on the vortex 

mixer on level 8 for 30 seconds and then placed on a rotary mixer.  The genipin reacted 

completely with the lysine solution after two hours.  The color of the lysine solution changed 

from white to a dark purplish blue.  On the other hand, it took approximately 72 hours for the 
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genipin to react with both DNA solutions and the reaction never reached completion.  It was 

assumed that the genipin would react quicker with the irradiated DNA since it would be 

degraded and thus have functional amino sites more readily accessible than the non-degraded 

DNA, but this was not the case.  Both DNA solutions changed from a white color to a reddish 

brown to finally a dark bluish yellow indicating a small reaction between the genipin and the 

amino groups within the DNA molecule. 

General Microsphere Synthesis 

Synopsis 

Full scale studies were designed to evaluate and characterize DNA-MS synthesized with 

covalent and ionic crosslinking agents based on the successes encountered with the pilot and 

stabilizing agent studies.  The concentration of the beginning aqueous DNA solution was 

increased from 3% (w/v) to 5% (w/v) to increase the resulting DNA-MS yield for these studies. 

Particle analysis 

Percent yield.  DNA-MS synthesis appeared to be successful with each crosslink agent 

condition producing yields over 50%.  The gadolinium and genipin crosslinked DNA-MS 

conditions produced discrete particle yields; however, the iron, chromium, and glutaraldehyde 

conditions produced aggregates upon washing and drying.  The gadolinium crosslinked DNA-

MS performed the best producing a yield of 82%.  The percent yield values for each condition 

are tabulated in Table 3-1. 

Table 3-1.  The yields, dry mean particle diameters, and crosslink concentrations for DNA-MS 
prepared with ionic and covalent crosslinking agents. 

Crosslinking agent Percent yield (%) Crosslink concentration (%MEQ) 
Chromium 77 120  
Gadolinium 82 120 
Iron 54 120 
Glutaraldehyde 61 540 
Genipin 63 1070 
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Dry particle size analysis.  The dry particle sizes of the DNA-MS were obtained in 

methanol.  DNA-MS prepared with covalent and ionic crosslinking agents produced particles 

with mean dry diameters of less than 20µm.  Statistical analysis using a one way analysis of 

variance test (ANOVA) found there to be no significant differences among the mean particle 

diameter values for all conditions tested.  However, the gadolinium and genipin crosslinked 

DNA-MS conditions appear to have performed the best, producing the highest percentage of 

particles in the mesosphere size range and the lowest percentage of particles with diameters 

greater than 10µm.  The gadolinium condition produced mean dry particle diameters of 2.6µm ± 

2.8µm and the genipin condition produced mean dry particle diameters of 3.1µm ± 2.9µm.  The 

glutaraldehyde crosslink condition performed similarly well with a mean dry particle diameter of 

6.4µm ± 9.7µm; however produced over 5% of particles with diameters greater than 10µm.  Both 

the chromium and iron crosslink agent conditions produced the largest mean particle diameters 

as compared to all other conditions tested with values of 10.3µm ± 13.9µm and 14.1µm ± 

16.7µm, respectively. The mean dry particle diameters and the size ranges for each of the 

synthesized DNA-MS conditions are shown in Table 3-2. 

Table 3-2.  The dry mean particle diameters and size ranges for DNA-MS prepared with ionic 
and covalent crosslinking agents. 

Crosslinking agent 
Mean dry particle 
diameter (µm) 

DNA-MS in 1µm to 
10µm range (%) 

DNA-MS larger 
than 10µm (%) 

Chromium 10.3 ± 13.9  32 44 
Gadolinium 2.6 ± 2.8 81 2 
Iron 14.1 ± 16.7 31 50 
Glutaraldehyde 6.4 ± 9.7 64 16 
Genipin 3.1 ± 2.9 73 3 

 
The gadolinium condition produced the most controlled and narrow particle size 

distribution of the three ionic crosslinking agent conditions tested.  The chromium crosslink 

agent condition displayed an irregular and multimodal distribution over a very broad range of 
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particle diameter sizes.  The iron condition exhibited a bimodal distribution with a larger volume 

percent of DNAMS over a range of larger particle sizes.  Each of the three ionic agent crosslink 

conditions produced particles within the nano-mesosphere range of 67nm to 2µm, with the 

gadolinium crosslink condition producing the highest volume percent of the three.  The particle 

size distributions for ionically crosslinked DNA-MS is shown in Figure 3-7.  
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Figure 3-7.  Particle size distributions of ionically crosslinked DNA-MS under dry conditions. 

The covalently crosslinked DNA-MS performed similarly well with dry mean diameters 

less than 10µm and mostly normalized particle size distributions.  DNA-MS covalently 

crosslinked with glutaraldehyde displayed a narrow particle size distribution; however, 

aggregates were visually noted above 10µm.  DNA-MS prepared with genipin also exhibited a 

normalized and narrow particle size distribution; however, resulting DNA-MS were white in 

color instead of blue indicating a lack of reaction between the genipin and DNA.  Similar to 

DNA-MS synthesized with ionic crosslinking agents, the covalent crosslinking agent conditions 

also produced nano-mesospheres in the 60nm to 2µm range.  Particle size distributions for 

covalently crosslinked DNA-MS can be found in Figure 3-8. 
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Figure 3-8.  Particle size distributions for covalently crosslinked DNA-MS under dry conditions. 

Hydrated particle size analysis.  DNA-MS synthesized with covalent and ionic 

crosslinking agents also underwent particle size analysis under hydrated conditions in 0.05M 

PBS at a pH of 7.4.  Approximately 2mg of the DNA-MS were suspended in PBS and sonicated 

for 30 seconds in a 15mL centrifuge tube.  Upon suspension into PBS, it was noted that the 

DNA-MS began to stick to the walls of the centrifuge tube and the particles began to clump or 

aggregate together.  The samples were sonicated to disperse the DNA-MS; however, hydrated 

particle size analysis for both ionic and covalent conditions illustrated that sonication was not 

successful in breaking up aggregates. 

Hydrated particle diameters for the ionically crosslinked DNA-MS ranged from 11µm to 

45µm and each condition, with the exception of the iron condition, displayed hydrated diameters 

of greater than 25µm.  However, it was suspected that these values mostly represented the 

aggregates that formed during hydration instead of the true values of hydrated DNA-MS.   Upon 

closer observation, it appeared that the median particle diameter values better represented the 
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true hydrated size of the DNA-MS and were therefore tabulated and compared to mean hydrated 

particle size values, Table 3-3. 

Table 3-3.  Mean and median hydrated particle size values for ionically crosslinked DNA-MS. 
Crosslinking 
 Agent 

Mean dry particle 
diameter (µm) 

Mean hydrated   
Particle diameter (µm) 

Median hydrated  
particle diameter (µm) 

Chromium 10.3 ± 13.9  25.8 ± 29.6  14.9 
Gadolinium 2.6 ± 2.8 45.1 ± 85.7 12.1 
Iron 14.2 ± 17.1 11.9 ± 10.9  9.3 
Glutaraldehyde 6.4 ± 9.7 128 ± 222 27.6 
Genipin 3.1 ± 2.9 0 ± 0  0 ± 0 

 
The ionic crosslink agent conditions produced mostly normalized hydrated particle size 

distributions with evidence of aggregation most noted in the chromium and gadolinium 

conditions, Figure 3-9.  The iron particle size distribution did not illustrate signs of aggregation, 

however, it was noted that during particle size analysis, the size of the DNA-MS began to 

decrease rapidly suggesting that the iron crosslinked DNA-MS were dissolving or degrading in 

the PBS. 

0

1

2

3

4

5

6

0.01 0.1 1 10 100 1000 10000
Particle Size (µm)

Vo
lu

m
e 

%

Fe
Gd
Cr

 

Figure 3-9.  Particle size distributions of ionically crosslinked DNA-MS under hydrated 
conditions. 
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The glutaraldehyde crosslink agent condition produced a mean hydrated particle size of 

128µm.  However, it was also suspected that this value was a better representation of the 

aggregates that formed upon hydration instead of the true swollen diameter size of the DNA-MS.  

Therefore, the median hydrated particle size diameter was tabulated and compared to the mean 

hydrated value, Table 3-3. 

The glutaraldehyde crosslink agent condition was the only condition to display stability in 

PBS.  The DNA-MS prepared with genipin immediately dissolved and were unable to undergo 

hydrated particle size analysis.  Glutaraldehyde crosslinked DNA-MS illustrated multimodal 

hydrated particle size distributions with a large percent of DNA-MS exhibiting hydrated 

diameter values over the 100µm to 1000µm size range, indicative of a high degree of aggregation 

upon hydration, Figure 3-10.   
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Figure 3-10.  Particle size distribution of the glutaraldehyde crosslinked DNA-MS under 
hydrated conditions. 

Statistical analysis was conducted on all collected mean and median hydrated data to 

further compare each DNA-MS condition under hydration.  A one way ANOVA found no 

significant differences among all mean and median hydrated particle size values tested.  The lack 
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of statistical difference among mean and median values can be attributed to the variability of 

sizes due to the formation of aggregates upon hydration. 

In order to quantify the effect of hydration on particle size, the mean and median percent 

change in size values were calculated for all DNA-MS conditions tested using the mean dry, 

mean hydrated, and median hydrated diameter values.  Equation 3-2 was used for all percent 

change in size calculations and values for each DNA-MS condition tested are given in Table 3-4.  

Table 3-4.  Percent change in size values for ionically and covalently crosslinked DNA-MS. 
Crosslinking 
Agent 

Mean percent  
change in size (%) 

Median percent  
change in size (%) 

Chromium (+) 151 (+) 45 
Gadolinium (+) 1640 (+) 365 
Iron (-) 19 (-) 35 
Glutaraldehyde (+) 1900 (+) 331 
Genipin (-) 100 (-) 100 
 

The gadolinium crosslinked DNA-MS condition produced the highest percent increase in 

size under hydrated conditions, with glutaraldehyde and chromium following after due to the 

formation of aggregates upon hydration.  The chromium crosslinked DNA-MS condition 

performed the best with only a 151% mean or 45% median increase in size under hydrated 

conditions.  The iron crosslink agent condition displayed the least stability under aqueous 

conditions of all the ionic crosslink agent conditions tested with a 19% mean or 35% median 

decrease in size. The genipin crosslinked DNA-MS condition displayed the least stability and 

immediately dissolved upon hydration producing a 100% decrease in size. 

Surface charge and dispersability 

Surface charge.  The surface charge was measured for DNA-MS that were stable under 

hydrated conditions.  Therefore, only the glutaraldehyde, chromium, and gadolinium crosslinked 

DNA-MS were evaluated.  The surface charges of the DNA-MS were measured using a zeta 

potential analyzer in 0.01M PBS at a pH of 7.4 and expressed in millivolts (mV).  The 
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gadolinium crosslinked DNA-MS condition displayed the most negative zeta potential values,     

-45.3mV, as compared to the chromium and glutaraldehyde crosslinked conditions, Figure 3-11.   
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Figure 3-11.  Zeta potential chart for DNA-MS crosslinked with gadolinium (Gd), chromium 
(Cr), and glutaraldehyde (GTA). 

The glutaraldehyde crosslinked condition displayed the second most negative zeta 

potential value of -38.0mV, followed by the chromium crosslinked DNA-MS which displayed 

the least negative zeta potential, -29.6mV.  Statistical analysis using a one way ANOVA test 

found the zeta potential values for all conditions to be significantly different from one another   

(p < 0.001).  Further analysis using a Tukey Test for all pairwise multiple comparisons found the 

zeta potential values for chromium to be significantly lower from those obtained for the 

gadolinium (p < 0.001) and glutaraldehyde (p < 0.001) conditions, and the zeta potential values 

for glutaraldehyde to be significantly lower than those obtained for the gadolinium (p = 0.002) 

condition.  The zeta potential values with their respective standard errors for each condition 

tested are given in Table 3-5. 
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Table 3-5.  Zeta potential values and dispersability times for DNA-MS crosslinked with 
gadolinium, chromium, and glutaraldehyde. 

Crosslinking agent Zeta potential (mV) Dispersability time (hr) 
Gadolinium -45.3 ± 2.4 48 ± 3
Chromium -29.6 ± 1.9 12 ± 1
Glutaraldehyde -38.0 ± 3.0 1 ± 1
 

Dispersability.  It is important for DNA-MS to be stable and dispersible under aqueous 

conditions for their intended application of intratumoral chemotherapy.  Therefore, gadolinium, 

chromium, and glutaraldehyde crosslinked DNA-MS were tested in Grey’s balanced salt solution 

for dispersability.  The gadolinium crosslinked DNA-MS displayed the most stable dispersability 

with dispersion times exceeding 24 hours.  The gadolinium crosslinked DNA-MS maintained 

their dispersion for 48 hours upon which slight agitation could resuspend the microspheres for 

another 48 hours.  The chromium crosslinked DNA-MS did not perform as well as the 

gadolinium crosslinked MS and displayed dispersion times that only lasted 12 hours.  For this 

condition, approximated 25% of all dispersed MS fell out of solution within the first two 

minutes; and within four hours, approximately 60% of the MS were out of dispersion.  The 

remaining DNA-MS continued to fall out of dispersion for the remaining eight hours.  The 

glutaraldehyde crosslinked DNA-MS conditions performed the worst as compared to all other 

conditions tested in which 60% of all MS clumped together during vortex mixing and fell out of 

dispersion within the first two minutes.  The remaining 40% fell out of dispersion within the first 

hour.  Dispersability times for each DNA-MS condition tested are given in Table 3-5. 

Microscopy 

Optical microscopy.  Dried DNA-MS were observed under optical microscopy to 

evaluate their discreteness, morphology, and particle size after synthesis.  Optical images of the 

ionically crosslinked DNA-MS displayed particles with small diameters and spherical 

morphologies, Figure 3-12. Each ionic crosslink agent condition produced discrete particles with 
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the exception of the iron crosslink agent condition which appeared to exhibit a moderate amount 

of aggregation.  Optical images of the chromium crosslink agent condition also displayed some 

particles that appeared aggregated and had slightly irregular shapes.  Optical images also 

confirmed data obtained through particle size analysis illustrating that the chromium crosslinked 

condition produced DNA-MS with larger particle sizes than the gadolinium condition.   
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Figure 3-12.  Optical microscopy images of DNA-MS ionically crosslinked with A) chromium, 
B) gadolinium, and C) iron trivalent cations (Magnification: 400x). 

The optical images of the ionically crosslinked DNA-MS revealed particles sizes that were 

much smaller than those produced with covalent crosslinking agents.  The DNA-MS that were 

covalently crosslinked with glutaraldehyde produced the largest microsphere sizes as compared 

to all other conditions tested.  Optical images of DNA-MS crosslinked with genipin displayed 

images of spherical particles and strands of un-crosslinked DNA further indicating that the 
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genipin did not fully react with the DNA in solution during synthesis.  DNA-MS that were 

covalently crosslinked produced discrete particles with spherical morphologies and are shown in 

Figure 3-13.   

 

Figure 3-13.  Optical microscopy images of DNA-MS covalently crosslinked with A) 
glutaraldehyde, and B) genipin (Magnification: 400x).  Note: Red circles highlight 
un-crosslinked DNA strands. 

Scanning electron microscopy.  SEM images were taken of the DNA-MS to characterize 

their morphology and surface topography.  SEM images illustrated that the ionically crosslinked 

DNA-MS displayed spherical morphologies and smooth surface topographies, with the exception 

of the iron crosslink agent condition which produced an agglomerate of aggregated DNA and 

iron crosslinked MS, Figures 3-14 to 3-16.   

 

Figure 3-14.  SEM images of DNA-MS prepared with A) chromium and B) gadolinium trivalent 
cationic crosslinking agents (Magnification: 2000x).    
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Figure 3-15.  SEM image of a DNA-MS aggregate crosslinked with trivalent iron cations 
(Magnification: 4,000x). 

 

Figure 3-16.  SEM images of ionically crosslinked DNA-MS with smooth surface topographies 
in the nano-mesosphere size range: A) chromium (Magnification: 9,500x) and B) 
gadolinium crosslinked DNA-MS (Magnification: 8,500x). 

SEM images taken of the DNA-MS crosslinked with chromium and gadolinium also 

illustrated particle sizes under 10µm which visually confirmed results obtained with the particle 

size analyzer. These SEM images also depicted particles that fell within the nano-mesosphere 

particle size range (i.e. d < 10µm).  Upon further observation of the chromium and gadolinium 

crosslink agent conditions, SEM images illustrated that the gadolinium crosslink agent condition 

produced discrete particles, whereas the chromium crosslink agent condition produced 

aggregated particles, Figure 3-17. 
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Figure 3-17.  SEM images of ionically crosslinked DNA-MS: A) aggregated chromium and B) 
discrete gadolinium crosslinked DNA-MS (Magnification: 550x). 

SEM images taken of the covalently crosslinked DNA-MS produced spherical 

morphologies confirming observations made with the optical microscope, Figure 3-18.   

 

Figure 3-18.  SEM images of DNA-MS prepared with A) genipin (Magnification: 4,000x) and B) 
glutaraldehyde (Magnification: 2,000x) covalent crosslink agents. 

The SEM images also displayed variations in particle size between the genipin and 

glutaraldehyde crosslink agent conditions.  These images illustrated that the glutaraldehyde 

crosslink condition produced microspheres with larger diameters and a broader size distribution 

than that of the genipin, further confirming results obtained with the particle size analyzer.  Upon 

closer observation of the SEM images, it was also noted that the glutaraldehyde crosslink 
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condition produced DNA-MS with rougher surface topographies than the DNA-MS synthesized 

with the genipin crosslink condition. 

Energy dispersive x-ray spectroscopy.  The presence of the trivalent cations in the DNA-

MS were confirmed using EDS. EDS spectra collected on the chromium, gadolinium, and iron 

crosslinked DNA-MS conditions confirmed the presence of the trivalent cations in the dried 

DNA-MS indicating that the cations are not being washed out by acetone during rinsing 

indicating that they are indeed chemically bonding with the DNA.  The EDS spectra also 

depicted large phosphorous peaks indicative of the phosphate groups in the DNA molecule.  

Silicon peaks were also seen in the spectra due to the silicon wafer used for EDS sample 

preparation.  The collected EDS spectra for each ionic crosslink condition can be found in 

Figures 3-19 to 3-21.  

 

Figure 3-19.  EDS spectra collected on DNA-MS crosslinked with gadolinium. 
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Figure 3-20.  EDS spectra collected on DNA-MS crosslinked with chromium. 

 

Figure 3-21.  EDS spectra collected on DNA-MS crosslinked with iron. 

Evaluation of fibroblast growth 

DNA.  The effect of DNA on the cell growth of normal human dermal BJ fibroblast cells 

was assessed in culture using an MTS proliferation assay.  Results from the assay indicated that 
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fibroblast proliferation decreased at the 100µg and the 500µg DNA conditions between hours 1 

and 24, but increased between hours 24 and 72, Figure 3-22.   
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Figure 3-22.  Fibroblast proliferation profiles for DNA treatment conditions. 

Statistical analysis of these values, however, illustrated that at Day#0 (Hour 1), the 100µg 

DNA condition produced significantly higher proliferation rates than the control (p < 0.001) and 

the 500µg condition (p = 0.021).  Statistical analysis also illustrated that by Day#1 (Hour 24), the 

500µg condition produced significantly lower proliferation rates than the control (p < 0.001) and 

the 100µg condition (p = 0.003).  There were no significant differences between the control and 

the 100µg or 500µg conditions by Day#3 (hour 72); however, the 100µg condition did produce 

significantly higher proliferation rates than the 500µg condition (p = 0.017).   Further analysis 

using optical microscopy images displayed fibroblast cells that were very similar in morphology 

and confluency, Figure 3-23.  
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Figure 3-23.  Optical microscopy images of crystal violet stained normal human dermal BJ 
fibroblast cells exposed to A) media with cells, B) 100µg DNA, and C) 500µg DNA 
treatment conditions (Magnification: 50x). 

Microsphere treatment groups.   At the 100µg DNA-MS condition, the gadolinium and 

glutaraldehyde treatment groups displayed increased cellular proliferation from hour 1 to hour 

72.  The chromium, iron, and DNA treatment groups illustrated a slight decrease in proliferation 

between hours 1 and 24; however, they displayed an increase in proliferation between hours 24 

and 72.  The iron crosslinked DNA-MS condition was the only condition to demonstrate 

proliferation values lower than the media with cells control treatment group, Figure 3-24.   
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Figure 3-24.  Fibroblast proliferation values for crosslinked DNA-MS and DNA treatment 
groups at the 100µg condition. 
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Statistical analysis of these values using a one way ANOVA followed by Tukey’s test of 

all pairwise multiple comparisons illustrated that at 1) Day#0 (Hour 1), only the chromium and 

DNA conditions produced higher proliferation rates than the media with cells control treatment 

group (p < 0.001).  On Day#1 (Hour 24), there were no significant differences among the DNA, 

crosslinked DNA-MS, and media with cells control treatment groups.  By Day#3 (Hour 72), the 

gadolinium, glutaraldehyde, and DNA treatment group conditions all produced significantly 

higher proliferation rates than the media with cells control treatment group (p < 0.001). The 

chromium treatment group condition also produced significantly higher proliferation rates (p = 

0.016) and the iron treatment group condition produced significantly lower proliferation rates    

(p < 0.001) than the media with cells control treatment group.   

Further analysis using optical microscopy images displayed fibroblast cells at the 

gadolinium, chromium, and iron treatment group conditions that were very similar in 

morphology and confluency to the media with cells control treatment group condition, Figure 3-

25.  The gadolinium condition appeared to have the closest resemblance to the media with cells 

control group.  The cell density for the chromium condition was similar to the cell density found 

in the control condition, however, the cells appeared to be more dehydrated or stretched than 

those seen in the control condition. The iron condition exhibited similar cell morphologies to the 

control group as well; however, in some wells, the cell density was slightly lower than the 

control.  The glutaraldehyde condition exhibited similar cellular morphology as the control 

condition; however, a lower concentration of cells were present in the images which indicate that 

the fibroblast cells were less adherent under this condition and may have experienced a slight 

cytotoxic response to the glutaraldehyde in the crosslinked DNA-MS. 
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Figure 3-25.  Optical microscopy images of crystal violet stained normal human dermal BJ 
fibroblast cells exposed to DNA-MS prepared with A) gadolinium, B) chromium, C) 
iron, and D) glutaraldehyde crosslinking agents at the 100µg condition and E) media 
with cells control group condition (Magnification: 50x). 

At the 25µg DNA-MS conditions, each crosslink agent exhibited a slight decrease in 

cellular proliferation from hour 1 to hour 24, however, displayed an increase in proliferation 

from hour 24 to hour 72, Figure 3-26.  Cellular proliferation profile for each DNA-MS crosslink 

agent treatment group also exhibited higher proliferation rates than the media with cells control 

treatment group.  Statistical analysis using a one way ANOVA followed by Tukey’s test for all 

pairwise multiple comparisons displayed that at Day#0 (Hour 1), the gadolinium(p < 0.001),  

chromium (p < 0.001), and iron (p = 0.002) treatment groups produced significantly higher 

proliferation rates than the media with cells control treatment group.  On Day#1 (Hour 24), 

statistical analysis found no significant differences between the DNA-MS treatment conditions 

and the media with cells control treatment group.  By Day#3 (Hour 72), the gadolinium DNA-

MS treatment group was the only condition to display higher proliferation rates than the media 

with cells control treatment group (p < 0.001).   
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Figure 3-26.  Fibroblast proliferation values for the crosslinked DNA-MS treatment groups at the 
25µg condition. 

Further analysis using optical microscopy images displayed fibroblast cells at the 

gadolinium, chromium, and glutaraldehyde treatment group conditions with similar cellular 

morphologies as the fibroblast cells present in the media with cells control treatment group, 

Figure 3-27.  Analyses of the iron treatment groups produced images with no cells present 

indicating that the cells were washed off during fixation and/or staining suggesting that the 

fibroblast cells were less adherent under this condition.   

BA C DBA C D  

Figure 3-27.  Optical microscopy images of crystal violet stained normal human dermal BJ 
fibroblast cells exposed to DNA-MS prepared with A) gadolinium, B) chromium, and 
C) glutaraldehyde crosslinking agents at the 25µg condition and D) media with cells 
control group condition (Magnification: 50x). 
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Discussion 

Pilot Microsphere Synthesis Study 

The pilot study that was conducted to determine if DNA-MS could be prepared through 

chromium trivalent cation crosslinking was successful.  Chromium crosslinked DNA-MS were 

prepared with spherical morphologies with diameters that fell within the 1µm to 10µm diameter 

range, Figure 3-5.  These results were expected since DNA behaves as a polyanion under 

aqueous conditions and therefore attracts multivalent cations, such as Cr3+, under the same 

conditions.92  Evidence of successful chromium bonding was visually confirmed by the blue 

coloration of the dried synthesized DNA-MS.  It is believed that the trivalent chromium cations 

crosslinked the DNA via electrostatic binding with the phosphate groups on the DNA backbone.  

This mechanism has been cited as the principal mechanism for multivalent metal ion binding 

with DNA at neutral pHs.92   

Stabilizing Agent Study 

Chromium crosslinked DNA-MS produced favorable morphological and particle size 

results, however, upon washing and drying, the DNA-MS became aggregated and discrete 

particles were not produced.  It was therefore believed that the steric repulsions created with the 

stabilizing agent used was not enough to disperse the DNA-MS during synthesis thus causing the 

formation of agglomerations due to crosslinking of adjacent particles.  A stabilizing agent study 

was conducted to determine if higher stabilizing agent concentrations could better disperse the 

DNA-MS during synthesis and reduce particle aggregation. 

Stabilizing agent concentrations of 3% (w/v), 5% (w/v), 10% (w/v), and 25% (w/v) were 

evaluated for this study.  It was observed that the particle agglomeration increased as the 

stabilizing agent concentration increased with the exception of the DNA-MS prepared at the 5% 

(w/v) CAB condition.  It was also interesting to note that the particle diameter size decreased as 
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the CAB concentration increased which is consistent with findings obtained with protein MS.11  

A resulting decrease in particle size is a result of the emulsifying stabilizing agent viscosity 

increasing as its concentration is increased.10  In this case, increasing the concentration of 

cellulose acetate butyrate in the 1,2-dichloroethane increased the viscosity of the stabilizing 

agent thus decreasing the resultant size of the synthesized DNA-MS.   

The onset of MS aggregation was first noticed during the acetone rinsing step in the 

synthesis procedure where larger degrees of aggregation were present as the CAB concentrations 

increased.  A possible explanation for this may be attributed to the fact that the stabilizing agent 

was soluble in acetone.  As the stabilizing agent concentration increased, the DNA-MS particle 

size decreased, and DNA-MS packing increased.  This increased packing caused the DNA-MS to 

collapse on one another upon removal of the dispersing agent.  Therefore, lower stabilizing agent 

concentrations allowed for lesser DNA-MS packing thus creating a more stable system for 

removal of the stabilizing agent.  Based on these findings and the data obtained, it was 

determined the 5% (w/v) CAB was the most optimal stabilizing agent concentration for DNA-

MS synthesis. 

  Crosslinking Reaction Study 

The study to determine the time for covalent or ionic agents to crosslink DNA illustrated 

that the ionic crosslinking agents reacted quickest with the DNA followed by glutaraldehyde and 

genipin.  The instantaneous reaction between the trivalent cations and the DNA was to be 

expected since it has been well documented in the literature that DNA is known to interact 

electrostatically with multivalent cations within the millisecond time range.100  It took 

approximately two hours for the glutaraldehyde to crosslink the DNA, whereas it took the 

genipin over 72 hours to slightly crosslink the DNA molecules.  Signs of the genipin interacting 

with the DNA molecules after 72 hours was consistent with similar studies found in the literature 
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which state that glutaraldehyde crosslinks significantly faster than genipin and that genipin 

undergoes changes in color from yellow, to brownish-red, to blue when interacting with amino 

groups.96, 101  The slow interaction of these two covalent crosslinking agents may be explained by 

examining the theoretical crosslinking mechanism assumed to occur between DNA and 

glutaraldehyde or DNA and genipin.  It was hypothesized that the glutaraldehyde and genipin 

would react with the amino groups in the base pairs of the DNA molecule as it has been 

presented in the literature and shown in Figure 3-3 for glutaraldehyde.95, 96   Under static aqueous 

conditions and neutral pHs, these amino groups are unavailable for bonding because the base 

pairs within the DNA molecule are held together through hydrogen bonding between hydrogen 

groups and oxygen and nitrogen groups.102  Therefore, the reactive sites on the glutaraldehyde 

and genipin molecules were unable to react with the amino groups found within the base pairs 

due to hydrogen bonding.  However, it was expected for these covalent crosslinking agents to 

perform better during DNA-MS synthesis.  During synthesis, the DNA molecules would be 

subjected to high shear rates which would in turn unzip the DNA double helix, exposing the 

amino groups within the base pairs to the covalent crosslinking agents.   

The chromium and gadolinium crosslinking agents reacted instantaneously with the DNA 

and produced films that appeared homogenously crosslinked.  The iron crosslinking agent 

reacted rapidly with the DNA; however, the reaction did not appear to be homogeneous and 

produced clumps of iron crosslinked DNA instead of a uniform film.  Trivalent cations are 

known to crosslink or collapse DNA by interacting with either the phosphate backbone, the base 

pairs of the DNA molecule (more specifically the N7 nitrogen on the guanine and/or adenine 

nucleosides), or with both the phosphate and base pairs of DNA.92, 103, 104  It has been cited that 

different trivalent cation complexes can have differing effects on the confirmation of the DNA 
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molecule upon interaction.92  These various changes in confirmation of the DNA molecule can 

lead to its aggregation and collapse thus leading to the appearance of non-uniform crosslinking 

as observed with the iron crosslinking agent condition.  Based on this ideology, it may be safe to 

assume that gadolinium and chromium cation complexes used for these studies interact more 

favorably with the DNA molecule used than the iron cation complex because the formation of 

aggregation was less evident with these two crosslinking agents. 

General Microsphere Synthesis Studies 

Particle analysis 

Dry particle size.  DNA-MS prepared with both covalent and ionic crosslinking agents 

produced particles with mean diameters less than 20µm.  The gadolinium and genipin crosslink 

DNA-MS conditions produced the most discrete particles with the highest percentage of particles 

in the mesosphere size range and the lowest percentage of particles with diameters greater than 

10µm.  Gadolinium and genipin crosslinked DNA-MS conditions appear to have performed the 

best and displayed more controlled and  narrower size distributions than the DNA-MS prepared 

with the chromium, iron, and glutaraldehyde conditions, Figures 3-7 and 3-8.  The chromium, 

iron, and glutaraldehyde crosslinked DNA-MS became visibly aggregated upon washing and 

drying, however, it was unclear if these or other aggregates had formed during synthesis.  Thus 

the mean particle dry diameters and size distributions reported for these conditions better reflect 

particle aggregation rather than the true diameter of the individual DNA-MS.   

The formation of aggregates during synthesis with the chromium and iron crosslinking 

agents may have arisen due to the different interactions each cationic complex had with the DNA 

molecule.92  Most trivalent cations are known to collapse or aggregate DNA into various 

condensed structures, such as spheres or toroids.92  The type of structure that DNA will condense 

into is dependent on the classification of the interacting metal ion.  Metal ions fall into two 
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different classifications: Class A or “hard” metal ions which prefer interactions with the oxygen 

donor atoms found on the phosphate groups of the DNA backbone, and the Class B or “soft” 

metal ions which prefer binding with the nitrogen donor atoms found within the base pairs of the 

DNA molecule.92, 103, 105  Chromium and iron fall between classes A and B and are considered 

borderline ions with both hard and soft metal ion properties.92  Metal ions with these 

characteristics can form bonds with both the phosphate oxygens and N7 nitrogen atoms found 

within the guanine and adenine base pair groups of DNA, Figure 3-28.   
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Figure 3-28.  Schematic drawing of possible interactions between chromium and iron trivalent 
cations and phosphate oxygens and base pair guanine and adenine N7 nitrogen atoms.  
(Note: M = Cr3+ or Fe3+.) 



 

108 

The ability of the metal ions to bind at both oxygen and nitrogen sites can cause a 

destabilizing effect on the DNA molecule and lead to more aggregated structures, such as toroids 

instead of spheres.92  These aggregated structures arise more frequently when there is joint 

bonding between phosphate and base pair groups.  The trivalent cationic nature of chromium and 

iron allow them to interact instantaneously with the phosphate oxygen and since the nitrogen 

atoms found within the base pairs interact the strongest and more frequently with d orbital 

transition metals such as chromium and iron, it allows them to interact with the base pairs as 

well.105  The ability for chromium and iron to bind with both oxygen and nitrogen groups 

explains the broad particle diameter ranges and multimodal size distributions produced with 

these two crosslinking agents.  Gadolinium on the other hand is a class A hard metal lanthanide 

cation which predominantly binds ionically to the oxygen atoms found on the phosphate groups 

of the DNA backbone and will never thermodynamically bind to the nitrogen atoms found within 

the DNA base pairs.92, 103, 105  It has also been noted that even though lanthanides (i.e. 

gadolinium) are known to favorably bind with phosphate oxygen groups, they are also known to 

prevent complementary interactions between single DNA strands and in this case interactions 

between neighboring DNA-MS.92  For this reason, gadolinium crosslinked DNA-MS produced 

discrete particles with more normalized particle size distributions. 

The amount of aggregate formation seen for the chromium and iron crosslink agent 

conditions during the washing and drying steps of the DNA-MS synthesis procedure may be 

attributed to further ionic interactions between un-reacted cationic crosslinking agents and free 

phosphate group sites.  The ionic radii of the trivalent cations used in this study led to either 

electrostatic interactions (as in the case of the chromium and iron crosslinking agents) or 

electrostatic repulsions (as in the case of the gadolinium crosslinking agent) during the washing 
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and drying steps of the DNA-MS synthesis process.  Electrostatic interactions led to particle 

aggregation, whereas electrostatic repulsions led to particle discreteness.  The extent of particle 

aggregation or discreteness may then be explained by the amount of electrostatic interaction or 

repulsion each cationic crosslinking agent presents which can be measured by their respective 

ionic radii.  The ionic radius for the trivalent cations are 0.63 angstroms for chromium, 0.64 

angstroms for iron, and 0.938 angstroms for gadolinium.106  The ionic radii for the chromium and 

iron were similar in size and smaller than that of gadolinium.  This may explain why the 

chromium and iron crosslinking agent conditions produced more aggregates than the gadolinium 

crosslink agent condition.  Since the chromium and iron cations had smaller ionic radii, the 

smaller radii allowed the DNA-MS to be closer and interact more with one another.  The size of 

the gadolinium trivalent cation may have been large enough to generate sufficient electrostatic 

repulsion among the DNA-MS to produce a discrete particle distribution.90    

The broad size distributions and the slightly larger particle diameters obtained using the 

glutaraldehyde crosslinking agent may be attributed to the amount of time needed to obtain an 

interaction between glutaraldehyde and the amino groups in DNA.  It has been cited in the 

literature that glutaraldehyde interacts more efficiently with DNA at higher temperatures because 

the hydrogen bonds holding the DNA tertiary structure together are broken.96  The same case can 

be made for the ability of glutaraldehyde to interact with DNA when it is exposed to high shear 

rates during DNA-MS synthesis.  The shear rates are large enough to disrupt hydrogen bonding 

between DNA base pairs thus exposing the amino groups for glutaraldehyde interaction.  Since 

the interaction between glutaraldehyde and the amino groups within the base pairs is a lot slower 

than that seen between cationic crosslinking agents and the phosphate oxygen groups, it is to be 

expected to obtain particles that are larger and less homogeneous in size than those as seen with 
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the cationic crosslinking agents.  The multimodal size distributions obtained with the 

glutaraldehyde suggest that it may be an unfavorable crosslinking agent for DNA-MS. 

Hydrated particle size.  The stability of dispersions can be best described using two major 

colloidal dispersion systems: 1) a lyocratic system which requires solvation at the surface for 

dispersion stability and 2) an electrocratic system which requires electrostatic repulsion between 

particles for dispersion stability.90  During synthesis, a DNA-MS emulsion is created via a 

lyocratic system in which cellulose acetate butyrate dissolved in 1,2-dichloroethane completely 

wets each individual DNA-MS and sterically stabilizes it in that form.  During hydrated particle 

size analysis, the system changes from a lyocratic system to an electrocratic system.  The 

stability of the dispersion is then dependent on the electrostatic repulsion between the particles 

instead of the steric repulsions.  In an electrocratic system, it is noted in the literature that the 

addition of a small amount of salt to the dispersion will cause the particles in the system to 

coagulate or aggregate if there is insufficient electrostatic repulsions between the particles.90  

DNA-MS prepared with glutaraldehyde produced the most multimodal hydrated particle size 

distributions indicating the there were insufficient electrostatic repulsions between the particles 

to prevent aggregate formation.   

Surface charge and dispersability 

The zeta potential is the measurement of the electric potential at the plane of shear of a 

particle and is used to determine the net interparticle forces in a dispersion.90  The lifetime of a 

stable dispersion can therefore by estimated by measuring the zeta potential of the particles in 

dispersion.  Particles with large zeta potential values have large magnitudes for interparticle 

repulsion and thus have longer and more stable dispersion lifetimes.90  Dispersability 

experiments conducted in Grey’s BSS indicated that the gadolinium crosslinked DNA-MS 

displayed the most stable dispersability with dispersion times exceeding 48 hours.  The 
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chromium and glutaraldehyde crosslink agent conditions both displayed dispersion times of 12 

hours or less.  The dispersion stability of the gadolinium crosslinked DNA-MS may be attributed 

to its zeta potential values which were much larger than the those obtained for the chromium and 

glutaraldehyde crosslink agent conditions (-45.3mV for gadolinium as compared to -38.0mV for 

chromium and -29.6mV for glutaraldehyde).  At these larger zeta potential values, the 

gadolinium crosslinked DNA-MS condition may have produced large enough interparticle 

repulsions to create a stable dispersion.90, 107 

Microscopy 

Optical and scanning electron microscopy.  Images acquired using optical microscopy 

and SEM further confirmed crosslinking reaction observations and results obtained during dry 

particle size analysis.  As seen in the Crosslinking Reaction Study, DNA-MS that were prepared 

with gadolinium produced small, discrete, spherical particles with smooth topographies 

suggesting homogeneous crosslinking of the gadolinium, Figures 3-14, 3-16, and 3-17.  DNA-

MS prepared with chromium produced particles that were mostly spherical, however, there were 

a few particles that were aggregated and irregularly shaped as similarly seen in the iron crosslink 

agent condition, Figures 3-15 and 3-17.  The aggregations seen in the chromium and iron 

conditions may be attributed to the instantaneous collapse or condensing of the DNA molecule 

upon interaction with these different cationic complexes since it is well stated in the literature 

that most trivalent cationic complexes collapse DNA into condensed toroidal or non-spherical 

confirmations.92  Agglomerations observed in the chromium and iron conditions may also be a 

result of multi-site crosslinking since the chromium and iron complexes are capable of binding or 

crosslinking with the nitrogen at the N-7 coordination site in the guanine nucleobase.103, 105, 108, 

109  The gadolinium chloride cationic complex, however, was only capable of binding with 
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phosphate oxygen groups found along the DNA backbone and thus generated spherical 

particles.92, 103, 105  

Optical and scanning electron microscopy images also illustrated that glutaraldehyde 

crosslinked DNA-MS produced larger particle sizes than the ionically crosslinked conditions.  

The larger size of the glutaraldehyde DNA-MS may be attributed to the time required for 

glutaraldehyde to bond with the amino groups in DNA.  Since literature and experiments 

conducted have shown that glutaraldehyde takes much longer to interact with DNA than the 

cationic crosslinking agents, it may be safe to assume that the glutaraldehyde is not interacting 

with the DNA base pairs until the latter part of the synthesis procedure which is conducted at 

600rpm rather than 1250rpm.  At these lower stir rates, the DNA particles are capable of existing 

at a larger size and thus are crosslinked at a larger size.  When using cationic crosslinking agents, 

the interaction with DNA is instantaneous.  This quicker interaction with DNA leads to smaller 

particle sizes since the cationic agents are able to crosslink the DNA-MS immediately after 

mixing at 1250rpm.  

Energy dispersive x-ray spectroscopy.  Elemental analysis via EDS utilizes inelastic 

electron scattering to cause inner shell excitations that result in emissions of characteristic x-rays 

of an element.110  The energies obtained for each x-ray signal given is specific to each individual 

element.110  EDS analysis of DNA-MS confirmed the presence of the cationic crosslinking 

agents strongly suggesting that the trivalent cations are indeed chemically bonding with the DNA 

molecule, Figures 3-19 to 3-21.  The emitted x-ray energies obtained from the EDS spectra were 

compared against x-ray wavelength energies for each element examined.   Energy values for 

characteristic x-rays were confirmed for each element analyzed and are summarized in Table   

A-1 in Appendix A. 



 

113 

Evaluation of fibroblast growth 

Overview.  The effects of DNA and crosslinked DNA-MS normal human dermal BJ 

fibroblast cell growth in culture was measured using a colorimetric MTS cell proliferation assay.  

In order for a cell to proliferate or reproduce, it must go through the life cycle of a cell.38-42  The 

life cycle of a cell involves four phases including the Gap1 or “G1” phase,  the DNA Synthesis or 

“S” phase, the Gap2 or “G2” phase, and the Mitosis or “M” phase, Figure 3-29.41-43   
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Figure 3-29.  A drawing of the 4 phases of the cell life cycle. 

The proliferation of a cell involves all four phases of the cell life cycle.  The cell will grow 

while in the G1 phase.  Then during the S phase, the DNA from the parent cell is synthesized and 

duplicated and the cell moves on to the G2 phase where the existing cell now carries two sets of 

DNA and matching chromosomes. Finally in the M phase, the duplicated chromosomes separate 

and the cell divides or reproduces to create two cells with matching DNA. 38-43 

A cell population will continue to undergo cellular proliferation through the cell cycle as 

long as their environment is untouched and has all the necessary nutrients for growth and 

reproduction.  The addition of foreign agents or materials to the media sustaining a cell 

population can cause enough of an imbalance to alter the amount of time necessary to complete 



 

114 

the cell cycle.  Altering the environment of a cell population can lead some cells to enter the 

Gap0 or “G0” phase as shown in Figure 3-30, where the cell enters a resting or quiescent state in 

which it ceases to proliferate, but retains its capacity to re-initiate its progress through the cell 

cycle at a later time.41   
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Figure 3-30.  A drawing of the 4 phases of the cell life cycle, including the G0 quiescence phase. 

This phase is often seen in the culturing of fibroblast cells which can enter the G0 phase 

upon alteration of their culture media.39  The environmental alteration of a cell population can 

also cause a change in the G1 phase duration leading to a longer or shorter cell cycle.41  However, 

if the cell decides to not re-enter the cell cycle, the cells will round up and break their surface 

attachments within their culture environment and undergo apoptosis or cell death.39  A cell 

responding to an environmental change in this fashion would indicate that the new environment 

has become cytotoxic. 
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DNA.  Results obtained from the cell proliferation studies conducted on DNA displayed a 

slight decrease in proliferation between the first two time points, hour 1 and hour 24, Figure 3-

22.  The control group consisting of the cells with media alone did not display this same trend 

and instead exhibited a significant increase in proliferation between the first two and last two 

time points.  The decrease in proliferation noted within the treatment groups may be attributed to 

the cells entering a short G0 phase or a lengthened G1 phase due to the temporary destabilization 

of their environment (i.e. addition of the DNA treatment).  However, by the third time point, 

hour 72, proliferation had increased significantly and the treatment groups displayed no 

statistical differences in proliferation from the control group indicating that the DNA does not 

elicit an anti-proliferative response or a cytotoxic response in vitro.  Optical images of each 

treatment group illustrated similar cellular densities and morphologies to the control group 

further confirming this conclusion. 

Microsphere treatment groups.  At the 100µg condition, the gadolinium and 

glutaraldehyde conditions continued to increase in proliferation through all three time points 

similar to the media with cells control group.  On the other hand, the chromium and iron 

treatment conditions demonstrated similar trends as seen above for the DNA conditions in which 

proliferation decreased between the first two time points, hour 1 and hour 24, and then 

significantly increased between the last two time points, hour 24 and hour 72, Figure 3-24.  As 

mentioned before, the observed decrease in fibroblast proliferation may be attributed to the 

disturbance of the culture media upon adding treatment leading to a change in the cell growth 

cycle.38-41  The same trends were seen in the 25µg treatment groups for the gadolinium, 

chromium, and iron conditions.   
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The glutaraldehyde treatment group was the only condition to exhibit the trend of 

continued cellular proliferation through all three time points at both 25µg and 100µg conditions; 

however, upon further observation of the glutaraldehyde condition at the 100µg concentration, 

optical images displayed wells with lower cell densities than those seen in the media with cells 

control condition indicating that the fibroblasts cells were less adherent.  These observations 

suggested that the glutaraldehyde elicited a cytotoxic response at the 100µg concentration and 

not at the 25µg concentration.39  The cytotoxic response of the glutaraldehyde observed at the 

100µg concentration was expected since glutaraldehyde has been shown to decrease normal 

human dermal fibroblast proliferation and elicit cytotoxic responses in vitro at concentrations as 

low as 1ppm.95   

 At both treatment concentrations, the iron condition produced significantly lower 

proliferation rates than the media with cells control group and all other conditions indicating that 

the iron concentration in the DNA-MS may be enough to elicit a an anti-proliferative response in 

vitro.  Optical micrographs taken of the iron treatment conditions tend to support this conclusion 

illustrating that there was a slightly lower cell density at the 100µg condition than the media with 

cells control condition and that at the 25µg condition there were no cells present in the images 

indicating a lack of adherence of the cells to the 96-well plate.  The lack of cellular adherence at 

the 25µg condition indicates that the iron concentration in the DNA-MS was enough to elicit a 

cytotoxic response.39  A cytotoxic response in vitro was expected since it has been noted in the 

literature that iron (III) (Fe3+) is known to be highly cytotoxic and cause massive cell death at 

concentrations greater than 10µM.111  In vivo, Fe3+ would be expected to be even more cytotoxic 

since Fe3+ is known catalyze the Haber-Weiss reaction and create highly reactive and toxic 

hydroxyl radicals through Fenton Chemistry, Equations 3-3 and 3-4. 112, 113    
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Fe3+ + O2
•- → Fe2+ + O2        (3-3)          

Fe2+ + H2O2  → Fe3+ + OH- + OH•       (3-4) 

Reactive hydroxyl radicals are know to cause oxidative damage under physiological 

conditions and are the main cause of several neurodegenerative diseases such as Alzheimer’s 

Disease and Parkinson’s Disease.112-115 

Overall the chromium and gadolinium conditions at both the 25µg and 100µg 

concentrations produced not only proliferation rates that either exceeded or were comparable to 

the media with cells control condition,  but also comparable cell densities and morphologies to 

the control.  The positive results obtained in this study were further supported by literature that 

indicates that certain complexes of chromium (III) are known to be non-cytotoxic and that many 

gadolinium (III) complexes are used at low concentrations with minimal cytotoxic responses in 

vivo for magnetic resonance imaging of tumor physiology of various cancers such as breast and 

prostate cancer.116-119   

Conclusions 

The objectives of these studies were to synthesize DNA-MS in good yield with covalent 

(i.e. glutaraldehyde or genipin) or ionic (i.e. chromium, gadolinium, or iron) crosslinking and to 

produce particles with a target dry mean diameter range of 50nm to 20µm, where at least 60% of 

all particles prepared were within the mesosphere size range of 1µm to 10µm and < 5% of all 

particles were greater than 10µm in size.  Hydrated particle diameters were to be less than 25µm.  

In addition, DNA-MS were sought to obtain aqueous dispersion stability of over 24 hours and 

elicit minimal toxic effect on fibroblast cells in culture.  

Pilot studies were conducted to determine the optimum processing conditions to achieve 

these goals.  Pilot studies focused on determining an optimal stabilizing agent concentration for 

DNA-MS synthesis and on verifying the amount of time required to establish DNA crosslinking 
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with the covalent and ionic crosslink agents.  General DNA-MS synthesis studies were then 

conducted and resulting particle diameters, size distributions, morphologies, topographies, and 

surface charges were evaluated and compared.  In addition, normal human dermal BJ fibroblast 

cells were used in culture to evaluate the effect of DNA and crosslinked DNA-MS on cell growth 

at concentrations of 100µg and 500µg for DNA, and 25µg and 100µg for crosslinked DNA-MS.  

A colorimetric MTS assay was used to measure fibroblast growth at the 0, 24, and 72 hour time 

points.   

Particle Analysis 

DNA-MS were successfully synthesized with ionic and covalent crosslinking agents with 

mean dry diameters of less than 20µm.  Pilot studies found that a concentration of 5% (w/v) 

CAB produced the most optimal conditions for DNA-MS synthesis.  Crosslinking reactions 

studies found that ionic crosslinking agents displayed an instantaneous reaction with DNA, 

whereas it took glutaraldehyde 2 hours to react with DNA and genipin 72 hours.  EDS analysis 

of DNA-MS confirmed the presence of the cationic crosslinking agents strongly suggesting that 

the trivalent cations are indeed chemically bonding with the DNA molecule. 

The gadolinium crosslinked DNA-MS produced the smallest particles (2.6µm ± 2.8µm), 

with the most narrow size distributions and the largest percentage of particles that fell within the 

mesosphere size range (i.e. 1µm to 10µm) of all the crosslinking agents tested.  The gadolinium 

crosslinked DNA-MS also produced excellent median hydrated particle size values of 12.1µm.  

The multimodal dry particle size distributions obtained with chromium, iron, and glutaraldehyde 

suggest that they may not be optimal crosslinking agents for DNA-MS; however, the 

glutaraldehyde condition did come close to matching the goals of the initial particle size 

objectives and future studies should focus on optimizing its processing conditions to obtain 
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DNA-MS with at least 60% of all particles with diameters in the mesosphere size range and less 

than 5% of all particles with diameters greater than 10µm.   

The genipin crosslinked DNA-MS produced excellent dry particle sizes and distributions; 

however, they were unstable in PBS and immediately dissolved.  Their instability in PBS was 

indicative of the inefficient crosslinking between genipin and DNA.  The crosslink reaction time 

used to prepare genipin DNA-MS was insufficient and future studies will have to be conducted 

with longer reaction times to see if genipin can be used as a crosslinking agent for DNA-MS. 

Dispersability experiments conducted in Grey’s BSS indicated that the gadolinium 

crosslinked DNA-MS displayed the most stable dispersability with dispersion times exceeding 

48 hours.  The dispersion stability of the gadolinium crosslinked DNA-MS were attributed to 

their zeta potential values which were much larger than those obtained for the chromium and 

glutaraldehyde crosslinked DNA-MS. 

In Vitro Human Dermal Fibroblast Growth 

Human dermal fibroblast proliferation data and optical microscopy images obtained 

suggest that DNA derived from herring testes does not elicit an anti-proliferative response or a 

cytotoxic response in vitro.  Iron crosslinked DNA-MS produced significantly lower 

proliferation rates than the media with cells control group indicating that the iron concentration 

in the DNA-MS may be enough to elicit an anti-proliferative response in vitro.  The 

glutaraldehyde crosslinked DNA-MS also elicited a negative response at the 100µg concentration 

and not at the 25µg concentration. DNA-MS crosslinked with chromium and gadolinium 

produced the best in vitro results with proliferation rates that either exceeded or were comparable 

to the media with cells control condition at both the 25µg and 100µg concentrations.  Since the 

chromium condition did not produce a toxic response on the fibroblast cells in culture, future 

studies should focus on optimizing the synthesis parameters for chromium crosslinked DNA-MS 
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in order to obtain at least 60% of all particles with diameters in the mesosphere size range and 

less than 5% of all particles with diameters greater than 10µm.   
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CHAPTER 4 
OPTIMIZATION OF DNA NANO-MESOSPHERE SYNTHESIS  

Introduction 

This chapter presents studies conducted on the optimization of processing parameters for 

DNA nano-mesospheres (DNA-MS) synthesis.  DNA-MS synthesis parameters were optimized 

to produce controlled size distributions where at least 60% of all particles prepared fell within 

the mesosphere size range of 1µm to 10µm and < 5% of all particles were greater than 10µm in 

size.  Particles less than 1µm in diameter were also acceptable and DNA-MS were sought to 

obtain hydrated particle diameters of less than 25µm. 

DNA-MS synthesis parameters were optimized with a filtration study to eliminate 

aggregates from the yield and narrow particle size distributions.  A filtering step was added at the 

end of the synthesis process using a nylon filter with a pore size of 20µm.  The resulting particle 

diameters and size distributions were then evaluated and compared to non-filtered controls.   

DNA-MS processing parameters were further optimized by analyzing the effects of mixer 

speed and crosslink concentration on particle diameter, swelling, morphology, and size 

distribution.  Mixer speeds of 950rpm, 1250rpm, and 1550rpm with ionic crosslink 

concentrations of 20%, 50%, and 120% molar equivalence (MEQ) were assessed for these studies.  

The dry and swollen particle sizes of the DNA-MS were quantitatively characterized using an LS 

Coulter 13 320 particle size analyzer. The morphology and topography of the DNA-MS were 

analyzed using optical microscopy and scanning electron microscopy.   The presence of trivalent 

cations was assessed using energy dispersive x-ray spectroscopy and crosslinking was confirmed 

through stability studies in 0.05M phosphate buffered saline at a pH of 7.4.   
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Materials and Methods 

Materials 

DNA sodium salt derived from herring testes Type XIV, cellulose acetate butyrate, HPLC 

grade 1,2-dichloroethane, methanol, chromium (III) potassium sulfate dodecahydrate, 

gadolinium (III) chloride hexahydrate, iron (III) nitrate nonahydrate, and 25% (w/w) Grade II 

aqueous glutaraldehyde solution were purchased from the Sigma-Aldrich Company.  Sodium 

phosphate monobasic monohydrate, sodium phosphate dibasic anhydrous, and sodium chloride, 

each A.C.S. certified, were purchased from Fisher Scientific International.  Acetone, 20µm and 

70µm Spectra/Mesh Nylon filters, and 50mL and 15mL polypropylene centrifuge tubes were 

also obtained from Fisher Scientific International.  Type I and Type II deionized ultrapure water 

were prepared with a resistivity of at least 16 MΩ-cm-1 using the Barnstead NANOpure 

Ultrapure Water System in the lab and is termed ultrapure water throughout.   

Methods 

Solution preparation 

Deoxyribonucleic acid.  Aqueous 5% (w/v) solutions of DNA were prepared at room 

temperature by adding 0.5g of DNA to 5mL of ultrapure water in a 50mL polypropylene 

centrifuge tube.  The solution was mixed on a vortex for 30 seconds.  Three milliliters of 

ultrapure water were then added to the DNA and placed on the rotary shaker for at least two 

hours until the DNA had completely dissolved.  Once the DNA had fully dissolved, the volume 

was brought up to 10mL and vortexed for 30 seconds.  The DNA solution was then placed in the 

refrigerator over night to ensure the complete collapse of bubbles generated during vortex and 

rotary mixing.  The percent solid concentration of the DNA solution was quantified using a 

Metler LJ16 Moisture Analyzer at 130ºC for 60 minutes.  The concentration of the DNA solution 

was then adjusted until the concentration was within 10% of the desired concentration.  Once the 
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desired concentration was reached, the aqueous DNA solution was placed in the refrigerator until 

further use.  

Cellulose acetate butyrate.  Solutions of cellulose acetate butyrate in 1,2-dichloroethane 

(CAB) were used as the water-immiscible continuous phase for the emulsion stabilization 

process during DNA-MS synthesis.  The CAB solutions were used at a concentration of 5% 

(w/v) and prepared by adding 25g of cellulose acetate butyrate to 500mL of 1,2-dichloroethane.  

The CAB solution was mixed at room temperature on a magnetic stir plate on high until the 

cellulose acetate butyrate had completely dissolved in the 1,2-dichloroethane.  The resulting 

CAB solution was capped, parafilmed, and stored at room temperature. 

Glutaraldehyde.  Aqueous glutaraldehyde solutions were prepared to a concentration of 

4% (w/v) by diluting the 25% (w/w) aqueous glutaraldehyde solution purchased from the Sigma-

Aldrich Company.  The aqueous glutaraldehyde solution was diluted by adding 21mL of 

ultrapure water to 4mL of the 25% (w/w) solution.  The glutaraldehyde solutions were prepared 

in 30mL glass jars and mixed on a vortex at room temperature for 1 minute.  After mixing, the 

aqueous glutaraldehyde solutions were parafilmed and stored in the refrigerator.   

Chromium (III) and gadolinium (III).  Aqueous solutions of chromium (III) potassium 

sulfate and gadolinium (III) chloride were prepared to a concentration of 0.1M by adding 24.97g 

of chromium (III) potassium sulfate dodecahydrate or 18.59g of gadolinium (III) chloride 

hexahydrate to 500mL of ultrapure water.  The chromium (III) and gadolinium (III) solutions 

were mixed on a magnetic stir plate over night at room temperature until all the chromium or 

gadolinium had dissolved in the water.  After complete mixing, the 0.1M ionic crosslinking 

agent solutions were parafilmed and stored at room temperature. 
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Phosphate buffered saline.  Four liters of a 0.05M phosphate buffered saline (PBS) 

solution with a pH of 7.4 was prepared in the lab for measuring the swelling properties of the 

DNA- MS.  The PBS solution was prepared by mixing 2.9L of a 0.05M sodium phosphate 

dibasic solution to 1L of a 0.05M sodium phosphate monobasic solution.  The pH of the resulting 

solution was measured and the sodium phosphate monobasic solution was added until the target 

pH of 7.4 was reached.   

A PBS solution with a concentration of 0.01M at a pH of 7.4 was used for zeta potential 

measurements and was prepared by diluting a 0.1M PBS solution and adjusting the pH back to 

7.4.  The 0.1M PBS solution was prepared by mixing 2.9L of a 0.1M sodium phosphate dibasic 

solution with 1L of a sodium phosphate monobasic solution.  The two solutions were mixed and 

the pH of the resulting solution was brought to 7.4 by adding monobasic solution.  The prepared 

PBS solutions were left out at room temperature until needed.   

DNA nano-mesosphere synthesis 

Filtration study procedure.  DNA-MS were prepared using an emulsion stabilization 

technique that sterically stabilizes the DNA molecule into spherical conformations and crosslinks 

them while in suspension.  This emulsion stabilization process involved dispersing 3mL of an 

aqueous DNA solution (i.e. the aqueous phase) into 47mL of a CAB solution (i.e. the continuous 

organic phase) in a 300mL Labconco lyophilization flask.  A DNA microemulsion was then 

created by vigorously mixing the two solutions at 1250rpm for 20 minutes at room temperature 

using a paddle mixer with a two inch, two blade propeller.  The DNA microemulsion was 

covalently or ionically crosslinked while in suspension by reducing the speed of the paddle mixer 

to 600rpm and adding 2mL of the crosslinking agent.  The DNA microemulsion then underwent 

crosslinking for 1 hour and 40 minutes at which time 50mL of acetone was added and any 

further reactions were allowed to reach completion for another hour.  After synthesis was 
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complete, the DNA-MS underwent four rinses in acetone to remove any residual organic phase 

or crosslinking agent.  The DNA-MS were rinsed by separating the resultant DNA-MS 

suspension into four separate 50mL polypropylene centrifuge tubes.  To these tubes, acetone was 

added up to 40mL and the tubes were capped and vortexed on high for 30 seconds.  The DNA-

MS were then collected by centrifuging the tubes at 2600rpm for 10 minutes.  After 

centrifugation, the acetone was decanted and fresh acetone was added again up to 40mL.  The 

acetone rinse was repeated once more as mentioned above and then twice more by consolidating 

the contents of 4 tubes to 2 tubes and then 2 tubes to one tube.  After the final acetone rinse, the 

DNA-MS were resuspended in 30mL of acetone and vortexed on high for 30 seconds.  The 

resuspended DNA-MS were then filtered using a stainless steel vacuum filtration device with a 

20µm Spectra/Mesh Nylon filter.  The device was then rinsed with 10mL of acetone to further 

filter any remaining DNA-MS under 20µm.  After the final filter rinse, the centrifuge tube was 

capped, vortexed on high for 30 seconds, and centrifuged at 2600rpm for 5 minutes to collect the 

microspheres.  The acetone was then decanted and a Kimwipe was secured over the mouth of 

tube using a rubber band in order to allow the DNA-MS to dry overnight at room temperature. 

Mixer speed and crosslink concentration study procedure.  DNA-MS were prepared 

using the same emulsion stabilization technique described above for the Filtration Study, 

however, mixer speeds and crosslink agent concentrations were varied in order to determine the 

effects of these factors on the diameters of the resulting DNA-MS and their respective size 

distributions.  This emulsion stabilization process involved dispersing 3mL of the aqueous DNA 

solution (i.e. the aqueous phase) into 47mL of the CAB solution (i.e. the continuous organic 

phase) in a 300mL Labconco lyophilization flask.  A DNA microemulsion was then created by 

vigorously mixing the two solutions at 950rpm, 1250rpm, or 1550rpm for 20 minutes at room 
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temperature, using a paddle mixer with a two inch, two blade propeller.  The DNA 

microemulsion was then ionically crosslinked with trivalent gadolinium cations while in 

suspension by reducing the speed of the paddle mixer to 600rpm and adding 0.3314mL, 

0.8285mL, or 2mL of the 0.1M aqueous gadolinium solution to obtain the 20%MEQ, 50%MEQ, or 

120%MEQ crosslink concentration conditions.  The DNA microemulsion then underwent 

crosslinking for 1 hour and 40 minutes at which time 50mL of acetone was added and any 

further reactions were allowed to reach completion for another hour.  After synthesis was 

complete, the DNA-MS underwent four rinses in acetone to remove any residual organic phase 

or crosslinking agent.  The DNA-MS were rinsed using the same washing procedure as 

mentioned above for the Filtration Study, however, a 70µm Spectra/Mesh Nylon filter was used 

in place of the 20µm filter in order to not completely eliminate the possible size effects of the 

varying mixer speeds and gadolinium crosslink concentrations.  The 70µm filter was also used to 

minimize the number of aggregates in the resulting yield. 

Mesosphere characterization 

Yield analysis.  The yield of each condition synthesized was calculated and expressed as a 

percent yield value.  The percent yield was calculated by dividing the final weight of the DNA-

MS by the amount of weight used to synthesize the DNA-MS.  The equation for the percent yield 

is expressed in Equation 4-1 where WF is the final weight of the DNA-MS, VDNA, ρDNA, and 

CDNA are the volume, density, and concentration of the aqueous DNA solution used respectively, 

and WX is the weight of the crosslinking agent added during synthesis.   
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      (4-1) 

Dry particle size analysis.  The particle size distributions and diameters of the DNA-MS 

were obtained under dry conditions using a Coulter LS 13 320 particle size analyzer.  DNA-MS 
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were sonicated for 10 to 30 seconds prior to analysis to aerate the particles and then 

approximately 2mg of the DNA-MS were suspended in 2mL of methanol.  The suspension was 

then sonicated for 30 seconds to break up any aggregates and tested.  The Coulter LS 13 320 

particle size analyzer was set to run at a pump speed of 73% using a protein/DNA particle 

diffraction model.  Standards were tested in methanol before the first run to ensure that the 

instrument was performing adequately.  Each condition was tested three times in which each test 

consisted of two runs.  This method of testing produced six independent and size distributions.  

Data collected from these experiments were statistically analyzed using SigmaStat 3.0 software. 

Hydrated particle size analysis.  The mean swollen diameters and particle size 

distributions of the DNA-MS were obtained using a Coulter LS 13 320 particle size analyzer.  

Approximately 2mg of the DNA-MS were suspended in 2mL of 0.05M PBS with a pH of 7.4.   

The suspension was then sonicated for 30 seconds to break up any DNA-MS aggregates.  The 

DNA-MS were then allowed to swell in the PBS for an additional two minutes and thirty 

seconds.  After swelling, the DNA-MS were tested in the Coulter LS 13 320 particle size 

analyzer using a pump speed of 73% and a protein/DNA particle diffraction model.  Standards 

were tested in PBS before the first run of the first batch to ensure that the instrument was 

performing adequately.  Each condition was tested three times in which each test consisted of 

two runs.  This method of testing produced six independent particle diameters and size 

distributions.   

After obtaining the mean particle swollen diameters, the data was used to calculate the 

percent change in size using Equation 4-2, where DD is the dry diameter and DH is the swollen or 

hydrated diameter.  A negative percent change in size depicted a decrease in particle size (i.e. 

degradation) whereas a positive percent change in size depicted an increase in particle size (i.e. 
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swelling).  Data collected from these experiments were statistically analyzed using SigmaStat 3.0 

software.  

100)
D
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D
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−

=        (4-2) 

Surface charge analysis.  The surface charge of DNA-MS prepared in the Mixer Speed 

and Crosslink Concentration Study was measured to determine the effects of crosslink 

concentration on surface charge.  The surface charge of the DNA- MS was obtained using a 

Brookhaven ZetaPlus zeta potential analyzer with ZetaPALS software.  Approximately 2mg of 

the DNA-MS were suspended in 1.5mL of 0.01M PBS solution with a pH of 7.4.  Each condition 

was sampled three times in which each sample underwent ten runs.  This method of testing 

produced thirty independent zeta potential values.  The data collected from the zeta potential 

analyzer was statistically analyzed using SigmaStat 3.0 software. 

Scanning electron microscopy.  The morphology and surface topography of the DNA-

MS were observed using scanning electron microscopy (SEM).  Approximately 1mg of dry 

DNA-MS were mounted onto a small piece of silicon wafer which in turn was mounted onto an 

aluminum SEM stub using double sided tape.  The DNA-MS were then coated with gold-

palladium for 2 minutes using a Technix Hummer V sputter coater.  Images were taken either on 

a JEOL 6400 SEM using an accelerating voltage of 5KeV, condenser lens setting of 10, 

objective lens setting of 117, and a working distance of 15mm, or on a JEOL 6335F Field 

Emission SEM at an accelerating voltage of 5KeV and a working distance of 15mm. 

Energy dispersive x-ray spectroscopy.  The presence of trivalent cations in the DNA-MS 

after washing and drying was observed using energy dispersive x-ray spectroscopy (EDS).  

DNA-MS were mounted onto a piece of silicon wafer.  The silicon wafer was then secured to an 

aluminum SEM stub using carbon double sided tape.  The DNA-MS were then coated with 
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carbon for 2 minutes using a Technix Hummer V sputter coater.  EDS spectra on the DNA-MS 

were collected using a JEOL 6400 SEM at an accelerating voltage of 15KeV and working 

distance of 15mm.  A dead time of 20% to 40% was allowed for each condition tested.   

Results & Discussion 

Filtration Study 

Synopsis 

A filtration study was conducted to optimize DNA-MS synthesis parameters, eliminate 

aggregates from the yield, and narrow particle size distributions.  A filtering step was added at 

the end of the synthesis process using a nylon filter with a pore size of 20µm.  Since a particle 

size of less than 25µm is desired for optimal intratumoral delivery, a Spectra/Mesh Nylon filter 

with a 20µm pore size was used for this study.69, 120    

Particle analysis 

Percent yield.  The filtration step used in this study successfully tailored the particle size 

of the DNA-MS that were prepared with both covalent and ionic crosslinking agents by reducing 

the yields in most cases over 50%.  The gadolinium crosslinked DNA-MS produced the best 

particle yields after filtration with a yield of 67%.  However, the chromium and glutaraldehyde 

crosslinking agent conditions continued to produce aggregates upon washing and drying and 

their yields were reduced after filtration to 24% from 77% for chromium and to 23% from 61% 

for glutaraldehyde.  The percent yield values as calculated by Equation 4-1 for each condition 

with their respective decreases due to filtration are tabulated in Table 4-1. 

Table 4-1.  The yields and percent decrease in yield values for DNA-MS synthesized with ionic 
and covalent crosslinking agents. 

Crosslinking 
agent 

Percent yield after 
filtration (%) 

Percent yield before 
filtration (%) 

Percent decrease in yield 
due to filtration (%) 

Chromium 24 77 69 
Gadolinium 67 82 18 
Glutaraldehyde 23 61 62 
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Dry particle size analysis.  The dry particle sizes of the DNA-MS were obtained in 

methanol.  Filtered DNA-MS prepared with both ionic and covalent crosslinking agents 

produced particles with mean diameters less than 10µm in size consistent with observations 

presented in Chapter 3.  The filtered gadolinium and glutaraldehyde crosslinked DNA-MS 

conditions performed similarly to their non-filtered counter parts, producing dry mean particle 

diameters of 3.3µm ± 2.8µm and 5.5µm ± 6.5µm, respectively with the same percentage of 

particles falling within the mesosphere size range (i.e. 1µm to 10µm) and particles greater than 

10µm.  The gadolinium condition still produced the most controlled size distributions of the 

three.  The chromium crosslink condition displayed the most significant deviance from its non-

filtered counter part with a mean particle diameter of 4.2µm ± 6.2µm from 10.3µm ± 13.9µm and 

an increase in particles within the mesosphere size range from 32% to 55%.  However, the 

chromium condition still produced the largest particle diameters of the three conditions tested. 

A one way analysis of variance (ANOVA) test was conducted on all collected data to 

quantify the differences between filtered and non-filtered particle size values and illustrated that 

all differences between filtered and non-filtered mean dry particle diameters were not significant.  

The test also illustrated no significant particle size differences among the crosslink agent 

conditions used.  Table 4-2 lists each condition with their respective non-filtered and filtered dry 

mean particle diameter values and their particle diameter size ranges. 

Table 4-2.  The dry mean particle diameter values for the 20µm-filtered and the non-filtered 
DNA-MS synthesized with ionic and covalent crosslinking agents. 

Crosslinking 
agent 

Non-filtered mean 
dry particle 
diameter (µm) 

20µm-filtered 
mean dry particle 
diameter (µm) 

DNA-MS in 
1µm to 10µm 
size range (%) 

DNA-MS larger 
than 10µm (%) 

Chromium 10.3 ± 13.9 4.2 ± 6.0 55 16
Gadolinium 2.6 ± 2.8  3.3 ± 2.8 81 2
Glutaraldehyde 6.4 ± 9.7 5.5 ± 6.5 64 16
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The addition of the filtration step not only decreased the resultant mean particle diameter 

values for the chromium crosslink agent condition tested, but it also normalized and narrowed 

the particle size distributions by reducing the amount of aggregates in the yield, Figure 4-1.  The 

filtered gadolinium crosslinked DNA-MS condition displayed a normal and narrow particle size 

distribution as well, Figure 4-2, which was very similar to its non-filtered distribution seen in 

Chapter 3.  However, the filtered glutaraldehyde crosslinked DNA-MS condition still displayed 

evidence of aggregate formation within the 50µm to 70µm range even though it too 

demonstrated a more normalized distribution, Figure 4-3.   
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Figure 4-1.  A particle size distribution comparison of non-filtered and 20µm-filtered chromium 
crosslinked DNA-MS under dry conditions. 
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Figure 4-2.  A particle size distribution comparison of non-filtered and 20µm-filtered gadolinium 
crosslinked DNA-MS under dry conditions. 
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Figure 4-3.  A particle size distribution comparison of non-filtered and 20µm-filtered 
glutaraldehyde crosslinked DNA-MS under dry conditions.  

Overall, the filtration step appeared to have had two benefits: 1.) the 20µm filter helped to 

remove particles and aggregates over 20µm in diameter and 2.) the 20µm filter helped to separate 

or disperse the DNA-MS in a process somewhat similar to sifting.  The filtration step 
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mechanically facilitated the break up of DNA-MS aggregates within the yield and thus 

subsequent particle diameters appeared reduced because the true diameters of the DNA-MS were 

measured and reported instead of the diameters of the aggregates.   Reported sizes for the DNA-

MS decreased by 59% for the chromium and 14% for the glutaraldehyde conditions, and 

increased by 27% for the gadolinium condition, Table 4-3. 

Table 4-3.  The dry mean particle diameter values for the 20µm-filtered and the non-filtered 
DNA-MS synthesized with ionic and covalent crosslinking agents. 

Crosslinking 
agent 

Non-filtered mean dry 
particle diameter (µm) 

20µm-filtered mean dry 
particle diameter (µm) 

Percent change 
in size (%) 

Chromium 10.3 ± 13.9 4.2 ± 6.0 (-) 59 
Gadolinium 2.6 ± 2.8  3.3 ± 2.8 (+) 26 
Glutaraldehyde 6.4 ± 9.7 5.5 ± 6.5 (-) 14 
 

The normalization effect illustrated in the particle size distributions for the DNA-MS may 

have not only been attributed to the filtration step added in the synthesis procedure, but also to 

the sonication step added prior to particle size analysis.  This additional sonication step may have 

further broken up aggregates and aerated the DNA-MS prior to analysis by rupturing 

intermolecular bonds between the particles that formed during synthesis or drying.   

When particle powders are synthesized or prepared, cohesive forces tend to join the 

particles together through an adhesive bridge.121  This adhesive bridging leads to particle 

agglomerations which occur more frequently in powders with higher volume fractions of small 

particles as those seen when preparing DNA-MS.122, 123  There are five mechanisms which can 

bring about interparticle bonding which include solid bridges which arise from the melting of the 

particles or from the diffusion of molecules between particles, liquid bridges which arise from 

surface tension or capillary pressure, van der Waals forces which result from dipole interactions 

on the molecular level over short distances, electrostatic forces which are longer ranging and 
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result from the surface charge of a particle, and interlocking bonds which arise from mechanical 

interlocking between particles due to surface irregularities and protrusions, Figure 4-4.122 
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Figure 4-4.  An illustrative depiction of the five mechanisms responsible for interparticle 
bonding: A.) solid bridges, B.) liquid bridges, C.) van der Waals forces, D.) 
electrostatic forces, and E.) interlocking bonds.122 

The aggregates seen in the particle size distributions presented in this section may have 

been attributed to electrostatic forces between particles since this type of interaction plays a 

significant role for interparticle bonding in particles ≤ 10µm in diameter.124, 125  The production 

of aggregates may have also been attributed to liquid bridging interactions between the particles 

which arise during DNA-MS drying or van der Waals attractions which arise once the particles 

are placed in the methanol and sonicated.  However, the van der Waals interactions were 

probably the least contributive of the three mentioned.   

The normalization of the particle size distributions presented in this study may have been 

produced during sonication both before and after the DNA-MS were added to the methanol 

analysis.  The normalization effect may have arisen by the temporary disruption of the 

electrostatic forces between DNA-MS, which created a more disperse system than those that 

were obtained in Chapter 3.125-127  It is also believed that the van der Waals and electrostatic 

interparticle interactions were further disrupted with the use of the filtration step immediately 

after synthesis which caused a sifting or dispersion effect on the particles. 

Hydrated particle size analysis.  The particle size of the DNA-MS synthesized with 

covalent or ionic crosslinking agents was also tested under hydrated conditions in 0.05M PBS at 
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a pH of 7.4.  Each crosslink agent condition produced hydrated mean diameters of less than 

25µm.  The ionically crosslinked DNA-MS displayed similar normalization trends under 

hydrated conditions as compared to their dry distributions and swelled to approximately 200% of 

their original size as shown in Figures 4-5 to 4-7.  The normalization trend seen in the ionically 

crosslinked DNA-MS suggests that the DNA-MS were disperse and dominated by electrostatic 

repulsions between the particles.90, 107, 122, 124  The glutaraldehyde crosslinked DNA-MS condition 

did not follow the same normalization trend and continued to display multimodal particle size 

distributions indicating that this condition was dominated by particle aggregation.  

Glutaraldehyde crosslinked DNA-MS aggregated because the particles were more influenced by 

the attractive van der Waals interparticle forces within the PBS more so than the ionically 

crosslinked DNA-MS, Figure 4-8. 90, 107, 125, 128, 129  Aside from the aggregation present, the 

glutaraldehyde condition also performed well exhibiting a 14.4µm mean hydrated particle 

diameter and only a 150% increase in size.   
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Figure 4-5.  Hydrated particle size distribution comparisons of the 20µm-filtered ionically 
crosslinked DNA-MS.   
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Figure 4-6.  A particle size distribution comparison of the 20µm-filtered, chromium crosslinked 
DNA-MS under dry and hydrated conditions.  
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Figure 4-7.  A particle size distribution comparison of 20µm-filtered, gadolinium crosslinked 
DNA-MS under dry and hydrated conditions. 
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Figure 4-8.  A particle size distribution comparison of 20µm-filtered, glutaraldehyde crosslinked 
DNA-MS under dry and hydrated conditions.  

Statistical analysis was conducted on all data collected to quantify the effects of the filtered 

DNA-MS on hydrated particle size values.  A t test was conducted on all hydrated data 

illustrated no significant differences between the filtered and non-filtered hydrated mean particle 

size values.  However, particle size distributions illustrate that the filtration step normalized and 

even reduced the amount of aggregate formation during hydration shifting the mean particle size 

peaks over to smaller values, Figures 4-9 to 4-11.  Each crosslink agent condition with its 

respective hydrated mean diameter and percent change in size as calculated by Equation 4-2 is 

given in Table 4-4. 
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Figure 4-9.  A particle size distribution comparison of 20µm-filtered and non-filtered chromium 
crosslinked DNA-MS under hydrated conditions. 
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Figure 4-10.  A particle size distribution comparison of 20µm-filtered and non-filtered 
gadolinium crosslinked DNA-MS under hydrated conditions. 
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Figure 4-11.  A particle size distribution comparison of 20µm-filtered and non-filtered 
glutaraldehyde crosslinked DNA-MS under hydrated conditions. 

Table 4-4.  The dry and hydrated mean particle diameters, percent change in size values, and 
crosslink concentrations for DNA-MS. 

Crosslinking 
agent 

Mean dry  
diameter (µm) 

Mean hydrated  
diameter (µm) 

Percent change 
in size (%) 

Crosslink  
concentration (%MEQ) 

Chromium 4.2 ± 6.0  12.6 ± 8.5  (+) 203 120 
Gadolinium 3.3 ± 2.8 10.3 ± 7.0 (+) 211 120 
Glutaraldehyde 5.5 ± 6.5 14.4 ± 7.4 (+) 125 540 
 
Microscopy 

Optical microscopy.  Dried synthesized DNA-MS were observed under optical 

microscopy in order to evaluate the discreteness, morphology, and particle size of the MS after 

synthesis.  DNA-MS ionically crosslinked with gadolinium and chromium, and covalently 

crosslinked with glutaraldehyde, produced discrete particles with small diameters and spherical 

morphologies, Figure 4-12. Optical images illustrated that the particle sizes were much smaller 

for the ionically crosslinked DNA-MS than the covalently crosslinked DNA-MS.  This may be 

attributed to the amount of time it takes glutaraldehyde to crosslink with DNA.  As mentioned 

from Chapter 3, glutaraldehyde reacts more slowly with the DNA molecule than chromium or 

gadolinium, and thus it would be expected that the glutaraldehyde condition with produce larger 

particles than the ionically crosslinked DNA-MS since the emulsion stir speed is much lower 
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after crosslinking (i.e. 600rpm instead of 1250rpm) leading to larger droplets in the emulsion 

which would lead to larger MS in the yield.   
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Figure 4-12.  Optical images of the 20µm-filtered DNA-MS crosslinked with A) gadolinium, B) 
chromium, and C) glutaraldehyde (Magnification: 200x). 

Scanning electron microscopy.  SEM images were taken of the synthesized DNA-MS in 

order to characterize their morphology and surface topography.  SEM images illustrated that the 

filtration step was successful in removing particles or aggregates with diameters greater than 

20µm in size for both the ionically and covalently crosslinked DNA-MS, Figure 4-13.  SEM 

images depicted discreet particles for conditions synthesized with the ionic crosslinking agents.  

SEM images of the glutaraldehyde crosslink agent condition displayed 1µm diameter particles 
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that aggregated together to form particles larger than 20µm in diameter, Figure 4-13.  Since 

particles larger than 20µm in diameter were not capable of passing through the 20µm filter, these 

aggregates could have only been produced by liquid bridging or electrostatic interactions 

between particles upon drying.107, 121, 122 

C
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Figure 4-13.  Scanning electron microscopy images of the 20µm-filtered DNA-MS crosslinked 
with A) chromium (Magnification: 4,500x), B) gadolinium (Magnification: 2,000x), 
and C) glutaraldehyde (Magnification: 1,000x). 

The SEM images also displayed DNA-MS with spherical morphologies and smooth 

surface topographies for all conditions tested with the exception of the gadolinium crosslinked 

DNA-MS condition which produced some particles with irregular morphologies and rough 

surface topographies.  Despite several morphological irregularities, DNA-MS at each crosslink 
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agent condition displayed particle sizes under 10µm further confirming results obtained from 

particle size analysis and optical microscopy observations.   

Mixer Speed and Crosslink Concentration Study  

Synopsis 

The effects of mixer speed and crosslink concentration on DNA-MS particle diameters 

and size distributions were analyzed to determine optimum processing.  Mixer speeds of 950rpm, 

1250rpm, and 1550rpm along with crosslink concentrations of 20%MEQ, 50%MEQ, and 

120%MEQ were assessed in this study.  Crosslink agent concentrations were obtained using 0.1M 

gadolinium crosslinking agent solution volumes of 0.3314mL for the 20%MEQ condition, 

0.8285mL for the 50%MEQ condition, and 2mL for the 120%MEQ condition during synthesis.  

The term MEQ was used to denote the molar equivalence of gadolinium groups to phosphate 

groups and was calculated for each crosslink concentration condition.  The gadolinium crosslink 

agent was the only crosslinking agent used for this study since it produced the highest yield with 

good particle size characteristics after filtration.  The DNA-MS were synthesized, washed, and 

filtered with a 70µm nylon filter in order to not completely eliminate the possible size effects of 

the varying mixer speeds and gadolinium crosslink concentrations.  Resulting DNA-MS were 

characterized by particle size, morphology, surface topography, and elemental analysis.  All 

synthesis and characterization for this study was conducted with the assistance of Karly 

Jacobsen. 

Particle analysis 

Percent yield.  The yield of each condition tested was calculated and expressed as a 

percent yield value after complete drying of the DNA-MS was achieved using Equation 4-1.  

Each synthesized condition generated yields over 60% with the exception of the 950rpm-

20%MEQ condition which produced a yield of 49% and the1250rpm-20%MEQ condition which 
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produced a yield of 54%.  The low yields obtained with these two conditions may have been 

attributed to the formation of aggregates with diameters larger than 70µm during synthesis.  

DNA-MS synthesized with a crosslink concentration of 20%MEQ and/or mixer speeds of 950rpm 

performed the worst with low yields of less than 60%, whereas DNA-MS prepared with the 

1250rpm-50%MEQ, 1250rpm-120%MEQ, and the 1550rpm-120%MEQ conditions performed the 

best, with high yields of over 80%, Figure 4-14.  Each DNA-MS condition with its respective 

yield is given in Table 4-5. 
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Figure 4-14.  Graphical representation of yield values generated by each DNA-MS synthesis 
condition. 

Table 4-5.  Percent yield values for DNA-MS prepared at varying mixer speeds and gadolinium 
crosslink concentrations. 

Synthesis condition Percent yield (%) 
950rpm-20%MEQ 49 
950rpm-50% MEQ 73 
950rpm-120% MEQ 65 
1250rpm-20% MEQ 54 
1250rpm-50% MEQ 87 
1250rpm-120% MEQ  87 
1550rpm-20% MEQ 70 
1550rpm-50% MEQ 72 
1550rpm-120% MEQ 88 
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The production of these high yields may have been a result of the higher mixer speeds used 

during synthesis which not only reduced the formation of aggregates, but also produced particles 

with smaller diameters.10, 107, 130, 131  DNA-MS with smaller particle sizes were created due to the 

decrease in the interfacial tension between the aqueous DNA phase and the continuous CAB 

phase by increasing the stir speeds during synthesis.10, 107, 130, 131  Table 4-5 above lists each 

synthesis condition with its respective generated yield. 

Dry particle size analysis.  The dry particle size of ach DNA-MS condition prepared in 

this study was tested in methanol.  Each synthesized condition produced particles with dry mean 

diameters of less than 20µm, Table 4-6.   

Table 4-6.  Mean dry particle size and size range values for DNA-MS prepared at varying mixer 
speeds and gadolinium crosslink concentrations. 

Synthesis condition 
Mean dry particle  
size (µm) 

DNA-MS in 1µm to 10µm 
size range (%) 

DNA-MS larger than 
10µm (%) 

950rpm-20%MEQ 14.7 ± 28.5 46 19
950rpm-50%MEQ 4.9 ± 6.9 48 14
950rpm-120%MEQ 6.3 ± 9.5 54 18
1250rpm-20%MEQ 3.7 ± 5.5 77 4
1250rpm-50%MEQ 6.8 ± 14.4 59 14
1250rpm-120%MEQ 5.7 ± 12.7 9 1
1550rpm-20%MEQ 17.9 ± 21.9 57 31
1550rpm-50%MEQ 3.3 ± 3.7 72 3
1550rpm-120%MEQ 2.2 ± 2.1 68 1
 

Each DNA-MS condition at the 950rpm mixer speed produced particles with less than 60% 

of the diameters ranged in the mesosphere size range (i.e. 1µm to 10µm) and much greater than 

5% were larger than 10µm.  At the 1250rpm mixer speed, the 20%MEQ condition produced 

favorable results; however, the 50%MEQ condition produced many aggregates (i.e. 14% of all 

particles were larger than 10µm) and the 120%MEQ condition produced many particles in the 

nanosphere size range (i.e. 90% of all particles were smaller than 1µm).  At the 1550rpm mixer 
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speed, the 50%MEQ and 120%MEQ conditions produced particles that had greater than 60% of 

the diameters in the mesosphere size range and less than 5% of all diameters greater than 10µm. 

DNA-MS prepared at the 950rpm and 1550rpm stir speeds and 20%MEQ crosslink 

concentration, produced particles with mean diameters greater than 10µm and standard 

deviations greater than 20µm indicating that these conditions produced many large aggregates 

during synthesis, Figure 4-15.  This may be a result of non-uniform crosslinking due to the low 

concentration of crosslink agent available in the system.  With the exception of the 20%MEQ 

crosslink concentration condition, no further particle size distribution trends were observed 

solely on crosslink concentration.  These results are consistent with previous research and current 

literature which has cited that unlike emulsion stir speed, crosslink concentration does not have 

an effect on resulting microsphere sizes.11, 57, 132, 133   
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Figure 4-15.  A dry particle size distribution comparison of DNA-MS synthesized at varying 
mixer speeds at the 20%MEQ crosslink concentration condition. 

Trends denoting the effects of mixer speed on particle diameter and size distribution were 

clearly observed.  DNA-MS prepared at 950rpm produced particles with broad size ranges and 

multimodal distributions whereas DNA-MS synthesized at 1250rpm and 1550rpm displayed 

narrower and more normalized particle size distributions, Figures 4-16 to 4-18.   
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Figure 4-16.  A dry particle size distribution comparison of DNA-MS synthesized at varying 
crosslink densities at the 950rpm mixer speed condition. 
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Figure 4-17.  A dry particle size distribution comparison of DNA-MS synthesized at varying 
crosslink densities at the 1250rpm mixer speed condition. 
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Figure 4-18.  A dry particle size distribution comparison of DNA-MS synthesized at varying 
crosslink densities at the 1550rpm mixer speed condition.   

This trend was to be expected since it has been well cited in the literature that by 

increasing the stir speed and in turn increasing the agitation in the system, the formation of 

aggregates during synthesis is prevented or reduced.10, 125, 130, 131  DNA-MS prepared at the 

1550rpm stir speed at crosslink concentrations greater than 50%MEQ produced the smallest 

particles with the most narrow size distributions.  This increase in the volume percent of smaller 

particles can be attributed to the higher stir speed used during synthesis which created a finer 

emulsion due to the increase in shear force exhibited on the system.10, 57, 107, 130, 131, 134-136 

In order to quantify the effects of mixer speed and crosslink concentration on the particle 

sizes of the DNA-MS, a one way ANOVA test was conducted on all collected data.  The test 

illustrated there to be no significant differences among all mean particle size values at each 

mixer speed and crosslink concentration condition.  However, a strong trend was observed in that 

the particle size distributions for all crosslink concentration conditions at the 1550rpm mixer 

speed condition produced the best particle sizes and most normalized distributions, Figure 4-18.  

It is to be noted, however, that a 70µm filter was used in this study instead of a 20µm filter.  If a 
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20µm filter had been used, aggregates seen past the 20µm mark would have been eliminated as 

seen in the results for the gadolinium condition in the Filter Study above. 

Hydrated particle size analysis.  DNA-MS synthesized at the 1550rpm mixer speed 

condition underwent particle size analysis under hydrated conditions in 0.05M PBS at a pH of 

7.4.  All other conditions were not tested due to their multimodal and broad particle size 

distributions.   The DNA-MS prepared at the 1550rpm mixer speed condition each produced 

multimodal distributions upon hydration, Figures 4-19 to 4-21.  These results are not consistent 

with observations made in the Filtration Study and may be attributed to the formation of 

aggregates during the DNA-MS drying process. However, it is assumed that the hydrated size 

distributions would be more normalized with fewer aggregates present if a 20µm filter had been 

used in place of the 70µm filter. 
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Figure 4-19.  Dry and hydrated particle size distributions for DNA-MS prepared at 1550rpm and 
crosslinked with gadolinium to 20%MEQ. 
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Figure 4-20.  Dry and hydrated particle size distributions for DNA-MS prepared at 1550rpm and 
crosslinked with gadolinium to 50%MEQ. 
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Figure 4-21.  Dry and hydrated particle size distributions for DNA-MS prepared at 1550rpm and 
crosslinked with gadolinium to 120%MEQ.   

Each condition also produced hydrated mean diameters larger than 50µm; however, it was 

expected that these large diameter values better reflected the aggregates that formed during 

drying and then hydration more than the actual hydrated values of the individually swollen 



 

150 

particles.  Upon closer analysis, it was assumed that the first peak better represented the 

distribution of the individually swollen DNA-MS as seen above in the Filtration Study.  

Therefore, the mean hydrated particle size and percent swelling values for those peaks were 

calculated and represented as the theorized mean particle size and percent swelling values for the 

DNA-MS.     

In order to determine the effects of hydration on the particle size values of the DNA-MS at 

the 1550rpm mixer speed condition, a one way ANOVA was conducted on all dry, hydrated, and 

theorized hydrated diameter values at each crosslink concentration.  The test illustrated no 

significant differences among each of the crosslink concentrations tested.  The theorized mean 

particle size and percent swelling values as calculated by Equation 4-2 are reported along with 

the initial values in Table 4-7. 

Table 4-7.  Dry and hydrated mean particle size and percent swelling values for DNA-MS 
prepared at the 1550rpm mixer speed condition. 

Condition 

Mean dry 
particle  
size (µm) 

Mean hydrated 
particle         
size (µm) 

Percent 
swelling 
(%) 

Theorized mean 
hydrated particle 
size (µm) 

Theorized 
percent 
swelling (%) 

20%MEQ 17.9 ± 21.9  58.2 ± 47.4 225 23.8 ± 19.3  33 
50%MEQ 3.3 ± 3.7 94.9 ± 88.3 2780 23.8 ± 21.3 620 
120%MEQ 2.2 ± 2.1 69.2 ± 62.5 3050 13.6 ± 26.8 520 

 
To further compare the crosslink concentration conditions at the 1550rpm mixer speed, the 

percent swelling for each condition was calculated.  The 20%MEQ crosslink concentration 

condition displayed the lowest amount of swelling upon hydration by swelling only to 225% of 

its original size.  Surprisingly, the higher crosslink concentration conditions each produced 

swelling over 2000%; however, these larger values may rather reflect sizes of the aggregates that 

formed upon hydration and than the true swollen diameters of the DNA-MS.  Thus a more 

realistic swollen value may be represented using the median values at each crosslink 

concentration condition.  Using these values a 33% increase in size was reported for the 20%MEQ 
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condition, a 620% increase in size was reported for the 50%MEQ condition, and 520% increase in 

size was reported for the 120%MEQ condition, Table 4-7.  These values also illustrated that the 

120%MEQ crosslink concentration condition still produced significant swelling; however, the 

mean swollen diameter value was still lower than 20µm.  The standard deviation of this value 

would be expected to decrease upon using a 20µm filter instead of 70µm filter at the end of the 

DNA-MS synthesis process since it would facilitate the break up of aggregates that form during 

washing and drying.   

Surface charge analysis.  The surface charge of the DNA-MS prepared at the 1550rpm 

mixer speed was measured in 0.01M PBS at a pH of 7.4 to determine the effects of crosslink 

concentration on yielding surface charge.  Zeta potential measurements illustrated that DNA-MS 

values became more negative as the crosslink concentrations increased, Figure 4-22.   
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Figure 4-22.  Zeta potential values for DNA-MS prepared with 20%MEQ, 50%MEQ, and 
120%MEQ crosslink concentrations (Note: Error bars represent standard error.). 

DNA-MS prepared at the 120%MEQ crosslink concentration produced the most negative zeta 

potential values of the three crosslink density values tested with a surface charge of -55.2mV, 
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Table 4-8.  A one way ANOVA illustrated that this condition was significantly different from 

both the 20%MEQ (p = 0.001) and 50%MEQ (p = 0.011) crosslink concentration conditions. 

Table 4-8.  Zeta potential values for DNA-MS prepared with 20%MEQ, 50%MEQ, and 120%MEQ 
crosslink concentrations. 

Crosslink concentration condition Zeta potential (mV) Standard error (mV) 
20%MEQ -55.2 3.0 
50%MEQ -48.0 3.4 
120%MEQ -46.3 2.4 
 
Microscopy 

Scanning electron microscopy.  The morphology and topography of the synthesized 

DNA-MS was analyzed using SEM.  SEM images illustrated that the particle size of the DNA-

MS became more uniform as the mixer speed increased from 950rpm to 1550rpm, visually 

confirming results obtained through particle size analysis, Figures 4-23 to 4-25.   

A B

C

A B

C
 

Figure 4-23.  SEM images of DNA-MS crosslinked with 20%MEQ gadolinium at the A) 950rpm, 
B) 1250rpm, and C) 1550rpm mixer speed conditions (Magnifications: 2,000x). 
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Figure 4-24.  SEM images of DNA-MS crosslinked with 50%MEQ gadolinium at the A) 950rpm, 
B) 1250rpm, and C) 1550rpm mixer speed conditions (Magnifications: 1,500x). 
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Figure 4-25.  SEM images of DNA-MS crosslinked with 120%MEQ gadolinium at the A) 
950rpm, B) 1250rpm, and C) 1550rpm mixer speed conditions (Magnifications: 
1,000x, 2,000x, and 1,500x, respectively). 

The DNA-MS synthesized at the 1550rpm mixer speed conditions produced spherical 

morphologies and smooth topographies with normalized and mostly uniform particle size 

distributions; whereas the DNA-MS synthesized at the 950rpm and 1250rpm mixer speed 

conditions produced irregularly shaped particles with uneven surface topographies and 

heterogeneous particle size distributions.  The SEM images illustrated that the DNA-MS 

synthesized at the 1550rpm mixer speed produced the most optimal particle morphologies, 

topographies, and size distributions. 
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Energy dispersive x-ray spectroscopy.  Elemental analysis via EDS was conducted on 

the DNA-MS prepared at the 1550rpm mixer speed to confirm the presence of gadolinium.  EDS 

measures the intensity of characteristic x-rays from different elements resulting from inner-shell 

excitations brought about by an electron beam.110  The data is plotted in intensity versus energy 

where larger plotted intensities are indicative of a larger number of excitations received by the 

EDS detector.110  EDS analysis illustrated that the DNA-MS synthesized at the 120%MEQ 

condition produced spectra with higher x-ray counts of gadolinium than seen in the 50%MEQ and 

20%MEQ conditions.  These higher x-ray counts are to be expected due to the larger gadolinium 

crosslink concentration used.110  The chlorine x-ray counts also increased from the 20%MEQ 

condition to the 120%MEQ condition further demonstrating an increase in the crosslinking agent 

concentration.  The chlorine peaks were visible in the EDS spectra since the DNA-MS where 

crosslinked with a 0.1M gadolinium chloride solution, Figures 4-26 to 4-28.   

 

Figure 4-26.  EDS spectra collected on DNA-MS prepared at the 1550rpm mixer speed and 
20%MEQ crosslink concentration condition. 
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Figure 4-27.  EDS spectra collected on DNA-MS prepared at the 1550rpm mixer speed and 
50%MEQ crosslink concentration condition. 

 

Figure 4-28.  EDS spectra collected on the DNA-MS prepared at the 1550rpm mixer speed and 
120%MEQ crosslink concentration condition. 
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Conclusions 

Filtration Study 

The objectives of this study were to minimize or eliminate the presence of aggregates in 

the resulting DNA-MS yields and to produce controlled size distributions where at least 60% of 

all particles prepared fell within the mesosphere size range of 1µm to 10µm and less than 5% of 

all particles were greater than 10µm in size.  Particles less than 1µm in diameter were also 

acceptable and DNA-MS were sought to obtain hydrated particle diameters of less than 25µm. 

To achieve these goals the synthesis parameters for producing DNA-MS were altered by 

adding a filtration step to the end of the DNA-MS synthesis procedure using a nylon filter with a 

pore size of 20µm. A 20µm pore size was used for this study to better target the diameter range 

desired for optimal intratumoral chemotherapy.69, 120  The resulting particle diameters and size 

distributions were then evaluated and compared to non-filtered controls.  Data obtained in this 

study illustrated that the filtration step was successful in removing aggregates and particles over 

20µm in diameter.  The filtration step also normalized dry and hydrated particle size distributions 

by mechanically rupturing intermolecular bonds between the particles that formed during 

synthesis and drying for both ionically and covalently crosslinked DNA-MS.  Data illustrated 

that the gadolinium crosslinked DNA-MS produced the best conditions after filtration with 

normalized dry and hydrated particle size distributions, dry diameters less than 5µm, 81% of all 

particles in the mesosphere size range, 2% greater than 10µm, hydrated diameters less than 

20µm, and only an 18% decrease in yield as compared to the non-filtered yield. 

Mixer Speed and Crosslink Concentration Study 

The objective of this study was to optimize DNA-MS synthesis parameters to produce 

narrow and controlled size distributions where at least 60% of all particles prepared fell within 

the mesosphere size range of 1µm to 10µm and less than 5% of all particles were greater than 
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10µm in size.  Particles less than 1µm in diameter were also acceptable and DNA-MS were 

sought to obtain hydrated particle diameters of less than 25µm. 

The effects of mixer speed and crosslink concentration on particle diameter, swelling, 

morphology, and size distribution were analyzed.  Mixer speeds of 950rpm, 1250rpm, and 

1550rpm with gadolinium crosslink concentrations of 20%MEQ, 50%MEQ, and 120%MEQ were 

assessed for these studies.  The resulting DNA-MS were characterized by yield, particle size, 

elemental analysis, and surface topography and morphology.   

Data obtained in this study revealed that the particle size distributions for all crosslink 

concentration conditions tested normalized as the stir speed increased.   This study also revealed 

that the 20%MEQ crosslink concentration condition produced the lowest yields at each of the 

three different mixer speeds tested indicating that this crosslink concentration was responsible 

for producing aggregates larger than 70µm in diameter.  Data obtained in the study also 

illustrated that the 950rpm mixer speed produced DNA-MS with the largest percentage of 

particles with diameters greater than 10µm indicating that this speed produced many aggregates. 

Overall, the data obtained in this study illustrated that the 120%MEQ crosslink concentration 

condition tested at the 1550rpm mixer speed produced the most optimal results with yields over 

85%, dry particle diameters less than 5µm, 68% of all particles in the mesosphere size range, 1% 

of all particles greater than 10µm, hydrated particle diameters less than 25µm, and excellent 

stability in PBS.   
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CHAPTER 5 
IN VITRO EVALUATIONS OF MITOXANTRONE LOADED DNA NANO-MESOSPHERES 

Introduction 

Mitoxantrone (MXN) in situ loaded DNA nano-mesospheres (DNA-MXN-MS) were 

prepared using optimized synthesis conditions from Chapter 4 to obtain particles with controlled 

size distributions where 60% of all particles prepared were within the mesosphere size range of 

1µm to 10µm and < 5% of all particles were greater than 10µm in size.  Particles less than 1µm 

in diameter were also acceptable and hydrated particle diameters were to be less than 25µm.  In 

addition, MXN in situ loaded DNA-MS were sought to obtain loadings of ≥ 12% (w/w) MXN 

and release MXN for 24 hours or more in phosphate buffered saline under minimum sink 

conditions.  DNA-MXN-MS were also sought to elicit a cytotoxic response ≥ to that of free drug 

on murine Lewis lung carcinoma (mLLC) cells in culture.   

DNA-MXN-MS were prepared with a MXN concentration of 15% (w/w) and gadolinium 

crosslink concentrations of 20%, 50%, and 120% molar equivalence (MEQ).  The particle 

diameter, size distribution, morphology, drug loading, and percent drug release of the DNA-

MXN-MS were evaluated with respect to the crosslink concentration.  The particle diameters and 

size distributions were obtained using an LS Coulter 13 320 particle size analyzer.  The 

morphology and presence of gadolinium trivalent cations were assessed using a scanning 

electron microscope with energy dispersive x-ray spectroscopy.  Drug loading was determined 

by incubating the DNA-MXN-MS under stirred conditions in an enzymatic digestion buffer at 

37ºC for 48 hours.  The released drug concentrations were then analyzed using UV-visible 

spectroscopy against a MXN standard curve.  The percent drug release was measured under 

minimum sink conditions in order to simulate the tumor environment.  Drug release data was 

obtained by incubating the DNA-MXN-MS in phosphate buffered saline under constant agitation 
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at 37ºC for a minimum of fourteen days in triplicate.  At specific times, aliquots were taken and 

measured using UV-visible spectroscopy against a MXN standard curve to determine drug 

concentration. The cytotoxicity of DNA-MXN-MS crosslinked with 120% MEQ gadolinium was 

evaluated using a murine Lewis lung carcinoma (mLLC) cell line at MXN concentrations of 

1µg/mL, 10µg/mL, and 25µg/mL and was compared to the same MXN concentrations of free 

drug. The cytotoxicity of blank DNA-MS were also evaluated.  An MTS assay was used to 

measure the cellular viability of the mLLC cells at days 0 through 4. 

Materials and Methods 

Materials  

Synthesis and characterization  

DNA sodium salt derived from herring testes Type XIV (DNA), cellulose acetate butyrate, 

HPLC grade 1,2-dichloroethane, methanol, gadolinium (III) chloride hexahydrate, mitoxantrone 

dihydrochloride, L-cysteine hydrochloride hydrate, papain from papaya latex, deoxyribonuclease 

I from bovine pancreas, ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA), and 

trichloroacetic acid were purchased from the Sigma-Aldrich Company.  Sodium phosphate 

monobasic monohydrate, sodium phosphate dibasic anhydrous, and sodium chloride, each 

A.C.S. certified, acetone, 20µm and 70µm Spectra/Mesh Nylon filters, 16x125mm and 

13x100mm borosilicate glass test tubes, Ultrafree-CL with Durapore Membrane Centrifugal 

Filter tubes (0.1µm pore, 2mL), Corning sterile 0.45µm pore filter bottles, Fisherbrand 

Semimicro methacrylate 1.5mL disposable cuvettes, and 15mL and 50mL polypropylene 

centrifuge tubes were purchased from Fisher Scientific International.  Type I and Type II 

deionized ultrapure water was prepared with a resistivity of at least 16 MΩ-cm-1 using the 

Barnstead NANOpure Ultrapure Water System in the lab.  



 

161 

Cell culture 

Corning 75cm2 cell culture flasks, Fisherbrand clear polystyrene 96-well plates, MEM 

non-essential amino acid solution (NEAA), Cellgro heat inactivated fetal bovine serum (FBS), 

and 0.22µm Corning cellulose nitrate filters were each purchased from Fisher Scientific 

International.  The CytoTox 96 Non-Radioactive Cytotoxicity Assay was purchased from the 

Promega Corporation.  The mLLC cells, Dulbecco’s Modified Eagle’s Media with L-glutamine 

(DMEM), trypsin-EDTA solution, and penicillin-streptomycin were purchased from the 

American Type Culture Collection (ATCC, Manassas, VA).   

Synthesis equipment  

Solutions were washed or prepared on a Genie 2 vortex mixer.  Centrifugation was 

conducted using a Dynac II bench top centrifuge.  General DNA-MXN-MS syntheses were 

carried out using Caframo Model BDC6015 and Lightnin Model LIU08 mechanical lab mixers 

in 300mL Labconco lyophilization flasks. 

Methods 

Solution preparation 

MXN in situ loaded DNA.  MXN was in situ loaded into 5% (w/v) aqueous solutions of 

DNA at a concentration of 15% (w/w).  Aqueous DNA solutions were prepared at room 

temperature by adding 0.5g of DNA to 5mL of ultrapure water in a 50mL polypropylene 

centrifuge tube.  The solution was mixed on high on a vortex mixer for 30 seconds.  Three 

milliliters of ultrapure water were then added to the DNA and placed on the rotary shaker for at 

least two hours until the DNA had completely dissolved.  The volume was then brought up to 

10mL and vortexed on high for 30 seconds.  The DNA solution was then placed in the 

refrigerator over night to ensure the complete collapse of bubbles generated during vortex and 

rotary mixing.  The percent solid concentration of the DNA solution was quantified using a 
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Metler LJ16 Moisture Analyzer at 130ºC for 60 minutes.  Once the concentration was 

determined, 3.5mL of the DNA solution was placed into a 15mL polypropylene centrifuge tube.  

Using the true solid weight of the DNA in solution obtained during moisture analysis, the weight 

of the MXN, XgMXN, needed to obtain a 15% (w/w) loading was calculated by multiplying the 

true DNA solid weight in 3.5mL of DNA solution (WTDNA) by 15 and then dividing the product 

by 100, Equation 5-1.   

DNA 100g
 W MXN 15g

 MXN Xg TDNA×
=        (5-1) 

The desired mass of MXN was weighed and added to the 3.5mL of the DNA solution.  The 

DNA-MXN solution was then vortexed on high for 30 seconds and placed on the rotary mixer 

for 2 hours.  The solution was then placed in the refrigerator until further use.  

Cellulose acetate butyrate.  Solutions of cellulose acetate butyrate in 1,2-dichloroethane 

(CAB) were used as the water-immiscible continuous phase for the emulsion stabilization 

process during DNA-MXN-MS synthesis.  The CAB solutions were used at a concentration of 

5% (w/v) and prepared by adding 25g of cellulose acetate butyrate to 500mL of 1,2-

dichloroethane.  The CAB solution was mixed at room temperature on a magnetic stir plate on 

high until the cellulose acetate butyrate had completely dissolved in the 1,2-dichloroethane.  The 

resulting CAB solution was capped, parafilmed, and stored at room temperature. 

Gadolinium (III) chloride.  An aqueous solution of gadolinium (III) chloride was 

prepared to a concentration of 0.1M by adding 18.59g of gadolinium (III) chloride hexahydrate 

to 500mL of ultrapure water.  The gadolinium (III) solution was mixed on a magnetic stir plate 

over night at room temperature until all the gadolinium had dissolved in the water.  After 

complete mixing, the 0.1M gadolinium (III) crosslinking agent solution was parafilmed and 

stored at room temperature. 
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Phosphate buffered saline.  Four liters of a 0.05M phosphate buffered saline (PBS) 

solution with a pH of 7.4 was prepared in the lab for measuring the swelling properties of the 

DNA-MXN-MS and for in vitro drug release analysis.  The PBS solution was prepared by 

mixing 2.9L of a 0.05M sodium phosphate dibasic solution to 1L of a 0.05M sodium phosphate 

monobasic solution.  The pH of the resulting solution was measured and the sodium phosphate 

monobasic solution was added until the target pH of 7.4 was reached.  The PBS solution was 

then sterilized using a 0.45µm Corning 1L cellulose acetate filter system and left out at room 

temperature until needed. 

A PBS solution with a concentration of 0.1M at a pH of 7.4 was used for determining the 

MXN loading efficiency of the DNA-MXN-MS.  The 0.1M PBS solution was prepared by 

adding 2.9L of a 0.1M sodium phosphate dibasic solution into 1L of 0.1M sodium phosphate 

monobasic solution and the pH was adjusted by adding the monobasic to the solution until a pH 

of 7.4 was reached.  The 0.1M PBS solution was then sterilized using a 0.45µm Corning 1L 

cellulose acetate filter system.  A 0.01M PBS solution at a pH of 7.4 was used for zeta potential 

measurements and was prepared by diluting a 0.1M PBS solution and adjusting the pH back to 

7.4.  The solutions were left out at room temperature until needed. 

Enzymatic digestion buffer.  An enzymatic digestion buffer was used to digest the DNA-

MXN-MS to determine their MXN loading efficiency.  The enzymatic digestion buffer was 

prepared by adding 1,800mg of EDTA, 200mg of L-cysteine hydrochloride hydrate, 125mg of 

papain from papaya latex, and deoxyribonuclease I from bovine pancreas to 250mL of the 0.1M 

PBS solution (pH = 7.4).  The enzymatic digestion buffer components were stirred at room 

temperature until completely dissolved and used immediately after preparation. 
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Cell culture media.  Cell culture media was prepared by adding 50mL of FBS, 10mL of 

NEAA solution, and 10mL of penicillin-streptomycin to 500mL of DMEM to obtain a 10% FBS, 

2% NEAA, and 2% penicillin-streptomycin treated media.  This media mixture will be referred 

to as treated media throughout.  The treated media solutions were mixed manually and placed in 

the refrigerator until further use.   

Synthesis procedure 

DNA-MXN-MS were prepared using a modified emulsion stabilization technique that 

was developed in this lab that sterically stabilizes the DNA molecule into spherical 

conformations and crosslinks them while in suspension.  This emulsion stabilization process 

involved dispersing 3mL of the aqueous DNA-MXN solution (i.e. the aqueous phase) into 47mL 

of the organic CAB solution (i.e. the continuous phase) in a 300mL Labconco lyophilization 

flask.  A DNA-MXN microemulsion was then created by vigorously mixing the two solutions at 

1550rpm for 20 minutes at room temperature using a paddle mixer with a two inch, two blade 

propeller.  The DNA-MXN microemulsion was then ionically crosslinked while in suspension by 

reducing the speed of the paddle mixer to 600rpm and adding 0.1M gadolinium (III) solution in 

volumes of 0.3314mL to obtain the 20%MEQ, 0.8285mL to obtain the 50%MEQ, or 2mL to obtain 

the 120%MEQ crosslink concentration conditions.  The DNA-MXN microemulsion then 

underwent crosslinking for 1 hour and 40 minutes at which time 50mL of acetone was added and 

any further reactions were allowed to reach completion for another hour.  After synthesis was 

complete, the DNA-MXN-MS underwent four rinses in acetone to remove any residual organic 

phase, crosslinking agent, or non-loaded drug.  The DNA-MXN-MS were rinsed by separating 

the resultant DNA-MXN-MS suspension into four separate 50mL polypropylene centrifuge 

tubes.  Acetone was added to 40mL and the tubes were capped and vortexed on high for 30 

seconds.  The DNA-MXN-MS were then collected by centrifuging the tubes at 2600rpm for 10 
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minutes and decanting the acetone.  Fresh acetone was added again to 40mL mark and the 

acetone rinse was repeated once more as mentioned above and then twice more by consolidating 

the contents of 4 tubes to 2 tubes and then 2 tubes to one tube.  After the final acetone rinse, 

DNA-MXN-MS were resuspended in 30mL of acetone and vortexed on high for 30 seconds.  

The resuspended DNA-MXN-MS were then filtered using a stainless steel vacuum filtration 

device with a 70µm Spectra/Mesh Nylon filter.  A 70µm Spectra/Mesh Nylon filter was used in 

place of the 20µm filter to not completely eliminate the possible size effects of the crosslink 

concentrations and the MXN drug loading on the DNA-MXN-MS.  The device was then rinsed 

with 10mL of acetone to further filter any remaining DNA-MXN-MS under 70µm.  The 

centrifuge tube was then capped, vortexed on high for 30 seconds, and centrifuged at 2600rpm 

for 5 minutes to collect the DNA-MXN-MS.  The acetone was then decanted and a Kimwipe was 

secured over the mouth of tube using a rubber band to allow the DNA-MXN-MS to dry 

overnight at room temperature. 

Particle characterization  

Yield analysis.  The yield and theoretical yield of each condition synthesized was 

calculated and expressed as a percent yield value.  The percent yield was calculated by dividing 

the final weight of the DNA-MXN-MS by the amount of weight used to synthesize the DNA-

MXN-MS, Equation 5-2.  For the theoretical yield, the weight of the MXN that was in situ 

loaded into the DNA solution was added to the equation, Equation 5-3.  The equations for the 

percent yield and percent theoretical yield are expressed below where WF is the final weight of 

the DNA-MXN-MS, VDNA, ρDNA, and CDNA are the volume, density, and concentration of the 

aqueous DNA solution used respectively, WX is the weight of the crosslinking agent added 

during synthesis, and WY is the theoretical weight of the in situ loaded MXN.  
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Dry particle size analysis.  Dry DNA-MXN-MS particle diameters and size distributions 

were obtained using a Coulter LS 13 320 particle size analyzer.  DNA-MXN-MS were sonicated 

for 10 to 30 seconds to aerate and separate the particles prior to analysis and then approximately 

2mg of the DNA-MXN-MS were suspended in 2mL of methanol.  The suspension was then 

sonicated for 30 seconds to further break up any DNA-MXN-MS aggregates and tested.  The 

Coulter LS 13 320 particle size analyzer was set to run at a pump speed of 73% using a 

protein/DNA particle diffraction model.  Standards were tested in methanol before the first run to 

ensure that the instrument was performing adequately.  Each condition was sampled three times 

in which each sample’s particle size measurements consisted of two runs.  This method of testing 

produced six independent particle diameters and size distributions.  Data collected from these 

experiments were statistically analyzed using SigmaStat 3.0 software. 

Hydrated particle size analysis.  Swollen DNA-MXN-MS particle diameters and size 

distributions were obtained in 0.05M PBS at a pH of 7.4 using a Coulter LS 13 320 particle size 

analyzer.  DNA-MXN-MS were sonicated for 10 to 30 seconds prior to analysis to aerate and 

separate the particles and then approximately 2mg of the DNA-MXN-MS were suspended in 

2mL of PBS.  The suspension was then sonicated for 30 seconds to further break up any DNA-

MXN-MS aggregates.  The DNA-MXN-MS were then allowed to swell in the PBS for an 

additional two minutes and thirty seconds.  The DNA-MXN-MS were then tested in the Coulter 

LS 13 320 particle size analyzer using a pump speed of 73% and a protein/DNA particle 

diffraction model.  Standards were tested in PBS before the first run to ensure that the instrument 
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was performing adequately.  Each condition was sampled three times in which each sample’s 

particle size measurements consisted of two runs.  This method of testing produced six 

independent particle diameters and size distributions.  The mean swollen particle diameters were 

then used to calculate the percent change in size by a using Equation 5-4 where DH is the mean 

hydrated particle diameter and DD is the mean dry particle diameter.  A negative percent change 

in size depicted a decrease in particle size whereas a positive percent change in size depicted an 

increase in particle size, or swelling.  Data collected from these experiments were statistically 

analyzed using SigmaStat 3.0 software. 

100)
D

DD
(  Sizein  Change %

D

DH ×
−

=            (5-4) 

Surface charge analysis.  DNA-MXN-MS surface charge was measured to further 

characterize the in situ loading of MXN.  DNA-MXN-MS surface charge was obtained in a 

0.01M PBS solution at a pH of 7.4 using a Brookhaven ZetaPlus zeta potential analyzer with 

ZetaPALS software.  Approximately 2mg of the DNA-MXN-MS were suspended in 1.5mL of 

the PBS solution.  Each condition was sampled three times in which each sample underwent ten 

runs.  This method of testing produced thirty independent zeta potential values.  The data 

collected from the zeta potential analyzer was statistically analyzed using SigmaStat 3.0 

software.   

Scanning electron microscopy.  The morphology and surface topography of the DNA-

MXN-MS were observed using scanning electron microscopy (SEM).  Approximately 1mg of 

dry DNA-MXN-MS were mounted onto a small piece of silicon wafer which in turn was 

mounted onto an aluminum SEM stub using double sided tape.  The DNA-MSN-MS were then 

coated with gold-palladium for 2 minutes using a Technix Hummer V sputter coater.  Images 
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were taken on a JEOL 6335F Field Emission SEM at an accelerating voltage of 5KeV and a 

working distance of 15mm. 

Energy dispersive x-ray spectroscopy.  The presence of trivalent cations in the DNA-

MXN-MS after washing and drying was observed using energy dispersive x-ray spectroscopy 

(EDS).  DNA-MXN-MS were mounted onto a piece of silicon wafer which was then secured to 

an aluminum SEM stub using carbon double sided tape.  The DNA-MXN-MS were then coated 

with carbon for 2 minutes using a Technix Hummer V sputter coater.  EDS spectra on the DNA-

MXN-MS were collected using a JEOL 6400 SEM at an accelerating voltage of 15KeV and 

working distance of 15mm.  A dead time of 20% to 40% was allowed for each condition tested.   

In vitro DNA-MXN-MS characterization procedures 

MXN loading efficiency.  The MXN loading efficiency of the DNA-MXN-MS was 

determined via enzymatic digestion followed by photometric analysis of the recovered entrapped 

drug.  Approximately 5mg of the DNA-MXN-MS were weighed out into labeled 16x125mm 

glass test tubes and recorded.  Ten milliliters of the enzymatic digestion buffer were added to the 

DNA-MXN-MS and the test tubes were capped, parafilmed, and incubated at 37˚C under stirred 

conditions for 48 hours.  Control MXN solutions were also tested for drug degradation by adding 

200µl of a 1,000µg/mL MXN solution into 10mL of the enzymatic digestion buffer.  The control 

solutions were also incubated in 16x125mm glass test tubes at 37˚C under stirred conditions for 

48 hours.  The test tubes were then taken out of the incubator and the solutions were allowed to 

cool to room temperature.  While the solutions were cooling, a 10% (w/v) solution of 

trichloroacetic acid (TCA) in ultrapure water was prepared.  Two milliliters of each DNA-MXN-

MS solution were placed into labeled 13x100mm glass test tubes.  Two milliliters of the 10% 

(w/v) TCA solution was then added to each sample.  The test tubes were capped and the two 

solutions were allowed to react for 30 minutes at room temperature.  The samples were then 



 

169 

centrifuged at 2,600rpm for five minutes and the supernatants from each sample were collected 

into 1.5mL methacrylate disposable cuvettes for UV-Vis analysis.  Each sample was analyzed on 

a Perkin Elmer Lambda 3 spectrophotometer at a wavelength of 610nm against a MXN in 5% 

(w/v) TCA standard curve with concentrations ranging from 1µg/mL to 50µg/mL and a 

correlation coefficient of 0.99966 to determine the MXN concentration.  The MXN 

concentration was then used to determine the percent drug loading of MXN in the DNA-MXN-

MS using Equation 5-5.137, 138  The loading efficiency was then calculated using Equation 5-6.137-

139  Each condition was tested in triplicate and all collected data was statistically analyzed using 

SigmaStat 3.0 software. 

100)
DNAMXNMS of Mass

MSin  MXN of Mass(  Loading Drug % ×=           (5-5) 

100)
Loading lTheoretica
Loading alExperiment(  Efficiency Loading ×=          (5-6) 

In vitro MXN release.  The in vitro release of MXN from DNA-MXN-MS under 

minimum sink conditions was tested in sterile filtered 0.05M PBS at a pH of 7.4.  Approximately 

2mg of each DNA-MXN-MS condition were weighed into labeled 2mL filter centrifuge tubes 

(0.1µm pore size) to which 1.25mL of the sterile filtered 0.05M PBS solution was added.  The 

tubes were then capped, parafilmed, and incubated at 37˚C under stirred conditions.  At specified 

time points, the filter centrifuge tubes were removed from the incubator and centrifuged for 10 

minutes at 3,000rpm.  Aliquots were then removed and placed into 1.5mL methacrylate 

disposable cuvettes for UV-Vis analysis.  The cuvettes were capped, labeled, parafilmed, and 

stored in the refrigerator until analysis. Each centrifuge filter tube was then replenished with 

1.25mL of fresh 0.05M PBS, capped, parafilmed, and placed back into the incubator at which 

time the incubation process was repeated until the next time point.  The aliquots for each 
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condition were collected at hours 1-8, days 1-7, and days 10, 15, 20, 30, 40, 50, and 75.  The 

aliquots for each condition were analyzed on a Perkin Elmer Lambda 3 spectrophotometer at a 

wavelength of 609nm against a MXN in 0.05M PBS standard curve with concentrations ranging 

from 1µg/mL to 50µg/mL and a correlation coefficient of 0.99669.  Each condition was tested in 

triplicate and all collected data was statistically analyzed using SigmaStat 3.0 software. 

Assessment of DNA-MXN-MS cytotoxicity 

Synopsis.  The cytotoxic effect of free MXN, DNA-MXN-MS, and blank DNA-MS on the 

cellular viability of mLLC cells was evaluated.  Free MXN and DNA-MXN-MS were tested at 

MXN doses of 1µg/mL, 10µg/mL, and 25µg/mL and blank DNA-MS were tested at a 

concentration of 100µg.  A colorimetric MTS assay which quantifies cell death by measuring the 

amount of lactate dehydrogenase (LDH) that is released upon cell lyses was used to assess the 

cellular viability of the mLLC.140  The lactate from LDH that is released from dead cells reacts 

with the oxidized form of nicotinamide adenine dinucleotide (NAD+) in the assay to produce 

pyruvate and the reduced form of nicotinamide adenine dinucleotide (NADH), Figure 5-1.99, 140  

NADH then reacts with a tetrazolium salt to form NAD+ and a red formazan dye that is read 

photometrically at a wavelength of 490nm, Figure 5-2.140  The mLLC cells were evaluated at 

hour 1, and days 1-4. A cytotoxic response was defined by an increase in absorbance at 490nm 

for any given treatment group. 
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Figure 5-1.  The first step in the reaction between lactate from the LDH enzyme and NAD+ in the 
MTS cytotoxicity assay used for these studies.99, 140 
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Figure 5-2.  The second and final step in the MTS assay used for these studies where NADH 
reacts with the tetrazolium salt to produce NAD+ and a red formazan dye. 

Culture.  The mLLC cells were cultured in 75cm2 cell culture flasks with 20mL of treated 

media.  The cells were incubated at 37ºC in humidified air with 5% carbon dioxide for at least 24 

hours.  After 24 hours, the cells were monitored daily until the cells reached 95% confluency.  

The cells were then trypsinized and counted to determine the cell density.  If the cell density was 

below a concentration of 1 x 104 cells/mL, the cells were split and re-cultured until the cell 
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density was between 1 x 104 cells/mL and 1 x 105 cells/mL.  The cell suspension was then used 

to seed the corresponding 96-well plates used for this study. 

Cell seeding.  A cell density of 9.3 x 104 cells/mL was obtained and 20µL of the acquired 

cell suspension were added to specified wells in five separate 96-well plates.  The mLLC cells 

were seeded at a concentration of 1,860 cells/well which is consistent with cell seeding densities 

reported in the literature for the time frame used in this study.141, 142  Six well plates were used 

for this study representing the one control plate used to measure the absorbance of treatment 

groups in the absence of cells and the five treatment plates for the following time points: hours 1, 

2, and 6, and days 1 and 2.  The five seeded well plates used to evaluate the cytotoxicity of the 

treatment groups were incubated at 37ºC in humidified air with 5% carbon dioxide in order to 

reach adequate attachment for at least 24 hours before adding the first treatment.  The media was 

then removed from the wells and the treatments were added.   

Treatment groups.  The treatment groups for this study evaluated the cellular viability of 

mLLC cells exposed to free MXN and DNA-MXN-MS doses of 1µg/mL, 10µg/mL, and 

25µg/mL and blank DNA-MS at a concentration of 100µg.  Each treatment group was sterilized 

prior to cytotoxicity analysis.  DNA-MXN-MS and blank DNA-MS were sterile rinsed with 70% 

ethanol, vortexed on high for 30 seconds, and centrifuged at 3,000rpm for 5 minutes.  They were 

then collected by decanting the ethanol and allowed to air dry over night in a sterilized hood.  

The sterilized MS were then resuspended in treated media to a concentration of 2,000µg/mL and 

added to designated cells using appropriate volumes to reach desired treatment group 

concentrations.  For the DNA-MXN-MS conditions, 4µL of the MS/media suspension were 

added for the1µg/mL treatment group, 39µL were added for the 10µg/mL treatment group, and 

96µmL were added for the 25µg/mL treatment group.  For the 100µg blank DNA-MS treatment 
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condition, 50µL of the MS/media suspension were added to specified wells.  For the free MXN 

conditions, a stock 0.0001% MXN in treated media solution was prepared and sterilized using a 

0.22µm sterile syringe filter.  The sterile 0.0001% MXN stock solution was then added to 

specified wells.  One microliter was added for the 1µg/mL treatment condition, 10µL were added 

for the 10µg/mL treatment condition, and 25µL were added for the 25µg/mL treatment condition.  

The treated wells were then filled with treated media to a total volume of 100µL. 

There were three control groups used in this study which consisted of 1) treated media in 

the absence of cells, 2) treated media with cells, 3) treatment groups in treated media in the 

absence of cells.  Absorbance values taken of the media and treatment groups in the absence of 

cells were used to correct cytotoxicity data obtained in the study.  All control and treatment 

conditions were evaluated in replicates of six.  All cellular viability data collected was 

statistically analyzed using SigmaStat 3.0 Software.  

Results and Discussion 

Particle Analysis 

Percent yield 

The percent yield and theoretical yield values for the DNA-MXN-MS prepared at the 

20%MEQ, 50% MEQ, and 120%MEQ crosslink concentrations were calculated using Equations 5-2 

and 5-3.  Each of the three crosslink conditions tested produced good yield and theoretical yield 

values of over 60%.  Three batches were prepared for each condition to determine the batch-to-

batch consistency at each condition.  The 120%MEQ crosslink concentration condition produced 

the smallest yield and theoretical yield standard deviations indicating that it generated the most 

consistent and reproducible processing condition, Table 5-1.  It was also noted that the batch-to-

batch consistency increased as the crosslink concentration increased suggesting that DNA-MXN-

MS synthesis parameters become more stable and reproducible as the crosslink concentration is 
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increased.  This may be attributed to more uniform or homogenous crosslinking of the DNA-

MXN-MS. 

Table 5-1.  Yield and theoretical yield values for DNA-MXN-MS prepared at the 20%MEQ, 
50%MEQ, and 120%MEQ crosslink conditions. 

Crosslink  
concentration condition Yield (%) Theoretical yield (%) 
20%MEQ 69 ± 12 61 ± 11 
50%MEQ 84 ± 9 76 ± 8 
120%MEQ 83 ± 3 75 ± 4 

 
The 50% MEQ and 120%MEQ crosslink conditions produced the highest yield and 

theoretical yield values of over 80% and 75%, respectively; however, statistical analysis found 

no significant differences in yield values among all three crosslink conditions.  The yield and 

theoretical yields values are depicted graphically in Figures 5-3 and 5-4. 
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 Figure 5-3.  Yield values for DNA-MXN-MS prepared at the 20%MEQ, 50%MEQ, and 120%MEQ 
crosslink conditions. 
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Figure 5-4.  Theoretical yield values include the weight of the in situ loaded MXN for DNA-
MXN-MS prepared at the 20%MEQ, 50%MEQ, and 120%MEQ crosslink conditions. 

The yield values of blank DNA-MS were compared to the theoretical yield values of DNA-

MXN-MS for further comparisons, Figure 5-5.  Graphical representation of the yields illustrated 

no significant differences between blank and MXN-loaded DNA-MS indicating that the in situ 

loading of MXN did not affect the yield values. 
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Figure 5-5.  Graphical comparison of blank DNA-MS yield and DNA-MXN-MS theoretical 
yield values. 
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Dry particle size 

The dry particle diameters and size distributions of the DNA-MXN-MS were obtained in 

methanol.  DNA-MXN-MS prepared at the 120%MEQ crosslink condition produced the most 

narrow size distributions with mean diameters of 2.1µm and standard deviations of 2.8µm, 

Figure 5-6.  These findings are consistent with data obtained in the Mixer Study in Chapter 4 

which demonstrated that the 120%MEQ crosslink condition at the 1550rpm mixer speed produced 

the most narrow and normalized particle size distribution.   
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Figure 5-6.  A dry particle size distribution comparison of DNA-MXN-MS synthesized at 
varying crosslink concentrations. 

Each crosslink condition produced mean diameter values of less than 5µm with narrow and 

fairly normalized particle size distributions, Table 5-2.  These findings are also consistent with 

previous data obtained in Chapter 4 which indicated that particle size distributions normalize as 

stir speed is increased due to the high shear forces that reduce aggregate formation during 

synthesis and produce smaller diameter particles.11, 57, 107, 130, 135  A one way ANOVA illustrated 

no significant mean diameter size differences among each condition tested.  This is also 

consistent with current literature which states that crosslink concentration or density does not 
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affect yielding particle size values.11, 57, 132, 143, 144  The collected data also illustrated that the 

120%MEQ crosslink concentration produced the largest percentage of particles in the mesosphere 

size range and the lowest percentage of particles with diameters greater than 10µm.  

Table 5-2.  Dry mean particle diameter and size range values for DNA-MXN-MS. 

Crosslink  
concentration condition 

DNA-MXN-MS  
dry mean particle 
diameter (µm) 

DNA-MXN-MS  
in 1µm to 10µm  
size range (%) 

DNA-MXN-MS larger 
than 10µm (%) 

20%MEQ  2.9 ± 4.8 55 4 
50%MEQ  4.2 ± 6.4 55 10 
120%MEQ  2.1 ± 2.8 61 1 

 
The dry mean diameter values for DNA-MXN-MS were compared to dry mean diameter 

values obtained in Chapter 4 for blank DNA-MS, to determine if MXN in situ loading affects 

MS particle diameter values or size distributions, Table 5-3.   A one way ANOVA followed by a 

Tukey’s test for multiple comparisons illustrated a significant difference between the mean dry 

diameter values of DNA-MXN-MS and blank DNA-MS at the 20%MEQ crosslink condition (p = 

0.023).  This difference in size was mainly attributed to aggregates that formed during the 

synthesis of blank DNA-MS at the 20%MEQ crosslink concentration condition.  Thus the data 

obtained from the statistical analysis indicated that the in situ loading of MXN did not affect the 

particle diameter of resulting DNA-MXN-MS.  This data reflects previous research and current 

literature which state that the incorporation of MXN does not affect resulting albumin, gelatin, 

chitosan, and gelatin-carboxymethyl cellulose blended MS diameter values.11, 57, 143, 145  Mean dry 

particle diameter values for DNA-MXN-MS and blank DNA-MS for each crosslink condition 

are given in Table 5-3 and graphical comparisons are given in Figures 5-7 to 5-9. 

Table 5-3.  Dry mean particle diameter values for DNA-MXN-MS and blank DNA-MS. 
Crosslink  
concentration condition 

DNA-MXN-MS dry  
mean particle diameter (µm) 

Blank DNA-MS dry 
mean particle diameter (µm) 

20%MEQ  2.9 ± 4.8 17.9 ± 21.9 
50%MEQ  4.2 ± 6.4 3.3 ± 3.7 
120%MEQ  2.1 ± 2.8 2.2 ± 2.1 
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Figure 5-7.  A comparison of DNA-MXN-MS and blank DNA-MS dry particle size distributions 

at the 20%MEQ crosslink condition. 
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Figure 5-8.  A comparison of DNA-MXN-MS and blank DNA-MS dry particle size distributions 
at the 50%MEQ crosslink condition. 
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Figure 5-9.  A comparison of DNA-MXN-MS and blank DNA-MS dry particle size distributions 
at the 120%MEQ crosslink density condition. 

Hydrated particle size 

DNA-MXN-MS hydrated particle diameters and size distributions were obtained in 0.05M 

PBS at a pH of 7.4.  DNA-MXN-MS prepared at the 50%MEQ and 120%MEQ crosslink 

concentration conditions displayed excellent dispersion behavior in PBS and exhibited hydrated 

diameters of less than 20µm.  DNA-MXN-MS prepared at the 20%MEQ condition gelled together 

and aggregated upon exposure to PBS and thus were unable to undergo hydrated particle size 

analysis.   A t-test illustrated no significant differences between the hydrated diameter values for 

the 50%MEQ and 120%MEQ crosslink conditions, suggesting that the crosslink concentration did 

not influence particle swelling.  This finding was supported by the narrow hydrated particle size 

distributions each condition produced with most of the swollen particle diameters falling within 

the 5µm to 20µm range, Figure 5-10.  These results are contradictory to what is currently found 

in the literature which states that the swelling properties of particles and films are restricted by 

increasing the crosslink concentration or density.57, 137, 146  Thus it would be expected that the 

DNA-MXN-MS prepared at the 120%MEQ crosslink concentration would exhibit smaller 
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hydrated particle sizes than particles prepared at the lower crosslink concentrations.  These 

findings suggest that maximum crosslinking occurs at 50%MEQ. 
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Figure 5-10.  Hydrated particle size distributions for DNA-MXN-MS prepared at the 50%MEQ 
and 120%MEQ crosslink density conditions. 

DNA-MXN-MS were further characterized by comparing the hydrated size distributions to 

the dry size distributions, Figures 5-11 and 5-12.  Both conditions produced distributions that 

peaked at about the 20µm particle size.  The swelling properties at each DNA-MXN-MS 

crosslink concentration were then measured by comparing the hydrated mean particle sizes to the 

dry mean particle sizes.  These values were used to calculate the percent change in size using 

Equation 5-4.  Calculated values illustrated that the DNA-MXN-MS prepared at the 50%MEQ 

and 120%MEQ crosslink conditions exhibited a 200% and 450% increase in size, Table 5-4.    

Table 5-4. Mean dry and hydrated particle diameters with percent change in size due to swelling. 
Crosslink  
concentration condition 

Mean dry  
particle diameter µm) 

Mean hydrated  
particle diameter (µm) 

Percent  
change in size (%) 

50%MEQ 4.2 ± 6.4 12.8 ± 11.1 (+) 200
120%MEQ 2.1 ± 2.8 11.5 ± 10.4 (+) 450
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Figure 5-11.  A dry and hydrated particle size distribution comparison of DNA-MXN-MS at the 
50%MEQ crosslink condition. 
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Figure 5-12.  A dry and hydrated particle size distribution comparison of DNA-MXN-MS at the 
120%MEQ crosslink condition. 
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Surface charge analysis  

The effect of in situ MXN loading on yielding DNA-MXN-MS surface charge was 

measured in 0.01M PBS at a pH of 7.4. Zeta potential values for DNA-MXN-MS illustrated over 

a 40% decrease indicating the successful loading of the cationic drug MXN, Table 5-5.  Zeta 

potential values for DNA-MXN-MS ranged from -13.2mV to -28.3mV which was a decrease 

from the -46.3mV to -55.2mV values obtained for blank DNA-MS prepared with the same 

conditions.  T-tests conducted on the zeta potential values obtained for DNA-MXN-MS and 

blank DNA-MS at each crosslink concentration illustrated that the incorporation of the cationic 

MXN significantly decreased the surface charge of the DNA-MS (p < 0.001), Figures 5-13 to    

5-15.  These findings are consistent to trends found in current literature which state that the 

charge of a particle will change upon the loading of a cationic or anionic drug.10, 147, 148 

Table 5-5. Zeta potential values for DNA-MXN-MS and blank DNA-MS with their respective 
change in surface charge. 

Crosslink  
concentration condition 

Zeta potential for 
DNA-MXN-MS (mV) 

Zeta potential for 
blank DNA-MS (mV) 

Percent change in 
surface charge (%) 

20%MEQ -13.2 ± 3.7 -46.3 ± 2.4 (-)71
50%MEQ -28.7 ± 2.1 -48.0 ± 3.4 (-) 40
120%MEQ -24.2 ± 4.0 -55.2 ± 3.0 (-) 56
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Figure 5-13.  A zeta potential comparison of DNA-MXN-MS and blank DNA-MS prepared at 
the 20%MEQ crosslink condition. 
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Figure 5-14.  A zeta potential comparison of MXN loaded and blank DNA-MS prepared at the 
50%MEQ crosslink condition.  
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Figure 5-15. A zeta potential comparison of MXN loaded and blank DNA-MS prepared at the 
120%MEQ density condition. 

  A one way ANOVA followed by Tukey’s test for multiple comparisons conducted on the 

zeta potential values obtained for the DNA-MXN-MS conditions illustrated that the zeta 

potential values for the 20%MEQ crosslink condition were significantly lower than the 50%MEQ 

and 120%MEQ crosslink conditions (p < 0.001), Figure 5-16. A lower zeta potential value 
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explains why the 20%MEQ condition coagulated once it was introduced to PBS during hydrated 

particle size analysis.  The surface charge of a particle, as measured by zeta potential, determines 

its colloidal stability by determining its net interparticle forces while in an aqueous dispersion.149  

A particle with a large zeta potential value with have a high magnitude of interparticle repulsive 

forces leading to a stable dispersion.107, 149  DNA-MXN-MS prepared at the 20%MEQ condition 

had a zeta potential value of -13.2mV which was lower than the zeta potential values obtained 

with the 50%MEQ and 120%MEQ crosslink conditions.  Therefore the 20%MEQ crosslink 

condition was unable to produce sufficient interparticle repulsive forces to create a stable 

dispersion. 
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Figure 5-16.  Zeta potential values for DNA-MXN-MS prepared at varying crosslink conditions. 

Scanning electron microscopy 

SEM images confirmed results obtained with dry particle size analysis and depicted 

particles that were under 5µm and had very narrow size distributions, Figure 5-17.  SEM images 
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also illustrated that the DNA-MXN-MS produced discrete and spherical particles with smooth 

surface topographies. 

A B

C

A B

C
 

Figure 5-17.  Scanning electron micrographs of DNA-MXN-MS prepared at the A) 20%MEQ 
(Magnification: 2,000x), B) 50%MEQ (Magnification: 3,000x), and C) 120%MEQ 
crosslink conditions (Magnification: 2,000x). 

Energy dispersive x-ray spectroscopy 

Elemental analysis by EDS was conducted to confirm the presence of the gadolinium in 

the DNA-MXN-MS.  EDS analysis illustrated that the DNA-MXN-MS followed the same 

increase in gadolinium peak trends as seen in the crosslink concentration study.  DNA-MXN-MS 

prepared at the 120%MEQ condition produced spectra with higher x-ray counts of gadolinium 
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and chlorine than seen in the 50%MEQ and 20%MEQ crosslink conditions demonstrating an 

increase in the crosslink agent concentration at the higher crosslink condition, Figures 5-18 to 5-

20.110   

 

Figure 5-18.  EDS spectra of DNA-MXN-MS prepared at the 20%MEQ crosslink condition. 

 

Figure 5-19.  EDS spectra of DNA-MXN-MS prepared at the 50%MEQ crosslink condition. 
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Figure 5-20.  EDS spectra of DNA-MXN-MS prepared at the 120%MEQ crosslink condition. 

In Vitro DNA-MXN-MS Characterization 

MXN loading efficiency 

The MXN percent loadings and loading efficiencies of the DNA-MXN-MS crosslink 

condition were measured in triplicate by enzymatic digestion followed by photometric analysis.  

MXN loadings were calculated using Equation 5-5 and ranged from 10% (w/v) to 13.5% (w/v) 

for each of the DNA-MXN-MS crosslink conditions tested, Table 5-6.  A one way ANOVA 

conducted on all DNA-MXN-MS data illustrated that the 50%MEQ crosslink condition loaded a 

significantly lower amount of MXN than the 20%MEQ condition (p = 0.021), but not the 

120%MEQ condition, Figure 5-21.  MXN loadings for DNA-MXN-MS were also comparable to 

MXN loadings previously reported for albumin (BSA-MS) and gelatin (GEL-MS) MS.11, 57  A 

one way  ANOVA conducted on all collected DNA-MXN-MS data and data obtained from 

previous studies conducted on BSA-MS and GEL-MS showed no significant MXN loading 
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differences between the 20%MEQ (p = 0.055), 50%MEQ (p = 0.076), and 120%MEQ (p = 0.666) 

DNA-MXN-MS conditions and the BSA-MS or GEL-MS conditions.   

Table 5-6.  MXN loading and loading efficiencies for DNA-MXN-MS, BSA-MS, and GEL-MS. 
Crosslink concentration condition MXN loading (%) MXN loading efficiency (%) 
20%MEQ 13.5 ± 0.4 91.2 ± 2.6 
50%MEQ 10.4 ± 0.3 71.1 ± 2.3 
120%MEQ 12.4 ± 1.7 84.3 ± 11.2 
Hadba albumin MS11 12.2 ± 0.2 81.3 ± 1.2 
Cuevas gelatin MS57 11.5 ± 1.3 77 ± 9 
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Figure 5-21.  Percent MXN loading comparisons of DNA-MXN-MS, BSA-MS, and GEL-MS. 

MXN loading efficiencies were calculated using Equation 5-6 and data collected 

demonstrated that the DNA-MXN-MS produced loading efficiencies of over 70% for all 

crosslink conditions tested with the 20%MEQ crosslink condition producing the highest loading 

efficiency with a value of 91%, Table 5-6.  This data is contradictory to certain citations in the 

literature which state that increasing the crosslink concentrations increases drug loading and 

therefore the loading efficiency in microspheres.137, 144  Other sources and previous research in 

this lab have stated that crosslink concentration has no statistically significant effect on the drug 

loading efficiency of albumin and gelatin microspheres.11, 57, 143  Results obtained from a one way 
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ANOVA followed by a Tukey’s multiple comparisons test was supported by the latter claim and 

illustrated that the loading efficiency of the 50%MEQ crosslink condition was significantly lower 

than the 20%MEQ condition (p = 0.008), but not the 120%MEQ condition, indicating no true 

correlation between crosslink concentration and loading efficiency, Figure 5-22. A one way 

ANOVA also showed no significant MXN loading efficiency differences between the DNA-

MXN-MS and the BSA-MS or GEL-MS.   
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Figure 5-22. MXN loading efficiency comparisons for DNA-MXN-MS, BSA-MS, and GEL-
MS. 

In vitro MXN release 

The in vitro MXN release properties of DNA-MXN-MS were measured in 0.05M PBS at a 

pH of 7.4.  The DNA-MXN-MS were tested in triplicate using minimum sink conditions and 

were incubated in 1.250mL of PBS at 37˚C to simulate the tumor environment.  Each DNA-

MXN-MS condition tested released over 30% of the entrapped MXN within the first 24 hours 

producing a “burst effect” as shown in Figure 5-23.  DNA-MXN-MS at each crosslink condition 

continued to release MXN for the next 75 hours; however, a one way ANOVA followed by a 
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Tukey’s multiple comparison test illustrated that the 120%MEQ crosslink condition was the only 

condition to produce a significant increase in MXN release between Hour 1 and Day 1 (p = 

0.002), Figure 5-24.  
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Figure 5-23. First 24 hour MXN release profile for DNA-MXN-MS at varying crosslink 
concentrations. 
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Figure 5-24. MXN release profiles for DNA-MXN-MS at Hour 1, Day 1, and Day 75. 
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There were no significant increases in MXN release between Day 1 and Day 75 for each 

DNA-MXN-MS crosslink condition tested suggesting that the loaded MXN is almost fully 

released within the first 24 hours, Figure 5-25. Previous research conducted on the release of 

MXN from BSA-MS and GEL-MS also found MXN release to cease within 24 hours.11, 57  

However, it should be noted that the DNA-MXN-MS were not fully degraded by Day 75 and 

were still blue in color suggesting that the MXN had not fully released.  It is assumed that under 

in vivo conditions, the MXN release profiles would differ due to naturally occurring digestive 

enzymes in the body which may facilitate in the release of MXN past Day 1. 
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Figure 5-25. Total MXN release profile for varying crosslink DNA-MXN-MS conditions. 

Further statistical analysis using a one way ANOVA followed by a Tukey’s test for 

multiple comparisons illustrated that the 20%MEQ crosslink condition released significantly more 

MXN than the 50%MEQ (p = 0.030) and the 120%MEQ (p = 0.040) crosslink conditions.  These 

findings are also consistent with previous research and current literature which state that 

increasing the crosslink concentration or density of a drug carrier will decrease or decelerate its 

drug release.10, 11, 57, 145, 146, 150-152  Drug release is diffusion driven and is dependent on the 
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swelling properties and biodegradation of the MS carrier.67, 153  MS carriers with high swelling 

properties will allow the aqueous environment to penetrate the MS thus releasing the drug from 

the matrix quicker, Figure 5-26.  Higher swelling properties also enable the MS carrier to 

solubilize or biodegrade more rapidly within the aqueous media. Therefore, swelling and 

biodegradation are reduced by increases in crosslink concentration, and thus it would be 

expected that the 20%MEQ crosslink condition would release MXN faster than the 50%MEQ and 

120%MEQ crosslink concentration conditions.133, 144, 154 

A BA B
 

Figure 5-26.  Schematic representation of crosslink concentration on drug release, A) high 
crosslink and B) low crosslink conditions. 

Assessment of DNA-MXN-MS cytotoxicity 

The cytotoxicity of DNA-MXN-MS on mLLC cells in culture was tested on Hour 1 and 

Days 1 through 4 using an MTS cytotoxicity assay.  An increase in absorbance at 490nm 

indicated increased cell death.  Each condition was tested in replicates of 6 at DNA-MXN-MS 

and free MXN doses of 1µg/mL, 10µg/mL, and 25µg/mL and DNA-MS concentration of 100µg.  

Data obtained from the MTS assay was statistically analyzed using a one way ANOVA followed 

by a Tukey’s test for multiple comparisons.  Cytotoxicity data obtained illustrated that the 

25µg/mL DNA-MXN-MS condition produced the most cytotoxic response on the mLLC cells as 
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compared to the media with cells control by Day 4 (p < 0.001), Figure 5-27.  Additionally, there 

were no significant differences in cytotoxicity responses among the 25µg/mL, 10µg/mL, and 

1µg/mL conditions at Day 4.     
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Figure 5-27. In vitro cytotoxicity profiles of DNA-MXN-MS and DNA-MS on mLLC cells.  

There were no significant differences in cytotoxicity at Hour 1 between the control and 

DNA-MXN-MS dose conditions, however, by Day 1, cytotoxic responses were observed for the 

10µg/mL (p = 0.021) and 25µg/mL (p = 0.004) DNA-MXN-MS dose conditions.  The 1µg/mL 

DNA-MXN-MS dose did not elicit a cytotoxic response until Day 2 (p < 0.001) illustrating the 

cytotoxicity of the mLLC cells was dose dependent.  Similar MXN dose responses on the in vitro 

viability of rat glioma, human myeloid leukemia, B-chronic lymphocytic leukemia and breast 

cancer cells have been reported in the literature.13, 57, 155-157  The 100µg DNA-MS elicited similar 

cytotoxicity responses up to Day 2; however, by Day 3 and 4, there were no significant 

differences between this condition and the media with cells control.  These results are consistent 

with fibroblast growth data obtained in the blank DNA-MS study which illustrated that cell 
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growth decreased upon addition of treatment, however, once the culture environment stabilized, 

cell growth increased and produced no significant growth differences as compared to the media 

with cells control.  

Free MXN dose conditions exhibited similar trends as the DNA-MXN-MS dose 

conditions, however, by Day 4, a significant cytotoxicity response was found only for the 

25µg/mL free MXN condition (p = 0.023) as compared to the media with cells control condition, 

Figure 5-28. 
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Figure 5-28. Cytotoxicity profiles for free MXN dose conditions. 

Further data analysis also indicated that DNA-MXN-MS conditions elicited significantly 

higher cytotoxicities than the free MXN conditions at each dose tested (p < 0.05).  This data 

suggested one of two things: 1) gadolinium crosslinked DNA contributes to the in vitro 

cytotoxicity of DNA-MXN-MS or 2) DNA-MXN-MS are more readily taken up by the mLLC 

cells than free MXN.    
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Conclusions 

The objectives of these studies were to prepare MXN in situ loaded DNA-MS with narrow 

and controlled size distributions where 60% of all particles prepared were within the mesosphere 

size range of 1µm to 10µm and < 5% of all particles were greater than 10µm in size.  Particles 

less than 1µm in diameter were also acceptable and hydrated particle diameters were to be less 

than 25µm.  In addition, MXN in situ loaded DNA-MS were sought to obtain loadings of ≥ 12% 

(w/w) MXN and release MXN for 24 hours or more in phosphate buffered saline under 

minimum sink conditions.  DNA-MXN-MS at MXN concentrations of 1µg/mL, 10µg/mL, and 

25µg/mL were also sought to elicit a cytotoxic response ≥ to that of free drug at the same MXN 

concentrations on murine Lewis lung carcinoma (mLLC) cells in culture.   

DNA-MXN-MS were prepared with three different crosslink concentrations to also 

determine the effect of crosslink concentration on MXN loading and release.  The resulting 

DNA-MXN-MS were characterized by yield, particle size, elemental analysis, surface 

topography and morphology.  DNA-MXN-MS also were evaluated in vitro for MXN loading, 

loading efficiency, release, and cytotoxicity on mLLC cells.   

Particle Analysis 

DNA-MXN-MS were prepared with good yields of over 60%, with narrow and controlled 

dry and hydrated size distributions.  Resulting DNA-MXN-MS also produced discreet and 

spherical particles with smooth surface topographies.  EDS analysis confirmed the presence of 

gadolinium in each of the DNA-MXN-MS crosslink concentration conditions tested, with the 

120%MEQ condition producing the largest counts of both gadolinium and chlorine.   

DNA-MXN-MS prepared with the 120%MEQ crosslink concentration produced the best 

dry and hydrated particle sizes with a dry mean diameter of 2.1µm, a hydrated mean diameter of 

11.5µm, 61% of all particles within the mesosphere size range, 1% of all particles greater than 
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10µm, and were readily dispersible and stable in PBS.  The 20%MEQ crosslink concentration 

produced the least favorable DNA-MXN-MS conditions by coagulating immediately after being 

dispersed into PBS.  A one way ANOVA illustrated no significant differences between the 

hydrated diameters for the 50%MEQ and 120%MEQ crosslink concentrations suggesting that 

maximum crosslinking may be achieved at the 50%MEQ concentration. 

In Vitro MXN Loading and Release 

Zeta potential analysis confirmed the loading of the cationic drug MXN into each of the 

three DNA-MXN-MS crosslink concentration conditions tested by producing a significant 

increase in DNA-MS surface charge (p < 0.001).  MXN loadings ranging from 10.4% to 13.5% 

and loading efficiencies ranging from 70% to 91% at each of the DNA-MXN-MS crosslink 

conditions tested were found to be statistically comparable to those obtained with BSA-MS or 

GEL-MS.  MXN release was measured up to 75 days for each DNA-MXN-MS crosslink 

concentration condition tested; however, each condition produced a “drug burst” release within 

the first 24 hours.   The 20%MEQ crosslink concentration condition produced the highest release 

of the three conditions tested; however, the 120%MEQ crosslink concentration which was the 

only condition to produce a significant increase in release between Day 1 and Day 75.   

In Vitro Cytotoxicity Analysis 

Data obtained from the cytotoxicity analysis concluded that the in vitro viability of mLLC 

cells was dose dependent.  The 10µg/mL and 25µg/mL DNA-MXN-MS dose conditions 

exhibited cytotoxicity responses by Day 1; however, the 1µg/mL DNA-MXN-MS dose did not 

elicit a cytotoxic response until Day 2.  Free MXN dose conditions exhibited similar trends as 

the DNA-MXN-MS dose conditions.  Cytotoxicity data also concluded that by Day 4, a 

significant cytotoxicity response was found only for the 25µg/mL free MXN and DNA-MXN-

MS conditions. 
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Additionally, the DNA-MXN-MS conditions elicited significantly higher cytotoxicities 

than the free MXN conditions at each dose tested suggesting one of two things: 1) gadolinium 

crosslinked DNA contributes to the in vitro cytotoxicity of DNA-MXN-MS or 2) DNA-MXN-

MS are more readily taken up by the mLLC cells than free MXN.    
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CHAPTER 6 
IN VITRO EVALUATIONS OF DRUG LOADED DNA AND BSA NANO-MESO-

MICROSPHERES 

Introduction  

Deoxyribonucleic acid (DNA) and bovine serum albumin (BSA) nano-meso-microspheres 

(MS) were in situ loaded with methotrexate (MTX) and 5-fluorouracil (5-FU) using optimized 

DNA-MS synthesis conditions presented in Chapter 4 to further analyze the drug loading 

capabilities of DNA and BSA.  MTX and 5-FU in situ loaded DNA-MS and BSA-MS were 

synthesized to produce particles with controlled size distributions where at least 60% of all 

particles prepared were within the mesosphere size range of 1µm to 10µm and < 5% of all 

particles were greater than 10µm in size.  Particles less than 1µm in diameter were also 

acceptable and hydrated particle diameters were to be less than 25µm.  In addition, DNA-MS and 

BSA-MS were sought to obtain drug loadings of ≥ 5% (w/w) MTX or 5-FU and release drug for 

more than 24 hours in phosphate buffered saline under minimum sink conditions.  Drug loaded 

BSA-MS and DNA-MS were compared with respect to particle diameter, size distribution, 

morphology, topography, drug loading, and percent drug release.   

Mitoxantrone (MXN) in situ loaded DNA-MS were also prepared to determine the 

maximum drug loading ability of DNA.  DNA-MXN-MS were prepared with a 120%MEQ 

gadolinium crosslink concentration and were loaded with 10% (w/w), 15% (w/w), and 25% 

(w/w) MXN.  The particle diameter, size distribution, morphology, topography, drug loading, 

and percent drug release of the DNA-MXN-MS were evaluated with respect to MXN 

concentration.  DNA-MXN-MS were also prepared with no gadolinium crosslinking to 

determine if MXN serves as a crosslinking agent to DNA-MS.  DNA-MXN-MS were prepared 

to obtain in situ MXN loadings of ≥ 10% (w/w).  The DNA-MXN-MS were characterized as 

mentioned above and compared with respect to crosslinking.   
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The particle diameters and size distributions were obtained using an LS Coulter 13 320 

particle size analyzer.  The particle morphologies and topographies were assessed using a field 

emission scanning electron microscope.  Drug loading was determined by incubating the drug 

loaded MS under stirred conditions in an enzymatic digestion buffer at 37ºC for 48 hours.  The 

released drug concentrations were then analyzed using UV-visible spectroscopy against a MTX, 

5-FU, or MXN standard curve.   The percent drug release was measured under minimum sink 

conditions in order to simulate the tumor environment.  Drug release data was obtained by 

incubating the drug loaded MS in phosphate buffered saline under constant agitation at 37ºC for 

a minimum of fourteen days in triplicate.  At specific time points, aliquots were taken and 

measured using UV-visible spectroscopy against a MTX, 5-FU, or MXN standard curve to 

determine drug concentration. 

Materials and Methods 

Materials 

DNA sodium salt derived from herring testes Type XIV, albumin from bovine serum 

(BSA), cellulose acetate butyrate, HPLC grade 1,2-dichloroethane, methanol, gadolinium (III) 

chloride hexahydrate, 25% (w/w) Grade II aqueous glutaraldehyde solution, mitoxantrone 

dihydrochloride, methotrexate hydrate, 5-fluorouracil, L-cysteine hydrochloride hydrate, papain 

from papaya latex, deoxyribonuclease I from bovine pancreas, proteinase from Bacillus 

licheniformis, ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA), and 

trichloroacetic acid were purchased from the Sigma-Aldrich Company.  Sodium phosphate 

monobasic monohydrate, sodium phosphate dibasic anhydrous, and sodium chloride, each 

A.C.S. certified, acetone, 70µm Spectra/Mesh Nylon filters, 16x125mm and 13x100mm 

borosilicate glass test tubes, Ultrafree-CL with Durapore Membrane Centrifugal Filter tubes 

(0.1µm pore, 2mL), Corning sterile 0.45µm pore filter bottles, Fisherbrand Semimicro 
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methacrylate 1.5mL disposable cuvettes, and 15mL and 50mL polypropylene centrifuge tubes 

were purchased from Fisher Scientific International.  Type I and Type II deionized ultrapure 

water was prepared with a resistivity of at least 16 MΩ-cm-1 using the Barnstead NANOpure 

Ultrapure Water System in the lab.  

Methods 

Solution preparation 

MTX and 5-FU in situ loaded DNA and BSA.  MTX and 5-FU were in situ loaded into 

5% (w/v) aqueous solutions of DNA or BSA at concentrations of 15% (w/w) and 30% (w/w).  

Aqueous DNA and BSA solutions were prepared at room temperature by adding 0.5g of DNA or 

0.5g of BSA to 5mL of ultrapure water in a 50mL polypropylene centrifuge tube.  The solutions 

were then mixed on a vortex for 30 seconds.  Three milliliters of ultrapure water were then added 

to the DNA or BSA solutions and placed on the rotary shaker for at least two hours until the 

DNA or BSA had completely dissolved.  The volume was then brought up to 10mL and vortexed 

on high for 30 seconds.  The DNA or BSA solution was then placed in the refrigerator over night 

to ensure the complete collapse of bubbles generated during vortex and rotary mixing.  The 

percent solid concentration of the DNA or BSA solution was quantified using a Metler LJ16 

Moisture Analyzer at 130ºC for 60 minutes.  Once the concentration was determined, 3.5mL of 

the DNA or BSA solution was placed into a 15mL polypropylene centrifuge tube.  Using the true 

solid weight of DNA or BSA in solution obtained during moisture analysis, the weight of the 

MTX or 5-FU, XgDrug, needed to obtain 15% (w/w) or 30% (w/w) loadings was calculated by 

multiplying the true solid DNA or BSA weight in 3.5mL of solution (WTSOLID) by 15 or 30.  The 

product was then divided by 100, Equations 6-1 and 6-2.   

DNAorBSA 100g
 W Drug 15g

 Drug Xg TSOLID×
=        (6-1) 
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DNAorBSA 100g
 W Drug 30g

 Drug Xg TSOLID×
=        (6-2) 

The desired mass of MTX or 5-FU was weighed and added to the 3.5mL of the DNA or 

BSA solution.  The solutions were then vortexed on high for 30 seconds, placed on the rotary 

mixer for 2 hours and then placed in the refrigerator until further use.  

MXN in situ loaded DNA.  Based on data obtained in Chapter 5, 15% (w/w) MXN in situ 

loaded DNA solutions were prepared to determine if MXN serves as a crosslinking agent for 

DNA-MXN-MS.  Aqueous DNA solutions were in situ loaded as outlined in the Methods 

Section of Chapter 5.   

Aqueous DNA solutions were also in situ loaded with 10% (w/w) and 25% (w/w) MXN to 

determine the maximum drug loading ability of DNA.  Aqueous DNA solutions were prepared 

and the percent solid concentrations were determined as mentioned above.  Three and a half 

milliliters of the DNA solution was then placed into a 15mL polypropylene centrifuge tube and 

the weight of the MXN, XgMXN, needed to obtain 10% (w/w) or 25% (w/w) loadings was 

calculated by multiplying the true solid DNA weight, WTDNA, in 3.5mL of solution by 10 or 25, 

Equations 6-3 and 6-4.   

DNA 100g
 W MXN 10g

 MXN Xg TDNA×
=        (6-3) 

DNA 100g
 W MXN 25g

 MXN Xg TDNA×
=        (6-4) 

Enzymatic digestion buffers.  Enzymatic digestion buffers were used to digest the drug 

loaded DNA-MS and BSA-MS to determine their drug loadings and loading efficiencies.  The 

DNA enzymatic digestion buffer was prepared by adding 1,800mg of EDTA, 200mg of L-

cysteine hydrochloride hydrate, 125mg of papain from papaya latex, and 125mg of 
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deoxyribonuclease I from bovine pancreas to 250mL of the 0.05M PBS solution (pH = 7.4).  The 

BSA enzymatic digestion buffer was prepared the same way; however, 125mg of proteinase 

from Bacillus licheniformis was added to the buffer in place of the deoxyribonuclease.   The 

enzymatic digestion buffer components were stirred at room temperature until completely 

dissolved and used immediately after preparation. 

Additional synthesis and characterization solutions.  Solutions of cellulose acetate 

butyrate in 1,2-dichloroethane (CAB) were used as the water-immiscible continuous phase 

during DNA-MXN-MS synthesis.  The CAB solutions were used at a concentration of 5% (w/v).  

Aqueous solutions of 0.1M gadolinium (III) chloride were used as the ionic crosslinking agent 

for all DNA-MS syntheses.   All BSA-MS syntheses were conducted with covalent crosslinking 

using aqueous 4% (w/v) glutaraldehyde solutions.  Phosphate buffered saline (PBS) solution at a 

pH of 7.4 and a concentration of 0.05M was used for all in vitro drug release analysis.  Solutions 

mentioned here were prepared using the same methods as outlined in Chapter 5. 

Synthesis procedure 

Drug loaded DNA- MS and BSA-MS were prepared using optimized synthesis 

conditions from Chapter 4 to obtain particles with particle diameters in the range of 50nm to 

10µm and normal and narrow size distributions.  A modified emulsion stabilization technique 

was used that sterically stabilizes the DNA or BSA molecule into spherical conformations and 

crosslinks them while in suspension.  The synthesis process involved dispersing 3mL of the 

aqueous drug loaded DNA or BSA solutions (i.e. the aqueous phase) into 47mL of the organic 

CAB solution (i.e. the continuous phase) in a 300mL Labconco lyophilization flask.  A DNA- 

MS or BSA-MS microemulsion was then created by vigorously mixing the two solutions at 

1550rpm for 20 minutes at room temperature using a paddle mixer with a two inch, two blade 

propeller.  The DNA-MS microemulsions were then ionically crosslinked while in suspension by 
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reducing the speed of the paddle mixer to 600rpm and adding 2mL of the 0.1M gadolinium (III) 

solution to obtain a 120%MEQ crosslink concentration.  The BSA-MS were similarly crosslinked, 

however, 2mL of the 4% (w/v) aqueous glutaraldehyde solution was added.  The MS 

microemulsions then underwent crosslinking for 1 hour and 40 minutes at which time 50mL of 

acetone was added and any further reactions were allowed to reach completion for another hour.  

After synthesis was complete, the drug loaded DNA- MS or BSA-MS underwent four rinses in 

acetone to remove any residual organic phase, crosslinking agent, or non-loaded drug.  The MS 

were rinsed by separating the resultant DNA- MS or BSA-MS suspension into four separate 

50mL polypropylene centrifuge tubes.  Acetone was added to 40mL and the tubes were capped 

and vortexed on high for 30 seconds.  The MS were then collected by centrifuging the tubes at 

2600rpm for 10 minutes and decanting the acetone.  Fresh acetone was added again to 40mL 

mark and the acetone rinse was repeated once more as mentioned above and then twice more by 

consolidating the contents of 4 tubes to 2 tubes and then 2 tubes to one tube.  After the final 

acetone rinse, the drug loaded DNA-MS were resuspended in 30mL of acetone, vortexed on high 

for 30 seconds, and filtered using a stainless steel vacuum filtration device with a 70µm 

Spectra/Mesh Nylon filter.  A 70µm Spectra/Mesh Nylon filter was used in place of the 20µm 

filter to not completely eliminate the possible size effects of drug loadings on the DNA-MS.  The 

device was then rinsed with 10mL of acetone to further filter any remaining DNA-MS under 

70µm.  The centrifuge tube was then capped, vortexed on high for 30 seconds, and centrifuged at 

2600rpm for 5 minutes to collect the drug loaded DNA-MS.  The acetone was then decanted and 

a Kimwipe was secured over the mouth of tube using a rubber band to allow the drug loaded 

DNA-MS to dry overnight at room temperature.  DNA-MXN-MS prepared without crosslinking 

agent and drug loaded BSA-MS were not filtered.  After the final acetone rinse, the acetone was 
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decanted and a Kimwipe was secured over the mouth of tubes using a rubber band, and the MS 

were allowed to dry overnight at room temperature. 

Particle characterization  

Yield analysis.  The yields of the resulting drug loaded DNA-MS and BSA-MS were 

calculated and expressed as percent yield values.  The percent yields were calculated by dividing 

the final weight of the drug loaded DNA- MS and BSA-MS by the amount of weight used to 

synthesize them, Equation 6-5.  The weight of the in situ loaded drugs was also added to the 

equation and expressed as the percent theoretical yield, Equation 6-6.  The equations for the 

percent yield and percent theoretical yield are expressed below where WF is the final weight of 

the MS, V, ρ, and C are the volume, density, and concentration of the aqueous DNA or BSA 

solutions used respectively, WX is the weight of the crosslinking agent added during synthesis, 

and WY is the theoretical weight of the in situ loaded drug.  

100)
)WC  ((V

W
(  Yield %

X

F ×
 + )× ×

=
ρ

       (6-5) 

100)
)WWC  ((V

W
(  Yield lTheoretica %

YX

F ×
+ + )× ×

=
ρ

   (6-6) 

Dry particle size analysis.  Dry drug loaded DNA-MS and BSA-MS particle diameters 

and size distributions were obtained using a Coulter LS 13 320 particle size analyzer.  MS were 

sonicated for 10 to 30 seconds to aerate and separate the particles prior to analysis and then 

approximately 2mg of the MS were suspended in 2mL of methanol.  The suspension was then 

sonicated for 30 seconds to further break up any MS aggregates and tested.  The Coulter LS 13 

320 particle size analyzer was set to run at a pump speed of 73% using a protein/DNA particle 

diffraction model.  Standards were tested in methanol before the first run to ensure that the 

instrument was performing adequately.  Each condition was sampled three times in which each 
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sample’s particle size measurements consisted of two runs.  This method of testing produced six 

independent particle diameters and size distributions.  Data collected from these experiments 

were statistically analyzed using SigmaStat 3.0 software. 

Scanning electron microscopy.  The morphology and surface topography of the drug 

loaded DNA-MS and BSA-MS were observed using scanning electron microscopy (SEM).  

Approximately 1mg of dry MS were mounted onto a small piece of silicon wafer which in turn 

was mounted onto an aluminum SEM stub using double sided tape.  The MS were then coated 

with gold-palladium for 2 minutes using a Technix Hummer V sputter coater.  Images were 

taken on a JEOL 6335F Field Emission SEM at an accelerating voltage of 5KeV and a working 

distance of 15mm. 

In vitro drug evaluation procedures 

MTX, 5-FU, and MXN loading efficiency.  The loading efficiencies of the drug loaded 

DNA-MS and BSA-MS were determined by enzymatic digestion followed by photometric 

analysis of the recovered entrapped drug.  Approximately 5mg of the drug loaded MS were 

weighed out into labeled 16x125mm glass test tubes and recorded.  Ten milliliters of the 

enzymatic digestion buffer were then added to the MS and the test tubes were capped, 

parafilmed, and incubated at 37˚C under stirred conditions for 48 hours.  The test tubes were then 

taken out of the incubator and the solutions were allowed to cool to room temperature.  While the 

solutions were cooling, a 10% (w/v) solution of trichloroacetic acid (TCA) in ultrapure water 

was prepared.  Two milliliters of each drug loaded DNA-MS or BSA-MS solution were then 

placed into labeled 13x100mm glass test tubes.  Two milliliters of the 10% (w/v) TCA solution 

was then added to each sample.  The test tubes were capped and the two solutions were allowed 

to react for 30 minutes at room temperature.  The samples were then centrifuged at 2,600rpm for 

five minutes and the supernatants from each sample were collected into 1.5mL methacrylate 
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disposable cuvettes for UV-Vis analysis.  Each sample was analyzed on a Perkin Elmer Lambda 

3 spectrophotometer to determine the concentration of the entrapped drug.  MTX samples were 

analyzed at a wavelength of 308nm against a MTX in 5% (w/v) TCA standard curve with a 

correlation coefficient of 0.99955.  5-FU samples were analyzed at a wavelength of 269nm 

against a 5-FU in 5% (w/v) TCA standard curve with a correlation coefficient of 0.99979 and 

MXN samples were analyzed at a wavelength of 610nm against a MXN in 5% (w/v) TCA 

standard curve with a correlation coefficient of 0.99966.  Concentrations for each of the standard 

curves ranged from 1µg/mL to 50µg/mL.   

The drug concentrations were then used to determine the percent drug loadings in each of 

the DNA- MS and BSA-MS using Equation 6-7.137, 138  The loading efficiencies were also 

calculated using Equation 6-8.137-139  Each condition was tested in triplicate and all collected data 

was statistically analyzed using SigmaStat 3.0 software. 

100)
MS-BSAor MS-DNA of Mass

MSin  Drug of Mass(  Loading Drug % ×=          (6-7) 

100)
Loading lTheoretica
Loading alExperiment(  Efficiency %Loading ×=          (6-8) 

In vitro MTX, 5-FU, and MXN release.  The in vitro release of MTX, 5-FU, and MXN 

from DNA-MS and BSA-MS under minimum sink conditions was tested in sterile filtered 0.05M 

PBS at a pH of 7.4.  Approximately 2mg of each drug loaded DNA-MS and BSA-MS condition 

were weighed into labeled 2mL filter centrifuge tubes (0.1µm pore size) to which 1.25mL of the 

sterile filtered 0.05M PBS solution was added.  The tubes were then capped, parafilmed, and 

incubated at 37˚C under stirred conditions.  At specified time points, the filter centrifuge tubes 

were removed from the incubator and centrifuged for 10 minutes at 3,000rpm.  Aliquots were 

then removed and placed into 1.5mL methacrylate disposable cuvettes for UV-Vis analysis.  The 
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cuvettes were capped, labeled, parafilmed, and stored in the refrigerator until analysis. Each 

centrifuge filter tube was then replenished with 1.25mL of fresh 0.05M PBS, capped, parafilmed, 

and placed back into the incubator at which time the incubation process was repeated until the 

next time point.  The aliquots were collected at hours 1-8, days 1-7, and days 10, 15, 20, 30, 40, 

50, and 75 for the 10% (w/w), 15% (w/w), and 25% (w/w) DNA-MXN-MS and the 15% (w/w) 

DNA-MXN-MS prepared without gadolinium crosslinking.  Aliquots were also collected at 

hours 1-8 and days 1, 2, 7, 14, 21, and 35 for the MTX and 5-FU loaded DNA-MS and BSA-MS.  

The aliquots for each condition were analyzed on a Perkin Elmer Lambda 3 spectrophotometer to 

determine the drug concentrations at each time point.  MTX samples were analyzed at a 

wavelength of 306nm against a MTX in 0.05M PBS standard curve with a correlation coefficient 

of 0.9948.  5-FU samples were analyzed at a wavelength of 260nm against a 5-FU in 0.05M PBS 

standard curve with a correlation coefficient of 0.99110 and MXN samples were analyzed at a 

wavelength of 609nm against a MXN in 0.05M PBS standard curve with a correlation coefficient 

of 0.99669.  Concentrations for each standard curve ranged from 1µg/mL to 50µg/mL.  Each 

condition was tested in triplicate and all collected data was statistically analyzed using 

SigmaStat. 

Results and Discussion 

MTX and 5-FU In Situ Loaded DNA-MS and BSA-MS 

Particle analysis 

Percent yield.  The percent yield and theoretical yield values for all MTX and 5-FU in situ 

loaded BSA-MS and DNA-MS were calculated using Equations 6-5 and 6-6.  BSA-MS that were 

in situ loaded with 15% (w/w) MTX were initially prepared with an emulsion speed of 1250rpm 

and a 8% (w/w) glutaraldehyde concentration based on the excellent MXN release properties 

obtained in past studies with BSA-MS prepared with those conditions.11  MTX loaded BSA-MS 
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produced over an 80% yield and over a 70% theoretical yield.  MTX in situ loaded DNA-MS 

were prepared with optimized synthesis conditions from Chapter 4 and produced excellent yields 

of over 80%.  Based on these results, BSA-MS were re-synthesized with the same conditions 

used to prepare the DNA-MS to determine if increasing the mixer speed would increase the 

yields.  Re-synthesized BSA-MS produced yields similar to those obtained at the 1250rpm mixer 

speed.  These results were consistent with data obtained in Chapter 4 which illustrated that mixer 

speeds past 1250rpm do not influence MS yields.  BSA-MS were also in situ loaded with 30% 

(w/w) MTX to determine the maximum loading capabilities of BSA.  BSA-MS with 30% (w/w) 

MTX loadings produced lower yield and theoretical yield values than the 15% (w/w) MTX 

loaded BSA-MS prepared at both the 1250rpm and 1550rpm mixer speeds, Table 6-1.   

Table 6-1.  Percent yield and theoretical yield values for drug loaded DNA-MS and BSA-MS. 
Condition Percent yield (%) Percent theoretical yield (%) 
15% (w/w) BSA-MTX-MS (1250rpm) 84 75
15% (w/w) BSA-MTX-MS (1550rpm) 81 71
15% (w/w) DNA-MTX-MS 93 83
30% (w/w) BSA-MTX-MS 71 58
30% (w/w) BSA-5FU-MS 50 41
30% (w/w) DNA-5FU-MS 59 50
 

BSA-MS and DNA-MS were in situ loaded with 30% (w/w) 5-FU to further analyze the 

drug loading capabilities of BSA and DNA.  BSA-MS produced yield and theoretical yield 

values of over 40% whereas the DNA-MS produced yield and theoretical yield values of over 

50%, Table 6-1.  It was noted that the DNA-MS produced higher yield and theoretical yield 

values than the BSA-MS for both in situ loaded drug conditions.  The percent yield values for the 

DNA-MS were approximately 10% higher than the BSA-MS, Figures 6-1 and 6-2. 
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Figure 6-1.  Percent yield values for 15% (w/w) MTX in situ loaded BSA-MS and DNA-MS. 
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Figure 6-2.  Percent yield values for 30% (w/w) 5-FU in situ loaded BSA-MS and DNA-MS. 

   Dry particle size.  Each MTX in situ loaded condition produced over 60% of all particles with 

diameters within the 1µm to 10µm size range, Table 6-2.  The BSA-MS produced smaller 

particles than the DNA-MS.  The MTX in situ loaded DNA-MS displayed evidence of the 

production of aggregates with 8% of all particles produced displaying diameters of greater than 

10µm.   
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Table 6-2.  Dry mean particle diameter and size range values for MTX in situ loaded BSA-MS 
and DNA-MS. 

Condition 
Dry mean particle 
diameter (µm) 

MS in 1µm to    
10µm size range (%) 

MS larger         
than 10µm (%) 

15% (w/w) MTX BSA-MS 
(1250rpm) 2.9 ± 2.7 67 1 
15% (w/w) MTX BSA-MS 
(1550rpm) 2.8 ± 1.4 95 0 
15% (w/w) MTX DNA-MS 4.8 ± 5.9 72 8 
30% (w/w) MTX BSA-MS 3.0 ± 1.9 96 0 

 
MTX in situ loaded BSA-MS prepared at 1250rpm produced particles with a slightly 

bimodal distribution and a mean diameter of 2.9µm, Table 6-2.   It was noted that the size 

distributions were narrow with particle diameters that ranged from 55nm to 14µm, Figure 6-3.  

This is important to note since DNA-MS require filtering at the end of synthesis to obtain 

particles with narrow diameter ranges.   
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Figure 6-3.  Dry particle size distribution for 15% (w/w) MTX in situ loaded BSA-MS prepared 
at 1250rpm with 8% (w/w) GTA. 

BSA-MS in situ loaded 15% (w/w) MTX that were re-synthesized at the 1550rpm mixer 

speed produced a more normalized size distribution with particles ranging from 470nm to 8.5µm, 
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Figure 6-4.  This was consistent with data obtained in Chapter 4 which illustrated that particle 

size distributions normalized as mixer speed increased.  The normalization of the particle size 

distribution can be attributed to an increase in finer particles created due to the larger shear 

forces exerted on the MS during synthesis.10, 57, 107, 130, 131, 134-136 
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Figure 6-4.  Dry particle size distributions of 15% (w/w) MTX in situ loaded BSA-MS prepared 
at 1250rpm and 1550rpm. 

MTX in situ loaded DNA-MS produced particles with fairly normalized size distributions 

and mean dry diameters of 4.8µm, Figure 6-5.  Particle diameters ranged from 60nm to 60µm; 

however, it is assumed that if a 20µm filter would have been used in place of the 70µm filter, 

particles ranging past 20µm in diameter would have been eliminated from the yield and the size 

distribution would have become more normalized as seen in results obtained in Chapter 4. 

BSA-MS prepared at the 30% (w/w) MTX loading also produced a normalized size 

distribution with a mean diameter of 3.0µm.  The size distribution obtained for the 30% (w/w) 

MTX loaded BSA-MS was almost identical to that obtained for the 15% (w/w) MTX conditions, 

Figure 6-6.  A one way analysis of variance (ANOVA) further supported these results and 
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indicated that there were no significant size differences between the 15% (w/w) and 30% (w/w) 

in situ loaded BSA-MS.  These findings are consistent with current literature which state that 

resulting particle size values are not affected by drug loading at high concentrations as those seen 

in these studies.11, 57, 143, 145, 158  The one way ANOVA also illustrated no significant particle size 

differences among all MTX in situ loaded BSA-MS and DNA-MS conditions.   
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Figure 6-5.  Dry particle size distribution of 15% (w/w) in situ loaded DNA-MS. 
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Figure 6-6.  Dry particle size distribution for BSA-MS prepared at 1550rpm and in situ loaded 
with 15% (w/w) or 30% (w/w) MTX. 
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BSA-MS in situ loaded with 30% (w/w) 5-FU produced normalized size distributions with 

particle diameters ranging from 200nm to 8.5µm, Figure 6-7.  There was some evidence of slight 

aggregate formation past the 8.5µm size; however, this may be due to the formation of van der 

Waals interparticle attractions which occur during drying or upon dispersion in methanol.90, 107, 

125, 128, 129, 159 

0

2

4

6

8

0.01 0.1 1 10 100 1000 10000

Particle Size (µm)

Vo
lu

m
e 

%

 

Figure 6-7. Dry particle size distribution for 30% (w/w) 5-FU in situ loaded BSA-MS. 

5-FU loaded BSA-MS and DNA-MS produced mean diameters that were very similar in 

size to one another with greater than 60% of all particles produced falling within the mesosphere 

size range and less than 5% of all particles produced larger than 10µm, Table 6-3.  A t-test 

conducted on the 5-FU data collected found no significant size differences between the BSA-MS 

and DNA-MS. 

Table 6-3.  Dry mean particle diameter values for 5-FU in situ loaded BSA-MS and DNA-MS. 

Condition 
Dry mean particle 
diameter (µm) 

MS in 1µm to    
10µm size range (%) 

MS larger than  
10µm in size (%) 

30% (w/w) 5-FU 
BSA-MS 2.9 ± 2.1 95 1 
30% (w/w) 5-FU 
DNA-MS 3.3 ± 4.7 68 4 
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DNA-MS prepared with in situ loadings of 30% (w/w) 5-FU also produced normalized 

size distributions with particles ranging from 60nm to 50µm, Figure 6-8.  As noted with the 

DNA-MTX-MS conditions, it is assumed that particles past 20µm in diameter would be 

eliminated from the yield if a 20µm filter is used in place of a 70µm filter.   
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Figure 6-8.  Dry particle size distribution for 30% (w/w) 5-FU in situ loaded DNA-MS. 

Scanning electron microscopy.  SEM micrographs of the BSA-MS that were in situ 

loaded with 15% (w/w) MTX depicted particles with spherical morphologies.  The BSA-MS that 

were synthesized at the 1550rpm mixer speed produced particles that were more discreet and 

uniform than those obtained at the 1250rpm mixer speed, Figure 6-9.  SEM micrographs also 

illustrated that both BSA-MS conditions produced particles with wrinkled or textured 

topographies.  It was further noted that the BSA-MS prepared at the 1550rpm mixer speed, 

which were also prepared at a higher crosslink concentration (2mL of GTA vs. 0.382mL of 

GTA) produced particles with more surface texture than those prepared at the 1250rpm, Figure 

6-10.  The wrinkled topographies of the BSA-MS prepared at the 1550rpm mixer speed may be 

attributed to the GTA crosslink agent used during synthesis.  Since the early 1980s, BSA-MS 
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have been prepared in this lab using GTA crosslinking introduced through the organic phase.4, 11, 

57-59, 94  This method of crosslinking yields BSA-MS with smooth surface topographies due to 

GTA crosslinking the BSA-MS at the stabilizing agent/BSA interface.59  The BSA-MS prepared 

in this study were crosslinked with GTA through the aqueous phase.  This form of crosslinking 

results in GTA interacting with the BSA from within the MS core to the outer layer yielding 

BSA-MS that are crosslinked more uniformly within.  The BSA-MS become wrinkled due to 

dehydration from within the MS core that results from acetone washing and MS drying.160  Thus 

it would be expected for BSA-MS with higher GTA concentrations to have more surface texture. 

 

Figure 6-9.  SEM micrograph of 15% (w/w) MTX in situ loaded BSA-MS prepared at the A) 
1250rpm mixer speed and B) 1550rpm mixer speed (Magnifications: 3,000x). 

 

Figure 6-10.  SEM micrograph of 15% (w/w) MTX in situ loaded BSA-MS prepared at the 
1550rpm mixer speed with 2mL of GTA (Magnification: 11,000x). 
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SEM micrographs of the 30% (w/w) MTX in situ loaded BSA-MS depicted discreet and 

uniform particles that were consistent with data obtained during dry particle size analysis, Figure 

6-11.  The micrographs also displayed that the 30% (w/w) MTX loaded BSA-MS produced 

particles with wrinkled surface topographies that were similar to those seen with the 15% (w/w) 

MTX BSA-MS.  The formation of the wrinkled topographies observed on the BSA-MS was a 

result of the GTA crosslink agent used during synthesis. 

 

Figure 6-11.  SEM micrographs of the 30% (w/w) MTX in situ loaded BSA-MS at 
magnifications of A) 3,000x and B) 10,000x. 

SEM micrographs taken of the 15% (w/w) MTX in situ loaded DNA-MS displayed 

aggregated particles with irregular morphologies, Figure 6-12.  These images were consistent 

with data obtained during particle size analysis which illustrated the presence of aggregates past 

the 10µm size.  The SEM micrographs also illustrated that the MTX loaded DNA-MS were fused 

together which lead to particle aggregation.   The amount of particle aggregation may have been 

a result of unloaded MTX since unloaded DNA-MS prepared with these conditions produce 

discreet and uniform particles with smooth topographies and spherical morphologies (Chapter 4).   
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Figure 6-12.  SEM micrographs of 15% (w/w) MTX in situ loaded DNA-MS at magnifications 
of A) 2,000x and B) 6,000x. 

BSA-MS and DNA-MS that were in situ loaded with 30% (w/w) 5-FU produced discreet 

particles with spherical morphologies, Figure 6-13.  SEM micrographs taken of the 5-FU loaded 

BSA-MS depicted particles with wrinkled surface topographies, Figure 6-14.  The increase in 

surface texture noted with the BSA-MS is attributed to the large concentration of GTA used 

during synthesis.  Further comparisons of the 30% (w/w) 5-FU loaded MS also suggested that 

the BSA-MS produced larger particles than the DNA-MS. 

 

Figure 6-13.  SEM micrographs of 30% 5-FU in situ loaded A) BSA-MS and B) DNA-MS 
(Magnifications: 3,000x). 
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Figure 6-14.  SEM micrograph of 30% (w/w) 5-FU loaded BSA-MS (Magnification: 20,000x). 

SEM micrographs of the 5-FU loaded DNA-MS depicted particles with smooth surface 

topographies.  The 5-FU loaded DNA-MS were also very uniform in size suggesting that the 

particle diameters obtained past the 2µm size during particle size analysis were more 

representative of MS aggregates rather than the individual DNA-MS, Figure 6-15.  The 

formation of DNA-MS aggregates may have been a result of attractive electrostatic or van der 

Waals interactions between the particles during the drying process or upon dispersion into 

methanol since these interactions play a dominant role in systems where the particles are less 

than 10µm in size. 124, 125 

 

Figure 6-15.  SEM micrograph of 30% 5-FU in situ loaded DNA-MS (Magnification: 10,000x). 
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In vitro MTX and 5-FU loading efficiency 

The MTX and 5-FU percent loadings and loading efficiencies of the BSA-MS and DNA-

MS were measured in triplicate by enzymatic digestion followed by photometric analysis.  MTX 

and 5-FU percent loadings were calculated using Equation 6-7 to in order to obtain the loading 

efficiencies for the conditions tested which were calculated using Equation 6-8.  The loading 

efficiencies for the conditions loaded with 15% (w/w) MTX ranged from 61% to 94%, Table 6-

4.  The 30% (w/w) MTX BSA-MS condition produced a loading efficiency of 87%.  The 30% 

(w/w) 5-FU conditions produced poor loading efficiencies of approximately 20% for both BSA-

MS and DNA-MS conditions. 

Table 6-4.  Loading efficiency values for MTX and 5-FU in situ loaded BSA-MS and DNA-MS. 

Condition 
Experimental  
loading (%) 

Theoretical  
loading (%) 

Loading  
efficiency (%) 

15% (w/w) MTX BSA-MS (1250rpm) 10.6 ± 2.2 13.9 76.1 ± 15.8 
15% (w/w) MTX BSA-MS (1550rpm) 16.0 ± 0.6 17.0 94.3 ± 3.8 
15% (w/w) MTX DNA-MS 9.2 ± 1.1 15.0 61.2 ± 7.4 
30% (w/w) MTX BSA-MS 24.4 ± 5.0 28.0 87.2 ± 17.8 
30% (w/w) 5-FU BSA-MS 5.5 ± 0.6 27.0 20.3 ± 2.1 
30% (w/w) 5-FU DNA-MS 5.0 ± 0.7 23.2 21.3 ± 3.0 
 

T-tests were conducted on the MTX conditions to determine if mixer speed, amount of 

drug loaded, or drug loading material effected MTX loading.  The t-tests illustrated no 

significant loading efficiency differences as a result of mixer speed or percent drug loaded; 

however the t-tests did find that the BSA-MS entrapped significantly more MTX than the DNA-

MS (p = 0.002), Figures 6-16 to 6-18.  These findings are consistent with current literature which 

cite that loading efficiencies are independent of mixer speed and amount of drug loaded.134, 139  

However, it has also been cited in the literature that increases in GTA concentration increase 

MTX loading which was somewhat observed with these data.161 
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Figure 6-16.  Loading efficiency comparison chart for 15% (w/w) MTX in situ loaded BSA-MS 
prepared at different mixer speeds. 
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Figure 6-17.  Loading efficiency comparison chart for BSA-MS loaded with different MTX 
concentrations prepared at the 1550rpm mixer speed. 
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Figure 6-18.  Loading efficiency comparison chart of the 15% (w/w) MTX in situ loaded DNA-
MS and BSA-MS prepared at the 1550rpm mixer speed. 

A t-test was also conducted on the 5-FU conditions to determine if the drug loading 

material effected 5-FU loading.  The t-test illustrated no significant loading efficiency 

differences between the BSA-MS and DNA-MS conditions, Figure 6-19.   
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Figure 6-19.  Loading efficiency comparison chart of the 30% 5-FU in situ loaded DNA-MS and 
BSA-MS. 
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In vitro MTX and 5-FU release 

The in vitro MTX and 5-FU release properties of BSA-MS and DNA-MS were measured 

in 0.05M PBS at a pH of 7.4.  Each drug loaded MS condition was tested in triplicate using 

minimum sink conditions and incubated in 1.250mL of PBS at 37˚C to simulate the tumor 

environment.  Each MTX condition tested displayed an initial “burst” release within the first 

three hours, Figure 6-20 and had ceased releasing by Day 2, Figure 6-21.    
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Figure 6-20.  MTX release profiles for in situ loaded DNA-MS and BSA-MS for the first 24 
hours. 
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Figure 6-21.  MTX release profiles for in situ loaded DNA-MS and BSA-MS for duration of 
study. 



 

223 

These in vitro release results are consistent with studies that have been presented in the 

literature that site that MTX produces an initial 30% to 50% “burst” release from nano- and 

microparticles and then finishes releasing within 24 hours.58, 162  MTX release analyzed from 

both 15% (w/w) in situ loaded conditions were diffusion controlled and followed first-order 

release kinetics where the amount of drug released from the MS decreased over time after it’s 

initial burst release.67, 70  The MTX release from the 30% (w/w) in situ loaded condition was also 

diffusion controlled and exhibited a biphasic release pattern in which the first eight hours 

followed the Higuchi square root time kinetics model and the MTX release after hour 8 followed 

first-order release kinetics, Figure 6-22.158   
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Figure 6-22.  Higuchi square root time kinetics MTX in vitro release for the 30% (w/w) MTX in 
situ loaded BSA-MS condition (Hours 1 through 8). 

The 5-FU in situ loaded DNA-MS released a larger concentration of drug at a quicker rate 

than the BSA-MS condition, Figure 6-23.  The in vitro release of 5-FU from DNA-MS appeared 

to be diffusion controlled and followed the Higuchi square root time kinetics model for release 

during the first eight hours and first-order kinetics for the duration of release, Figure 6-24.  The 

5-FU in situ loaded BSA-MS however, exhibited erosion controlled release and followed the 
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Higuchi square root time kinetics model for release throughout the duration of the study, Figure 

6-25.   
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Figure 6-23.  5-FU release profiles for in situ loaded DNA-MS and BSA-MS. 
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Figure 6-24.  Higuchi square root time kinetics 5-FU in vitro release for the 23% (w/w) 5-FU in 
situ loaded DNA-MS condition (Hours 1 through 8). 
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Figure 6-25.  Higuchi square root time kinetics 5-FU in vitro release for the 27% (w/w) 5-FU in 
situ loaded BSA-MS condition (Hour 1 through Day 35). 

The data collected from the 5-FU in situ loaded DNA-MS is consistent to research 

presented in current literature which site that 5-FU tends to exhibit a biphasic release profile in 

vitro from various biomaterials such as gelatin, albumin, chitosan, and poly(lactic acid)163.158, 161, 

164 Release trends as those seen with the 5-FU in situ loaded BSA-MS have also been presented 

in the literature where the 5-FU is initially released slowly and then exhibits an increase in 

release due to the degradation of the highly crosslinked MS.165 

DNA-MXN-MS Studies 

Particle analysis 

Percent yield.  The percent yield and theoretical yield values for all MXN in situ loaded 

DNA-MS were calculated using Equations 6-5 and 6-6.  Each DNA-MXN-MS condition 

produced yields and theoretical yields of over 65%, Table 6-5.  There were no clear yield trends 

observed with regard to MXN concentration, Figure 6-26.   

The MXN in situ loaded DNA-MS produced larger percent yields values than the non-

loaded (i.e. blank) DNA-MS, Figure 6-27.  In addition, the crosslinked blank DNA-MS produced 
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larger yields than the blank non-crosslinked DNA-MS, Figure 6-27.  The larger yields observed 

for the MXN in situ loaded DNA-MS may have resulted from the formation of a tighter DNA-

MS network due to the intercalation interactions between MXN and the DNA matrix.166-168  

MXN intercalates DNA through interactions between MXN’s aminoalkylamino side chains and 

the DNA base pairs.166, 168  MXN is also capable of binding with DNA through electrostatic 

interactions between the aminoalkylamino side chains of MXN and the phosphate groups of 

DNA.166, 167  The electrostatic interactions begin to arise at pH’s ≥ 7.4 due to the deprotonation of 

the NH3
+ groups in the aminoalkylamino chains.167  In addition, the larger yields observed with 

the crosslinked blank DNA-MS may have been attributed to formation of crosslinks in the DNA-

MS which resulted in a larger retention of DNA in the yield.   

Table 6-5.  Percent yield and theoretical yield values for DNA-MXN-MS. 
Condition Percent yield (%) Percent theoretical yield (%) 
10% (w/w) MXN 75 69 
15% (w/w) MXN  83 75 
25% (w/w) MXN 80 67 
15% (w/w) MXN (no Gd crosslinking) 96 80 
Blank DNA-MS  76 NA 
Blank DNA-MS (no Gd crosslinking) 63 NA 
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Figure 6-26.  Theoretical yield values for DNA-MXN-MS prepared at varying MXN 
concentrations. 
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Figure 6-27.  Percent yield values for MXN in situ loaded and non-loaded DNA-MS. 

Dry particle size.  Each DNA-MXN-MS and blank DNA-MS produced particles with 

mean dry diameters of less than 10µm in diameter, Table 6-6. DNA-MNX-MS prepared at the 

10% (w/w), 15% (w/w), and 25% (w/w) MXN concentrations produced narrow and normalized 

particle size distributions, Figure 6-28.  The 10% (w/w) MXN condition produced a small 

volume percent of aggregates between the 15µm and 30µm diameter range which may have 

arisen due to interparticle bonding.  The presence of aggregates was reflected in standard 

deviation of the 10% (w/w) MXN condition, however, a one way ANOVA illustrated no 

significant size differences among the DNA-MXN-MS prepared at the varying MXN 

concentrations. 

Table 6-6.  Dry mean particle diameter values for crosslinked and non-crosslinked DNA-MXN-
MS and DNA-MS. 

Condition Dry mean particle diameter (µm) 
10% (w/w) DNA-MXN-MS 2.7 ± 4.5
15% (w/w) DNA-MXN-MS 2.1 ± 2.8
25% (w/w) DNA-MXN-MS 1.8 ± 1.9
15% (w/w) DNA-MXN-MS (no Gd crosslinking) 2.8 ± 4.1
DNA-MS 2.2 ± 2.1
DNA-MS (no Gd crosslinking) 5.5 ± 8.7
 



 

228 

0

1

2

3

4

5

0.01 0.1 1 10 100 1000 10000

Size (µm)

%
Yi

el
d

10%MXN
15%MXN
25%MXN

 

Figure 6-28.  Dry particle size distribution for DNA-MXN-MS prepared at varying MXN 
concentrations. 

Particle size distributions for non-crosslinked conditions were normalized; however, they 

exhibited aggregate formation within the 13µm to 55µm diameter range, Figure 6-29.   The 

aggregates present may have been a result of non-crosslinked DNA material in the yield.  A 

larger degree of aggregates were present in the non-crosslinked blank DNA-MS size 

distributions as compared to the non-crosslinked DNA-MXN-MS, Figure 6-30.  This data 

suggests that MXN may help to bind the DNA-MS together and thus reduce the amount of 

aggregates formed in the yield. 
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Figure 6-29.  Dry particle size distribution comparison of DNA-MXN-MS prepared with and 
without gadolinium crosslinking. 
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Figure 6-30.  Dry particle size distribution comparison of non-crosslinked DNA-MXN-MS and 
blank DNA-MS. 

Scanning electron microscopy.  SEM micrographs of the DNA-MXN-MS prepared at 

varying MXN concentrations depicted particles with spherical morphologies and smooth 

topographies, Figure 6-31.  These results are consistent with data obtain in Chapter 5 for DNA-
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MXN-MS prepared at the 1550rpm mixer speed with 120%MEQ gadolinium crosslinking.  SEM 

micrographs of the DNA-MXN-MS also illustrated that the DNA-MXN-MS produced at the 

25% (w/w) MXN concentration produced smaller particles than those obtained at the 10% (w/w) 

and 15% (w/w) MXN concentrations confirming results obtained during particle size analysis.  

In addition, particles produced at the 25% (w/w) MXN concentration appear to be more uniform 

in size.  These findings are inconsistent with current literature which cite that increasing the drug 

concentration increases the MS particle diameters.144, 169   

A B

C

A B

C
 

Figure 6-31.  SEM micrographs of DNA-MXN-MS prepared at the A) 10% (w/w), B) 15% 
(w/w), and C) 25% (w/w) MXN concentrations (Magnifications: 2,000x). 
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DNA-MXN-MS prepared with no gadolinium crosslinking produced particles with smooth 

surface topographies; however, some particles displayed irregular morphologies as compared to 

DNA-MXN-MS prepared with gadolinium crosslinking, Figure 6-32.  In addition, DNA-MXN-

MS prepared with no crosslinking displayed particles that were less uniform in size.  The same 

trends were seen for DNA-MS prepared without gadolinium crosslinking, Figure 6-33. 

 

Figure 6-32.  SEM micrographs of DNA-MXN-MS prepared with A) gadolinium crosslinking 
and B) no gadolinium crosslinking (Magnifications: 2,000x). 

 

Figure 6-33.  SEM micrographs of DNA-MS prepared with no gadolinium crosslinking, A) 
blank DNA-MS and B) MXN in situ loaded DNA-MS (Magnifications: 3,000x). 
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In vitro MXN loading efficiency 

The MXN percent loadings and loading efficiencies of the DNA-MXN-MS were measured 

in triplicate by enzymatic digestion followed by photometric analysis.  MXN percent loadings 

were calculated using Equation 6-7 and the loading efficiencies were calculated using Equation 

6-8.  The 10% (w/w) and 15% (w/w) MXN conditions produced loading efficiencies of over 

80% whereas the 25% (w/w) MXN condition only produced loading efficiencies of over 30%, 

Figure 6-34.  It was noted, however, that the 25% (w/w) MXN samples were still blue on the 

final day of the digestion study suggesting that the entrapped MXN may not have fully released 

due to incomplete digestion of the MS. This may explain the low loading efficiency of the     

25% (w/w) MXN condition, however, it has been cited in the literature that the drug loading 

efficiencies are decreased when the drug payloads are increased.135, 144, 170 
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Figure 6-34.  Loading efficiency comparison chart for DNA-MXN-MS prepared at varying 
MXN concentrations. 
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DNA-MXN-MS prepared with no gadolinium crosslinking produced loading efficiencies 

of over 95% which were slightly larger than those obtained for DNA-MXN-MS prepared with 

gadolinium crosslinking, Figure 6-35.  Non-crosslinked DNA-MXN-MS were fully digested by 

the end of the digestion study suggesting that incomplete digestion of the crosslinked DNA-

MXN-MS may have resulted in lower loading efficiency values.  Table 6-7 lists the percent drug 

loading and loading efficiency values for each DN-MXN-MS condition tested. 
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Figure 6-35.  Loading efficiency comparison chart for DNA-MXN-MS prepared at with and 
without gadolinium crosslinking. 

Table 6-7.  Percent loading and loading efficiency values for DNA-MXN-MS. 

Condition 
Experimental  
loading (%) 

Theoretical 
 loading (%) 

Loading  
efficiency (%) 

10% (w/w) MXN 9.3 ± 1.3 11.1 83.3 ± 11.9 
15% (w/w) MXN 12.4 ± 1.7 14.8 84.3 ± 11.2 
25% (w/w) MXN 8.2 ± 1.4 25.0 32.8 ± 5.6 
15% (w/w) MXN (no gadolinium crosslinking) 17.9 ± 0.6 18.7 96.0 ± 3.3 
 

A one way ANOVA followed by a Tukey’s test for multiple comparisons was conducted 

on all DNA-MXN-MS collected data and illustrated that the 25% (w/w) MXN condition 
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produced significantly lower loading efficiencies than the 10% (w/w) and the 15% (w/w) MXN 

conditions (p = 0.002).  There were no significant loading efficiency differences between the 

10% (w/w) and 15% (w/w) MXN conditions.  A t-test also illustrated no significant loading 

efficiency differences between the non-crosslinked and crosslinked DNA-MXN-MS. 

In vitro MXN release 

The in vitro MXN release properties of the DNA-MXN-MS were measured in 0.05M PBS 

at a pH of 7.4.  Each DNA-MXN-MS condition was tested in triplicate using minimum sink 

conditions (i.e. low volume) and incubated in 1.250mL of PBS at 37˚C to simulate the tumor 

environment.  DNA-MXN-MS prepared with varying MXN concentrations each released an 

initial “burst” of MXN within the first two hours with the 10% (w/w) MXN condition producing 

the largest and quickest MXN release, Figure 6-36.  The 25% (w/w) MXN condition displayed 

the slowest sustained release within the first 24 hours followed by the 15% (w/w) and 10% (w/w) 

MXN conditions.  The slower release of MXN from the 25% (w/w) condition suggests that the 

intercalation of MXN within the DNA matrix helps to control the release of MXN in vitro.  

MXN ceased to release for the 10% (w/w) and 15% (w/w) MXN conditions after 24 hours; 

however, the 25% (w/w) MXN condition exhibited an increase in release between days 3 and 4 

and ceased releasing after day 4, Figure 6-37.  This increase in release may have been a result of 

the degradation of the DNA-MXN-MS.  These findings are inconsistent with current literature 

which site that release rates are increased when drug payload is increased due to a decrease in the 

integrity of the MS due to the larger drug payload.170  This citing further validates our 

assumptions that the MXN is helping to hold the DNA-MS matrix together in vitro.  The in vitro 

release of MXN from the 10% (w/w) and 15% (w/w) MXN conditions appeared to be diffusion 

controlled and follow first-order release kinetics.  The in vitro release of MXN from the 25% 
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(w/w) MXN condition appeared to be controlled by both, diffusion and erosion, and followed 

first-order release kinetics. 
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Figure 6-36.  The first 24 hour MXN release profiles for DNA-MXN-MS prepared at varying 
MXN concentrations. 
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Figure 6-37.  MXN release profiles for DNA-MXN-MS prepared at varying MXN 
concentrations. 

DNA-MXN-MS prepared with out gadolinium crosslinked also produced an initial “burst” 

release within the first three hours and ceased releasing after 24 hours, Figures 6-38 and 6-39.  
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As expected, the non-crosslinked DNA-MXN-MS released MXN quicker than the crosslinked 

DNA-MXN-MS which exhibited a more sustained release.  The in vitro release of MXN from 

the non-crosslinked and crosslinked DNA-MXN-MS appeared to be diffusion controlled and 

follow first-order release kinetics.   
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Figure 6-38.  The first 24 hour MXN release profiles for DNA-MXN-MS prepared with and 
without gadolinium crosslinking. 
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Figure 6-39.  MXN release profiles for DNA-MXN-MS prepared with and without gadolinium 
crosslinking. 
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Conclusions 

MTX and 5-FU In Situ Loaded DNA-MS and BSA-MS 

The objective of these studies was to further analyze the drug loading capabilities of DNA 

and BSA.  MTX and 5-FU in situ loaded BSA-MS and DNA-MS were prepared to produce 

particles with controlled size distributions where at least 60% of all particles prepared were 

within the mesosphere size range of 1µm to 10µm and < 5% of all particles were greater than 

10µm in size.  Particles less than 1µm in diameter were also acceptable and hydrated particle 

diameters were to be less than 25µm.  In addition, DNA-MS and BSA-MS were sought to obtain 

drug loadings of ≥ 5% (w/w) MTX or 5-FU and release drug for more than 24 hours in 

phosphate buffered saline under minimum sink conditions.  Drug loaded BSA-MS and DNA-MS 

were compared with respect to particle diameter, size distribution, morphology, topography, drug 

loading, and percent drug release.   

Particle analysis 

MTX and 5-FU in situ loaded BSA-MS and DNA-MS produced discreet particles with 

yields that ranged from 40% to 81%.  Drug loaded particles displayed narrow and normal size 

distributions with mean diameters of less than 10µm.  Each MTX and 5-FU loaded MS condition 

produced particles where greater than 60% of all the particles prepared fell within the 1µm to 

10µm size range and less than 5% of all the particles were larger than 10µm with the exception 

of the MTX loaded DNA-MS.  Drug load concentration did not affect the particle diameters and 

size distributions of MTX loaded BSA-MS, however, increasing the mixer speed from 1250rpm 

to 1550rpm did narrow and normalize size distributions.   There were no significant size 

differences between MTX loaded BSA-MS and DNA-MS; however, BSA was the only material 

to produce MTX loaded MS with spherical morphologies.  MTX did not readily load into DNA.  

In addition, 5-FU loaded BSA-MS and DNA-MS produced discreet particles with spherical 
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morphologies with no significant size differences between them.  5-FU loaded DNA-MS 

produced particles with smooth topographies, however, BSA-MS loaded with MTX and 5-FU 

exhibited wrinkled surface topographies.  The yielding surface topography was a result of the 

dehydration of the BSA-MS during acetone washing and drying due to the large concentration of 

aqueous glutaraldehyde used during synthesis.  It is expected that using a lower concentration of 

glutaraldehyde would result in smoother BSA-MS topographies.   

In vitro MTX and 5-FU loading efficiency and release 

The loading efficiencies for the MTX loaded conditions ranged from 61% to 94%.  A 

maximum loading of 24% (w/w) MTX was obtained for the BSA-MS and 10% (w/w) for the 

DNA-MS.  The 5-FU loaded conditions produced poor loading efficiencies of approximately 

20% for both BSA-MS and DNA-MS.  A maximum loading of 6% (w/w) 5-FU was obtained for 

BSA-MS and 5% (w/w) for DNA-MS.   

T-tests were conducted on BSA-MS to determine if mixer speed or drug payload effected 

MTX loading.  These t-tests illustrated no significant loading efficiency differences as a result of 

mixer speed or percent drug loaded; however the t-tests did find that the BSA-MS entrapped 

significantly more MTX than the DNA-MS (p = 0.002).  A t-test was also conducted on the 5-FU 

conditions to determine if the drug loading material effected 5-FU loading.  The t-test illustrated 

no significant loading efficiency differences between the BSA-MS and DNA-MS conditions.   

MTX loaded BSA-MS released higher concentrations of MTX at a quicker rate than those 

obtained with the MTX loaded DNA-MS.  Each MTX condition tested displayed an initial 

“burst” release within the first three hours, and had ceased releasing by Day 2.   MTX release 

analyzed from both BSA-MS and DNA-MS 15% (w/w) in situ loaded conditions were found to 

be diffusion controlled and follow first-order release kinetics.  MTX concentrations released 

from the BSA-MS and DNA-MS were found to decrease over time after the initial burst release.  
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The MTX release from the 30% (w/w) in situ loaded BSA-MS condition was also diffusion 

controlled and exhibited a biphasic release pattern.  The first eight hours of MTX release were 

governed by the Higuchi square root time release kinetics model and the MTX release after hour 

8 followed first-order release kinetics.158   

The 5-FU in situ loaded DNA-MS released a larger concentration of drug at a quicker rate 

than the BSA-MS condition.  The in vitro release of 5-FU from DNA-MS appeared to be 

diffusion controlled and followed the Higuchi square root time kinetics model for release during 

the first eight hours and first-order kinetics for the duration of release.  The 5-FU in situ loaded 

BSA-MS however; exhibited erosion controlled release and followed the Higuchi square root 

time kinetics model for release throughout the duration of the study.  The sustained release of 5-

FU achieved with the BSA-MS may have been attributed to the slow degradation of the highly 

crosslinked BSA-MS.   

Overall conclusions 

Overall, BSA-MS produced optimal particle properties for intratumoral chemotherapy and 

were able to load MTX more efficiently than DNA-MS.  BSA-MS entrapped 14% (w/w) more 

MTX than DNA-MS and released MTX at larger concentrations at a faster rate.  MTX release 

analyzed from both BSA-MS and DNA-MS were found to be diffusion controlled and follow 

first-order release kinetics.  MTX release from BSA-MS was found to be diffusion controlled 

and exhibit a biphasic release pattern by increasing the MTX release from 15% (w/w) to 30% 

(w/w).  Release from 30% (w/w) MTX loaded BSA-MS were governed by the Higuchi square 

root time release kinetics model during the first eight hours and first-order release kinetics after 

hour 8. 

DNA-MS and BSA-MS produced equivalent 5-FU loadings with optimal MS properties; 

however, DNA-MS released 5-FU at larger concentrations and at a faster rate than BSA-MS.  5-
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FU release from DNA-MS was diffusion controlled and followed Higuchi and first-order release 

kinetics, whereas 5-FU release from BSA-MS was erosion controlled and followed the Higuchi 

model throughout the release study duration.    

DNA-MXN-MS Studies 

MXN in situ loaded DNA-MS were prepared to determine the maximum drug loading 

ability of DNA.  DNA-MXN-MS were prepared with a 120%MEQ gadolinium crosslink 

concentration and were loaded with 10% (w/w), 15% (w/w), and 25% (w/w) MXN.  The particle 

diameter, size distribution, morphology, topography, drug loading, and percent drug release of 

the DNA-MXN-MS were evaluated with respect to MXN concentration.  DNA-MXN-MS were 

also prepared with no gadolinium crosslinking to determine if MXN serves as a crosslinking 

agent to DNA-MS.  DNA-MXN-MS were prepared with 15% (w/w) in situ loaded MXN and 

were compared with respect to crosslinking.   

Particle analysis 

DNA-MXN-MS produced discreet particles with yields of over 65%.  Each DNA-MXN-

MS and blank DNA-MS produced particles with mean dry diameters of less than 10µm in 

diameter.  A one way ANOVA conducted on the DNA-MXN-MS prepared at the 10% (w/w), 

15% (w/w), and 25% (w/w) MXN concentrations illustrated no significant size differences 

among the DNA-MXN-MS with regard to MXN concentration.  A t-test conducted on the 

crosslinked and non-crosslinked DNA-MXN-MS illustrated that size was not dependent on 

gadolinium crosslinking; however, particle morphologies were less spherical for the non-

crosslinked DNA-MXN-MS than for the crosslinked DNA-MXN-MS. 

DNA-MXN-MS prepared at varying MXN concentrations produced particles with narrow 

and normalized particle size distributions, spherical morphologies, and smooth topographies. 

Particle size distributions for non-crosslinked conditions were normalized; however, they 
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exhibited aggregate formation within the 13µm to 55µm diameter range.  A larger degree of 

aggregates were present in the non-crosslinked blank DNA-MS size distributions as compared to 

the non-crosslinked DNA-MXN-MS which may have been a result of non-crosslinked DNA 

material in the yield.  This data suggests that MXN may help to bind the DNA-MS together 

through intercalation thus reducing the amount of aggregates formed in the yield. 

In vitro MXN loading efficiency and release 

A maximum MXN loading concentration of 18% (w/w) was obtained for DNA-MS and 

MXN loading efficiencies ranged from 33% to 96%.  The 10% (w/w) and 15% (w/w) MXN 

conditions produced loading efficiencies of over 80% whereas the 25% (w/w) MXN condition 

only produced a significantly lower loading efficiency of just over 30%.  However, DNA-MXN-

MS prepared at the 25% (w/w) MXN condition were not fully digested at the end of the 

digestion study and the low loading efficiency values obtained at this condition may have been a 

result of their incomplete digestion suggesting that MXN may further stabilize the DNA-MS 

matrix through intercalation.   

DNA-MXN-MS prepared with no gadolinium ion crosslinking produced loading 

efficiencies of over 95% which were slightly larger than those obtained for DNA-MXN-MS 

prepared with gadolinium crosslinking; however, a t-test found no significant loading efficiency 

differences between the non-crosslinked and crosslinked DNA-MXN-MS.   

The 10% (w/w), 15% (w/w), and 25% (w/w) DNA-MXN-MS conditions exhibited first-

order release kinetics and each released an initial “burst” of MXN of over 30% within the first 

two hours with the 10% (w/w) MXN condition producing the largest and quickest MXN release.  

The 25% (w/w) MXN condition displayed the slowest sustained release within the first 24 hours 

followed by the 15% (w/w) and 10% (w/w) MXN conditions.  The slower release of MXN from 

the 25% (w/w) condition further suggests that the intercalation of MXN within the DNA matrix 
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helps to control the release of MXN in vitro.  MXN ceased to release for the 10% (w/w) and 15% 

(w/w) MXN conditions after 24 hours; however, the 25% (w/w) MXN condition exhibited an 

increase in release between Days 3 and 4 and ceased releasing after Day 4 suggesting that MXN 

release from the 25% (w/w) condition is erosion controlled whereas MXN release for the 10% 

(w/w) and the 15% (w/w) MXN conditions are diffusion controlled.   

Overall conclusions 

Overall, DNA-MS produced a maximum MXN loading of 18% (w/w).  Resulting DNA-

MXN-MS mean diameters were found to not be dependent on gadolinium crosslinking nor MXN 

payload; however, gadolinium ion crosslinked DNA-MXN-MS produced MS with more 

spherical morphologies and more narrow and normal size distributions.  The in vitro release of 

MXN from DNA-MS was diffusion controlled and followed first-order release kinetics.  The 

10% (w/w) MXN condition produced the largest and quickest MXN release followed by the 15% 

(w/w) and 25% (w/w) MXN conditions.  The incomplete digestion and the slow release of MXN 

from the 25% (w/w) MXN condition suggest that MXN may stabilize the DNA-MS matrix 

through intercalation and help control the release of MXN in vitro. 
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CHAPTER 7 
CONCLUSIONS 

Overview 

DNA nano-mesospheres (DNA-MS) were prepared for the first time using a modified 

steric stabilization method that was developed in this lab for the preparation of albumin meso-

microspheres.  The steric stabilization method was modified for DNA-MS synthesis by 

increasing the initial mixer speed to 1550rpm and by adding a filtration step to the end of the 

process.  These two modifications resulted in discreet DNA-MS with yields of over 70% and 

optimal particle diameters that ranged from 50nm to 10µm with normal and narrow size 

distributions.   

DNA-MS were prepared with gadolinium crosslinking through ionic interactions with 

DNA phosphate groups.  Gadolinium crosslinking was confirmed by DNA-MS stability in 

Grey’s balanced salt solution (BSS) and phosphate buffered saline (PBS).  Evidence of 

gadolinium bonding with DNA was determined via energy dispersive x-ray spectroscopy (EDS) 

which suggest that these mesospheres may have imaging capabilities.   

The chemotherapy drug mitoxantrone (MXN) was readily incorporated into the DNA-MS 

during synthesis with MXN entrapments of over 70%.  5-fluorouracil (5-FU) was also loaded 

into DNA-MS suggesting the significant potential for the use of these DNA-MS as 

biodegradable carriers for intratumoral chemotherapy.  MXN and 5-FU release profiles 

extending over 30 days demonstrated a controlled and prolonged release of the chemotherapy 

drugs from the DNA-MS.  The efficacy of MXN loaded DNA-MS was demonstrated in vitro 

using a murine Lewis lung carcinoma (mLLC) cell line.  The in vitro cell study illustrated that 

MXN loaded DNA-MS produce a cytotoxic response on the mLLC cells at doses as low as 

1ppm.  The controlled and sustained release properties and in vitro cytotoxicity of drug loaded 
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DNA-MS suggests that their clinical use may provide less frequent chemotherapy visits, which 

may substantially improve the quality of life for patients suffering from various solid tumor 

cancers.   

Overall, these DNA nano-mesospheres may offer a possible alternative to conventional 

oral or intravenous therapies by providing localized, controlled, and prolonged chemotherapy. 

DNA Nano-Meso-Microspheres Synthesis 

1. A stabilizing agent concentration of 5% (w/v) CAB (cellulose acetate butyrate in 1,2-
dichloroethane) was found to produce spherical and discreet DNA-MS the most 
efficiently.  

  
2. Chromium, gadolinium, and iron trivalent cationic crosslinking agents were found to 

react instantaneously with DNA, whereas reactions with glutaraldehyde take 2 hours and 
reactions with genipin take over 72 hours. 

 
3. DNA-MS synthesized with ionic and covalent crosslinking agents produced dry mean 

diameters of less than 20µm; however, genipin was unable to crosslink DNA (i.e. DNA-
MS did not turn blue) and chromium, iron, and glutaraldehyde crosslinked DNA-MS 
displayed multimodal dry particle size distributions suggesting that they may not be 
optimal crosslinking agents for DNA-MS.   

 
4. Gadolinium crosslinked DNA-MS produced the smallest dry (2.6µm) and hydrated 

(12.1µm) particles, with the largest zeta potential values (-45.3mV), and the most narrow 
and normal size distributions of all the crosslinking agents tested.  In addition, the 
gadolinium crosslinked DNA-MS displayed the most stable dispersability in Grey’s BSS 
with dispersion times exceeding 48 hours.   

 
5. EDS analysis of DNA-MS confirmed the presence of the chromium, gadolinium, and iron 

cationic crosslinking agents strongly suggesting that the trivalent cations are indeed 
chemically bonding with the DNA.   

 
6. Filtration removed aggregates and particles over 20µm in diameter, normalized dry and 

hydrated particle size distributions, and produced only an18% decrease in yield, as 
compared to the non-filtered yield, for gadolinium crosslinked DNA-MS.   

 
7. Increasing the stir speed from 950rpm to 1550rpm produced particles with mean 

diameters of less than 10µm and  normalized particle size distributions for all non-drug 
loaded and drug loaded DNA-MS and BSA-MS (i.e. MXN, MTX, 5-FU).    

 
8. Drug pay load did not affect the particle diameters and size distributions of MXN, MTX, 

and 5-FU loaded DNA-MS and BSA-MS. 
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9. Increasing the gadolinium crosslink concentration from 20%MEQ to 120%MEQ did not 
affect the mean dry particle diameters or the particle size distributions for DNA-MXN-
MS. 

 
10. Gadolinium crosslinked DNA-MS and DNA-MXN-MS produce less aggregates than 

non-crosslinked DNA-MS and DNA-MXN-MS.   
 
11. DNA-MXN-MS prepared at the 1550rpm mixer speed with a gadolinium concentration 

of 120%MEQ produced the most optimal MS results with yields over 85%, dry particle 
diameters less than 5µm, hydrated particle diameters less than 20µm, normalized and 
narrow size distributions, and excellent stability in PBS.   

 
12. EDS analysis confirmed the presence of gadolinium in DNA-MXN-MS prepared with 

gadolinium concentrations in the range of 20%MEQ to 120%MEQ with the 120%MEQ 
condition producing the largest counts of both gadolinium and chlorine.   

 
13. Zeta potential analysis confirmed the in situ  loading of the cationic drug MXN into the 

DNA-MXN-MS through a significant increase in DNA-MS surface charge (i.e. -45.3mV 
to -22.4mV). 

 
14. BSA-MS in situ loaded with MTX produced discreet particles with spherical 

morphologies and wrinkled topographies.  DNA-MS in situ loaded with MTX produced 
discreet particles with irregular morphologies and topographies.   

 
15. BSA-MS in situ loaded with 5-FU produced discreet particles with spherical 

morphologies and wrinkled topographies. DNA-MS in situ loaded with 5-FU produced 
discreet particles with spherical morphologies and smooth topographies.   

 
Drug Loading and Release 

1. Increasing the gadolinium concentration from 20%MEQ to 120%MEQ for DNA-MXN-MS 
decreased MXN loading efficiencies from 91% to 84% and decreased MXN loadings 
from 13.5% to 12.4%; however, conditions were statistically comparable.  Increasing the 
gadolinium concentration also decreased the in vitro release of MXN into phosphate 
buffered saline.  

 
2. MXN loading and loading efficiencies for gadolinium crosslinked DNA-MXN-MS were 

found to be statistically comparable to those obtained with MXN in situ loaded albumin 
and gelatin microspheres. 

 
3. Non-crosslinked DNA-MXN-MS loaded 6% (w/w) more MXN than gadolinium 

crosslinked DNA-MXN-MS (i.e. Non-crosslinked max loading was 18% (w/w) MXN 
where gadolinium crosslinked max loading was 12.4% (w/w) MXN).   

 
4. DNA-MXN-MS prepared with gadolinium concentrations that ranged from 20%MEQ to 

120%MEQ each produced a “drug burst” release within the first 24 hours; however, a 
sustained MXN release was measured up to 75 days. 
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5. DNA-MXN-MS prepared at the 120%MEQ gadolinium crosslink concentration were 
found to release MXN most efficiently (i.e. a significant increase in MXN release was 
found between Day 1 and Day 75). 

 
6. Increasing the MXN payload from 10% (w/w) to 25% (w/w) decreased MXN loading 

efficiencies from 83% to 33% with a maximum MXN loading of 18% (w/w) obtained.  In 
addition, increasing the MXN payload from 10% (w/w) to 25% (w/w) decreased the in 
vitro release of MXN into phosphate buffered saline; however, low MXN loading 
efficiency and in vitro release values obtained for the 25% (w/w) MXN condition may 
have been a result of incomplete digestion which was observed during analysis.   

 
7. The sustained release of MXN was measured for up to 35 days for the 10% (w/w), 15% 

(w/w), and 25% (w/w) DNA-MXN-MS conditions. Each MXN condition exhibited 
diffusion controlled first-order release kinetics after releasing an initial “burst” of over 
30% MXN within the first two hours.   

 
8. BSA-MS entrapped 14% (w/w) more MTX than DNA-MS and released larger 

concentrations of MTX at a faster rate (i.e. BSA max loading was 24% (w/w) MTX and 
DNA max loading was 10% (w/w) MTX).  

  
9. MTX release from both BSA-MS and DNA-MS were measured up to 35 days and were 

found to be diffusion controlled and follow first-order release kinetics after the initial 
burst exhibited during the first three hours.    

 
10. Increasing MTX loading from 15% (w/w) to 30% (w/w) resulted in a diffusion controlled 

biphasic release pattern where MTX release was governed by the Higuchi square root 
time release kinetics model during the first eight hours and first-order release kinetics 
after hour 8.  

 
11. 5-FU loaded conditions produced poor loading efficiencies of approximately 20% for 

both BSA-MS and DNA-MS.  A maximum loading of 6% (w/w) 5-FU was obtained for 
BSA-MS and 5% (w/w) for DNA-MS.  

 
12. DNA-MS released 5-FU at larger concentrations and at a faster rate than BSA-MS.  5-FU 

release from DNA-MS was diffusion controlled and followed Higuchi and first-order 
release kinetics, whereas 5-FU release from BSA-MS was erosion controlled and 
followed the Higuchi model throughout the release study duration.    

 
In vitro Cell Growth and Cytotoxicity 

1. Human dermal fibroblast growth data and optical microscopy images illustrated that 
DNA derived from herring testes does not elicit an anti-proliferative response or a 
cytotoxic response in vitro.   

 
2. DNA-MS crosslinked with chromium and gadolinium produced the best in vitro 

fibroblast growth results with proliferation rates that either exceeded or were comparable 
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to the media with cells control condition at both the 25µg and 100µg DNA-MS 
concentrations. 

 
3. Iron crosslinked DNA-MS produced significantly lower proliferation rates than the media 

with cells control group for both 25µg and 100µg DNA-MS concentrations indicating 
that iron at DNA-MS concentrations as low as 25µg elicit negative fibroblast growth 
responses in vitro.   

 
4. Glutaraldehyde crosslinked DNA-MS elicited a negative fibroblast growth response at 

the 100µg DNA-MS concentration and not at the 25µg DNA-MS concentration indicating 
that glutaraldehyde crosslinked DNA-MS elicit negative fibroblast growth responses at 
DNA-MS concentrations greater than 25µg.  

 
5. The effect of MXN on the in vitro viability of murine Lewis lung carcinoma cells was 

found to be dose dependent.  The 1µg/mL DNA-MXN-MS dose did not elicit a cytotoxic 
response until Day 2; however, the 10µg/mL and 25µg/mL DNA-MXN-MS dose 
conditions exhibited cytotoxicity responses by Day 1.   

 
6. DNA-MXN-MS conditions elicited significantly higher murine Lewis lung carcinoma 

cytotoxicities than the free MXN conditions at each dose suggesting that the gadolinium 
in the DNA-MXN-MS contributes to the in vitro cytotoxicity or that DNA-MXN-MS are 
more readily taken up by the murine Lewis lung carcinoma cells than free MXN. 
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CHAPTER 8 
FUTURE STUDIES 

The research presented in this dissertation was devoted to the synthesis and properties of 

drug loaded DNA nano-meso-microspheres (DNA-MS) for intratumoral chemotherapy 

applications.  This section highlights research topics that may be of interest to pursue for future 

studies. 

1. Synthesis and characterization of DNA-MS crosslinked with genipin.  Crosslink 
reaction studies presented in Chapter 3 illustrated that DNA did interact with genipin 
after 24 hours as indicated from the change of color of the DNA solution from white to a 
purplish-yellow.  DNA-MS synthesis studies should be repeated to include longer 
reaction times for genipin crosslinking.  DNA-MS studies should look at 2, 12, 24, and 
48 hour time points to determine if genipin can be used as a crosslinking agent for DNA-
MS.  Crosslinking should be confirmed in phosphate buffered saline at a pH of 7.4 using 
hydrated particle sizing methods outlined in Chapters 3 through 6. 

 
2. In vivo efficacy and imaging studies with mitoxantrone loaded DNA-MS crosslinked 

with gadolinium.  In vivo studies should be conducted using our 16/C murine mammary 
adenocarcinoma cell model to determine the in vivo efficacy of mitoxantrone loaded 
DNA-MS.  Studies should be conducted using similar methods as those presented in Dr. 
Brett Almond’s dissertation.4  Data obtained with DNA-MS should be compared to BSA-
MS data.  In vivo studies should also be conducted to determine the imaging potential of 
gadolinium crosslinked DNA-MS.  Studies should be carried out with the assistance of 
faculty at the Brain Institute.  It would also be interesting to determine if gadolinium 
crosslinked DNA-MS could be used for magnetically guided therapy. 

 
3. In vivo distribution testing of mitoxantrone loaded DNA-MS.  In vivo studies should 

be conducted to determine the distribution of DNA-MS within the tumor interstitium and 
throughout the body using the 16/C murine mammary adenocarcinoma cell model. 

 
4. Synthesis, characterization, and in vitro evaluations of mitoxantrone loaded DNA-

MS crosslinked with glutaraldehyde and gadolinium.  Glutaraldehyde is assumed to 
crosslink DNA through the base pairs whereas gadolinium crosslinks DNA through the 
phosphate groups.  DNA-MS synthesis should be repeated using both crosslinking agents 
simultaneously to determine their effect on MS morphology, topography, particle size, 
and mitoxantrone in vitro entrapment and release. 

 
5. In vitro evaluations of folic acid delivery from folic acid and mitoxantrone loaded 

DNA-MS.  Many human tumor cells are known to have overexpressed folic acid 
receptors on their surfaces such as breast, ovarian, lung, renal, and colon cancers.171  
Folic acid has been conjugated to various therapeutic particles to enhance their uptake 
into tumor cells.171, 172  Folic acid conjugation has shown to increase the therapeutic 
efficacy of chemotherapy agents while also decreasing their systemic toxicity in vivo 
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using mice bearing human cancer cell lines due to an increase in tumor uptake.172  In 
vitro studies should be conducted using folic acid loaded DNA-MS and BSA-MS to 
determine if the same outcome could be achieved through delivery of folic acid from a 
MS instead of through surface conjugation.  DNA-MS and BSA-MS loaded with 15% 
(w/w) mitoxantrone and 0.5% (w/w) and 1% (w/w) folic acid were prepared and have 
been partially characterized with the assistance of Karly Jacobsen.  Preliminary results 
are given in Appendix B.  In vitro studies should be conducted to further characterize 
folic acid and mitoxantrone loaded DNA-MS and BSA-MS using a murine Lewis Lung 
Carcinoma cell line to determine if the delivery of folic acid increases mitoxantrone 
uptake.  The cell study should look at the 1, 2, 4, 8, 12, 24, and 48 hour time points.  The 
cell study should include free mitoxantrone, mitoxantrone loaded DNA-MS and BSA-MS 
(DNA-MXN-MS and BSA-MXN-MS), and folic acid loaded DNA-MXN-MS and BSA-
MXN-MS.  In vitro entrapment and release studies should also be conducted to determine 
if folic acid effects the entrapment and release of mitoxantrone.   

 
6. In vitro evaluations of mitoxantrone, methotrexate, or 5-fluorouracil loaded DNA-

BSA blended MS.  Studies should be conducted to look at the in vitro entrapment and 
release properties of mitoxantrone, methotrexate, or 5-fluorouracil loaded DNA-BSA 
blended MS.  MS should be prepared with 30% (w/w) drug loadings and compared at the 
80:20 and 50:50 DNA to BSA ratios.  Drug entrapment and loadings should be compared 
to DNA-MS and BSA-MS controls.  MS should also be characterized by particle size, 
morphology, and topography. 

 
7. Delivery of Tumor Killing Bacteria.  Non-toxic systemic bacteria cocktails containing 

bacterium such as Clostridium novyi-NT have shown great potential in eradicating non-
operable solid tumors in mice.173  Their tumor killing potential may be maximized by 
delivering them intratumorally via MS prepared with biodegradable materials such as 
DNA or BSA.  Bacteria loaded DNA-MS and BSA-MS should be prepared and tested in 
vitro for efficacy.  DNA-MS and BSA-MS should be characterized by particle size, 
morphology, and surface topography.  The tumor killing properties of the bacteria should 
be analyzed in vitro with murine Lewis Lung Carcinoma cells and compared to 
mitoxantrone releasing DNA-MS and BSA-MS. 

 
8. Synthesis of fruit or vegetable DNA-MS.  Now that DNA-MS synthesis and 

characterization protocols have been established, studies should be conducted on the 
synthesis of DNA-MS from fruit or vegetable DNA sources such as banana, onion, and 
tomato.  DNA extraction protocols have been modified to produce optimal extraction 
yields and are presented in Appendix C.  The next steps for these studies should include 
DNA purification followed by DNA-MS synthesis, DNA-MS characterization, and drug 
entrapment and release studies. 

 
9. Synthesis, characterization, and in vitro evaluations of 2-methacryloyloxyethyl 

phosphorylcholine (MPC), phosphorylcholine, or phosphatidylcholine modified 
DNA-MS and BSA-MS.  MPC phospholipid polymer surfaces have shown excellent in 
vivo blood compatibility due to high fractions of free water that can be bound to their 
surface.174  Surfaces containing MPC or phosphorylcholine groups help to suppress blood 
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cell adhesion even in the absence of anticoagulants.174  Furthermore, liposomes that have 
been sterically stabilized or modified with MPC, phosphorylcholine, phosphatidylcholine 
phospholipid polymers have prolonged the half-life, enhanced the cellular permeability of 
solid tumor cells, provided an “anti-burst” sustained release, and increased the uptake of 
chemotherapy agents in vivo. 175-179  These phospholipid modified liposomes have also 
shown multiple imaging or therapeutic agent loading capabilities.175-178  Therefore, DNA-
MS and BSA-MS should be prepared following general MS synthesis procedures and 
modified with the aforementioned phospholipid polymers.  DNA-MS may be modified 
through electrostatic interactions found with the phosphate groups found in the 
phospholipid polymers.  BSA-MS may be modified with covalent interactions between 
the amino groups of the phospholipid polymers and the free aldehyde groups of the BSA-
MS.  For BSA-MS modifications, BSA-MS should be prepared by crosslinking the 
organic phase, rather than the aqueous phase since organic phase crosslinking yields 
many free aldehyde groups at the surface of the BSA-MS.11  DNA-MS and BSA-MS 
should be characterized by particle size, morphology, and surface topography.  The 
effects of phospholipid modification on drug entrapment, release, and uptake by tumor 
cells should also be analyzed. 

 
10. Synthesis, Characterization, and In Vitro/Vivo Evaluations of DNA-MS and BSA-

MS Loaded with Antiangiogenic Drugs.  Angiogenesis, which is the formation of new 
vascular networks in tumors, is thought to be the lead contributor to tumor metastasis.35, 

180, 181  Angiogenic vessels develop rapidly in vessels due to vascular endothelial growth 
factor (VEGF).181  Bevacizumab is an antiangiogenic drug recently approved by the FDA 
for its use against renal and colon cancers. 180  Bevacizumab is a monoclonal antibody 
that functions against VEGF and helps to inhibit capillary and vessel growth.180  
Bevacizumab is typically given in combination with other chemotherapy drugs such as 5-
Fluorouracil (5-FU) intravenously and has  shown statistically significant survival 
improvements in human colorectal cancer clinical trials.182  Studies should be conducted 
to evaluate the in vitro and in vivo efficacy of bevacizumab loaded DNA-MS and BSA-
MS.  Study should compare the in vitro efficacy of bevacizumab, bevacizumab and 5-FU, 
and 5-FU loaded DNA-MS and BSA-MS against blank MS using murine Lewis Lung 
Carcinoma cells.  The study should then be repeated in vivo using the murine mammary 
adenocarcinoma model.  Loading with respect to particle size and morphology should 
also be evaluated. 
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APPENDIX A 
EDS CHARACTERISTIC X-RAY DESIGNATIONS AND ENERGIES FOR DNA NANO-

MESO-MICROSPHERES 

Table A-1.  Characteristic x-ray designations and energies for elements analyzed via energy 
dispersive x-ray spectroscopy.106 

Element Designation Energy (keV) 
Silicon Kα1,2 1.739 
Carbon Kα 0.277 
Sodium Kα1,2 1.041 
 Kβ 1.071 
Phosphorous Kα2 2.012 
 Kα1 2.013 
Gadolinium Mς 0.914 
 Mα 1.185 
 Mβ 1.209 
 Lι 5.362 
 Lα2 6.025 
 Lα1 6.057 
 Lβ6 6.867 
 Lβ2,15 7.102 
 Lβ7 7.207 
 Lγ1 7.785 
Chlorine Kα2 2.620 
 Kα1 2.622 
 Kβ 2.815 
Chromium Lι 0.500 
 Lβ1 0.582 
 Kα2 5.405 
 Kα1 5.414 
 Kβ1,3 5.946 
Potassium Kα1 3.313 
 Kβ1,3 3.589 
Iron Lβ3,4 0.792 
 Kα2 6.390 
 Kα1 6.403 

 

 

 



 

252 

APPENDIX B 
FOLIC ACID MODIFICATION OF MITOXANTRONE LOADED DNA-MS AND BSA-MS 

PRELIMINARY RESULTS 

Introduction  

Many human tumor cells are known to have overexpressed folic acid receptors on their 

surfaces such as breast, ovarian, lung, renal, and colon cancers.171, 183  Folic acid has been 

conjugated to various therapeutic particles to enhance their uptake into tumor cells.171, 172  Folic 

acid conjugation has shown to increase the therapeutic efficacy of chemotherapy agents while 

also decreasing their systemic toxicity in vivo using mice bearing human cancer cell lines due to 

an increase in tumor uptake.172  Therefore, folic acid modification of DNA-MS and BSA-MS 

was prepared as a possible enhancement for tumor cell uptake.  DNA-MS and BSA-MS in situ 

loaded with 15% (w/w) mitoxantrone (DNA-MXN-MS or BSA-MXN-MS) were modified with 

0.5% (w/w) and 1% (w/w) folic acid (FA) to initiate these studies.  The particle diameter, size 

distribution, and morphology of the folic acid modified DNA-MXN-MS and BSA-MXN-MS 

were evaluated with respect to the folic acid incorporation.  The particle diameters and size 

distributions were obtained using an LS Coulter 13 320 particle size analyzer and the 

morphology was assessed using a field emission scanning electron microscope. The preliminary 

data presented here was conducted with the assistance of Karly Jacobsen and summarizes the 

particle and morphological analysis of the FA modified DNA-MXN-MS and BSA-MXN-MS.  

Materials and Methods 

Materials  

DNA sodium salt derived from herring testes Type XIV (DNA), albumin from bovine 

serum (BSA), cellulose acetate butyrate, HPLC grade 1,2-dichloroethane, methanol, gadolinium 

(III) chloride hexahydrate, 25% (w/w) Grade II aqueous glutaraldehyde solution, mitoxantrone 

dihydrochloride, and trichloroacetic acid were purchased from the Sigma-Aldrich Company.  
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Acetone, 70µm Spectra/Mesh® Nylon filters, and 15mL and 50mL polypropylene centrifuge 

tubes were purchased from Fisher Scientific International.  Type I and Type II deionized 

ultrapure water was prepared with a resistivity of at least 16 MΩ-cm-1 using the Barnstead 

NANOpure™ Ultrapure Water System in the lab.  

Methods 

All solutions, synthesis, and characterization methods were performed as outlined in 

Chapters 4 through 6.  Folic acid was loaded into MXN loaded aqueous DNA and BSA solutions 

using the same protocol for MXN loading. 

Results 

Preliminary particle size analysis illustrated that FA did not affect the particle size of the 

DNA-MS or DNA-MXN-MS.  Each FA modified DNA-MS and DNA-MXN-MS condition 

produced an average dry mean particle size of 2.7µm ± 3.2µm, Figure B-1.  FA modification did 

not affect BSA-MS particle size as well; however, a 2µm increase in mean dry particle sizes was 

observed with respect to MXN loading, Figure B-2.  Table B-1 gives the dry mean particle 

diameters for each MS condition tested. 
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Figure B-1.  Particle size distribution comparison of FA and MXN loaded DNA-MS conditions. 
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Figure B-2.  Particle size distribution comparison of FA and MXN loaded BSA-MS conditions. 

Table B-1.  Dry mean particle diameters for FA and MXN loaded DNA-MS and BSA-MS. 
Condition Dry mean particle size (µm) 
5%DNA Control 2.9 ± 2.7 
5%DNA 15%MXN 2.7 ± 4.6 
5%DNA 0.5%FA 2.8 ± 3.0 
5%DNA 0.5%FA 15%MXN 2.9 ± 3.3 
5%DNA 1%FA  2.6 ± 3.3 
5%DNA 1%FA 15%MXN 2.5 ± 2.7 
5%BSA Control 2.8 ± 2.2 
5%BSA 15%MXN  6.1 ± 2.6 
5%BSA 0.5%FA 2.9 ± 2.6 
5%BSA 0.5%FA 15%MXN 5.3 ± 3.4 
5%BSA 1%FA 3.2 ± 3.5 
5%BSA 1%FA 15%MXN 5.3 ± 2.9 

 
FA modified DNA-MS and DNA-MXN-MS produced discreet spherical particles with 

smooth surface topographies, Figures B-3 and B-4.  FA modified BSA-MS also produced 

spherical particles with smooth topographies, Figure B-5, however, FA modified BSA-MXN-MS 

produced smooth and discreet particles with dish shaped morphologies, Figure B-6. 
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Figure B-3.  SEM micrographs of DNA-MS with A) 0.5% FA, B) 1% FA, and C) no FA 
(Magnifications: 3,000x). 

 

Figure B-4.  SEM micrographs of DNA-MXN-MS with A) 0.5% FA, B) 1% FA, and C) no FA 
(Magnifications: 2,000x). 

 

Figure B-5.  SEM micrographs of BSA-MS with A) 0.5% FA, B) 1% FA, and C) no FA 
(Magnifications: 3,000x). 
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Figure B-6.  SEM micrographs of BSA-MXN-MS with A) 0.5% FA, B) 1% FA, and C) no FA 
(Magnifications: 3,000x). 

Preliminary Conclusions 

The data presented in this appendix illustrates that FA may be in situ loaded into DNA-

MS, BSA-MS, DNA-MXN-MS, and BSA-MXN-MS.  The in situ loading of FA into DNA-MS 

and BSA-MS was visually noted by the light orange color of the resulting MS yields.  FA 

modified MS produced optimal particle size properties with normal and narrow size distributions 

and dry diameters in the range of 50nm to15µm.  Theoretical FA loadings were attempted up to 

1.0% (w/w) and should be quantified in the future using a combination of FTIR, to confirm FA 

binding or loading, and a microbiological assay, to quantify FA uptake into DNA-MS and BSA-

MS.184  In addition, in vitro cell uptake tests using murine Lewis lung carcinoma cells were 

inconclusive (not presented here) in the FA theoretical range tested and should be retested to 

determine if FA modification increases DNA-MXN-MS and BSA-MXN-MS uptake. 
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APPENDIX C 
FRUIT AND VEGETABLE DNA EXTRACTION PROTOCOLS 

Overview 

Based on the success obtained with DNA nano-meso-microsphere (DNA-MS) synthesis 

using DNA derived from herring testes, experiments were set forth to prepare DNA-MS from 

DNA extracted from fruit and vegetables.  DNA extraction protocols were acquired and modified 

to produce optimal extraction yields.  DNA-MS syntheses were attempted; however, discreet 

particles were not obtained due to the contamination of polysaccharides in the extracted DNA 

yields.  DNA extraction protocols are described below for the extraction of DNA from bananas, 

onions, and tomatoes.  The most efficient extraction process with the highest DNA yields is 

obtained using the banana DNA extraction protocol; however, each individual protocol will 

produce good extracted DNA yields.  These protocols may also be modified to extract DNA 

from other living sources.  Future studies should include the purification of the extracted DNA 

using DNA purification kits such as those that may be purchased from Promega (i.e. the 

solution-based Wizard® Genomic DNA purification kit).  DNA-MS should then be prepared 

using methods described in Chapters 4 through 6 using DNA extracted from bananas, onions, or 

tomatoes. 

Materials 

6 Bananas, or bag of yellow Spanish onions, or 8 Plum Tomatoes or 4 Regular Sized Tomatoes 
Ethanol squirt bottle 
Refrigerator 
Test tube rack 
12 – 15 50mL polypropylene centrifuge tubes 
3 – 6 spatulas 
200mL glass bottle with lid 
1L plastic bottle with lid 
2 magnetic stir bars 
Sodium lauryl sulfate (or sodium dodecyl sulfate) 
Sodium citrate 
Deionized salt (sodium chloride) 
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Adolf’s meat tenderizer 
Ethylenediamine tetraacetic acid (EDTA) 
1L glass beaker 
2 ½ #6 Coffee filters 
Metal strainer 
Parafilm strips 
Sharpie marker 
Blender 
Thermometer 
1 Round 2L bowl dish 
Cutting board 
Knife 
Tape 
1 stir plate 
1 heat plate 
1 25mL pipette 
1 10mL pipette 
2 pipette bulbs 
 

Protocols 

Homogenization Medium 

1. Place large magnetic stir bar into the 1L plastic bottle. 
2. Weigh out 50g of the sodium lauryl sulfate and add to the bottle. 
3. Weigh out 8.770g of the deionized sodium chloride and add to the bottle. 
4. Weigh out 4.410g of the sodium citrate and add to the bottle. 
5. Weigh out 0.292g of the ethylenediamine tetraacetic acid (EDTA) and add to the bottle. 
6. Add 1L of ultrapure water to the bottle. 
7. Cap the bottle and parafilm. 
8. Place bottle on stir plate and allow to stir for an hour. 
 

Enzyme Solution 

1. Place a magnetic stir bar into the 250mL glass bottle. 
2. Weigh out 10g of the Adolf’s meat tenderizer and add to the bottle. 
3. Add 190mL of ultrapure water to the bottle. 
4. Cap the bottle and parafilm. 
5. Place bottle on stir plate and allow to stir at low speed throughout the extraction 

experiment. 
 
Banana DNA Extraction 

1. Place ethanol squirt bottle in the refrigerator and allow to chill during experiment (best if 
placed in the refrigerator the night before – keep ethanol in refrigerator at all times). 

2. Prepare 1L of the homogenization medium and 200mL of the enzyme solution (Note:  
Homogenization medium may already be prepared from previous extraction.  Medium 
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should not be used if it has been more than 7 days since last prepared.  Enzyme solution 
will need to be prepared fresh for each extraction).185, 186 

3. Cut up two bananas into ¼ inch pieces and place pieces into the 500mL beaker. 
4. Pour the homogenization medium over the bananas until all the bananas are covered in 

medium (~200mL to 300mL). 
5. Using one of the spatulas, mash the bananas in the medium.  Continue to mash the 

bananas until the bananas/medium mixture looks syrupy. 
6. Place the strainer over the 2L glass bowl dish and place the 2 ½ #6 coffee filters into the 

strainer making sure not to leave any open sections. 
7. Pour the banana/medium mixture into the strainer and allow the mixture to filter. 
8. During this time, repeat steps 3 to 7 for the remaining 4 bananas. 
9. While the banana/medium solutions are filtering, label your centrifuge tubes with the 

following: 
Banana DNA 
Your Name 
Date 

 Place a piece of invisible tape over the label to prevent the label from erasing. 
10. Once straining is complete, pipette 20mL of the banana DNA solution into a 50mL PP 

centrifuge tube (Note: can do up to 6 tubes at a time). 
11. Pipette 10mL of the enzyme solution into the centrifuge tube.  Cap the tube and shake 

vigorously for 10 to 20 seconds in order to get a nice foam in the tube. 
12. Set the tube down and slowly add very cold ethanol to the side of the tube in order to get 

an ethanol layer on top of the banana DNA solution.  (Note: You should immediately see 
the banana DNA precipitate into the ethanol layer.  Extracted DNA resembles the 
appearance and consistency of clear mucus.) 

13. Cap and parafilm the tube. 
14. Place into the refrigerator. 
15. Repeat steps 10 through 14 until all the banana DNA solution has been used. 
16. Once all the banana DNA solution has been used, place dishes in the sink.   
17. Label an unused 50mL PP centrifuge tube using format from step 9.  This will be your 

banana DNA collection tube. 
18. Add 5mL of cold ethanol to the bottom of the centrifuge tube. 
19. Using a new spatula, collect the extracted banana DNA from all the tubes in the 

refrigerator by scooping out the banana DNA and placing it into the collection tube. 
20. After all the banana DNA has been collected, add 5mL of cold ethanol to the tube and 

cap. 
21. Centrifuge the tube for 5 minutes at ~2600rpm. 
22. After centrifuging, dump out ethanol into waste container being careful to not dump out 

extracted DNA. 
23. Once all the ethanol has been removed from the extracted banana DNA, cap and parafilm 

the tube and place in freezer over night. 
24. The next day, remove the frozen banana DNA from the freezer and place in the 

lyophilizer over night.  (Note:  Settings should be -45˚C>T>-41˚C and 10x10-

3Mbar>P>11x10-3Mbar) 
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Onion DNA Extraction 

1. Place top part of blender in freezer and allow to chill through experiment (best if place 
blender in freezer night before). 

2. Place ethanol squirt bottle in the refrigerator and allow to chill during experiment (also 
best if placed in the refrigerator the night before – keep ethanol in refrigerator at all 
times). 

3. Prepare 1L of the homogenization medium and 200mL of the enzyme solution (Note:  
Medium may already be prepared from previous extraction.  Enzyme solution will need 
to be prepared fresh for each extraction).185, 186 

4. Cut the ends and the sides off of an onion. Dice the remaining onion into half inch 
squares. 

5. Place the diced onions into the round 2L bowl dish. 
6. Repeat steps 4 and 5 for four to six onions. 
7. Pour approximately 200mL to 300mL of the homogenization medium185 over the onion 

in the bowl. 
8. Tape the thermometer to the inside of the bowl and turn the heat plate on to setting 6. 
9. Allow onion mixture to homogenize for 12 minutes at a temperature between 55°C and 

60°C1. (Note: Do not allow mixture to get warmer than 60°C) 
10. After 12 minutes, remove the thermometer and place the onion mixture into the freezer 

and allow to cool for 8 minutes. 
11. During this time, label your centrifuge tubes with the following: 

Onion DNA 
Your Name 
Date 

 Place a piece of invisible tape over to prevent the label from erasing. 
12. After 8 minutes, remove the onion DNA mixture and the top part of the blender from the 

freezer. 
13. Assemble the blender and plug in. 
14. Pour the onion DNA mixture into the blender and blend on low (Low button pressed with 

the Chop button at the same time) for 30 seconds and on high (High button pressed with 
the Chop button at the same time) for an additional 30 seconds.  Allow to settle. 

15. Place the strainer over the 1L glass beaker and place the 2 ½ #6 coffee filters into the 
strainer making sure not to leave any open sections. 

16. Pour the blended onion DNA solution into the strainer.  Allow complete straining. 
17. Once straining is complete, pipette 20mL of the onion DNA solution into a 50mL PP 

centrifuge tube (Note: can do up to 6 tubes at a time). 
18. Pipette 10mL of the enzyme solution into the centrifuge tube.  Cap the tube and shake 

vigorously for 10 to 20 seconds in order to get a nice foam in the tube. 
19. Set the tube down and slowly add very cold ethanol to the side of the tube in order to get 

an ethanol layer on top of the onion DNA solution. 
20. Cap the tube and parafilm. 
21. The onion DNA will precipitate into the ethanol.   
22. Place into the refrigerator. 
23. Repeat steps 17 through 22 until all the onion DNA solution has been used. 
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Tomato DNA Extraction 

1. Place ethanol squirt bottle in the refrigerator and allow to chill during experiment (best if 
placed in the refrigerator the night before – keep ethanol in refrigerator at all times). 

2. Prepare 1L of the homogenization medium and 200mL of the enzyme solution (Note:  
Homogenization medium185 may already be prepared from previous extraction.  Medium 
should not be used if it has been more than 7 days since last prepared.  Enzyme solution 
will need to be prepared fresh for each extraction).185, 186 

3. Dice up four plum tomatoes (or two regular sized tomatoes) and place pieces into the 
blender. 

4. Pour the homogenization medium over the tomatoes until all the tomatoes are covered in 
medium (~200mL to 400mL). 

5. Blend the tomatoes and the homogenization medium for 20 seconds on the lowest setting. 
6. Allow the foam to settle for 5 minutes. 
7. Place the strainer over the 2L glass bowl dish and place the 2 ½ #6 coffee filters into the 

strainer making sure not to leave any open sections. 
8. Pour the tomato/medium mixture into the strainer and allow the solution to filter. 
9. During this time, repeat steps 3 to 8 for the remaining 4 plum tomatoes (or 2 regular sized 

tomatoes). 
10. While the tomato/medium solutions are filtering, label your centrifuge tubes with the 

following: 
Tomato DNA 
Your Name 
Date 

 Place a piece of invisible tape over the label to prevent the label from erasing. 
11. Once straining is complete, pipette 20mL of the tomato DNA solution into a 50mL PP 

centrifuge tube (Note: can do up to 6 tubes at a time). 
12. Pipette 10mL of the enzyme solution into the centrifuge tube.  Cap the tube and shake 

vigorously for 10 to 20 seconds in order to get a nice foam in the tube. 
13. Set the tube down and slowly add very cold ethanol down the side of the tube in order to 

get an ethanol layer on top of the tomato DNA solution.  (Note: You should immediately 
see the tomato DNA precipitate into the ethanol layer.  Extracted DNA resembles the 
appearance and consistency of clear slime.  Extracted tomato DNA will be reddish in 
color.) 

14. Cap and parafilm the tube. 
15. Place into the refrigerator. 
16. Repeat steps 11 through 15 until all of the tomato DNA solution has been used. 
17. Once all the tomato DNA solution has been used, place dishes in the sink.   
18. Label an unused 50mL PP centrifuge tube using format from step 10.  This will be your 

tomato DNA collection tube. 
19. Add 5mL of cold ethanol to the bottom of the centrifuge tube. 
20. Using a new spatula, collect the extracted tomato DNA from all the tubes in the 

refrigerator by scooping out the tomato DNA and placing it into the collection tube. 
21. After all of the tomato DNA has been collected, add 5mL of cold ethanol to the tube and 

cap. 
22. Centrifuge the tube for 5 minutes at ~2600rpm. 
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23. After centrifuging, dump out ethanol into waste container being careful not to dump out 
the extracted DNA. 

24. Once all the ethanol has been removed from the extracted tomato DNA, cap and parafilm 
the tube and place in freezer over night. 

25. The next day, remove the frozen tomato DNA from the freezer and place in the 
lyophilizer over night.  (Note:  Settings should be -45˚C>T>-41˚C and 10x10-

3Mbar>P>11x10-3Mbar) 
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