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Conventional systemic chemotherapy distributes cytotoxic drugs throughout the 

body, killing both cancerous and non-cancerous cells.  This dose-limiting toxicity reduces 

efficacy of chemotherapy treatments.  New concepts for localized therapies such as 

intratumoral chemotherapy need investigation.  Intratumoral injection can greatly 

increase tumor dose and prolong exposure of cancer cells to cytotoxic drugs while 

minimizing systemic toxicity.  Much of this research was therefore devoted to the 

synthesis and evaluation of novel mitoxantrone (MXN) loaded protein meso-

microspheres (MS) for intratumoral (IT) injection.  

Gelatin – polyglutamic acid (G-PGA), gelatin – bovine serum albumin (G-BSA), 

and bovine serum albumin – deoxyribonucleic acid mesospheres (BSA-DNA) were 

synthesized with a mean particle diameter of 1-10 µm using a steric stabilization process.  

In situ MXN-loaded G-PGA (G-PGA-M) and BSA-DNA (BSA-DNA-M) mesospheres 



xix 

were also synthesized.  G-PGA-M had lower MXN loading and slower drug release 

compared with gelatin MS controls (Gel-M), with < 20% release complete at 1000 hours 

compared to > 50% at 24 hours for Gel-M.  BSA-DNA-M mesospheres using DNA from 

a herring source released 20% more MXN than Gel-M for > 1000 hours.  However, BSA-

DNA-M MS incorporating salmon DNA completed MXN release within a matter of 12 

hours.  In vitro RG-2 studies revealed G-PGA-M formulations inhibited cell proliferation 

more compared with non-treatment controls, but not with free MXN positive controls due 

to the slow release profile of G-PGA-M MS.   

Repeated courses of either IT injection of MXN alone or MXN-loaded BSA MS 

(BSA-M) achieved 70% survival of animals treated in an in vivo study using a murine 

16/C murine mammary adenocarcinoma model.  When a single IT injection of BSA-M 

MS was followed by surgery 14 days later, 100% survival was achieved in the same 

model, with no local recurrence for at least forty days.  Complete blood counts revealed 

acute inflammation in tumor tissue associated with MXN injection using either modality.   

Analysis of in vivo clinical data from patients with inoperable lung cancer receiving 

IT chemotherapy showed that this treatment is effective at increasing airway lumen and, 

when coupled with local irradiation, is also potentially effective at prolonging survival of 

these patients, particularly in the absence of immediate treatment. 
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CHAPTER 1 
INTRODUCTION 

Despite recent cancer research advances suggesting improved chemotherapy, 

especially for preoperative (neoadjuvant) modalities, conventional cancer treatment 

largely continues to be surgery followed by radiation and/or systemic chemotherapy.1  

Even with advances in cancer treatment over the past 30 years, there have been only 

modest improvements in survival rates for high mortality cancers including colorectal 

and breast cancers.2, 3 For breast cancer in particular, a 0.4% increase in annual U.S. 

mortality was observed for the years between 1975 and 1990, followed by a 2.3% annual 

mortality reduction between 1990 and 2001.  It is difficult to know how much of this 

improvement is due specifically to enhanced treatment regimens since it has been 

attributed to both improved detection and treatments.1, 4  Despite improvements in the 

treatment of breast cancer, mortality for lung cancer has continued to rise significantly 

over the last 30 years and is the leading cause of cancer death in both men & women 

illustrating a need for improved cancer treatments.5 

The major limiting factor for the efficacy of intravenous chemotherapy is systemic 

toxicity.  Since chemotherapy affects rapidly dividing cells but cannot discriminate 

between cancerous (neoplastic) and healthy cells, a variety of toxic side effects occur.  

Rapidly dividing healthy cells such as those found in the gastrointestinal lining, hair 

follicles, and white blood cells are therefore affected by chemotherapy and result in 

complications including nausea, vomiting, alopecia, and leucopenia when these drugs are 

delivered systemically.  Toxic side effects of chemotherapy not only reduce the patient’s 
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quality of life, but also can be life threatening in severe cases.  For these reasons, 

improvements in chemotherapy are needed.  A promising alternative to systemic 

treatments may be the use of intratumoral (IT) delivery of chemotherapy, which allows 

the administration of higher local doses of drugs directly to the tumor lesion with reduced 

systemic toxicity and would be particularly useful for cancers with well-defined primary 

tumors (including lung, colorectal, brain, and breast cancers).  Additionally, IT 

chemotherapy may provide a basis for more effective tissue conserving surgeries for 

preoperative (neoadjuvant) applications.  Furthermore, IT chemotherapy compositions 

with sustained drug release properties may provide improved efficacy through prolonged 

tumor exposure to drugs and may reduce costs and increase patient quality of life by 

reducing the need for multiple treatments.  Several studies have been conducted that 

illustrate the superior efficacy of IT treatments over IV treatments in animal models.  A 

recent review documents a number of such investigations.1  Additional recent human 

clinical studies with IT injections free drugs for lung cancer treatment show marked 

improvement in airway obstruction and patient survival.6, 7 

 Previous research has shown the dependence of the drug release characteristics of 

MS on particle size, crosslink density, and interactions between the MS matrix material 

and the drug.  Both increased particle size and increased crosslink density slow drug 

release, likely due to reduced surface area:volume ratio and decreased particle swelling.  

Incorporation of anionic substances into the microsphere matrix can also increase 

cationic drug payload and/or prolong release from protein microspheres.  In particular, 

the use of polyglutamic acid (PGA) increased the loading of adriamycin in bovine serum 
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albumin microspheres (BSA) up to ~40%.8, 9  In a similar study, PGA also increased drug 

loading in casein microspheres from 8% to 25%.10 

The use of gelatin (G or Gel) as a MS matrix material has also been investigated.  

The Gel MS showed improved cumulative drug release efficiency compared to past 

protein MS formulations, achieving in vitro release of nearly 80% of loaded drug within 

12 hours in phosphate buffered saline.11  Despite the promise of Gel MS, research by 

Freeman, et al. in Dr. Goldberg’s laboratory indicated that the high degree of swelling of 

gelatin microspheres is likely to cause needle obstruction during IT injections as 

determined in an in vivo study.12  In comparison, other recent studies have indicated that 

BSA MS for IT delivery of MXN, could be injected with little to no difficulty.  BSA may 

therefore be a better clinical matrix material for IT injections unless swelling of Gel MS 

can be reduced using additional matrix materials.13, 14 

In the research reported here, novel combinations of MS matrix components were 

investigated for use in intratumoral chemotherapy applications.  Based on the results of 

previous research, synthesis parameters were chosen to produce MS with mean particle 

diameters of 1-10 µm (mesospheres).  Particles in this diameter range appear most 

promising to facilitate IT injection and also provide increased tumor perfusion.   

Gelatin – poly(glutamic) acid (PGA) compositions were investigated to determine 

if the incorporation of an anionic species would improve cationic drug loading and 

release properties, as well as reduce microsphere swelling through the introduction of 

ionic bonding characteristics.  Gelatin has the advantages of being a natural biopolymer 

and can therefore be degraded in vivo by naturally occurring enzymes.  Gelatin is also 

readily available and inexpensive, and is readily crosslinked using pendant functional 
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groups.  PGA is an anionic polypeptide and should facilitate increased loading of cationic 

drugs such as MXN through ionic interactions. 

To capitalize on the benefits of both bovine serum albumin and gelatin as MS 

matrix materials, blends of these two proteins were also investigated with the rationale 

that the incorporation of BSA may decrease particle swelling.  Several formulations were 

synthesized and the resulting microspheres were characterized for particle morphology, 

size, and swelling. 

The novel use of DNA as a MS matrix biopolymer for chemotherapy applications 

was also investigated.  The overall anionic charge of DNA and its relative abundance 

made it an ideal candidate for such applications.  Ionic interactions with cationic MXN 

may help prolong the release of therapeutic levels of drug.  The use of DNA as an anionic 

constituent in a drug delivery matrix is novel.  In the late 1970’s and early 1980’s, 

intravenous injection of free DNA-daunorubicin complexes were evaluated and showed 

marked reduction in drug cardiotoxicity and higher chemotherapeutic efficiency.15, 16  

Though DNA has been incorporated into microparticles and liposomes to be released in 

gene therapy applications, it has not been used as a MS matrix material for purposes of 

prolonging drug release for chemotherapy.  Additionally, MS for gene therapy have 

typically been made from chitosan or poly(lactide-co-glycolide).  The study of MS with 

an albumin matrix that contains DNA has not been reported for either chemotherapy or 

gene therapy.  Furthermore, although not the focus of this research, incorporation and 

delivery of viable DNA or plasmids from BSA mixtures as nanospheres or mesospheres 

may lead to useful gene therapy applications in future studies. 
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1.1   Specific Aims 

A summary of the specific aims for this research is outlined briefly below.  The 

primary goal of these studies was to synthesize and evaluate novel protein-biopolymer 

blend microspheres for use in intratumoral chemotherapy.  Formulations were sought to 

increase MXN loading and/or prolong MXN release in vivo.  Major overall objectives of 

IT research was increased safety and efficacy of chemotherapy and improved patient 

quality of life by reducing the number of required treatments and reducing or eliminating 

the side effects commonly associated with traditional systemic chemotherapy.   Each aim 

is described in more detail below. 

1.1.1.   Specific Aim 1: Develop Synthesis for Mesospheres with Novel Protein 
Compositions. 

Gelatin-poly(glutamic acid) mesospheres (G-PGA), gelatin-bovine serum albumin 

mesospheres (G-BSA), and bovine serum albumin-deoxyribonucleic acid mesospheres 

(BSA-DNA) were synthsized using the steric stabilization process to form particles in the 

1-10 µm diameter range.  Each of these preparations was crosslinked with glutaraldehyde 

using previously established BSA meso/microsphere parameters.  The effect of aqueous 

phase component ratios on particle size, morphology, and swelling was studied for all 

mesosphere formulations.  For some formulations the effect of changing crosslink density 

on these same parameters was also evaluated.  Average dry particle size was measured 

quantitatively using a Coulter LS particle sizer and qualitatively using scanning electron 

microscopy.  Swollen particle size was determined using an inverted microscope 

equipped with digital capture and measurement capabilities.  Based on these results, 

compositions were chosen for further investigation in later aims. 
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1.1.2.   Specific Aim 2: Develop Synthesis for In Situ Mitoxantrone (MXN) Loaded 
Mesospheres with Novel Protein Compositions. 

In situ MXN loaded G-PGA (G-PGA-M) and BSA-DNA (BSA-DNA-M) 

mesospheres were synthesized with a target mean particle diameter of 1-10 µm.    The 

effects of aqueous phase component ratios, drug loading, and crosslink density (where 

appropriate) on particle size, morphology, swelling, and MXN content were studied.  All 

characterization techniques from Aim 1 were employed.  Additionally, enzymatic 

digestion was used in conjunction with UV-visible spectroscopy (UV-Vis) to determine 

drug content of in situ MXN-loaded microspheres as a function of the above listed 

parameters.   

1.1.3.   Specific Aim 3: Determine the In Vitro MXN Release Properties of MXN-
Loaded Mesospheres. 

In situ MXN loaded mesospheres synthesized in Aim 2 (G-PGA-M and BSA-

DNA-M) were incubated in phosphate buffered saline (PBS) at 37°C for at least ten days.  

At predetermined timepoints, aliquots were taken and analyzed using UV-Vis to 

determine the drug concentrations at each timepoint.  These data were used to generate a 

release profile curve for MXN and were analyzed to determine the effects of changing 

synthesis parameters in Aim 2 on release profile. 

1.1.4.   Specific Aim 4: Determine the In Vitro Cytotoxic Properties of In Situ MXN-
Loaded Meso/microspheres. 

In situ MXN loaded mesospheres (G-PGA-M) were incubated in rat glioma 2 

(RG2) cell culture in complete media at 37°C and humid 8% CO2 atmosphere for a period 

of 4 days.  On each day, an MTT assay was used to determine cellular viability and 

optical microscopy was used to assess cellular morphology.  MTT data and cellular 
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morphology were compared to non-treatment controls to determine efficacy of the 

microsphere treatments in limiting or eliminating cellular viability. 

1.1.5.   Specific Aim 5: In Vivo Evaluations of Neoadjuvant IT Chemotherapy and 
Scheduled Multiple IT Injections. 

IT injection of BSA-M followed by surgical removal of the tumor mass was 

evaluated in a 16/C murine mammary adenocarcinoma (MMAC) model to determine the 

efficacy of this treatment on animal survival.  Surgical excision was performed on 1, 7, or 

14 days post-treatment, except nontreatment controls which underwent surgical excision 

at day 1 or 7 only.  Tumors were examined histologically to evaluate the effect of IT 

treatment on initiating tumor necrosis as well as the distribution and degradation of MS 

within the tumor.   Animal body weight (normalized for tumor weight) was used as a 

measure of MXN-related toxicity.  Additionally, complete blood counts (CBC) were 

performed on designated days to explore the mechanism of toxicity of MXN in this 

model.  

Additionally, in vivo examination of animal survival following multiple IT 

injections of MXN-loaded BSA MS (BSA-M; mean particle diameter 1-10 µm) at 1 week 

intervals was carried out in a 16/C MMAC model.  Animal body weight (normalized for 

tumor weight) was used as a measure of MXN-related toxicity.   

1.2   Related Intratumoral Chemotherapy Work  

Patients with inoperable lung cancer often suffer from life-threatening airway 

obstructions.  Two studies were conducted by Dr. Celikoglu using intratumoral 

chemotherapy as a means of relieving airway obstruction and prolonging patient survival.  

Analysis of intratumoral chemotherapy data from these human clinical trials utilizing 
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intratumoral chemotherapy for lung cancer treatment was also performed and the results 

of that analysis are presented here.   
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CHAPTER 2 
BACKGROUND 

2.1   Cancer 

 Cancer results from the uncontrolled proliferation of abnormal cells in the body 

and may be a result of heredity, environmental factors, or a combination of both.  Cancer 

follows only heart disease as the leading cause of death in the Unites States, and accounts 

for 25% of all deaths.  In 2005, the National Institutes of Health (NIH) estimated that 

cancer had an associated cost of over $74 billion in direct medical costs, and an overall 

cost of $209 billion.5  According to the 2005 Surveillance, Epidemiology, and End 

Results (SEER) Cancer Statistics Review (CSR), it is estimated that there will be over 

570,000 cancer deaths this year.  Lung, colorectal, and breast cancer will account for a 

combined 46% of these deaths and are the top three leading causes of cancer in the US 

for both sexes combined.   Lung cancer is the leading cause of cancer death among both 

men and women, with over 172,000 new cases and over 163,000 deaths estimated for 

2005.  Breast cancer is the second leading cause of cancer death among women behind 

only lung cancer and will account for 32% of new cancer cases in 2005.3  These statistics 

illustrate the ongoing need for improved cancer treatments, including those that may have 

an effect not only on patient survival, but also on quality of life. 

2.2   Chemotherapy 

 Success of cancer treatment relies on the ability of the chosen treatment to remove 

or destroy cancerous cells without producing serious systemic toxic effects.  Traditionally 

chemotherapy is administered intravenously (IV), with the schedule and dose ranges 
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varying depending on the drug(s) given, patient characteristics, and type of cancer.  The 

problem with this type of therapy is that chemotherapy targets rapidly dividing cells and 

do not discriminate between rapidly dividing healthy and cancerous (neoplastic) cells, 

resulting in significant systemic toxicity when delivered intravenously.  This toxicity is 

the limiting factor which restricts drug doses that may be delivered, resulting in a 

marginal therapeutic index.  

 In an effort to reduce systemic toxicity, local chemotherapy techniques have been 

investigated.  These techniques aim to increase local concentrations of drugs while 

limiting systemic exposure, thereby improving efficacy and reducing systemic toxicity.  

In general, there are four ways in which chemotherapeutic efficiency might be optimized 

using local or regional administration: 

1. Increase tumor exposure to cytotoxic drugs in terms of peak drug 
levels and area under the curve (AUC) of concentration vs. time 

2. Prolong tumor exposure to cytotoxic agents 

3. Decrease systemic toxicity compared to IV administration 

4. Enhance opportunity for synergy between multiple antineoplastic 
drugs17 

To date, local chemotherapy modalities that have been used either experimentally 

or clinically include intraperitoneal (IP), intra-arterial (IA), intrathecal, and intrapleural 

injections. In a recent review of a regional IA therapy known as hepatic arterial infusion 

(HAI), results from 8 studies reported complete or partial response for patients receiving 

HAI of 5-fluorodeoxyuridase (FUDR) compared to IV delivery.18  Another review of 

studies on IP cisplatin for ovarian cancer reported that women receiving IP cisplatin 

showed significantly improved survival and reduced toxic side effects.19  These are a few 
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examples of the promising clinical results for loco-regional delivery of chemotherapy 

agents reported to date. 

IT injections, as another approach to local therapy, involve the direct injection of 

chemotherapy into the tumor itself and therefore provide the highest possible 

concentration of drug reaching the tumor.  Consequently, this form of local chemotherapy 

may prove to be the simplest, most effective, and most clinically practical. 

Mitoxantrone.  Mitoxantrone (1,4-dihydroxy-5, 8-bis-((2-((2-

hydroxyethyl)amino)ethyl) amino)-9, 10-anthracenedione dihydrochloride; MXN) is a 

synthetic anthracenedione with a significantly broad spectrum of antineoplastic activity 

(Figure 2.1).  MXN (trade name Novantrone®) is available commercially for clinical use 

and is sometimes used as a substitute for the more common Doxorubicin (DOX, an 

anthracycline) due to its somewhat reduced cardiotoxicity when compared to DOX.20  It 

has been recently investigated for the treatment of metastatic and high-risk primary breast 

cancer by high-dose chemotherapy (HDCT) due to this reduced cardiotoxicity and other 

side effect considerations.21, 22  The dose-limiting toxicity of MXN for IV administration 

is myelosuppression, with other acute side effects occurring relatively infrequently at 

doses given clinically.22  MXN was chosen as the drug of choice for this research based 

on these reduced toxic effects and its broad applicability to a number of cancers.  It also 

has a blue chromophore, making it easily detectable in tissue histology and photometric 

analysis.   
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Figure 2.1: Mitoxantrone structure (MW=517.4 g/mol) 

MXN is active against solid tumors including breast and ovarian cancers, as well as 

many leukemias.  In addition to standard IV treatments, intraperitoneal and intra-arterial 

delivery of MXN have also been evaluated.23-25  Though the exact mechanism is not 

thoroughly understood, it is believed that MXN works as an antineoplastic through the 

inhibition of DNA and RNA synthesis by intercalating between base pairs (Figure 2.2).  

The basic amino groups on the side chains of the structure also allow electrostatic binding 

to phosphate groups in the DNA backbone, electrostatically cross-linking DNA strands.25-

27  It may also inhibit topoisomerase II, reducing DNA repair capabilities.  MXN has 

been shown to kill more than 90% of cells in two hour exposure tests at a concentration 

of 0.5 µg/mL with most cells killed within 1 hour in vitro.26, 27  The mechanism of action 

is not cell-cycle specific, but appears to be more active during G2 phase.28  This phase of 

the cell cycle occurs between DNA synthesis (S phase) and mitosis (M phase).  For 

illustrative purposes, a diagram of the cell cycle is presented in Figure 2.3.   

Mitoxantrone, like most cancer drugs, is typically delivered intravenously.  In such 

cases, MXN is approximately 78% bound to plasma proteins (primarily serum albumin), 

illustrating its albumin affinity.  When delivered via IV infusion, MXN shows three 

phases of clearance, with half-lives of approximately 10 minutes, 1.1 to 1.6 hours, and 23 

to 42 hours.  Concentrations during the final phase are marginally above the cytotoxic 

level, indicating that the greatest cell kill benefit is achieved within the first few hours of 
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administration.25, 27  If MXN can be delivered locally over longer periods of time using a 

drug delivery device, it is clear that a significant improvement in cell kill, and thus 

efficacy and potentially improved patient quality of life, could be achieved. 
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Figure 2.2: Illustration on intercalation of a planar structure between base pairs in DNA.  

The exact mechanism through which MXN intercalates DNA is not 
understood, but there is an apparent preference for G-C base pairs. 
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Figure 2.3: The cell cycle and phases.  G1 involves RNA and protein sythesis and is a 
period of normal metabolism. S phase involves DNA synthesis, G2 involves 
growth and further protein synthesis prior to cell division, and M phase is the 
mitotic phase, where the cell splits into 2 new cells.  G0 denotes a prolonged 
or permanent G1 phase.  (Figure adapted from Wilkes, et al.29) 

2.2 Bovine Serum Albumin 

 Albumin is the most abundant blood plasma protein in the body, accounting for 

more than 60% of plasma proteins.  The blood concentration is ~5%.30, 31  Albumin 

functions to bind, transport, and distribute many different compounds throughout the 

body.  These compounds are both endogenous and exogenous compounds such as metal 

ions, fatty acids, amino acids, vitamins, and virtually all drugs.  This feature, along with 

its inherent biocompatibility and abundance, make it also an ideal biopolymer for drug 

delivery systems.   

On average across species, albumin is comprised of 585 peptide residues.  Bovine 

serum albumin (BSA), which differs from human serum albumin (HSA) slightly in the 

number and proportion of amino acid residues, contains 583 residues and has a molecular 

weight of approximately 66,000 g/mol.  Of these, 59 residues are lysine residues which 

contain primary amine functionality.32  This functionality enables BSA to be readily 

crosslinked using aldehydes.33, 34 

Albumin microspheres have been investigated for controlled delivery of various 

drugs and hormones, including insulin, anti-inflammatory drugs, antifungal agents, and 

drugs for chemotherapy.  Though it has many advantages as a microsphere matrix 

material and one of the most widely studied biopolymers for such purposes, albumin is 

reported to have relatively low drug-loading capacities.33  Incorporation of anionic 

biopolymers can increase the loading efficiency of BSA microspheres and with cationic 
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drugs may prolong drug release due to electrostatic interactions between the drug and 

microsphere matrix.8, 9, 11, 14, 35  

2.4   Gelatin 

Gelatin has been used in past and present research for controlled release systems in 

forms including micro- and nanospheres for a variety of applications.36-38  Gelatin is 

attractive as a matrix for meso/microspheres due to its minimal antigenity, 

biodegradation, and ready chemical crosslinking through any number of pendant 

functionalities.39 

Gelatin is a natural biopolymer derived through denaturation of type I collagen.  

Type I collagen is found mainly in connective tissues such as skin, tendon, and bone.40  

The primary structure of collagen is that of a triple helix, of which approximately 33% of 

amino acid residues are glycine and 25% are proline or hydroxyproline.    It is this helical 

structure that is disrupted during denaturation via the disruption of non-covalent bonds.39 

Two of the three polypeptide chains in type I collagen are identical in composition.  

These two chains contain 1056 residues, while the third contains 1038 residues.   

Due to its abundance in the sources described, gelatin is readily available and 

inexpensive.  Additionally, its inherent biocompatibility and degradability make it very 

useful in drug delivery systems.  One limitation of gelatin is its relatively rapid 

dissolution in aqueous environments.  This can, however, be overcome through chemical 

crosslinking using one or many of its pendant functionalities.  Glutaraldehyde, a common 

crosslinking agent and tissue fixative, reacts via a Schiff base reaction with primary 

amino groups of the lysine residues.  Since gelatin contains ~ 30 lysine groups per 1000 

amino acid residues it is readily crosslinked using glutaraldehyde.   
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2.6 Deoxyribonucleic Acid 

Nucleic acids are biological polymers, with nucleotide monomers composed of a 

pentose sugar, phosphate group, and either a purine or pyrimidine nitrogen-containing 

base unit.  Deoxyribonucleic acid (DNA) is specifically composed of 2’-deoxyribose 

sugars, phosphate groups, and combinations of two purine (adenine and guanine) and two 

pyrimidine (cytosine and thymine) bases.  The phosphate group connects monomer units 

through a phosphodiester linkage between the phosphate group of one monomer unit and 

the sugar unit of the next, creating the regular backbone of the polynucleotide.  The 

secondary structure of DNA is that of a double helix, comprised of two strands of DNA. 

Purine-pyrimidine base pairs on the interior of the double helical structure of DNA serve 

to hold the double helix together via hydrogen bonding (Figure 2.4).   This helical 

structure results in a hydrophilic phosphate-sugar backbone of each strand that lies along 

the outside of the helix in contact with the aqueous environment of the body and an 

overall negative charge at physiological pH. 

DNA has recently been studied as a biomaterial scaffold for tissue repair.41  Many 

of the same advantages that DNA offers for scaffold applications also make DNA 

potentially useful as a drug delivery biopolymer.  These advantages include enzymatic 

degradation, hydrophilicity, and relatively abundance from animal and vegetable sources.  

Enzymatic degradation is particularly important as it allows biomaterial scaffolds and/or 

drug delivery devices to degrade in vivo, releasing drugs or other loaded compounds.  

When complexed with some drugs, DNA has been shown to reduce the inherent toxicity 

of these compounds.  Trouet et al have shown that when DNA-Adriamycin complexes 

are injected intravenously, they exhibit reduced toxicity, particularly cardiotoxicity, and 

an increase in survival compared to IV administration of Adriamycin alone.15,16 
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Figure 2.4: Schematic representation of DNA structure.  Shading highlights the 

phosphate backbone of the structure. 

2.6 Microsphere Synthesis 

Protein microspheres, such as bovine and human serum albumin, casein, and 

gelatin micro/mesospheres, have been synthesized using a steric stabilization technique 

developed in this laboratory.11, 13, 14, 35  In this technique, steric stabilizers in the organic 

phase prevent particle coalescence through the duration of the crosslinking reaction.  This 

technique is described in more detail in Chapter 3. 

Drug loading protein microspheres can be achieved through one of two methods: in 

situ loading or post loading.  Post loading procedures involve the complete synthesis of 

microspheres in separate steps from drug loading.  Once particles are dried and collected, 

they are re-suspended in a drug solution for a given period of time.  This not only 

lengthens the total synthesis time for MS, but also achieves relatively low drug loading.  

N
CH

N N
C

N

N

O

O
CH2

OH H

O

N
CH

N N
C

N

H

N
H H

O

O
CH2

O

P

H

O

O

N
CH

N N
C

N

N

O

O

O
CH2

O

P

H

O

O

N
CH

N N
C

N

H

N
H H

O

O

PO

O

O
O

PO O
O

P

O

O O

CH2

O

P

H

O

H

H

H

H

H

H

O

PO O

O

P

O

O O

N N
O

H O

CH2 O

P OO
O

HN
HH

H

N N O

H O

CH2 O

P
O

H

C
O

H

H

H

H

N N

O

H

H
N

O

H O

CH2 O

P

O

H

H

N N O

H OH

CH2 O

P OO
O

H

C
O

H

H

H

H

O

O

O



18 

 

In contrast, in situ loading of drugs into microspheres is done coincident with MS 

synthesis.  Aqueous drugs such as MXN are included in the aqueous phase during 

synthesis and dried MS can be used without further modification.  This type of loading 

has been shown to increase drug loading by at least 40% when compared to similarly 

synthesized post-loaded MS.14 

2.7   Experimental Approach 

2.7.1   Previous Meso/Microsphere Research  

Bovine Serum Albumin.  Past in vivo animal studies involving BSA microspheres 

in Dr. Goldberg’s research group have shown that IT injections are effective in 

prolonging survival and slowing or eliminating tumor growth in both Lewis lung 

carcinoma and murine 16/C mammary adenocarcinoma models.  In the Lewis lung 

carcinoma model, up to 75% survival was observed in mice that were treated with 

microsphere formulations suspended in an MXN solution, with 92% survival when the 

same treatment was followed by surgery 10 days after IT MS drug delivery.42  In the 

mammary adenocarcinoma model, the LD50 for IT injection of in situ MXN loaded BSA 

microspheres (30-40 µm diameter) was found to be roughly three times higher than that 

of IT injected MXN.  Additionally, cure rates up to 80% were achieved with IT injections 

of some microsphere formulas in this model, compared to a 50% cure rate for free MXN 

delivered IT, and 0% for controls.13  All animals that received the highest BSA-M dose 

(48 mg/kg) survived at least 31 days following treatment, compared to just 16 days for IT 

MXN alone (8 mg/kg).  These trends appear promising, though small group size 

prevented detection of a significant difference between free and BSA microsphere 

treatments. 13, 14   
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Further in vivo animal research using BSA microspheres of smaller particle size (5-

10 µm diameter) revealed that BSA microspheres at a dose of 40 mg/kg MXN were 

statistically superior to the highest free-MXN dose (12 mg/kg; p=0.033) at prolonging 

survival.  Nearly 80% of animals treated at the 40mg/kg BSA microsphere dose were 

cured at 60 days.13  Each of these formulations exhibited release of MXN for no more 

than 24 hours, with the exception of one low crosslink density formulation which 

released MXN for approximately 120 hours at high doses.14, 43  Increased MXN loading 

and/or longer release times may improve survival outcomes further.   

Gelatin.  Meso/microspheres synthesized using a gelatin matrix have also been 

evaluated in vivo in a murine mammary adenocarcinoma model.  Despite complete in 

vitro release of MXN from gelatin microspheres within 10 hours, in vivo results were 

promising.  Mice treated with in situ MXN-loaded gelatin MS experienced prolonged 

survival compared to non-treatment controls.  Several cases of toxicity were noted, 

however, and may be attributable to injection difficulties.  On several occasions gelatin 

MS swelled sufficiently to obstruct the needle during injection and consequently some 

animals received larger doses than intended as more pressure was applied to clear the 

obstruction.  It is unclear whether toxicity in these animals is attributable to increased 

dosage or the extremely rapid release rate of the gelatin microspheres.12  This has limited 

the ability to achieve accurate survival results.   

2.7.2 Research Goals 

The goal of the research proposed here was to synthesize mesospheres of various 

protein/polypeptide matrices that may achieve prolonged release and/or increased drug 

loading characteristics.  Briefly, Aims 1 and 2 involve the synthesis and characterization 
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of protein mesospheres (1-10 µm mean diameter) of various matrix components and 

concentrations without and with in situ loaded MXN, respectively.  Since it is known that 

crosslink density and particle size affect drug release11, 13, 14, 33, 42, 44 these will be the 

primary parameters of interest evaluated in Aims 1 and 2.  Aim 3 involves quantification 

of MXN loading and release from these microspheres, and Aim 4 evaluates the in vitro 

antiproliferative effects of MXN-loaded microspheres on rat glioma-2 cells.  Aim 5 

investigates the ability of these formulations to prolong survival in an in vivo murine 

mammary adenocarcinoma model.  Additionally, statistical evaluation of the survival and 

degree of airway obstruction results of 2 human clinical studies examining IT 

chemotherapy treatment for patients with lung cancer was desired.   
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CHAPTER 3 
PROTEIN MESO/MICROSPHERE SYNTHESIS AND PROPERTIES 

3.1   Introduction 

Protein microspheres have been prepared using a steric stabilization developed in 

this lab.8, 11, 14, 34, 35, 42, 43, 45   Compositions have typically involved a single protein such 

as bovine serum albumin or protein-polypeptide blends as the microsphere matrix.  

Though these compositions have shown promise for chemotherapy in drug delivery 

applications, improved systems have been sought.  For this reason, microspheres 

composed of gelatin-poly(glutamic) acid (G-PGA), gelatin-bovine serum albumin (G-

BSA), and bovine serum albumin-deoxyribnucleic acid (BSA-DNA) blends were 

synthesized in this research; especially to optimize selected processing parameters for 

each of the compositions to prepare 1-10µm diameter mesospheres. 

3.2   Materials 

All proteins and polypeptides were purchased from Sigma Chemical Company 

unless otherwise specified.  Gelatin derived from calf skin was used in all gelatin 

containing microsphere compositions.  Bovine serum albumin (BSA) fraction V 

lyophilized powder was used in all compositions utilizing BSA as a matrix component.  

Deoxyribonucleic acid from herring or salmon testes was used for DNA containing 

microsphere compositions.  Due to inherent lot variation, obtaining uniform molecular 

weight DNA from herring testes was difficult.  As a result, DNA from salmon testes was 

used as a replacement where noted.  Glutaraldehdye (Grade II, 25% w/w aqueous) was 

obtained from Sigma Chemical Company and was used as the covalent crosslinking agent 
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for all compositions.   Cellulose acetate butyrate (CAB), 7% butyryl content obtained 

from Acros Organics was used as the steric stabilizer during synthesis in all 

compositions. 

Ultrapure water was used for all aqueous solutions and was prepared in the 

laboratory using a Barnstead/Thermolyne NANOpure Ultrapure Water system.  A 

minimum resistivity of 17.0 MΩ-cm was required for use in all experiments.  HPLC 

grade methanol obtained from Fisher Scientific was used for particle size determination.  

All other solvents and salts were obtained from Fisher Scientific and were Certified 

A.C.S. grade unless otherwise specified. 

3.3   Methods 

3.3.1   Solution Preparation 
 Phosphate Buffered Saline.  Phosphate buffered saline (PBS) was prepared in-

house by mixing 0.1M sodium phosphate monobasic solution with 0.1M sodium 

phosphate dibasic solution until a pH of 7.4 is reached.  The resulting PBS solution was 

filtered using 1 L vacuum filtration units with 0.22 µm filter.  Large stocks of PBS 

solution (4 L) were made in advance to avoid daily variations in solution properties and 

were stored at 4°C until used.  

 Bovine serum albumin.  Due to the hygroscopic property of albumin powder, 

BSA solutions were initially made in approximate concentrations and adjusted after 

solution characterization.  Typically, BSA powder absorbs ~10% of its weight in water 

from the atmosphere and also foams considerably upon mixing.  As a result, BSA 

solutions were prepared by first weighing out ~10% excess of the desired amount of 

BSA. Ultrapure water was added in an appropriately sized poly(propylene) conical in an 

amount slightly less than what was required for the final total volume.  Using a vortex 
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and bench-top rotator, solutions were allowed to mix completely at room temperature.  

Once solution was completely mixed centrifugation was used to collapse foam and the 

solutions were adjusted to the total final volume.  Solution concentration (weight percent 

protein/solid) was quantified using a Mettler LJ16 Moisture Analyzer at 130°C for 60 

minutes.  Any final adjustments to increase/decrease concentration were made and this 

process repeated until the solution was within a 5% difference tolerance level of the 

desired concentration.  Solution density was determined gravimetrically and was used in 

combination with moisture analysis results (weight percent solid) to determine the weight 

per volume concentration of the solution. 

 Gelatin.  Like BSA, gelatin foams considerable during mixing.  As a result 

gelatin solutions were prepared in much the same manner as BSA solutions.  However, 

since gelatin solubility in water at room temperature is low, ultrapure water was heated to 

approximately 30-35°C prior to adding to the appropriate quantity of gelatin (~110% of 

calculated quantity necessary).  At room temperature aqueous gelatin solutions will gel, 

inhibiting further mixing.  As a result, periodic heating of the solution in a 40°C water 

bath was used as necessary to keep solution fluid during mixing using a vortex and 

bench-top rotator.  Aqueous solutions for any microsphere composition using gelatin as a 

matrix material were prepared in this way, with addition of any other 

proteins/polypeptides once gelatin was nearly dissolved and additional heat as necessary 

to maintain fluidity. 

 Deoxyribonucleic acid.  DNA solutions were prepared using the same 

methodology as gelatin solutions outlined above.  Due to its high molecular weight, DNA 

solutions above ~ 2% were very viscous and also required heating during the mixing 
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process to maintain fluidity.   

Poly(glutamic) acid.  PGA is very hygroscopic and picks up moisture from the 

atmosphere almost immediately when exposed to air in standard lab conditions.  As a 

result, PGA was measured in a dry box under an Argon atmosphere with maximum 20% 

humidity directly into a 50mL poly(propylene) conical.  Once the desired amount of PGA 

was weighed out, the conical was backfilled with argon and capped tightly for transfer 

from the dry box.  Any additional solution components were weighed out separately on 

weigh paper and added to the conical containing PGA in ambient conditions.  The 

remainder of the solution preparation remained the same as that for BSA and/or gelatin 

above. 

 Glutaraldehyde.  Glutaraldehyde was obtained as a 25% w/w aqueous solution 

but was required to be in organic solution for crosslinking during synthesis.  To achieve 

this, the aqueous solution was vacuum distilled and the resulting distillate was dissolved 

in 1,2-dichloroethane (DCE) to a concentration of 40 mg/mL. 

 Cellulose acetate butyrate.  Cellulose acetate butyrate solutions were prepared 

by dissolving solid CAB in DCE overnight with constant agitation in a volumetric flask.  

Concentrations of 3.0% w/v and 4.0% w/v were used in these studies. 

3.3.2.   Microsphere Synthesis 
Briefly, this method involves suspension of an aqueous solution (containing protein 

and other water soluble components, known as the aqueous phase) in an organic phase 

using a high speed paddle mixer.  The organic phase contained steric stabilizers needed to 

prevent agglomeration or coalescence of particles until crosslinking is complete.  After a 

given amount of time the crosslinking agent was added and the suspension stirred 

continuously while the crosslinking reaction takes place.  The resulting crosslinked 
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particles were washed with acetone and centrifuged at 3000 rpm to force particles to 

settle out of suspension.  This washing process was repeated at least three times to 

remove organic and aqueous unreacted species.  Once washing was completed, the 

particles were allowed to air dry for at least 48 hours.  The resulting dried particles were 

then used for any necessary characterization methods.  All above procedures were carried 

out at room temperature unless otherwise noted.  Figure 3.5 schematically illustrates this 

procedure. 

Aqueous Phase

Organic Phase

Crosslinking

Suspension

Aqueous Phase

Organic Phase

Aqueous PhaseAqueous Phase

Organic Phase

Crosslinking

Suspension

CrosslinkingCrosslinking

Suspension
 

Figure 3.5: Illustration of suspension crosslinking technique for microsphere synthesis 
(diagram adapted from Cuevas 11). 

For all studies presented here, a 3% or 4% cellulose acetate butyrate (CAB) in 1,2-

dichloroethane (DCE) was used as the steric stabilizer in the organic phase.  The aqueous 

phase contained various combinations of gelatin, PGA, BSA, DNA, and/or MXN as 

described in each study.  A 40 mg/mL glutaraldehyde (GTA)/DCE stock solution was 

used to crosslink particles in each case using the desired crosslink density (w/w GTA to 

protein/polypeptide).  Calculations of crosslink density were based on the assumption that 

each GTA will primarily form crosslinks between lysine groups in two or more BSA or 

gelatin molecules, though it is understood that some intermolecular bonding may 

additionally occur.33, 34 
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3.3.2.1  Gelatin-poly(glutamic) acid mesosphere synthesis 

 Gelatin-poly(glutamic) acid mesospheres (G-PGA) were synthesized with minor 

changes to the previously described steric stabilization process.  Three mL of a solution 

containing the desired concentrations of gelatin and PGA was added to 47 mL of 3% 

CAB and mixed at 1250 rpm for 20 minutes.  Due to the gel nature of these solutions, 

synthesis was carried out at 40°C for initial portions of the synthesis procedure   After 20 

minutes, GTA was added to the mixing flask to crosslink these compositions at a 

concentration of 4.5% (w/w) based on the exact concentration of protein-polypeptide 

from moisture analysis and the mixing speed reduced to 600 rpm.  The reaction was 

allowed to continue for 2 hr and 40 minutes longer and the resulting mesospheres were 

collected, washed, and dried as previously described in section 2.8.  Table 3.1 

summarizes the synthesis conditions for these compositions.   

Table 3.1: Synthesis condition summary for G-PGA mesospheres.   

Mixing Conditions RPM Time Temp (oC) 
47 mL 3% CAB 1500 5 min 40 

+ 3 mL Gel/PGA soln 1500 5 min 40 
- heat 1500 10 min ambient (cooling) 

+ x mL GTA 600 2 hr 40 min ambient 
TOTAL TIME 3 hr 

 

The goal of this study was to determine the effects of changing concentrations of 

gelatin and PGA on particle morphology, size, and swelling.  Crosslink density, mixing 

speeds, and steric stabilizer concentration were chosen based on previous optimization 

studies using gelatin as the microsphere matrix material and were held constant for these 

studies.11  To attempt to keep the particle size in the 1-10µm range without changing 

other synthesis parameters, a total of 10% protein/biopolymer was used for all solution 
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conditions.  Gelatin mesosphere controls (G-C) were synthesized and characterized by 

Brian Cuevas in a parallel study using the same conditions. 

Table 3.2: Selected gelatin and PGA aqueous solution concentrations for synthesis of G-
PGA MS.   

 Concentration (w/v) 
Condition Gelatin PGA Total 

G-C* 10% 0% 10% 
G-PGA 1 8.5% 1.5% 10% 
G-PGA 2 9% 1% 10% 
G-PGA 3 9.5% 0.5% 10% 
G-PGA 4 5% 5% 10% 

* synthesized by Cuevas in a parallel study11 
   

3.3.2.2.  Gelatin-bovine serum albumin mesosphere synthesis 

Using the same synthesis conditions described in Table 3.1, gelatin – bovine serum 

albumin MS (G-BSA) were synthesized.  A solution containing the desired concentration 

of gelatin and BSA was added in the second step instead of a gelatin-PGA solution.  No 

other changes to this procedure were required.  Table 3.3 lists the conditions examined in 

this study.  As with G-PGA a total of 10% protein was used for all solution conditions.  

Gelatin mesosphere controls (G-C) were synthesized and characterized by Brian Cuevas 

in a parallel study using the same conditions. 

Table 3.3: Aqueous phase concentrations for G-BSA compositions 
 Concentration (w/v) 

Condition Gelatin BSA Total 
G-C* 10% 0% 10% 

G-BSA 1 7.5% 2.5% 10% 
G-BSA 2 5% 5% 10% 
G-BSA 3 2.5% 7.5% 10% 
BSA-C 0% 10% 10% 

* synthesized by Cuevas in a parallel study11 

3.3.2.3  Bovine serum albumin-deoxyribonucleic acid mesosphere synthesis 

 Bovine serum albumin-deoxyribonucleic acid mesospheres (BSA-DNA) were 

synthesized using the previously described steric stabilization method.  Based on a 
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previous research, 3 mL of BSA and DNA in designated proportions were added to 47 

mL of 4% (w/v) CAB/DCE.  Solutions containing DNA required heating to 30°C for 15 

minutes prior to synthesis to reduce viscosity.  A high speed paddle mixer set at 1250 

rpm for 20 minutes was used to form a mesosphere suspension.  A calculated amount of 

GTA was added to the suspension based on the precise amount of protein and DNA in the 

aqueous phase and the desired crosslink density.  The stir rate was reduced to 600 rpm 

and the reaction was allowed to continue for an additional 2 hours and 40 minutes.  The 

resulting MS were washed, dried, and collected as described previously (section 2.6).  

Table 3.4 summarizes this procedure. 

Table 3.4: Summary of steric stabilization synthesis parameters for BDMS. 
Mixing Conditions RPM Time 

47 mL CAB + 3 mL BSA / DNA 1250 20 min 
+ x mL GTA 600 1 hr 40 min 

+ 50 mL acetone 600 1 hr 
TOTAL TIME 3 hr 

 

An initial study was performed for feasibility and to help identify parameters of 

interest for a larger study.  This study investigated 10% BSA – 1.5% DNA (BSA-DNA 1) 

as the aqueous phase using the synthesis conditions in Table 3.4.  This condition was 

chosen specifically for comparison to previous mesospheres synthesized using this 

technique, namely those incorporating PGA and CMC into gelatin matrices.11 

Following the pilot study and in order to determine the optimum parameter values 

for synthesizing mesospheres in the 1-10 µm range, two parameters of interest were 

varied in a factorial design.  These include the BSA:DNA ratio in the aqueous phase and 

crosslink density. Table 3.5 below lists all synthesis conditions for the study.  Note that 

ratios of BSA:DNA concentration that involve a greater proportion of DNA compared to 
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BSA were not analyzed, since DNA in its native helical form is not likely to crosslink 

sufficiently on an intermolecular level using GTA due to a lack of primary amine 

functionality on the backbone.  Previous unpublished work by another researcher in Dr. 

Goldberg’s lab has shown that using DNA as the sole mesosphere matrix material with 

GTA as a crosslinking agent resulted in agglomeration of particles after the washing and 

drying processes, possibly indicating insufficient crosslinking under these synthesis 

conditions.46  For this reason it was believed that mesospheres formed with a greater 

proportion of DNA than BSA will likely not survive the washing and drying processes.  

Table 3.5: Aqueous phase concentrations for BSA-DNA compositions. X-Y: X refers to 
the BSA:DNA composition and Y refers to the crosslink density. 

Condition BSA Conc 
(w/v) 

DNA Conc 
(w/v) 

GTA Conc 
(w/w) 

BSA-DNA 1 10% 1.5% 4.33% 
BSA-DNA 2-1 0.67% 
BSA-DNA 2-2 4.33% 
BSA-DNA 2-3

7.5% 2.5% 
8.00% 

BSA-DNA 3-1 0.67% 
BSA-DNA 3-2 4.33% 
BSA-DNA 3-3

5% 5% 
8.00% 

BSA-C1 0.67% 
BSA-C2 4.33% 
BSA-C3 

10% 0% 
8.00% 

 

The effect of BSA:DNA ratio and crosslink density on particle size, morphology, 

and swelling was studied.  A BSA:DNA ratio of 10:0 was used as controls for all 

conditions, as these MS have been well characterized in past experiments.   

3.3.3   Particle Characterization 
3.3.3.1 Particle morphology 

 To qualitatively examine particle morphology and particle size, scanning electron 

microscopy (SEM) was used.  Dry particles were mounted on aluminum SEM stubs using 

double-sided tape.  These stubs were coated with gold/palladium alloy for 2.5 – 5 minutes 
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(~ 300 Å coating) just prior to SEM imaging using a Technix Hummer V sputter coater.  

Parameter values that were used with a Jeol 6400 scanning electron microscope include 

an accelerating voltage of 5 KeV, a condenser lens setting of 8-10, and a working 

distance of 15mm.  These parameters have been used for past studies with the assistance 

of Paul Martin.11, 13, 14, 47  Images were taken of each mesosphere batch at 1000x, 2000x, 

and 3000x magnifications.  In cases where additional characteristics or features needed 

further exploration, images at higher or lower magnifications were taken as deemed 

necessary.   

3.3.3.2 Particle size analysis 

 Average dry particle size was measured quantitatively using either a Coulter LS 

230 or Coulter LS 13 320 particle sizer with small volume module, as previously 

described.11, 13, 14  Briefly, a 1% mesosphere suspension in 5 mL HPLC grade methanol 

was prepared and sonicated for at least 30 seconds to facilitate complete dispersion just 

prior to analysis.  The resulting suspension was added dropwise until obscuration reached 

9-15%.  Data were exported to Microsoft Excel for analysis, including mean, standard 

deviation, and particle size distribution.  It is important to note that minimal to no particle 

swelling has been observed under these conditions in past experiments.   

3.3.3.3. Particle swelling 

 A small amount (approximately 1-5 mg) of MS was placed on a standard glass 

slide and covered with a glass coverslip.  Using an inverted optical microscope equipped 

with a high resolution digital camera, at least three representative optical images were 

taken of dry mesospheres under 40x magnification.  The slide was then removed from the 

microscope and 1 drop of PBS was added on the slide and a timer was started 

immediately.  Once the coverslip was replaced, the slide was returned to the microscope 
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stage and a representative area on the slide was selected.  For initial examination of new 

compositions, optical images were taken at 1 minute following the addition of PBS, then 

at 30 second intervals for a total of 5 minutes, then at the 10 minute mark to investigate 

when full swelling was reached.  If it appeared that full swelling was achieved within the 

first minute of adding PBS, images were taken only at 1 minute and 5 minutes post-

hydration for the remainder of similar compositions. 

The accompanying software has been calibrated for use with the objectives on the 

microscope for measurement capabilities.  Using this software, a minimum of 30 

representative mesospheres on one representative dry image were measured.  At least 30 

mesospheres were measured in the same fashion for the one-minute image.  For new 

compositions, the same particles measured in the 1 minute image were measured on the 5 

minute and 10 minute images.     If it was discovered that all compositions appear to 

reach fully swollen size within 1 minute, only the dry image and 1 minute image were 

measured for the remainder of similar compositions. 

The mean particle diameter was calculated for each optical image measured.  Dry 

and hydrated particle size means were used to calculate the percent increase in particle 

diameter after full swelling was achieved.    All particle size measurements from each 

image were used for statistical analysis to determine if differences in particle swelling 

existed between compositions. 

3.3.4.  Statistical Analysis 
Depending on the number of parameters of interest in a given study, either a one-

way or two-way analysis of variance (ANOVA) test was used to evaluate the effects of 

the desired parameters particle swelling.  A significance level of α=0.05 was used for all 

ANOVA tests.  Tukey’s multiple comparison test (MCT) was used to evaluate 
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differences when applicable (α=0.05).  Particle morphology and particle size distribution 

curves were evaluated only qualitatively and were not statistically analyzed.  

3.4   Results and Discussion 

3.4.1  Gelatin – Poly(glutamic) Acid Mesospheres 
Gelatin – PGA mesospheres (G-PGA) were synthesized using the steric 

stabilization process described in section 3.3.2.1.  These studies were designed to 

determine the appropriate ratios of gelatin to PGA to achieve spherical microparticles in 

the 1-10 µm average mean diameter.  Based on these results, processing conditions were 

chosen for in situ MXN-loaded G-PGA (G-PGA-M). 

A total of four different concentration combinations of gelatin and PGA were 

examined to determine the effects of changing this parameter on particle size, 

morphology, and particle swelling.  An initial pilot study using an aqueous phase 

containing 5% gelatin and 5% PGA (G-PGA 4) was used to first determine the feasibility 

of a larger study.  Processing parameters were set based on previous work by Cuevas for 

gelatin mesospheres and are listed in Table 3.1.  A concentration of 4.5% (w/w) of 

glutaraldehyde was used for crosslinking all compositions. 

Scanning electron microscopy results from the pilot study indicated that a number 

of particles were non-spherical and appeared qualitatively much larger than the desired 

mean particle size, with some particles appearing as large as 30-40 µm (Figure 3.6).  

Mean particle size was using the Coulter LS 230 particle size analyzer was measured to 

be 5.83 ± 6.67 µm.  Though this appears to be within the mean particle size range 

desired, the particle size distribution curve showed there to be a large volume fraction of 

particles in the 20 – 40 µm range (Figure 3.7). Particles of this dry size would likely be 

too large for injection upon swelling.   
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Figure 3.6: SEM image of G-PGA 4 at 1000x magnification.  Note the large non-
spherical particles and the rough surface texture. 

Based on these results, three gelatin:PGA ratios were chosen for the larger study in 

addition to gelatin mesosphere experimental controls (no PGA content).  Each set of 

parameters was run with 4 replicates, resulting in 16 total mesosphere batches.  Aqueous 

phase concentrations are found in Table 3.2.  All other processing conditions from the 

pilot study remained the same.  

 

Figure 3.7: Particle size distribution for G-PGA 4. 
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Two different mixers were used during all mesosphere synthesis studies.  Based on 

the SEM and particle size data, there appears to have been mixer variability introduced in 

these experiments, as batches run on each of these mixers were consistently different in 

particle size.  Figure 3.8 shows representative SEM images illustrating this observation.  

Particle size distribution curves (Figure 3.9) also confirm this observation.   

Causes for these differences were not determined, but differences could have 

resulted from inaccurate mixer speeds since it is well known that mixer speed will affect 

particle size.11, 14  Differences could also be attributed to inaccurate or inconsistent 

temperature control by the thermocouple devices attached to each mixer setup.  The gel 

nature of gelatin solutions make them highly temperature dependent and solution 

viscosity is also correlated with particle size.14, 48  As a result of these discrepancies, 

mesospheres synthesized only using mixer 2 were included for analysis resulting in a 

total of 8 mesosphere batches.  Results from this point forward refer only to those G-PGA 

mesospheres synthesized on mixer 2 unless otherwise noted. 

Scanning electron microscopy images of G-PGA synthesized using mixer 2 show 

that mesospheres in all compositions appear to have mean diameters in the desired range 

of 1-10 µm with few mesospheres exceeding 10 – 15 µm.  All G-PGA also appear to 

have a smooth texture on the surface of the particles, and nearly all particles maintained a 

spherical shape.  Some degree of clumping or agglomeration was both grossly observed 

and captured via SEM.  All G-PGA compositions appear qualitatively to have a large 

distribution of particle sizes, ranging from submicron to roughly 10 µm though there 

qualitatively appears to differences in particle size distribution (Figure 3.10).   
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Figure 3.8: Comparison of SEM images by high-speed mixer for G-PGA 1 composition.  
All images at 2000x magnification.  G-PGA shown in A) and C) were 
synthesized using mixer 1 and those shown in B) and D) were synthesized 
using mixer 2. 

 

Figure 3.9: Particle size distribution comparison by high-speed mixer for G-PGA 1 
composition.  (M#a - #b): #a denotes mixer number and #b denotes the batch 
number on that mixer. 
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 Mixer 1 Mixer 2 
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Particle size observations from SEM images were confirmed using Coulter LS 230 

particle size analysis.  For nearly all G-PGA compositions analyzed, the distribution 

curve centered on the 2 – 4 µm range.  Distribution curves appear to vary widely between 

distribution curves for G-PGA MS, even between batches of the same composition.  All 

curves appear at least somewhat bimodal in the submicron – 20 µm range, typical of 

microspheres synthesized using this technique.  In general, all peaks were broad with the 

first peak in the 0.4-2 µm range and the second peak in the 4-10 µm range.  However, 

there was a significant peak at > 100 µm for both batches of the G-PGA 3 composition.  

Typically particle sizes in this range are a result of agglomeration of particles rather than 

the actual size of individual particles.  Furthermore, no particles of this size observed 

during SEM but some agglomeration was evident.  To account for these observations, a 

particle size cut-off of approximately 50µm was set in the analysis of particle size data.  

Particle size data are tabulated in Table 3.6 and are illustrated graphically in Figure 3.12.  

There does not qualitatively appear to be an effect of changing Gel:PGA ratio on mean 

particle size, especially given the wide particle size distributions and resulting standard 

deviations.   

Based on particle morphology and particle size distribution, G-PGA 1 was 

identified as the most ideal of these compositions for in situ MXN loading.  This 

composition has a narrower size distribution than the other compositions, with fewer 

particles larger than 10 µm.  Additionally, this composition has the highest amount of 

PGA in the mesospheres matrix and therefore the highest potential for increased drug 

loading of cationic drugs such as MXN.  Particle swelling was done on this composition 

for comparison with G-C.  Figure 3.13 shows optical microscopy images of dry and 
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swollen G-PGA 1 mesospheres at 40x magnification.  At least 30 randomly selected 

particles were measured on each image.  Full swelling was achieved within 1 minute, as 

no further swelling was observed after this point.  Mean particle diameter measurements 

are found in Table 3.7, and are represented graphically in Figure 3.14.  G-PGA 1 

exhibited a 194% increase in particle diameter (% IPD) from dry to swollen state 

compared to a 494% increase in size for G-C.11  Both compositions shared a similar dry 

particle size, but the G-C mesospheres swollen size was over twice that of G-PGA 1.   

 

Figure 3.10: SEM comparison of G-PGA compositions.  All images taken at 3000x 
magnfication. 
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  Table 3.6: Particle size results for G-PGA compositions synthesized on mixer 2.  Only 
data from particles in the size range indicated in Figure 3.11 are included. 

Sample Mean (µm) SD (µm)
G-PGA 1a 2.4 2.9 
G-PGA 1b 1.8 3.9 
G-PGA 2a 1.8 5.1 
G-PGA 2b 2.5 4.6 
G-PGA 3a 2.2 5.5 
G-PGA 3b 2.0 5.1 

 

 

Figure 3.11: Particle size distribution comparison by batch and G-PGA composition.  An 
upper limit was set to ~50 µm to avoid inclusion of agglomerates in analysis. 

3.4.2.  Gelatin – Bovine Serum Albumin Mesospheres 
Previous in vivo animal studies with G-C conducted by Cuevas uncovered a 

problem with the degree of swelling exhibited by these mesospheres.  Several times 

during injection into subcutaneous tumors the needle became clogged and injection was 

either difficult or impossible.  As a result of this finding and the swelling study data on 

G-C, gelatin-bovine serum albumin mesosphere blends (G-BSA) were synthesized using 

the same steric stabilization parameters as G-PGA (see section 3.3.2.1).  Three 

concentration combinations of gelatin and BSA were examined, along with BSA 
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controls.  The GMS C mesospheres synthesized by Cuevas in a parallel study were again 

used as gelatin controls.  Concentrations for these compositions are found in Table 3.3.  

The goal of this study to was to determine the effects of changing concentrations of BSA 

and gelatin on particle size, morphology, and swelling. 
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Figure 3.12: Batch and composition comparison of mean particle size using Coulter LS 
230 particle sizer. 

Table 3.7: Mean particle diameter for G-PGA 1 from swelling study. 

Time Mean Particle 
Diameter (µm)

0 (dry) 3.1 ± 1.5
1 minute 8.9 ± 6.9
5 minutes 9.0 ± 6.7
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Figure 3.13: G-PGA 1 composition optical microscopy images A) dry and B) swollen at 1 minute post-hydration.  Particle 
measurements are indicated on each image. 
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Figure 3.14:  Dry and swollen mean particle diameter for G-PGA 1 and G-C.  G-PGA 1 
exhibited a 194% increase in particle diameter upon hydration, compared to 
494% increase in size for gelatin controls.  Raw data were not available for G-
C MS; as a result no error bars are included on those corresponding bars. 

Particle morphology analysis via SEM again revealed some variation between 

mixers in this study.  Two batches, both synthesized using mixer 1, appeared to have a 

much higher average particle size.  Figure 3.15 shows SEM images for G-BSA 1 and 

illustrates this observation.  Similar observations were made for G-PGA 2 (images not 

shown).  Particle size distributions further confirmed these observations, with particle 

size distribution of one batch in each of these compositions skewed heavily toward 

particles in the 40 µm range (Figure 3.16).  As with G-PGA, these batches were removed 

from further analysis (unless otherwise noted) and were attributed to inconsistent mixer 

speed and/or temperature control.  

Representative images of all G-BSA compositions are found in Figure 3.17.  

Overall, particles appear to be smooth and spherical for all compositions, with some 
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mesospheres in each composition with rough surface texture.  In comparison with G-

PGA, more particles appear to be ~10 µm in diameter.  No differences in particle size 

between compositions were detectible qualitatively.  Results from particle sizing analysis 

using the Coulter LS are found in Table 3.8.  All compositions produced mesospheres 

with mean diameter of ~ 2 µm.  Particle size distributions for all compositions are found 

in Figure 3.18.  Nearly all batches and compositions exhibited the usual bimodal 

distribution.  In comparison to G-PGA compositions, the peaks in these distributions 

appeared narrower and the second peak of these distributions is shifted, centered in the 6-

20µm range, indicating that synthesis of these MS resulted in a larger number of particles 

over 10µm in diameter, as was visualized using SEM.  In general synthesis of the G-BSA 

composition MS was more reproducible, with distributions from each batch in a given 

composition more closely resembling one another.   

 

Figure 3.15: Batch comparison for G-BSA 1: A) batch 1, B) batch 2, C) batch 3, and D) 
batch 4.  As with G-PGA, mixer 1 produced mesospheres with much larger 
average particle size (C).  This phenomenon was also observed for G-BSA 2 
(not shown).  All images taken at 2000x. 
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Figure 3.16: Batch comparison of particle size for A) G-BSA 1 and B) G-BSA 3.  Both 
compositions show one batch with skewed particle size distributions curves 
relative to the remaining batches.  These batches were both synthesized on 
mixer 1, which produced G-PGA mesospheres with similar results.  

Particle swelling studies revealed differences between particle sizes of G-BSA 

compositions.  One-way ANOVA of dry particle size indicated that significant 

differences existed between several G-BSA compositions (p<0.001).  Tukey MCT 

revealed that the dry particle size of G-BSA 1 was different from both G-BSA 2 and G-

BSA 3, but not different from BSA-C controls.  The only additional differences were 

between G-BSA 2 and BSA-C.  Full swelling was achieved within 1 minute of hydration 

with PBS for all compositions.  As a result, only images taken at 1 minute post hydration 

were used for further analysis.  No difference in particle diameter at 1 minute were found 

A 

B
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between any groups (p=0.222).   It is important to note that G-C mesospheres were not 

included in statistical analyses since raw swelling data were unavailable.  Based on the 

statistical results, it is likely that G-C swollen particle size would have differed 

significantly from all other compositions, as it is over twice that of all the others. 

 

Figure 3.17: Representative SEM images of A) G-BSA1, B) G-BSA 2, C) G-BSA 3, and 
D) BSA-C.  All images taken at 2000x magification. 

Table 3.8: Mean particle size for G-BSA compositions as determined by Coulter LS 
particle size analysis. 

Sample Mean (µm) SD(µm) Sample Mean (µm) SD (µm)
G-BSA 1a 1.85 4.34 G-BSA 2a 2.54 3.66 
G-BSA 1b 2.16 4.55 G-BSA 2b 2.85 2.77 
G-BSA 1c 2.02 3.66 G-BSA 2c 2.13 4.15 
G-BSA 3a 2.27 3.48 BSA-C a 1.98 3.77 
G-BSA 3b 2.16 3.14 BSA-C b 1.71 4.46 
G-BSA 3c 2.26 3.11 BSA-C c 1.62 4.76 
G-BSA 3d 2.73 3.43 BSA-C d 1.40 4.54 
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Figure 3.18: Particle size distribution curves for A) G-BSA 1, B) G-BSA 2, C) G-BSA 3, and D) BSA-C.   

D

B

C
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Table 3.9: Percent increase in mean particle diameter (% IPD) for G-BSA compositions 
based on particle swelling studies. 

Condition Dry (µm) Swollen (µm) % IPD 
G-BSA 1 6.7 ± 2.7 9.9 ± 4.4 48% 
G-BSA 2 3.8 ± 1.6 7.3 ± 3.0 93% 
G-BSA 3 5.0 ± 2.2 7.9 ± 3.5 59% 
BSA-C 5.7 ± 2.3 8.7 ± 3.6 53% 

G-C 3.2 19.0 494% 
 

3.4.3.  Bovine Serum Albumin – Deoxyribonucleic Acid Mesospheres 
Bovine serum albumin – deoxyribonucleic acid mesospheres (BSA-DNA) were 

synthesized using the steric stabilization process described in section 3.3.2.3.  This study 

was designed to determine the appropriate ratios of BSA to DNA to achieve spherical 

microparticles in the 1-10 µm average mean diameter.  Based on these results, processing 

conditions were chosen for in situ MXN-loaded BSA-DNA MS (BSA-DNA -M). 

An initial pilot study was run to test the feasibility of synthesizing BSA-DNA MS and to 

identify the appropriate processing parameters for this synthesis.  For direct comparison 

to previous mesosphere blend studies, an aqueous phase with 10% BSA and 1.5% DNA 

was chosen (BSA-DNA 1).  Since BSA mesospheres have been synthesized in the past 

and their processing parameters characterized in detail, the processing conditions used by 

Almond to produce 1-10 µm average diameter mesospheres were chosen for this study. 

Analysis of particle morphology using SEM validated the feasibility of using DNA 

as a mesosphere matrix material.  Spherical mesospheres with smooth surface texture 

were synthesized.  Qualitatively all mesospheres appeared to fall in the desired 1-10 µm 

range, with few to no particles larger than ~ 10 µm (Figure 3.21).  These observations 

were confirmed via particle size analysis.  Mean particle size for BSA-DNA 1 was 1.3 ± 

4.5 µm.  The particle size distribution is found in Figure 3.22.    
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Figure 3.19: Representative optical microscopy images of G-BSA MS from swelling study.  The image on left is of A) G-BSA 2 dry 
mesospheres; the image on the right is the corresponding image of swollen G-BSA 2 mesospheres at 1 minute post-
hydration.   
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Figure 3.20: Particle swelling comparison by G-BSA composition.  Matching symbols on 
dry particle sizes indicate statistically significant differences between those 
groups.  No statistical differences were detected between the swollen sizes of 
any of the G-BSA compositions.  All G-BSA compositions exhibited less than 
100% IPD, compared to almost 500% for G-C.  Raw data for G-C were not 
available and could not, therefore, be included in the statistical analysis. 

Particle swelling was also analyzed for these mesospheres before continuing with 

drug loading and a larger study since it was unknown if the incorporation of DNA would 

increase the swellability of BSA mesospheres.  Results of the particle swelling study 

indicated a significant difference between dry and swollen BSA-DNA 1 particles 

(p<0.001), with mean diameters of 5.0 ± 2.1 µm and 8.6 ± 3.8 µm, respectively (Figure 

3.23 and Figure 3.24), corresponding to an overall 73% increase in diameter upon 

swelling.  As with previous compositions, BSA-DNA 1 mesospheres reached fully 

swollen size within 1 minute of the addition of PBS.   
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Figure 3.21: SEM image of BSA-DNA 1 at 2000x magnification. 

 

Figure 3.22: Particle size distribution for BSA-DNA 1. 

Based on these promising results, a more complete study was designed to 

determine the effects of changing BSA and DNA concentration ratios and crosslink 

density on particle size, morphology, and swelling.  Table 3.5 lists the conditions 

examined in this study.  
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Figure 3.23: Dry and swollen mean particle diameters based on swelling measurements 
using optical microscopy.  BSA-DNA 1 MS dry and swollen particle sizes 
were significantly different from one another (73% IPD). 

Representative SEM images of BSA-DNA are found in Figure 3.25.  All 

compositions containing DNA (BSA-DNA 2 and BSA-DNA 3) exhibited increasingly 

spherical morphology with increasing crosslink density.   Higher crosslink densities 

produced smooth spherical mesospheres for each of these compositions.  BSA-C 

compositions were spherical for all crosslink densities, but surface roughness increased 

with corresponding increases in crosslink density.  Additionally, the majority of BSA-C 

qualitatively appeared to fall in the 1-10 µm range particle diameter while BSA-DNA 2 

and BSA-DNA 3 appeared to have larger mean particle diameters than BSA-C. 
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Figure 3.24: Dry (A) and swollen (B) BSA-DNA 1 mesospheres via optical microscopy at 40x magnification.  Swollen image taken at 
1 minute post-hydration with PBS.

 

A B 
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Representative particle size distribution curves from Coulter LS particle sizing are 

found in Figure 3.26.  Particle size distributions between batches of the same 

compositions were more similar to one another than those for G-PGA MS in terms of 

shape and peak location, though not perfectly aligned (not shown).  All curves show 

bimodal distributions, with most particles found in the 4-20µm range regardless of 

composition, though DNA containing compositions appear to have a slight of the peak 

shift toward 20µm compared with BSA controls.  A summary of mean particle size data 

are found in Table 3.10.   

Particle swelling was analyzed for differences between compositions and 

crosslink density using two-way ANOVA for both dry and swollen particle sizes.  No 

significant interactions were detected for dry particle size (p=0.073), though there were 

differences in both composition (p=0.009) and crosslink density (p=0.013).  Tukey MCT 

revealed that BSA-DNA 3 mesospheres had a significantly larger mean dry particle 

diameter than BSA-DNA 2 (p=0.009) overall and that mesospheres with the highest 

crosslink density had significantly larger dry particle size than those with the middle 

crosslink density (p=0.009).  No other differences were detected for dry particle sizes.  A 

significant interaction was detected for swollen particle sizes, indicating that the swollen 

particle size depends not only of composition but also on crosslink density (p<0.001).  

Tukey MCT indicated that within high crosslink density group there were no differences 

detected in composition.  However, BSA-DNA 3 had larger swollen particle diameter 

than BSA-DNA 2 for both middle and low crosslink densities (p=0.038 and p<0.001, 

respectively).  Examination of differences due to crosslink density within each 

composition revealed that the highest crosslink density resulted in larger swollen particle 
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size than the middle and low crosslink densities for BSA-DNA 2 compositions (p<0.001 

in both cases).  Within the BSA-DNA 3 composition, the highest crosslink density again 

resulted in larger swollen particle diameter than that of the middle crosslink density 

(p=0.014).  Additionally, the middle crosslink density was found to be significantly larger 

than the low crosslink density within the BSA-DNA 3 composition (p<0.001).  These 

results are represented graphically in  Figure 3.27 and Figure 3.28.  Though all DNA 

containing formulations experienced less than 80% IPD, their large mean swollen particle 

size indicates that injection of these particles may be difficult in some cases.   

Representative optical microscopy images from this study are found in Figure 3.24 and 

Figure 3.29 – Figure 3.31.   
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Figure 3.25: Representative SEM images of BSA-DNA compositions.  Each row represents one composition, with increasing 
crosslink density from left to right; A) – C) BSA-DNA 2, D) – F) BSA-DNA 3, G) – I) BSA-C.

Increasing crosslink density 

A B C 

D E F 

G H I 



 

 

 

Figure 3.26: Comparison of representative particle size distribution curves by MS 
composition and crosslink density: A) BSA-DNA 2, B) BSA-DNA 3, and C) 
BSA-C.  Each of these contains curves for low (X-1), medium (X-2), and high 
(X-3) crosslink densities.  Note the change in scale on part A compared with 
parts B) and C).     

A 

B 

C 



56 

 

Table 3.10: Mean particle size data for BSA-DNA MS determined by Coulter LS particle 
sizing. 

Sample Mean (µm) SD (µm)
BSA-DNA 2-1a 6.04 5.62 
BSA-DNA 2-1b 10.23 9.31 
BSA-DNA 2-1c 10.56 8.53 
BSA-DNA 2-2a 18.93 13.85 
BSA-DNA 2-2b 9.51 8.83 
BSA-DNA 2-2c 11.86 11.78 
BSA-DNA 2-3a 5.18 3.94 
BSA-DNA 2-3b 14.66 12.49 
BSA-DNA 2-3c 9.20 8.89 
BSA-DNA 3-1a 10.25 9.77 
BSA-DNA 3-1b 10.97 12.67 
BSA-DNA 3-1c 10.96 15.00 
BSA-DNA 3-2a 6.99 7.79 
BSA-DNA 3-2b 10.48 13.19 
BSA-DNA 3-2c 7.57 7.05 
BSA-DNA 3-3a 9.46 8.92 
BSA-DNA 3-3b 6.59 6.85 
BSA-DNA 3-3c 6.91 8.43 

BSA-C 1-1a 5.71 5.35 
BSA-C 1-1b 6.97 5.39 
BSA-C 1-1c 5.25 3.10 
BSA-C 1-2a 3.63 3.48 
BSA-C 1-2b 4.19 4.06 
BSA-C 1-2c 4.15 3.79 
BSA-C 1-3a 4.11 4.06 
BSA-C 1-3b 4.27 4.30 
BSA-C 1-3c 4.34 4.26 

 
Table 3.11: Mean dry and swollen particle size measurement from optical microscopy 

imaging.  All BSA-DNA compositions swell to less than 80% IPD, much less 
than that observed for G-C (494% IPD).   

Condition Dry (µm) Swollen (µm) % IPD 
BSA-DNA 2-1 7.86 ± 3.40 10.48 ± 4.14 33% 
BSA-DNA 2-2 8.39 ± 5.05 9.99 ± 4.76 19% 
BSA-DNA 2-3 9.92 ± 4.30 17.82 ± 6.86 80% 
BSA-DNA 3-1 10.72 ± 5.68 18.97 ± 7.92 77% 
BSA-DNA 3-2 8.67 ± 4.23 12.85 ± 5.76 48% 
BSA-DNA 3-3 10.55 ± 5.25 16.22 ± 6.86 54% 

BSA-C 1 6.25 ± 2.41 11.16 ± 4.29 78% 
BSA-C 2 6.34 ± 2.39 7.42 ± 3.26 39% 
BSA-C 3 5.56 ± 2.59 7.72 ± 4.14 33% 
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 Figure 3.27: Particle swelling charts comparing the effect of DNA content on dry and 
swollen sizes for each composition by crosslink density; A) low crosslink 
density, B) medium crosslink density, and C) high crosslink density. 
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Figure 3.28: Particle swelling charts comparing the effect of crosslink density on dry and 
swollen sizes for each composition by DNA content; A) 0% DNA, B) 2.5% 
DNA, and C) 5% DNA content. 
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Figure 3.29: BSA-DNA 2 swelling study optical microscopy images (40 x).  Image on the 
left are of dry BSA-DNA 2 mesospheres.  Corresponding swollen images are 
on the right. 
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Figure 3.30: BSA-DNA 3 swelling study images.  Images on the left are of dry particles; 
those on the right are swollen, taken at 1 minute post-hydration. 
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Figure 3.31: Optical microscopy images of BSA-C 
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CHAPTER 4 
EVALUATION OF IN SITU DRUG LOADED PROTEIN MESO/MICROSPHERE 

COMPOSITIONS 

4.1   Materials 

All proteins and biopolymers were purchased from Sigma Chemical Company 

unless otherwise specified and were the same as those indicated in section 3.2 unless 

otherwise noted.  HPLC grade methanol obtained from Fisher Scientific was used for 

particle size determination.  All other solvents and salts were obtained from Fisher 

Scientific and were Certified A.C.S. grade unless otherwise specified.  Ultrapure water 

was obtained in the lab using the Barnstead NANOpure water system.  Mitoxantrone 

(MXN) was obtained from Sigma Chemical Company (purity 97%) and was used for in 

situ microsphere loaded MS without further modification. 

Enzymes and salts used for enzymatic digestion of MXN-loaded microsphere 

compositions were obtained from Sigma Chemical Company and used as supplied.  

Constituents of the digestion buffer included papain (from papaya latex source), bacterial 

protease Type VIII, ethylenediaminetetraacetic acid disodium salt:dehydrate (EDTA), 

and L-cysteine hydrochloride hydrate.  For compositions including DNA as a matrix 

material deoxyribonuclease (DNase) Type I from bovine pancreas was also used in the 

enzyme cocktail.  Trichloroacetic acid was also during analysis of microsphere digests.   

In vitro RG-2 cell culture medium was made using Dulbecco’s Modified Eagle 

Medium (DMEM), fetal bovine serum (FBS), and penicillin streptomycin (P-S) obtained 
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from Gibco.  Trypsin for cell detachment was obtained from Cellgro.  RG-2 cells were 

obtained from the lab of Dr. Wolfgang Streit.   

4.2.   Methods 

4.2.1.  Solution Preparation 

Gelatin-poly(glutamic) acid-mitoxantrone.  These solutions were prepared in the 

same manner as those presented in section 3.3.1.  Prior to synthesis, 3 mL of this solution 

was isolated after characterization and heated to 30°C for 30 minutes.  To this, the 

appropriate quantity of MXN was added and allowed to dissolve at room temperature, 

with additional periodic heating provided as necessary to maintain fluidity.  Gel-PGA-

MXN solutions were heated a final time to 30°C just prior to dispersion to facilitate 

addition into the synthesis flask. 

Bovine serum albumin-deoxyribonucleic acid-mitoxantrone.  Based on the 

known mechanism of action for MXN and on preliminary studies used to identify 

appropriate synthesis conditions, DNA and MXN cannot be combined in a single 

aqueous phase as the solution gels due to the interaction between the two.  To account for 

this, aqueous solutions containing both BSA and MXN were prepared independently 

from DNA aqueous solutions.  The BSA-MXN and DNA solutions were prepared as 

indicated in 3.3.1.  Each of these solutions were made at a concentration twice that of the 

desired final concentration and were added in two separate steps to the synthesis flask in 

equal volumes to result in the final desired concentration of each constituent.   

Enzymatic digestion buffer.  An enzyme digestion buffer (EDB) was used for 

determination of drug loading in in situ MXN-loaded compositions.  The buffer solution 

was prepared based on previous work by Habda14 and was prepared by dissolving 720 mg 
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of EDTA, 80 mg L-cysteine, 50 mg papain, and 50 mg bacterial protease type VIII in 

100mL of previously prepared 0.1M PBS (pH 7.0) at room temperature.  When used with 

microspheres containing DNA, 50 mg of DNAse type I was also added to the buffer.  

EDB was prepared fresh on the day the digestion study was to be initiated to ensure 

maximum enzyme activity.   

4.2.2.  In Situ Mitoxantrone-Loaded Microsphere Synthesis 

4.2.2.1. In situ MXN-loaded gelatin – poly(glutamic) acid microspheres 

The same methodology used for synthesis of unloaded G-PGA MS  was used for in 

situ loaded MXN gelatin – poly(glutamic) acid microspheres (G-PGA-M), with 15% w/w 

MXN contained in the aqueous solutions.  As with the unloaded G-PGA, G-PGA-M were 

synthesized utilizing various ratios of gelatin and PGA in the aqueous dispersed phase 

(Table 4.12).  Based on the results of the unloaded G-PGA studies an aqueous phase 

containing 8.5% gelatin and 1.5% PGA (w/v) was chosen.  This composition had a 

narrower size distribution than other ratios investigated.  Additionally, this composition 

contained the highest amount of PGA of those successfully synthesized and thus had the 

highest potential for increased MXN loading.  For direct comparison to previous gelatin-

CMC blend microspheres, a second aqueous phase containing 10% gelatin and 1.5% 

PGA was also investigated.  For these studies a single crosslinker concentration (4.5% 

w/w) was utilized to determine differences in MS properties based solely on the 

microsphere matrix components.   

Table 4.12: Solution parameters for G-PGA-M compositions 

Condition Gel Conc 
(w/v) 

PGA Conc 
(w/v) 

MXN Conc 
(w/w) 

G-PGA M-1 8.5% 1.5% 15% 
G-PGA M-2 10% 1.5% 15% 
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Briefly, the steric stabilization process was used to synthesize G-PGA-M using the 

solution and heat parameters listed in Table 4.13.  Prior to MS synthesis, Gel-PGA-MXN 

solutions were heated at 30°C for 30 minutes or until fluid enough to be transferred into 

the mixing flask.  G-PGA-M were washed and collected via centrifugation at 2000 rpm in 

a series of four acetone washes and were subsequently air-dried, as described in section 

2.8.   

Table 4.13: Synthesis conditions for G-PGA-M compositions 
Mixing Conditions RPM Time Temp (oC) 
47 mL 3% CAB 1500 5 min 40 

+ 3 mL Gel-PGA-MXN soln 1500 5 min 40 
- heat 1500 10 min ambient (cooling) 

+ x mL GTA 600 2 hr 40 min ambient 
TOTAL TIME 3 hr 

 

4.2.2.2. In situ MXN-loaded bovine serum albumin – deoxyribonucleic acid 
microspheres 

BSA-DNA-M microspheres were synthesized via a modification of the steric 

stabilization method used for BSA-DNA microspheres.  Mixer speeds were adapted from 

previous studies on BSA microsphere synthesis.13, 14  One and one-half mL of the 

appropriate BSA-MXN aqueous solution (twice the desired final concentration) was 

dispersed in 47 mL of 4% CAB and allowed to stir on the high speed mixer for 10 

minutes.  An equal volume (1.5 mL) of aqueous DNA solution of twice the desired final 

concentration was then added and allowed to mix for an additional 10 minutes.  The 

addition of DNA in a second step while stirring eliminated the gelation that occurs when 

DNA and MXN are added into the same solution prior to mixing.  All remaining steps in 

the synthesis remain the same as those previously described for unloaded BSA-DNA MS.  

Synthesis was carried out at ambient temperature.  Table 4.14 summarizes this synthesis. 
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Table 4.14: Summary of synthesis conditions for BSA-DNA-M. 
Mixing Conditions RPM Time 

47 mL CAB + 1.5 mL BSA / MXN 1250 10 min 
+ 1.5 mL DNA 1250 10 min 
+ x mL GTA 600 1 hr 40 min 

+ 50 mL acetone 600 1 hr 
TOTAL TIME 3 hr 

 

For direct comparison to past experiments using in situ loaded MXN with gelatin or 

BSA microspheres, a 15% (w/w) concentration of MXN was used in these experiments.  

In order to keep the number of samples to a minimum, MXN concentration was not 

introduced as a variable.    Based on non-spherical particle morphology results from 

unloaded BSA-DNA MS, the lowest GTA concentration was not evaluated.  Table 4.15 

summarizes the solution parameters investigated in this study. 

Table 4.15: Solution and synthesis parameters for the BSA-DNA-M compositions. 

Condition BSA Conc 
(w/v) 

DNA Conc 
(w/v) 

MXN Conc 
(w/w) 

GTA Conc 
(w/w) 

BSA-DNA MC-2 4.33% 
BSA-DNA MC-3 10% 0% 15% 8.00% 
BSA-DNA M2-2 4.33% 
BSA-DNA M2-3 7.5% 2.5% 15% 8.00% 
BSA-DNA M3-2 4.33% 
BSA-DNA M3-3 5% 5% 15% 8.00% 

 

4.2.3.  Particle Characterization 

MXN-loaded microspheres were characterized using the same methodologies 

outlined in section 3.3.3.  In brief, particle morphology was qualitatively analyzed using 

SEM at 1000x, 2000x, and 3000x magnifications.  Average dry particle size was 

qualitatively determined using a Coulter LS particle sizer.  This technique was also used 

to qualitatively analyze the particle size distribution of each batch and composition.  

Average particle swelling was determined using optical microscopy images of dry and 
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swollen (in PBS) microspheres, with at least 30 microspheres measured using 

accompanying software. 

4.2.4.  Drug Content  

 The concentration of MXN contained in in situ loaded microsphere compositions 

was evaluated using enzymatic digestion, followed by photometric analysis of the 

resulting digests.  The enzymatic digestion buffer was prepared just prior to drug loading 

experiments as described in section 4.2.1.  Approximately 5 mg of MXN-loaded 

microspheres were incubated in 10 mL of freshly prepared EDB for at least 4 days at 

37°C under constant rotation.  Each microsphere composition was examined in triplicate 

along with non-microsphere controls.  Controls each contained 200 µL of a previously 

prepared 1000µg/mL aqueous drug solution in 10 mL of EDB and were used to evaluate 

drug degradation during the incubation period.  After the initial incubation period, 

samples were examined visually and using optical microscopy to determine if 

microspheres were fully digested.  If any samples were not fully digested, these were 

returned to the incubator and checked every 48 hours until the microspheres were fully 

digested or at least 14 days had passed.  At the end of the final incubation period samples 

were allowed to return to room temperature on a bench-top rotator.  Two mL of each 

sample was added to 2 mL of 10% trichloroacetic acid (TCA) and was allowed to react at 

room temperature for 30 minutes to precipitate dissolved protein.  Samples were then 

centrifuged at 2000 rpm for 10 minutes.   One mL supernatant aliquots were taken from 

each sample for UV-Vis analysis at λmax=610 nm using a Shimadzu UV-2401PC UV-Vis 

spectrophotometer.  Mitoxantrone standards prepared in a 5% TCA solution ranging in 
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concentration from 1 to 50 µg/mL were used to prepare a linear calibration curve for 

quantification of unknown MXN concentrations.    

4.2.5.  In Vitro Mitoxantrone Release 

 Approximately 2 mg of each composition of BSA-DNA-M were transferred into a 

2 mL centrifugal filter tube (Ultrafree-CL centrifugal filter device; low binding 0.1 µm 

membrane).  These devices allow the microspheres to be incubated in up to 2 mL of fluid, 

then separated from the supernatant using centrifugation.  Samples were incubated at 

37°C in 1 mL of phosphate buffer saline (PBS) under constant rotation.  At 

predetermined timepoints, filter tubes were removed from the incubator and centrifuged 

for 10 minutes at 2000 rpm for aliquot collection.  Aliquots were removed from tubes and 

replaced with 1 mL PBS, then samples returned to the incubator until the next timepoint.  

UV-Vis analysis of aliquots was conducted using a Shimadzu UV-2401PC UV-Vis 

spectrophotometer at λmax=610 nm against a matched matrix background.  Absorption 

results were compared to previously analyzed MXN concentration standards ranging 

from 1 to 50 µg/mL to determine concentration of drug released.  These data were then 

used to generate a release curve illustrating MXN release over time.  This type of release 

conditions was used instead of the infinite sink conditions used in the past in order to 

more closely replicate the low fluid volume turnover tumor. 

4.2.6.  RG-2 Cell Culture 

Rat glioma 2 (RG2) cells were cultured from frozen stock in complete media and 

incubated at 37°C with humid 8% CO2 atmosphere.  To begin the study, cells were 

harvested using standard cell culture techniques and counted using a hemocytometer.  

Cell concentration was adjusted to 3x104 cells/mL using complete media and 75 µL of 
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the resulting cell suspension was added to each well needed in five 96-well plates.  These 

plates correspond to treatment days 0-4 for MTT.  Plates were then incubated overnight 

to allow cells to attach to well bottoms.  The following day (Day 0), 75 µL of the 

appropriate treatment was added to each well in plates designated for days 1-4.  Optical 

microscopy images were taken of Day 0 plate as baseline images for the study, then 10 

µL of MTT labeling reagent was added to each well and the plate returned to the 

incubator.  After at least 4 hours, 100 µL of solubization buffer was added to each well 

and the plate returned to the incubator overnight.  The following day the plate was 

removed and the absorbance read using a microplate reader.  The optical microscopy and 

MTT steps above were repeated on each of the remaining plates on their designated days.  

At the conclusions of the study, absorption data were then plotted over time to visualize 

the antiproliferative effects of MXN release as a function of the parameters of interest.  

An increase in absorption values corresponds to increased cellular proliferation. 

 Treatment groups for these studies included a non-treatment control (C), free 

MXN (F-MXN), and in situ MXN-loaded microspheres, with MXN doses of 0.5 µg/mL, 

12.5 µg/mL, and 25 µg/mL for all drug containing groups.  These doses refer to total 

MXN dose based on loading and release studies, not microsphere dosage and were 

chosen for direct comparison to previous studies.11, 47   

4.3   Results and Discussion 

4.3.1.  In situ MXN-loaded Gelatin – Poly(glutamic) Acid Microspheres 

Gelatin – PGA microspheres in situ loaded with MXN (G-PGA-M) were 

synthesized using the steric stabilization process described in section 4.2.2.1.  The goal of 

this study was to determine the mitxonatrone loading and release characteristics of G-
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PGA-M for comparison to previously synthesized MXN containing microsphere 

compositions, namely gelatin (GC-M) and gelatin-carboxymethyl cellulose (G-CMC-M) 

synthesized by Brain Cuevas in parallel studies.  Ideally the incorporation of an anionic 

constituent such as PGA into the microsphere matrix should increase MXN loading due 

to ionic interactions.  Table 4.12 lists the two compositions examined.  The 

concentrations of gelatin and PGA were chosen specifically for comparison to previous 

studies.   

Particle morphology was examined using SEM (Figure 4.32).  Though some 

smooth spherical particles were synthesized, there were also a large portion of 

microspheres that lacked spherical shape and had some degree of surface roughness.  

This phenomenon was observed for both G-PGA-M compositions.  Qualitatively it 

appeared that the mean particle diameter was larger than unloaded G-PGA 1, with some 

particles exceeding 20-30 µm diameter.   

Particle size distribution analysis using the Coulter LS particle sizer resulted in 

mean particle diameters of 2.5 ± 2.6 µm and 3.4 ± 3.1 µm for G-PGA M-1 and G-PGA 

M-2, respectively.  Though these mean sizes are lower than expected based on SEM 

analysis, the particle size distributions extend to over 40 µm diameter (Figure 4.33).  The 

upper range of these distributions corresponds well with the SEM qualitative analysis.  

The particle size distribution curve for G-CMC-M is also included in Figure 4.33 for 

direct comparison to previous compositions.  

Overall, both G-PGA-M compositions appear to have a similar distribution, though 

the G-CMC-M composition mean was somewhat larger (3.6 ± 3.1 µm) and contained a 

larger proportion of microspheres between 10 and 20 µm than both G-PGA-M 
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compositions and also contained microspheres with diameters as large as 100 µm.  These 

distribution curves are different from those of unloaded G-PGA MS, lacking the 

pronounced bimodal peaks seen for protein MS synthesized using the steric stabilization 

method.  Additionally, the curves for G-PGA-M appear to be shifted toward smaller 

particle sizes compared to unloaded G-PGA, despite the number of larger particles 

observed via SEM.  Particle morphology for G-CMC-M resembled that seen for G-PGA 

M-2 (image not available). 

 
Figure 4.32: SEM images of A) G-PGA M-1 and B) G-PGA M-2.  All images taken at 

1000x magnification. 

 

 

Figure 4.33: Particle size distribution for G-PGA M compositions.  G-CMC-M is also 
included here for direct comparison to previous studies. 

A B 
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Analysis of particle swelling using optical microscopy revealed that swelling of G-

PGA-M compositions exhibited larger swollen particles sizes compared with their 

unloaded counterparts (Figure 4.35). These images also revealed that MXN appears to be 

unevenly distributed among microspheres and is compartmentalized in both G-PGA-M 

compositions rather than distributed throughout the matrix.  Some particles also appear to 

contain little to no MXN at all.  Dry and swollen particle sizes from this study are found 

in Table 4.16 and are graphically represented in Figure 4.35.  One-way ANOVA of dry 

particle sizes indicated statistical difference existed between compositions (p<0.001).  

Tukey MCT revealed that the mean dry particle sizes for G-PGA M-1 and G-PGA M-2 

were larger than that of G-PGA 1 (p<0.001 in both cases).  Comparison of mean swollen 

particle size using one-way ANOVA indicated differences again exist between 

compositions (p<0.001).  Subsequent Tukey MCT results indicated that G-PGA M-1 

swollen particle size was significantly larger than G-PGA 1 (p<0.001).  Additionally, G-

PGA M-1 was found to be significantly larger than G-PGA M-2 (p<0.001).  Though 

swollen particle size appears much larger for G-PGA M-1 compared with G-PGA M-2, 

there were two very large particles in the G-PGA M-1 data set that likely skewed these 

data.  Due to larger dry particle sizes, % IPD for G-PGA-M was lower than that of 

unloaded G-PGA MS despite the larger swollen particles size of G-PGA-M MS. 

Table 4.16: Percent increase in mean particle diameter for G-PGA-M compositions based 
on particle swelling studies.  Results from G-PGA 1 are included here for 
reference. 

Condition Dry (µm) Swollen (µm) % IPD 
G-PGA 1 3.1 ± 1.5 8.9 ± 6.9 194% 

G-PGA M-1 8.3 ± 2.9 17.1 ± 11.3 106% 
G-PGA M-2 8.3 ± 3.9 11.3 ± 4.4 35% 
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Figure 4.34: Optical microscopy images of unloaded and MXN-loaded G-PGA 
compositions.  All images at 40x magnification; those on the left are of dry 
microspheres and those on the right are of fully swollen microspheres, 1 
minute post-hydration with PBS.  A) – B) are of unloaded G-PGA 1, C) – D) 
are of G-PGA M-1, and E) – F) are of G-PGA M-2. 
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Figure 4.35: Dry and swollen particle size comparison for G-PGA-M compositions.  G-
PGA (unloaded) and G-C (unloaded) are included for comparison.  Raw data 
were not available, therefore G-C was not included in statistical analysis. 
Matching symbols indicate significant differences. 

Once particle morphology, size, and swelling were characterized in vitro MXN 

loading and release were characterized.  Microspheres were enzymatically digested to 

determine the total drug content in in situ MXN-loaded G-PGA MS according to the 

procedure outlined in section 4.2.3.  Aliquots of the enzyme digests were analyzed using 

spectrophotometric techniques to determine drug loading.  Results of this analysis are 

found in Table 4.17 and Figure 4.36.  Results from Cuevas’s parallel research on Gel and 

G-CMC MS are included for comparison.   

Table 4.17: In situ MXN-loading results for G-PGA-M and related compositions. 

Condition MXN Loading % 
(w/w) 

G-C* 11.5 ± 1.3 
G-PGA M-1 6.7 ± 0.7 
G-PGA M-2 5.2 ± 1.3 
G-CMC M* 7.8 ± 0.3 

*
 synthesized by Cuevas in a parallel study 
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Figure 4.36: MXN loading comparison for G-PGA-M and related compositions.  G-C-M 
and G-CMC-M were synthesized by Cuevas and are included for comparison 
only.   

Microspheres were incubated in PBS at 37°C as discussed in section 4.2.5.  Release 

for both G-PGA M compositions was ongoing for over 100 days (Figure 4.37).  Initial 

release was very slow, very atypical of past protein microsphere compositions.  While 

past experience has shown a burst effect with all other compositions, with 30 – 50% 

release achieved within the first 20 hours, G-PGA M compositions did not reach 10% 

release for over 12 days.  A summary of these results is found in Table 4.18.  Results 

from the free MXN control indicate that ~8% of drug was lost to either binding to the 

filter device membrane during centrifugation or to drug degradation over the duration of 

the study.  Release results presented here may, therefore, be a slight underestimate of 

actual drug release. 
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Table 4.18: MXN release results for G-PGA M and related compositions.  
Condition Release % 

G-PGA M-1 32.0 ± 3.1 
G-PGA M-2 36.0 ± 9.5 
G-CMC M 78.1 ± 7.6 

G-C M 49.7 ± 2.9 
F-MXN 92.1 ± 1.5 
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Figure 4.37: Release curve for G-PGA-M and related compositions.   F-MXN is a free 
MXN control used to quantify and MXN degradation and the binding affinity 
of MXN to the filter membrane. 

In vitro RG-2 cell culture studies were used to determine the efficacy of G-PGA at 

inhibiting and/or preventing neoplastic cellular viability.  Previous studies were done by 

Cuevas showed that gelatin alone had no inhibitory effects and as a result this control 

condition was not further examined here.  Treatments included 1) non-treatment controls 
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(C), 2) MXN controls (F-MXN), and 3) G-PGA M-2 microspheres, with n=4 for all 

treatments, except n=8 for controls.  Dosages for each of these treatments are found in 

(Table 4.19).   

Cellular viability and morphology were monitored daily for the duration of the 4-

day experiment as described in section 4.2.6.  Cellular viability was measured using an 

MTT assay.  This assay contained a yellow tetrazolium salt that was metabolized by 

active cells to form water insoluble purple formazan crystals.  These crystals were made 

soluble by addition of a buffer in a secondary step.  The concentration of solubized 

formazan in the resulting solution was quantified by reading the absorbance at 550 nm.  

This concentration is directly proportional to the number of metabolically active cells; a 

greater the number of active cells results in a greater number of formazan crystals, and 

therefore a larger absorbance value.  On day 4 post-treatment, absorbance values were 

normalized to the average absorbance for non-treatment controls.  Normalized mean 

cellular viability values were used for statistical analysis and are listed in Table 4.19. 

Table 4.19: In vitro RG-2 cell culture treatment groups and MXN doses and resulting 
normalized MTT absorbance values on day 4. 

Condition MXN Dose 
(µg/mL) Absorbance 

C 0 1.000 ± 0.046 
F-MXN 1 25 0.000 ± 0.000 
F-MXN 2 12.5 0.000 ± 0.000 
F-MXN 3 0.5 0.166 ± 0.020 

G-PGA M-2 1 25 0.038 ± 0.021 
G-PGA M-2 2 12.5 0.161 ± 0.039 
G-PGA M-2 3 0.5 0.518 ± 0.381 

 

In addition to MTT analysis, optical microscopy images were taken daily to 

evaluate cellular morphology.  Extended processes and cells spreading along the floor of 

the culture dish are signs of healthy cells.  Cells exhibiting these characteristics were 
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considered to be experiencing little to no affect of treatment.  Cells that appeared to have 

an ameboid morphology with few to no processes extending outward, and especially 

those that had evidence of cell wall rupture/cellular debris were considered to have been 

killed by treatment.  Cellular morphology was used in conjunction with MTT away 

results to make conclusions on the effectiveness of G-PGA MS in inhibiting and/or 

preventing proliferation of RG-2 cells. 

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0.800

0.900

0 1 2 3 4

Day

A
bs

or
pt

io
n

F-MXN 1 F-MXN 2 F-MXN 3 G-PGA M-2 1
G-PGA M-2 2 G-PGA M-2 3 Control  

Figure 4.38: Mean absorbance value comparison for G-PGA M in vitro RG-2 cell 
proliferation study. 

A two-way ANOVA followed by Tukey’s MCT was used to compare the effects of 

treatment condition and MXN dose on cellular proliferation on Day 4 (normalized 

absorbance values).  Results from this test indicated that significant differences existed 

for both treatment group and dose level (p=0.005 and p<0.001, respectively).  Non-
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treatment controls were found to have significantly higher absorbance values than all 

other dose levels (p<0.001 in all cases).  The highest dose, 25 µg/mL MXN, was shown 

to significantly reduce cellular proliferation when compared to both the lowest dose, 0.5 

µg/mL (p<0.001) and the middle dose of 12.5 µg/mL (p=0.005).  Treatment condition 

was also found to be significantly different (p=0.005), with F-MXN treatments showing 

significantly lower absorbance (more cellular inhibition) than G-PGA M-2 treatments.  

This is likely attributable to the slow release of MXN from G-PGA MS (Figure 4.37).  

Longer studies may show that G-PGA-M MS inhibit cellular proliferation equivalent to 

or better than free MXN controls.  However, studies should also be done to evaluate 

MXN activity during longer studies to ensure the activity is not compromised. 

Representative optical microscopy images from day 2 post treatment are found in 

Figure 4.39.  Non-treatment controls appeared healthy, with processes extending 

outward.  Cells the received either low dose treatment appear somewhat healthy, though 

there is some apparent effects of receiving treatment.  While there are some cells with 

extended processes, there are also some cells with retraced processes and ameboid 

morphologies.  No cells appeared viable in either the middle or high dose F-MXN 

treatments, with all cells exhibiting ameboid morphologies and most cells appear to have 

a blue color, indicating internalization of MXN within the cell.  Some cellular debris is 

also visible in each of these groups.  Though no MXN internalization is evident in the 

high dose G-PGA M-2 treated cells, there are no cells with extended processes in these 

wells.  Middle dose G-PGA M-2 treated cells show evidence of toxic effects of MXN, 

though some cells appear to have extended processes.  There appear to be much fewer of 

these healthy cells however, in comparison to low dose G-PGA M-2 treated cells.   
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Figure 4.39: Day 2 optical microscopy images of RG-2 cells by treatment type and MXN 
dose.  Image A) is of non-treatment controls.  All images taken at 40x. 
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4.3.2.  In situ MXN-loaded Bovine Serum Albumin – Deoxyribonucleic Acid 
Microspheres 

Bovne serum albumin – DNA microspheres in situ loaded with MXN (BSA-DNA-

M) were synthesized using the steric stabilization process described in section 4.2.2.2.  

Synthesis conditions, including aqueous phase concentrations and crosslink 

concentrations, were chosen based on the results from unloaded BSA-DNA MS.  An 

initial study was completed as a trial to verify the feasibility of in situ loading BSA-DNA 

MS with MXN.  The aqueous phase for this study consisted of 10% (w/v) BSA, 1.5% 

(w/v) DNA, and 15% (w/w) MXN (BDMS M-1).  These parameters were chosen for 

direct comparison to GPMS M-2 and GCMS M compositions.  The BSA-MXN solution 

was added separately from an additional DNA solution, with each solution prepared at 

twice the desired concentration and added in equal volumes to arrive at the desired 

concentration.  These modified synthesis parameters are found in Table 4.14.  BSA-DNA 

M-1 were synthesized using these parameters to verify the corrected synthesis parameters 

would produced spherical microparticles in the desired particle size range.  Particle 

morphology analysis with SEM verified that this modified synthesis technique would 

produce particle with the desired characteristics (Figure 4.40).  BSA-DNA M-1 appeared 

to fall in the 1 – 10 µm size range with spherical morphology.  The resulting particles, 

however, exhibited a rough surface texture compared with unloaded BSA-DNA 1 

microspheres. 

The particle size distribution for BSA-DNA M-1 microspheres was similar to that 

of unloaded BSA-DNA 1, with somewhat larger quantity of microspheres in the 5-10 µm 

range (Figure 4.41).  Mean particle diameter for BSA-DNA M-1 was 3.12 ± 2.65 µm.   
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Figure 4.40: SEM image of BSA-DNA M-1 microspheres at 1000x magnification. 

Particle swelling analysis revealed that BSA-DNA M-1 microspheres experienced 

only a 28% increase in particle diameter and achieved full swelling within 1 minute of 

the addition of PBS.  Optical microscopy images of dry and swollen BSA-DNA M-1 

microspheres are found in Figure 4.42.  MXN containing BSA-DNA compositions 

swelled less than their unloaded counterparts (Figure 4.43), possibly attributable to the 

interaction between MXN and DNA acting as an additional source of crosslinking.   One-

way ANOVA analysis of swelling data indicated that significant differences existed 

between dry particle sizes of BSA-DNA 1 and BSA-DNA M-1 microspheres (p<0.05).  

There were no significant differences detected however, between dry and swollen particle 

sizes for BSA-DNA M-1 microspheres (p>0.05).  Furthermore, there were no significant 

differences detected between swollen sizes of MXN-loaded and unloaded BSA-DNA 1 

microspheres (p>0.05).   
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Figure 4.41: Particle size distribution comparison for MXN-loaded and unloaded BSA-
DNA 1 compositions. 

Since in situ MXN-loaded BSA-DNA appear to be feasible, a larger study was 

designed to examine varying concentrations of BSA and DNA, as well as 2 crosslink 

densities.  These parameters were chosen based on the unloaded BSA-DNA study.  Based 

on non-spherical particle morphology results from unloaded BSA-DNA, the lowest GTA 

concentration was not evaluated (Table 4.15).  Modified synthesis parameters used for 

BSA-DNA M-1 were used to synthesize these microspheres as well (Table 4.14). 

 

Particle morphology was evaluated using SEM; images are found in (Figure 4.45).  

BSA-DNA M-2, both middle and high crosslink densities had smooth surface texture and 

maintained a spherical morphology.  Both BSA-DNA M-3 compositions lacked spherical 

morphology for many of the microspheres but maintained a smooth surface texture.  

Mean particle size for these microspheres appeared qualitatively larger than BSA-DNA 

M-2.  In comparison, many microspheres of both BSA-C M compositions lacked both 

smooth surface texture and spherical morphology.  In situ MXN-loaded BSA 
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Figure 4.42: Optical microscopy images of BSA-DNA M-1 A) dry and B) 1 minute post-hydration.  Both images at 40x 
magnification.
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Figure 4.43: Comparison of particle swelling for unloaded and in situ MXN-loaded BSA-
DNA 1 microspheres. Matching symbols indicate significant differences. 

microspheres have been well characterized in past experiments by other researchers and 

were thus used as controls for these experiments.  At this time the cause of this abnormal 

behavior is unknown, as microsphere synthesis parameters were essentially unchanged 

from these past experiments.   

All BSA-DNA-M compositions showed some degree of bimodality, with the larger 

second peak centered over the 6-20 µm range.  Both crosslink densities of the BSA-DNA 

M3 composition showed peaks out at 40µm and larger, indicating the presence of 

agglomerates at this concentration of DNA.  Representative distribution curves are found 

in Figure 4.44 and a summary of mean particle size data from Coulter LS particle sizing 

is found in Table 4.20.  The unusually large standard deviation found in BSA-DNA M2-2 
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and BSA-DNA M3-3 is likely caused by agglomeration, evident for the latter in Figure 

4.44. 

 

Figure 4.44: Representative particle size distributions curves for MXN-loaded BSA-DNA 
MS compositions.     

Table 4.20: Summary of mean particle size from Coulter LS particle sizing.  Note the 
large SD of BSA-DNA M2-2 and BSA-DNA M3-3, likely caused by 
agglomeration. 

Condition Mean (µm) SD (µm) 
BSA-DNA M2-2 12.44 37.37 
BSA-DNA M2-3 4.91 4.85 
BSA-DNA M3-2 8.40 9.78 
BSA-DNA M3-3 18.94 43.21 

BSA-C M2 5.70 4.57 
BSA-C M3 7.61 18.67 

 

Particle swelling was again analyzed using optical microscopy imaging.  A 

summary of the results from this study is found in Table 4.21.  Two-way ANOVA was 

used to analyze dry and swollen particle sizes as a function of microsphere composition 

and crosslink density.  No significant differences were detected in dry particle size based 

on composition (p=0.098) or crosslink density (p=0.591).  In contrast, significant 

differences were detected in swollen particle size as functions of both crosslink density 
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(p=0.003) and composition (p<0.001).  BSA-C M compositions were found to have 

significantly larger swollen size than BSA-DNA M3 within both crosslink densities 

(p<0.05 in both cases).  Similarly, BSA-C M microspheres were found to have 

significantly larger swollen particle sizes than BSA-DNA M2 within the middle crosslink 

density (p=0.007).  However, within the high crosslink density BSA-DNA M2 swollen 

particle size was found to be significantly larger than that of BSA-C M (p=0.027).  BSA-

DNA M2 was also found to have significantly larger swollen particle size than BSA-

DNA M3 within the high crosslink density (p<0.001).  These results are represented 

graphically in Figure 4.46 and Figure 4.47.  Representative optical microscopy images 

from this study are found in Figure 4.48 – Figure 4.50.   

BSA-DNA M compositions were enzymatically digested and the resulting digests 

were analyzed using spectrophotometric techniques to quantify the concentration of 

MXN loaded into the microspheres as outlined in section 4.2.4.   BSA-DNA M1-2 

loading and release were characterized prior to synthesis of the remaining BSA-DNA M 

compositions.  Results of this analysis are found in Table 4.17.  Note that the percent 

loading for the BSA-DNA M1-2 composition is much lower than that of the other 

compositions.  This study was completed prior to synthesis of subsequent conditions and 

complete digestion was never fully achieved.  Optical microscopy out to day 20 showed 

little to no evidence of any digestions, with many blue microspheres still visible (Figure 

4.51).  This study was repeated using fresh enzyme with the same results.  As a result, 

release data for this composition will not be reported as percent MXN release.  MXN 

doses for in vitro studies will be based off of the maximum total release of MXN rather 

than percent loading data.   
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Figure 4.45: SEM image comparison of BSA-DNA M-2 (A & B), BSA-DNA M-3 (C & 
D), and BSA-C M (E & F).  All images were taken at 2000x magnification. 
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Table 4.21: Percent increase in mean particle diameter for BSA-DNA M compositions 
from particle swelling studies. 

Condition Dry (µm) Swollen (µm) % IPD 
BSA-C M-2 8.7 ± 2.9 12.2 ± 3.4 40% 

BDMS MC-3 8.4 ± 2.5 9.5 ± 2.5 13% 
BDMS M1-2 7.0 ± 2.3 8.9 ± 3.1 28% 
BDMS M2-2 8.2 ± 3.6 9.6 ± 3.7 18% 
BDMS M2-3 8.3 ± 3.4 11.1 ± 3.4 33% 
BDMS M3-2 7.8 ± 4.0 9.9 ± 3.8 26% 
BDMS M3-3 7.5 ± 3.5 7.8 ± 3.7 5% 

 

 

Figure 4.46: Particle swelling charts comparing dry and swollen sizes for each 
composition by crosslink density; A) middle crosslink density, B) high 
crosslink density. 
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Figure 4.47: Comparison of dry and swollen particle sizes by composition; A) BDMS 
MC, B) BDMS M2, and C) BDMS M3. 
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Figure 4.48: Particle swelling images for BSA-DNA M-2; A & B - middle crosslink density; C & D - high crosslink density.  All 
images at 40x. 
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Figure 4.49: Particle swelling images for BSA-DNA M-3; A & B - middle crosslink density; C & D - high crosslink density.  All 
images at 40x. 
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Figure 4.50: Particle swelling images for BSA-C M; A & B - middle crosslink density; C & D - high crosslink density.  All images at 
40x.
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Table 4.22: In situ MXN-loading results for BSA-DNA M compositions. 

Condition MXN Loading % 
(w/w) 

BSA-C M-2 9.9 ± 0.6 
BSA-C M-3 11.2 ± 0.6 

BSA-DNA M1-2 3.8 ± 0.2* 

BSA-DNA M2-2 8.3 ± 0.4 
BSA-DNA M2-3 8.4 ± 0.2 
BSA-DNA M3-2 8.6 ± 0.8 
BSA-DNA M3-3 9.5 ± 0.2 

 

 
Figure 4.51: Optical microscopy image of BSA-DNA M1 microspheres after 20 days in 

EDB at 37°C (40x magnification). 

Full digestion was never achieved for at the conclusion of the enzymatic digestion 

study involving all other BSA-DNA M compositions either, though these compositions 

appeared to have undergone some microsphere degradation.  Lack of full degradation 

was evidenced by the color of the protein pellet following the TCA protein precipitation 

step of the procedure.  BSA-C Mcompositions appeared to fully degrade, as this pellet 

was white in color indicating that little to no MXN remained bound to microspheres 

and/or protein.  In contrast, all compositions containing DNA had dark blue pellets, 

indicating some MXN remained in microspheres and/or bound to protein/DNA.  As a 

result, MXN loading results for BSA-DNA M2 and BSA-DNA M3 compositions are 
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likely underestimated here.  It is unknown why BSA-DNA M1 MS did not degrade at all 

while BSA-DNA M2 and M3 showed signs of at least some degradation. 
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Figure 4.52: MXN loading comparison by BSA-DNA composition and crosslink density. 
* BSA-DNA M1 loading data are likely grossly underestimated (see 
explanation above). 

Mitoxantrone release extended beyond 1000 hours for BSA-DNA M1 

microspheres.  This prolonged release was attributed to the strong ionic interaction 

between MXN and the DNA incorporated into the microsphere matrix.  This release was 

substantially longer than G-C M and G-CMC M compositions, and total cumulative 

MXN release was exceeded compared to these compositions as well.  Release of MXN 

from G-PGA M lasted longer than BSA-DNA M1, but cumulative MXN released was 

lower for G-PGA M than BSA-DNA M1 (Figure 4.53). 
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Figure 4.53: MXN release concentration per milligam of microspheres for BSA-DNA 
M1-2.  Gelatin, gelatin-CMC, and gelatin-PGA microsphere release curves are 
included for comparison. 

Mitoxantrone release for other BSA-DNA M compositions was not as promising as 

it initially appeared based on the release study for BSA-DNA M1.  BSA-DNA M2 and 

BSA-DNA M3 compositions exhibited a significant burst release, with MXN release 

nearly complete by 25 hours (Figure 4.54).  It is unknown why these release profiles 

differ so greatly.  One explanation is that the source of DNA used in BSA-DNA M2 and 

M3 was different from that used in BSA-DNA M1.  BSA-DNA M1 microspheres were 

synthesized using DNA from herring teste source.  When this was reordered to have 

sufficient quantity for the remainder of the studies, the molecular weight of the second lot 

was noticeably lower than that of the original lot based on an obvious decrease in 

viscosity of DNA solutions made with the new lot.  As DNA from the original lot was no 

longer available, the DNA used for subsequent BSA-DNA syntheses was from salmon 



97 

97 

teste source.  This DNA appeared qualitatively to be much closer to the original herring 

DNA.  The molecular weight of any of these DNA samples has not been measured as 

access to the GPC/MALS system was not available for the duration of these experiments.  

 

Figure 4.54: Release profile for BSA-DNA M compositions for A) the entire release 
study and B) the first 25 hours only.   

In vitro RG-2 cell culture studies were conducted to determine the effect of BSA-

DNA M1 MS on the inhibition of cellular viability as outlined in section 4.2.6.  

Treatments for this study were similar to those used for the G-PGA M MS study, 
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including 1) non-treatment controls (C), 2) MXN controls (F-MXN), and 3) BSA-DNA 

M1 MS (n=4 for all groups, except n=6 for controls).    

Normalized absorbance results from the MTT assay are found in Table 4.23 and 

Figure 4.55.  Two-way ANOVA analysis of MTT absorption data on day 4 indicated that 

there were no significant differences detected between treatment groups (p=0.482).  

There were, however, differences between MXN dose (p< 0.001).  Subsequent Tukey 

MCT analysis revealed that all treatment groups were superior at inhibiting viability 

compared to controls (p<0.001 in all cases).  Additionally, middle and high doses were 

superior to the low dose at inhibiting viability (<0.001), though there were no differences 

between these 2 doses. 

Table 4.23: In vitro RG-2 cell culture MTT assay treatment groups and mean normalized 
absorbance values of day 4. 

Condition MXN Dose 
(µg/mL) Absorbance 

C 0 1.000 ± 0.077 
F-MXN 1 25 0.000 ± 0.000 
F-MXN 2 12.5 0.000 ± 0.000 
F-MXN 3 0.5 0.161 ± 0.016 

BSA-DNA M1 1 25 0.000 ± 0.000 
BSA-DNA M1 2 12.5 0.000 ± 0.000 
BSA-DNA M1 3 0.5 0.217 ± 0.020 

Representative optical microscopy images, used to evaluate cellular morphology, 

are found in Figure 4.56.  Non-treatment controls appear healthy, with processes 

extending outward and the number of cells increasing indicating viability.  Cells that 

received a low dose of either MXN treatment (F-MXN or BSA-DNA M1) showed signs 

of toxicity evidenced by ameboid morphology, though some cells still appear to have 

healthy processes.  Both middle and high doses of both MXN treatments appeared very 

effective at inhibiting cellular viability, as there did not appear to be many, if any, viable 
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cells in any of these groups.  Additionally, uptake of MXN was evident with blue 

coloration visible within the cells.   
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Figure 4.55: Normalized mean absorbance values for BSA-DNA M1 in vitro RG-2 

cellular viability study.  Dosage key: 1 = 0.5 µg/mL, 2 = 12.5 µg/mL, and 3 = 
25 µg/mL. 
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Figure 4.56: Optical microscopy images of RG-2 cells from in vitro RG-2 cell culture 
study.  All images were taken at 40x.  
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CHAPTER 5 
IN VIVO EVALUATION OF BOVINE SERUM ALBUMIN MICROSPHERES FOR 

INTRATUMORAL CHEMOTHERAPY 

5.1 Introduction 

Though in vitro examinations of microsphere formulations gives insight on the 

effectiveness of microsphere formulations in causing cell death, these studies do not 

closely replicate the physiological environment and final clinical use of microspheres as 

an intratumoral delivery vehicle.  To more closely replicate these, in vivo experimentation 

is necessary.  Previous in vivo animal studies have shown that intratumoral (IT) 

modalities are superior to traditional intravenous therapies in terms of animal survival 

and tumor regression.  In a Lewis lung carcinoma model, 92% of mice survived to the 

endpoint of the study (35 days) when these animals were treated with IT chemotherapy 

followed by surgical resection 20 days later.42  Further studies using a 16/C mammary 

adenocarcinoma model resulted in an increase in survival of over 300% for animals 

receiving IT MXN injections followed by surgery 10 days after treatment compared to 

controls.14  These improvements can be attributed to several advantages offered by 

intratumoral therapies, including the increased MXN drug dosage reaching the tumor 

mass and the reduction in toxicity associated with such therapies.   

In studies investigating the use of 20-40 µm diameter in situ MXN-loaded bovine 

serum albumin (BSA-M20) MS for IT chemotherapy in a 16/C MMAC model, up to 50% 

survival was achieved compared to 0% for controls.  Subsequent studies using smaller 

diameter in situ MXN-loaded BSA MS (5-10 µm; BSA-M) achieved survival of up to 
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80% of mice compared to 0% for controls13.  These studies provided the basis for further 

studies evaluating BSA-M. 

In conjunction with Brett Almond and Shema Freeman, two separate in vivo studies 

were carried out in C3H/HeJ mice with the following goals: 

1. histological evaluation of MMAC tumors to evaluate extent of perfusion of 
BSA-M MS and tumor necrosis after IT treatment, 

2. to further assess toxicity mechanisms using complete blood count analysis, 
3. to examine the effect of elapsed time between neoadjuvant IT chemotherapy 

and subsequent surgical resection. 
4. to assess the advantage of administering repeated IT treatments at scheduled 

intervals 
 

5.2 Materials 

All proteins, enzymes, and solvents were obtained as described in sections 3.2 and 

4.2 unless otherwise specified.  In these studies, the MXN used for in situ loaded 

microspheres was donated by Lederle Laboratories.  General medical supplies were 

obtained through University of Florida Health Center Stores, Henry Schein, or Webster 

Veterinary Supply.   

Ketamine HCl (100 mg/mL), Flunixin Meglumine (50 mg/mL), and Xylazine (20 

mg/mL) were used as anesthetics/analgesics for all animals studies.  Methoxyfluorane 

was mixed 1:1 with mineral oil and was used as an inhaled anesthetic.   

5.3 Methods 

5.3.1 Microsphere Synthesis & Characterization 

In situ MXN-loaded BSA mesospheres (BSA-M) with 2% and 8% (w/w) GTA 

crosslink densities with a mean diameter of 5-10µm were synthesized by Brett Almond 

using the steric stabilization process described in section 3.3.2.  A brief summary of the 

synthesis and characterization of microspheres used for these studies is found below. 
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Table 5.24: Synthesis parameters for BSA-M microspheres.  
Mixing Conditions RPM Time 

47 mL 4% CAB + 3 mL 20% BSA-MXN 1250 20 min 
+ x mL GTA 600 2 hr 

+ 50 mL acetone 600 1 hr 
TOTAL TIME 3 hr 20 min 

 

A summary of the synthesis parameters is found in (Table 5.24).  MXN 

concentration was kept at 15% (w MXN/w protein) for all studies.  BSA-M MS were 

characterized using SEM (Figure 5.57) and Coulter LS particle sizing (Figure 5.58) as 

described previously.  Particles with low crosslink density (2% GTA) show increased 

porosity, with obvious pitting or pores in the MS structure.  Higher crosslink density (8% 

GTA) resulted in smooth, round microspheres.  In vitro MXN loading and release were 

also quantified using previously described techniques (Figure 5.59).  

 

Figure 5.57: SEM images of BSA-M used in these in vivo studies: A) 5-10 µm BSA-M 
MS with high crosslink density (8% GTA; 500x magnification) and B) 5-10 
µm BSA-M MS with low crosslink density (2% GTA; 750x magnification) 

BA
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Figure 5.58: Particle size distribution curves for unloaded BSA MS, in situ MXN-loaded 
BSA MS with low crosslink density (2% GTA w/w; BSA-M L), and in situ 
MXN loaded BSA MS with high crosslink density (8% GTA w/w; BSA-M 
H). 

 
Figure 5.59: In vitro release of MXN from BSA-M20 (20-30 µm) and BSA-M (5-10 µm) 

with low and high crosslink densities under infinite sink conditions. 

BSA MS 
BSA-M L 
BSA M H
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5.3.2 In Vivo Animal Study Protocols 

5.3.2.1 Tumor passage 

The 16/C murine mammary adenocarcinoma cell line is not viable ex vivo.  For this 

reason, tumors were maintained in C3H/HeJ mice.  In order to harvest the tumor for 

passage, mice with tumor were euthanized via CO2 inhalation.  Within 5 minutes of 

death, the tumor was excised using blunt dissection through an opening in the skin and 

was finely minced under aseptic conditions.  The tumor was resuspended at a 

concentration of 0.5 mg tumor/mL in calcium-free PBS.  Each receiving mouse was 

anesthetized using methoxyfluorane inhalation and was injected with 50 µL of tumor 

suspension subcutaneously into the flank.  Tumor inoculation using these methods 

resulted in growth of a 500 mg tumor within 14 days of injection.   

5.3.2.2 Standard protocol for in vivo 16/C MMAC studies 

All in vivo studies were conducted with approval of the University of Florida 

Institutional Animal Care and Use Committee (IACUC).  Mice were housed in the 

University of Florida Animal Care Services (ACS) facilities.   

Ten to fourteen week old syngenic female C3H/HeJ mice were inoculated with 

16/C MMAC tumor according to section 5.3.2.1.  Mice were weighed and monitored 

daily for signs of tumor growth.  When the resulting tumor reached 10 cm in its largest 

dimension (~ 2.5% body weight based on an estimated weight of 0.5g for a 1x1 tumor), 

mice were randomly assigned to a treatment group, based on the specific study design.  

For animals receiving IT treatment(s), animals were anesthetized using methoxyfluorane 

inhalation and 100 µL the designated treatment was administered in 5 injections, four 

around the tumor perimeter and one in the center of the tumor.  Drug doses were based on 

an average mouse weight of 20 g and all animals received the same dose independent of 
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their actual weight.  The day of treatment was designated Day 0 and differed from mouse 

to mouse based on tumor growth rate.  This method was chosen instead of treating all 

animals on the same day to ensure that tumor size and condition at the time of injection 

was similar for all animals. 

Mice were observed daily for tumor growth, body weight, and general signs of 

malaise.  Animal weight and tumor dimensions were recorded at least every 2 days for 40 

days post-treatment.  Tumor weight was calculated based on these measurements and the 

equation for the volume of an ellipse (tumor weight = a x b2/2000) where a is the largest 

measured tumor diameter and b is the diameter perpendicular to a, both in measured in 

mm.   

Mice that exhibited body weight loss of 20% or more (adjusted for tumor mass) 

were considered to be suffering from toxicity and were euthanized via CO2 inhalation.  

Additionally, mice displaying signs of discomfort, severe dehydration, or other general 

malaise were euthanized.  Treatment failure was defined as tumor mass exceeding 10% 

of initial body weight; these animals were also euthanized.  Any mice surviving to at least 

40 days were considered “cured”. 

5.3.2.3 Blood collection 

Blood samples were collected for analysis of complete blood counts with 

differentials.  Approximately 200 µL of blood was collected from the ventral tail artery of 

each mouse.  The tail was disinfected with povidone iodine solution, then nicked 

carefully with a scalpel.  Blood was collected into pediatric EDTA blood collection tubes 

and given to the ACS clinical lab to perform CBCs with differentials.  Following blood 

collection, pressure was applied to the nick in the tail artery until bleeding subsided.  
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CBC and differential results were analyzed for signs of leukopenia, indicative of dose-

limiting toxicity for MXN. 

5.3.2.4 Tumor histology 

Any tumors removed during surgery were collected and fixed in 10% neutral 

buffered formalin for at least 24 hours for histological analysis.  Prior to tissue 

processing, tumors were dehydrated in a graded ethanol series (3 washes at each of 75%, 

90%, 95%, and 100% dry ethanol concentrations for 15 minutes per wash).  Tissues were 

embedded in paraffin, sectioned, and Hematoxilin & Eosin (H&E) stained using standard 

techniques by the University of Florida Research Histology Core Lab (Department of 

Pathology, Immunology, and Laboratory Medicine).  All slides were evaluated and 

interpreted by Dr. Carol Detrisac from the College of Veterinary Medicine, Department 

of Pathobiology. 

5.3.3 Study Design for In Vivo Animal Studies 

5.3.3.1 Neoadjuvant intratumoral chemotherapy and tumor histology 

In order to examine the effect of timing of surgical resection of the tumor after IT 

injection, mice received one the following treatment groups on Day 0: 1) IT injected 

MXN (MXN), 2) BSA-M MS with low crosslink density (2% GTA; MS L), 3) BSA-M 

MS with high crosslink density (8%; MS H), or 4) non-treatment control (C).  Surgical 

resection was scheduled for either Day 1, 7, or 14 for IT treated animals (n=3 per 

timepoint and treatment; n=33 total).  Animals assigned to the non-treatment control 

group were scheduled for surgery on Day 1 or 7 only since they were not expected to 

survive past an average of 10 days.  Blood samples were also collected for assessment of 

toxicity mechanisms following IT MXN treatments.  Tumor histology was also 

completed for this study to identify extent of tumor perfusion and necrosis in vivo.  Table 
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5.25 summarizes these treatment groups.  Protocols for tumor passage, IT treatment 

procedures, animal monitoring, histology, and blood collections described in sections 

5.3.2.1 through 5.3.2.4 were followed for this study. 

Table 5.25: Design for neoadjuvant IT chemotherapy study.  CBC values were also 
analyzed from mice with no tumor (NT). 

Treatment (Day 0) Day 1 Day 7 Day 14 
24 mg/mL BSA-M (2% GTA) + 4 mg/mL MXN H, CBC H H, CBC 
24 mg/mL BSA-M (8% GTA) + 4 mg/mL MXN H, CBC H H, CBC 

8 mg/mL MXN H, CBC H H, CBC 
Control H, CBC H - 

H = histology, CBC = complete blood count + differential 
   

5.3.3.2 Scheduled intratumoral chemotherapy injections 

Clinincal chemotherapy regimens often involve a series of chemotherapy 

treatments rather than a single treatment.  To more closely replicate this clinical situation, 

a study was designed to evaluate the efficacy of scheduled multiple IT injections of BSA-

M for increased animal survival.  Ten animals were assigned to each of three IT treatment 

groups, using dosages similar to those administered in the neoadjuvant IT chemotherapy 

study: 1) BSA-M MS, 2) MXN, or 3) non-treatment control.  Dosage and scheduling 

information is found in (Table 5.26).   In a clinical setting, repeated chemotherapy 

treatments are often scheduled weeks apart to allow for recovery from any toxic effects of 

each treatment.  However, the rapid growth rate of the 16/C MMAC tumor line 

necessitated these injections to be scheduled closer together in this study.  Tumor size 

typically reaches 10% of body mass within 10 days left untreated, thus any unperfused 

portions of the tumor would reach a level requiring euthanasia long before several weeks 

passed between treatments.   As a result, injections were scheduled for days 0, 7, and 14.  

There is an inherent increased risk of toxicity with these injections spaced more closely 

together, requiring close monitoring of animal body weight following treatment.  
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Standard procedures for tumor passage, IT injection, and animal care were used for this 

study (see sections 5.3.2.1 through 5.3.2.2).   

Table 5.26: Design for scheduled IT injection study.   
Dose 

Treatment Day 0 Day 7 Day 14 

BSA-M MS 24 mg/kg BSA-M 
+ 4 mg/mL MXN 

24 mg/kg BSA-M 
+ 4 mg/mL MXN 

24 mg/kg BSA-M 
+ 4 mg/mL MXN 

MXN 8 mg/kg 4 mg/kg 4 mg/kg 
Control - - - 

 

5.3.4 Statistical Analysis 

Animal survival was analyzed using the right-censored Kaplan-Meier method.  The 

log-rank test was used on the resulting survival curves to determine any statistical 

differences between groups with a significance level of α=0.05.  When differences were 

detected, Tukey’s multiple comparison test (MCT) was used to make pair-wise 

comparisons.   

One-way ANOVA was used for determination of differences between treatment 

groups for continuous numerical data (animal weight, CBC values, etc.), followed by 

Tukey’s MCT when applicable (α=0.05 for all tests).  Ordinal data were analyzed using 

the Kruskal-Wallis ANOVA with α=0.10. 

5.4 Results & Discussion 

5.4.1 Neoadjuvant Intratumoral Chemotherapy and Tumor Histology 

This study was designed to achieve three goals: assess the efficacy of IT 

chemotherapy on animal survival, evaluate tumor histology to determine the amount of 

tumor necrosis and MS distribution following IT treatment, and to explore the 

mechanisms of toxicity for MXN following IT chemotherapy.  In order to accomplish 

these goals, 33 mice were randomly assigned to one of 11 treatment groups, varying in IT 
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treatment received and time following IT treatment to surgical resection of the residual 

tumor.  Treatments included IT BSA-M of 2 crosslink densities delivered in a MXN 

solution, IT MXN, or non-treatment controls with surgery following treatment at day 1, 

7, or 14 (Table 5.25).  On designated surgical days, mice had blood samples and tumors 

collected for complete blood counts with differentials and histological analysis.  Note that 

the non-treatment control group did not include surgery at the 14 days due to the fact that 

these animals would experience tumor growth sufficient to require euthanasia prior to 

reaching this point.   

Four mice died during or immediately following surgery due to anesthesia or 

hypothermia.  These animals were excluded from survival analysis.  Some, but not all, of 

these animals were replaced in the study, resulting in only two mice in the 7 day surgery 

MXN group (MXN-7) and one mouse in the 1 day surgery MXN group (MXN-1).  One 

mouse if the MXN-14 group was replaced, as the mouse originally assigned to this group 

died prior to surgery.   

5.4.1.1 Surgical observations 

Observations were recorded during surgical excision of tumors, including tumor 

size and appearance.  As expected, tumors removed on day 7 from non-treatment control 

mice were the largest tumors and the most difficult to excise cleanly.  Tumor margins 

were not always identifiable, increasing the chance of tumor recurrence from an 

unresected portion.  All tumors that were administered MXN via IT injection were 

typically much smaller at surgery and were stained dark blue.  Little to no staining of the 

surrounding tissues indicates that most or all of the MXN remained inside the tumor 

mass.  There were cases, however, of staining of the overlying skin.  In cases where IT 

treated tumors exhibited tumor regrowth, the observations of small area of stained tumor 
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surrounded by tumor tissue normal in appearance supported the hypothesis that these 

cases of failure were due to incomplete perfusion of MXN into the tumor mass.   

5.4.1.2 Histology results 

Tumors that were excised during surgery were sectioned and stained for 

histological analysis.  Microspheres were visible in tumor sections of all tumors injected 

with BSA-M.  Degradation of low crosslink density (2% GTA w/w) microspheres was 

evident at 14 days, with porous structure and a lower degree of eosinophilic staining 

(Figure 5.60). 

5.4.1.3 Blood cell counts 

Blood was collected from mice in each treatment group on days 1 and 14 (Table 

5.25) to examine the mechanism of toxicity for IT injected MXN.  Mice with no tumor 

(NT) were employed as a secondary control in this study to compare C3H/HeJ mice with 

and without tumor.  CBC data are found in Table 5.27, along with one way ANOVA 

results comparing treatment groups.  These data are also presented graphically in Figure 

5.61 through Figure 5.63.   

Leukopenia was hypothesized to be the primary mechanism of toxicity.  However, 

there was no evidence of leukopenia or anemia based on the lack of significant 

differences detected in WBC and RBC counts between treatment groups (p=0.501 and 

p=0.194, respectively).  There was also no significant difference evident between groups 

for hematocrit (p=0.06), though BSA-ML treated animals appear to have lower 

hematocrit than those in the remaining groups, particularly non-tumor bearing controls.  

Platelet count was found to be significantly different between groups (p=0.008).  

Tukey MCT revealed that mice treated with BSA-ML-1 had lower significantly lower 

platelet counts than both NT and MXN-14.  BSA-ML-14 mice had a higher platelet count 
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than day 1 surgical controls (C) and MXN-1 treatments.  It is not understood why 

chemotherapy would cause an increase in platelet count, and this difference may be 

attributed to an abnormally high platelet count in a single mouse ( > 1,000,000 

platelets/µL) in the BSA-ML-14 group.  This mouse was also noted to have abnormal 

platelet morphology.  

 

Figure 5.60: Tumor sections from A) MS H (day 1) and B) MS L (day 14) treatment 
groups.  Microspheres are visible in both images, with significant degradation 
of MS L evident (B) by increased porosity and reduced eosinophilic staining.  
Both images at 100x. 

A

B
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Table 5.27: CBC data for mice enrolled in this study.  MS L refers to low crosslink 
density BSA-M and MS H refers to high crosslink density BSA-M; NT refers 
to mice with no tumors.  (n=3 per group) 

WBC RBC HCT (%) Platelets Neutrophils Lymphocytes 
Group 

AVE SD AVE SD AVE SD AVE SD AVE SD AVE SD 
NT 4867 681 8.8 0.2 49.4 1.1 806333 99771 1161 260 3577 421 
C 4967 1457 8.9 0.5 47.3 2.2 688333 9074 1151 208 3584 1000 

MXN-1 5000 436 8.4 0.2 44.8 2.4 683000 21656 2374 488 3561 2361 
MXN-14 5231 2134 8.3 0.8 46.9 3.4 826000 10817 2135 326 2678 1287 
MS L-1 3567 451 8.3 0.5 43.2 1.1 560667 53910 2193 371 1280 362 

MS L-14 4200 1300 7.7 0.5 43.0 3.8 939667 97910 2467 919 1507 488 
MS H-1 4967 1518 8.2 0.4 45.7 1.6 738000 87230 2136 198 2771 1450 
MS H-14 3533 473 8.1 0.7 45.1 1.3 820333 210965 1723 601 1633 299 

p value 0.501 0.194 0.06 0.008 0.018 0.102 

 

Though there was no evidence of leukopenia, MXN treated mice  had increased 

leukocyte cell population (p=0.018).  Tukey’s MCT results indicated that both control 

groups had significantly lower neutrophil counts than all treated animals with the 

exception of MXN-14 and BSA-MH-1. Though these differences were statistically 

significant, it is unlikely that this slight elevation in cell count is enough to clinically 

indicate acute inflammation for these groups.   

5.4.1.4 Survival 

Survival analysis was conducted to determine if time between treatment and 

surgery had an impact on animal survival.  These data are summarized in Table 5.28.  

The Kaplan-Meier survival curve is found in Figure 5.64.  

Due to the low number of animals per group, no differences were detected except 

between groups with 100% survival and controls (0% survival).  This was sufficient, 

however, the determine that IT treatment in either form (as MXN alone or in MS form) 

was an effective treatment for increasing animal survival in the 16/C MMAC model 

compared to controls.  Though not statistically detectable, it appears that surgery on Day 
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1 was more effective than surgery on day 7, since these control animals survived 5 days 

longer than their day 7 counterparts.  This difference was likely due to the more defined 

tumor margins and smaller size at the time of resection for the day 1 group.   

Additionally, all animals that received any IT MXN treatment and had surgery on Day 1 

survived, whereas at least 2 animals in each of the MXN and MS L groups that received 

surgery at a longer interval after IT treatment died.  Longer times between treatment and 

surgery allow for unperfused regions of the tumor to grow to a significant size, and 

increase the risk of small foci of tumor left after surgery.   

 

Figure 5.61: Comparison of WBC and RBC counts by treatment group.  No significant 
differences were detected between any groups. 
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Figure 5.62: Comparison of hematocrit values and platelet counts by treatment group.  
No significant differences were detected for hematocrit, though it appears that 
microsphere treatments may result in lower hematocrit values compared to 
controls.  Large variability in these data likely prevented detection of 
significance for this parameter.  Significant differences were detected for 
platelet counts.  Matching symbols indicate differences between these groups.  
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Figure 5.63: Comparison of neutrophil and lympohctye counts by treatment group.  
Control group neutrophil percentage was found to be significantly lower than 
all groups except MXN-14 and MS H-1. 

   

Table 5.28: Survival summary for neoadjuvant IT chemotherapy study.  All groups with 
100% survival showed significantly increased survival time versus controls.   

 Control MXN MS H MS L 
Surgery 

Day 1 7 1 7 14 1 7 14 1 7 14 

Median 
Survival a 21 16 * * 33 * * * * 34 * 

% ILS b   >150% >150% 106% >150% >150% >150% >150% 113% >150% 
% cures c 0% 0% 100% 100% 33% 100% 100% 100% 100% 50% 100% 
a Time to reach 50% survival post-treatment (in days) 
b ILS=increase in median life span compared to median for all controls (16 days) 
c Animals alive at 40 days 
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Figure 5.64: Survival chart for neoadjuvant IT chemotherapy study.  Control (C) mice received no chemotherapy treatment but 
underwent surgical resection on Day 1 or 7.  Mice that received IT MXN treatments on Day 0 received either MXN at 8 
mg/kg dose or 24 mg/kg of BSA-M MS delivered in 4 mg/kg MXN, where BSA-M MS were of either low or high 
crosslink density (2% or 8% GTA w/w, respectively).  Surgical resection was then performed on either Day 1, 7, or 14 
following IT treatment.
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5.4.2 Scheduled Intratumoral Chemotherapy Injections 

This study was designed with the intent of more closely replicating current human 

clinical chemotherapy treatments and to allow for treatment of possible unperfused 

regions of tumor after a single IT MXN injection.  As such, 3 injections of IT 

chemotherapy were scheduled at one week intervals on days 0, 7, and 14.  Treatment 

groups included non-treatment controls, IT MXN injections, and IT BSA-MS (8% GTA 

w/w) delivered on MXN solution.  The study design including dosages is found in Table 

5.26.  A total of 30 mice were included in this study, 10 in each treatment group. 

All mice enrolled in the study received at least 2 treatments.  Fifty percent of 

animals receiving IT MXN in either form did not receive the third injection for one of 

three reasons.  Three mice experienced > 15% loss in TABW and did not receive the 

third injection due to suspected toxicity.  Four mice were considered to have no viable 

tumor remaining, with any palpable mass considered to be scar tissue due to its dense feel 

and therefore did not receive the third injection.  The remaining three mice were 

euthanized prior to the third injection due to tumor regrowth or weight loss in excess of 

20%.  Also of note is one control animal experience spontaneous tumor regression.  This 

animal was considered to be an outlier and was not included in survival analysis.   

5.4.2.1 Animal weight 

Since there was an apparent risk of toxicity with this study, animal body weight 

loss (adjusted for tumor weight; TABW) was closely monitored and was analyzed as a 

parameter of interest (normalized for animal weight at Day 0; NTABW) on day 5, 7, 14, 

21 and 28.    A summary of these data is found in Table 5.29 and displayed graphically in 

Figure 5.65. 
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Significant weight loss differences were observed at day 5 (one way ANOVA, 

p=0.002).  Anaylsis via Tukey’s MCT indicated that controls had significantly higher 

body weight compared to both IT treatments, with no difference detected between these 

latter treatments.  BSA-M treated mice had significantly lower NATBW compared to 

those in the MXN group at days 7, 14, and 21 days (p < 0.045 in all cases).  However, by 

28 days post treatment mice in the BSA-M group recovered their weight loss and no 

differences were detected (p=0.206).   

Table 5.29: Body weight summary for the scheduled IT injections study at selected 
timepoints (n=10 per group). 

Mean Normalized Tumor Adjusted Body Weight (S.D.) 
Treatment Day 5 Day 7 Day 14 Day 21 Day 28 

Control 1.01 (0.03) - - - - 
MXN 0.99 (0.03) 1.00 (0.02) 1.00 (0.02) 1.03 (0.05) 1.04 (0.05) 

BSA-M 0.95 (0.02) 0.94 (0.04) 0.92 (0.07) 0.97 (0.06) 1.00 (0.07) 
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Figure 5.65: Normalized TABW over time by treatment group.  Gray lines represent 
times selected for statistical analysis. 
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This observed toxicity compared to controls was likely due to high levels of MXN 

delivered at closely spaced intervals.  The additional weight loss experienced by animals 

in the BSA-M group can be attributed to the prolonged release of MXN from the 

microsphere matrix, further increasing MXN dose at later timepoints.  Weight loss was 

recovered for both IT treated groups by 4 weeks after treatment, with animals in the 

MXN group experiencing minor weight gain by this time.   

5.4.2.2 Survival 

Survival analysis revealed that both IT treatments were effective, with both groups 

surviving longer than non-treatment controls (p<0.001).  Mice receiving IT treatments 

survived 400% longer than control, with 70% of animals in each group surviving at least 

40 days.  Of those animals surviving less than 40 days in the BSA-M group, two mice 

were euthanized due to severe toxicity marked by excessive weight loss (> 20% TABW) 

and the third experienced tumor regrowth to over 10% body mass and was euthanized on 

day 38.  All three mice in the MXN treatment group with less than 40 day survival 

experienced tumor regrowth.  These results are summarized in Table 5.30 and (). 

Table 5.30: Survival summary for scheduled IT injection study. 
 Control MXN BSA-M 

Medial survivala 8 * * 
% ILSb - >400% >400% 

% curesc 0% 70% 70% 
a Time to reach 50% survival post-treatment (in days) 
b ILS=increase in median life span compared to median for controls 
c Animals alive at 40 days 
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Figure 5.66: Animal survival by treatment group for scheduled IT injection study.
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CHAPTER 6 
RELATED INTRATUMORAL CHEMOTHERAPY WORK 

6.1   Introduction 

Lung cancer is the overall leading cause of cancer death, with an estimated 28% of 

all cancer deaths attributed to lung cancer in 2006.  Furthermore, nearly 60% of people 

diagnosed with lung cancer will not survive 1 year after diagnosis.  The majority of lung 

cancers fall into one of two main classifications: small cell lung cancer (SCLC) or non-

small cell lung cancer (NSCLC).  Roughly 85% of all lung cancers fall into this second 

category.  These are further subdivided into 3 types: squamous cell carcinoma, 

adenocarcinoma, and large-cell undifferentiated carcinoma.  Only about 15% of people 

diagnosed with NCSLC will survive more than 5 years.5  Treatment for NSCLC patients 

typically involved surgery, chemotherapy, radiation therapy or some combination of 

these modalities.49  Surgery remains the preferred treatment for patients diagnosed with 

this disease.  However, for patients in poor general health or advanced stage disease, 

surgery may not be possible.   

In lung cancer patients with inoperable disease, endobronchial obstruction is a 

common and life-threatening complication.  These patients are typically treated with 

combined irradiation and chemotherapy.  In cases of severe obstruction a more urgent 

approach to airway debulking is necessary.  Direct intratumoral injection of 

chemotherapy has shown promise using a mixed regimen of 5-fluororuracil (5-FU), 

mitomycin, methotrexate, bleomycin, and mitoxantrone.49  Based on this study, two 
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further clinical studies were performed to evaluate the efficacy of IT injection of 1) 5-FU 

alone and 2) cisplatin on increase in lumen diameter (reduction of bronchial obstruction) 

and patient survival.  These studies were conducted by Dr. Firuz Celikoglu and Dr. 

Seyhan Celokoglu at Florence Nightingale Hospital in Istanbul, Turkey.  Each of these 

studies is described briefly below, including statistical analysis of these data, performed 

as IT work related to this research. 

6.2   Intratumoral Chemotherapy with 5-fluorouracil for Palliation of Bronchial 
Cancer in Patients with Severe Airway Obstruction 

6.2.1   Study Summary 

Patients with nearly complete obstruction (>50%) of at least one major airway were 

enrolled in the study (n=65, age 28-82 years).  All patients were classified according to 

health and tumor status.  Complete medical history, physical examination, bronchoscopy, 

and computed tomography (CT) were among the preliminary studies performed on each 

patient. 

Injections of IT chemotherapy were performed using a flexible bronchoscope with 

a flexible, retractable 23-gauge needle typically used for needle aspiration biopsy.  The 

bronchoscope was introduced transnasally into the trachea with the needle retracted until 

within 2 cm of the area to be injected.  The needle was inserted directly into the tumor 

mass and 0.5-1 g of 5-FU solution (50mg/mL) was injected in a fanning manner to 

maximize tumor perfusion.   

Increase in lumen diameter was bronchoscopically evaluated and assigned a semi-

qualitative value based on a 3 point scale (Table 6.31) assigned such that an increase in 

value corresponded to an increase in the degree of efficacy of IT treatment (i.e. increase 

in lumen diameter).  Patient initial and final lumen opening (LO) measurements were 
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used to determine if any difference lumen diameter occurred following IT injection with 

5-FU.  Wilcoxon matched-pairs signed-rank analysis was used for these data based on the 

following: a) this test is designed to detect differences either between baseline and 

treatment values of the response variable, allowing each patient to serve as their own 

control and b) is non-parametric, requiring no assumption of data distribution.   A 

significance level of α=0.05 was used for all tests. 

Table 6.31: Semi-quantitative numerical value assignment for degree of increase in 
lumen diameter (ILD). 

Category Value
> 50% ILD 3 

25-50% ILD 2 
< 25% ILD 1 

  

6.2.2   Results 

Effects of IT injection with 5-FU were visible endoscopically.  An average of three 

sessions in two-weeks relieved symptoms and restored airway patency partially or 

completely in 57 or 65 patients (Table 6.32).  Patients with tumor recurrence were 

received IT 5-FU treatments weekly until for up to 2 months until tumor tissue was 

completely cleared, with treatments repeated in this fashion for any further recurrences.  

Lung collapse was reversed in 14 of 20 patients who presented with this on initial 

examination.  Minimal adverse reactions to IT 5-FU were observed.   

Table 6.32: Number of patients in each ILD category by tumor location 

Tumor Location >50% ILD 
Good response 

25%-50% ILD 
Partial response 

< 25% ILD 
No response Total 

Trachea 5 3 0 8 
Carina + Main Bronchus 1 3 1 5 

Main bronchus or 
bronchus intermedius 18 11 3 32 

Lobar bronchus 10 6 4 20 
Total 34 23 8 65 
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There were no indications of toxicity, with no patients experiencing nausea, 

interstitial pneumonitis, bone-marrow suppression, inflammatory reaction, or hair loss.   

Additionally, no pain or discomfort was reported during IT injection. 

Results of statistical analysis using the Wilcoxon Matched-Pairs Signed-Rank test 

indicated that there were significant differences in lumen diameter before and after IT 

injection with 5-FU (p<0.001).  Upon examination of each tumor location individually, 

data indicated that there was significant improvement in lumen diameter for all tumor 

locations except those involving the carina and main bronchus (p=0.225).  This group had 

the lowest number of patients and also exhibited large variability, likely the cause of this 

lack of significance.  Four of five patients with tumors in this location experience at least 

partial response to IT 5-FU injections.  Statistical results are summarized in Table 6.33.   

Table 6.33: Results of Wilcoxon Matched-Pairs Signed-Rank tests using lumen opening 
values from individual patient examinations before and after IT treatment. 

Tumor Location n p value 
Trachea 8 0.014 

Carina + main bronchus 5 0.225 
Main Bronchus or 

bronchus intermedius 32 < 0.001 

Lobar bronchus 20 < 0.001 
Total 65 < 0.001 

 

6.3   Intratumoral Administration of Cisplatin through a Bronchoscope Followed by 
Irradiation for Treatment of Inoperable Non-Small Cell Lung Cancer 

6.3.1   Study Summary 

Patients with inoperable NSCLC and greater than 50% symptomatic obstruction of 

the trachea or a main bronchus were enrolled in the study (n=23, age 43-78 years).   All 

patients had stage III disease of squamous or adenocarcinoma cell types.  Patients 

underwent complete medical history, physical examination, chest x-rays, full blood 

count, bronchoscopy, and computed tomography (CT) prior to treatment in addition to 
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other examinations.  Tumor size and burden as determined via bronchoscopy were 

recorded before and after treatment. 

Four IT injections of up to 40mg of cisplatin (4mg/mL) were administered to all 

patients in the same manner as the 5-FU study described is section 6.2.1 over a three 

week period.  Debulking efficacy was again graded using the semi-quantitative three 

point scale in Table 6.31.  Within 7 days of the final session of IT chemotherapy, patients 

underwent irradiation therapy with a curative intent using a standard 60 Gy dose for 

NSCLC whenever possible.  If residual tumor was evident one month post-irradiation a 

second course of 6 weekly IT cisplatin injections was started.  Survival was determined 

with a six month minimum follow-up period.  Patient initial and final lumen opening 

(LO) measurements were used to determine if any difference lumen diameter occurred 

following IT cisplatin injection and irradiation using a Wilcoxon Matched-Pairs Signed-

Rank test (α=0.05).  Survival data were analyzed using one-way ANOVA (α=0.05), 

followed by Tukey’s MCT when applicable to determine if treatment efficacy or tumor 

location affected survival time.  

6.3.2 Results 

Nineteen of 23 patients experienced at least a moderate response to IT cisplatin 

injections, with 11 patients achieving greater than 50% increase in lumen diameter (good 

response).  Using Wilcoxon Matched-Pairs Signed-Rank analysis, an overall significant 

improvement in lumen opening after IT cisplatin injections (p<0.001).  Examination of 

the response to IT injections of individual tumor locations revealed that lumen opening 

was significantly improved for tumors in all locations except those involving the carina 

and main bronchus (Table 6.34). 
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Table 6.34: Summary of results using lumen opening measurements from individual 
patients before and after IT treatment by tumor location. 

Tumor Location n p value 
Trachea 4 0.050 
Carina + main bronchus 5 0.186 
Main bronchus or bronchus intermedius 14 0.001 
Lobar 5 0.030 
Total 28 <0.001 

Analysis of mean survival by response level to IT cisplatin injections indicated that 

patients with good response (>50% ILD) had significantly longer mean survival (684 

days) than patients with both moderate and small responses (369 and 213 days, 

respectively).  Additionally, four patients were still alive at the time of this analysis with 

no local recurrence.  Tumor location was also found to have an effect on mean survival 

time (p=0.003).  Tukey MCT comparisons revealed that patients with tumors located in 

the trachea had significantly longer survival (852 days) compared with all other groups.  

There was no significant difference detected, however, between any of the remaining 

groups.  These analyses are summarized in Table 6.35 and Table 6.36.   

Table 6.35: Patient survival by efficacy of IT chemotherapy debulking using IT cisplatin 
injections. 

Response to 
IT treatment n 

Residual 
tumor 

Mean Survival 
(95% CI-days) 

Patients alive at study 
end (survival days) p value 

Good† + 11 0 684 (509, 858) 3 (485, 824, 751) < 0.001 
Moderate+ 8 3 369 (26, 475) 1 (446)  
Small† 4 4 213 (70, 355) 0  
† and + denote significant differences between categories with matching icon. 

Table 6.36: Patient survival following IT cisplatin treatment by tumor localization on 
bronchial tree. 

Tumor Location n 
Mean Survival 
(95% CI-days) 

Patients alive at study 
end (survival days) p value 

Trachea + † * # 3 852 (412, 1293) 0 0.003 
Trachea + MB+ 1 237 0  
Carina + MB† 4 256 (-10, 522) 0  
MB or BI# 13 488 (357, 620) 4 (485, 824, 446, 751)  
Lobar bronchus* 2 335 (-910, 1580) 0  
†,+,*, and # denote significant differences between categories with matching icon. 
MB = main bronchus; BI = bronchus intermedius 
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6.4   Discussion 

Patients with inoperable lung cancer often suffer from potentially life-threatening 

airway obstructions.  Several treatment modalities are available for airway debulking 

including mechanical removal of tumor tissue, laser resection, or endobronchial radiation 

therapy.  However, these interventional bronchoscopic procedures are not available at all 

treatment centers and may be contraindicated.  In such cases a new treatment method is 

desired.  IT chemotherapy has been shown to be an effective alternative and provides 

rapid relief from airway obstruction in the present studies. 

IT injection of 5-FU was shown to be safe, achieving high local chemotherapy 

doses with no major adverse side effects or toxicity.  Over 87% of patients receiving IT 

5-FU injections experienced at least 25% ILD, with over half of patients attaining a 

minimum of 50% ILD. 

Endoscopic IT injection of cisplatin was found to be effective at debulking 

obstructed airways in patients with inoperable NSCLC with no serious procedure-related 

complications or systemic toxicity.  Over 82% of patients receiving IT cisplatin treatment 

experienced at least 25% increase in lumen diameter.  No residual tumor was found in 

any patients with over 50% ILD (48% of patients), and patients that underwent a second 

course of IT injections showed no residual tumor at the end of this course.  Patients that 

experienced greater than 50% ILD survived to a median of 636 days, more than double 

what has been reported for irradiation alone.50  Additionally, 4 patients were alive at the 

conclusion of the study and none of the patients with >50% ILD experience local 

recurrence during the follow-up period. 

These studies illustrate the promise of IT chemotherapy as a safe, effective 

treatment of cancers with solid primary tumors.  Further, more complete clinical studies 
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should be done to further elucidate any differences between IT chemotherapy and other 

type of intervention. 
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CHAPTER 7 
CONCLUSIONS 

The focus of this research was the synthesis of mesospheres of various 

protein/biopolymer matrices in an effort to achieve prolonged release and increased 

loading of mitoxantrone for intratumoral chemotherapy applications.  The specific aims 

of this research included: 

1. Synthesis unloaded novel protein/biopolymer meso/microsphere compositions. 

2. Synthesis of in situ MXN-loaded novel protein meso/microsphere compositions. 

3. Evaluation of in vitro MXN-loading and release from each in situ MXN-loaded 
composition 

4. Investigation of the in vitro cytotoxicity of in situ MXN-loaded 
meso/microspheres. 

5. In vivo evaluation of neoadjuvant IT chemotherapy and scheduled multiple IT 
injections of in situ MXN-loaded protein mesospheres. 

7.1.   Unloaded Meso/Microsphere Synthesis 

7.1.1.  Gelatin-PGA Mesosphere Synthesis 

Gelatin-poly(glutamic) acid mesospheres (G-PGA) were successfully synthesized 

with four different aqueous solution concentrations of gelatin and PGA.  G-PGA 

microspheres containing 5% (w/v) PGA were larger than the desired particle size range 

and most particles lacked spherical morphology.  In contrast, 1.5% (w/v) or less PGA 

content resulted in smooth, spherical mesospheres with an overall mean dry particle 

diameter of approximately 2 µm.  Based on particle size distributions the majority of 

these microspheres fell within a range of 0.04 – 10 µm.  Some agglomeration of particles 

occurred upon drying, verified visually via SEM and also by the presence of large 
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“particles” on the distribution curves in excess of 50 – 100 µm.  These compositions 

exhibited much lower increase in particle diameter when fully swollen in PBS (194%) 

compared to mesospheres synthesized from gelatin alone (G-C) using the same synthesis 

parameters (494%).   

7.1.2.  Gelatin-Bovine Serum Albumin Mesosphere Synthesis 

Smooth, spherical gelatin-bovine serum albumin mesospheres (G-BSA) were 

synthesized, though some mesospheres exhibited a rough surface texture within each of 

the four different aqueous solution concentrations of gelatin and BSA.  Overall, the mean 

dry particle size for these compositions was approximately 2 µm, with nearly all particles 

in the 0.04 – 20 µm range.  Particle distribution curves for each composition indicated 

very few particles in the 10 – 20 µm range, regardless of composition.  Swelling for these 

compositions was also found to be much lower than G-C and averaged less than 65% 

increase in swelling diameter compared to 494% for G-C.   

7.1.3.  Bovine Serum Albumin-Deoxyribonucleic Acid Mesosphere Synthesis 

Bovine serum albumin-deoxyribonucleic acid in varying concentrations produced 

spherical mesospheres (BSA-DNA) for middle and high crosslink densities with varying 

degrees of surface rougness.  BSA-DNA MS with low crosslink densities lacked 

spherical morphology, likely due to insufficient crosslinking.  Keeping crosslink density 

the same, dry and swollen particle size as measured in swelling studies appeared to 

increase with increasing DNA content.  This was to be expected, as increasing DNA 

content greatly increases the overall viscosity of the aqueous solution used in synthesis as 

a result of its high molecular weight.  Particles with the lowest crosslink density appeared 

to swell the most, also as expected, with the exception of one composition.  The highest 
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crosslink density composition for mesospheres made from 7.5% BSA and 2.5% DNA 

(w/v) content experienced a larger degree of swelling than all other compositions, with an 

80% increase in particle diameter compared to less than 35% for the lowest crosslink 

density in this composition.  At this time, this cause of this discrepancy has not been 

uncovered.   Mean swollen particle sizes for some BSA-DNA MS compositions neared 

20 µm, making these questionable for IT injections based on previous in vivo studies with 

G-C.   

7.2.   In situ Mitoxantrone-Loaded Microsphere Synthesis and In Vitro MXN 
Release 

7.2.1.  In situ MXN-loaded Gelatin-PGA Mesospheres Synthesis & Release 

In situ MXN-loaded G-PGA were successfully synthesized, though particle 

morphology lacked sphericity for a large number of particles.  Rough surface texture was 

also observed for both compositions (8.5% gelatin – 1.5% PGA and 10% gelatin – 1.5% 

PGA, w/v).  Particle swelling was lower than unloaded counterparts, with mean increase 

in particle diameter of 106% and 35%, respectively.  Mean particle diameter was also 

somewhat larger at 2.5 and 3.4 µm, respectively.  Particle size distribution curves 

revealed that some particles had diameters in excess of 20 – 30 µm.  These results 

correlated well the drastically slower MXN release compared with previous BSA and 

gelatin compositions.  MXN was released in excess of 1000 hours, compared with less 

than 10 hours for gelatin (Gel MS) and less than 24 hours for most BSA 

meso/microsphere (BSA MS) compositions.  Cumulative MXN release was lower than 

expected, at less than 40%, compared with 50 – 80% of previous Gel and BSA 

microspheres.  MXN loading was also lower despite the addition of anionic species in the 

microsphere matrix.  MXN loading may have been somewhat underestimated due to lack 
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of degradation in vitro.  The exceptionally slow release of these mesospheres may 

preclude them from being effective in an IT chemotherapy application.  However, these 

MS may prove useful in combination with other faster releasing systems, or in another 

application altogether. 

7.2.2.  In situ MXN-loaded Gelatin-PGA Mesospheres Synthesis & Release 

Smooth, spherical BSA-DNA were synthesized with an average dry particle 

diameter of approximately 7 µm.  Swelling was low compared with other MXN 

containing compositions and with unloaded BSA-DNA MS, with an average increase in 

mean particle diameter of less than 25% and ranged from 5% to 40% depending on 

composition.  The largest mean swollen particle size was 12.2 µm, which should be 

easily injectable for IT treatment.   MXN loading was underestimated due to lack of 

complete digestion during these studies, but averaged approximately 8.5% (w/w) 

compared to ~10% for BSA controls.  A pilot composition synthesized from 10% BSA 

and 1.5% DNA showed promising in vitro release results, with release extending past 

1000 hours and a higher cumulative total MXN dose (µg/mL) released compared to G-

PGA and G-C microspheres.  However, all additional BSA-DNA compositions were 

synthesized with DNA from a different source and release results were disappointing.  

Release extended only to approximately 10 – 12 hours and was comparable to G-C alone 

with no DNA incorporation.     

7.3.   In Vitro Cytotoxic Properties of In Situ MXL-Loaded Mesospheres 

7.3.1.  Gelatin-PGA MS In Vitro Cell Culture Studies 

In vitro RG-2 cell culture studies indicated decreased cellular proliferation 

compared with non-treatment controls at all dose levels.  Free MXN positive controls 
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however outperformed G-PGA MS with complete cellular inhibition at higher doses.  

This was not entirely unexpected based on the slow release of MXN from G-PGA-M 

microspheres.   

7.3.2.  BSA-DNA MS In Vitro Cell Culture Studies 

In vitro RG-2 cell culture studies revealed that BSA-DNA M1 MS (herring DNA 

source) were as effective as F-MXN alone at eliminating cellular viability.  The middle 

and high doses resulted in complete inhibiting of cellular viability by day 1 for both 

treatment groups.  All cells in both groups at these doses showed no signs of health, with 

no processes extended outward, blue coloration indicating uptake of MXN into the cells, 

and some cellular debris at day 4.  Low doses of both groups reduced cellular viability 

significantly, though some viable cells were still present at day 4 of the study.  Further 

studies should be conducted using BSA-DNA-M MS that incorporated salmon DNA and 

had a more rapid release profile to assess the ability of these MS to eliminate viability. 

7.4.   In vivo Evaluation of Protein Mesospheres  

7.4.1.  Neoadjuvant IT Chemotherapy 

The use of IT chemotherapy in combination with surgery proved to be effective at 

improving survival of C3h/HeJ mice in a 16/C murine mammary adenocarcinoma model.  

This combination of an initial IT injection of 5-10 µm BSA mesospheres followed by 

surgical excision of the tumor 1 to 15 days later resulted in cure rates up to 100%, 

compared to 0% for controls (surgery only).  Surgery at time points closer to the initial IT 

injection facilitate tumor excision by reducing tumor size compared with non treated 

controls.  No significant toxicities were observed with this therapy, as evidenced by the 

lack of indication of leucopenia or acute inflammation found in blood cell counts of 

control and IT chemotherapy treated animals.   
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7.4.2.  Scheduled Multiple IT Injections 

The use of multiple IT injections on a scheduled regimen more closely resembles 

the current clinical practice with systemic chemotherapy.  Animals receiving IT 

injections at 1 weeks intervals for 2 or 3 weeks showed marked improvement in survival, 

with 70% survival rate for IT MXN and IT MXN combined with protein MS.  Toxicity 

was a factor in this survival, as 20% of mice receiving combination therapy died as a 

result of toxic side effects rather than tumor regrowth.  Spacing injections farther apart or 

reducing the initial and/or follow-up doses may further increase survival by avoiding or 

reducing these effects. 
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CHAPTER 8 
FUTURE WORK 

As studies progress through much of any research, new avenues of interest present 

themselves.  The following are research interests that should be investigated in the future.   

1. Synthesis of in situ MXN-loaded Gel-BSA mesospheres.  Unloaded G-BSA MS 

showed promise, as these swelled less than MS of gelatin alone, and may combine 

the benefits of increased MXN release of gelatin MS with the decreased swelling 

and slower degradation of BSA MS. 

2. Synthesis of MS with DNA as the sole matrix material.  Preliminary synthesis of 

these MS is promising, though synthesis conditions need to be optimized.  DNA 

is an excellent drug carrier for MXN based on its natural interactions, and these 

MS may prove to have more optimal release and loading profiles.  Additionally, 

these MS may possess the unique ability to be crosslinked by MXN alone, 

requiring no additional crosslinking agent during synthesis.   

3. Evaluation of DNA release from BSA-DNA MS and/or DNA MS.  Release of 

DNA or plasmid may lead to gene therapy applications for these MS in addition 

to the currently investigated chemotherapy applications. 

4. Evaluation of combinations of different sized MS to optimize or select release 

custom release profiles.  As different particle sizes release drugs differently based 

on changes in surface area:volume ratio, mixing various sizes may allow release 

profiles to be tailored. 
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5. Application of IT chemotherapy using MS to other cancer types in vivo.  None of 

the MS presented here have been examined for treatment of any other cancer line 

than 16/C MMAC.  These MS may also be useful for other cancers with well 

defined primary tumors such as lung, colorectal, and brain cancers. 

6. Investigation of other proteins and/or biopolymers as matrix materials for MS.  

Different proteins and combinations of proteins and anionic biopolymers may 

prove to have improved release and loading characteristics, and consequently may 

be more effective in vitro and in vivo.   

7. Evaluation of in situ loading other cytotoxic drugs into protein MS.  Such drugs 

may include cisplatin, doxorubicin, and cyclophosphamide. 
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