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ABSTRACT OF THE DISSERTATION 

Evaluating Nanoformulation Approaches for Enhancing Therapeutic Outcomes in 

Ductal Carcinoma in Situ (DCIS) 

By FIRAS FALIH HAMUDI AL-ZUBAYDI 

Dissertation Director: 

Patrick J. Sinko 

 

Ductal carcinoma in situ (DCIS) is characterized by the abnormal proliferation of luminal 

epithelial cells in mammary ducts without invasion into the surrounding stroma.  In the last 

two decades, DCIS incidence has substantially increased due to widespread breast cancer 

screening.  Most DCIS patients are treated with lumpectomy plus radiation therapy or 

mastectomy.  Approximately 50% of patients who are treated with surgery alone will suffer 

from invasive tumor recurrence.  Additionally, surgical treatment is always associated with 

significant adverse effects and cosmetic issues that impact both the emotional status and 

quality of life of patients.  As a result, clinicians and oncologists are deeply concerned 

about the overtreatment of DCIS and therefore, investigating alternate non-surgical 

treatment options is warranted.  

Parenterally or orally administered systemic therapy is not effective for treating DCIS due 

to the lack of direct blood circulation in and to the mammary duct.  Local therapy is an 

attractive option since the doses required to achieve therapeutic efficacy are significantly 

lower than systemic therapy due to the lack of dilution in the blood.  Compared to systemic 

therapy, local therapy reduces systemic drug exposure due to the fact that the required 
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efficacious doses are expected to be significantly lower.  Local therapy can be achieved 

using transpapillary (i.e., through the nipple) administration directly into the mammary 

ductal system.  One key challenge facing direct intraductal therapy is the rapid diffusional 

clearance of small molecule drugs into the mammary tissue and systemic circulation since 

the ducts are highly permeable, which limits efficacy and ultimately requires more frequent 

administration.  Therefore, an important goal of local intraductal therapy is to increase drug 

persistence in the mammary tissue. 

The objective of this thesis project is to develop a locally administered nanoscale drug 

delivery system for treating DCIS that delivers a synergistic combination of one or more 

drugs in a controlled manner in order to increase mammary tissue exposure and efficacy 

while minimizing the administered dose and potential for side effects.  There are currently 

no first-line pharmacotherapy options for treating DCIS.  Ciclopirox (CPX) was used along 

with gedatolisib (GTB), a phosphatidylinositol 3-kinase and mammalian target of 

rapamycin dual inhibitor, as the primary therapeutic agents.  CPX has demonstrated 

antitumor activity by downregulating and inhibiting several oncogenic targets and 

pathways frequently associated with the development and progression of DCIS.  First, a 

drug delivery system was designed and fabricated using ciclopirox zinc complex or an 

esterase responsive ciclopirox prodrug in order to evaluate the role of slowing drug release 

and increasing drug persistence in mammary tissue on anti-tumor efficacy in an orthotopic 

rat model of breast cancer.  Second, in order to reduce the administered drug doses and 

resulting systemic exposure as well as to determine the optimal order of drug presentation, 

synergy and co-delivery strategies were investigated and evaluated.   
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The first study was performed to evaluate the effectiveness of delivering CPX in a non-

stimuli responsive manner.  This was achieved by preparing a hydrophobic ion pair, a zinc 

complex, to slow CPX release.  The CPX zinc complex was successfully synthesized and 

characterized by several spectral analytical methods.  An orthotopic rat DCIS-tumor model 

was successfully established based on histological findings and was used in all studies.  

CPX zinc complex loaded in polymeric nanoparticles demonstrated longer mammary 

persistence and better therapeutic efficacy than either CPX or CPX zinc complex 

nanosuspensions.  A direct correlation between CPX mammary retention and in vivo 

efficacy was observed. 

In the next study, a prodrug strategy was used to alter the physicochemical properties of 

CPX, enabling the fabrication of stable nanoscale drug delivery systems with controllable 

esterase responsive release properties.  The efficacy of intraductal CPX nanosuspension 

administration was found to be dose dependent in suppressing tumor initiation.  Both 

prodrug nanosuspension and a combination of prodrug nanosuspension with prodrug 

loaded in poly (lactic-co-glycolic acid) nanoparticles (1:1) demonstrated higher mammary 

persistence and better therapeutic efficacy than CPX nanosuspension at the same 

equivalent dose of CPX. 

In the last study, two concepts were explored – synergy and co-delivery.  The first involved 

using drug synergy to reduce the required dose(s) of drugs while maintaining efficacy.  

Reduced drug dosages would result in less systemic drug exposure when the drugs are 

eventually cleared from the mammary duct into the general circulation.  The second 

involved exploring the role of drug presentation order on efficacy.  An in vitro evaluation 

of the combination of CPX with GTB, and the antitumor activity of lipid-polymer hybrid 
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nanoparticles (LPNPs) co-loaded with a fixed ratio of CPX prodrug and hydrophobic ion-

pairing of GTB in three human triple-negative cell lines was evaluated.  Significant 

increases in the calculated synergy scores, combination indices and dose reduction values 

for both drugs were observed when co-loaded in LPNPs compared to co-administering the 

free drug combination.  It was also observed that the order of presentation of the drugs to 

the targets was important with optimal efficacy achieved when CPX was delivered first 

and followed by GTB.  Overall, these results confirm that both synergy and co-delivery are 

important features that should be designed into future drug delivery systems for locally 

treating DCIS. 

In conclusion, both the zinc complexation and prodrug approaches were highly efficient in 

improving the stability and physicochemical properties of CPX and GTB, thus enabling 

the development of nanoscale delivery systems without compromising biological activity.  

This study undoubtedly demonstrates the feasibility of using nanoscale delivery systems 

for prolonging mammary tissue persistence and improving therapeutic efficacy in locally 

treating DCIS in an orthotopic rat model.  In addition, feasibility results demonstrate that 

synergy and co-delivery may improve delivery system performance and anti-tumor 

efficacy while minimizing adverse effects. 
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1   Introduction 

1.1 Ductal carcinoma in situ 

Breast ductal carcinoma progresses through three stages.  First, it starts with atypical ductal 

hyperplasia, then develops into ductal carcinoma in situ (DCIS) and, in some patients, 

further develops into invasive ductal carcinoma (1, 2).  Approximately a quarter of all 

breast cancer patients identified during screening sessions initially present with non-

invasive lesions (i.e., DCIS) (3).  

Human breast ducts have three layers; an inner luminal epithelial cell layer, which is 

covered by an outside myoepithelial cell layer, and then finally a basement membrane that 

isolates the ductal structure from the breast stroma (4).  DCIS is characterized by the 

abnormal proliferation of luminal epithelial cells without invasion into the surrounding 

stroma (5).  The advancement of DCIS into IDC occurs when tumors invade the basement 

membrane (6, 7).  In recent years, DCIS diagnoses have increased significantly due to 

widespread population screening.  

DCIS lesions are classified based on their nuclear grade as low-, intermediate-, or high-

grade (8, 9).  Low-grade DCIS displays proliferation of small repetitious cells without 

breaking through the cell membranes of adjacent growing cells.  Their cytoplasm appears 

scarce and minor increases in the nuclear-cytoplasmic ratio compared to normal cells.  The 

nuclei of the cells are uniform but are hyperchromatic in appearance.  Mitotic activity is 

infrequently found in low-grade DCIS, though it is useful in diagnosis when identified (9, 

10).  The most common morphologic patterns of low-grade DCIS include solid, 

micropapillary, and cribriform.  Micropapillary tumors are characterized by multicentricity 

with widespread microcalcifications identified via imaging in most patients.  Even though 
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micropapillary DCIS possesses the characteristics of low-grade DCIS, it is associated with 

a high risk of recurrence only if patients are treated with breast-conserving surgery (11).  

Diagnosis of low-grade DCIS can be tricky when biopsies are taken from the core since 

diseased ducts regularly contain a mixture of DCIS and atypical ductal hyperplasia (12, 

13).  Intermediate grade DCIS has similar morphology to low-grade DCIS; however, it 

exhibits more prominent nucleoli with thicker chromatin, and the cells are more 

pleiomorphic than that of low-grade DCIS.  Necrotic and mitotic cells are also more evident 

in intermediate grade DCIS (8, 10).   

High-grade DCIS is characterized by pleiomorphic cells with remarkable nuclear 

expansion.  The cells have coarse nuclei and prominent nucleoli with frequent atypical 

mitoses.  The most frequently observed morphology is the comedo form with necrotic cells.  

However, other patterns can be observed, including micropapillary, cliniform, solid, and 

clinging (14, 15).  Extensive calcifications are usually seen in the presence of central 

comedo necrosis.  Various changes in the tissue accompany high-grade DCIS.  These 

include angiogenesis, chronic inflammation in the periductal region; the stroma can appear 

desmoplastic and sclerotic with appearances of concentric and distorting shapes (16, 17).  

It has been reported that rate of 10-year local recurrence for high-grade DCIS treated with 

breast-conserving surgery was remarkably higher than that of low-grade DCIS (35% versus 

13%).  Approximately 50% of the local recurrence is invasive resulting in using 

unfavorable therapeutic options like mastectomy and chemotherapy.   

Most DCIS patients are treated with breast-sparing surgery (e.g., a lumpectomy) alone or 

in combination with radiation (18, 19).  In some patients, chemotherapy or hormonal 

therapy can also be used.  If treated with breast-sparing surgery alone, about 50% of 
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patients will suffer from invasive tumor recurrence (20).  About 15% of DCIS patients 

suffer from tumor relapse within the first ten years after surgical removal (21). While 

mastectomy has reduced rates of chest wall and distal tumor recurrence in DCIS patients, 

it has failed to improve overall patient survival (20, 22, 23).  Progression to invasive ductal 

carcinoma occurs in nearly 30 to 50% of untreated DCIS patients (24, 25).  Even though 

the most common type of DCIS tumors are unlikely to progress to invasive ductal 

carcinoma, clinicians need to ensure they avoid overtreatment in low-risk cases (26, 27) 

since the  quality of life and emotional state of patients are severely negatively affected 

(28).   

Clinicians are urging the development of innovative procedures to improve the 

effectiveness of localized therapy, including using neoadjuvant chemotherapy, breast 

imaging, and cytopathology (29-32). The challenge of detecting high-risk patients has led 

to several attempts to identify DCIS characteristics and molecular biomarkers to ascertain 

features that increase the probability of identifying DCIS lesions with high risk of 

progressing to invasive breast cancers.  The hope is to establish prognostic stratification of 

DCIS patients (33, 34). However, until this becomes a reality, alternative therapeutic 

options must be explored.  

 

1.2 Intraductal therapy 

Parenteral and oral administration are the most common dosing routes for anti-cancer 

drugs.  Both routes can lead to high systemic plasma drug concentrations, however, they 

are ineffective for treating DCIS for several reasons.  High plasma drug concentrations also 

lead to severe adverse effects and reduced patient tolerance and adherence.  Intraductal 
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therapy is most efficiently achieved by using transpapillary (i.e., through the nipple) 

administration, a less invasive route providing local administration directly to the 

mammary ductal system.  Intraductal therapy provides not only effective local drug 

concentrations but also minimizes systemic exposure as compared to systemic therapy 

since local treatment requires lower drug doses (35) (30, 36).  In preclinical studies, 

intraductal paclitaxel was more efficient in reducing tumor initiation than systemic 

paclitaxel in MNU-induced breast cancer rodent models (37).  In another study, intraductal 

fulvestrant was more effective than intramuscular fulvestrant in inhibiting tumor growth in 

estrogen receptor alpha positive (ERα+) xenograft mice model (38). 

Other studies have also established the feasibility of using intraductal/local therapy for 

treating DCIS.  De Groot et al. demonstrated the effectiveness of intraductal cisplatin 

therapy in suppressing tumor growth in a BRCA1-associated breast cancer rodent model 

(39).  Another study demonstrated the effectiveness of intraductal 4-hydroxy tamoxifen 

and PEGylated liposomal doxorubicin in successfully suppressing the tumor growth with 

minimum systemic toxic effects in breast cancer rodent model (40, 41).   

One key challenge facing intraductal drug delivery is the short retention of drugs in the 

mammary gland since the ducts are highly permeable.  The high permeability of the 

mammary duct results in rapid clearance of low molecular weight compounds, such as 

doxorubicin, carboplatin, and fluorescein disodium from the site of action and reaches 

systemic circulation (39, 42).  Previously our group demonstrated that the mammary 

retention of fluorescein-labeled poly(ethylene glycol) nanocarriers was directly related to 

their size (hydrodynamic radii)(43).  We also demonstrated that poly(ethylene glycol)  

nanocarriers with covalently attached anticancer drugs had prolonged retention in rat 
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mammary tissue (42, 44).  The intraductal administration of nanoemulsions loaded with 

C6 ceramide has demonstrated enhanced drug persistence in mammary tissue for over five 

days compared to drug in solution (45).  Overall, this body of evidence collectively 

suggests that nanocarriers administered locally in mammary ducts can improve the 

retention and persistence of drugs resulting in more effective anti-cancer therapy. 

1.3 Antitumor properties of ciclopirox: 

In recent years, there have been reports that ciclopirox, an FDA-approved antifungal drug 

demonstrated encouraging anticancer efficacy in a variety of cancers (46-48).  Its 

mechanism of action is highly associated with its metal chelating capability (49).  

Ciclopirox inhibits cancer cell proliferation by targeting several molecular pathways such 

as ribonucleotide reductase (46, 49).  Ribonucleotide reductase converts ribonucleotides to 

deoxyribonucleotides, which are essential for DNA synthesis and replication.  Similarly, 

ciclopirox inhibits another iron-dependent enzyme, deoxyhypusine hydroxylase.  

Deoxyhypusine hydroxylase is essential for the catalysis of deoxyhypusine to hypusine, 

since hypusine is necessary for the maturation of eukaryotic translation initiation factor 5A 

(eIF5A).  Two isoforms of eIF5A, eIF5A-1 and eIF5A-2, have been identified.  While 

eIF5A-1 is expressed in normal cells, eIF5A-2 is expressed exclusively in cancer cells (50).  

The inhibition of deoxyhypusine hydroxylase and subsequent interruption of hypusine 

biosynthesis by ciclopirox suppresses the proliferation of cancer cells (51). 

Recent studies have shown that ciclopirox promotes the cellular degradation of beta-

catenin, resulting in efficient inhibition of a potential oncogenic pathway, Wnt/ β-catenin 

pathway. The Wnt/β-catenin pathway is critical for the initiation and growth of cancers.  It 

has also been shown to inhibit the expression of β-catenin genes in lymphoma cells (52). 
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Orally administered ciclopirox has suppressed tumor growth in breast cancer xenografts in 

nude mice (46).  Studies demonstrate that ciclopirox inhibits the expression of Ki-67 in a 

breast cancer xenograft model (46).  Ciclopirox has an inhibitory effect on the notch 

signaling pathway that is highly expressed in cancer stem cells and few types of cancer 

such as invasive bladder cancer (53, 54).  Ciclopirox reduces the expression of cyclin-

dependent kinases (CDK2 and CDK4) and cyclin D1 expression based on its iron-chelation 

properties, inhibiting cancer cell growth, and proliferation (55, 56).  Ciclopirox induces 

apoptosis by both down-regulating the Bcl-2 gene family expression and increasing 

expression of BAX, a pro-apoptosis gene.  Ciclopirox also inhibits expression of Bcl-xL 

and survivin, activates caspases 3/7, and induces cleaved PARP, promoting apoptosis in 

the tumor cells (46, 57). 

Ciclopirox inhibits both angiogenesis and lymphangiogenesis, two processes that are 

essential for early stage tumor growth and metastasis (58).   

In the first reported human study, ciclopirox administered to treat relapsed acute 

lymphocytic leukemia was shown to inhibit survivin expression.  However, ciclopirox was 

rapidly cleared from blood circulation resulting in more frequent and larger doses required 

to achieve a pharmacological effect, which led to intolerable gastrointestinal adverse 

effects (59).  So, alternative drug delivery systems and routes of administration are needed 

to improve CPX therapy. 

1.4 Rationale for the use of ciclopirox in DCIS and IDC treatment 

Ciclopirox suppresses tumor growth by downregulating the expression of several 

oncogenic pathways and targets highly associated with DCIS initiation and progression.  

Therefore, it has high potential for treating DCIS.  These are examples of molecular target 
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highly expressed in DCIS and they can be downregulated or inhibited by ciclopirox.  (1) 

Ki-67 is a nonhistone nuclear protein closely linked to proliferating cells and is mainly 

expressed during mitosis (60).  Ki-67 expression is associated with high-grade DCIS and 

a higher risk of disease recurrence (61, 62); (2) DCIS tissues overexpress the antiapoptotic 

proteins survivin, Bcl-2, and Bcl-XL compared to normal breast tissue (63-65).; (3) 

Ribonucleotide reductase is overexpressed in breast tumor cells like DCIS (66); (4) Cyclin 

D1 is overexpressed in breast tumors, and it is highly associated with DCIS and frequently 

detected in DCIS patients (67).  In summary, ciclopirox should be considered a potential 

candidate for treating DCIS.  However, given its poor pharmacokinetics, new drug delivery 

approaches should be investigated and are warranted. 

1.5 Specific Aims 

Based on the provided rationale, the specific aims of this thesis project are: 

AIM 1 

To develop nano-drug delivery systems, either nanosuspensions or polymeric 

nanoparticles, loaded with a non-esterase responsive lipophilic ciclopirox zinc complex 

and evaluate its effect on drug persistence in mammary tissue and in vivo efficacy against 

DCIS in an orthotopic F344 rat model. 

Hypothesis  

The size of nanoparticles and nanosuspensions along with the physicochemical properties 

of the CPX metal complex will slow its release, enhance its mammary persistence and in 

vivo efficacy. 
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Rationale  

After intraductal administration, small molecule antitumor drugs demonstrate rapid 

diffusion out of the duct resulting in poor mammary persistence and reduced anti-tumor 

efficacy.  Previous studies have demonstrated that the intraductal therapy using drug-

loaded nanocarriers prolonged mammary persistence as compared to drug solutions.  

Lipophilic ciclopirox zinc complex will facilitate the preparation of nanosuspensions and 

nanoparticles while also slowing ciclopirox release.  We are utilizing this approach to 

prolong the mammary persistence of ciclopirox to improve its poor pharmacokinetic 

properties and efficacy of intraductal therapy. 

AIM 2 

To fabricate nanosuspensions and polymeric nanoparticles loaded with esterase responsive 

lipophilic ciclopirox prodrugs and evaluate their effect on persistence in mammary tissues 

and in vivo efficacy against DCIS in an orthotopic rat tumor model. 

Hypothesis  

Esterase responsive lipophilic ciclopirox prodrugs loaded into nanosuspensions and 

polymeric nanoparticles will selectively enhance mammary persistence and in vivo 

efficacy since they will be activated in the tumor microenvironment sparing non-affected 

areas of the duct. 

Rationale  

From our previous study, we demonstrated that the nanoformulation of esterase 

nonresponsive ciclopirox zinc complex enhanced mammary persistence and antitumor 

efficacy in a rat model of DCIS.  The non-selective activation of ciclopirox zinc complex 
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in the ductal environment is highly dependent on the availability of zinc ligands 

extracellularly and intracellularly.  The prodrug approach has been applied successfully to 

facilitate drug entrapment in nanoparticles as well as slow parent drug release.  Esterase 

responsive ciclopirox prodrugs will selectively and slowly release parent ciclopirox in 

areas of the duct affected by the cancer.  

AIM 3 

Investigate synergistic interactions between ciclopirox and gedatolisib (PI3k/mTOR dual 

inhibitor) and evaluate them for antitumor efficacy using lipid-polymer hybrid 

nanoparticles coloaded with both drugs at a fixed molar ratio against triple-negative breast 

cancer. 

Hypothesis 

Co-delivery of synergistic combinations of ciclopirox and gedatolisib at a fixed molar ratio 

in lipid-polymer hybrid nanoparticles will potentiate antitumor efficacy while reducing the 

required dose of each drug, which ultimately reduces systemic drug exposure and severity 

of adverse drug reactions. 

Rationale 

The phosphatidylinositol 3-kinase (PI3K)/Akt/ mammalian target of rapamycin (mTOR) 

pathway is an oncogenic pathway regulating several cellular processes including cell 

proliferation, survival, and differentiation.  The PI3K/Akt/mTOR pathway is upregulated 

in breast cancer including high-grade DCIS.  Gedatolisib, as a potent PI3K/ mTOR dual 

inhibitor, has limited clinical efficacy in a human patient mainly because of the 

development of tumor drug resistance via upregulation of parallel or compensatory cellular 

pathways. Ciclopirox has demonstrated antitumor activity by downregulating and 
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inhibiting several oncogenic targets and pathways considerably associated with developing 

tumor resistance to the pharmacological inhibition of the PI3K/Akt/mTOR pathway.  Since 

the drugs will ultimately be absorbed into the systemic circulation, it is imperative to reduce 

the effective dose required to locally treat DCIS.  This will be achieved using synergistic 

drug combinations that reduce doses administered while maintaining efficacy.  Thus, the 

usefulness of the ciclopirox/gedatolisib drug combination for the in vitro cytotoxicity 

against triple negative breast cancer cell lines will be investigated. Also, several factors 

that can influence the type and extent of drug interactions, including combination ratio, 

drug concentration, incubation time, and order of delivery will be assessed.   Because of 

the variations in physicochemical and biological properties of the combined drugs, the 

coadministration of free drug solutions will probably fail to achieve the optimum drug ratio 

and concentration at the tumor microenvironment intracellularly and extracellularly.  

Correspondingly, the prodrug and hydrophobic ion pairing will be applied to increase drug 

lipophilicity of ciclopirox and gedatolisib, respectively. The lipophilic form of drug will 

facilitate drug entrapment in lipid polymer hybrid nanoparticles. we are fabricating lipid 

polymer hybrid nanoparticles co-loaded with the optimal ratio of the drug combination and 

evaluate its potential to enhance the synergism and combination cytotoxicity. 
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2 EVALUATION OF THE ANTITUMOR EFFICACY OF CICLOPIROX-

ZINC COMPLEX LOADED IN POLYMERIC NANOPARTICLES FOR 

TREATING DCIS IN A RAT MODEL  

2.1 Introduction 

With the implementation of advanced diagnostic technology for breast cancer, ductal 

carcinoma in situ (DCIS) is now the most diagnosed type of breast cancer representing 

approximately 20% of new cases.  DCIS is considered a noninvasive breast cancer resulting 

from proliferating cancer cells inside the duct of the mammary gland (68, 69).  DCIS 

lesions are classified as low, intermediate, or high grade based mostly on their nuclear 

grade and expression of Ki-67 (70).  The alteration in genetic expression for low-grade 

DCIS highly resembles that of atypical ductal hyperplasia, while the expression of the 

oncogenic pathway and molecular markers for high-grade DCIS are the same as invasive 

ductal carcinoma (IDC) (9, 71).  Consequently, the probability of progression to IDC after 

ten years in untreated patients is notably lower in low grade (16%) as compared to high 

grade DCIS (60%) (72, 73).  The main treatment strategy for DCIS is surgery, with 

subsequent radiation and/or hormonal therapy. DCIS patients treated with this protocol 

have to tolerate the adverse impact associated with DCIS management (74).  In addition, 

the patient’s quality of life and emotional state are severely and negatively affected (28).  

It has been reported the rate of 10-year local recurrence for high-grade DCIS treated with 

breast-conserving surgery was remarkably higher than that of low-grade DCIS (35% versus 

13%). Since, approximately 50% of the local recurrence is invasive, unfavorable 

therapeutic options like mastectomy and systemic chemotherapy are used (28).  Even 

though the most common type of DCIS tumors are unlikely to progress to invasive ductal 
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carcinoma, clinicians need to ensure they avoid overtreatment in low-risk cases (26, 27).  

Consequently, the challenge of diagnosing high-risk patients has led to several attempts to 

identify DCIS characteristics and molecular biomarkers.  Furthermore, the certainty of the 

surgical procedure in removing all DCIS lesions is lacking since existing diagnostic 

techniques cannot identify the exact location or the boundaries of the DCIS lesions (75, 

76). Treatment of DCIS with oral or parenteral antitumor therapy is not effective because 

it is challengeable for systemic therapy to achieve therapeutic concentrations at the site of 

action in the duct (40, 77).  Even if therapeutic concentrations can be achieved in the duct 

after systemic administration, the extremely high drug dosages required to do so would 

lead to severe adverse effects and reduced patient tolerance and adherence.   

Local intraductal therapy using a microcatheter for transpapillary administration of drugs 

directly into the mammary duct is feasible (41, 78).  In the last two decades, numerous 

preclinical studies successfully evaluated the efficacy of ductal therapy in treating localized 

breast cancer, including in DCIS in animal models.  In an early clinical study, intraductal 

treatment with pegylated liposomal doxorubicin (PLD) was shown to be safe in treating 

DCIS in human patients (79).  

However, the high permeability of the mammary ducts resulted in rapid drug clearance and 

inadequate persistence of carboplatin and doxorubicin (42, 78).  We previously 

demonstrated that larger molecular size fluorescein-labeled poly(ethylene glycol) (PEG) 

and doxorubicin - poly(ethylene glycol) nanocarriers had reduced ductal permeability and 

prolonged mammary persistence (43, 44).  In another case, prolonged mammary 

persistence of doxorubicin-loaded in pegylated liposomes (PLD) was demonstrated when 

compared to free drug in solution (41). Intraductal therapy using nanoemulsions loaded 
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with C6 ceramide demonstrated enhanced drug persistence in mammary tissue for 120 

hours compared to drug in solution (45).  Overall, encapsulation of drugs in the nanocarrier 

core probably made the free drug less available for diffusion and clearance out of the duct 

and into the general circulation (41, 80).  These studies clearly demonstrate that drug 

delivery systems can be used to increase mammary persistence. 

Ciclopirox (CPX), an FDA- approved drug for dermal application as an antifungal has 

demonstrated antitumor properties based on its metal chelating ability and other molecular 

mechanisms (49, 81).  CPX suppresses cell growth and induces apoptosis by inhibiting 

several oncogenic targets and pathways including Wnt/β-catenin pathway, ribonucleotide 

reductase, and deoxyhypusine hydroxylase (49, 51, 52).  Additionally, CPX downregulates 

the cellular expression of antiapoptotic proteins, including bcl-2, bcl-xL and survivin and 

induces several apoptotic caspases (46, 59, 82).  In animal studies, CPX inhibited the 

growth of endothelial cells and new vascular formation, limiting tumor growth and 

metastasis (58).  All these oncogenic pathways and targets are associated with initiation, 

progression, and invasiveness of DCIS.  Accordingly, CPX is a potential drug candidate 

for the treatment of DCIS.  However, CPX has poor pharmacokinetic properties and would 

benefit from direct local administration. 

The functions of zinc in the human body are numerous, including maintaining normal 

cellular growth, facilitating wound healing, and maintaining normal function of the central 

nervous system.  Zinc is an essential element of several metalloenzyme’s binding sites, and 

it is necessary for the stabilization of the backbone for numerous proteins (83-85).  Like 

other metals, zinc has been used to synthesize metal-drug complexes to enhance the 

biological activity and/or modify the physicochemical properties.  Examples include zinc 
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insulin, bacitracin zinc, and zinc carnosine (86-88).  It has been reported that zinc 

complexation occurs through coordination bonds between zinc with phenolic hydroxyl or 

carbonyl or both leads to the formation of more lipophilic complex compared to the free 

ligands (85, 89). 

In previous studies, we demonstrated that inoculation of the 13672 Mat B III cell line into 

the mammary duct of retired breeder Fischer 344 (F344) rats results in DCIS-like lesions 

within 48 hours (90).  In this study, the effectiveness of CPX administered directly into the 

duct was explored. In addition, a complex of CPX with zinc (CPX-Zn) was synthesized 

and characterized.  The effectiveness of intraductal CPX-Zn formulated as a NS or loaded 

in PLGA NPs was evaluated.   

2.2 Material and Methods 

Aerrane (isoflurane) inhalation anesthetic was obtained from Baxter Healthcare 

Corporation (Deerfield, IL). For molecular analysis, a Waters e2695 Alliance System 

(Milford, MA) high performance liquid chromatography (HPLC) was used complete with 

a photodiode array detector measuring ultraviolet (UV) absorption from 200-600 nm. The 

mobile phase gradient contained (A) diH2O with 0.05% TFA (v/v) and (B) ACN with 

0.05% TFA (v/v). A Waters Symmetry C18 column (Milford, MA) was used as the 

stationary phase. Additionally, electrospray ionization mass spectrometry (ESI-MS) was 

performed on a Finnegan LCQDuo (Thermo Finnegan, San Jose, CA). 

2.2.1 Cell culture 

The 13762 Mat B III cell line was obtained from American Type Culture Collection 

(ATCC) and maintained in RPMI 1640 medium (Gibco/Invitrogen), supplemented with 



15 
 

10% fetal bovine serum, penicillin (200 units/mL) and streptomycin (200 µg/mL), under 

the conditions of 5% CO2 and 95% humidity at 37°C.  

2.2.2 Animals 

Female F344 retired breeder rats were purchased from Hilltop Lab Animals, Inc. 

(Scottdale, PA). Rats were housed using a 12-hour light/dark cycle and allowed to 

acclimate for at least a week before the studies.  They were fed a standard diet with free 

access to water.  All animal studies were performed in AAALAC-accredited animal 

facilities, under approved protocol from the Rutgers University Institutional Animal Care 

and Use Committee (IACUC).  

2.2.3 Synthesis and characterization of CPX-Zn complex 

All chemicals were obtained from Millipore Sigma and used without further purification.  

Structures and purities of the CPX-Zn complex were confirmed by LC-MS, and 1H NMR.  

The log P values were predicted using ChemDraw Professional (Ver. 16; Perkin Elmer, 

Inc.) and reported as clog P. 

Extraction of CPX: 500 mg of ciclopirox olamine was dissolved in 2N HCl. CPX was then 

extracted using ethyl acetate. The organic layer was washed with deionized water twice 

and brine once. Ethyl acetate was evaporated under low pressure, and the CPX powder was 

analyzed by HPLC/MS. The average yield was 93%.  

Briefly, CPX was dissolved in 0.1M phosphate buffer (pH=7.4). Zinc sulfate heptahydrate 

aqueous solution was added to the CPX solution in a (1:1) molar ratio.  The mixture was 

sonicated in a water bath for 45 minutes.  To separate and purify the complex, the mixture 

was centrifuged at 10,000 x g for 30 minutes using a High-Speed Mini Centrifuge (Thermo 
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Fisher Scientific, IL, USA).  The powder was then washed twice with deionized water and 

subsequently frozen and lyophilized for 72 hours.  For further purification, the lyophilized 

powder was dissolved in ethyl acetate and filtered through 0.2 µm filter membrane twice, 

then the organic solvent was evaporated under low pressure.  Deionized water was added 

to the complex leading to a white precipitate and was subsequently frozen and lyophilized 

for 72 hours.  The dry white complex (CPX-Zn) was stored at 4℃. 1H NMR and 

HPLC/UV, FT-IR and Raman spectra were used for characterization of dry CPX-Zn 

complex.  Differential scanning calorimetry (DSC) scans were obtained for the CPX and 

CPX-Zn powder in the range 10–350℃ with a heating rate of 5℃ per minute.  Elemental 

analysis (CHN) and zinc content for CPX-Zn was performed at Intertek (Fairfield, New 

Jersey, USA).  

2.2.4 In vitro cytotoxicity of CPX and CPX-Zn 

Suspensions of 13672 Mat B III cells (2500 cells/well) were dispensed into 96-well plates 

and incubated with CPX-Zn or CPX for 48 hours. Cell viability was assessed using a cell 

counting kit-8 (CCK-8) (Dojindo, Rockville, MD, USA).  The data were fit to a sigmoidal 

nonlinear regression model, and the concentrations at which 50% of the cells were viable 

(IC50) were calculated based on the best-fit model using Graphpad Prism® 7 (GraphPad 

Software, San Diego, CA). 

2.2.5 Preparation of CPX and CPX-Zn nanosuspensions  

CPX and CPX-Zn nanosuspensions were prepared using a evaporative nanoprecipitation-

ultra-sonication method (91, 92). Methanol was used as the solvent for CPX, and polyvinyl 

alcohol (1% w/v) aqueous solution was used as the antisolvent.  For CPX-Zn NS, methanol 
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was used as the solvent and poloxamer 188 (2% w/v) aqueous solution was used as the 

antisolvent.  After the drop by drop addition of the solvent solution to the antisolvent 

solution, methanol was removed by stirring the mixture under the hood overnight.  After 

ultrasonicating for 15 minutes, CPX and CPX-Zn NS were stored at 4˚C and used within 

72 hours.  

2.2.6 Characterization of CPX and CPX-Zn nanosuspensions 

Zeta potential, particle size, polydispersity index (PDI) of CPX and CPD NS were 

determined on a Nano ZS90 Zetasizer (Malvern Instruments, Malvern, United Kingdom) 

by dynamic light scattering at 25˚C.  Additionally, scanning electron microscopy images 

were captured for dry CPX powder, CPX-Zn powder, CPX NS, and CPX-Zn NS precoated 

with 10 nm layer of gold using a Zeiss Sigma FESEM (Carl Zeiss AG, Germany).  For 

scanning electron microscopy images, CPX and CPX-Zn NS were lyophilized and 

trehalose was used as a cryoprotectant at 20% w/v.  

2.2.7 Fabrication and characterization of PLGA NPs loaded with CPX-Zn 

Poly(D,L-lactide-co-glycolide) (Resomer® RG505) ester terminated with molecular 

weight range (54-69)kDa (50:50) and PEG-PLGA (5kDa-5kDa) were used to prepare 

CPX-Zn PLGA NPs using a manually operated confined impinging jet (CIJ) mixer, which 

has been demonstrated to have a robust mixing enabling the small scale NP fabrication 

(93).  PLGA in dimethyl sulfoxide solution, PEG-PLGA, and CPX-Zn were loaded in 

disposable plastic syringe and mixed against MilliQ water, where both syringes were 

instantaneously emptied at the same rate and in less than 2 seconds.  The mixed stream was 

collected in a 20 ml glass vial containing magnetically stirred MilliQ water.  The organic 
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solvent was removed from PLGA NPs suspension by dialysis using Spectra/Por dialysis 

membrane with a molecular weight cutoff of 6-8 kDa against MilliQ water, which was 

replaced three times over 12 h.  A 5% (w/v) of each PEG4kD and Pluronic® F-68 in PLGA 

NPs suspension was prepared by dissolving PEG4kD and Pluronic® F-68 in PLGA NPs 

suspension at 1:1 mass ratio.  The samples were frozen in liquid nitrogen before 

lyophilization in a (FreeZone 4.5plus, LABCONCO) for 72h with vacuum pressure below 

20mTorr and condenser temperature below -70℃.  Lyophilized PLGA NPs were stored at 

-20℃ in the freezer until reconstitution for further characterizations or cell studies.  For 

entrapment efficiency, PLGA NPs suspension was lyophilized without the addition of 

cryoprotectant at the same conditions and then reconstituted in acetonitrile.  The samples 

were diluted ten times with the same organic solvent before UV analysis. HPLC run time 

was 10 minutes with analyte retention time of 4.6 minutes for CPX.  The detection 

wavelength was 301 nm for CPX.  A standard curve of CPX was prepared using 

concentration range 1- 50 µg/ml with a linear coefficient of determination, R2=0.997.  

Sample concentrations were within the linear range of quantitation for all assays.  The 

analytical method was validated in terms of specificity, selectivity, linearity, precision, and 

accuracy.  The PLGA NPs loaded with CPX-Zn were characterized as mean hydrodynamic 

diameter, polydispersity index (PDI), zeta potential, and drug encapsulation efficiency 

(EE).  Zeta potential, particle size, polydispersity index (PDI) of therapeutic PLGA NPs 

were determined on a Nano ZS90 Zetasizer (Malvern Instruments, United Kingdom) by 

dynamic light scattering at 25˚C.  Additionally, scanning electron microscopy images were 

captured for lyophilized PLGA NPs powder precoated with a 10 nm layer of gold using a 

Zeiss Sigma FESEM (Carl Zeiss AG, Germany).  For SEM images, PLGA NPs were 
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lyophilized, and Pluronic F68 was used as cryoprotectant at 10% w/v.  All measurements 

were performed in triplicate. 

The CPX-Zn release studies were conducted in dialysis tubes for 36 hours in as described 

by Modi et. al (2013) with modification.  Briefly, lyophilized PLGA NPs powder loaded 

with CPX-Zn was reconstituted in phosphate buffer saline (PBS) pH 7.4 and gently 

homogenized.  The suspension was transferred to a dialysis tube (Pur-A-LyzerTM mini 

6000) molecular weight cut-off: 6 - 8kDa.  The tube was then placed into a second tube 

containing preheated PBS pH 7.4 and incubated at 37℃ with shaking at 150 rpm.  At 

predetermined time points, samples were withdrawn from the release medium and 

subsequently diluted with acetonitrile.  The released CPX-Zn was quantified using 

HPLC/UV.  Values were plotted as cumulative percentage of drug release versus time. 

Noyes-Whitney equation have been applied to correlate between the rate of dissolution of 

solid substance with the properties of dissolution medium and the solid substance. The 

Noyes-Whitney equation is 

𝑑𝐶/𝑑𝑡 =𝐷𝑆/𝑉ℎ*(𝐶𝑠 − 𝐶) ………………………………………….(1) 

Where 𝐶 is the concentration of drug in the solution, 𝑡 is time, 𝑑𝐶/𝑑𝑡 is the rate of 

dissolution, 𝐶𝑠 is the saturated solubility of the drug in the solution, 𝐷 is the diffusion 

coefficient, 𝑆 is  the surface area of the solid, 𝑉 is the volume of the dissolution medium, ℎ 

is the thickness of the diffusion layer. By solving the differential equations resulted from 

Noyes-Whitney equation, the equation can be transformed to show the correlation between 

the percent of drug released versus time:  

𝑃 ∗ 𝐶𝑠 ∗ 1 𝑒 ∗ …………………………………..(2) 
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Where 𝑃 is the percent of drug released, and (total) is the total drug amount. 

The equation can be further simplified: 

𝑃 𝑎 ∗ 1 𝑒 ∗ …………………………………………..……(3) 

Where a is (V*Cs)/m(total)), and b is (DS/Vh).  

2.2.8 Correlating tumor mass and tumor volume 

Rats were anesthetized with isoflurane and placed under a dissection microscope.  The 

third (LT3 and RT3) and the fourth (LT4 and RT4) nipples (Figure 2.1) on both sides were 

cleaned with 70% ethanol, to remove keratin plugs.  After lubrication of the orifice with 

castor oil, 13762 Mat B III cells (2.5 × 105/duct, suspended in 0.1 ml serum-free RPMI 

1640 medium) were inoculated intraductally using a 33 G needle attached to a Hamilton 

syringe (Hamilton, Reno, NV). Tumor dimensions were monitored, and tumor volume was 

calculated (tumor volume =0.5 × length × width2).  Endpoint criteria were: (1) maximum 

tumor volume was larger than 10% of net body weight (raw body weight minus tumor 

weight); (2) mean tumor diameter exceeded 40 mm in the rat; (3) ulceration of tumor; (4) 

tumor interfered with normal movement or function of vital organs; and (5) the animal 

could not eat or drink.  Animals meeting the endpoint criteria were euthanized using CO2 

and counted as a death event. The correlation between calculated volume and mass of the 

breast tumors for LT3, RT3, LT4 and RT4 mammary ducts calculated total tumor mass 

based on the measured tumor volumes.  

2.2.9 MRI imaging 
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MRI images were obtained at two scans per rat: the first scan covering the lower part of 

the body, starting at the duct, and the other covering the upper torso.  All scans were run at 

a 256-250 matrix, with the TE/TR at 80/3787 and a Flip Angle of 180 degrees.  Five images 

were taken at each time point.  The resulting data was transferred from the MRI to an 

analysis software program (Vivoquant).  Images were examined within Vivoquant for any 

changes (e.g., tumors or fluid, fibrosis or irritation, metastasis).  

2.2.10 Histology 

The detectable lesions were dissected from the whole mount and placed in individual 

tissue-processing cassettes.  The cassettes were processed through three changes of toluene 

and then infiltrated with molten paraffin.  The infiltrated specimens were then embedded 

into paraffin blocks and sectioned to 5-micron thickness and mounted onto glass slides.  

The tissue slides were stained using hematoxylin and eosin (H&E) protocol. 

2.2.11 Mammary persistence of CPX NS, CPX-Zn NS, and CPX-Zn PLGA NPs 

A standard solution of CPX in acetonitrile was prepared at a concentration of 25 µg/ml as 

a base, and stored at 4°C.  The calibration curve was obtained spanning the range 10-1000 

ng/ml by adding known amounts of CPX to 500 µl of mammary tissue homogenate (each 

1 g of mammary tissue was homogenized with 1.5 ml of deionized water).  CPX was 

extracted using cold acetonitrile (7-fold, in a volume ratio to the spiked tissue homogenate) 

and then centrifuged at 15000 xg for 15 minutes at 4°C.  After the evaporation of the 

organic solvent at low pressure, the extracted CPX was methylated with methyl iodide in 

a mixture of 1N sodium hydroxide and acetonitrile (1:1) at 50°C for 4 hours. Ammonium 

hydroxide (25%) was then added (94, 95).  The methylated CPX (MCPX) was extracted 
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twice using n-hexane, followed by evaporation of the n-hexane using solvent evaporation 

system (Biotage® V-10 Evaporater). The residue was dissolved in acetonitrile and the 

samples were injected into the HPLC/MS.  The MCPX was detected using HPLC/MS using 

the selected ion monitoring (SIM) mode.  At day 0, 2.5 x 105 13762 Mat B III cells were 

inoculated into LT3, RT3, LT4 and RT4 mammary glands. CPX NS, CPX-Zn, and CPX-

Zn PLGA NPs at 1 mg/duct CPX equivalent were injected intraductally into the tumor-

bearing mammary duct at Day 2.  The mammary tissue of the injected glands was collected 

at 6 and 48 hours after injection.  The tissue samples were kept frozen at -70°C and 

analyzed within 72 hours. 

2.2.12 Efficacy studies in an orthotopic F344 rat tumor model 

2.2.12.1   CPX NS treatment frequency: 

Two days after cell injection, rats were treated by intraductal administration of CPX 

nanosuspension into the inoculated mammary duct.  Two treatment groups were used, 

either a single dose or once weekly dose for four weeks (n=4).  The dose of CPX NS was 

10mg/duct for both treated groups. The control group received no treatment.  Tumor-

bearing rats were monitored for tumor development and changes in body weight, then 

scanned by MRI at predetermined time points until meeting the endpoint criteria.  Tumor, 

liver, lung, spleen and lymph nodes were excised upon euthanasia and fixed in 10% 

formalin.  Samples were embedded in paraffin and processed for histological evaluation 

by routine procedures with hematoxylin and eosin staining. 

2.2.12.2    CPX NS dose escalation   

Two days after cell injection, rats were treated by intraductal administration of CPX 

nanosuspension (reconstituted in PBS) into the inoculated mammary duct.  Three treatment 
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groups were used: single dose at 1, 3 and 5 mg/duct (15 tumor-bearing glands per group).  

The control group received no treatment.  Tumor-bearing rats were monitored for tumor 

development and changes in body weight, and any animals meeting established endpoint 

criteria were euthanized and recorded as death events.  Tumor, liver, lung, spleen, and 

lymph nodes were excised upon sacrifice, and fixed in 10% formalin.  Samples were 

embedded in paraffin and processed for histological evaluation by routine procedures with 

hematoxylin and eosin staining. 

2.2.12.3    In vivo efficacy of CPX-Zn NS and CPX-Zn PLGA NPs 

At Day 2 after cell injection, rats were treated by intraductal administration of CPX NS, 

CPX-Zn NS (reconstituted in PBS) or CPX-Zn PLGA NPs at a single dose of 1 mg of CPX 

equivalent/duct (15 tumor-bearing glands per group). The control group received no 

treatment.  Tumor-bearing rats were monitored for tumor development and change in body 

weight, and any animals meeting established endpoint criteria were euthanized and 

recorded as death events.   

2.2.13 Data Analysis 

GraphPad Prism version 7.0 (GraphPad Software, Inc., San Diego, CA) was used to 

perform all statistical and linear regression analysis. Results are represented by the mean 

and standard error of the mean (SEM) or standard deviation of the mean (SD).  Statistical 

significance was determined by a 95% confidence interval (p < 0.05).  One tailed or two-

tailed, unpaired Student’s t-tests were used to make comparisons between two groups 

assuming normal distribution and unequal or equal population measurements, respectively.  

A two-way analysis of variance (ANOVA) test was run on multiple group analysis.  
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2.3 Results 

2.3.1 Synthesis and characterization of CPX-Zn complex 

The synthesis of the CPX-Zn was performed by utilizing the coordination bond between 

zinc and the two oxygens in CPX (carbonyl and hydroxyl group).  The overall yield of off-

white CPX-Zn powder was 67.3±5.8%, which is typical for synthesis performed by 

complexation reactions.  The weight percentage of CPX in the dry CPX-Zn (88.2±0.7% 

w/w) was quantified using HPLC/UV.  The log P of CPX-Zn determined using ChemDraw 

Professional® was 12.9. 

The formation of the CPX-Zn complex was confirmed by comparing the 1H NMR of CPX 

and CPX-Zn (Figure 2.2), which showed the disappearance of the peak for the proton of 

the aromatic hydroxyl group at δ: 10.85 ppm.  As shown in Figure 2.3, FT-IR spectra of 

the complexes showed a minor shift in major CPX peaks. The main stretching band of CPX 

in the region of 3000–3500 cm−1, attributed to the aromatic hydroxyl group, disappeared 

entirely in the FT-IR spectra of CPX-Zn, probably because of the deprotonation of CPX.  

This band corresponds to intramolecular hydrogen bond between the hydroxyl and 

carbonyl oxygen (3219 cm−1). Thus, evidence of the possible involvement of the carbonyl 

group in complex formation was obtained. Also, the difference between the two 

characteristic bands corresponding to the carbonyl stretching region (1640–1547 cm−1) in 

the CPX-Zn spectra becomes smaller than that of the CPX, which suggests that the 

carbonyl group is involved in the zinc complexation.  The difference between the two bands 

corresponding to carbonyl stretching was 93 cm−1 and 81 cm−1 in CPX and CPX-Zn, 

respectively.  Additionally, the Raman spectra of CPX-Zn demonstrated a new weak band 

at 473 cm-1 corresponding to the (O-Zn-O) coordination bond, which adds further 
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confirmation of complex formation (Figure 2.4).  The spectra of FT-IR, Raman, 1H NMR 

indicated the involvement of two oxygen of CPX in complex formation with zinc. 

The DSC curve for CPX powder has one sharp endothermal peak at 143℃ due to the 

melting of CPX powder and one broad exothermal peak at 334℃ that could be attributed 

to oxidative degradation. The DSC curve of CPX-Zn powder showed one sharp exothermal 

peak at about 256℃ due to chemical decomposition, and a complete disappearance of the 

sharp endothermic peak at 143 ℃ that corresponds to the CPX melting point.  Accordingly, 

the CPX-Zn thermogram confirmed that the dried CPX-Zn powder was the complex 

without any residual free drug (Figure 2.5).  The measurement of weight percent of CPX 

in dry CPX-Zn by HPLC/UV and the CHN elemental analysis indicated a ligand-metal 

ratio of 3:1 (Figure 2.6). The result of elemental analysis: calculated for (C12H16NO2)3Zn:C, 

63.2; H,7.07; N, 6.14; Zn, 9.56; found C, 60.24; H,7.12; N, 6.09; Zn, 8.46. 

2.3.2 In vitro cytotoxicity of CPX and CPX-Zn 

CPX and CPX-Zn showed similar efficacy (IC50) against 13762 Mat B III cells, 0.91±0.04 

μM and 0.87±0.12 µM, respectively.  Although CPX-Zn is more lipophilic and less water 

soluble than free CPX, there was no significant difference in the in vitro biological activity.  

This suggests CPX-Zn dissociated and was released as free CPX and further indicated the 

presence of a sufficient amount of zinc ligands intracellularly and extracellularly to cause 

dissociation. 

2.3.3 Preparation and characterization of CPX and CPX-Zn Nanosuspension 

The morphology of CPX powder had an irregular rod or needle-like shape (Figure 2.7 A).  

The morphology of CPX-Zn powder was spherical, or rod shaped (Figure 2.7 B).  The 
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morphology of CPX NS and CPX-Zn NS was irregular spherical shape (Figure 2.7 C and 

D).  As shown in table 2.1, the mean size for CPX NS and CPX-Zn NS was 129±33nm and 

148.9±57.2nm, respectively; and polydispersity index values were 0.17±0.04 and 

0.19±0.03 for CPX NS and CPX-Zn NS, respectively.  The mean zeta potential was (-0.52 

mV) and (-2.67 mV) for CPX NS and CPX-Zn NS, respectively.  

2.3.4 Fabrication and characterization of PLGA NPs loaded with CPX-Zn 

The average percentage of entrapment efficiency (EE%) of PLGA NPs was 67.2% for 

CPX-Zn (Table 2.1).  The morphology of the NPs displayed a regular spherical shape 

(Figure 2.7 E).  As shown in Table 2.1 and Figure 2.8, the mean NP size was ~ 212 nm; 

and polydispersity index values were less than 0.2 for all NPs.  The mean zeta potential 

was -28.6 mV for the CPX-Zn loaded PLGA based NPs.  

2.3.5 Evaluation of release properties of CPX NS, CPX-Zn NS and CPX-Zn PLGA 

NPs  

The calibration curve was linear with coefficient of determination, R2 >0.999 over CPX 

concentrations ranging from 2.5 to 50 µg/ml at the detection wavelength 301nm. The 

calibration curve equation is (y=86255x + 380.95), where x was CPX concentration 

expressed as µg/ml and y the area under the curve at the detection wavelength. The intra- 

and inter-day reproducibility of the method was checked at prodrug concentrations. The 

variation coefficient of intraday variability ranged (2.0-3.7) %, and for inter-day variability 

ranged (1.2-3.3) %.   The release profile of CPX from CPX-Zn PLGA NPs demonstrated 

sustained release compared to either CPX NS or CPX-Zn NS (Figure 2.9 A).  The initial 

fast release of CPX-Zn from PLGA NPs in the first three hours can be attributed to a 

fraction of CPX-Zn loaded close to or adsorbed on the PLGA based NPs surface, while the 
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sustained release was due to the slow rate of release of the portion encapsulated within. 

Approximately 37.8% of CPX-Zn NS was released compared to more than 15.9% of CPX-

Zn released from PLGA NPs after 1 hour.  By 3 hours, more than 77.1% of CPX-Zn NS 

was released, whereas only 37.8% of CPX-Zn from PLGA NPs was released.  Although 

CPX is less lipophilic and more water-soluble than CPX-Zn, the release rate of both CPX 

NS and CPX-Zn NS was comparatively similar, which was probably due to the sink 

conditions in the release study. The release study data of CPX NS, CPX-Zn NS, and CPX-

Zn NPs were also fitted on Noyes-Whitney equation with R2>0.99. The time required for 

the release of 50% (T(50%)) was significantly increased in CPX-Zn NPs compared to these 

of CPX NS and CPX-Zn NS (4.35±0.15 h for CPX-Zn NPs versus 0.89±0.07 h and 

1.51±0.13 h for CPX NS and CPX-Zn NS, respectively) (Figure 2.9 B).  

2.3.6 Correlating tumor mass and tumor volume 

To mimic the clinical observation showing the vast majority of breast cancers initiate and 

grow inside mammary ducts, 13762 Mat B III cells (2.5 × 105 cells) were directly 

inoculated into the ducts to initiate tumor growth in F344 rats.  Rats were euthanized at day 

2, 3, 6 and 9 to examine tumor growth at the early stages of tumorigenesis.  The cell take 

rate by F344 rats was 100%.  Histopathological examination revealed frequent alterations 

associated with mitosis in epithelial cells in the inoculated mammary ducts.  DCIS-like 

lesions developed by day 2 after cell inoculation (Figure 2.10 B).  From day 3, microtumors 

became visible and larger over time and tumor invasion into mammary fat pad was 

observed (Figure 2.10 C).  Most rats developed metastasis to the ipsilateral and 

contralateral lymph nodes (Figure 2.11).  
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Various loads of 13762 Mat B III cells were also investigated, and tumor growth 

consistently displayed cell load- and the time-dependent behavior throughout all studies 

(90).  Day 2 with a cell loading at 2.5 x 105 provided a favorable time for evaluating 

therapeutic efficacy before tumor invasion into the stroma.  

Tumor volume was measured using a digital caliper.  The mathematical relationship 

between tumor volume and mass was investigated to estimate actual tumor mass.  A strong 

linear correlation was found between tumor mass and volume in both the RT/LT third and 

RT/LT fourth mammary glands.  The linear equations are (y = 354.3x + 153.1, R2=0.72; 

y= 387.9x + 145.2, R2=0.90) for mammary tumors in the third and the fourth mammary 

glands, respectively (Figure 2.12).  The anatomical position of each gland causes the 

apparent changes in tumor density between those tumors grown in the third and fourth 

mammary glands.  The third mammary glands lie above the lung, which limits the space 

available for tumor growth, and subsequently, the tumor covers a large surface area 

associated with a large tumor length value and small tumor mass.  On the other side, the 

fourth gland lies above the abdominal cavity, which allows the tumor to grow freely leading 

to an irregular or spherical shape.  Based on the histological findings of DCIS like lesions 

and the mass-volume linear relationship, the intraductal inoculation of 13762 Mat B III 

cells was demonstrated as a valid orthotopic breast cancer model for further efficacy 

studies. 

2.3.7 In Vivo efficacy of CPX NS 

The therapeutic effects of single and multiple weekly CPX NS administration at 10 mg 

/duct on mammary tumor development of DCIS-like lesions observed for 12 months are 

shown in Figure 2.13 A.  A survival Gehan-Breslow-Wilcoxon curve analysis showed a 
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significant increase in the percentage survival of treated rat groups in both regimens, 

compared to the control group at p = 0.0114 and p = 0.0398 for weekly dose treated group 

and single dose treated group, respectively.  Insignificant weight variation in the control 

group and in the CPX treated groups was observed during the study. CPX NS 10 mg/duct 

single-treated groups produced significant and remarkable reductions in the incidence of 

tumors and the total survival rate in the treated group as compared to the untreated controls.  

In the weekly treated group at 10 mg/duct, tumor growth was prevented resulting in a 

remarkable 100% survival rate. 

The in vivo efficacy of single administration of CPX NS (1, 3, and 5mg /duct) on the tumor 

development is shown in Figure 2.13 B. CPX NS at 3 and 5 mg/duct treated-groups showed 

a significant reduction in tumor-bearing mammary duct and a higher percent of tumor-free 

mammary ducts compared to the treated group at 1mg/duct and the untreated controls.  The 

percentages of the tumor-free glands in the CPX NS treated group were 27% and 45% at 3 

and 5 mg/ duct, respectively.  Although CPX NS at 1mg/duct exhibited slow tumor growth 

compared to untreated control group, CPX NS at 1 mg/duct failed to suppress the growth 

of the already established lesions in the treated mammary glands, which then rapidly 

progressed into an invasive tumor type. 

2.3.8 Persistence of CPX NS, CPX-Zn NS and CPX-Zn PLGA NPs in tumor bearing 

mammary glands 

The derivatization of CPX to MCPX was performed to facilitate the extraction and 

quantification of CPX in biological samples.  The described chromatographic analysis 

allowed the separation of MCPX. The blank chromatogram shows that no interference 

arose from endogenous substances in the mammary tissue. The HPLC retention time of 
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MCPX was 4.47 minutes and molecular weight was 222.1 g/mol. To validate the method, 

a known amount of CPX was spiked into rat mammary tissue homogenate (5-1000 ng/ml) 

and its extraction efficiency was found to be 81.3-95.7%. The mammary tissue calibration 

curve for CPX was linear over the range 5-750 ng/ml.  The relationship between CPX tissue 

concentration in this range and the area under the curves was expressed by 

(y=10014x+21018) where x was the CPX concentration in tissue homogenate expressed as 

ng/ml and y the area under the curve in SIM mode. The correlation coefficient was R2> 

0.99.  The detection limit of CPX was estimated as 5ng/ml, at a signal-to-noise ratio was 

4:1.  The lower limit of quantification for CPX was 10ng/ml.  The intra- and inter-day 

reproducibility of the method was checked at various CPX mammary tissue concentrations.  

The coefficient of variation for intraday CPX variability ranged 4.4-7.7 % and that for inter 

day variability was 5.8- 7.5%. 

The average percentage of CPX NS retained in the mammary tissue after 6 hours was less 

than 1.4% and after 48 hours was 0.178%.  CPX was undetectable in two out of six samples 

and in four out of six samples at 6 hours and 48 hours, respectively.  The intraductal 

injection of CPX-Zn NS showed remarkably higher mammary persistence at both time 

points.  The average percentage of injected CPX-Zn NS retained in the mammary tissue 

after 6 hours was 4.71% and after 48 hours was 0.58% (Figure 2.14).  The average 

percentage of CPX-Zn PLGA NPs retained in the mammary tissue after 6 hours was 

25.50% and at 48 hours was 4.16%, demonstrating significantly higher mammary 

persistence at both time points in comparison with CPX NS at p = 0.01 for both time points 

(Figure 2.14).  The low water solubility of CPX-Zn limits the rate of dissolution of CPX-

Zn NS, resulting in less CPX-Zn is available for dissociation and subsequent CPX for 
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ductal absorption.  The physical entrapment of CPX-Zn in the core of PLGA NPs 

demonstrates a notable reduction in the rate of CPX release compared to that of CPX-Zn 

NS, mainly due to significant reduction in both the surface area directly exposed to medium 

and the rate of water diffusion through the polymeric matrix, which is highly influenced 

by polymer molecular weight, lipophilicity, and biodegradability.  Due to the relatively 

high-water solubility of CPX and the large surface area of the NS, CPX NS demonstrated 

a faster rate of dissolution.  This allowed the free CPX in solution to be rapidly absorbed 

from the duct to the mammary tissue and cleared into the systemic circulation.  

2.3.9 In vivo efficacy of CPX-Zn NS and CPX-Zn PLGA NPs 

The in vivo efficacy of a single dose of either CPX NS, CPX-Zn NS or CPX-Zn PLGA 

NPs at 1mg /duct CPX eq. is shown in Figure 2.15.  Tumor-free mammary gland numbers 

were used to evaluate the outcome of therapy.  CPX NS (immediate release) and the control 

group demonstrated 100% tumor incidence.  A Gehan-Breslow-Wilcoxon curve analysis 

showed a significant reduction in tumor incidence of treated rat groups with CPX-Zn 

PLGA NPs compared to the control group at p=0.0002.  For CPX-Zn NS treated group, the 

reduction in mammary tumor incidence was not significant compared to the control group.  

The tumor incidence for CPX-Zn NS and CPX-Zn PLGA NPs was 86.7% and 57.2%, 

respectively.  

2.4 Discussion  

CPX possesses antitumor activity and induces apoptosis in a variety of solid tumors such 

as breast carcinoma, bladder carcinoma, and rhabdomyosarcoma (46, 47, 53).  CPX also 

suppressed the growth of human breast cancer in a xenograft mouse model by apoptosis 

induction and inhibition of proliferation (46). Furthermore, CPX inhibits an important 
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oncogenic pathway, the notch pathway, which is highly expressed in cancer cells, 

especially in stem cells (54).  Recently oral CPX suspension was evaluated for activity in 

relapsed lymphocytic leukemia patients (59).  Although, oral CPX suspension shown 

significant antitumor efficacy and remarkable inhibition of survivin expression, the poor 

pharmacokinetic properties of CPX such as its short elimination half-life (~2.3h) and 

severe gastrointestinal adverse effects limited therapeutic effectiveness and patient 

tolerability (59).  Currently, a new water-soluble CPX prodrug is being evaluated in phase 

I clinical trial for the treatment of tumors highly expressing the notch signaling pathway in 

invasive bladder cancer (53, 96).  CPX has also suppressed tumor growth through 

inhibition of tumor-associated ribonucleotide reductase and downregulated the expression 

of various oncogenic pathways or molecular targets such as survivin, bcl-2, cyclin D1(49, 

82, 97).  Breast cancers, including DCIS, have been found to highly express these 

oncogenic pathways and targets that are inhibited or downregulated by CPX treatment; 

therefore, the CPX could be a promising candidate for the treatment of human DCIS (64, 

65, 67, 98).  Since CPX is rapidly metabolized with a short half-life (53, 59), the main 

challenge of using CPX for the treatment of DCIS is achieving effective drug 

concentrations at the site of action and maintaining them for a sufficient period of time (42, 

80).   

Even though several animal and human studies have shown that intraductal drug 

administration is superior to systemic drug administration for treating DCIS, the 

effectiveness of intraductal therapy has been constrained by rapid drug clearance from the 

ductal environment into the systemic circulation in addition to local drug toxicity (39, 42, 

99).  Recently, several attempts were made to overcome these limitations and improve 
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therapy using nanocarriers, pegylated liposomes, and antibody-drug conjugates (41, 42, 80, 

100).  The principal strategies used in these attempts were to reduce drug diffusion through 

the ductal membrane to prolong mammary persistence or to active target cancer cells to 

minimize drug toxicity. 

After systemic administration, CPX has a short life and is rapidly metabolized and renally 

excreted (59).  When the target tissue has no direct blood perfusion as occurs in mammary 

ducts, drug molecules need to diffuse through several cellular and non-cellular barriers to 

reach into the targeted tissue.  This limits the systemic use of drugs to treat target tissues 

with limited blood perfusion.  Therefore, delivering CPX directly to the mammary duct 

tissue is highly efficient and could result in high local drug concentrations, inhibiting 

cancer cell proliferation inside the mammary duct.  Several preclinical studies have been 

demonstrated the feasibility of intraductal therapy with antitumor drugs, resulting in a 

superior therapeutic efficacy against established breast tumor models (40, 80, 101). 

The first aim of this study was to assess the effect of dose and frequency of intraductally 

administered CPX NS against DCIS-like lesions in an orthotopic F344 rat model.  Multiple 

doses of CPX NS (at 10 mg/duct) remarkably inhibited all tumor formation with no relapse 

even after 12 months with no further treatments.  One way to maximize tumor exposure to 

therapeutic drug concentrations is to employ a frequent dosing schedule.  Although the 

intraductal approach undoubtedly achieves high local drug concentrations, small 

molecules, such as like paclitaxel and doxorubicin, in solution are rapidly cleared from the 

duct and reach the systemic circulation rapidly.  The large surface area of the CPX NS and 

good water solubility (283 µg/ml) of CPX resulted in the rapid dissolution of the CPX NS 

inside the mammary duct.  An in vivo dose escalation study (1, 3, and 5 mg/duct 



34 
 

administered intraductally) demonstrated that the higher doses (3 or 5 mg/duct) exhibited 

a significant tumor reduction as compared to CPX NS at 1 mg/duct or the untreated control.  

A possible explanation is that the injection of CPX doses higher than its saturation 

concentration could slow the rate of dissolution of NS, essentially acting as a drug 

reservoir.  For example, intraductal injection of 3mg of CPX NS is about 100 times higher 

than drug supersaturation leading to a slow rate of dissolution, especially the injection site 

has inadequate perfusion of biological fluid.  Supporting this explanation, the soluble form 

of CPX can be absorbed and cleared from the mammary duct and amount of fluid in the 

mammary duct is relatively limited that makes drug dissolution far from sink conditions.  

According to the Noyes-Whitney equation, the rate of drug dissolution is directly related 

to drug lipophilicity (log P) and the saturated solubility in the dissolution medium (Cs) 

(102, 103).  Therefore, one strategy to improve the therapeutic efficacy and prolong the 

ductal exposure is the use of a lipophilic prodrug.  Based on Noyes-Whitney’s equation, 

lipophilic prodrug (high log P) NS has a slow dissolution rate associated with decreased 

water solubility (104, 105).  To ensure an efficient rate of bioactivation of inactive prodrug 

molecules into a free active drug a prodrug responsive to the enzymatic or chemical 

condition expressed in the targeted tissue or organ can be used. 

Given that the ductal environment in the animal models and in humans is not well 

characterized, another CPX derivative based on metal chelation and independent of 

esterase was developed and evaluated in these studies.  In attempts to enhance the 

biological activity and/or physicochemical properties of drugs, several drug-metal 

complexes have been synthesized and investigated (106).  Zinc is one of the bio-metals 

applied to make drug complexes with antibacterial, anti-inflammatory, and anticancer 
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drugs (86-88, 107).  Zinc has many attractive properties that allow it to be a promising 

biometal for drug complexation including (1) a good safety profile and easily excreted (83), 

(2) Ability to form a coordination bond with the most abundant chemical groups, including 

hydroxyl, carboxylate, amines, and sulfhydryl (85), (3) reactive even in a complex form 

allowing complex dissociation and subsequent drug release, (4) it forms a more lipophilic 

complex than the free drug (89).  CPX is a metal chelator with main two coordination sites, 

aromatic hydroxyl group, and the carbonyl group. A highly structurally similar type of zinc 

complexes with 3-hydroxy flavone (flavonol) have been reported increasing drug 

lipophilicity, which is indispensable for drug encapsulation in the core of NPs and to 

modify the drug release profile (89, 108, 109).  To prove this concept using CPX, the CPX-

Zn complex was synthesized and characterized by several types of spectral analysis 

techniques, including NMR, Raman Spectroscopy, HPLC/UV, and MS.  In vitro 

cytotoxicity of CPX and CPX-Zn against Mat B III demonstrated insignificant changes in 

antitumor activity. 

PLGA, a safe and biodegradable copolymer, has been applied successfully in FDA 

approved products to encapsulate and control the release of drugs based on their 

physicochemical properties (110, 111).  Several preclinical studies demonstrated the ability 

of PLGA NPs to deliver the drug load into cancer cells minimizing the effect of drug 

resistance mechanisms such as efflux transporters and intracellular detoxification 

processes (112).  Interestingly, when PLGA NPs are uptaken by cancer cells, the sustained 

release of the antitumor drug can result in better cytotoxic effect compared to free drugs 

(113, 114).  All these reported characteristics make PLGA NPs a promising candidate for 

intratumor or locoregional administration to prolong drug exposure, achieve therapeutic 
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concentrations in the tumor microenvironment, and to minimize adverse effects (115, 

116).   

CPX-Zn NS stabilized with Pluronic F68 was successfully prepared using the 

nanoprecipitation-ultrasonication method (117).  Generally, drug nanosuspensions have a 

fast dissolution rate due to high drug loading and a large surface area (118, 119).  Although 

the complexation of CPX with zinc resulted in higher lipophilicity and reduced water 

solubility, both CPX NS and CPX-Zn showed almost the same fast release rate.  This 

phenomenon could be due to the sink condition of release studies resulting in a diminished 

effect of drug solubility on the release rate.  The entrapment efficiency of CPX-Zn in PLGA 

NPs was clearly linked to the predicted lipophilicity of the CPX-Zn (108).  The rate of 

CPX-Zn release from PLGA NPs was remarkably slower compared to CPX-Zn NS, mainly 

due to large surface area and high drug loading of NS compared to these of PLGA NPs 

(Scheme 2.1).  Although CPX-Zn NS comparatively has better mammary persistence 

compared to CPX NS, it was not sufficient to enhance the in vivo efficacy of CPX 

significantly. 

The improvement in the effectiveness of the intraductal CPX-Zn PLGA NPs strongly 

correlated to prolonged mammary persistence (Figure 2.17). The significant enhancement 

in mammary persistence of CPX-Zn PLGA NPs was due to the low water solubility of 

CPX-Zn, in addition to the sustained release property and the size-limited diffusion of 

PLGA NPs (Figure 2.16). Drug release rate from PLGA NPs depends on several factors 

such as physicochemical properties of the loaded drug and the biochemical properties of 

polymers as molecular weight, lipophilicity, water diffusion, and biodegradability.  The 

sustained release properties of CPX Zn PLGA based NPs could be due to the low esterase 
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activity and lack of sufficient water in the duct at this disease stage resulting in a low rate 

of PLGA biodegradation and water diffusion, which are essential for the release of CPX-

Zn from PLGA NPs.  

2.5 Conclusion 

In summary, this work demonstrates the time- and dose-dependent preclinical effectiveness 

of CPX NS in treating DCIS-like lesions in a well-established orthotopic rat model. 

Further, we demonstrate the feasibility of preparing CPX-Zn via a complexation reaction 

without losing cytotoxic activity of CPX.  CPX-Zn PLGA NPs significantly prolonged the 

mammary persistence of CPX because of the NPs size and the sustained release of CPX-

Zn.  The CPX-Zn PLGA NPs demonstrates a remarkable improvement of in vivo efficacy, 

mainly due to its ability to prolong drug mammary persistence.  
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Scheme 2.1: Schematic representation of the influence of nano delivery 
systems properties on the drug mammary persistence and the in vivo efficacy 
of CPX-Zn, (A) CPX-Zn NS, (B) CPX-Zn PLGA NPs. 
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CPX 
formulations 

Size (nm) 
(Average ± 

SD 
PDI 

Zeta 
potential(mV) 
Average ± SD  

Encapsulation 
efficiency % (EE%) 

Average ± SD 

CPX NS 207.8±85.9 0.21 -0.52±3.7 85.3±3.4 

CPX-Zn NS 148.9±57.2 0.19 -2.67±2.1 88.4±5.1 

CPX-Zn PLGA 
NPs 

211.5±45.2 0.20 -28.6±5.2 67.2±4.9 

Table 2.1:  CPX NS, CPX-Zn NS and CPX-Zn PLGA NPs: Particle size analysis, zeta 
potential, and encapsulation efficiency %. The particle size (nm) based on intensity 
measurement, PDI, and zeta potential (mV) were measured using DLS at 25℃ as 
described in Material and Methods section (3.2.7). EE% was measured using HPLC/UV 
method as described in material and methods section (2.2.6). CPX and CPX-Zn NS were 
prepared using an evaporative nanoprecipitation-ultra-sonication method. CPX-Zn 
PLGA NPs was prepared by FNP.   The data are expressed as mean ± SD (n=3). 
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Figure 2.1: The anatomic location of mammary glands in female rat, RT, right 
teat; LT, left teat. 
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Figure 2.2: 1H NMR spectra of (A) CPX (the green arrow indicates the peak for the proton of the 
aromatic hydroxyl group), (B) CPX-Zn. 
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Figure 2.3: Fourier-transform infrared (FTIR) spectra of CPX and CPX-Zn 
complex. The main stretching band of CPX in the region of 3000–3500 cm−1, 
attributed to the aromatic hydroxyl group, disappeared entirely in the FT-IR 
spectra of CPX-Zn. Also, the difference between the two characteristic bands 
corresponding to the carbonyl stretching region (1640–1547 cm−1) in the CPX-
Zn spectra becomes smaller than that of the CPX, which suggests that the 
carbonyl group is involved in the zinc complexation.   



43 
 

 

 

 

 

 

 

 

 

 

Figure 2.4: Raman spectra of CPX and CPX-Zn complex (the green arrow indicates a 
new weak band at 473 cm-1 corresponding to the (O-Zn-O) coordination bond).  
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Figure 2.5: Differential scanning calorimetry (DSC) scans of (A) CPX-Zn complex and 
(B) CPX. The DSC curve for CPX powder has one sharp endothermal peak at 143℃ due 
to the melting of CPX powder and one broad exothermal peak at 334℃ that could be 
attributed to oxidative degradation. While the DSC curve of CPX-Zn powder showed one 
sharp exothermal peak at about 256℃ due to chemical decomposition, and a complete 
disappearance of sharp endothermic peak at 143 that correspond to CPX melting point. 
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Figure 2.6: The predicted molecular structure of CPX-Zn complex based on 
elemental analysis (CHN) and UV analysis. The result of elemental analysis: 
calculated for (C12H16NO2)3Zn:C, 63.2; H,7.07; N, 6.14; Zn, 9.56; founded C, 
60.24; H,7.12; N, 6.09; Zn, 8.46. 
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Figure 2.7: Representative SEM photomicrograph (A) CPX Zn powder, scale bar= 1µm (B) 
CPX powder, scale bar =10 µm. (C) Pluronic F68 stabilized CPX-Zn NS, scale bar=200 nm. 
(D) PVA stabilized CPX NS. Scale bar = 200 nm(E) CPX-Zn PLGA NPs, scale bar = 100nm.  
For CPX NS and CPX-Zn NS, they have been lyophilized, and trehalose were used as a 
cryoprotectant. The morphology of CPX NS and CPX-Zn NS powder had an irregular 
spherical shape, whereas, the morphology of CPX-Zn NPs was a regular spherical shape. 
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Figure 2.8: Particle size distribution of CPX NS, CPX-Zn NS, and PLGA NPs 
loaded with CPX-Zn based on intensity measurement using DLS at 25℃. The 
average size ± SD was 207.8±85.9 nm, 148.9±57.2 nm, and 211.5±45.2± nm 
of CPX NS, CPX-Zn NS, and PLGA NPs loaded with CPX-Zn, respectively. 
(n=3) 
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Figure 2.9: Release profile of CPX NS, CPX-Zn NS and CPX-Zn PLGA NPs in 
phosphate buffer (pH 7.4) at 37℃. Each point represents the mean ± SD of the percent 
of the released CPX/CPX-Zn. The study was conducted as described in Material and 
Methods section (2.2.7). The release data was fitted on transformed Noyes-Whitney 
equation using Prism 7 with R2>0.99 (A). The calculated mean T50%± SD for the release 
profile of CPX NS, CPX-Zn NS and CPX-Zn NPs. Each column represents the mean ± 
SD of T50% value. T (50%) was significantly increased in CPX-Zn NPs compared to these 
of CPX NS and CPX-Zn NS (4.35±0.15 h for CPX-Zn NPs versus 0.89±0.07 h and 
1.51±0.13 h for CPX NS and CPX-Zn NS, respectively). *, p>0.05. (n=6) 
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Figure 2.10: Microscopic images at 40X magnification: normal 
mammary duct (A); primary DCIS-like lesion in the mammary duct at 
day 2 (B); the primary tumor (IDC) in the mammary duct at day 7 (C).  
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B 
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Figure 2.11: MRI images at day 25 after cell inoculation: primary breast tumor (Left); 
metastatic lesion in the peritoneal lymph nodes (Middle); metastatic lesion in a non-inoculated 
mammary gland (Right) (The white arrows indicate the region).    
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Figure 2.12: The correlation between the tumor size and weight 
in mammary gland 3 (A) and 4 (B) in retired breeder F344 with 
their 95% confidence interval. The linear equations are (y = 
354.3x + 153.1, R2=0.72; y= 387.9x + 145.2, R2=0.90) for 
mammary tumors in the third and the fourth mammary glands, 
respectively. 
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Figure 2.13:  In vivo efficacy of Intraductal CPX NS against 13762 Mat B III in F344 rat 
mammary tumor model. (A) Effect of dose frequency: Survival analysis of the control, single 
treated and weekly treated (4 weeks) groups with CPX NS at 10mg/duct. A survival Gehan-
Breslow-Wilcoxon curve analysis showed a significant increase in the percentage survival of 
treated rat groups in both regimens, compared to the control group at p = 0.0114 and p = 
0.0398 for weekly dose treated group and single dose treated group, respectively (B) Effect of 
dose:  The percent of tumor-free gland treated with different single dose of CPX NS (1, 3, 5 
mg/duct). The Gehan-Breslow-Wilcoxon curve analysis showed a significant increase in the 
percentage of tumor-free glands of treated rat groups at 3 and 5 mg/duct, compared to the 
control group at p = 0.0004 and p < 0.0001, respectively 
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Figure 2.14: Relative mammary persistence of CPX NS, CPX Zn NS and CPX Zn 
PLGA based NPs at (1mg CPX eq. /duct) in tumor bearing mammary gland in 
retired breeder F344.  Each column represents the mean± SD. *, p<0.05. (n=6) 
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Figure 2.15: The percent of tumor-free glands treated with a single dose of 
CPX NS, CPX-Zn NS, and CPX-Zn PLGA based NPs at (1mg CPX eq. 
/duct). The efficacy of a single dose of CPX-Zn PLGA based NPs showed 
a significant reduction in tumor incidence compared to the control group. 
Intraductal therapy with CPX-Zn PLGA based NPs at 1mg/duct (CPX eq.) 
demonstrated a significant reduction in mammary tumor incidence (47 %) 
compared to those treated with CPX NS (100%) or CPX-Zn NS (82%). 
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Figure 2.16: The correlation between the mammary persistence of 
CPX/CPX-Zn after 6 hours ± SD with the unreleased percentage of 
CPX/CPX-Zn after 3 hours from in the release studies, R2=0.99. The 
significant enhancement in mammary persistence of CPX-Zn PLGA NPs 
was directly correlated to the sustained release property and the size-
limited diffusion of PLGA NPs loaded with CPX-Zn. 
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Figure 2.17: The correlation between the mammary persistence of 
CPX/CPX-Zn after 6 hours ± SD with thein vivo efficacy (tumor-free glands 
%), R2=0.97. There is a direct correlation between the in vivo effectiveness 
of CPX/CPX-Zn NS and NPs with their mammary persistence. 
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3 TRANSPAPILLARY PRODRUG NANOFORMULATIONS ENHANCE 
MAMMARY RETENTION AND EFFICACY OF CICLOPIROX AGAINST 
DUCTAL CARCINOMA IN SITU 
 

3.1 Introduction 

Ductal Carcinoma In Situ (DCIS) is widely considered a noninvasive type of breast cancer 

that results from the proliferation and accumulation of cancerous epithelial cells in the 

mammary duct, with possible microinvasions into the breast stroma (120, 121).  With the 

widespread adoption of population-based breast cancer screening, DCIS has come to 

represent a significant fraction (20%) of all diagnosed neoplastic breast lesions (122).  

DCIS lesions are classified based on their nuclear grade as low-, intermediate-, or high-

grade (8, 123) (124).  Low-grade DCIS exhibits abnormal gene expression similar to 

atypical ductal hyperplasia, while high-grade exhibits molecular profiles indistinguishable 

from that of invasive ductal carcinoma (IDC)(125).  If left untreated over 10-year period, 

DCIS progresses to invasive cancer in 60% and 16% of patients with high- and low-grade 

DCIS, respectively (72, 126). Given the significantly higher risk of invasion for high-grade 

DCIS, the view of DCIS as a localized cancer needs to be reassessed.   

All DCIS is currently treated by surgical excision, followed by radiotherapy or surgery — 

although, on average, less than half of the lesions (approximately 46%) will progress to 

invasive disease (126).  The overtreatment of DCIS occurs because of the inability of 

current approaches to assess the potential for local recurrence or invasiveness of disease in 

newly diagnosed patients (127).  Overall, this suggests that new, noninvasive treatment 

options are needed for patients with high risk DCIS.  Despite the effectiveness of 

therapeutic approaches, patients usually suffer from a variety of adverse effects owing to 

the surgery, radiation and/or chemotherapy (128).  In addition, the failure of mammography 
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to detect the extent and location of DCIS reduces the confidence that surgical interventions 

are complete (i.e., 100% resection) (129, 130).   

Systemic drug administration leads to minimal or ineffective drug concentrations in 

mammary ducts (40, 41, 77) due to the lack of direct blood circulation in the mammary 

duct (35).  High plasma drug concentrations also could lead to severe adverse effects and 

reduced patient tolerance and adherence.  Intraductal therapy is most efficiently achieved 

by the transpapillary route (i.e., through the nipple) allowing for local administration 

directly to the mammary ductal system.  Transpapillary delivery may provide effective, 

local drug concentrations while minimizing systemic exposure since direct treatment 

should require reduced administered doses.  The feasibility, safety and efficacy of local 

intraductal treatment has been established in several studies using rodent breast cancer 

models (90, 131).  The feasibility and safety of intraductally injected pegylated liposomal 

doxorubicin (PLD) and carboplatin has been established in humans in a phase I clinical 

trial (30, 79, 132).  

One key challenge facing intraductal drug delivery is the short retention of drug in the 

mammary tissue since the ducts are highly permeable, which results in rapid clearance of 

low molecular weight compounds, such as doxorubicin, carboplatin, and fluorescein 

disodium into systemic circulation  (39, 133).  Previously our group demonstrated the 

mammary duct retention of fluorescein-labeled poly(ethylene glycol) (PEG) nanocarriers 

was directly related to their size (hydrodynamic radii) (99, 134).  Subsequently, we also 

demonstrated that PEG nanocarriers with covalently attached anticancer drugs had 

prolonged mammary persistence in rat mammary tissue (90, 133, 134).  Similarly, 

doxorubicin loaded in pegylated liposomes (PLD) demonstrated prolonged mammary 
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persistence and slower systemic absorption compared to free doxorubicin.  Additionally, 

the intraductal administration of nanoemulsion loaded with C6 ceramide demonstrated 

enhanced drug persistence in mammary tissue for over five days compared to drug in 

solution (45).  Minimizing the free drug available for rapid ductal clearance by entrapment 

in the core of a nanocarrier is another approach for prolonging the mammary persistence 

of small drug molecules (36, 40).   

The influence of factors such as DCIS grade and disease stage should be considered when 

designing and optimizing a transpapillary delivery system since they could affect the in 

vivo performance of nano delivery systems in the ductal environment by changing enzyme 

type and expression, and biological fluid quantity and properties.  The properties of nano 

drug delivery, like drug release rate, polymer matrix biodegradation, and prodrug 

activation, are highly sensitive to these changes in the ductal microenvironment (135, 136).  

Over the past few years there have been reports that ciclopirox (CPX), an FDA-approved 

antifungal drug, demonstrated encouraging anticancer efficacy in a variety of cancers (46, 

82, 137, 138).  CPX inhibits cancer cell proliferation by targeting several molecular 

pathways such as ribonucleotide reductase (49), metalloenzymes, the Wnt/β-catenin 

pathway (139), and deoxyhypusine hydroxylase (DOHH) (51).  Its mechanism of action is 

highly associated with its metal chelating capability (49).  CPX can also induce apoptosis 

of tumor cells by inhibiting the expression of antiapoptotic proteins such as bcl-xL and 

survivin, and activating apoptotic caspases (46, 59).  CPX inhibits both angiogenesis and 

lymphangiogenesis, processes essential to early stage tumor growth and metastasis (58).  

Orally administered CPX has demonstrated antitumor activity in breast cancer xenografts 

in nude mice (46).  CPX can downregulate several molecular targets highly associated with 
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the progression of DCIS such as the antiapoptotic cellular proteins Ki-67, survivin, Bcl-2, 

and Bcl-XL (61, 64, 65, 67).  In addition, CPX inhibits ribonucleotide reductase and 

reducing the expression of growth regulatory protein, cyclin D1 (82).  Hence, CPX appears 

to be a promising drug for the local treatment of DCIS through the induction of apoptosis 

and the inhibition of angiogenesis.  The effectiveness of intraductal administration of 

various formulations of CPX to treat early-stage breast cancers like DCIS warrants further 

investigation.   

In our previous studies, we demonstrated that the low mammary persistence of CPX 

nanosuspension (NS) necessitates relatively large doses and frequent administration in 

order to be efficacious.  We developed and evaluated a polymeric drug delivery system 

loaded with CPX zinc complex (CPX-Zn).  CPX-Zn loaded in poly (lactic-co-glycolic acid) 

nanoparticles demonstrated higher mammary persistence and better therapeutic efficacy 

than CPX NS at equivalent CPX doses.  In the current study, polymeric NPs loaded with 

CPX prodrugs characterized by low drug loading and sustained release properties, or CPX 

prodrug nanosuspensions consisting of nanocrystals stabilized with amphiphilic polymer 

characterized by high drug loading and immediate release properties, were prepared and 

evaluated for their ability to improve mammary tissue persistence and anti-tumor efficacy.   

3.2 Material and Methods 

Aerrane (isoflurane) inhalation anesthetic was obtained from Baxter Healthcare 

Corporation (Deerfield, IL). For molecular analysis, a Waters e2695 Alliance System 

(Milford, MA) high performance liquid chromatography (HPLC) was used complete with 

a photodiode array detector measuring ultraviolet (UV) absorption from 200-600 nm. The 

two-part mobile phase gradient was one part (A) diH2O with 0.05% TFA (v/v) and the 
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remaining part (B) ACN with 0.05% TFA (v/v). A Waters Symmetry C18 column 

(Milford, MA) was the stationary phase. Additionally, electrospray ionization mass 

spectrometry (ESI-MS) was performed on a Finnegan LCQDuo (Thermo Finnegan, San 

Jose, CA). The M2™ Compact High-Performance MRI (1T) system used was from Aspect 

Imaging (Shoham, Israel).  

3.2.1 Cell culture 

13762 Mat B III, MCF-7, MDA-MB-231 cell lines were obtained from American Type 

Culture Collection (ATCC) and maintained in RPMI 1640, DMEM, DMEM/F12 medium 

(Gibco/Invitrogen), respectively. MCF10DCIS.com cell line was obtained from Wayne 

State University and maintained in DMEM/F12 medium. Growth medium was 

supplemented with 10% fetal bovine serum, penicillin (200 units/mL) and streptomycin 

(200 mg/mL), under the conditions of 5% CO2 and 95% humidity at 37°C.  

3.2.2 Animals 

Female F344 retired breeder rats were purchased from Hilltop Lab Animals, Inc. 

(Scottdale, PA). Rats were housed using a 12-hour light/dark cycle, and allowed to 

acclimate for at least a week before the study.  They were fed a standard diet with free 

access to water.  All animal studies were performed in AAALAC-accredited animal 

facilities, under approved protocols from the Rutgers University Institutional Animal Care 

and Use Committee (IACUC).  

3.2.3 Synthesis and characterization of CPX prodrugs 

All chemicals were obtained from suppliers (Sigma Aldrich, Santa Cruz Biotechnology, 

TCI America) and were used without further purification.  A multistep synthetic route was 
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used to synthesize CPX prodrugs.  The esterase responsive prodrugs were synthesized by 

either the direct esterification of the CPX hydroxyl group (the first approach, Scheme 3.1 

A) or the alkylation of the hydroxyl group with a benzyl ether group containing a phenolic 

ester (the second approach, Scheme 3.1 B).  Structures and purities of CPX prodrugs were 

confirmed by LC-MS, and 1H and 13C NMR.  The log P values were predicted using 

ChemDraw Professional® (Ver. 16; Perkin Elmer, Inc.) and reported as clog P. 

(1) Extraction of CPX: 500 mg of ciclopirox olamine was dissolved in 2N HCl. CPX was 

then extracted with ethyl acetate. The organic layer was washed with deionized water twice 

and brine once. The ethyl acetate was evaporated under low pressure, and the CPX powder 

was analyzed by HPLC/MS. The average yield was 93%.  

3.2.3.1 The first prodrug approach 

(2) 6-cyclohexyl-4-methyl-2-oxopyridin-1(2H)-yl acetate (CPD1): (Step 1) 3H-[1,2,3] 

triazolo[4,5-b]pyridine-3-ol (0.136 g, 1 mmol) was reacted with glacial acetic acid (60 µl) 

in the presence of N,N´-dicyclohexylcarbodiimide (DCC) (0.206 g, 1 mmol), in 3 ml of 

dry THF under nitrogen at room temperature for 8 hours. The mixture was centrifuged at 

8500 xg for 10 minutes, and the clear supernatant containing the product of this reaction 

(3H-[1,2,3] triazolo[4,5-b]pyridine-3-yl acetate) was taken to the next step without further 

purification. (Step 2) 6-cyclohexyl-1-hydroxy-4-methylpyridin-2(1H)-one (CPX) (0.053 g, 

0.25 mmol) was dissolved in the clear supernatant (1 ml) from step (1), under nitrogen at 

room temperature for 4 hours.  The mixture was concentrated by rotary evaporation.  The 

resulting residue was purified via silica chromatography eluting in 0-80% ethyl 

acetate/hexanes to get the purified product in 35% yield. 1H NMR (400 MHz, CDCl3)  δ 

6.325 (s, 1H), 5.820 (d, J = 2 Hz, 1H), 2.40 (t, J = 8.0 Hz, 4H), 2.156 (s, 3H), 1.726-1.852 
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(m, J = 10.0 Hz, 5H), 1.308 (t, J = 7.2 Hz, 4H), 1.183 (t, J = 5.2 Hz, 1H). 13C NMR (100 

MHz, CDCl3)  δ 166.78, 157.49, 151.73, 150.71, 117.3, 104.21, 77.32, 77.00, 76.69, 38.76, 

26.32, 25.78, 21.59, 17.97.  The calculated molecular weight equaled 249.31 g/mol and the 

measured MW was 250.145 g/mol. 

3.2.3.2 The second prodrug approach 

(3) 4-(bromomethyl) phenyl acetate: p-tolyl acetate (1.82 g, 12.1 mmol) was dissolved in 

CHCl3 (50 ml) and reacted with N-bromosuccinimide (2.91 g, 16.4 mmol) and benzoyl 

peroxide (0.59 g, 2.4 mmol), in a flame-dried vessel.  The reaction mixture was held at 

60℃ under nitrogen gas for 8 hours.  The reaction mixture was cooled to room temperature, 

concentrated, brought up in CH2Cl2 (50 ml) and washed twice with water (50 ml) and then 

once with brine (50 ml).  The organic layer was dried over MgSO4 and filtered. The residue 

was purified via silica column chromatography in an ethyl acetate/hexanes solvent system 

to give 4-(bromomethyl) phenyl acetate in 31% yield (1.20 g, 5.2 mmol). 1H NMR (400 

MHz, CDCl3)  δ 7.16 (d, J = 8.4 Hz, 2H), 6.965 (d, J = 8.4 Hz, 2H), 2.976 (s, 2H), 2.335 

(s, 3H). 13C NMR 171.02, 148.47,135.64, 130.03, 121.24, 77.43,77.11,76.79, 29.42,20.93. 

(4) 4-(((6-cyclohexyl-4-methyl-2-oxopyridin-1(2H)-yl) oxy) methyl) phenyl acetate (CPD 

2):   

6-cyclohexyl-1-hydroxy-4-methylpyridin-2(1H)-one (c) (0.184 g, 0.9 mmol) was 

dissolved in dry DMF (10 ml).  K2CO3 (0.37 g, 2.7 mmol) was added to this mixture and 

followed by (3) (0.21 g, 0.9 mmol), and the reaction mixture was held at room temperature 

under nitrogen for 7 hours.  The mixture was concentrated via rotary evaporation.  The 

resulting residue was dissolved in CH2Cl2 (20 ml) and washed twice with water (20 ml) 

and then once with brine (20 ml).  The organic layer was collected, dried with MgSO4 and 
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filtered.  The resulting product was purified via solid column chromatography eluting in 

an ethyl acetate/hexanes solvent system, to get the purified product 2 in 48% yield (0.08 g, 

0.3 mmol). 1H NMR (400 MHz, CDCl3)  δ 7.447 (d, J = 8.4 Hz, 2H), 7.088 (d, J = 8.2 Hz, 

2H),  6.313 (t, J = 1.2 Hz, 1H), 5.705 (d, J = 2.0 Hz, 1H), 5.219 (s, 2H), 2.581-2.637 (m, J 

= 5.6 Hz, 1H), 2.278 (d, J = 0.4 Hz, 3H), 2.123 (s, 3H), 1.677-1.752 (m, J = 10.0 Hz, 5H), 

1.231-1.278 (m, J = 6.4 Hz, 5H). 13C NMR (100 MHz, CDCl3) δ 169.55, 159.82, 153.96, 

151.74, 150.25, 132.18, 131.41, 122.27, 117.96, 104.53, 77.89, 77.58, 77.26, 38.75, 32.77, 

26.87, 26.28, 21.84, 21.48. c MW=355.434. Measured MW=356.22[M+H]+. c log P=3.51. 

(5) p-tolyl pivalate.p-cresol (490 mg, 4.5mmol) was dissolved of trimethyl acetic anhydride 

(3 mL, 14.5 mmol) and triethyl amine (3 mL).  4-dimethyl aminopyridine (15 mg, 0.12 

mmol) was added to the reaction mixture.  The reaction mixture was held at room 

temperature under nitrogen gas for 48 h.  The reaction mixture was added to ethyl acetate 

(30 mL).  The organic layer washed with water (2X30 mL) and then brine (30 mL).  The 

organic layer was dried over MgSO4 and filtered.  The organic layer concentrated, and the 

remaining residue was purified via silica column chromatography in (0-50% ethyl acetate/ 

hexanes) to afford p-tolyl pivalate in 42% yield. 1H NMR (400 MHz, CDCl3)  δ 7.17 (d, J 

= 8.4 Hz, 2H), 6.94 (d, J = 8.4 Hz, 2H), 2.347 (s, 3H), 1.36 (s, 9H). 13C NMR 177.06, 

148.94, 135.02, 129.80, 121.15, 77.48, 77.16, 76.84, 38.98, 27.13, 20.77. ESI-MS(+): m/z 

245.93 [M+NH4]+, 250.91 [M+Na]+. 

(6) 4-(bromomethyl)phenyl pivalate. p-Tolyl pivalate (0.950 g, 4.9 mmol) was dissolved 

in CHCl3 (10 mL) and reacted with N-bromosuccinimide (1.051 g, 5.9 mmol) and 

azobisisobutyronitrile (81.5 mg, 0.49 mmol) in a flame dried vessel.  The reaction mixture 

was held at 80℃ under nitrogen gas for 12 h.  The reaction mixture was cooled to room 
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temperature, concentrated, brought up in CH2Cl2 (20 mL) and washed with water (2X20) 

and then brine (20 mL).  The organic layer was dried with MgSO4 and filtered.  The residue 

was taken to the next step without further purification. 

(7) 4-(((6-cyclohexyl-4-methyl-2-oxopyridin-1(2H)-yl) oxy) methyl) phenyl pivalate 

(CPD 3). 6-cyclohexyl-1-hydroxy-4-methylpyridin-2(1H)-one (Ciclopirox) (0.259 g, 1.25 

mmol) was dissolved in dry DMF (10 mL).  Then K2CO3 (0.37 g, 2.7 mmol) was added to 

this mixture and followed by 1 (0.270 g, 1 mmol), and the reaction mixture was held at 

room temperature under nitrogen for 7 hours.  The mixture was concentrated via rotary 

evaporation.  The resulting residue was dissolved in CH2Cl2 (20 mL) and washed with 

water (2X20 mL and then with brine (20 mL). The organic layer was collected, dried over 

MgSO4 and filtered.  The resulted product was purified via silica chromatography eluting 

in (0-100% ethyl acetate/hexanes) to get the purified product 2 in 41% yield.  1H NMR 

(400 MHz, CDCl3)  δ 7.454 (d, J = 8.8 Hz, 2H), 7.067 (d, J = 8.8 Hz, 2H),  6.328 (d, J = 

0.8 Hz, 1H), 5.723 (d, J = 2.0 Hz, 1H), 5.234 (s, 2H), 2.614-2.671 (m, J = 6.4 Hz, 1H), 

2.138 (s, 3H), 1.693-1.780 (m, J = 8.6 Hz, 5H), 1.345 (s, 9H), 1.228-1.265 (m, J = 4.2 Hz, 

6H). 13C NMR (100 MHz, CDCl3)  δ 176.83, 159.51, 153.59, 151.85, 149.85, 131.54, 

130.98, 121.82, 117.61, 104.19, 77.44, 77.13, 76.92, 76.81, 39.13, 38.40, 32.43, 27.14, 

26.52, 25.93, 21.48. ESI-MS(+): m/z 260.0 [M+H]+, 282.0 [M+Na]+, c logP = 4.74. 

(8) 4-(bromomethyl) phenyl benzoate: p-tolyl benzonate (0.950 g, 4.9 mmol) was dissolved 

in CHCl3 (10 ml) and reacted with N-bromosuccinimide (1.051 g, 5.9 mmol) and 

azobisisobutyronitrile (81.5 mg, 0.49 mmol), in a flame-dried vessel.  The reaction mixture 

was held at 80℃ under nitrogen gas for 12 hours.  The mixture was then cooled to room 

temperature, concentrated, brought up in CH2Cl2 (20 ml) and washed twice with water (20 
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ml) and then once with brine (20 ml).  The organic layer was dried with MgSO4 and filtered.  

The residue was purified, via silica column chromatography, in an ethyl acetate/hexanes 

solvent system to give 1 in 31% yield (1.20 g, 5.2 mmol). 1H NMR (400 MHz, CDCl3) δ 

8.201 (d, J = 7.2 Hz, 2H), 7.628-7.669 (m, J = 2.8 Hz, 1H), 7.521 (t, J = 0.8 Hz, 2H), 7.464 

(d, J = 8.4 Hz, 2H), 7.205 (d, J = 8.4 Hz, 2H), 4.525 (s, 2H). 13C NMR 165.10, 151.01, 

135.55, 133.83, 130.40, 130.32, 129.50, 128.74, 122.22, 77.47, 77.15, 76.83, 32.82. 

(9) 4-(((6-cyclohexyl-4-methyl-2-oxopyridin-1(2H)-yl) oxy) methyl) phenyl benzoate 

(CPD 4):  

6-cyclohexyl-1-hydroxy-4-methylpyridin-2(1H)-one (ciclopirox) (0.259 g, 1.25 mmol) 

was dissolved in dry DMF (10 ml).  K2CO3 (0.37 g, 2.7 mmol) was added to this mixture 

and followed by (5) (0.270 g, 1 mmol), and the reaction mixture was held at room 

temperature under nitrogen for 7 hours.  The mixture was concentrated via rotary 

evaporation.  The resulting residue was dissolved in CH2Cl2 (20 ml) and washed twice with 

water (20 ml) and then once with brine (20 ml).  The organic layer was collected, dried 

over MgSO4 and filtered.  The resulting product was purified via silica chromatography 

eluting in 0-100% ethyl acetate/hexanes to get the purified product 2 in 41% yield. 1H NMR 

(400 MHz, CDCl3)  δ 8.204 (d, J = 7.2 Hz, 2H), 7.647 (t, J = 7.6 Hz, H), 7.518 (t, J = 7.2 

Hz, 4H), 7.25 (d, J = 8.8 Hz, 2H), 6.353 (s, 1H), 5.744 (d, J = 1.6 Hz, 1H), 5.28 (s, 2H), 

2.676 (t, J = 11.2 Hz, 1H), 2.156 (s, 3H), 1.714-1.814 (m, J = 13.2 Hz, 5H), 1.176-1.299 

(m, J = 7.0 Hz, 5H). 13C NMR (100 MHz, CDCl3) δ 164.75, 159.32, 153.46, 151.52, 

149.77, 133.59, 131.72, 130.95, 130.03, 129.22, 128.49, 121.89, 117.44, 104.07, 77.48, 

77.16, 76.84, 38.26, 32.28, 26.38, 25.77, 21.34. cMW=417.51 and measured MW= 

418.24[M+H] + clog P=5.63. 
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3.2.4 Hydrolytic stability and release kinetics 

Hydrolytic stability of CPD 1 and CPD 2 was evaluated by preparing solutions (100 µM) 

of the prodrugs in phosphate buffer (pH = 7.4) at 37℃.  HPLC was used to ascertain the 

area under the curve (AUC) obtained by selected ion monitoring (SIM) for CPD 1 and by 

UV for CPD 2 for each sample (0-48 h, incubated at 37˚C).   

To determine the bioconversion rate of the CPX prodrugs based on the second prodrug 

approach (CPD 2, CPD 3, and CPD 4), the free drug release kinetics were assessed by 

monitoring the change in AUC at λ max (301 nm) in phosphate buffer (pH 7.4), in the 

presence of pig liver esterase (PLE).  The change in absorption was monitored at 303 nm 

for the prodrugs (CPD 2, CPD 3 and CPD 4).  The rate constant (kobs) was obtained by 

calculating the linear slope of ln [(Amax - A)/(Amax)]. Amax, the original prodrug 

concentration; A, the prodrug concentration as a function of time.  The half-life of CPX 

ester prodrugs (t1/2) was determined using this equation: t1/2 = −0.693/k. 

3.2.5 In vitro cytotoxicity of CPX and CPX prodrugs 

Cell suspensions of 13762 Mat B III (2500 cells/well) were dispensed into 96-well plates 

and incubated with CPX prodrugs (CPD 2, CPD 3 and CPD 4) or CPX for 48 hours.  Cell 

viability was assessed using a CCK-8 kit (Dojindo, Rockville, MD, USA), by measuring 

the absorbance at 450 nm with a plate reader (Tecan; Mannedorf, Switzerland).  For MCF7, 

MCF10DCIS.com and MDA-MB-231 cell lines, cells were seeded into 96-well plates, at 

densities of 3000, 1000, and 1000 cells/well, respectively.  After incubating for 24 hours, 

the cells were treated with CPX prodrugs (CPD 2, CPD 3, and CPD 4) or CPX for 72 hours.  

3-(4,5-di-methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma Aldrich, St. 

Louis, USA) solution (5 mg/ml) was then added to each well.  The medium was removed 
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two hours later. DMSO was added to solubilize the formazan crystals.  The absorbance at 

570 nm was measured using a plate reader.  The data were fit to a sigmoidal nonlinear 

regression model, and the concentrations at which 50% of the  

cells were viable (IC50) were calculated based on the best-fit model using Graphpad 

Prism® 7. 

3.2.6 Preparation of CPX and CPD 4 nanosuspension  

CPX and CPD 4 nanosuspensions (NS) were prepared using an evaporative 

nanoprecipitation-ultra-sonication method (91, 92).  DSC scans were obtained for the CPX 

and CPD 4 powder in the temperature range 10–350℃ with a heating rate of 5℃/min.  

Methanol was the solvent for CPX, and polyvinyl alcohol (1% w/v) aqueous solution was 

the antisolvent.  For CPD 4 NS, methanol was the solvent for CPD 4, and poloxamer 188 

(2% w/v) aqueous solution was used as antisolvent.  After adding the solvent solution to 

the antisolvent solution drop by drop, methanol was removed by keeping the mixture under 

the hood overnight with magnetic stirrer.  After ultrasonicating for 15 minutes, CPX and 

CPD 4 NS were stored at 4˚C and used within 72 hours.   

3.2.7 Characterization of CPX and CPD 4 nanosuspension 

Zeta potential, particle size, polydispersity index (PDI) of CPX and CPD NS were 

determined on a Zeiss Nano ZS90 Zetasizer (Malvern Instruments, United Kingdom) by 

dynamic light scattering (DLS) at 25˚C.  Additionally, scanning electron microscopy 

images were captured for dry CPX powder, CPD 4 powder, CPX NS, and CPD 4 NS 

precoated with 10 nm layer of gold using a Zeiss Sigma FESEM (Carl Zeiss AG, 
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Germany).  For scanning electron microscopy images, CPX and CPD 4 NS were 

lyophilized and trehalose were used as cryoprotectant at 20% w/v.  

3.2.8 Fabrication and characterization of PLGA NPs loaded with CPX prodrug  

PLGA NPs loaded with CPD 2, CPD 3, or CPD 4 were prepared using a manually operated 

confined impinging jet (CIJ) mixer, which has been demonstrated to have a robust mixing 

enabling the fabrication of PLGA NPs on a small scale (<20 ml). An acetonitrile solution 

containing of PLGA (Resomer® RG 503, 50:50 ester terminated, Mw 24000-38000) and 

CPD 2, CPD 3 or CPD 4 was loaded in disposable plastic syringe and mixed with 

Pluronic® F-68 aqueous solution, where both syringes were instantaneously emptied at the 

same rate and in less than 2 seconds.  The mixed stream was collected in 20ml glass vial 

containing magnetically stirred MilliQ water.  The organic solvent was removed from 

PLGA NPs suspension by dialysis using Spectra/Por dialysis membrane with a molecular 

weight cutoff of 6-8 kDa against MilliQ water replaced (refreshed) three times over 12 

hours.  Pluronic® F-68 as cryoprotectant was dissolved in the PLGA NPs suspension to 

prepare 10% w/v final Pluronic® F-68 concentration.  The samples were frozen in liquid 

nitrogen before lyophilization in a (FreeZone 4.5plus, LABCONCO) for 72 hours with 

vacuum pressure below 20mTorr and condenser temperature below -70℃.  After recapping 

the vial that contains freeze-dried PLGA NPs, the vial was stored at -20℃ freezer until 

reconstitution for further characterizations or cell studies.  For entrapment efficiency, 

PLGA NPs suspension was lyophilized without adding cryoprotectant at the same 

conditions and then reconstituted in acetonitrile.  The samples were diluted ten times with 

the same organic solvent before the reversed-phase HPLC/UV analysis.  The method run 

time was 10 min with analyte retention time, 5.35 min, 6.49 min, and 6.39 min for CDP 2, 
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CPD 3, and CPD 4, respectively.  The detection wavelength was 303 nm for CDP 2, CPD 

3, and CPD 4.  The method was calibrated for CPD 2 concentration of 1- 50 µg/ml with a 

linear coefficient of determination, R2=0.997, and for CPD4, the calibrated concentration 

range 1-100 µg/ml with a linear coefficient of determination, R2=0.998. Sample 

concentrations were within the linear range of quantitation for all the assays. The analytical 

method was validated in terms of specificity, selectivity, linearity, precision, and accuracy.  

The PLGA NPs loaded with CPD 2, CPD 3, or CPD 4 was characterized for mean 

hydrodynamic diameter, polydispersity index (PDI), zeta potential using Zeiss Nano ZS90 

Zetasizer (Malvern Instruments, United Kingdom) by dynamic light scattering (DLS) at 

25˚C. Additionally, scanning electron microscopy images were captured for Lyophilized 

PLGA NPs powder precoated with a 10 nm layer of gold using a Zeiss Sigma FESEM 

(Carl Zeiss AG, Germany).  For scanning electron microscopy images, PLGA NPs were 

lyophilized, and Pluronic F68 was used as cryoprotectant at 10% w/v. All measurements 

were performed in triplicate. 

The CPD 2, CPD 3, and CPD 4 release studies were carried out with dialysis tubes for 36 

h as described by Modi et. al (2013) in a slightly modified way (140). Briefly, 40 mg of 

lyophilized PLGA NPs powder loaded with either CPD 2, CPD 3, or CPD4 reconstituted 

in 1 ml of 150 mM PBS buffer pH 7.4 and were gently homogenized. After that, the 

suspension was filled into a 200 µl dialysis tube (Pur-A-LyzerTM mini 6000) molecular cut-

off:6 - 8kDa. The tube was placed into a second tube containing preheated PBS buffer pH 

7.4 and incubated at 37℃ while shaking at 150 rpm.  At predetermined time points, 

samples were withdrawn from the release medium and diluted with equal volumes of 
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acetonitrile.  The released CPX prodrug was quantified with HPLC/UV. Values were 

plotted as cumulative percentage of drug release. 

3.2.9 Mammary persistence of CPX and CPD 4 nanosuspension  

A standard solution of CPX and CPD 4 in acetonitrile was prepared at a concentration of 

25 µg/ml as a base, and stored at 4°C.  The calibration curve for CPX was established in 

our pervious study. Briefly, CPX was extracted from mammary tissue and then methylated. 

The methylated CPX (MCPX) was isolated and measured. MCPX and CPD 4 were 

detected using HPLC/MS using the selected ion monitoring (SIM) mode.  The assay for 

CPD 4 did not include the methylation step.  The relative ductal retention of the CPX NS, 

CPD 4 NS and the mixture of CPD 4 NS with CPD 4 loaded in PLGA NPs were estimated 

in tumor-bearing mammary glands in retired breeder F344 female rats.  At day 0, 2.5 x 105 

13762 Mat B III cells were inoculated into LT3, RT3, LT4 and RT4 mammary glands.  

CPX NS, CPD 4 NS or the mixture of CPD 4 NS with CPD 4 loaded in PLGA NPs (1:1) 

(1 mg/duct CPX equivalent) were injected intraductally into the tumor-bearing mammary 

duct at Day 2.  The mammary tissue of the injected glands was collected at 6 and 48 hours 

after injection.  The tissue samples were kept frozen at -70°C and analyzed within 72 hours. 

3.2.10 In vivo efficacy of CPD 4 NS and the mixture of CPD 4 NS with CPD 4 loaded 

in PLGA NPs 

Two days after cell injection, rats were treated by intraductal administration of CPX NS, 

CPD4 NS (reconstituted in PBS) or the mixture of CPD 4 NS with CPD 4 loaded in PLGA 

NPs (1:1), in a single dose at 1 mg of CPX equivalent/duct (15 tumor-bearing glands per 

group).  The control group received no treatment.  Tumor-bearing rats were monitored for 
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tumor development and change in body weight, and any animals meeting established 

endpoint criteria were euthanized and recorded as death events.   

3.2.11 Data Analysis 

GraphPad Prism version 7.0 (GraphPad Software, Inc., San Diego, CA) was used to 

perform all statistical, linear regression and survival analyses.  Results are represented by 

the mean and standard error of the mean (SEM) or standard deviation (SD). Statistical 

significance was determined by a 95% confidence interval (p < 0.05).  One tailed or two-

tailed, unpaired Student’s t-tests were used to make comparisons between single groups 

assuming normal distribution and unequal or equal population measurements, respectively.  

A two-way analysis of variance (ANOVA) test was run on multiple group analysis.  Tukey 

or Bonferroni post-hoc tests were applied to compare multiple groups following ANOVA, 

to further assess inter group significances.   

3.3 Results 

3.3.1 Synthesis and characterization of CPX prodrugs 

The direct esterification of the hydroxyl or carboxyl groups on CPX was performed to mask 

hydrophilic groups and generate an ester prodrug that was more lipophilic than the parent 

drug (Scheme 3.1 A).  The benzyl ether linkage was used in designing a prodrug with 

reliable stability and release kinetics (Scheme 3.1 B).  Synthesis of CPX prodrugs (CPD 1, 

2, 3 and 4) utilized a multistep reaction with overall yield of 10-25%, which is typical for 

synthesis done via bromination and alkylation reactions (141).  Prodrug structures were 

confirmed using LC-MS, and 1H and 13C NMR. 
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The CPD 1 concentration range has been used for determination of calibration curves is 10 

– 100 µg/ml with a linear coefficient of determination, R2 >0.999. The relationship between 

CPD 1 concentration in this range and the area under the curves using SIM was expressed 

by (y= 10724x+3122.8), where x was the CPD 1 concentration expressed as ug/ml and y 

the area under the curve in SIM mode. The detection limit of CPD 1 was estimated as 

10ug/ml, at a signal-to-noise ratio was 4.6:1. The lower limit of quantification (LLOQ) for 

CPD 4 was 10ug/ml. The intra- and inter-day reproducibility of the method was checked 

at various CPD 1 concentrations. The variation coefficient of intraday variability for CPD 

4 ranged (3.5-5.2) % and that for inter-day variability (2.9-4.8) %. 

The calibration curve was linear with coefficient of determination, R2 >0.999 over CPD 2, 

CPD 3, and CPD 4 concentrations ranging from 5-100 µg/ml, 10–100 µg/ml, and 5-100 

µg/ml, respectively. The calibration curve equations are (y=12474x – 122.5), (y=17804x + 

325.4), and (y= 12715x + 144.8) for CPD 2, CPD 3, and CPD 4, respectively, where x was 

the prodrug concentration expressed as µg/ml and y the area under the curve at the detection 

wavelength. The intra- and inter-day reproducibility of the method was checked at prodrug 

concentrations. The variation coefficient of intraday variability ranged (1.9-3.3) %, (1.1-

2.5)% and (0.8-2.1)% for CPD 2, CPD 3 and, and CPD 4 respectively, and that for inter-

day variability ranged (0.9-2.8) %, (1.4-2.7)% and (1.3-2.4)% for CPD 2, CPD 3, and CPD 

4 respectively. 

The bioconversion rate of CPX prodrugs in the presence of PLE was analyzed using HPLC- 

UV spectroscopy at λmax (303 nm) (Scheme 3.2).  After adding PLE to the prodrug solution, 

the absorbance of the reaction mixture was monitored.  SIM by HPLC/MS was used to 

assess the release of free CPX due to the overlapping retention times of CPX and CPD 1.  



74 
 

The HPLC/UV spectrum was used to quantitively determine the pseudo first-order 

degradation kinetics of CPD 2, CPD 3 and CPD 4 in the presence of PLE (Figure 3.1).  

CPD 2 and CPD 4 had approximately the same release rate constant with kobs of 

0.113±0.023 min−1 and 0.103±0.031 min−1, respectively (Table 3.1).  However, the release 

rate constant for CPD 3 was markedly lower than CPD 2 and CPD 4.  The kobs for CPD 3 

was 0.0506±0.031 min−1.  The hydrolytic stability of CPD 1 and CPD 2 in phosphate buffer 

(pH = 7.4) at 37°C has demonstrated a superior stability of CPD 2 in comparison to CPD 

1. The degradation time course was evaluated using a one-phase decay fitting model and 

the mean half-lives of CPD1 and CPD2 were 0.76±0.04 h and 6.27±0.31 h, respectively 

(Figure 3.2).  In addition, these findings demonstrate that the release of CPX from CPX 

esterase triggered prodrugs in presence of PLE was independent of lipophilicity. 

3.3.2 In vitro cytotoxicity of CPX and CPX prodrugs  

CPX prodrugs (CPD 2, CPD 3, and CPD 4) showed an approximately similar efficacy of 

free CPX against 13762 Mat B III cells.  As shown in Figure 3.6, the IC50 value of CPX 

was 0.91 μM.  The IC50 values of CPD 2, CPD 3, and CPD 4 were 0.88 μM, 0.92 µM and 

0.87 µM, respectively (Table 3.2).  Additionally, there were no significant differences 

between the IC50s of CPX and CPX prodrugs against the human breast cancer cell lines 

MCF-7, MCF10DCIS.COM, or MDA-MB-231.  Although the prodrug is more lipophilic 

and less water soluble than free CPX, there were no significant differences in the in vitro 

biological activity.  

3.3.3 Preparation and characterization of CPX and CPD 4 Nanosuspension 

The DSC curve of CPD 4 powder showed one exothermal peak at about 256℃ due to 

chemical decomposition, and one sharp endothermic peak at 133.5℃ due to the melting 
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process.  The DSC curve for CPX powder has a sharp endothermal peak at 143℃, due to 

the melting of CPX powder, and one broad exothermal peak at 334℃ that can be attributed 

to oxidative degradation.  The isotherm of the CPD 4 powder did not show an endothermic 

peak at 143℃ characteristics of the CPX powder (Figure 3.3). 

The morphology of CPX and CPD 4 powder had an irregular rod and needle-like shape 

(Figure 3.4 A and B).  In contrast, the morphology of CPX NS and CPD 4 NS was an 

irregular spherical shape (Figure 3.4 C and D). As shown in Table 3.3 and Figure 3.5, the 

mean size based on intensity measurements for CPX NS and CPD 4 NS was 207.8±85.9nm 

and 89.6±52.6nm, respectively; and the polydispersity index values were 0.12±0.04 and 

0.26±0.03 for CPX NS and CPD 4 NS, respectively.  The mean zeta potential values were 

(-0.52 mV) and (-4.67 mV) for CPX NS and CPD 4 NS, respectively. 

3.3.4 Fabrication and characterization of PLGA NPs loaded with CPX prodrug 

PLGA NPs loaded with CPD 2, CPD 3 or CPD 4 were prepared by flash nanoprecipitation 

(FNP).  The average percent of entrapment efficiency (EE%) of PLGA NPs was 21.3%, 

38.4%, and 58.2% for CPD 2, CPD 3 and CPD 4, respectively (Table 3.4).  The EE% of 

CPX prodrug in these polymeric NPs was directly correlated to the predicted lipophilicity 

of the loaded prodrugs. The mean size for the PLGA NPs ranged from 100 to 250nm 

(Figure 3.7); with acceptable polydispersity index values (lower than 0.2) for all the 

fabricated PLGA NPs.  The mean zeta potential was (-5.53 mV) for the prodrug loaded 

PLGA NPs (Table 3.4). The morphology of PLGA NPs was a regular spherical shape 

(Figure 3.8).   

3.3.5 Evaluation of release properties of the CPX prodrugs from PLGA NPs  
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The release profile of CPX prodrugs from PLGA NPs was assessed using a dialysis tube 

method (Figure 3.9).  It has been noted that CPX prodrugs have varying release patterns 

from PLGA NPs based on their lipophilicity, with the less lipophilic prodrugs (CPD 2) 

released relatively faster than the more lipophilic prodrugs (CPD 3 and CPD 4).  PLGA 

NPs showed a biphasic release profile for CPD 2 with a delayed-release property after a 

burst release in the first five hours.  CPD 4 displayed a sustained release profile over 36 

hours with minimal initial burst release indicating that the large portion of loaded prodrug 

was entrapped within the PLGA core of the NPs.  For instance, approximately 30.9% of 

CPD 4 was released compared to that of over 44.1% of CPD 2 released from PLGA NPs 

after 1h.  By 24h, over 85.6% of CPD 2 was released, whereas only 46.1% of CPD 4 was 

released.  In comparison to CPD 2, the release of CPD 3 and CPD 4 was slower, resulting 

from the different lipophilicity and low water solubility of the prodrugs.   

3.3.6 Persistence of CPX and CPD 4 in tumor bearing mammary glands 

The previously described chromatographic conditions allowed the separation of MCPX.  

The blank chromatogram demonstrates that no interference arose from endogenous 

substances in the mammary tissue.  The calibration curve for MCPX were developed and 

validated as previously mentioned (Chapter 2).  To check the validity of the method for 

detection of CPD 4, a known amount of CPD 4 was added to rat mammary tissue 

homogenate (5-1000 ng/ml) with recovery rates of 89.32-97.25%.  The mammary tissue 

calibration curve for CPD 4 was linear over the range 10-750 ng/ml. The relationship 

between CPD 4 tissue concentration in this range and the area under the curves was 

expressed by the equation (y=1980.2x+3883.5), where x was the CPD 4 tissue homogenate 

concentration expressed as ng/ml and y the area under the curve in SIM mode.  The 
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correlation coefficient was R2>0.99.  The detection limit of CPD 4 was estimated as 

10ng/ml, at a signal-to-noise ratio was 3.5:1.  The lower limit of quantification (LLOQ) for 

CPD 4 was 10ng/ml for both.  The intra- and inter-day reproducibility of the method was 

checked at various CPD 4 mammary tissue concentrations.  The variation coefficient of 

intraday variability for CPD 4 ranged (4.9-7.3) % and that for inter-day variability (4.1-

7.6) %. 

The mammary persistence of CPX NS, CPD 4 NS, and the combination of CPD 4 NS with 

CPD 4 PLGA NPs (1:1) was assessed after intraductal injection in a tumor bearing 

mammary duct in F344.  The average percent of CPX NS retained in the mammary tissue 

after 6 h was less than 1.4% and after 48 h was 0.178%.  CPX was undetectable in 2 out of 

6 samples and in 4 out of 6 samples at 6 h and 48 h, respectively.  CPD 4 NS showed 

remarkably higher mammary persistence at both time points.  The average percent of 

injected CPD 4 NS retained in the mammary tissue after 6 h was 23.4% and after 48 h was 

11.3% (Figure 3.9).  The average percent of CPD 4 NS with CPD 4 PLGA NPs (1:1) 

retained in the mammary tissue after 6 h was 18.55% and after 48 hours was higher than 

11.27% (Figure 3.10).  The low water solubility of CPD 4 limits the rate and extent of 

dissolution of CPD nanosuspension resulting in less CPD available for ductal absorption 

and clearance processes.  Due to relatively high CPX water solubility, CPX NS has a faster 

dissolution and the free CPX in solution form can be absorbed to mammary tissue and 

cleared rapidly to the systemic circulation.  The average concentration of free CPX 

measured per gram of mammary tissue after CPD 4 NS and the combination of CPD 4 NS 

with CPD 4 PLGA NPs (1:1) injected intraductally was 3.1 µg and 1.9 µg after 6 hours, 

and 1.7 µg and 1.5 µg after 48 h, respectively.  Normal mammary duct cells have very 
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limited esterase activity whereas esterase activity in tumor cells is significantly higher 

(142).  In both CPD 4 formulations, only the soluble fraction of CPD 4 is bioconverted and 

released as free CPX in the tumor microenvironment. 

3.3.7 In vivo efficacy of CPD 4 NS and the combination of CPD 4 NS with CPD 4 

PLGA NPs 

  The in vivo efficacy of a single dose of CPX NS, CPD 4 NS or a combination of CPD 4 

with CPD 4 PLGA NPs (1:1) at 1mg /duct CPX eq. on the DCIS-like lesions in retired 

breeder F344 is shown in Figure 3.11.  Intraductal therapy of DCIS-like lesion with CPD 

4 NS or combination of CPD 4 with CPD 4 PLGA NPs (1:1)  at 1mg/duct (CPX eq.) 

demonstrated a significant reduction in mammary tumor incidence (53 %) and (60%), 

respectively, compared with those glands treated with CPX NS (100%). 

 

3.4 Discussion  

CPX has demonstrated the ability to inhibit human breast tumor growth in a xenograft 

animal model and is associated with reduced proliferation while inducing apoptosis.  

Additionally, the in vitro antitumor properties of CPX has been established in 2D cell 

culture with various tumors such as human rhabdomyosarcoma, breast carcinoma and 

colon adenocarcinoma cells in 2D culture (55, 143).  In the first reported human study, 

CPX was administered to treat relapsed acute lymphocytic leukemia.  Even though CPX 

was shown to inhibit survivin expression in the treated patient, CPX was rapidly cleared 

from blood circulation resulting in more frequent and larger doses required to achieve a 

pharmacological effect (59).  The oral administration of frequent doses led to intolerable 

gastrointestinal adverse effects.  Also, CPX has an inhibitory effect on the Notch signaling 
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pathway which is highly expressed in cancer stem cells and few types of cancer such as 

invasive bladder cancer (96).  Recently, a water soluble CPX prodrug, based on phosphate 

ester prodrug, has been approved by FDA for phase I clinical trial in patients with invasive 

bladder cancer. CPX considered being a potential candidate to regress the tumor growth of 

DCIS through downregulating the expression of vital antiapoptotic cellular proteins (Ki-

67, survivin, Bcl-2, and Bcl-XL), inhibiting several iron-dependent enzymes like 

ribonucleotide reductase, and reducing the genetic expression of growth regulatory protein, 

cyclin D1 (49, 65, 67).   

After systemic administration, CPX has a short half-life and is rapidly metabolized and 

renally excreted (59).  When the target tissue has no direct blood perfusion as occurs in 

mammary ducts, drug molecules need to diffuse through several biological barriers to reach 

into the targeted tissue.  Thus, delivering CPX directly to the mammary duct tissue is highly 

efficient and could result in high local drug concentrations, inhibiting the proliferation of 

cancer cells inside the mammary duct.  This antitumor effect was evidenced by the superior 

therapeutic outcome from intraductal treatment groups (101). 

Our group recently conducted a study to assess the effect of dose and frequency of 

intraductally administered CPX NS against DCIS-like lesions in an orthotopic F344 rat 

model (Chapter 2).  Multiple doses of CPX NS (at 10 mg/duct) completely suppressed 

tumor formation and a dose-escalation study (1, 3, and 5 mg/duct administered 

intraductally) showed that the higher doses (3 or 5 mg/duct) exhibited a significant tumor 

reduction as compared to CPX NS at 1 mg/duct or the untreated control.  Even though the 

intraductal strategy accomplishes high local drug concentrations, small molecule drugs 

such as CPX are rapidly cleared from the duct into the systemic circulation.  A possible 
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explanation for the effectiveness of CPX NS treatment is that the injected CPX dose was 

higher than its saturation concentration.  This would, in turn, slow the rate of dissolution 

allowing the nanosuspension to essentially act as a drug reservoir.  This further supports 

the concept that increased efficacy when treating DCIS locally would benefit from drug 

delivery strategies that increase drug persistence.  The large surface area of the CPX NS 

and good water solubility (283 µg/ml) of CPX resulted in the rapid dissolution of CPX NS 

inside the mammary duct.  According to the Noyes-Whitney equation, the rate of drug 

dissolution is directly related to drug lipophilicity (log P) and the saturated solubility in the 

dissolution medium.  Thus, one way to prolong mammary persistence is by using a 

lipophilic drug derivative that can be formulated as immediate release NS or sustained 

release NPs. (Chapter 2) 

From our previous findings, the CPX-Zn PLGA NPs has significantly prolonged the 

mammary persistence of CPX because of the NPs size and the sustained release of CPX-

Zn.  The CPX-Zn PLGA NPs demonstrated a remarkable improvement in in vivo efficacy, 

mainly due to its ability to prolong drug mammary persistence. 

The aim of this study was to develop an esterase responsive nano drug delivery system 

loaded with CPX prodrug to prolong mammary persistence and further improve in vivo 

efficacy.  The prodrug should be responsive to the enzymatic expression or biochemical 

condition associated with the targeted tissue.  Ester prodrug approaches have been regularly 

used to enhance the drug-like properties of numerous drugs (144).  Ester or esterase 

responsive prodrugs are a good option for antitumor drugs because of high esterase 

expression and activity in tumor tissues (142, 145, 146).  The ester can be degraded by 

non-selective protease activity (147, 148).  Also, ester prodrugs generally require 
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uncomplicated chemistry for synthesis and purification steps.  Two prodrug approaches 

have been applied to the synthesis of ester and esterase responsive stable CPX prodrugs.  

The first one involves the direct esterification of available aromatic hydroxyl of CPX.  The 

second is the synthesis of esterase responsive CPX prodrug by attaching the ester group to 

CPX hydroxyl moiety via a self-immolative linker (141).  The esterase CPX prodrug 

exhibited superior stability in aqueous solution compared with the direct CPX ester 

prodrug.  The instability of this type of ester prodrug has been recently reported, and this 

fast hydrolysis has resulted from the good leaving properties of the aromatic and phenolic 

hydroxyl moieties.  The second prodrug approach that was used for the synthesis of CPD 

2, CPD 3, and CPD 4 generates 4-hydroxybenzyl alcohol as a side product.  This side 

product resulted from the spontaneous rearrangement reaction of the self-immolative linker 

(quinone-methide intermediate) after the ester degradation.  4-hydroxybenzyl alcohol has 

different pharmacological properties such as antioxidant, neuroprotective and 

antiangiogenic (149-151). 

The next step was the application of this prodrug approach to synthesize a lipophilic CPX 

prodrug by replacing acetate ester (CPD 2) with phenyl ester (CPD 3).  The calculated log 

P value of CPX prodrug was increased from (4.23) in CPD 2 to (5.72) in CPD 3 and (6.31) 

in CPD 4.  The rapid activation and CPX release from CPD 2, CPD 3, and CPD 4 by PLE 

were confirmed, however, the release rate didn’t vary as the ester moieties were changed.  

Besides that, the treatment of different breast cancer cell lines in 2D cell culture media with 

CPD 2, CPD 3 or CPD 4 presented resulted in insignificant changes in the antitumor 

activity compared to free CPX.  CPD 1 was unsuitable for in vitro cytotoxicity study 

because of its low stability in aqueous solution.  The current results suggest that the 
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physicochemical properties of CPX can be modified via the use of esterase responsive 

prodrugs but, ultimately, they do not negatively influence parent CPX pharmacological 

activity.   

Over the last two decades, several categories of nanoparticles have been successfully 

fabricated and evaluated in preclinical and clinical studies.  PLGA, a safe and 

biodegradable copolymer, has been applied successfully in FDA approved products to 

encapsulate and control the release of drugs at different rates based on their 

physicochemical properties.  Several preclinical studies demonstrate the capability of the 

PLGA based NPs to deliver the drug load into cancer cells minimizing the effect of drug 

resistance mechanism as efflux transporters and intracellular detoxification process (152, 

153).  Interestingly, it has demonstrated a prolonged release of the loaded drug resulting in 

higher drug exposure in comparison with free drugs.  All of these reported characteristics 

make PLGA NPs a promising candidate for intratumor or locoregional administration to 

prolong drug exposure, achieve therapeutic concentrations in the tumor microenvironment, 

and to minimize adverse effects.  The prodrug approach is one of the main approaches 

applied to enhance entrapment of low lipophilicity drug is based on attaching a lipophilic 

moiety via bioconvertible covalent bond. There is a direct correlation between the predicted 

lipophilicity of CPX prodrug and entrapment efficiency in the PLGA based NPs fabricated 

by FNP.  Similarly, the rate of prodrug release from these NPs is highly associated with 

the physicochemical properties of the loaded prodrug, mainly, lipophilicity and water 

solubility.  

CPD 2 displayed relatively faster release from PLGA NPs.  The lipophilicity of CPD 2 

facilitated prodrug entrapment in PLGA NPs by increase partitioning into the lipophilic 
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PLGA core.  These hydrophilic chains resulting from the burst release of prodrugs in the 

PLGA matrix of the NPs can generate water channels by dissolution or swelling, thus 

promoting further prodrug release.  The biphasic and sustained release of a lipophilic CPX 

prodrug (CPD4) from PLGA NPs indicated that CPD4 was primarily encapsulated in the 

polymeric core.  The fast release phase of CPD4 results from the smaller fraction of the 

prodrug that was adsorbed to the surface of NPs while the slow release phase released from 

the more substantial part embedded or covered inside PLGA, which releases mainly 

controlled by the extent of water diffusion, PLGA molecular weight, and the rate of PLGA 

biodegradation.  

Accordingly, PLGA NPs loaded with CPD 4 was selected as the best formulation to 

prolong the ductal exposure and sustain the release of CPX.  While CPD 4 demonstrates 

maximum drug loading in PLGA NPs, the intraductal administration of CPD 4 in PLGA 

NPs equivalent to 1 mg of free CPX is impractical.  This is due to low injectable volume 

(maximum volume = 100µl) for ductal application and the difficulty of injecting high solid 

to liquid (larger than 20%) ratio suspensions through a small needle (33 gauge needle).  

Thus, the combination of CPD 4 NS and NPs has been used to relatively compare the effect 

of sustained release of prodrug on mammary persistence and in vivo efficacy.  CPD 4 NS 

stabilized with Pluronic F68 was successfully prepared using the nanoprecipitation-

ultrasonication method. 

The mammary persistence of CPX NS, CPD 4 NS and the combination of CPD 4 NS with 

CPD 4 PLGA NPs (1:1) in tumor-bearing mammary glands displayed an improvement for 

the prodrug form as a nanosuspension or a combination compared to the parent drug 

nanosuspension.  Intraductal treatment of a DCIS-like lesion in the orthotopic rat model 
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with an antitumor drug not only requires the local high drug concentration but also needs 

to prolong drug exposure to achieve the maximum therapeutic effect, which was supported 

by the low tumor incidence in both CPD 4 formulation treated groups. The improvement 

in the effectiveness of the intraductal CPD 4 NS compared to CPX NS is highly correlated 

to the prolonged mammary retention resulting from the low water solubility of the prodrug.  

Although PLGA NPs loaded with CPD 4 display a sustained release property in vitro, the 

combination of CPD 4 NS with NPs did not demonstrate a significant effect on either 

mammary retention or antitumor efficacy compared to CPD 4 NS alone.  A possible 

explanation could be a limitation in esterase activity and lack of availability of fluid in the 

ductal environment at this disease stage resulting in a low rate of PLGA biodegradation 

and water diffusion, which are essential for the release of CPD 4. 

While the current study demonstrates a strong correlation between mammary persistence 

of CPX and in vivo tumor suppression from the prodrug nano formulations, there was no 

significant improvement over the CPX-Zn our previously reported nanoformulations. This 

could be due to lack of fluid or esterase in the rat mammary duct.  The correlation between 

the percentage of tumor-free glands with drug mammary persistence at 6 hours (R2=0.95) 

is considerably higher than that at 48 hours (R2=0.698) (Figure 3.12 A and B).  This 

correlation could be helpful in predicting in vivo efficacy of an antitumor delivery system 

by correlating between the results of in vitro evaluation of the drug delivery system such 

as particle size, polymer biodegradability, drug release rate, prodrug bioconversion rate, 

and drug cytotoxicity, which substantially determine the extent of drug mammary 

persistence.  

3.5 Conclusion 
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This work demonstrates that esterase responsive lipophilic prodrugs of CPX prepared by a 

benzyl ether linkage successfully modified the lipophilicity of CPX, enabling the 

development of stable nano delivery system as prodrug NS or NPs loaded with prodrug.  

These CPX prodrugs showed comparable in vitro cytotoxicity with CPX and applicable 

aqueous stability with appropriate release kinetics upon treatment with esterase.  This study 

undoubtedly proves the feasibility of CPX prodrug nano drug delivery systems compared 

to CPX NS, as a novel strategy for prolonging mammary persistence and improving anti-

tumor efficacy.  
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A 

Scheme 3.1: (A) Synthesis of CPX ester prodrug by direct acetylation of CPX 
hydroxyl group (CPD 1). (B) Synthesis of CPX esterase responsive prodrugs 
by appending of CPX hydroxyl group to a benzyl ether protecting group 
containing a phenolic ester (CPD 2, R= methyl; CPD 3, R= t-butyl-, and CPD 
4, R= phenyl). 

B 
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Scheme 3.2: Bioconversion pathway of CPX esterase responsive prodrug 
(The second approach) in the presence of PLE.  
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Table 3.1: The mean pseudo-first order rate constants of bioconversion and half-
lives of CPX prodrug esterase responsive prodrugs (CPD 2, CPD 3, and CPD 4). 
The rate constant (kobs) was obtained by calculating the linear slope of ln [(Amax - 
A)/(Amax)]. Amax, the original prodrug concentration; A, the prodrug concentration 
as a function of time. (n=6)   

  

CPX 
Prodrug 

kobs 
(min‐1) 

Half life 
(min) 

CPD 2  0.1396  4.96 

CPD 3  0.0506  13.70 

CPD 4  0.1245  5.56 
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Table 3.2: The mean of IC50 (µM) ± SD of CPX, and CPX esterase responsive prodrugs 
(CPD 2, CPD 3, and CPD 4) against breast cancer cell lines. The data were fit to a sigmoidal 
nonlinear regression model, and the concentrations at which 50% of the cells were viable 
(IC50) were calculated based on the best-fit model using Graphpad Prism® 7. There were 
no significant differences in the in vitro biological activity of CPX prodrug compared to 
CPX. (n=6) 

 

 
Compound   

                                    IC50 (µM) (mean ±SD) 

MCF‐7 MDA‐MB‐
231 

13762 Mat B 
III  

MCF10DCIS.com 

CPX 1.55±0.17 1.27±0.10 0.91±0.10 0.79±0.09 

CPD 2 1.71±0.13 1.31±0.14 0.88±0.11 0.81±0.12 

CPD 3  1.62±0.24  1.34±0.11  0.92±0.13  0.76±0.14 

CPD 4 1.59±0.15 1.25±0.15 0.87±0.08 0.73±0.10 
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  CPX NS  CPD 4 NS 

Size (nm)  207.8±85.9  89.6±52.6 

PDI  0.12±0.04  0.26±0.03 

Zeta potential(mV)  ‐0.52±3.72  ‐4.67±5.02 

 

Table 3.3: Characterization of CPX NS and CPD 4 NS. The particle size (nm) based on intensity 
measurement, PDI and zeta potential (mV) were measured using DLS at 25℃ as described in material and 
methods section (3.2.7). CPX and CPD 4 NS were prepared using an evaporative nanoprecipitation-ultra-
sonication method. The data are expressed as mean ± SD. (n=6) 
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Table 3.4: PLGA NPs loaded with CPX prodrugs (CPD 2, CPD 3, and CPD 4). The 
particle size (nm) based on intensity measurement, PDI, zeta potential (mV), EE% 
and drug loading (w/w) % were measured as described in material and methods 
section (3.2.8). PLGA NPs loaded with CPD 2, CPD 3 or CPD 4 were prepared by 
flash nanoprecipitation (FNP).  The most lipophilic prodrug (CPD 4) has highest EE% 
and drug loading (w/w) %.  The EE% of CPX prodrug in these polymeric NPs was 
directly correlated to the predicted lipophilicity of the loaded prodrugs. The data are 
expressed as mean ± SD. (n=6)

CPX 
prodrug 
NPs 

Size (nm)
(Average 
±SD)  

PDI EE%
(Average ±SD) 

Drug loading 
(w/w) % 

(Average ±SD) 

CPD 2  135.7±44.2 0.184 21.3±3.4 8.8±1.5 

CPD 3  148.9±57.25 0.178 38.4±5.1 14.8±3.1 

CPD 4  189.1±104 0.171 58.2±4.9 20.9±2.5 
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Figure 3.1: Bioconversion of CPX esterase responsive prodrugs (CPD 2, CPD 3, 
and CPD 4) in the presence of PLE at 37°C. The prodrug concentration was 
monitored at different time points as described in the method section (3. 2.4). Each 
point represent mean ± SD of prodrug concentration. The mean pseudo-first order 
rate constants of bioconversion and half-lives of CPX prodrug esterase responsive 
prodrugs (CPD 2, CPD 3, and CPD 4) were obtained by fitting the data on one- 
phase decay model with R2>0.99, as shown in Table (3.1). (n=6) 
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Figure 3.2: Chemical stability of CPX prodrugs, direct esterification without self-
immolative linker (CPD 1) or indirect esterification with self-immolative linker (CPD 
2), in pH 7.4 at 37°C. The prodrug concentration was monitored at different time points as 
described in the Materials and Methods section (3.2.4). Each point represent mean ± SD of 
prodrug concentration. The degradation time course was evaluated using a one-phase 
decay fitting model. The mean half-lives ± SD of CPD 1 and CPD 2 were 0.76±0.04 h 
and 6.27±0.31 h, respectively. (n=6)
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B 

Figure 3.3: Differential scanning calorimetry (DSC) thermogram scans of (A) CPX 
powder and (B) CPD 4 powder. DSC thermogram for CPX powder has a sharp 
endothermal peak at 143℃ corresponding to CPX melting point, and one broad 
exothermal degradation peak at 334℃. DSC thermogram of CPD 4 powder showed 
one exothermal peak at about 256℃ dues to the chemical decomposition, and one 
sharp endothermic peak at 133.5℃ corresponding to CPD 4 melting point.  
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C D

B

Figure 3.4: SEM photomicrograph (A) CPX powder, scale bar = 10 µm. (B) 
CPD 4 powder, scale bar = 10 µm (C) PVA stabilized CPX NS. Scale bar = 
200 nm. (D) Pluronic F68 stabilized CPD 4 NS, scale bar=200 nm. All the 
samples were precoated with 10 nm layer of gold. For CPX NS and CPD 4 
NS, they have been lyophilized, and trehalose were used as a cryoprotectant. 
The morphology of CPX and CPD 4 powder had an irregular rod and needle-
like shape, whereas, the morphology of CPX NS and CPD 4 NS was an 
irregular spherical shape. 
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Figure 3.5: Particle size distribution of CPX NS (green circle) and CPD 
4 NS (blue square) based on intensity measurement using DLS at 25℃. 
The average size ± SD was 207.8±85.9 nm and 89.6±52.6 nm of CPX NS 
and CPD 4 NS, respectively. (n=3)  
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Figure 3.6:  In vitro cytotoxicity of CPX against 13762 Mat B III. The 
cytotoxicity study was described in the method section (3.2.5). The mean cell 
viability ± SD was plotted versus log CPX concentration (nM) and the data 
fitted with Prism®. The mean IC50±SD of CPX is 792± 93 nM. (n=6) 
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Figure 3.7: Particle size distribution of PLGA NPs loaded with CPD 
2, CPD 3, or CPD 4 based on intensity measurement using DLS at 
25℃. The average size ± SD of PLGA NPs was 135.7±44.2 nm, 
148.9±57.3 nm, and 189.1±104 nm of CPD 2, CPD 3, and CPD 4, 
respectively. (n=3) 
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Figure 3.8: Representative SEM photomicrograph of PLGA NPs 
loaded with CPD 4 showing NPs surface morphology. The 
morphology of PLGA NPs was a regular spherical shape.  Scale bar 
= 200 nm. 
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Figure 3.9: Release profile of CPX prodrugs (CPD 2, CPD 3, and 
CPD 4) from PLGA NPs in phosphate buffer (pH 7.4) at 37℃. 
Each point represents the mean ± SD of the percent of the released 
prodrug. The study was conducted as described in Material and 
Methods section (3.2.8) (n=6). 
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Figure 3.10: Relative mammary persistence of CPX NS, CPD 4 NS, 
and the combination of CPD 4 NS and NPs (1:1) at (1mg CPX eq. 
/duct) in tumor bearing mammary gland in retired breeder F344. Each 
column represents the mean± SD. *, p<0.05. (n=6) 



102 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11:  In vivo efficacy of single intraductal CPX NS, CPD 4 
NS, and the combination of CPD 4 NS and NPs (1:1) against 13762 
Mat B III in F344 rat mammary tumor model. The percent of tumor-
free gland treated with single dose of CPX NS or CPD3 NS at (1mg 
CPX eq. /duct) *, p<0.01. 
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Figure 3.12: Correlation between in vivo efficacy (Percent tumor-free gland) 
of five CPX nano formulations (CPX NS, CPX-Zn NS, CPX-Zn NPs, CPD 4 
NS, and combination of CPD 4 NS and NPs) with their mean of mammary 
persistence of CPX eq. ± SD after 6 hours (A) and after 48 hours (B). R2= 
0.951 and 0.698 at 6 hours and at 48 hours, respectively.  
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4 Co-Delivery of Ciclopirox and Gedatolisb in Lipid-Polymer Hybrid 

Nanoparticles Potentiates Synergism in Triple-Negative Breast Cancer Models. 

4.1 Introduction 

Triple-negative breast cancer (TNBC) is an aggressive phenotype of breast cancer. 

It represents about 20% of all breast cancer patients. Even with recent progress in 

diagnostics and treatment protocols, triple-negative breast cancer (TNBC) continues to 

have the worst response to chemotherapy, lowest overall patient survival, and absence of 

effective molecular targeted therapeutics (154-158).  The current treatment option for 

TNBC is surgery, chemotherapy (carboplatin and docetaxel), or both.  

The PI3K/Akt/mTOR signaling pathway plays a central role in connecting receptor 

tyrosine kinase (RTK) signaling in breast cancer to the control of cell growth (159, 160). 

A primary TNBC subtype has been characterized with a mutation in the phosphoinositide 

3 -kinase (PI3K) pathway, and its feasibility as a therapeutic target in this TNBC subtype 

gets considerable support from phase II clinical trials (161). The mutation in 

PI3K/Akt/mTOR pathway happens in about one-quarter of primary TNBC and at a higher 

incidence in metastatic TNBC (162, 163). Similarly, another study has detected 

phosphorylated mTOR in 72% of TNBC cases and its expression in early stage TNBC 

associated with high rate of recurrence and poor survival (164). Gedatolisib (GTB) is a 

potent PI3K/ mTOR dual inhibitor administered by intravenous (IV) infusion once weekly 

(165, 166). GTB has demonstrated its in vivo efficacy against tumor growth in different 

solid tumors, including colon, breast, and lung cancer in xenograft models (166). GTB has 
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limited clinical efficacy due to erratic drug response and the frequently development of 

tumor drug resistance (167, 168).  The nature of the molecular mechanism of resistance is 

primarily intrinsic or acquired (169, 170). Recently, multiple molecular mechanisms of 

resistance to PI3K and mTOR inhibitors have been fully explored, including a mutated 

secondary target, activated of compensatory pro-survival molecular pathways, and 

amplified a downstream in the same pathway (171). 

Over the past few years there have been reports that ciclopirox (CPX), an FDA-

approved antifungal drug, has demonstrated encouraging anticancer efficacy in a variety 

of cancers. CPX inhibits cancer cell proliferation by targeting several molecular pathways 

such as ribonucleotide reductase (Eberhard, McDermott et al. 2009), metalloenzymes, the 

Wnt/β-catenin pathway (Kim, Schmidt, et al. 2011), and deoxyhypusine hydroxylase 

(DOHH). Its mechanism of action is highly associated with its metal chelating capability 

(Eberhard, McDermott, et al. 2009). Also, CPX inhibits several molecular pathways are 

expressed in PI3K and mTOR inhibitors resistant cancer cells such as Wnt/β-catenin 

pathway, expression of survivin, Bcl-2 and Bcl-xL, mTORC1, and cellular Myc (170, 172-

176).  

As a result, combination therapy with GTB and CPX may be an effective 

therapeutic strategy to treat DCIS, especially the TN phenotype. The combination of 

antitumor therapies is frequently applied to enhance therapeutic efficacy, reduce drug dose, 

minimize adverse effects, and overcome drug resistance (177, 178). However, the 

combination of CPX and GTB has not been evaluated for treating TNBC. Additionally, the 

considerable differences in pharmacokinetic properties of each drug may prevent their co-

occurrence in the tumor microenvironment (59, 165). A significant synergy examined in 
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cell studies may be unachievable in vivo due to differences in physicochemical properties 

and tumor drug retention obstructing predicted improvement in the therapeutic efficacy of 

the synergistic drug combination (178, 179).    

To deliver drug combination at fixed synergistic ratio and prolong tissue persistence 

following ductal administration, nanoparticles as lipid polymer hybrid nanoparticles 

(LPNPs), coloaded with the optimal ratio of the drug combination will be fabricated and 

characterized. LPNPs can even improve the required synergistic interaction between CPX 

and GTB by sustaining the release of the drug load intracellularly (180-182). 

For this purpose, we have studied the in vitro cytotoxicity of GTB and CPX alone 

and combination (simultaneously and sequentially) against TNBC cell lines. Also, one of 

the optimal synergistic combination ratios of GTB and CPX were coloaded in LPNPs, and 

LPNPs in vitro therapeutic efficacy evaluated and compared with free drug combination 

against three TNBC cell lines. 

4.2 Material and Methods 

For molecular analysis, a Waters e2695 Alliance System (Milford, MA) high 

performance liquid chromatography (HPLC) was used complete with a photodiode array 

detector measuring ultraviolet (UV) absorption from 200-600 nm. The two-part mobile 

phase gradient was one-part (A) diH2O with 0.05% TFA (v/v) and the remaining part (B) 

ACN with 0.05% TFA (v/v). A Waters Symmetry C18 column (Milford, MA) was used as 

the stationary phase.  

4.2.1 Cell culture 
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MDA-MB-231 and MDA-MB-468 cell lines were obtained from American Type 

Culture Collection (ATCC) and maintained in DMEM/F12 medium (Gibco/Invitrogen). 

MCF10DCIS.com cell line was obtained from Wayne State University and maintained in 

DMEM/F12 medium. Growth medium was supplemented with 10% fetal bovine serum, 

penicillin (200 units/mL) and streptomycin (200 mg/mL), under the conditions of 5% CO2 

and 95% humidity at 37°C.  

4.2.2 Cell viability assay 

4.2.2.1 Simultaneous treatment 

Triple negative breast cancer cell lines (MDA-MB-231 (mesenchymal), MDA-

MB-468 (basal), MCF10DCIS.com (basal)) were seeded at a final cell density of 2,000 

cells/well in 96-well plates, incubated for 24 h at 37 °C and then treated with different 

concentrations (serial dilution) of CPX (0 – 16,000 nM) and/ or GTB (0 – 800 nM) in a 

7×8 dose matrix design for 24, 48, 72 h. Dose matrix design was used to evaluate the drug 

combination effect at different treatment ratio. All drugs were initially dissolved in 

dimethyl sulfoxide (DMSO), and accordingly untreated wells were incubated in 

corresponding DMSO concentrations. After drug treatment, 100 µl of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (0.5 mg/ml) was 

added and incubated for 2 h. All media was removed and then formazan crystal was 

dissolved in 100 µl DMSO, and determined with TECAN M200 microplate reader at 570 

nm (183). Cell viability was determined by comparing the absorbance values of drug-

treated cells with those of untreated control cells and plotted as % control the percentage 

of growth rates were calculated relative to the untreated control. All in vitro data sets were 

normalized and subjected to a single nonlinear regression analysis to generate the IC50. 
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Data from the dose-response matrix was analyzed using Combenefit® software according 

to three synergy reference models: The Bliss independence model, the highest single agent 

(HSA) model, and the Loewe additivity model (184).  All MTT assays were done in 

triplicate.  

4.2.2.2 Sequential treatment 

Triple negative breast cancer cell lines (MDA-MB-231, MDA-MB-468, 

MCF10DCIS.com) were seeded at a final cell density of 2,000 cells/well in 96-well plates, 

incubated for 24 h at 37 °C and then treated with different concentrations (serial dilution) 

of CPX (0 – 16,000 nM) and/ or GTB (0 – 800 nM) in a 7×8 dose matrix design. For 

sequential treatment, the cell was exposed to the first drug for 24h and then aspirated and 

replaced with the second drug for 48 hours. All drugs were initially dissolved in DMSO, 

and accordingly untreated wells were incubated in corresponding DMSO concentrations. 

After drug treatment, 100 µl of 0.5mg/ml MTT solution was added and incubated for 2 

hours. All media was removed and then formazan crystal was dissolved in 100 µl DMSO. 

The cell viability was determined with TECAN M200 microplate reader at 570 nm. Cell 

viability was determined by comparing the absorbance values of drug-treated cells with 

that of untreated control cells and plotted as % control the percentage of growth rates were 

calculated relative to the untreated control. All in vitro data sets were normalized and 

subjected to a single nonlinear regression analysis to generate the IC50. Data from the dose-

response matrix was analyzed using Combenefit® software according to three synergy 

reference models: The Bliss independence model, the highest single agent (HSA) model, 

and the Loewe additivity model.  All MTT assays were done in triplicate.  

4.2.3 Preparation and characterization of GTB-AOT complex 
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HIP was utilized to produce a lipophilic complex of GTB. Briefly, 20 mg of GTB 

was dissolved in 15 ml of a solvent mixture of methanol: dichloromethane (DCM) (1:4). 

Then, the anionic surfactant (Dioctyl sulfosuccinate sodium) (AOT) solution in DCM was 

added to the GTB solution in (1:1) molar ratio (185). The mixture has been sonicated in a 

water bath for 30 minutes.  After that, the organic solvents mixture under low pressure and 

deionized water was added to the complex lead to precipitation of white precipitate. To 

separate and purify the complex, the mixture was centrifuged at 10,000 r.p.m. for 30 min 

with High-Speed Mini Centrifuge (Thermo Fisher Scientific, IL, USA). Afterward, the 

powder was washed twice with deionized water and subsequently frozen and lyophilized. 

The obtained complex (GTB-AOT) were stored at 4℃ for further use. 1H NMR and 

HPLC/UV were used for characterization of dry GTB-AOT complex. 

4.2.4 Synthesis and characterization of CPD4 

A multistep synthetic route was used to synthesize the CPD 4. It was prepared by 

the alkylation of the hydroxyl group with a benzyl ether group containing a phenolic ester 

(Chapter 3).  This approach utilized an elimination reaction of the self-immolative linker 

triggered by enzymatic de-esterification.    Structures and purities of the CPD 4 was 

confirmed by LC-MS, and 1H NMR.  The log P values were predicted using ChemDraw 

Professional (Ver. 16; PerkinElmer, Inc.) and reported as clog P.  

4.2.5 Fabrication and characterization of LPNPs  

LPNPs was prepared using a manually operated confined impinging jets (CIJ) 

mixer which has been demonstrated to have a robust mixing enabling the fabrication of 

LPNPs on a small scale (<20 ml) (93). 1ml of THF solution of 10mg PLGA (P-2191, 30 - 
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60 kDa, 50:50), 1.5 mg L-a-Phosphatidylcholine (Soy-95%), 1mg 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (ammonium 

salt)(18:0 PEG2000 PE), 2 mg GTB-AOT, and 5 mg CPD4 was loaded in 3 ml disposable 

plastic syringe and mixed against 1 ml of MilliQ water , where both syringes were 

instantaneously emptied at the same rate and in less than 2 seconds. The mixed stream was 

collected in 20ml glass vial containing magnetically stirred 9 ml of MilliQ water (Dilution). 

The organic solvent was removed from LPNPs suspension by dialysis using Spectra/Por 

dialysis membrane with molecular weight cutoff of 6-8 kDa against MilliQ water which 

was replaced (refreshed) three times over 12 h. Then, Pluronic® F-68 as cryoprotectant 

was dissolved in the LPNPs suspension to prepare 10% w/v final Pluronic® F-68 

concentration. The samples were frozen in liquid nitrogen prior to lyophilization in a 

(FreeZone 4.5plus, LABCONCO) for 72 hours with vacuum pressure below 20mTorr and 

condenser temperature below -70℃.  After recapping the vial that contains freeze-dried 

LPNPs, the vial was stored at -20℃ freezer until reconstitution for further characterizations 

or cell studies. For entrapment efficiency, 0.5 ml of LPNPs suspension was lyophilized 

without the addition of cryoprotectant at the same conditions and then reconstituted in 1 

ml of acetonitrile. The samples were diluted for ten times with the same organic solvent 

before the reversed-phase HPLC/UV analysis.  The method run time was 10 minutes with 

analyte retention time 3.7 and 6.2 minutes for GTB and CPD4 respectively. The detection 

wavelength was 307 nm and 303 nm for GTB and CPD4, respectively. The method was 

calibrated for GTB concentration of 1- 50 µg/ml with a linear coefficient of determination, 

R2=0.997 and for CPD 4, the calibrated concentration range 1-100 µg/ml with a linear 

coefficient of determination, R2=0.998. Sample concentrations were within the linear range 
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of quantitation for all the assays. The analytical method was validated in terms of 

specificity, selectivity, linearity, precision and accuracy.    

The LPNPs coloaded with CPD 4 and GTB-AOT was characterized as mean 

hydrodynamic diameter, polydispersity index (PDI), zeta potential, and drug encapsulation 

efficiency (EE). Zeta potential, particle size, polydispersity index (PDI) of coloaded LPNPs 

were determined on a Zeiss Nano ZS90 Zetasizer (Malvern Instruments, United Kingdom) 

by dynamic light scattering at 25˚C.  Additionally, scanning electron microscopy images 

were captured for Lyophilized LPNPs powder precoated with 10 nm layer of gold using a 

Zeiss Sigma FESEM (Carl Zeiss AG, Germany). For scanning electron microscopy 

images, LPNPs was lyophilized and Pluronic F68 were used as cryoprotectant at 10% w/v. 

All measurements were performed in triplicate. 

4.2.6 Evaluation of release properties of the formulations 

GTB-AOT and CPD3 release studies were carried out with dialysis tubes over a 

time period of 36 hours in as described by Modi et al in slightly modified way (140). 

Briefly, 40 mg of lyophilized LPNPs powder coloaded with GTB-AOT and CPD3 

reconstituted in 1 ml of 150 mM PBS buffer pH 7.4 and were gently homogenized. 

Thereafter, 200 ul of the suspension were filled into a 200 ul dialysis tube (Pur-A-LyzerTM 

mini 6000) molecular cut-off:6 - 8kDa. Then, the tube was placed into a second tube 

containing 8 ml of preheated 150 mM PBS buffer pH 7.4 and incubated at 37℃ while 

shaking at 150 rpm. At predetermined time points 75 μl of samples were withdrawn from 

the release medium and subsequently diluted with 75 μl acetonitrile. The released GTB-

AOT and CPD 4 were quantified with HPLC/UV. Values were plotted as cumulative 

percentage of drug release. 
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4.2.7 Cytotoxic effect of LPNPs coloaded with CPD 4 and GTB-AOT 

Triple negative breast cancer cell lines (MDA-MB-231, MDA-MB-468, 

MCF10DCIS.com) were seeded at a final cell density of 10,000 cells/well in 96-well plates, 

incubated for 24 h at 37 °C and then treated with different concentrations (serial dilution) 

of CPX (0 – 180,000 nM) and/ or GTB (0 – 25,000 nM) in a 7×8 dose matrix design for 

24h. To compare the free drug combinations versus codelivery in LPNPs, the cells either 

incubated with free drug combination at (1:7.2) molar ratio of (GTB: CPX) in serial 

dilution for 24h or incubated with equivalent LPNPs coloaded with CPD3 and GTB-AOT 

for 24h. All drugs were initially dissolved in DMSO, and accordingly untreated wells were 

incubated in corresponding DMSO concentrations. After drug treatment, 100 µl of MTT 

solution (0.5 mg/ml) was added and incubated for 2 hours. All media was removed and 

then formazan crystal was dissolved in 100 µl DMSO. The cell viability was determined 

with TECAN M200 microplate reader at 570 nm. Cell viability was determined by 

comparing the absorbance values of drug-treated cells with that of untreated control cells 

and plotted as % control the percentage of growth rates were calculated relative to the 

untreated control. All in vitro data sets were normalized and subjected to a single nonlinear 

regression analysis to generate the IC50. Data from the dose-response matrix was analyzed 

using Combenefit® software according to three synergy reference models: The Bliss 

independence model, the highest single agent (HSA) model, and the Loewe additivity 

model.  All MTT assays were done in quadruplicate.  

4.3 Results 

4.3.1 Cell viability assay 
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The simultaneously administered drug combination of CPX and GTB at different 

incubation time were assessed using the MTT assay to determine the dose-response curve 

and IC50 for each drug. Cell viability of precultured MDA-MB-468 was measured after 

exposure to a single drug or a combination of both GTB and CPX at different ratios and 

concentrations. MDA-MD-468 showed a time-dependent response when exposed to CPX 

at different incubation times. The cytotoxicity of CPX increased (lower IC50) as the 

incubation time increased at the same cell density and drug concertation range. The 

cytotoxicity of CPX against MDA-MB-468 was higher when the cell incubated for 48 

hours in comparison with 24 hours (IC50 = 1255±52 nM at 24 hours versus IC50= 

849±39nM at 48 hours) (Figure 4.1 A and Figure 4.2 A), but there was an insignificant 

change in cytotoxicity of CPX when the incubation time increased from 48 hours to 72 

hours (Figure 4.2 A and Figure 4.3 A).  The cytotoxic effect of GTB on cell viability of 

MDA-MB-468 was incubation time independent. The IC50 for GTB was 51.9±2.5, 

18.6±2.3, and 27.7±3.6 nM at exposure time 24, 48, 72 hours, respectively (Figure 4.1 B, 

Figure 4.2 B and Figure 4.3 B).  

The synergy scores based on Loewe model were calculated using Combenefit to 

analyze the extent of growth inhibition by the concurrently administered combination of 

GTB and CPX at different exposure times and to identify the areas of potent synergy across 

a wide range of drug concentrations and combination ratios. Based on the Loewe model, 

there was a modest synergistic interaction between CPX and GTB at different combination 

ratios, drug concentration, and incubation times; however, the drug concentration and 

combination ratio associated with high synergy scores were dependent on incubation time. 

For instance, the highest synergy score at 24 hours was observed when GTB concentration 
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range was 200-800nM, and CPX concentration range was 500-16000nM at almost all the 

applied ratio (Figure 4.1 C). The other tested combinations displayed weak antagonistic or 

additive effects. When the cells were incubated for 48 hours, high synergy scores were 

obtained at a CPX concentration range of 1000-2000nM with a GTB concentration range 

of 6.25-400nM (Figure 4.2 C). The remainder of the combinations displayed weak 

synergistic interactions. For 72 hours incubation time, the highest synergy score was 

associated with CPX concentrations of 250-500nM at all GTB used concentrations (Figure 

4.3 C). Weak antagonistic interactions were observed for the other tested combinations. 

The drug concentration and combination ratio that had synergistic interaction between CPX 

and GTB are highly dependent on incubation time. The incubation time of 48 hours showed 

approximately a synergistic interaction at all combination ratios and drug concentrations. 

In addition to the synergy scores, CI values based on the Chou-Talalay model was 

also estimated to confirm the synergistic interaction between CPX and GTB (Figure 4.1 D, 

Figure 4.2 D, and Figure 4.3 D) (186). The result from the assessment of CI values was 

highly consistent with the result of the synergy score based on the Loewe model (186).  

To further explore the synergistic interaction between CPX and GTB at different 

drug administration sequence, the cell growth inhibition has been studied where the cells 

were incubated with the first drug for 24h, then removed and directly incubated with the 

second drug for an additional 48h. After that, cell viability was assessed using the MTT 

assay. Based on the synergy score using the Loewe model and CI values, treating cells with 

CPX first and followed by GTB results in a more potent synergistic interaction and greater 

reduction in survival fraction compared to the reversed incubation schedule (GTB followed 

by CPX). In the case of preincubation with CPX followed by GTB, the high synergy score 
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was observed when the CPX concentration range 1000-16000nM at all GTB tested 

concentrations (Figure 4.4 B). However, when the cells were preincubated with GTB 

followed by CPX, the high synergy score was observed when the CPX concentration range 

2000-4000nM at all GTB tested concentrations and the rest of the combinations were either 

additive or weakly antagonistic (Figure 4.5 B).  The CI values were less than 0.5 in the 

broad area of the combination matrix when cells were exposed to CPX, followed by GTB 

(Figure 4.4 D).  When cells were preincubated with the reversed sequence, the area of 

strong synergy (CI≤ 0.5) was limited at the CPX concentration range 2000-4000nM (Figure 

4.5 D). 

MDA-MD-231 showed a time-dependent response when exposed to CPX at 

different incubation times. The cytotoxicity of CPX increased (lower IC50) as the 

incubation time increased at the same cell density and drug concertation range. The 

cytotoxicity of CPX against MDA-MB-231 was highest when cell incubated for 72 hours 

(IC50=481±39nM), followed by 48 hours (IC50=1620±66nM) and the lowest cytotoxicity 

was observed with 24 hours incubation time (IC50 = 5407±204nM) (Figure 4.6 A, Figure 

4.7 A, and Figure 4.8 A). The cytotoxic effect of GTB on the cell viability of MDA-MB-

231 was found when the incubation time was 72 hours (IC50=46±3.6nM) while there were 

no significant changes in GTB cytotoxicity when cell incubated for 48 hours or 24 hours 

(IC50= 96.9±9.4nM and 109±9.2nM at exposure time 24 hours and 48 hours, respectively) 

(Figure 4.6 B, Figure 4.7 B, and Figure 4.8 C).  

Based on the Loewe model, there was a modest synergistic interaction between 

CPX and GTB at different combination ratios, drug concentration, and incubation times. 

However, the drug concentrations and combination ratios associated with high synergy 
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score were dependent on incubation times. At 24 hours incubation time, strong synergistic 

interactions were observed at almost the drug concentrations and the combination ratios. 

Furthermore, the highest synergy scores were observed with a GTB concentrations range 

of 12.5-800nM, and CPX concentrations range of 1000-16000nM at almost all the applied 

ratios, while the remainder of the combinations displayed either weak antagonistic or 

additive effects (Figure 4.6 C). When MDA-MB-231 cell line exposed for simultaneous 

drug combinations for 48 hours, the drug combination analysis showed that high synergy 

scores with CPX concentrations of 1000-8000nM, and GTB concentration range was 12.5-

800nM. (Figure 4.7 C). The rest of the combinations displayed weak synergistic or weak 

antagonistic interactions. For 72 hours incubation time, the highest synergy scores was 

associated with CPX concentrations of 500-2000nM at GTB used concentrations higher 

than 12.5nM. Weak synergistic and antagonistic interactions were observed for the other 

tested combinations. The drug concentrations and combination ratios that had synergistic 

interaction between CPX and GTB were dependent on incubation time. Additionally, the 

result from the assessment of CI values of the concurrent combination of CPX and GTB 

was highly consistent with the synergy score calculated based on Loewe model (Figure 4.6 

D, Figure 4.7 D, and Figure 4.8 D).  

Similarly, the effect of different drug addition order was investigated. From the 

synergy score using the Loewe model and CI values, treating cell with CPX first and 

followed by GTB result in a more potent synergistic interaction and greater reduction in 

survival fraction compared to the reversed incubation schedule (Figure 4.9 and Figure 4.10 

(C and D)).   When MDA-MB-231 cell line preincubated with CPX followed by GTB, the 

high synergy scores was observed when the CPX concentrations range was 500-16000nM, 
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and GTB concentrations range was 25-800nM (Figure 4.9 C). Nevertheless, when the cells 

were preincubated with GTB followed by CPX, the high synergy scores was observed 

when the CPX concentrations of 500-2000nM at GTB tested concentrations range was 25-

800nM, and the rest of combinations displayed either weak synergistic or weak 

antagonistic interactions (Figure 4.10 C). The CI values were less than 0.5 in a large area 

of the combination matrix when cells were exposed to CPX followed by GTB. When cells 

were preincubated with GTB followed by CPX, the area of strong synergy (CI≤ 0.5) was 

restricted at the CPX concentration of 2000-4000nM (Figure 4.9 D and Figure 4.10 D). 

MCF10DCIS.com showed a time-dependent response when exposed to CPX at 

different incubation times. Similar to the MDA-MB-231 response, the cytotoxicity of CPX 

increased (lower IC50) as the incubation time increased at the same cell density and drug 

concertation range. The cytotoxicity of CPX against MCF10DCIS.com was highest when 

cell incubated for 72 hours (IC50=448±33nM), followed by 48hours (IC50=751±69nM) and 

the lowest cytotoxicity was observed with 24 hours incubation time (IC50 = 4179±154nM) 

(Figure 4.11 A, Figure 4.12 A and Figure 4.13 A). The lowest GTB cytotoxic effect on the 

cell viability of DCIS.com were observed when the incubation time was 24 hours 

(IC50=25.9±3.6nM) while there was no significant change in GTB cytotoxicity when cells 

were incubated for 48 or 72 hours (IC50= 16.4±2.5nM and 18.1±3.1nM at exposure time 

48 hours and 72 hours, respectively) (Figure 4.11 B, Figure 4.12 B, and Figure 4.13 B).   

Based on the Loewe model, there was a modest synergistic interaction between 

CPX and GTB at different combination ratios, drug concentrations, and incubation times. 

Though, the drug concentrations and combination ratios associated with high synergy score 

were dependent on incubation times. When the cells were incubated for 24 hours, strong 
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synergistic interactions were detected at almost the drug concentrations and the 

combination ratios. Furthermore, the highest synergy scores were noticed at GTB 

concentration range was 25-200nM, with CPX concentration range was 2000-8000nM at 

almost all combination ratios, while the remainder of combinations displayed weak 

antagonistic, synergistic or additive effects (Figure 4.11 C). 

When MCF10DCIS.com cells were incubated for 48 hours, the drug combination 

analysis exhibited a high synergy score at CPX concentrations range of 2000-8000nM with 

GTB concentrations range of 12.5-200nM. The remainder of the combinations displayed 

weak synergistic, weak synergistic, or additive effects (Figure 4.12 D).  For 72 hours 

incubation time, the highest synergy scores was associated with CPX concentrations of 

2000-8000nM with a GTB concentrations range of 25-200nM. The remainder of 

combinations exhibited weak antagonistic, synergistic or additive effects (Figure 4.13 C). 

The drug concentrations and drug combination ratios that had synergistic 

interaction between CPX and GTB are highly dependent on incubation time. Additionally, 

the result from the assessment of CI values of the concurrent combination of CPX and GTB 

was highly consistent with the synergy score calculated based on Loewe model (Figure 

4.11 D, Figure 4.12 D, and Figure 4.13 D). 

The cell viability assay was done to explore the effect of different drug addition 

order. Treating cell with CPX first and followed by GTB and the reversed addition 

sequence, both result in powerful synergistic interaction and greater reduction in survival 

fraction (Figure 4.14 C and Figure 4.15 C). When the DCIS.com cell line were incubated 

with both addition schedules, the high synergy score was observed when the GTB to CPX 

molar ratio range from (1:2.5) to (1:320) at all the concentration ranges of GTB and CPX 
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(Figure 4.14 C and Figure 4.15 C).  Similarly, the CI values that obtained for both drug 

addition schedule, were less than 0.5 in a large area of the combination matrix at the same 

combination ratios associated with high synergy scores (Figure 4. 14 D and Figure 4.15 

D).  Based on the synergy scores and CI values, the remainder of the combination ratios 

displayed weak synergism.  

4.3.2 Synthesis and characterization of CPX prodrug (CPD 4) 

As previously reported, the synthesis of a lipophilic CPX prodrug (CPD 4) was 

performed to mask the hydrophilic group and generate an esterase responsive prodrug that 

was more lipophilic than the parent drug (Chapter 3). The benzyl ether linkage was used 

in designing a prodrug with reliable stability and appropriate release kinetics.  Synthesis of 

CPD 4 utilized a multistep reaction with overall yield of 19.3%, which is typical for 

synthesis done via bromination and alkylation reactions (141).  Prodrug structures were 

confirmed using LC-MS, and 1H and 13C NMR. 

4.3.3 Synthesis and characterization of GTB-AOT 

The synthesis of the GTB-AOT complex was performed to mask the hydrophilic 

group as the cationic tertiary amine of GTB via ionic interaction with hydrophobic ion pair 

as AOT. The resulted hydrophobic ion-pairing was more lipophilic than the parent drug 

with excellent solubility in organic solvents (187, 188). Synthesis of GTB-AOT (Figure 

4.16) utilized an ionic interaction between the cationic tertiary amine of GTB with the 

sulfonate group of AOT. The overall yield was 72.4±3.8% for off-white GTB-AOT 

powder, which is typical for synthesis performed via ionic interaction. The weight percent 
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of GTB in the dry GTB-AOT (58.4±0.9% w/w) and the ratio of GTB and AOT were 

confirmed using HPLC/UV, and 1H NMR (Figure 4.16 (A, B and C)). 

4.3.4 Fabrication and characterization of LPNPs  

LPNPs coloaded with CPD4 (Log P = 5.64) and GTB-AOT (Log P = 10.1) in 1:7.2 

(GTB: CPX) molar ratio were prepared by FNP (Figure 4.17). The calibration curves were 

linear with coefficient of determination, R2 >0.999 over GTB, and CPD 4 concentrations 

ranging from 2.5–50 µg/ml, and 5-100 µg/ml, respectively. The calibration curve equations 

are (y=38147x), and (y= 12715x + 144.8) for GTB, and CPD 4, respectively, where x was 

the GTB or CPD 4 concentration expressed as µg/ml and y the area under the curve at the 

detection wavelength.  The intra- and inter-day reproducibility of the method was checked 

at five concentrations of GTB and CPD 4.  The variation coefficient of intraday variability 

ranged (1.2-2.4) %, and (0.8-2.1) % for GTB, and CPD 4 respectively, and that for interday 

variability ranged (1.0-3.1) %, and (1.3-2.4) % for GTB, and CPD 4 respectively. 

The LPNPs showed a practically high entrapment efficiency (EE) of 56.7±2.7% for 

GTB-AOT and 65.4±1.9% for CPD 4. The high entrapment efficiency was attributed to 

the high lipophilicity of GTB-AOT and CPD 4.  The morphology was a regular spherical 

shape (Figure 4.17 B).   As shown in Figure 4.17 C, the mean size was 266.5±164.8nm; 

and polydispersity index values was 0.18±0.03.  The mean zeta potential was (-18.2 mV) 

for the LPNPs.  

4.3.5 Evaluation of release properties of the formulations 

The release profile of GTB-AOT and CPD 4 from LPNPs was assessed using a 

dialysis tube method, as shown in Figure 4.18.  CPD 4 and GTB-AOT have different 
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release patterns, with the latter released relatively faster than that of CPD 4 from LPNPs. 

LPNPs showed a biphasic release profile for GTB with a moderate delayed release after a 

burst release in the first hour. On the other hand, CPD 4 displayed a sustained release 

profile with minimal initial burst suggesting a large portion of the loaded prodrug was 

loaded inside the PLGA core of LPNPs. For instance, approximately 25% of CPD 4 was 

released compared to more than 50% of GTB-AOT released from LPNPs after 4.5 hours. 

By 24 hours, more than 90% of GTB-AOT was released, whereas only 35% of CPD4 was 

released.  Compared to GTB-AOT, the release of CPD 4 was slower, probably resulting 

from the different physicochemical properties and location of the loaded drug in LPNPs 

compartments (PLGA core versus lipid monolayer). In other words, the formulation of 

LPNPs has successfully controlled the release of the loaded drug at different extents based 

on the prodrug and drug ion pair characteristics (181, 189).  

4.3.6 Cytotoxic effect of LPNPs coloaded with CPD 4 and GTB-AOT 

To examine the effect of codelivery of CPD 4 and GTB-AOT in LPNPs on the 

extent of synergism between CPX and GTB, first cell incubated with free drug combination 

of CPX at concentration range (0-180000 nM and GTB with concentration range (0 -

25000nM) for 24 hours to provide the optimal ratio or ratios that can be applied to compare 

in vitro cytotoxicity between free drug and LPNPs coloaded with CPD 4 and GTB-AOT 

(Figure 4.19, Figure 4.20, and Figure 4.21). In vitro toxicity study of the free drug, 

combination demonstrated a superior reduction in cell viability and effective synergistic 

interaction between CPX and GTB and the order of these tested cell lines according to their 

estimated synergistic interaction was as following: MCF10DCIS.com> MDA-MB-

231>MDA-MB-468. Additionally, based on the synergy scores and CI values, the 
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combination molar ratio of GTB to CPX at (1:7.2) exhibited a relatively higher synergism 

at all cell lines compared to other ratios.  LPNPs co loaded with CPD 4 and GTB-AOT 

with a molar ratio of 1:7.2 were then used in all other studies. Codelivery of GTB and CPX 

in the same LPNP remarkably potentiates the synergistic interactions and antitumor 

properties since they showed better synergy scores, DRI, and CI values compared with the 

free drug combinations (Figure 4.19, Figure 4.20, and Figure 4.21 (A and C) versus (B and 

D)).  The average of synergy score for LPNPs coloaded with CPD 4 and GTB-AOT in 

MDA-MB-231, MDA-MB-468, and MCF10DCIS.com were 18.7±2.6, 18.7±7.4, 

28.4±5.3, respectively (Figure 4.23). While the average synergy score for free drug 

combination in MDA-MB-231, MDA-MB-468, and MCF10DCIS.com were 12.7±3.0, 

8.7±5.1, 16.5±3.1, respectively (Figure 4.23). As for synergy scores estimation, CI values 

for LPNPs coloaded with CPD 4 and GTB-AOT were 0.28±0.06, 0.023±0.01, 

0.0045±0.0027 in MDA-MB-231, MDA-MB-468, and DCIS.com, respectively. However, 

the CI values for free drug combinations were 0.49±0.02, 0.32±0.09, 0.032±.007 in MDA-

MB-231, MDA-MB-468, and MCF10DCIS.com, respectively. Consequently, the order of 

these cell lines according to the synergism potentiation associated with the use of LPNPs 

was as following:  MDA-MB-468 > MCF10DCIS.com > MDA-MB-231.    Similarly, and 

as shown in Figure 4.22, the DRI logarithmic values for both GTB and CPX when coloaded 

in LPNPs were considerably higher that these resulted from the free drug combination. The 

average of logarithmic DRI values for CPX at LPNPs in MDA-MB-231, MDA-MB-468, 

and MCF`10DCIS.com were 0.68, 2.28, and 2.77, respectively. While the average of 

logarithmic DRI values for CPX at the free drug combination in MDA-MB-231, MDA-

MB-468, and MCF10DCIS.com were 0.37, 0.94, and 1.65, respectively. The average of 
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logarithmic DRI values for GTB at LPNPs in MDA-MB-231, MDA-MB-468, and 

MCF10DCIS.com were 1.86, 2.08, and 7.81, respectively. While the average of 

logarithmic DRI values for GTB at the free drug combination in MDA-MB-231, MDA-

MB-468, and MCF10DCIS.com were 1.19, 0.85, and 3.56, respectively. 

4.4 Discussion 

Approximately 20-25% of breast cancer patients are TNBC (156). TNBC is 

characterized by high metastasis rate, worst prognosis, and low survival rate (156, 190). 

TNBC can be further classified into four subtypes: basal, mesenchymal, 

immunomodulatory, and luminal androgen receptor (191).  

Ductal Carcinoma In Situ (DCIS) is a heterogeneous group of lesions that are either 

localized in a breast duct (DCIS pure) or are associated with invasive ductal carcinoma.  

DCIS lesions are classified based on their nuclear grade and Ki-67 expression as low-, 

intermediate-, or high-grade (192).  If left untreated, DCIS progresses to invasive ductal 

carcinoma in 39-53% of patients (72, 73, 193).  High-grade DCIS strongly correlates to a 

higher risk of recurrence and progression to invasive cancer (14, 15). DCIS is 

phenotypically classified into estrogen receptor (ER) +, HER2+ and triple-negative  (194, 

195). The worst patient prognosis and high rate of local recurrence occurs with the triple 

negative phenotypes, which represent about  12% of all DCIS cases (34).  Several clinical 

studies have found that basal-like subtype considers approximately 50% triple negative 

DCIS patients (194, 196). Several studies have shown that PIK3CA mutation is frequently 

detected in DCIS and DCIS adjacent to invasive breast cancer, supporting the potential role 

PIK3CA mutation in early stage breast tumor initiation, tumorigenesis and invasiveness 

(197, 198). Upregulation of PI3K/Akt/mTOR pathway was detected in 25 -30 % in the earl 
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stage  and metastatic TNBC (162, 163). Consequently, several antitumor therapeutics 

based on the inhibition of PI3K/Akt/mTOR are in the clinic. Despite notable progress in 

generating of encouraging inhibitors of this pathway with good selectivity, the efficacy in 

human studies has been unreliable due to the evolution of drug resistance and severe 

adverse effects (161, 199, 200).  

There are several cellular mechanisms causing tumor resistance for PI3K/mTOR 

inhibitors (201). One of these mechanisms involves rapid overexpression of upstream 

signaling receptors, especially receptor tyrosine kinases most notably human epidermal 

growth factor receptor (HER3), and the epidermal growth factor receptor (EGFR) that 

happen in feedback to inhibition of the downstream pathway, PI3K/Akt/mTOR (202-204). 

Another cellular mechanism for cancer cell have exhibited the resistance to the 

pharmacological dual inhibition of the PI3K/mTOR is mediated by upregulation of 

transcription factors for other compensatory pathways as Wnt/β-catenin (173), 

Extracellular signal regulated kinase / mitogen activated protein kinase  (ERK/MAPK) 

(205), The Janus kinase family of protein tyrosine kinase 2 / the signal transducers and 

activators of transcription 5 (JAK2/STAT5) (206), notch/Myc (172) (207) or oncogenic 

antiapoptotic factors such as survivin (176), Bcl-2, and Bcl-XL (170, 174). 

Additionally, varieties of the Serine / Threonine kinases, involving PIMs (208), the 

protein kinase C (PKCs) (209), and the ribosomal S6 kinase 3 and 4 (RSK3/4) (210), has 

been recognized as a compensate for the inhibition of the PI3K/mTOR pathway as well as 

promote cell proliferation in several human clinical trials.  

Recently, there have been reports that CPX, an FDA-approved antifungal drug, has 

shown impressive antitumor efficacy in various types of cancer. CPX suppresses cancer 
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cell proliferation by targeting several oncogenic pathways, substantially associated with 

the development of tumor resistance to the pharmacological inhibition of the 

PI3K/Akt/mTOR pathway.  For example, high expression of survivin was associated with 

mTOR inhibitor resistance tumor, and CPX is well known can reduce the survivin 

expression in cancer cells (46, 176).  Thus, CPX appears to be an encouraging drug 

candidate for combination therapy with PI3K/Akt/mTOR inhibitors for DCIS.  Because of 

the complexity and heterogeneity of tumor microenvironment together with drug resistance 

mechanism, treating cancer with one antitumor drug in preclinical and clinical studies are 

often associated with erratic results (211, 212). The treatment of cancer cells with two 

drugs acting on different molecular pathways can interrupt cell ability to activate 

compensatory pathways or other drug resistance mechanism (213, 214). Therefore, 

synergistic drug combination is one of the successful approaches that has been extensively 

applied for enhancing the therapeutic outcomes, and reducing drug dose (215, 216).  

Accordingly, in this study, the in vitro effectiveness of CPX/GTB combination 

administered simultaneously or sequentially in three TNBC cell lines (Basal, 

mesenchymal, DCIS cell line). 

Although GTB certainly more cytotoxic than CPX in TNBC cell lines based on 

their IC50s, approximately 15% of the cell population of MDA-MB- 231 demonstrated 

resistance to GTB even at a concentration 15 times higher than its IC50 after 72 hours 

incubation period. This observation indicates that a considerable portion of the cell 

population developed a type resistance to GTB at short exposure period causing the failure 

of antitumor therapy when GTB used alone in preclinical and clinical studies, and 

assuredly, there is an urgent need for combination therapy to inhibit cell resistance 
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pathways to GTB  and subsequently enhance antitumor efficiency. The extent of 

synergistic interaction between GTB and CPX at the simultaneous drug combination has 

also displayed variable synergy scores according to the tested cell line. Therefore, the order 

of the cell lines according to their measured response was as follows:  MDA-MB-

231>DCIS.com>MDA-MB-468. The different incubation periods have little impact on this 

cell line order. Like simultaneous synergy studies, the tested cell lines have demonstrated 

a different response to the sequential drug combination schedules, and this led to a variable 

extent of synergistic interactions depending on the tested cell line. When cell lines exposed 

to CPX followed by GTB, the order of these cell lines according to their measured 

synergistic interaction was as following:   DCIS.com> MDA-MB-231>MDA-MB-468. In 

case cell preincubated with GTB and then with CPX, the order of these cell lines according 

to their measured synergistic interaction was as following:  DCIS.com > MDA-MB-231 ≥ 

MDA-MB-468. 

Even though cell density after exposure for 24 hours to CPX was relatively higher 

than that after exposure to GTB, the antitumor activity and the level of synergism between 

CPX and GTB was significantly higher when the cell first treated to CPX then followed by 

GTB that the reverse sequence of exposure. Accordingly, cells treated with CPX may 

divide shown by the relative gain in cell viability, but they failed to recover for CPX 

potential cytotoxic effect and partially unable to activate or express the compensatory 

pathway associated with resistance to PI3K/mTOR dual inhibitors; consequently, cells 

became more sensitive to the cytotoxic effect of GTB. 

Despite the advantages of the combination therapy, several in vitro and in vivo drug 

combination studies had failed in improving the effectiveness of the treatment. Due to the 
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differences in physicochemical and pharmacokinetic properties of the combined drugs, the 

coadministration of drug mixture, which result in optimal drug concentration at the tumor-

microenvironment is an inordinately complicated task to be achieved(217, 218). 

Furthermore, the possibility of serious drug adverse effects caused by the combination 

therapy (219). Accordingly, nanoparticles coloaded with the optimal ratio of the drug 

combination, and it can sustain the release of the drug load intracellularly, extremely 

required to be developed (179, 220, 221).    

In addition to biocompatibility and biodegradability, the nanoparticle required an 

adequate drug loading efficiency and needed excellent stability in the systemic circulation 

that was resulting in efficient tumor penetration via enhanced permeability and retention 

effect (222). Within the last two decades, several categories of nanoparticles had been 

successfully fabricated and tested in preclinical and clinical studies(223, 224).  LPNPs has 

been applied to entrap one or two drugs with different physicochemical properties, it has 

the capability to deliver the drug load into cancer cell highly express efflux transporters, It 

effectively delivering drug load into deterring drug from intracellular detoxifying process 

by delivering drug load to perinuclear area, and it has demonstrated a prolonged release of 

the loaded drug or drugs (177, 225). All these properties mentioned above make LPNPs is 

a promising candidate for intraductal therapy to prolong drug exposure, to achieve 

therapeutic concentration in the tumor microenvironment, to minimize the systemic 

adverse effects (226).   

The LPNPs composed of three main components: lipophilic polymeric core, as 

PLGA, for encapsulation of lipophilic drug; a lipid mono or bilayer covering the polymeric 

core providing better physical stability and slow drug release; a pegylated lipid as a corona 
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helping in avoid to be recognize by immune system cause a prolonged systemic circulation, 

and also can be used for functionalizing the surface of LPNPs (227, 228). Thus, LPNPs 

exhibited the capability to be loaded with multiple drugs with different physicochemical 

properties and released them at various release rate and intracellular regions (229). Several 

studies have demonstrated that the drug-drug interaction in simultaneous drug combination 

highly depended on the combination ratio available at the site of action (230).  Therefore, 

the synergistic drug ratio required to be delivered precisely at the intracellular compartment 

to achieve the optimum therapeutic efficacy as well as avoid the antagonistic drug ratios.   

Accordingly, one of the critical parameters leads to weak synergistic activity of free GTB 

and CPX simultaneous combination is the lack of control and sustain drug concentration 

intracellularly.  In this study, we presented an in vitro evaluation of LPNPs to co-deliver 

CPX and GTB at a fixed ratio combination intracellularly as well as a comparison with free 

drug combination mixture against TNBC cell lines. 

The GTB-AOT has displayed relatively faster release from LPNPs compared to 

CPD 4. HIP formation of GTB with AOT can facilitate drug entrapment in LPNPs by 

increase partitioning into the lipid layer, and it also can promote the disruption of the lipid 

layer of the LPNPs once the released or dissociated HIP, which results in the formation of 

the hydrophilic chain. These hydrophilic chains in the lipid monolayer of LPNPs can 

generate water channels by dissolution or swelling, thus promoting further drug release.  

Furthermore, Ion exchanging of AOT with mono- and divalent cations leads to dissociation 

of HIP and once the GTB as ionic drug dissociated from its HIP, GTB tends to leave the 

lipid layer and dissolve in the surrounding aqueous environment free GTB release.  For 

CPD 4 release, the fast release phase of CPD 4 result from the smaller part adsorbed on the 
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surface of LPNPs. While the slow release phase of CPD 4 released from the larger part 

embedded or covered inside PLGA which release mainly controlled by the extent of water 

diffusion, PLGA molecular weight, and the rate of PLGA biodegradation.  Nevertheless, a 

sustained release of both drug from nanoparticles would be favorable for a better and 

efficient anticancer effect, the sequential release pattern of the developed LPNPs has 

demonstrated an efficient in vitro anticancer property on TNBC. Potentiation of cytotoxic 

effect of nanoparticles loaded with antitumor drug has been demonstrated when TNBC 

preincubated with PI3K inhibitor (231).  

These in vitro cytotoxicity results obviously confirmed that LPNPs coloaded with 

CPD 4 and GTB-AOT superiorly enhanced the synergistic interaction and antitumor 

efficacy of the drug combination against TNBC cell lines compared to free drug 

combination.  The improvement in the in vitro cytotoxicity of LPNPs may be attributed to 

their high cellular permeation through cell internalization process and to their ability to 

sustain the drug release resulting in maintaining drugs concentration and ratio 

intracellularly for a longer duration. Moreover, LPNPs can deliver the drug load to the 

intracellular region, preserving drug from the effect of efflux transporters and 

detoxification processes.  Therefore, the intracellular drug concentrations and ratios hardly 

predicated based on the concentration free drug combination that used to treat the cells 

(224, 232).  At high concentration of drug combination, the impact of LPNPs on the 

synergism of CPX and GTB diminished, and synergy score values were close to that of the 

free drug combination. This phenomenon happened because of the considerable differences 

in concentration gradients between intracellular and extracellular compartment when free 

drug applied at high concentration, leading to more drug molecules passively diffuse 
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through the cell membrane.  In different words, there is a better correlation between drug 

concentration in the intracellular and that in the extracellular compartment and more drug 

has been available to interact with their molecular target. The potential synergy between 

CPX and GTB will result in a reduction in dose burden for drugs with moderate antitumor 

potency as CPX. The reduction in drug dose will enable the development of an efficient 

dosage form or delivery system, especially when the volume to be administered is limited.  

Overall, these findings support that both synergy and codelivery are important features that 

should be designed into future nanoformulation for treatment of TNBC. 

4.5 Conclusion  

In conclusion, the dug combination of CPX and GTB appears to have an 

encouraging synergistic interaction against TNBC, and it can be applied to develop better 

antitumor therapeutics.  The extent synergistic interaction of the addition of CPX first and 

then followed by GTB was higher than that of the reversed addition schedule. Both prodrug 

and HIP approaches have been applied to increase drug lipophilicity and facilitate the drug 

entrapment in LPNPs. LPNPs coloaded with GTB-AOT and CPD 4 successfully fabricated 

and characterized. The cell viability findings confirmed that LPNPs improved the 

synergistic interaction and more potent antitumor activity of the drug combination 

compared to the free drug combination.  
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Figure 4.1: In vitro cytotoxicity of GTB, CPX, and combination in MDA-MB-468 
observed after 24 h incubation time. Concentration-dependent curves are showing the 
cytotoxic effect of GTB (A) and CPX (B) on cell viability. Synergy levels obtained 
from the combination of CPX and GTB across different drugs ratios using, Loewe 
model. Data from the concentration-dependent matrix was analyzed using 
Combenefit® software according to the Loewe model (C).  Contour distribution of CI 
values across different drug ratios calculated using CompuSyn software (D).   



132 
 

 

 

 

2000 4000 6000 8000 10000 12000 14000 16000

100

200

300

400

500

600

700

800

G
T

B
 (

n
M

)

CPX (nM)

0.2000

0.4000

0.6000

0.8000

1.000

1.200

CI

(B) 

(D) 

(C) 

(A) 

Figure 4.2: In vitro cytotoxicity of GTB, CPX, and combination in MDA-MB-468 
observed after 48 h incubation time. Cytotoxicity and drug interaction analysis were 
conducted as described in the Method section. Concentration-dependent curves are 
showing the cytotoxic effect of GTB (A) and CPX (B) on cell viability. Drug interaction 
levels obtained from the combination of CPX and GTB across different drugs ratios using 
Loewe model. Data from the concentration-dependent matrix was analyzed using 
Combenefit® software according to the Loewe model (C). Contour distribution of CI 
values across different drug ratios calculated using CompuSyn software (D). 
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Figure 4.3:  In vitro cytotoxicity of GTB, CPX, and combination in MDA-MB-468 
observed after 72 h incubation time. Concentration-dependent curves are showing 
the cytotoxic effect of GTB (A) and CPX (B) on cell viability. Synergy levels 
obtained from the combination of CPX and GTB across different drugs ratios using 
Loewe model. Data from the concentration-dependent matrix was analyzed using 
Combenefit® software according to the Loewe model (C) Contour distribution of CI 
values across different drug ratios calculated using CompuSyn software (D).   
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Figure 4.4:   In vitro cytotoxicity of GTB, CPX, and sequential combination in MDA-
MB-468 observed after 72 h incubation time. Concentration-dependent curves are 
showing the cytotoxic effect of GTB (A) and CPX (B) on cell viability.   Synergy levels 
obtained from the sequential combination of CPX for 24h and followed by GTB for 48h 
across different drugs ratios using Loewe model. Data from the concentration-
dependent matrix was analyzed using Combenefit® software according to the Loewe 
model (C). Contour distribution of CI values across different drug ratios calculated 
using CompuSyn software (D).   
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Figure 4.5:  In vitro cytotoxicity of GTB, CPX, and sequential combination in 
MDA-MB-468 observed after 72 h incubation time. Concentration-dependent 
curves are showing the cytotoxic effect of GTB (A) and CPX (B) on cell viability.  
Synergy levels obtained from the sequential combination of GTB for 24h and 
followed by CPX for 48h across different drugs ratios using Loewe model. Data 
from the concentration-dependent matrix was analyzed using Combenefit® 
software according to the Loewe model (C). Contour distribution of CI values 
across different drug ratios calculated using CompuSyn software (D).   
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Figure 4.6: In vitro cytotoxicity of GTB, CPX, and combination in MDA-MB-231 
observed after 24 h incubation time. Concentration-dependent curves are showing the 
cytotoxic effect of GTB (A) and CPX (B) on cell viability. Synergy levels obtained from 
the combination of CPX and GTB across different drugs ratios using Loewe model. Data 
from the concentration-dependent matrix was analyzed using Combenefit® software 
according to the Loewe model (C). Contour distribution of CI values across different 
drug ratios calculated using CompuSyn software (D).   
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Figure 4.7: In vitro cytotoxicity of GTB, CPX, and combination in MDA-MB-231 observed after 
48 h incubation time. Concentration-dependent curves are showing the cytotoxic effect of GTB 
(A) and CPX (B) on cell viability. Synergy levels obtained from the combination of CPX and GTB 
across different drugs ratios using Loewe model. Data from the concentration-dependent matrix 
was analyzed using Combenefit® software according to the Loewe model (C). Contour 
distribution of CI values across different drug ratios calculated using CompuSyn software (D).   
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Figure 4.8: In vitro cytotoxicity of GTB, CPX, and combination in MDA-MB-231 
observed after 72 h incubation time. Concentration-dependent curves are showing the 
cytotoxic effect of GTB (A) and CPX (B) on cell viability.  Synergy levels obtained 
from the combination of CPX and GTB across different drugs ratios using Loewe 
model. Data from the concentration-dependent matrix was analyzed using 
Combenefit® software according to the Loewe model (C). Contour distribution of CI 
values across different drug ratios calculated using CompuSyn software (D).   
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Figure 4.9:  In vitro cytotoxicity of GTB, CPX, and sequential combination in MDA-
MB-231 observed after 72 h incubation time. Concentration-dependent curves are 
showing the cytotoxic effect of GTB (A) and CPX (B) on cell viability. Synergy levels 
obtained from the combination of CPX for 24h followed by GTB for 48h across different 
drugs ratios using Loewe model. Data from the concentration-dependent matrix was 
analyzed using Combenefit® software according to the Loewe model (C). Contour 
distribution of CI values across different drug ratios calculated using CompuSyn software 
(D).   
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Figure 4.10:  In vitro cytotoxicity of GTB, CPX, and sequential combination in 
MDA-MB-231 observed after 72 h incubation time. Concentration-dependent 
curves are showing the cytotoxic effect of GTB (A) and CPX (B) on cell viability. 
Synergy levels obtained from the combination of GTB for 24h followed by CPX 
for 48h across different drugs ratios using Loewe model. Data from the 
concentration-dependent matrix was analyzed using Combenefit® software 
according to the Loewe model (C). Contour distribution of CI values across 
different drug ratios calculated using CompuSyn software (D).   
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Figure 4.11: In vitro cytotoxicity of GTB, CPX, and combination in MCF10DCIS.com 
observed after 24 h incubation time. Concentration-dependent curves are showing the 
cytotoxic effect of GTB (A) and CPX (B) on cell viability.  Synergy levels obtained 
from the combination of CPX and GTB across different drugs ratios using Loewe 
model. Data from the concentration-dependent matrix was analyzed using 
Combenefit® software according to the Loewe model (C). Contour distribution of CI 
values across different drug ratios calculated using CompuSyn software (D).   
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Figure 4.12: In vitro cytotoxicity of GTB, CPX, and combination in MCF10DCIS.com 
observed after 48 h incubation time. Concentration-dependent curves are showing the 
cytotoxic effect of GTB (A) and CPX (B) on cell viability. Synergy levels obtained from the 
combination of CPX and GTB across different drugs ratios using Loewe model. Data from 
the concentration-dependent matrix was analyzed using Combenefit® software according to 
the Loewe model (C). Contour distribution of CI values across different drug ratios calculated 
using CompuSyn software (D).   
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Figure 4.13: In vitro cytotoxicity of GTB, CPX, and combination in 
MCF10DCIS.com observed after 72 h incubation time. Concentration-dependent 
curves are showing the cytotoxic effect of GTB (A) and CPX (B) on cell viability. 
Synergy levels obtained from the combination of CPX and GTB across different 
drugs ratios using Loewe model. Data from the concentration-dependent matrix 
was analyzed using Combenefit® software according to the Loewe model (C). 
Contour distribution of CI values across different drug ratios calculated using 
CompuSyn software (D).  
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Figure 4.14:  In vitro cytotoxicity of GTB, CPX, and sequential combination in 
MCF10DCIS.com observed after 72 h incubation time. Concentration-dependent curves are 
showing the cytotoxic effect of GTB (A) and CPX (B) on cell viability. Synergy levels obtained 
from the combination of CPX for 24h followed by GTB for 48h across different drugs ratios 
using Loewe model. Data from the concentration-dependent matrix was analyzed using 
Combenefit® software according to the Loewe model (C). Contour distribution of CI values 
across different drug ratios calculated using CompuSyn software (D).   
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Figure 4.15:  In vitro cytotoxicity of GTB, CPX, and sequential combination in 
MCF10DCIS.com observed after 72 h incubation time. Concentration-dependent curves 
are showing the cytotoxic effect of GTB (A) and CPX (B) on cell viability. Synergy 
levels obtained from the combination of GTB for 24h followed by CPX for 48h across 
different drugs ratios using Loewe model. Data from the concentration-dependent 
matrix was analyzed using Combenefit® software according to the Loewe model (C). 
Contour distribution of CI values across different drug ratios calculated using 
CompuSyn software (D).   
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Figure 4.16: 1H NMR of GTB (A), AOT (B), and GTB-AOT (C), The 
molecular structure of GTB-AOT (D). The ionic interaction between the 
cationic tertiary amine of GTB with the sulfonate group of AOT leads to 
formation of GTB-AOT. The overall yield was 72.4±3.8% for off-white 
GTB-AOT powder, which is typical for synthesis performed via ionic 
interaction. The 1:1 ratio of GTB and AOT were confirmed using 
HPLC/UV, and 1H NMR. 
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Figure 4.17: LPNPs composition, representative SEM image, and particle size 
distribution. LPNPs composed of three main components: lipophilic polymeric core, as 
PLGA; a lipid mono or bilayer covering the polymeric core; and a pegylated lipid as a 
corona, and it can be used for functionalizing the surface of LPNPs (A). Representative 
SEM image of LPNPs, scale bar=200 nm. LPNPs has been lyophilized, and Pluronic 
F68 was used as a cryoprotectant.  The morphology of LPNPs was a regular spherical 
shape. (B) Particle size distribution for LPNPs coloaded with CPD 4 and GTB-AOT 
based on intensity measurement at 25℃. The mean size ±SD was 355±29nm (C). 

(C) 
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Figure 4.18: The release profile of GTB-AOT and CPD 4 from LPNPS in phosphate buffer 

(pH 7.4) at 37℃. Each point represents the mean ± SD of the percent of the released of 

GTB-AOT or CPD 4. The study was conducted as described in Material and Methods section 
(4.2.6) The release rate from LPNPs of CPD 4 was slower than that of GTB-AOT. (n=6) 



149 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

20000400006000080000100000120000140000160000180000

5000

10000

15000

20000

25000

G
T

B
 (

nM
)

CPX (nM)

0.000

0.1000

0.2000

0.3000

0.4000

0.5000

0.6000

0.7000

CI

20
00

0

40
00

0

60
00

0

80
00

0

10
00

00

12
00

00

14
00

00

16
00

00

18
00

00

5000

10000

15000

20000

25000

G
T

B
 (

nM
)

CPX (nM)

0.000

0.1000

0.2000

0.3000

0.4000

0.5000

0.6000

0.7000

CI

(B) (A) 

(C)  (D) 

 

Figure 4.19:  In vitro cytotoxicity of GTB, CPX, free drug combination, LPNPs coloaded with CPD4 
and GTB-AOT in MDA-MD-468 observed after 24 h incubation time. Synergy levels obtained from 
the free drug combination of CPX and GTB for 24h across different drugs ratios using Loewe model 
Data from the concentration-dependent matrix was analyzed using Combenefit® software according 
to the Loewe model (A), Contour distribution of CI values across different drug ratios calculated using 
Combsyn software (C). The synergy analysis for LPNPs coloaded with CPD4 and GTB-AOT at 
(1:7.2) molar ratio of GTB to CPX in serial dilution (circled combinations) using Loewe model (B). 
Contour distribution of CI values across different drug ratios calculated using CompuSyn software 
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Figure 4.20:  In vitro cytotoxicity of GTB, CPX, free drug combination, LPNPs coloaded 
with CPD4 and GTB-AOT in MDA-MD-231 observed after 24 h incubation time. Synergy 
levels obtained from the free drug combination of CPX and GTB for 24h across different 
drugs ratios using Loewe model. Data from the concentration-dependent matrix was 
analyzed using Combenefit® software according to the Loewe model (A). Contour 
distribution of CI values across different drug ratios calculated using Combsyn software (C). 
The synergy analysis for LPNPs coloaded with CPD4 and GTB-AOT at (1:7.2) molar ratio 
of GTB to CPX in serial dilution (circled area) using Loewe model (B). Contour distribution 
of CI values across different drug ratios calculated using CompuSyn software (D). 
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Figure 4.21:  In vitro cytotoxicity of GTB, CPX, free drug combination, LPNPs coloaded 
with CPD4 and GTB-AOT in MCF10DCIS.com observed after 24 h incubation time. 
Synergy levels obtained from the free drug combination of CPX and GTB for 24h across 
different drugs ratios using Loewe model. Data from the concentration-dependent matrix 
was analyzed using Combenefit® software according to the Loewe model (A). Contour 
distribution of CI values across different drug ratios calculated using Combsyn software 
(C). The synergy analysis for LPNPs coloaded with CPD4 and GTB-AOT at (1:7.2) molar 
ratio of GTB to CPX in serial dilution using Loewe model (B). Contour distribution of CI 
values across different drug ratios calculated using CompuSyn software (D). 
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Figure 4.22: Log DRI for GTB and CPX combination as free drugs, 
and as CPD4/GTB-AOT coloaded LPNPs in TNBC cell lines. 
CPD4 and GTB-AOT were encapsulated in LPNPs at fixed molar 
ratio of 1:7.2. The cell lines were treated with such combinations for 
24 hours prior to viability assay. DRI values of various 
combinations were calculated using CompuSyn software from data 
of the studies described in Figures 4.19- 4.21. Each column 
represents the mean ± SE.  *, p<0.05. 
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Figure 4.23: Synergy scores of combinations of free drugs and prodrug coloaded LPNPs. 
GTB and CPX as free drug combination, and as LPNPs coloaded with CPD4 and GTB-AOT 
at fixed molar ratio of 1:7.2 were used to treat 3 TNBC cell lines for 24 hours. The synergy 
score calculated using CompuSyn from Figures 4.19 – 4.21 were compared. Each column 
represents the average ± SD Synergy score values calculated using Combenefit software. *, 
p<0.05. 
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5 Summary, Conclusions, and Future Directions  

The diagnosis of DCIS comprises about 20% of newly diagnosed breast cancers because 

of the widespread screening mammography. The current DCIS management involves 

surgery followed by radiation since systemic chemotherapeutic treatment is ineffective. 

Intraductal therapy is one of the promising strategies to deliver the antitumor drug directly 

into the breast duct for treating preinvasive localized DCIS. The major drawback of 

intraductal therapy is the rapid diffusion of small drug molecules leads to short drug tissue 

retention and reduction in therapeutic efficacy. CPX is a promising antitumor drug. 

Interestingly, CPX inhibits several oncogenic pathways highly associated with initiation, 

progression, and invasiveness of DCIS. Oral CPX has a short half-life, and it causes severe 

gastrointestinal adverse effects at a high dose.  

This study includes the modification of CPX drug properties either by the prodrug approach 

or zinc complexation approach. Additionally, several formulations of CPX, either 

nonresponsive based on the zinc complexation approach or responsive based on the 

prodrug approach was developed and evaluated. The CPX-Zn PLGA NPs has significantly 

prolonged the mammary persistence of CPX because of the NPs size and the sustained 

release of CPX-Zn. The CPX-Zn PLGA NPs demonstrates a remarkable improvement of 

in vivo efficacy against DCIS-like lesion in a rat model, mainly due to its ability to prolong 

drug mammary persistence. Similarly, the responsive delivery system of CPD 4 NS and a 

combination of CPD 4 NS with CPD 4 loaded in PLGA NPs have demonstrated prolonged 

mammary tissue concentrations and enhanced therapeutic efficacy compared to CPX NS 

at the same dose equivalent of CPX. The concept of synergy and codelivery of CPX and 

GTB against TNBC was investigated. The synergistic combination has been applied 
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successfully in cancer treatment protocol to reduce drug dose, enhance the therapeutic 

effect, and minimize drug exposure. The extent synergistic interaction of the presentation 

of CPX first and then followed by GTB was higher than that of the reversed addition 

schedule. These in vitro cytotoxicity results have confirmed that LPNPs coloaded with 

CPD 4 and GTB-AOT improves the synergistic interaction and the cytotoxic effect of the 

drug combination against TNBC compared to the free drug combination. These in vitro 

findings validate the influential role of drug presentation schedule and codelivery concepts 

in the development of effective synergistic drug combinations to treat DCIS at low drug 

dose and minimal drug exposure. 

Recommended future directions are: 

 To assess the synergistic combination of CPX with GTB and the codelivery 

approach in estrogen receptor (ER+) and human epidermal growth factor receptor 

2 (HER2+) breast cancer cell lines. 

 To investigate the effect of GTB on the mechanism and extent of NPs uptake, and 

on cytotoxicity of therapeutic NPs. 

 To evaluate the antitumor efficacy of intraductal therapy using LPNPs coloaded 

with CPD 4 and GTB-AOT in vivo in TNBC xenograft animal model. 

 To design and evaluate the therapeutic efficacy and ductal selectivity of actively 

targeted LPNPs loaded with CPD 4 and GTB-AOT against receptor expressed 

breast cancer cell lines in vitro and in vivo. 
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 To study the effect of the vehicle (in situ gelling system) on the mammary 

persistence and antitumor efficacy of CPX nano delivery system, responsive and 

nonresponsive. 
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