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ABSTRACT 

 

 

MUBIN TARANNUM. Development of nanoparticle-based approaches for treatment 

and imaging of pancreatic cancer. (Under the direction of DR. JUAN L. VIVERO-

ESCOTO) 

  

 Pancreatic ductal adenocarcinoma (PDAC) is a type of exocrine pancreatic 

cancer which accounts for over 90% of cases. PDAC is the fourth-leading cause of 

cancer-related mortality in the United States with a 5-year survival rate of 9% with little 

to no change in the last 40 years. The high mortality and poor prognosis of PDAC can be 

attributed to multifactorial reasons including late diagnosis, intrinsic and acquired 

resistant behavior, early micrometastatic dissemination, desmoplastic effect, and 

heterogeneities in tumors, rendering the current treatments rather ineffective. Hence, it is 

imperative to focus on improved methods for the detection and treatment of PDAC. 

Mesoporous silica nanoparticles (MSN)-based modalities can be a promising approach 

for PDAC treatment, owing to their outstanding properties. Research in this Thesis 

focuses on the development of novel MSN-based modalities to address many of the 

drawbacks impeding the success of current PDAC therapies.  

In Chapter 2, MSNs were used to achieve high drug loading and provide 

synergistic co-delivery of Gem/cisPt. The MSN platform was functionalized with a novel 

tMUC1-specific antibody (TAB004) for targeted drug delivery. The TAB004-Gem-cisPt-

MSNs showed increased accumulation in the tumors, which therapeutically outperformed 

the untargeted MSN material as well as free Gem/cisPt. The carrier design using 

chemical conjugation of drugs to MSNs along with stimuli-responsive behavior 

eliminated systemic drug release and off-target toxicities in KCM syngeneic mice. For 

Chapter 3, sequential therapy was designed to combat the stromal barrier via SHh 
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inhibition using cyclopamine (CyP). The time-staggered sequential combination therapy 

of CyP-MSNs plus Gem-cisPt-MSNs showed increased tumor inhibition in aggressive 

HPAF II tumor-bearing mice and showed changes in the tumor stroma. Chapter 4 

addresses the early diagnosis of PDAC which is essential to improve PDAC prognosis. In 

this direction, target specific TAB004-MSNs was used as an imaging and diagnostic 

probe. TAB004-MSNs demonstrated increased selectivity in tMUC1-expressing PDAC 

cells. More importantly, TAB004-MSNs could selectivity accumulate in the pancreas at 

an early PanIN lesion stage. The versatile uses of MSNs and their thorough investigation 

in KCM, syngeneic mice, HPAF II xenograft mice, and transgenic PDA.MUC1 mice 

demonstrate safety, bioimaging, and therapeutic performance of MSNs. Overall, the data 

in this Thesis provides evidence for successful multi-modal applications of MSNs and 

provides proof for the clinical translation of our platform. 
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1 CHAPTER 1: INTRODUCTION 

 

 

1.1 Cancer.  

Cancer encompasses an array of complex diseases involving dynamic changes in 

the genome of tumor cells and surrounding microenvironment, resulting in a complicated 

tissue-like system far exceeding the complexity of healthy organs. The difficulty in 

treating cancer stems from the fact that different cancers behave as individual diseases 

(1). Cancers vary in the growth rate, the origin of cells in the organ, metastatic potential, 

and the designated site of cancer spread, which leads to differences in response to 

therapies. These differences hamper patients’ selection, tumor behavior prediction, 

clinical outcome, development of resistance, and relapse (2).  

1.1.1 Hallmarks of cancer.  

Hanahan and Weinberg described the key cancer hallmarks in 2000 as six specific 

characteristics manifested by cancer cells to dictate malignant growth (3). These hallmark 

list was revised in 2011 to include four additional enabling and new emerging 

characteristics of cancer (Figure 1.1) (4). They include sustaining proliferative signaling, 

evading growth suppressors, activating invasion and metastasis, enabling replicative 

immortality, inducing angiogenesis, and resisting cell death. Enabling hallmarks of 

cancer encompass metabolic reprogramming and immune evasion. These biological 

capabilities provide a logical framework for understanding the characteristics of cancer 

and its remarkable diversity. Tumors are not just an insular mass of cancer cells; instead, 

they form a complex tissue-like system, where distinct components have a specific role in 

tumorigenesis, progression, and metastatic dissemination. These cellular and non-cellular 

components, now well established as “tumor microenvironment” (TME), contribute 
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heavily to the development of the cancer hallmarks (5, 6).  

 

Figure 1.1. The hallmarks of cancer, as described by Hanahan and Weinberg (4). Cancer cells 

transiently acquire these properties during the process of evolution from the normal state 

to the neoplastic state. 

Healthy cells strictly control the production and release of growth-promoting 

signals that instruct the cell division, growth, and cell death, ensuring normal tissue 

function and homeostasis. On the contrary, cancer cells can sustain proliferative 

potential by overexpressing the growth factor ligands, mutational defects in proliferation 

pathways, and disrupting negative feedback (7-9). This sustained proliferation is 

accompanied by the ability of cancer cells to circumvent robust cellular programs and 

evade growth suppressors. Cancer cells have shown defective checkpoints like tumor 
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suppressor genes (RB and TP53), and they adapt to abolish contact inhibition at an early 

stage (10).  

The intrinsic and extrinsic programmed cell death mechanisms, i.e., cell 

apoptosis, in a healthy cell serves as a significant barrier to cancer progression. Cancer 

cells have evolved a variety of strategies for resisting cell death through the loss of 

tumor suppressor genes and its regulation, increased expression of the anti-apoptotic 

proteins (Bcl-2, Bcl-xL, Mcl-1), and decreased expression of pro-apoptotic proteins (Bid, 

Noxa, Bmf) (11, 12). To acquire replicative immortality, cancer cells evade the 

telomere-related senescence via various strategies (13, 14). Tumors induce angiogenesis 

to sprout new blood vessels that are required to support tumor growth with nutrients and 

oxygen (15, 16) (Figure 1.1). Tumor neovasculature is marked by precocious capillary 

sprouting, convoluted and excessive vessel branching, distorted and enlarged vessels, 

erratic blood flow, micro-hemorrhaging, and the leakiness (17). This provides the basis of 

the enhanced permeability and retention (EPR) effect, which is an essential concept for 

the accumulation of nanoparticles in tumors.  

Cancer cells acquire and lose various properties to undergo the multistep process 

of invasion and metastasis. The process starts with local invasion of cancer cells from 

the primary tumor, intravasation into nearby blood and lymphatic vessels. This is 

followed by the transit of cancer cells through the circulation followed by escape 

(extravasation) into the parenchyma of the distant tissue. The cancer cells finally colonize 

into metastatic lesions in the distant host tissue (18).  

In addition, the uncontrolled growth of the cancer cells demands reprogramming 

in energy metabolism to fuel the continuous growth-division process. The abilities 
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mentioned above result in sustained cell growth, which also requires solid tumors to 

avoid the detection of immune cells by disabling the components of the immune system 

and induce immune-suppressive properties in the tumor (19, 20). Taken together, the 

cancer hallmarks provide a solid foundation of cancer biology for their mechanistic 

underpinnings and to shape the research direction for emerging therapeutics (Figure 1.1).  

1.2 Pancreatic ductal adenocarcinoma (PDAC). 

The pancreas is a gland situated deep in the abdomen between the stomach and 

the spine. The pancreas is responsible for exocrine and endocrine functions like the 

production of enzymes to aid in digestion and vital hormones to control blood sugar, 

respectively (21). About 95% of the pancreatic cancers are exocrine in origin and 

originate from the ductal cells, referred to as pancreatic ductal adenocarcinoma (PDAC) 

(22). Despite having a low rate of incidence (0.01%), PDAC is ranked high as the fourth 

leading cause of cancer-related mortality (Figures 1.2a and 1.2b).  

 

Figure 1.2. Graph representing the total deaths, incidence, and 5-year survival of top five 

cancers. (a) The total annual number of deaths related to cancer in the USA in 2017 based on 

cancer type, emphasizing the high ranking of pancreatic cancer as the fourth leading cause. (b) 

Pancreatic cancer has low incidence among top five cancers. (c) A graph to represent the change 

in 5-year survival in the range from 1970-1977 to 2007-2013, which indicates that the 5-year 

survival of pancreatic cancer has not significantly increased over 40 years (23, 24).   

PDAC is an aggressive and devastating malignant disease that poses a substantial 

health impact, with approximately 57,600 new cases and 47,050 deaths anticipated in 
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2020 (25). Unfortunately, despite the tremendous scientific efforts, PDAC remains the 

cancer with the worst prognosis i.e., a 5-year survival rate of 9% for all the stages 

combined. Moreover, this dismal prognosis is further decreased to 3% for the patients 

diagnosed with advanced disease. Improvement in PDAC 5-year survival has not been 

significant compared to the top five cancer types (Figure 1.2c) (24). Further, the PDAC 

burden is projected to increase in the next decade and is anticipated to be the second-

leading cause of cancer-related deaths by 2030 (23). Despite progress in our 

understanding of cancer biology, oncology research, drug development, and novel 

therapeutic strategies, pancreatic cancer still remains one of the most challenging cancers 

to treat. Therefore, developing reliable methods for early diagnosis of PDAC and 

improved therapeutic strategies can have a significant impact on the clinical outcome for 

this deadly disease.   

1.2.1 Molecular pathogenesis of PDAC.  

PDAC is distinguished by four genes that are altered in a high fraction of patients, 

including KRAS (>90%), CDKN2A (>95%), p53 (50-75%), and DPC4/SMAD4 (55%) 

(26). PDAC progresses through a series of precursor lesions, which include pancreatic 

intraepithelial neoplasia (PanIN), intraductal papillary mucinous neoplasia (IPMN), and 

mucinous cystic neoplasia (MCN). PanIN lesions are the most prevalent type of 

preinvasive lesions, which arise from small pancreatic ducts. They are morphologically 

classified into four grades, PanIN 1A, PanIN 1B, PanIN 2 and PanIN 3, where PanIN 3 is 

referred to as carcinoma in-situ before they give rise to invasive adenocarcinoma and 

metastasis (Figure 1.3) (27).   
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Figure 1.3. Molecular pathology of PDAC. Estimated time required for the progression of PDAC 

from PanIN precursor stage to invasive carcinoma and metastasis (27).   

1.2.2 Major causes of the poor prognosis in PDAC.  

The high mortality rate and poor prognosis of PDAC can be attributed to 

multifactorial reasons including (28, 29):   

a. Lack of early diagnosis: PDAC is asymptomatic at the early stages of the disease. 

Signs and symptoms in PDAC such as abdominal pain, yellow skin and eyes, and 

weight loss occur only at the late stages (22). There are no reliable biomarkers for 

effective screening tests. In addition, the positioning of the pancreas towards the back 

of the abdomen is anatomically unfavorable for bioimaging. These factors result in 

less than 20% of patients diagnosed at early stages who may be eligible for the 

potentially curative surgical option (30).  

b. High metastatic burden: More than half of PDAC patients at diagnosis, present with 

locally advanced or metastatic disease with the main metastatic sites being liver, 

lungs, and peritoneum (31). The metastatic propensity is rapidly acquired during 
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carcinogenesis, and the metastatic spread in PDAC is seen even when primary tumors 

are as small as 2 cm. The pancreas is situated in the abdominal region at the junction 

of several vital organs including the stomach, liver, and diaphragm. The early 

invasion of cancer cells to nearby blood vessels is due to the high vascular and 

lymphatic connections between the pancreas and the surrounding organs (32).  

c. Inherent and acquired resistance to systemic therapies: PDAC exhibits extremely 

efficient pre-existing and acquired resistance to various therapies like chemotherapy, 

radiotherapy, and immunotherapy. The resistance is a result of genetic heterogeneity, 

aberrant signaling of carcinogenic pathways, and altered metabolism. These factors 

lead to cellular clones in tumors that respond differently to treatments, exhibit 

different metastatic potential, and contribute to recurrence. With the recent 

understanding of genetic and transcriptome analysis of PDAC tumors, it was proved 

that epigenetics and abnormal production of miRNA (micro RNA) and lncRNA (long 

non-coding RNA) contribute heavily to the resistance in PDAC (33). It is essential to 

point out that TME in PDAC acts as a physical barrier for systemic drugs and is an 

active contributor of resistance to therapies (34). 

d. Abundant desmoplastic stroma: PDAC exhibits a unique desmoplastic stroma, 

which can account for up to 80-90% of the tumor volume. PDAC stroma is composed 

of cellular and acellular components, including pancreatic stellate cells (PSCs), 

cancer-associated fibroblasts (CAFs), immune cells, and excessive extracellular 

matrix (ECM). Stroma is responsible for hypovascularized and hypoxic tumors. The 

high desmoplastic stroma results in poor perfusion of systemic drugs and acts as a 

physical barrier for drug delivery. Moreover, the stroma-tumor crosstalk builds a 
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unique tumor microenvironment (TME) that accelerates tumor progression, immune 

suppression, and metastasis (35).  

1.3 Current clinical approaches for PDAC treatment. 

Complete surgical resection remains the only potentially curative treatment for 

PDAC. However, only less than 20% of newly diagnosed patients are suitable for surgery 

at the time of diagnosis. Unfortunately, more than 70% of diagnosed patients present with 

advanced disease and metastasis, which preclude curative surgical resection (36). 

Therefore, systemic therapies such as chemotherapy and radiation therapy are the 

mainstay for PDAC in the clinic.  

1.3.1 Gemcitabine and limitations associated with gemcitabine monotherapy.  

Gemcitabine (Gem) has been the cornerstone for PDAC chemotherapy since its 

approval in 1997 (37). Gem (2’,2’-difluoro 2’-deoxycytidine, dFdC) is a deoxycytidine 

analog, which is transported into cells via nucleoside transporters (NTs) like ENTs and 

CNTs (38). Once taken up by the cells, Gem is phosphorylated by the intracellular 

enzyme (dCK) to produce dFdCMP, which is further converted to its active diphosphate 

form (dFdCTP). The active form dFdCTP is incorporated in the DNA leading to DNA 

polymerase dislodgement from the DNA strand, specifically one nucleotide downstream. 

The masking of the extra nucleotide makes the break site unattractive to DNA repair 

enzymes that lead to cell apoptosis (39). Though potent, drawbacks in Gem therapy lead 

to modest overall effect; median survival of 5.6 months, 23.8% response rate (40). 

Understanding and addressing intrinsic and extrinsic limitations in Gem monotherapy is 

essential to improve the therapeutic index of Gem (Figure 1.4). These limitations are 

explained in detail below: 
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a. Inefficient Gem delivery: Gem is deactivated in the blood and TME by enzyme-

mediated deamination. Cytidine deaminase (CDA) is the critical enzyme responsible 

for Gem deactivation. This limits the circulation of Gem and leads to its short plasma 

half-life (41). Further, the desmoplastic stroma in PDAC tumors behaves as a 

physical barrier for Gem delivery (Figure 1.4a). All these factors contribute to 

reduced tumor accumulation of Gem in the tumors and cancer cells.  

b. Cellular transport of Gem: Cellular uptake of Gem acts as the crucial next step in 

the Gem cytotoxicity and resistance. The nucleoside transporter (ENTs and CNTs) 

serves as a major limiting factor, and decreased expression of nucleoside transporters 

is reported as a mechanism of resistance (42).  

c. Intracellular Gem processing: The intracellular processing of Gem by dCK enzyme 

in cells is a rate-limiting step for the conversion of Gem into its active metabolite 

(dFdCTP). The acquired and intrinsic deficiency of dCK in PDAC cells is related to 

the resistance of Gem (43).  

d. Intracellular deactivation of Gem: Further intracellular Gem deactivation by CDA 

results in the inactive Gem metabolite (dFdU), which is excreted out from the cells. 

The overexpression of CDA in cancer cells plays a vital role in Gem resistance 

(Figure 1.4b) (34).  

e. Enzymes potentiating Gem cytotoxicity: Ribonucleotide reductase (RR) is 

important for maintaining the deoxynucleotide (dNTP) pool in the cell. Hence, 

decreased activity of RR potentiates the incorporation of Gem in the DNA and 

increases the effectiveness of the drug by decreasing the competition between Gem 

and deoxycytidine. While Gem self-potentiates its effect by directly inhibiting the RR 
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subunit M1 (RRM1), the upregulation of the RR enzyme can confer resistance (44).  

f. Increased off-target toxicity: Gem deactivation leading to the short half-life, and 

insufficient Gem concentrations in the tumor tissue requires high dosage 

administration in order to increase the therapeutic dose. This leads to high systemic 

toxicities in healthy tissues (45).  

 

Figure 1.4. Complex intrinsic and extrinsic mechanisms of Gem resistance. (a) Extrinsic 

resistance of Gem is related to inefficient drug delivery in the tumor cells due to plasma 

inactivation of Gem and desmoplastic stroma. (b) Intrinsic resistance is related to cellular 

transport, intracellular metabolism, and intracellular inactivation of Gem (34).  

1.3.2 Combination therapies approved in the clinic.  

The improvement of Gem therapy is an essential goal in the treatment of PDAC. 

As a promising option, combination therapies have been investigated in research and 

clinical settings (46). The most common strategy is to enhance the cytotoxic effect of 

Gem by exploiting its combination with other chemotherapeutic drugs. For example, 

numerous studies evaluated the addition of chemotherapeutic agents like 5-fluorouracil 

(5-FU), capecitabine, oxaliplatin, and cisplatin to the Gem regimen. Unfortunately, these 

studies failed to show improvements in survival compared to Gem monotherapy (46). 

Recent combinations like Gem plus nab-paclitaxel or FOLFIRINOX have brought back 

the excitement in combination therapies to improve prognosis in PDAC.  
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The combination of Gem with nab-paclitaxel, an albumin-bound nanoparticle 

formulation of paclitaxel, resulted in a 2-month survival benefit compared to Gem 

monotherapy. The Gem plus nab-paclitaxel regimen exhibited improved response rate 

(RR) (23% vs. 7%), prolonged median progression-free survival (mPFS) (5.5 vs. 3.7 

months), and prolonged overall survival (OS) (8.5 vs 6.7 months) compared to Gem 

monotherapy (47). The role of nab-paclitaxel in the treatment regimen presumably is 

associated with increasing the tumor delivery of Gem, modulation of stroma, and 

synergistic performance with and Gem (48). This improvement led to the FDA approval 

of Gem plus nab-paclitaxel as the standard front-line therapy for PDAC in 2013. 

Nevertheless, this regimen is associated with some adverse effects including neutropenia, 

fatigue, peripheral neuropathy, and alopecia (46).  

FOLFIRINOX regimen, which includes folinic acid, 5-FU, irinotecan, and 

oxaliplatin, resulted in an OS (11.1 months vs 6.8 months), mPFS (6.4 months vs 3.3 

months) and objective RR (31.6% vs 9.4%) compared to Gem monotherapy (49). 

Although FOLFIRINOX showed superior activity, the regimen is reserved for patients 

with good performance status due to its increased toxicity. The adverse effects of 

FOLFIRINOX include fatigue, bone marrow suppression, neutropenia, diarrhea, and 

sensory neuropathy. To reduce these side effects, a modified regimen of FOLFIRINOX, 

which includes reduced doses of irinotecan and bolus 5-FU or omission of bolus 5-FU 

(50). Currently, the clinical choice of FOLFIRINOX vs Gem plus nab-paclitaxel as front-

line therapy is based on the physician choice and the performance of the patients. 

Second-line chemotherapy for PDAC is designed when the disease continues to 

progress even after first-line therapy. The choice of second-line regimen is contingent on 
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the first-line regimen used: if the patient was treated with a Gem-based approach, then a 

5-FU-based therapy is typically utilized as second-line and vice versa. A combination of 

nanoliposomal irinotecan and 5-FU showed improved outcomes compared to 5-FU alone 

(6.1 months vs 4.2 months), which lead to the regimen approval by the FDA in 2015 (51).  

Another combination therapy approach investigates the molecular targeted 

therapies based on the genetic or phenotypic characteristics of PDAC (52). In this 

approach of combining targeted molecular therapies to chemo-agents, a marginal benefit 

was observed for Gem plus erlotinib. Erlotinib is an epidermal growth factor receptor 

(EGFR) tyrosine kinase inhibitor, which prolonged median overall survival by 10 days 

when added to Gem (6.24 months vs 5.91 months) (53). This combination was approved 

by the FDA in 2007 for marginal improvement. However, this regimen is not widely used 

in the clinical practice due to the limited clinical utility, increased toxicity, and high cost  

(46).  

1.4 Novel approaches currently explored in clinical trials for PDAC.  

The current clinical investigation for PDAC therapies can be organized into three 

main approaches: 1) combination therapies involving multiple chemo-agents, 3) targeted 

molecular agents, and 3) TME modifying agents. As mentioned in the previous sections, 

current front-line therapies include Gem alone, Gem plus nab-paclitaxel, and 

FOLFIRINOX. Hence, these act as the backbone drugs to which additional experimental 

drugs are added under various clinical trials (46).  

1.4.1 Combination therapies based on chemotherapy agents  

With the success of two- and three-drug combinations, there has been a growing 

interest in utilizing more aggressive regimens to increase cytotoxicity and improve 
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tolerability. Recent trials include the addition of chemo-agents like cisplatin and 

capecitabine to current therapies. Results of a phase Ib/II pilot trial evaluating the 

addition of cisplatin to Gem plus nab-paclitaxel regimen reported a high RR (complete 

response 8.3%; partial response 62.5%; stable disease 16.7%; progressive disease 

12.5%), albeit at the expense of high toxicity profile (54). Another cytotoxic combination 

involved the addition of cisplatin and capecitabine to Gem plus nab-paclitaxel (4-drug 

regimen), which showed a PFS at 6 months of 100% in the combination arm versus 61% 

in the control arm (55). This regimen is further being tested under metastatic settings 

(NCT01730222) (37). The aforementioned regimens are under discussion for evaluation 

in phase III clinical trials. Overall, multi-drug therapies exhibit significant improvement 

in the PDAC prognosis. Nevertheless, these combinations are associated with high 

toxicity profiles. Therefore, developing safe delivery systems becomes a critical factor in 

exploiting the full potential of multi-drug combinations.   

1.4.2 Combination therapies based on targeted molecular agents.  

PDAC has high genomic heterogeneity in terms of mutational landscape. Hence, 

genetic and molecular pathway alterations have shaped the development of novel PDAC 

therapies (56). 

a. It is well established that the KRAS mutation is the driver mutation in PDAC, as 

demonstrated by the fact that over 90% of the PDAC tumor harbor the KRAS 

mutation (57). KRAS mediates signal transduction between membrane growth factor 

receptors and downstream pathways, such as MEK, PI3K/AKT, and ERK. All these 

signaling pathways contribute to tumor growth, progression, and metastasis. Due to 

its importance, various clinical trials are focused on targeting KRAS and the 
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downstream effectors (37).  

b. Certain cell surface receptors are overexpressed and play an essential role in PDAC 

tumorigenesis. These receptors are extensively studied as therapeutic target including 

EGFR, human epidermal growth factor receptor 2 (HER2), and vascular endothelial 

growth factor receptor (VEGFR) (58).  

c. At least 10% of the PDAC disease is associated with genetic predisposition. About 

half of these germline mutations occur in DNA damage repair-related genes. Hence, 

molecules that inhibit DNA repair in combination with DNA damaging chemo-

agents, such as PARP inhibitors combined with Pt-based drugs, are investigated as a 

promising strategy (59).   

d. Therapies targeting epigenetic and metabolic changes are also highly investigated in 

PDAC. Epigenetic changes in the DNA including miRNA, lncRNA are now thought 

to be a target in the PDAC therapy. High desmoplastic stroma and hypoxic tumors 

have shown to reprogram the tumor cells metabolically to sustain unrestricted tumor 

growth. This gives an opportunity to explore metabolic inhibitors as potential 

therapeutic strategies (60).   

 

Figure 1.5. Novel therapies targeting various elements of PDAC tumors. Therapies targeting 

signaling pathways participating in tumorigenesis, the components of tumor microenvironment, 
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immune responses, tumor vasculature, novel epigenetic changes, and metabolic changes in PDAC 

(58).  

1.4.3 Therapies modulating the components of TME.  

PDAC is a highly desmoplastic tumor where the crosstalk between the cancer 

cells and components in the TME drives the tumor progression, invasion, and metastasis. 

As each of the TME components has a specific role in tumor growth, these components 

are considered to be potential therapeutic targets. The stromal ECM components 

including collagen, hyaluronan (HA), metalloproteinases (MMP), and other soluble 

cytokines and growth factors have been the early targets to disrupt stroma in order to 

increase the drug delivery and decrease resistance (29). One of the most recent 

approaches in this direction is the enzymatic depletion of HA using PEGylated 

recombinant hyaluronidase (PEGPH20) (61). A combination of PEGPH20 with 

chemotherapy improved progression-free survival of advanced PDAC patients in clinical 

trials. This combination is currently under advanced phases of clinical evaluation with 

selected PDAC patients pre-screened for increased HA levels in the tumors (58, 62). 

Other molecular agents including MMP, connective tissue growth factor (CTGF), CXC 

chemokines, and angiotensin inhibitors have been investigated in pre-clinical settings 

with improved outcomes and need further clinical validation (29). These targets are 

noncellular ECM components, which result in disruption of ECM, leading to a reduction 

in the interstitial fluid pressure (IFP), allowing for increased perfusion of systemic drugs 

in the tumors.   

Remodeling or reprogramming the tumor stroma to induce quiescence rather than 

stromal depletion is the current focus based on the evidence of catastrophic results of 

excessive stromal disruption (62). In parallel, the importance of pancreatic CSCs in the 
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formation and maintenance of the TME has highlighted the deactivation of PSCs as a 

potential target for reshaping TME in PDAC. Therapies to induce cancer-associated 

fibroblasts (CAFs) and PSCs quiescence are currently investigated including treatment 

with vitamin A and D analogs (63). These therapies have shown potential in pre-clinical 

models including genetically engineered mice (GEM) models warranting the ongoing 

clinical trials (62).  

An alternate direction is to intervene on the molecular pathways involved in the 

crosstalk between the various TME components. These pathways include the TGF-β and 

sonic hedgehog pathways (58, 64) (Figure 1.5). The role of the Hedgehog pathway in 

PDAC and the corresponding therapies which is a major topic in this thesis, are discussed 

in detail in section 3.1.2. Moreover, other TME components like immune cells and 

pancreatic CSCs have been recently investigated as novel therapeutic targets for the 

treatment of PDAC (58, 65, 66).  

1.5 Use of nanoparticles for PDAC treatment. 

Nanotechnology has evolved to the forefront in the areas of medical diagnostics, 

imaging, and therapeutic drug delivery. Nanomaterials are applied in a plethora of 

scientific areas by virtue of their unique properties associated with the nanoscale, such as 

surface area and quantum effect (67). Nanomedicine brings nanotechnology and 

medicine together to improve current diagnosis and treatment as an effective solution to 

address some of the critical issues associated with cancer. Nanomaterials such as 

liposomes, albumin-based nanoparticles, polymeric nanoparticles, micelles, gold, and 

silica nanoparticles have been extensively used to develop novel imaging probes and 

therapies to improve cancer treatment (68-70). The applications of nanomedicine have 
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made their way to the benefit of cancer patients with products like Doxil, Abraxane, and 

MM-398; additionally, many other platforms are under clinical investigation (71, 72).  

The rationale design of nanocarriers for the anticancer drug delivery has resulted 

in increased plasma half-life, improved pharmacodynamic and pharmacokinetic 

properties of drugs, target-specific drug delivery via passive or active targeting, and 

decreased off-target toxicity (73-75). As previously mentioned, the leaky vasculature and 

poor lymphatic drainage in tumors allow nanoparticles to accumulate within tumors (EPR 

effect). The nanoparticles are large enough to escape filtration by the kidneys yet small 

enough to evade phagocytic removal by Kupffer cells and splenocytes in the 

mononuclear phagocyte system (MPS). In conjunction, nanoparticles can actively target 

tumor tissue with the use of targeting moieties. Active targeting is advantageous, 

specifically in tumors where the EPR effect is diminished (76). The nanoparticles 

between 1 and 500 nm provide the inherent property to interact with the cell surface and 

organelles. Several nanomaterials have been investigated for early detection of PDAC 

(77-79) as well as the development of PDAC therapies, including chemo, gene, 

photodynamic, and photothermal therapies (68, 80-83).  

1.5.1 Nanoparticles designed for safe delivery of single chemotherapy agents. 

  The primary chemotherapy agent for PDAC treatment (Gem) as currently 

administered has multiple limitations and thus, maybe substantially improved. 

Nanomaterials have proven to increase the overall intracellular Gem concentration via 

improved pharmacokinetics, decreased the metabolic deactivation, and to overcome Gem 

resistance. 

As discussed in the previous sections, the primary limitation in the efficacy of 
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Gem is its rapid deactivation and elimination from the body. Nanoparticles have been 

used to overcome the rapid metabolization and drug resistance associated with Gem. 

Cosco et al. demonstrated the increased delivery of Gem to tumor tissue using Gem-

loaded PEGylated liposomes (L-Gem). L-Gem increased the systemic availability of 

Gem, where the plasma half-life was increased to 8 h using L-Gem compared to 1.5 h for 

free Gem. This resulted in the longer circulation of L-Gem and enhanced antitumor 

activity against PDAC tumor-bearing mice as compared to free Gem (84). In addition, 

Wonganan et al. and Zhu et al. demonstrated that Gem prodrug (Gem C18) loaded 

nanoparticles had superior performance compared to the free Gem in Gem-resistant cells 

that are deficient in hENT1 or dCK while overexpressing RRM1 (section 1.3.1). These 

studies showed that nanoparticles could deliver increased Gem concentrations in cells, 

independent of the nucleotide transporter expression. The prodrug form of Gem can 

overcome the deactivation by CDA, intracellularly converted into Gem active metabolite, 

and interact efficiently with the increased RRM1 in resistant cells (85, 86).  

Similar nanoformulations have been investigated using various Gem prodrugs. 

For example, the chemical linkage of squalene at the 4-amino position of Gem (SQ-Gem) 

has been shown to inhibit its deamination by CDA (87). This prodrug has been used to 

form self-assembled nanoparticles, which decreased the Gem deactivation while 

increasing Gem half-life and intracellular Gem concentrations. The controlled release of 

Gem from nanoparticles reduced the rapid saturation of intracellular enzymes required 

for potentiating the Gem cytotoxicity (section 1.3.1d). This further prevents acquired 

Gem resistance in cells (88). Other nano-formulations like polymeric micelles have been 

used to deliver Gem (P-Gem) with improved plasma stability and sustained drug release 
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by incorporating chemical linkages between Gem and polymer forming the micelles. The 

P-Gem micelles successfully inhibited tumor growth in PDAC tumor-bearing mice (89, 

90).  

1.5.2 Nanoparticles designed for multi-drug or combination drug delivery.   

Combination therapies involving the addition of multiple chemo-agents with Gem 

is the primary approach to increase Gem efficacy while decreasing resistance. One of the 

limitations with conventional combination therapy is that participating drugs have 

different physicochemical properties. This leading to differences in pharmacokinetics and 

pharmacodynamics and differential tumor accumulation of drugs. In addition, the full 

potential of combination therapies is limited by their increased adverse effects. 

Nanoparticles can alleviate these limitations by carrying multiple drugs in order to 

augment drug synergism by controlled spatiotemporal delivery while reducing side 

effects. Poon et al. reported a synergistic combination of Gem/oxaliplatin using nanoscale 

coordination polymer (NCP). This study used GMP (Gem monophosphate), which is 

formed after intracellular phosphorylation of Gem and is a rate-limiting step for Gem 

potency (section 1.3.1). Thus, using GMP bypasses this critical step to improve Gem 

efficacy. In vivo efficacy studies were carried out in PDAC subcutaneous xenograft mice. 

The results indicate that the co-delivery of GMP/oxaliplatin using NCP led to synergistic 

therapeutic effects and enhanced antitumor efficacy compared to their single drug 

counterparts (91). Similarly, Emamzadeh et al. reported the use of liposomes to deliver 

Gem and cisplatin, which can precisely manipulate and control the synergism of 

Gem/cisplatin. Also, the liposomes are coated with a thermosensitive polymer, which 

allows for stimuli-responsive drug release under temperature as an external stimuli. The 
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liposomes could co-deliver Gem/cisplatin with increased cytotoxicity in PDAC cells 

compared to single drug-loaded liposomes (92).  

1.5.3 Nanoparticles designed for targeted drug delivery.  

Effective cancer treatment demands that the administered drug efficiently reaches 

the tumor tissue by overcoming the barriers associated with blood circulation and tumor 

penetration. In general, nanoparticles access to the tumor site by passive or active 

targeting. Passive targeting is facilitated by the inherent nanometer scale, which takes 

advantage of the leaky tumor vasculature. Indeed, the neo-vasculature in tumors is 

characterized by gaps between the adjacent endothelial cells resulting in a leaky and 

defective architecture of the blood vessels. It is accompanied by poor lymphatic drainage 

in the tumor. This feature of tumors gives rise to enhanced permeability and retention 

(EPR) effect (Figure 1.6). However, the EPR effect varies with tumor types and degree 

of tumor vascularization (76, 93).  

The active targeting of nanoparticles relies on the nanoparticle functionalization 

with specific targeting moieties, which are selected based on high avidity and specificity 

to the cancer cell surface receptors. Various targeting ligands have been investigated, like 

monoclonal antibodies, aptamers, peptides, and antibody fragments (76). Targeted 

nanoparticles are internalized in the specific cells using receptor-mediated endocytosis 

(Figure 1.6). Hence, this approach offers increased nanoparticle tumor accumulation. 

The higher nanoparticle accumulation leads to increased drug delivery to tumors as well 

as decreased off-target toxicities.   
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Figure 1.6. Passive and active targeting mechanism of nanoparticles. Passive targeting of 

nanoparticles is achieved via the EPR effect. The active targeting is accomplished via 

nanoparticle surface functionalization leading to increased binding of nanoparticles to specific 

target cells (93).  

Overexpression of epidermal growth factor receptor (EGFR) is linked to various 

cancer types, including PDAC (94). Clinically, cetuximab is an anti-EGFR antibody used 

to inhibit EGFR signaling, and various studies have used this antibody for targeted drug 

delivery of gold, iron oxide, and polymeric nanoparticles (95). McDaid et al. reported 

cetuximab (CTX) functionalized polymeric nanoparticles designed to deliver the 

anticancer drug, camptothecin (CPT). The therapeutic effectiveness of targeted 

nanoparticles was validated in vitro and in vivo. CTX-nanoconjugation improved the 

targeting of nanoparticles and enhanced CPT-induced apoptosis of PDAC cells. In vivo 

experiments with PDAC tumor-bearing mice showed that targeted nanoparticles could 

effectively target the cancer cells and increase tumor inhibition (96). In addition, 
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cetuximab-conjugated gold nanoparticles (AuNPs) were investigated for the delivery of 

Gem. The therapeutic efficacy of the targeted delivery system exhibited significant 

inhibition of pancreatic cancer cell proliferation in vitro and inhibited the orthotopic 

pancreatic tumor growth in vivo. Pharmacokinetic experiments, along with the 

quantification of Au both in vitro and in vivo, further confirmed that the inhibition of 

tumor growth was due to enhanced targeted delivery (97).  

Mondal et al. also reported the use of polymeric micelles decorated with 

cetuximab. The micelles were used to deliver Gem and miR-205, which is involved in 

Gem resistance. Systemic administration of the targeted micelles exhibited significant 

tumor growth inhibition in orthotopic pancreatic tumor-bearing mice compared to 

untargeted micelles (98). Another receptor investigated for targeted delivery is urokinase 

plasminogen activator receptor (uPAR), which is overexpressed in pancreatic cancer 

cells. Lee et al. engineered uPAR-targeted magnetic iron oxide nanoparticles (IONPs) 

carrying Gem for targeted delivery. These theranostic nanoparticles enable the 

intracellular release of Gem following receptor-mediated endocytosis into tumor cells 

and, also provide contrast enhancement in magnetic resonance imaging (MRI) of tumors. 

Systemic administration of uPAR-IONPs significantly inhibited the growth of orthotopic 

PDAC tumors and allowed for the detection of residual tumors (99).  

1.5.4 Nanoparticles designed for tumor stroma modulation therapy.  

The unique microenvironment in PDAC is a cardinal histopathological feature 

where the stroma comprises up to 80% of the tumor mass, rendering most of the systemic 

treatments ineffective. Excessive ECM generates high interstitial fluid pressure resulting 

in compressed blood vessels causing hypoperfusion, hypovascularity, and hypoxia. In 
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addition, the dense stroma compromises on the performance of the nanomedicine, 

hindering the penetration and extravasation of nanoparticles in the tumors and off-target 

toxicity in the stromal components. To elevate therapeutic effectiveness, combination 

therapies targeting different stromal barriers and tumor-stroma crosstalk pathways are 

being investigated. Various advanced drug delivery carriers have been tested to overcome 

the stroma barrier in different ways to increase the nanoparticle therapeutic efficacy 

against PDAC (100, 101).  

Mardhian et al. reported the use of nano-targeted relaxin to modify stroma and 

increase the efficacy of Gem. Relaxin is an anti-fibrotic agent that inhibits the activation 

of PSCs. In this study, relaxin was delivered using superparamagnetic iron oxide 

nanoparticles (SPIONs) to overcome the drawbacks of relaxin delivery, such as rapid 

degradation and short circulation. Administration of relaxin-SPIONs into tumor-bearing 

mice reduced the activation of PSCs, as indicated by decreased fibrosis, reduced ECM 

deposition. When co-administered with Gem, relaxin-SPIONs potentiated the effect of 

Gem. This can be attributed to reduced collagen deposition, allowing better drug 

penetration in tumors (102). PSCs are also known to support metastasis in PDAC. 

Another study by Mengying et al. investigated the role of relaxin-loaded lipid 

nanoparticles for targeting the liver metastasis of pancreatic cancer. Relaxin reversed the 

stromal microenvironment, which makes it unfavorable for established liver metastasis to 

grow, resulting in significant inhibition of metastatic progression and prolonged survival  

(103).  

The studies described above focused on using nanoparticle-based delivery 

systems to carry a TME modulating agent, co-administered with free chemotherapy 
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agents. Other reports demonstrated the use of nanoparticles for co-delivery of a TME 

modulating agent and a chemotherapy agent. Zhao et al. reported the co-delivery of 

cyclopamine (CPA, sonic hedgehog inhibitor) and paclitaxel (PTX) using polymeric 

micelles (M-CPA/PTX). The low dose of CPA and co-delivery of PTX resulted in 

stromal modulation, decreased ECM, and alleviated hypoxia while maintaining the 

tumor-restraining function of the stroma. The M-CPA/PTX nanoparticle therapy resulted 

in extend animal survival by suppressing tumor growth. This study used 

multifunctional nanoparticles to simultaneously target cancer cells and stromal 

components (85).  

1.6 Mesoporous silica nanoparticles. 

1.6.1 Introduction to mesoporous silica nanoparticles.  

Among the various nanomaterials, mesoporous silica nanoparticles (MSNs) have 

attracted considerable interest in different fields of science and engineering due to their 

unique properties. MSNs offer several unique and advantageous properties such as 

chemical and thermal stability, high surface area, tunable particle size and pore diameter, 

chemically modifiable surfaces, and facile functionalization (104). MSNs have been used 

for a wide variety of applications including, catalysis, food manufacturing, biosensing, 

delivery of drugs, and contrast agents (105-108). MSNs exhibit several advantages, 

which make them an excellent candidate for biomedical applications (Figure 1.7) (109-

111). These factors are explained in detail below: 

a. High drug loading capacity: MSNs’ high surface area and ordered porous structure 

allows for high drug loading. Drugs can be encapsulated in the internal surface and/or 

conjugated to the external MSN surface.  

https://www.sciencedirect.com/topics/engineering/nanoparticles
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b. Multifunctionality: The silanol-containing MSN surfaces can be functionalized with 

high selectivity to achieve better control over drug loading and release. Moreover, the 

external surface can be conjugated with various targeting/imaging agents and stimuli-

responsive molecules for efficient cell-specific drug delivery (112). 

c. Biocompatibility: Silica is “Generally Recognized as Safe” material by the United 

States FDA. Recently, Cornell dots (C dots), another class of silica nanoparticle have 

been approved for stage I/II human clinical trial for targeted molecular imaging (113). 

Various in vivo preclinical evaluations have established that MSNs are biocompatible. 

In addition, the biodistribution, passive targeting, and the clearance of MSNs can be 

tuned by modifying their key structural parameters, such as particle size, morphology, 

porosity, surface properties, functionalization, and administration routes. 

d. Stimuli-responsiveness. MSN surface can be modified with macrocycle molecules, 

polymers, and proteins, which act as capping agents or pore gating agents. Another 

approach for controlled drug release is to use stimuli-responsive chemical handles to 

conjugate drugs to MSNs. These chemical linkages can prevent the premature release 

of drugs in the systemic circulation, whereas once in the target tissue (tumor), the 

chemical linkages break in response to the stimuli (114).  



26 

 

 

 

Figure 1.7. Advantages of mesoporous silica nanoparticle as drug delivery systems (115).   

1.6.2 Synthesis and functionalization of MSNs.  

1.6.2.1 Synthesis of MSNs.  

The Stöber process is one of the most widely employed methods for silica 

nanoparticles. This method enables a high control over the polymerization and reaction 

kinetics leading to a wide variety of silica-based nanomaterials like solid, mesoporous, or 

hollow. The surfactant-template approach is a variation of the Stöber method used for the 

fabrication of MSNs. In this approach, a surfactant like cetyltrimethylammonium 

bromide (CTAB) is utilized, where the surfactant self-assemble into micelles at a 

concentration higher than the critical micellar concentration (CMC) (116). Upon the 

reaction conditions, this process leads to the formation of a liquid crystal, which acts as a 

template for the formation of a porous structure in MSNs (Figure 1.8a). Once the 

surfactant template is formed, the addition of silica precursor (tetraethyl orthosilicate, 

TEOS) condenses around the micellar template. The pH of the reaction solution controls 

the hydrolysis/condensation rates, which plays a major role in the polymerization of silica 

(117). Finally, the template surfactant can be removed either by calcination or by solvent 
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extraction to generate a highly ordered porous structure, as observed in the TEM image 

(Figure 1.8b). 

 

Figure 1.8. Synthesis of MSNs. (a) Schematic representation of the fabrication of mesoporous 

silica nanoparticles. (b) TEM image depicting the ordered porous structure of MSNs (117).  

1.6.2.2 Functionalization of MSNs.  

  The functionalization of MSNs can be carried out through two main approaches: 

post-synthesis grating or co-condensation. In the post-synthesis grafting method, the 

organosilanes (example: aminopropyl triethoxysilane, mercaptopropyl trimethoxysilane) 

react with the silanol groups on the surface of the MSNs. The post-synthesis grafting can 

be carried out before or after surfactant template extraction. This reaction process is 

specifically advantageous to functionalize the exterior surface of the MSNs. In the co-

condensation method, the organosilanes are introduced at the time of silica framework 

formation. This approach is advantageous to functionalize the interior surface of MSNs 

(Figure 1.9). One of the outstanding features of MSNs compared to other nanomaterials 

is the ability of multi-functionalization with high precision. As mentioned above, the 

interior or exterior surface of the MSNs can be selectively functionalized with different 
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functional groups. We have used this approach to functionalize the interior surface with 

pro-drugs and/or imaging agents and the external surface with other types of drugs and/or 

targeting moieties (118, 119).  

 

Figure 1.9. Main approaches for the functionalization of MSNs: post-synthesis grafting and co-

condensation approach (119).  

1.6.3 Use of MSNs for PDAC therapy. 

Various studies have investigated the use of MSNs to develop different strategies 

for the detection and/or therapy of PDAC in cellular and preclinical settings. These 

approaches include the delivery of single chemotherapeutics (example: gemcitabine, 

doxorubicin, irinotecan) (120-122), the combination of chemotherapy agents and/or small 

molecule inhibitors (example: gemcitabine/paclitaxel) (120, 123, 124), and other 

therapeutic modalities (example: photodynamic therapy and photothermal therapy) (125, 

126). In addition, novel target-specific MSN-based nanoprobes have also been developed 

for cancer imaging (127, 128). Overall, these studies demonstrate that MSN is a 

promising nanoplatform for the detection and/or treatment of PDAC. 

a. MSNs for increased delivery of single chemotherapy agents: Irinotecan is an 

important component in the FOLFIRINOX regimen used for PDAC; however, it is 
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associated with increased toxicities (129). Liu et al. reported the use of lipid bilayer 

coated MSNs (LB-MSNs). The irinotecan was encapsulated in the MSN pores via 

proton gradient and the lipid bilayer further seals the pores. This approach resulted in 

the reduction of drug leakage, toxicity and improving the stability while increasing 

the drug concentration at the tumor site. The therapeutic efficiency of irinotecan 

loaded LB-MSNs in orthotopic PDAC mice showed a decrease in primary tumors as 

well as treating tumor metastases. This work demonstrated that the reduced leakage 

and controlled rate of irinotecan release due to the use of LB-MSNs dramatically 

decreased the systemic toxicity associated with irinotecan (120).  

b. Target-specific drug delivery: c(RGCfE) is a peptide that shows high affinity to 

integrin (αγβ3), which is overexpressed in the tumor blood vessels and cancer cells, 

including PDAC. Sun et al. developed c(RGDfE) conjugated multifunctional MSNs 

for the delivery of Gem. This target-specific MSN-based system includes a magnetic 

core for MRI imaging. The peptide conjugated nanoparticles increased the cellular 

uptake in human PDAC cells that overexpress integrin. Gem loaded MSNs resulted in 

efficient growth inhibition of PDAC cells (130).  

c. Combination therapy: Meng et al. reported the use of lipid coated-mesoporous silica 

nanoparticle (MSNs) to co-deliver a synergistic combination of Gem and paclitaxel 

(PTX). The Gem drug was entrapped in the MSN pores, and the external surface of 

MSNs was subsequently sealed using a lipid bilayer (LB). The hydrophobic PTX was 

incorporated in the lipid bilayer in a ratiometric design. The Gem/PTX-loaded LB-

MSNs were tested in mice carrying subcutaneous xenografts and the orthotopic 

model of PANC-1. The PTX/GEM-loaded LB-MSNs demonstrated effective 
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inhibition of primary tumor growth, as well as the elimination of metastasis. The 

authors demonstrated that the ratiometric co-delivery of PTX could suppress CDA 

expression resulting in increased concentration of active Gem in tumors compared to 

control groups (131).  

d. Combination therapy using MSNs for stroma remodeling: Pericyte coverage of 

vascular fenestrations blocks the vascular access due to the dense stroma of PDAC, 

which also contributes as a barrier for nanoparticle delivery. In order to improve the 

vascular access and increase Gem delivery, Meng et al. developed a two-wave 

strategy to first decrease the pericyte coverage through interference in the TGF-β 

signaling pathway, followed by the delivery of Gem. The first-wave nanotherapy was 

accomplished using a polyethyleneimine (PEI)/polyethylene glycol (PEG)-coated 

MSNs to carry a small molecule TGF-β inhibitor, LY364947. The Gem was delivered 

using a PEGylated liposome as second-wave nanotherpay, which was administered 

sequentially after the administration of LY364947-carrying MSNs. This two-wave 

approach provided effective inhibition of the PDAC tumor in a xenograft model as 

compared with free drugs or Gem-loaded liposomes (132).  

1.7 Preclinical models to evaluate PDAC treatment and/or diagnostic probes.   

Preclinical models should reproduce critical features of PDAC disease and 

provide as an effective tool for developing strategies for early diagnosis, evaluating novel 

therapeutic drugs and nanomedicine (133). Human PDAC cell lines provide simple, low-

cost, and easily replicable models with practical advantage for screening drugs. 

Nevertheless, they lack the complexity of PDAC tumors where various cells interact with 

each to guide the progression and growth of tumors. Therefore, clinically relevant in vivo 
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models within an increased level of complexity are being developed. These in vivo 

models include xenograft, orthotopic, patient-derived tumor xenograft (PDX), and 

genetically engineered mice (GEM) models (134). The simplest xenograft mice model 

involves the transplantation of human PDAC cells into immune-deficient mice. They are 

convenient, inexpensive and allow for rapid assessment of therapeutic safety and 

efficacy. Importantly, this model allows for easy assessment of tumor size (135).  

Orthotopic mice models where the PDAC cells are transplanted in the pancreas is 

a more reminiscent model. Nevertheless, these models are costly, more difficult to 

discern the therapeutic response, due to the position of the pancreas. Xenograft and 

orthotopic mice models have predictive value, which helps to prioritize the biomarker 

selection, imaging, and/or therapeutic agents. However, cell line-based models lack 

genetic and phenotypic heterogeneity and hence, they limit the ability to predict the 

therapeutic responses in clinical settings (136). Human PDAC cell transplantation 

requires immune-deficient mice, which compromise the effect of immune system on the 

development of tumors and the effect of the immune system on the various aspects of 

therapeutic platform including nanoparticle circulation, tumor accumulation, and their 

performance. On the contrary, syngeneic transplant models are created by cancer cells 

derived from the same genetic strain. This model involves the use of immune-competent 

mice and tumor growth in the presence of a complete immune system (137). 

Despite of the simplicity of the xenograft, syngeneic and orthotopic mice, models 

that recapitulate the progression of PDAC disease similar to that in humans are required 

for better understanding the disease and therapeutic studies of novel drugs and 

nanomaterials to obtain clinically relevant data. In this direction, genetically engineered 



32 

 

 

mice (GEM) models are created by introducing specific gene mutations in oncogenes 

and/or tumor suppressor genes that are important in human PDAC. GEM models have 

been recognized as more accurate predictors of drug response and better models for 

biomarker and therapeutic discovery (138). 

PDAC arises from pancreatic ductal cells and progresses through a series of 

precursor lesions. Pancreatic intraductal neoplasia (PanIN) lesions are the most prevalent 

type of preinvasive lesions, which arise from small pancreatic ducts. They are 

morphologically classified into four grades, PanIN 1A, PanIN 1B, PanIN 2, and PanIN 3, 

where PanIN 3 is referred to as carcinoma in-situ and is characterized as stage 0 in 

humans before they give rise to invasive adenocarcinoma and metastasis (27, 139). 

Recently, the transgenic mouse model (KC or Cre-LSL-KRASG12D), which develops a 

full spectrum of PDAC, was developed and has been tested in various preclinical 

evaluations. Dr. Mukherjee has further crossed the KC mice with human tMUC1 

(MUC1.Tg) mice and established a unique mouse model, PDA.MUC1 mice that 

expresses human tMUC1 in a tissue-specific manner and spontaneously develop 

pancreatic tumors (140-142). In this model, PanIN lesions develop from week 6-16, 

followed by adenocarcinoma by week 26 and invasive adenocarcinoma with metastases 

by week 36-40 after oncogenesis initiation (139, 143). PDA.MUC1 mouse is an ideal 

mouse model to evaluate the targeting and therapeutic capabilities of the MSN platform 

proposed in this Thesis to obtain clinically relevant outcomes.  

1.8 Summary of the Thesis.  

PDAC is one of the most devastating cancers with 5-year survival rate in single 

digits. Despite success in the genetic analysis, drug development, and novel therapeutic 
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strategies, PDAC still remains a challenging cancer to treat. Various factors are 

responsible for the poor prognosis of PDAC and investigations assessing combination 

therapies, addressing complex TME, and novel probes for bioimaging can benefit PDAC 

therapy. This thesis is focused on developing nanoparticle-based approaches to improve 

therapy and diagnosis in PDAC. Mesoporous silica nanoparticles (MSNs) are highly 

versatile nanocarriers and various applications of MSNs in the therapy and imaging of 

PDAC are presented in this Thesis.  

Chapter 2 reports a target-specific combinatorial therapy using MSNs. The 

approach investigated consists of chemically conjugated gemcitabine and cisplatin 

prodrugs (Gem-cisPt-MSNs) at an optimized synergistic ratio that is released under the 

specific stimuli in the cancer cells. The MSN platform is further functionalized with a 

novel antibody (TAB004), which specifically recognizes tumor associated MUC1 

(tMUC1). The chapter describes the synthesis and thorough characterization of the 

structural and chemical properties of the synthesized nanoparticles. Moreover, the in vitro 

evaluation of drug-conjugated MSNs including targeting ability, cytotoxicity, DNA 

damage, and apoptotic ability is also described to understand the detailed mechanism of 

our platform in PDAC cells. The study also illustrates preclinical investigation of our 

therapeutic MSN platform including safety, biodistribution, targeting ability, and 

therapeutic efficacy. Two mice models were used for this investigation, a syngeneic 

KCM model and a transgenic PDA.MUC1 model.  

Next, chapter 3 reports on a sequential combination approach where Gem-cisPt-

MSNs, described in chapter 2, are combined with a primary treatment that modulates 

tumor stroma. This chapter involves the design and synthesis of a tumor stroma 
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modifying agent (cyclopamine, CyP)-loaded MSN system. The chapter reports full 

structural and chemical characterization of the CyP-loaded MSNs. The in vitro evaluation 

of CyP-MSNs including cytotoxicity, and combination effect of CyP-MSNs plus Gem-

cisPt-MSNs is described in PDAC cells. The preclinical in vivo evaluation of sequential 

combination of CyP-MSNs plus Gem-cisPt-MSNs is also illustrated in human PDAC 

HAPF II xenograft and PDA.MUC1 mice. 

 Chapter 4 presents a preliminary investigation of the potential use of TAB004-

MSNs as a target-specific imaging probe for PDAC. The targeting ability and specificity 

of TAB004-MSNs was investigated in PDAC cells. The tumor targeting capability of 

TAB004-MSNs is reported in syngeneic KCM mice. We also investigated the bioimaging 

and early detection capacity of TAB004-MSNs in PDA.MUC1 mice.  

Finally, Chapter 5 summarizes the main conclusions and contributions of this 

Thesis and describes future directions for the MSN-based platform for the therapy and 

imaging of PDAC.  
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2 CHAPTER 2: tMUC1-targeted combinatorial drug delivery using mesoporous silica 

nanoparticles for improved therapy of PDAC 

2.1 Introduction 

2.1.1 Gemcitabine-cisplatin combination for PDAC.  

As mentioned in the previous chapter, Gem monotherapy suffers from drawbacks 

like Gem deactivation in the plasma and TME, development of intrinsic and extrinsic 

resistance by PDAC cells, and aberrant activation of molecular signaling pathways after 

prolonged exposure (144-146). To improve Gem efficacy, combination therapies have 

been investigated in preclinical and clinical settings (91, 124). Multiple chemo-agents 

including 5-FU, paclitaxel, oxaliplatin, and cisplatin (cisPt) have been added to Gem. The 

combination of cisPt and Gem therapy has been previously investigated for PDAC 

without significant improvements in the clinic. However, cisPt is currently investigated in 

combination with Gem plus nab-paclitaxel. One of the main drawbacks of cisPt-based 

therapies is their high off-target toxicity profile which further increases in combination 

therapies (147).    

The synergistic benefit of the Gem/cisPt combination has been demonstrated in 

lung cancer and ovarian cancer (148-150). This effect is associated with the capacity of 

Gem to inhibit DNA repair of cisPt-induced DNA damage. Thereby, Gem potentiates the 

cytotoxic effect of cisPt. Nevertheless, the synergy between Gem/cisPt has not been 

thoroughly investigated in PDAC.  

2.1.2 Mesoporous silica nanoparticles for the combinatorial delivery of Gem/cisPt.  

Conventional combination therapies suffer from limitations of controlled 

spatiotemporal and ratiometric drug delivery due to the distinct physiochemical 
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properties of the participating drugs, different cellular uptake mechanisms, and increased 

off-target toxicities. Critically, exploiting the full potential of combination therapies 

requires the development of versatile delivery platforms that can simultaneously transport 

and release multiple drugs that exhibit different physicochemical properties (151-154). 

Nanocarriers provide a great opportunity in this direction for the improvement of 

combination therapies. MSN is a versatile delivery system that provides several unique 

advantages for the co-delivery of drugs. MSNs can encapsulate drugs at high capacity 

independent of the physicochemical properties of the drugs. Moreover, MSNs can be 

independently and selectively modified at interior and exterior surfaces for efficiently co-

delivery of anticancer agents.  

2.1.3 tMUC1 antibody for targeted drug delivery.  

Active targeting mechanisms exploit and seek safe tumor homing through a target 

receptor that is specifically overexpressed in the cancer cells (76). Tumor-associated 

mucin1 (tMUC1) is a glycoprotein overexpressed in various human malignancies, 

including breast cancer and pancreatic cancer. tMUC1 differs from MUC1 expressed in 

normal cells, both in its biochemical features and its cellular distribution (155). Indeed, 

tMUC1 is ranked as second best target antigen among 75 tumor-associated antigens by 

NCI Translational Research Work Group (156). tMUC1 protein is detected in ~100% of 

PDAC tumors, making it an extremely valuable antigen for the targeted therapy for this 

disease (157, 158). tMUC1 is also associated with the poor prognosis, epithelial-

mesenchymal transition (EMT), metastasis and chemoresistance in PDAC (155). 

TAB004 is a novel antibody developed by Dr. Mukherjee (UNC Charlotte) which 

recognizes an altered glycosylated epitope in the variable number tandem repeat (VNTR) 
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region of the extracellular segment of tMUC1 (159, 160). Importantly, TAB004 

recognizes specific epitopes different from those recognized by other MUC1 antibodies 

and has unique complementary determinant regions (CDRs) of the heavy and light 

chains. TAB004 has been demonstrated to exhibit high specificity to tMUC1 in a 

spontaneous model of PDAC, and more relevant, in tumor samples from PDAC patients 

(158, 159).  

2.1.4 Hypothesis and aims of the present study.  

We hypothesized that a novel nanoparticle-based platform for the co-delivery of Gem 

and cisPt, with additional benefits of target-specific stimuli-responsive drug delivery can 

dramatically enhance the synergistic effect of Gem/cisPt, improve drug delivery to PDAC 

tumors and therapeutic efficacy, while reducing if not eliminating the of-target toxicities. 

To prove this hypothesis, we following aims are proposed: 

a. Synthesis and characterization of TAB004-Gem-cisPt-MSNs. 

b. In vitro evaluation of the synthesized MSN platform including targeting ability, 

cytotoxicity, DNA damage, and apoptotic ability is also described to understand 

the detailed mechanism of our platform in a panel of PDAC cells. 

c. In vivo investigation of safety, biodistribution, targeting ability, and therapeutic 

efficacy of our therapeutic MSN platform in syngeneic KCM and transgenic 

PDA.MUC1 mice models.  

2.2 Materials and Methods. 

2.2.1 Materials.  

Hexadecyltrimethylammoinum bromide (CTAB), Tetraethyl orthosilicate 

(TEOS), (3-aminopropyl)triethoxysilane (APTES), Diethanolamine (DEA), 3-
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(Trihydroxylsilyl) propyl methylphosphonate monosodium salt (TPMP), 

poly(ethyleneimine) polymer (PEI; MW = 1.8kDa), N-succinimidyl-3-(2-pyridyldithio) 

propionate (SPDP), Gemcitabine hydrochloride, Cis-Diamineplatinum dichloride 

(Cisplatin), NIR-797-isothiocyanate, hydrogen peroxide (H2O2), O-(Benzotriazol-1-yl)-

N,N,N’,N’-tertamethyluronium tetrafluoro borate (TBTU), N,N-Diisopropylethylamine 

(DIPEA), 1- Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), Trifluoroacetic acid 

(TFA), succinic anhydride, S-trityl-mercaptopriopionic acid, triethylsilane (TEA), and 

Ninhydrin reagent were purchased from Sigma Aldrich. Methoxy polyethylene glycol N-

hydroxysuccinimide (MeO-PEG-NHS; MW=2kDa) and MAL-PEG-SCM (MW=2 kDa) 

were purchased from Creative PEGWorks Inc. Sulfhydryl addition kit was purchased 

from Thermo scientific, Nano-WTM (Nanoprobes), and TAB004 antibody was purchased 

from OncoTab.  

Roswell Park Memorial Institute (RPMI 1640), fetal bovine serum (FBS), 

Dulbecco Modified Eagle Medium (DMEM), penicillin-streptomycin, phosphate buffer 

saline (PBS, 1X), and trypsin were purchased from Corning. Glutamax was purchased 

from Gibco and NEAA was purchased from Quality biologicals. Fetal bovine serum 

(FBS) was purchased from Atlanta Biologicals. CellTiter 96® AQueous Assay was 

obtained from Promega (Madison, WI, USA). BD Pharmingen™ Annexin V-FITC 

Apoptosis Detection Kit was purchased from BD Biosciences. Gamma H2A assay was 

purchased from Millipore Sigma. Buffered 10% Formalin purchased from VWR.  In situ 

Apoptosis Detection Kit (ab206386) was purchased from Abcam Co LTD (USA).  

A JEOL Transmission electron microscopy 2100 LaB6 was used for imaging 

nanoparticles. Malvern instrument Zetasizer Nano (red laser 633 nm) (Malvern 
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Instrument Ltd., Malvern, UK) was used for hydrodynamic size and zeta potential 

analysis. NOVA 2200e Quantachrome surface area and pore analyzer was used for MSN 

surface area and pore analysis. The IVIS® Spectrum imaging system (PerkinElmer) was 

used to determine the fluorescence of the nanoparticles for the in vivo studies. The 

excitation/emission was performed at 745/820 nm to image NIR dye. All tissue slides 

were visualized using an Olympus IX71 fluorescence microscope fitted with a DP70 

camera and corresponding software (Olympus). CEM Mars microwave unit with 

Easyprep Teflon digestion vessels was used for the organ digestion. A PerkinElmer 8300 

DV with autosampler inductively coupled plasma optical emission spectroscopy (ICP-

OES) was used for the Si content analysis in the organs. A Thermo Electron X series 

inductively coupled plasma Mass spectroscopy (ICP-MS) was used for Pt content 

analysis.   

2.2.2 Synthesis of cisPt and Gem prodrugs. 

2.2.2.1 Synthesis and characterization of cisPt prodrug.  

Cisplatin (IV) prodrug (disuccinotocisplatin) was synthesized via a two-step 

process following our previous procedure with slight modifications (161). The first step 

was the oxidation of cisplatin to afford dihydroxycisplatin. Briefly, cisplatin (200 mg, 

0.67 mmol) was dissolved in nanopure water (9 mL, pH 7) followed by the addition of 

H2O2 (30 wt%, 1 mL). The mixture was allowed to react at 70 ºC under constant stirring 

for 5 h in nitrogen atmosphere in dark. The reaction mixture was cooled to room 

temperature and additionally stirred overnight at room temperature. The product was 

washed with ice-cold water and ethanol to afford dihydroxycisplatin (1). 

FT-IR (cm-1): 3514 (O-H), 3261 (N-H) 
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The second step was the reaction of dihydroxycisplatin (1) with succinic 

anhydride to afford disuccinotocisplatin (2). Dihydroxycisplatin (IV) (100 mg, 0.3 mmol) 

was dissolved in DMSO (4 mL). Succinic anhydride (120.4 mg, 1.2 mmol) was added to 

the solution and allowed to react for 24 h at 70 °C in dark. The product was dried under 

vacuum and washed with cold acetone to afford disuccinotocisplatin.  

FT-IR (cm-1): 3184 (O-H), 1736-1706 (C=O)  

13C NMR (300 MHz, DMSO-D6, ppm): δ = 180.0 (COOR), 174-172 (COOH), 30.9 

(CH2CH2COOH), 30.3 (CH2COR). R= [PtCl2(NH3)2] 

2.2.2.2 Synthesis and characterization of Gem prodrug.  

Gem prodrug (4) was synthesized following a two-step process reported in the 

literature with slight modifications (162). First, to synthesize 3-tritylthio-gemcitabine (3), 

S-trityl-mercaptopropionic acid (136 mg, 0.4 mmol) and TBTU (143 mg, 0.44 mmol) 

was dissolved in anhydrous DMF (2 mL). To this solution, gemcitabine hydrochloride 

(200 mg, 0.64 mmol) was added and stirred until completely dissolved. Then, DIPEA 

(244 µL, 1.58 mmol) was added to the reaction mixture and allowed to react for 72 h 

under constant stirring at room temperature. The reaction mixture was cooled on ice, and 

the product was precipitated by adding excess cold brine water. The precipitate was 

vacuum filtered and dried under vacuum to afford compound (3).  

1H NMR (300 MHz, CD3OD, ppm): δ= 8.33 (d, 1H, CH=CH), 7.42-7.3 (m, 6H, ArH), 

7.3-7.1 (m, 10H, 9 ArH and CH=CH), 6.27-6.21 (m, 1H, H-1), 4.4-4.28 (m, 1H, H-3), 

4.0-3.9 (m, 2H, H-5), 3.82-3.75 (m, 2H, H-4), 2.5-2.4 (m, 2H, SCH2 and 2H, 

NHCOCH2). 

For the synthesis of (4), compound (3) (80 mg, 0.14 mmol) was dissolved in 2 mL 
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of TFA:DCM (1:1) mixture. To this solution, triethylsilane (0.5 mL, 3.0 mmol) was 

added. The reaction mixture was stirred for 1 h at room temperature. The product was 

dried under vacuum. The crude product with washed with diethyl ether (5 X 5 mL) and 

dried again to afford compound (4).  

1H NMR (300 MHz, CD3OD, ppm): δ= 8.34 (d,1H, CH=CH), 7.42 (d, 1H, CH=CH), 

6.27-6.21 (m, 1H, H-1), 4.4-4.28 (m, 1H, H-3), 4.0-3.9 (m, 2H, H-5), 3.82-3.75 (m, 1H, 

H-4), 2.8-2.7 (m, 4H, SHCH2 and NHCOCH2). 

2.2.3 Synthesis of TAB004-Gem-cisPt-MSNs. 

2.2.3.1 Synthesis of AP-MSNs.   

AP-MSNs were synthesized following our previous procedure with slight 

modifications (163, 164). Briefly, the surfactant CTAB (0.78 g, 2.14 mmol) was 

dissolved in a mixture of ethanol (3.32 mL) and nanopure water (21.6 mL), followed by 

the addition of DEA (41.4 µL, 0.428 mmol). This surfactant mixture was stirred for 30 

min at 60 ºC. To this solution, APTES (7.64 µL, 32.6 µmol) was added, followed by the 

dropwise addition of TEOS (2.19 mL, 9.80 mmol) over a period of 5 minutes. The 

resulting suspension was stirred for 18 h at 60 ºC. Finally, the nanoparticles were 

collected via centrifugation at 13,000 rpm for 15 minutes, washed three times with 

ethanol and stored in ethanol.  

The surfactant template was extracted by washing the MSNs in 1M HCl 

methanolic solution (10 mg of MSNs in 1 mL of the acidic solution). The MSNs were 

dispersed in the acidic solution and stirred for 10 h at 60 ºC. The MSNs were then 

collected via centrifugation and washed with ethanol three times. A second acid wash 

was performed under the same conditions for 6 h to warrant complete surfactant 
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extraction. Finally, the surfactant-free AP-MSNs were washed with ethanol three times 

and stored in ethanol.  

2.2.3.2 Synthesis of cisPt-MSNs.  

Cisplatin (IV) prodrug (disuccinotocisplatin) (2) was conjugated to AP-MSNs via 

coupling reaction mediated by EDC to afford cisPt-MSNs (161). AP-MSNs (1,000 mg) 

were dispersed in 30 mL of DMSO, followed by the addition of TEA (210 μL, 151.8 mg, 

1.5 mmol). The MSN dispersion was stirred for 30 minutes. Meanwhile, compound (2) 

(400 mg, 0.75 mmol) and EDC (720 mg, 3.75 mmol) was dissolved in 20 mL of DMSO. 

This solution was added slowly to the MSN dispersion under constant stirring. The 

reaction mixture was stirred for 24 h at room temperature in dark. After the conjugation 

process, the nanoparticles were collected via centrifugation, washed once with DMSO, 

twice with ethanol and stored in ethanol. The supernatants obtained from the reaction and 

each washing solution were used to determine the amount of cisPt conjugated to the 

MSNs. The Pt content was analyzed using atomic absorption spectroscopy (Analyst 200).  

2.2.3.3 Synthesis of phosphonate-grafted and NIR-labeled MSNs.  

2.2.3.3.1 Synthesis of Phos-MSNs or Phos-cisPt-MSNs.  

To functionalize the surface of MSNs with phosphonate groups, post-synthetic 

grafting of TPMP was carried out following the previously reported procedure with slight 

modifications (165). AP-MSNs or cisPt-MSNs (200 mg) were dispersed in 13 mL of 

nanopure water. An aqueous solution of TPMP (113.5 µL, 0.2 mmol in 13 mL water, pH 

adjusted to 6-7) was added to the MSN dispersion. The mixture was stirred for 3 h at 40 

ºC. Finally, the nanoparticles were collected via centrifugation, washed thrice with 

ethanol to afford Phos-MSNs or Phos-cisPt-MSNs.  
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2.2.3.3.2 Synthesis of NIR silane derivative.  

NIR silane derivative was synthesized following our previous procedure (163). 

Briefly, NIR-797 isothiocyanate (1.65 mg, 1.87 µmol) was dissolved in 1 mL of 

anhydrous DMF. To this solution, APTES (3.9 µL, 16.6 µmol) was added and allowed to 

react for 3 h at room temperature under slow stirring in dark. The as-synthesized NIR-

silane derivative was used without any further purification.  

2.2.3.3.3 Synthesis of NIR-labeled MSNs.  

To synthesize MSNs labeled with NIR-797, AP-MSNs or cisPt-MSNs (200 mg) 

were dispersed in 13 mL of nanopure water. An aqueous solution of TPMP (113.5 µL, 

0.2 mmol in 13 mL water, pH adjusted to 6-7) was added to the MSN dispersion. The 

mixture was stirred for 3 h at 40 ºC. Then 1 mL of the as-synthesized NIR silane 

derivative (described in the previous section) was added to the MSN reaction under 

stirring. The mixture was stirred for an additional 3 h at 40 ºC covered from light. After 

the grafting reaction was complete, the nanoparticles were collected via centrifugation, 

washed thrice with ethanol and stored in ethanol. NIR-labeled MSNs were used for in 

vivo targeting ability and therapeutic efficacy studies.  

2.2.3.4 Synthesis of PEI-coated MSNs.  

MSNs were coated with PEI polymer using a procedure previously reported 

(132). Phosphonate-grafted MSNs (Phos-MSNs or Phos-cisPt-MSNs, 100 mg) were 

dispersed in 40 mL of ethanol. A PEI solution (1.8 KDa, 10 mL, 2.5 mg/mL in ethanol) 

was added to the MSN dispersion and stirred for 1 h at room temperature. The 

nanoparticles were collected via centrifugation and washed thrice with ethanol to afford 

PEI-MSNs or PEI-cisPt-MSNs.  



44 

 

 

The amount of PEI coated on the MSN surface was determined using the 

ninhydrin assay, which is commonly used for the quantification of primary amines (166). 

Briefly, PEI-MSNs (1 mg) were dispersed in ethanol (4 mL). To the nanoparticle 

dispersion, 1 mL of ninhydrin reagent (15 mg/mL in ethanol) was added. The suspension 

was stirred for 24 h at room temperature. The MSNs were centrifuged, and the 

supernatant was collected. The absorbance of the supernatant was measured at 575 nm 

using UV-vis spectroscopy. The assay was calibrated using the same procedure for the 

various concentration of free PEI polymer.  

2.2.3.5 Synthesis of Gem- and Gem-cisPt-MSNs.  

Conjugation of Gem prodrug (4) to MSNs was carried out in a two-step process. 

Firstly, PEI coated MSNs were reacted with heterobifunctional linker via NHS coupling 

reaction to afford SPDP-MSNs (167). PEI-MSNs or PEI-cisPt-MSNs (30 mg) were 

dispersed in 15 mL of anhydrous acetonitrile. To this nanoparticle dispersion, SPDP (15 

mg, 48 µmol) was added. The mixture was stirred for 24 h at room temperature. The 

MSNs were collected via centrifugation, washed thrice with ethanol, and stored in 

ethanol. 

Secondly, compound (4) was conjugated to SPDP-MSNs via a disulfide exchange 

reaction to produce Gem-MSNs. SPDP-MSNs or SPDP-cisPt-MSNs (30 mg) were 

dispersed in 10 mL of methanol. To this nanoparticle dispersion, a 5 mL solution of 

compound (4) (30 mg, 85.4 µmol) in methanol was added. The mixture was stirred for 48 

h at room temperature. After the conjugation reaction, the MSNs were collected via 

centrifugation, washed once with methanol, once with ethanol to obtain Gem-MSNs or 

Gem-cisPt-MSNs.  
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The amount of Gem conjugated to MSNs was determined by measuring the 

amount of 2-thiopyridine, which is the byproduct released after disulfide exchange 

reaction between compound (4) and SPDP-MSNs (167). The supernatants obtained from 

the reaction and washing solutions were used to determine the amount of byproduct by 

using the absorbance at 375 nm.  

2.2.3.6 Synthesis of PEG-Gem-cisPt-MSNs or Mal-PEG-Gem-cisPt-MSNs.  

Gem-cisPt-MSNs (30 mg) was dispersed in 15 mL of anhydrous acetonitrile. To 

this dispersion, MeO-PEG-SCM or Mal-PEG-SCM (30 mg) was added and stirred for 5 

days at room temperature. Finally, the MSNs were collected via centrifugation, washed 

thrice with ethanol to afford PEG-Gem-cisPt-MSNs or Mal-PEG-Gem-cisPt-MSNs.  

2.2.3.7 Synthesis of TAB004-Gem-cisPt-MSNs.  

2.2.3.7.1 Modification of TAB004 antibody to afford TAB004-SH.  

TAB004 antibody was firstly modified to achieve free sulfhydryl groups using the 

sulfhydryl addition kit (Thermo scientific, 23460). Briefly, TAB004 (1 mg) was diluted 

in PBS buffer (1 mL). SATA solution (6 μL, 4 mg/mL in anhydrous DMF) was added to 

the TAB004 solution. This solution was allowed to incubate for 30 min at room 

temperature to afford SATA modified antibody. For the deprotection step, 

hydroxylamine-HCl (5 mg) was dissolved in 100 µL of conjugation buffer provided in 

the kit. The hydroxylamine solution was added to the TAB004 solution and incubated for 

2 h at room temperature with occasional slow mixing. Sulfhydryl-modified TAB004 

(TAB004-SH) was applied to the dextran desalting column to remove the unreacted 

reagents. The fractions (1 mL each) were collected and the absorbance of the fractions 

was measured at 280 nm, which indicates the presence of antibody. Finally, all the 
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fractions containing the antibody were pooled together and stored at 4 ºC.  

2.2.3.7.2 Synthesis of TAB004-Gem-cisPt-MSNs.  

The Mal-PEG-Gem-cisPt-MSNs were functionalized with sulfhydryl-modified 

TAB004 via maleimide-thiol conjugation reaction to afford TAB004-Gem-cisPt-MSNs. 

Mal-PEG-Gem-cisPt-MSNs (15 mg) were dispersed in 10 mL of conjugation buffer 

(Thermo scientific, 23460). TAB004-SH described in the previous section was added to 

the nanoparticle dispersion. The solution was stirred for 48 h at 4 ºC covered from light. 

Finally, the nanoparticles were collected via centrifugation, washed with autoclaved 

water three times, and stored in autoclaved water at 4 ºC.  

2.2.4 Synthesis of physically loaded Gem-cisPt-MSNs (PL-Gem-cisPt-MSNs).  

For the synthesis of PL-Gem-cisPt-MSNs, Phos-MSNs (10 mg) were dispersed in 

5 mL of methanol. A 2 mL solution of Gem/cisPt (6.17/1.33 mg) was added to the MSN 

dispersion and stirred slowly for 48 h at room temperature. The MSNs were collected via 

centrifugation and re-dispersed in ethanol. After that, the PEI solution (1 mL, 2.5 mg/mL) 

was added to the drug-loaded MSNs (10 mg in 4 mL ethanol) and then stirred for 1 h at 

room temperature. The MSNs were then collected via centrifugation, washed three times 

with ethanol to afford PL-Gem-cisPt-MSNs. The supernatants and washing solutions 

were used to determine Gem and cisPt content using UV-Vis and AAS, respectively.   

2.2.5 Characterization of synthesized MSNs.  

2.2.5.1 Transmission electron microscopy (TEM).  

TEM images were obtained by JEOL TEM 2100 LaB6 with 200 kV acceleration 

voltage to visualize the size and morphology of MSNs. The MSNs were dispersed in 

ethanol and sonicated before a drop was placed on the lacey carbon grid. The samples 



47 

 

 

were air-dried before imaging. For the negative staining with Nano-WTM (Nanoprobes, 

Inc.), a drop of TAB004-Gem-cisPt-MSNs dispersed in PBS was placed on the grid. 

Before the sample was completely dried, a drop of the Nano-WTM was added, followed 

by a second drop after a minute. The sample was finally air-dried on the grid before 

imaging.  

2.2.5.2 Dynamic light scattering (DLS).  

Hydrodynamic sizes of MSNs and zeta potential measurements were performed in 

a Malvern Instrument Zetasizer Nano. MSNs (0.1 mg/mL) were dispersed in water or 

PBS (1 mM), sonicated for 10 minutes and analyzed for hydrodynamic size and surface 

charge.  

2.2.5.3 Surface area and pore size analysis.  

The MSNs (10-20 mg) were dried under vacuum and degassed overnight to 

remove any physiosorbed contaminants. The dried MSNs were used to determine the N2 

isotherms. The N2 sorption isotherms were determined in a NOVA 2200e Quantachrome 

surface area and pore size analyzer. The surface area of the MSNs was determined using 

the BET method, and the pore size and pore volume were determined using the BJH 

method.  

2.2.5.4 Thermogravimetric analysis (TGA). 

 Vacuum dried MSN sample (4-5 mg) was used to evaluate organic content 

analysis. TGA was carried out using a Mettler Toledo TGA/SDTA851 instrument 

equipped with a platinum pan and a heating rate of 1 °C/min from 25 to 800 °C under a 

nitrogen atmosphere. The sample was held at 800 °C for 3 h to make sure that all the 

organic material had been calcined. 
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2.2.6 In vitro studies. 

2.2.6.1 Cell culture.  

KCM cells were generated from the PDAC tumors in spontaneous transgenic 

PDA.MUC1 mice and were generously provided by Dr. Mukherjee (UNC Charlotte) 

(140). Human PDAC cells, including AsPC1, Capan-1, and HPAF II, and normal 

pancreatic ductal cells (HPDE) were purchased from ATCC. KCM, Capan-1 and HPDE 

cells were cultured in DMEM supplemented with 10% FBS, 1% penicillin and 

streptomycin, 1% Glutamax, and 1% NEAA. AsPC1 cells were cultured in RPMI 

supplemented with 10% FBS and 1% penicillin and streptomycin. HPAF II cells were 

cultured in EMEM supplemented with 10% FBS, 1% penicillin and streptomycin, 1% 

Glutamax, and 1% NEAA. All the cells were maintained at 37 ºC under a 5% CO2 

atmosphere. The cell culture and incubation conditions for all in vitro experiments are as 

indicated above unless otherwise mentioned. The media volume for each well in 96-well 

plate is 100 μL, 24-well plate is 500 μL and the 6-well plate is 2 mL.  

2.2.6.2 Determining combination index (CI) of Gem/cisPt in PDAC cells. 

KCM and HPAF II cells were seeded in 96-well plates at a cell density of 500 and 

2000 cells per well, respectively. After 24 h of incubation, the cells were inoculated with 

increasing concentrations of various molar ratios of Gem:cisPt (100:0, 50:50, 75:25, 

80:20, 85:15, 90:10 and 0:100). The drugs were directly dissolved in cell culture media at 

different concentrations. Cells were treated with the drugs for 48 h. The cells were then 

washed once with PBS, replaced with fresh media and incubated for another 24 h for 

recovery. Finally, the cells were washed once with PBS, and cell viability was evaluated 

using MTS assay.  
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For MTS assay, 20 μL of the CellTiter 96® solution was added to each well 

containing 100 μL media. The cells were incubated for 2.5-3.5 h depending on the cell 

type, and the absorbance was measured at 490 nm using a Multiskan FC plate reader.  

Non-regression fit of the dose-response data was used to determine the IC50 

values using Graphpad Prism. These IC50 values at each Gem:cisPt ratio were used to 

calculate the combination index values using the following formula:  

 

where (Dm)a and (Dm)b is the concentration of drug a and b in the combination 

that yields 50% growth inhibition (IC50 for the combination), (D)a and (D)b are the 

concentrations of the drugs a and b alone that yields 50% growth inhibition (IC50 for 

individual drugs), and α = 1 is chosen for mutually non-exclusive drugs. CI values >1.0 

are considered additive, <0.9 are synergistic, and <0.4 are strongly synergistic (168). 

2.2.6.3 Cytotoxicity of Gem-cisPt-MSNs in PDAC cells. 

The following PDAC cells were used for the cytotoxicity analysis: KCM, HPAF 

II, AsPC1, and Capan-1, and HPDE cells were used as control. KCM cells were seeded at 

a cell density of 500 cells per well and Capan-1 cells at 1000 cells per well. HPAF II, 

AsPC1 and HPDE cells were seeded at a density of 2000 cells per well. The cells were 

seeded in 96-well plates and then incubated for 24 h. The cells were then inoculated with 

different MSN materials (Table 2.1) at a range of concentrations, 1 to 100 µg/mL. The 

MSNs were prepared in complete cell culture media and cells were treated with MSNs 

for 48 h. Then the cells were washed once with PBS, replaced with fresh media and 

incubated for another 24 h for recovery. Post-treatment, the cell viability was evaluated 

using MTS assay as described in the previous section. The results are reported as average 
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IC50 values for three independent experiments (n=3).  

Table 2.1. MSN materials used for the in vitro studies.   

 

2.2.6.4 H2A.X phosphorylation in KCM cells.  

KCM cells were seeded in 24-well plates at a density of 20,000 cells and 

incubated for 48 h. The cells were treated for 24 h with the MSN materials listed in Table 

2.1. The cells were washed once with PBS, detached using trypsin, and centrifuged to 

collect the cell pellet. The cells were washed once with PBS and resuspended in the 

fixative solution (Sigma Aldrich, 17-344) and incubated on ice for 20 min. The cells were 

then washed twice with PBS, mixed with the 100 µL permeabilizing solution (Sigma 

Aldrich, 17-344) and incubated for 5 min. Following addition of the FITC-conjugated 

anti-phosphorylated H2A.X antibody (3.5 µL), cells were incubated on ice for 20 min. 

After the final wash, the cell pellet was resuspended in PBS. The cells were immediately 

analyzed by flow cytometry. The results are reported as the percentage of FITC positive 

cells (average ± SD) obtained from three independent experiments (n=3). 

2.2.6.5 DNA damage protein analysis using western blot. 

KCM cells were seeded at a density of 100,000 cells and incubated for 48 h. The 

cells were treated for 24 h with the MSN materials listed in Table 2.1. The cells were 
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washed with PBS, detached using trypsin, centrifuged, and the cell pellet was collected. 

The cells were washed once with cold PBS lysed with 100 μL lysis buffer. The cell 

lysates were isolated by centrifugation at 13,000 rpm for 30 min at 4 ºC. 1 μL from the 

cell lysate was taken used for protein quantification (BIORAD). The cell lysate was 

mixed with sample buffer (Sigma, Laemmli 2X concentrate), boiled at 100 ºC for 5-7 

mins, then cooled down on ice for 1 min and then centrifuged at 13,000 rpm for 45 

seconds. The cell lysates were then stored in -80 ºC and used for the western blot 

analysis. 

            For western blotting analysis, cell lysates (10 μg of total protein per lane) was 

loaded for each sample and PagerulerTM Prestained protein ladder (Thermo Scientific, 

26616) was used as the Protein Ladder to carry out the SDA-PAGE run. After the SDS-

PAGE run, PVDF membrane was used to transfer the proteins from the gel onto PVDF 

membranes. Then, after 2 h of transferring, membranes were blocked with 6-7% Milk-

TBST (1:10 TBS buffer: Di H2O + 0.1%Tween20) buffer. After milk blocking, 

membranes were washed 3 times, 10 mins each. Then appropriate antibodies were added 

and incubated overnight at 4 ºC under slow rocking. Next day, secondary antibodies (Cell 

Signaling, HRP-linked conjugate Anti-Mouse-IgG, 707S and Anti-rabbit-IgG, 7074S) 

were added to the membranes after washing them 3 times with TBST buffer, 10 min 

each. Secondary antibody incubation period was 1 hour in room temperature rocker. Then 

the membranes were washed again 3 times with TBST buffer, 10 mis each. Then the 

membranes were stained with ECL reagents (ADVANSTA, Western Bright ECL, K-

12045-D50) for 5-10 min. Antibody Tubulin was used for loading control. Experimental 

protein of interest level quantification was normalized against Tubulin. Antibodies 
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against RPA32 phosphorylation at Ser33 (Bethyl Laboratories, A300-246A), Chk1 

phosphorylation at Ser345 (Cell Signaling Technology, 2348), Chk1 (Santa Cruz 

Biotechnology, sc7898), YH2AX phosphorylation at Ser139 (Cell Signaling, 25775), 

H2AX (Cell Signaling, H2AX-D17A3-XP, 76315), and Tubulin (Santa Cruz 

Biotechnology, sc-8035) were used. Antibodies against human RPA32 (Thermo Fisher 

Scientific) and Chk1 (Cell Signaling Technology, 2360) were used.  

2.2.6.6 Cell apoptosis in KCM cells using annexin V-FITC/PI assay.  

KCM cells were seeded in 24-well plates at a density of 20,000 cells and 

incubated for 48 h. The cells were inoculated for 24 h with MSNs (Table 2.1) prepared in 

complete cell culture media. The cells were then washed once with PBS, detached using 

trypsin, and centrifuged to collect the cell pellet. The cell pellet was gently mixed in 1 

mL of 1X binding buffer (BD pharmingen, 556547) and washed once. The cells were 

resuspended in 200 µL of binding buffer followed by the addition of 5 µL of Annexin V-

FITC solution. The cell suspensions were incubated for 15 min at room temperature in 

dark. Then, 700 µL of the binding buffer was added and the cells were washed again. The 

cell pellet was resuspended in 200 µL of binding buffer and transferred to flow cytometry 

tubes. Then, 5 µL of propidium iodide (PI) solution was added to each tube and incubated 

for 5-10 min at room temperature in dark. The cells were immediately analyzed using 

low cytometry (Fortessa FACS). Cells negative for both Annexin V-FITC and PI (FITC-

/PI-) are considered healthy; Annexin V-FITC positive and PI negative (FITC+/PI-) cells 

are considered early apoptotic; positive for both Annexin V-FITC and PI (FITC+/PI+) 

cells are considered late apoptotic; finally, Annexin V-FITC negative and PI positive 

(FITC-/PI+) cells are considered necrotic. Data is presented as apoptotic cells (early plus 
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late apoptotic cells) and the results are reported as the average ± SD of three independent 

experiments (n=3). 

2.2.6.7 In vitro targeted cytotoxicity of TAB004-Gem-cisPt-MSNs. 

KCM, HPAF II, and HPDE cells were seeded in 96-well plate at a cell density of 

500, 2000 and 2000 cells per well, respectively and then incubated for 24 h. PEG-Gem-

cisPt-MSNs and TAB004-Gem-cisPt-MSNs prepared in complete cell culture media 

were added to the cells at concentrations ranging from 1 to 100 µg/mL and the cells were 

treated for 48 h. The cells were then washed once with PBS, replaced with fresh media 

and incubated for another 24 h for recovery. Finally, the cell viability was determined 

using the MTS assay following the procedure described in the previous section.  

2.2.7 In vivo targeting ability and therapeutic efficacy of TAB004-Gem-cisPt-MSNs 

in subcutaneous syngeneic KCM mice model. 

All animal experiments were reviewed and approved by the University of North 

Carolina Charlotte (Charlotte, NC) Institutional Animal Care and Use Committee 

(IACUC) under protocols 14-015 and 17-015. Immune-competent C57BL/6 mice used 

this study were purchased from Jackson Laboratory.  

2.2.7.1 Establishing the subcutaneous syngeneic KCM tumor model.  

KCM cells derived from the pancreatic tumors of PDA.MUC1 mice are 

transplanted in C57BL/6 mice to develop syngeneic KCM mice (140). To establish the 

KCM tumors, mice were implanted subcutaneously (s.c, right flank) with KCM cells 

(1x106) mixed in Matrigel (1:1 dilution in PBS). Tumor growth was monitored by caliper 

measurements every alternate day, and the tumor volume was calculated using the 

following formula:  
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                                       Tumor volume = (L*(W)2)/2                                    Equation (2)                               

where L is the length and W is the width of the tumor (169).  

In vivo targeting ability and therapeutic efficacy studies were initiated 7 days post 

KCM cell implantation with tumor volumes reaching approximately 100 mm3.  

2.2.7.2 In vivo targeting of TAB004-Gem-cisPt-MSNs.  

The targeting ability of the TAB004-Gem-cisPt-MSNs was evaluated in the 

syngeneic KCM mice 7 days post KCM cell implantation. The KCM tumor-bearing mice 

were injected intravenously with NIR-labeled TAB004-Gem-cisPt-MSNs or PEG-Gem-

cisPt-MSNs (40 mg/Kg). The mice were imaged prior to the administration of the MSN 

material and at 30 min, 1, 4, 24, 48 and 96 h post injection using the IVIS® Spectrum 

imaging system (PerkinElmer). The images were analyzed using the Living Image® 

Software (version 4.5.5, PerkinElmer). The mice were euthanized after 96 h and the 

major organs including liver, lungs, kidneys, spleen and tumor, were collected. The ex 

vivo fluorescence associated with the organs was also measured using the IVIS imaging 

system.  

2.2.7.3 Therapeutic efficacy of TAB004-Gem-cisPt-MSNs.  

To determine the therapeutic efficacy of TAB004-Gem-cisPt-MSNs, mice bearing 

KCM tumors were randomly divided into 4 groups (n=5); PBS, free Gem/cisPt, PEG-

GEM-cisPt-MSNs and TAB004-Gem-cisPt-MSNs. Tumors reached approximately 100 

mm3 7 days after KCM cell implantation. Mice were then intravenously injected with 

PBS, free Gem/cisPt (9.52/2.05 mg/Kg), PEG-Gem-cisPt-MSNs (40 mg/Kg) and 

TAB004-Gem-cisPt-MSNs (40 mg/Kg). The treatment consisted of a total of 6 injections 

with a 4 days-interval between each injection. Tumor growth was monitored every other 
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day using calipers. On day 34 post KCM cell implantation, mice were euthanized, and the 

major organs were collected including liver, lungs, kidneys, spleen, heart, and tumor. The 

fluorescence associated with each organ was evaluated using the IVIS imaging system. 

Tumors were weighed to determine the therapeutic effect on the tumor weight and size. 

Portions of the organs and tumors were fixed in formalin for histological analysis. Also 

portions of the organs and tumors were frozen for Si and Pt content analysis.  

2.2.7.4 Post treatment analysis of blood and tissues.  

2.2.7.4.1 Blood serum analysis.  

Blood was collected by cardiac puncture following the recommendations of the 

IACUC. The blood of each mouse was stored in microcentrifuge vials at 4 ºC. The serum 

was obtained following centrifugation and stored at -80 ºC. Serum samples were 

evaluated for markers of liver and kidney functions (IDEXX).   

2.2.7.4.2 Ex vivo fluorescence imaging and analysis.  

The harvested organs were placed in Petri dishes and imaged using the IVIS® 

Spectrum imaging system. The fluorescence images were analyzed, and fluorescent 

intensity was quantified using the ROI tool of the Living Image® software. The data is 

presented as the average radiant efficiency associated with each organ. The results are 

reported as the mean ± SD (n=3mice per treatment group). 

2.2.7.4.3 Analysis of organ Si and Pt content. 

Samples from different organs, including the liver, lungs, heart, spleen, kidneys, 

and tumor, were weighed and thoroughly dried in an oven at 60 ºC for 3 days. The dried 

organs were weighed again and digested using a mixture of HNO3:HCl:HF (10:2:1). The 

samples were placed in the digestion vessels with the acid mixture for a 20 min pre-
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digestion at room temperature. The samples were then further digested in a CEM Mars 

microwave system under the following conditions: ramp to 200 ºC for 20 minutes, hold at 

200 ºC for 20 minutes and cool down to room temperature. The digested samples were 

then diluted to 50 mL using DI water.  

The Si content was analyzed using an ICP-OES (PerkinElmer 8300 DV). 

Calibration standards were prepared by diluting the Si element PlasmaCAL (SCP 

Science) standard in 0.1 M HNO3. The wavelength of 251.66 nm was selected for Si 

analysis and the concentrations was determined using Syngistix software. The data are 

represented as the mg of Si per g of tissue. For each organ tested, the results are reported 

as the average ± SD (n=5 mice per group). 

The Pt content was analyzed using an ICP-MS (Thermo Electron X series). The Pt 

analysis was performed by monitoring the signal of the 195Pt isotope. Calibration standards 

were prepared by diluting Pt standard in 5% HCl matrix. The data are represented as µg 

of Pt per g of tissue. For each organ tested, the results are reported as the average ± SD 

(n=5 mice per group). 

2.2.7.4.4 Histology and Immunohistochemistry. 

a. Hematoxylin and eosin (H&E) staining. Major organs such as liver, lungs, spleen, 

kidneys, heart, and tumors were collected after in vivo experiments. For each tissue, a 

small portion was fixed in a 10% buffered formalin for 24 h at 4 ºC. The fixed tissues 

were stored in transferred and stored 70 % ethanol. The organs were paraffin-

embedded, sectioned (4 µm thick), and stained with Hematoxylin and Eosin (H&E). 

The H&E stained tissue sections were imaged using a fluorescent microscope (IX71, 
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Olympus) at 4x and 10x magnification. Histological signs of toxicity i.e., changes in 

normal tissue structures were investigated.   

b. Immunohistochemistry (IHC) for apoptotic cells in tumor tissue. Tumor sections (10 

µm) were used to determine apoptotic cells using the “In situ Apoptosis Detection Kit 

(ab206386, Abcam)” as per the manufacturer’s instructions. The tissue sections 

stained for apoptosis were imaged using a fluorescent microscope at 10x 

magnification (IX71, Olympus).  

2.2.8 In vivo therapeutic efficacy in spontaneous transgenic PDA.MUC1 mice model. 

2.2.8.1 Establishing PDA.MUC1 mice.  

PDA.MUC1 mice were generated and the mice colonies are maintained by Dr. 

Mukherjee Lab (UNC Charlotte). PDA.MUC1 mice are a triple transgenic cross of LSL-

KRASG12D x P48-Cre x Human MUC1.Tg where the P48-Cre mice have a tamoxifen-

inducible promoter; and therefore, oncogenesis is initiated only when mice are treated 

with tamoxifen (75 mg/kg in 100 μL of corn oil, 1 injection per day for 2 weeks. 

Following tamoxifen treatment, the mice develop pancreatic tumors spontaneously and 

express human MUC1 similar to that in humans (170). 

2.2.8.2 Therapeutic efficacy of TAB004-Gem-cisPt-MSNs.  

To determine the therapeutic efficacy of TAB004-Gem-cisPt-MSNs, PDA.MUC1 

mice approximately 30 weeks post tamoxifen induction were used. Mice were injected 

with TAB004-Gem-cisPt-MSNs at a dose of 40 mg/Kg. The therapeutic regimen 

consisted of a total of 6 injections (every 15 days). After the treatment, mice were 

euthanized, and the major organs were collected including liver, lungs, kidneys, spleen 

and tumor. The fluorescence associated with each organ was measured using the IVIS 
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imaging system. The pancreas was weighed and fixed in formalin. The pancreas was 

sectioned at 4 μm thickness at various depths of the tissue. A total of 4 sections were 

stained with H&E and imaged to determine the grade of PanIN lesions and extent of 

invasive PDA.   

2.2.9 Statistical analysis. 

All the data in this chapter is represented as mean ± SD unless mentioned 

otherwise. The hydrodynamic size and -potential analysis using DLS were performed in 

triplicates. The amount of drug conjugated to MSNs is reported as average of 5 

independent batches (n=5). For the cell viability studies, the GraphPad prism was used to 

calculate the IC50 values (n=6). The DNA damage, DNA damage response markers and 

apoptosis studies were performed in triplicates (n=3). The statistical analysis for DNA 

damage and apoptosis studies was performed with One-way ANOVA using Tukey’s 

multiple comparison test. The in vivo therapeutic experiments were evaluated using n=5 

mice per group. The tumor volumes were reported as mean ± SEM, and two-way 

ANOVA with Tukey’s multiple comparison test was used for statistical analysis. For 

tumor weights, unpaired t-test was performed to analyze the statistical difference of each 

group. The NIR fluorescence, Si and Pt content in organs were evaluated using n=5 mice 

per group. All the statistical analysis were performed using GraphPad Prism (v8.2.0 for 

Windows, La Jolla California, CA, USA) with α=0.05 and reported as stars assigned to 

the p values; ****p≤0.0001, ***p≤0.001, ** p≤0.01, * p≤0.05 and ns p>0.05.   

2.3 Results and discussions.   

2.3.1 Synergistic ratio of Gem/cisPt combination in PDAC cells.   

Primary requirement of combination therapy is to identify the drug combinations 
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that exhibit ratio-dependent synergy. Thus, combined effect of Gem/cisPt was determined 

using the most common approach, by calculating the combination index (CI) value 

determined using the Chou and Tallay method (168). The combination of drugs at a 

specific ratio is antagonistic and additive at CI values of >1 and =1, respectively. The 

combination is synergistic at CI values <1 and in particular, the CI values of <0.4 depict 

strong synergism between the drugs.  

PDAC cells, KCM and HPAF II, were treated with various molar ratios of 

Gem:cisPt (100:0, 50:50, 75:25, 80:20, 85:15, 90:10 and 0:100) for 48 h. The mean drug 

concentration required to obtain 50% of growth inhibition (IC50) was determined at every 

ratio of Gem:cisPt. The IC50 values were further used to determine the CI value at each 

specific ratio of Gem:cisPt tested. As depicted in Figure 2.1, with KCM cells, all 

Gem/cisPt ratios tested led to strong synergy with CI values lower than 0.4 and the 

strongest synergy was observed at the Gem:cisPt ratio of 85:15 with a CI value of 0.26. 

Treated similarly, HPAF II cells also exhibited the lowest CI value of 0.42 at the 

Gem:cisPt ratio of 85:15. For both cell types, the second-lowest CI value was observed 

with the Gem:cisPt ratio of 80:20. Previous reports of Gem/cisPt combination against 

bladder cancer cells demonstrated similar synergistic ratio, nevertheless such studies have 

not been reported for PDAC (171). Hence, we used the synergistic window of 85:15 to 

80:20 (Gem:cisPt), as the reference ratio to design drug in MSNs.  
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Figure 2.1. Combination index (CI) values of Gem:cisPt in KCM and HPAF II cells. (a) CI 

values determined at various ratios of Gem:cisPt, in KCM (checkered pattern) and HPAF II 

(brick pattern) cells. The limit defining the synergism at CI = 1 (orange dotted line) and strong 

synergism at CI < 0.4 (yellow dotted line). (b) Tabulated IC50 and CI values observed in KCM 

and HPAF II cells upon treatment with various molar ratios of Gem:cisPt. The lowest CI values 

in each cell line were observed at the ratios 80:20 and 85:15 (red box). 

  

2.3.2 Synthesis and characterization of cisPt and Gem prodrugs. 

Combination therapies require strategic synthetic and delivery design to fix or 

maintain the synergistic ratio, control release and prevent systemic leakage of drugs. 

Usage of nanocarriers along with chemical conjugation of drugs provides an excellent 

approach to meet these criteria as well as prevent batch-to-batch disparity observed in 

physical encapsulation, maintain the synergistic ratio, impart stimuli-responsive and 

controlled drug release at the target site, and eliminate off-target toxicities (172). In this 

direction, we firstly synthesized the chemotherapeutic prodrugs, bio-reversible 

derivatives of drug molecules in which chemical moieties are covalently attached to the 

drugs (173). These chemical moieties provide as handles for conjugation to nanocarriers 

as well as stimuli-responsive binds for controlled drug delivery. 

The cisplatin prodrug was synthesized in a two-step procedure. The first step 

involved the oxidation of cisplatin using hydrogen peroxide to afford dihydroxycisplatin 

(IV) (1). In the second step, the esterification reaction of compound (1) with succinic 
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anhydride afforded dissucinotocisplatin (IV) (2) (Figure 2.2). The successful synthesis of 

compound (1) was confirmed by FTIR, which showed the characteristic stretching 

vibrations at 3,514 cm-1 associated to O-H bond. Compound (2) was characterized using 

both FTIR and 13C NMR techniques. The FTIR spectrum of compound (2) showed the 

characteristic stretching vibrations at 3184 cm-1 and 1736-1706 cm-1 corresponding to O-

H and C=O bonds, respectively, which are associated to the carboxylic acid group. The 

13C NMR spectra of compound (2) showed peaks at 180.1 ppm, 174-172 ppm, 30.9 ppm, 

and 30.3 ppm, corresponding to ester COOR, carboxylic acid COOH, CH2CH2COOH, 

and CH2COR, respectively, where R represents [PtCl2(NH3)2]. These values were similar 

to the precious reports (161). The cisplatin (IV) prodrug (2) provides carboxylic groups 

as chemical handles for the chemical conjugation with the amino-propyl functional 

groups on the AP-MSNs. The prodrug conjugated to MSNs (cisPt-MSNs) leads to the 

stimuli-responsive release of cisPt under the reductive conditions present in cancer cells, 

as demonstrated by our group and others (161).  

 

Figure 2.2. Schematic reaction steps and conditions involved in the synthesis of cisPt and Gem 
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prodrugs.  

Gem prodrug (4) was synthesized following a two-step procedure previously 

reported (162) with slight modifications. The acylation of Gem with 3-(tritylthio) 

propionic acid mediated by TBTU was performed as the first step to afford compound (3) 

(Figure 2.2). Further, compound (3) was deprotected under acidic conditions using 

triethylsilane to afford the Gem prodrug (4). The successful synthesis of compound (3) 

was confirmed by 1H NMR, showing the presence of characteristics peaks at 7.41-7.37 

ppm (6H) and 7.28-7.20 ppm (9H) corresponding to aromatic protons associated to the 

trityl group in the compound (3). The successful synthesis of compound (4) was also 

confirmed by 1H NMR by the absence of the aromatic protons’ peaks.  

Various Gem prodrugs have been used to overcome limitations associated with 

Gem (174). Importantly, coupling at the N-4 position of Gem is a widely utilized strategy 

to confer protection from enzymatic degradation by cytidine deaminase (CDA) (175). In 

our work, the Gem prodrug compound (4) is protected against deamination due to the 

modification at N-4 position via protection with an amide bond. Moreover, the SH 

functional group aids the conjugation to MSNs and imparts stimuli-responsive properties 

via the redox-responsive disulfide bonding between Gem and MSNs.   

2.3.3 Synthesis and characterization of TAB004-Gem-cisPt-MSNs.  

Nanocarrier design is critical to achieve maximum and controlled drug loading for 

efficient co-delivery of multiple drugs. To achieve optimal chemical conjugation of 

Gem/cisPt prodrugs at the synergistic ratio, we followed a multi-step procedure (Figures 

2.3 and 2.5a). Our rational design consisted of localizing cisPt and Gem prodrugs at the 

internal porous and external surface of the MSNs, respectively. This novel approach will 

take advantage of the unique structural features of MSNs for maximum drug loading, 
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drug protection and controlled drug release.  

AP-MSNs were synthesized using the surfactant template-based, co-condensation 

approach to graft APTES affording even distribution of the amino-propyl (AP) groups in 

the interior walls of MSNs. After CTAB surfactant removal, the amine groups in AP-

MSNs were used for the chemical conjugation of cisPt prodrug (2) to afford cisPt-MSNs 

(Figures 2.3 and 2.5a). The cisPt prodrug was conjugated via a coupling reaction 

between the carboxylic acid of compound (4) and the amino groups of AP-MSNs 

mediated by EDC as the coupling agent.  

 

Figure 2.3. Detailed flowchart describing the multistep procedure followed for the synthesis of 

TAB004-Gem-cisPt-MSNs.  

The cisPt-MSNs were post-synthetically grafted with TPMP to afford Phos-cisPt-

MSNs. The phosphonate groups on the external surface of MSNs impart an overall 

negative charge. Next, polyethyleneimine polymer (PEI, 1.8 kDa) was bound to the 

MSNs surface through electrostatic interaction of the phosphonate groups with the 

amines of the PEI polymer. PEI-cisPt-MSNs were then derivatized using a 
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heterobifunctional linker, succinimidyl 3-(2-pyridyldithio)propionate (SPDP), to afford 

an intermediate SPDP-cisPt-MSNs. The NHS functional site on the SPDP reacts with the 

amines from the PEI polymer forming an amide bond (176). Moreover, SPDP introduced 

the pyridyldithio group, which further reacted with the Gem prodrug (4) forming the 

redox-responsive disulfide bond to afford Gem-cisPt-MSNs. 

Gem-cisPt-MSNs were modified with PEG polymer to increase the blood 

circulation time of the nanoparticles in vivo, decrease non-specific cellular uptake, and 

provide reactive sites for further functionalization with TAB004. The MeO-PEG-NHS or 

Mal-PEG-NHS heterobifunctional polymers were conjugated to Gem-cisPt-MSNs via the 

NHS coupling reaction to residual amines on the PEI polymer. The Mal-PEG-Gem-cisPt-

MSNs were finally functionalized with TAB004 antibody, via maleimide-thiol chemistry. 

The TAB004 was previously modified to incorporate free sulfhydryl groups (TAB004-

SH).  

The structural properties of MSN materials were characterized for hydrodynamic 

size (Dh) and surface charge, TEM, N2 isotherms, organic content analysis, and drug 

content in MSNs (Figure 2.5 and Table 2.2). The as-synthesized AP-MSNs were found 

to be spherical with a diameter of 47.2 ± 3.9 nm according to TEM images (n=50 

particles analyzed using image J) (Figure 2.4a). Based on the analysis of N2 sorption 

isotherms using the BET method, the surface area of AP-MSNs was calculated to be 

738.4 m2/g. The pore size and pore volume of AP-MSNs were determined to be 2.3 nm 

and 1.30 cc/g, respectively according to the BJH method (Figure 2.4b).  
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Figure 2.4. Structural characterization of AP-MSNs. (a) TEM image of AP-MSNs (Scale bar = 

50 nm). (b) N2 sorption isotherm and pore size distribution of AP-MSNs.  

The Dh of MSNs was measured in the cell culture media supplemented with 

serum and the surface charge in PBS (1 mM). The AP-MSNs exhibited Dh of 118 ± 13 

nm, which is higher than the solid diameter observed with TEM (Figure 2.4a), most 

likely due to the protein corona formation by the proteins present in cell culture media. 

The surface charge of AP-MSNs was observed to be negative (-31.2 mV), which can be 

attributed to the silanol groups on the surface of the MSNs. This also corroborated that 

the AP functional groups are localized to the inner walls of the MSNs. The TGA data 

showed that AP-MSN material contains 8.8 wt % organic content, which is attributed to 

AP functional groups grafted in MSNs.  

After conjugation of AP-MSNs with cisPt prodrug, the amount of cisPt loaded 

was 5.13 ± 0.9 wt% (n=5) as determined by AAS. In addition, the Dh of cisPt-MSNs 

slightly increased to 134 ± 3 nm with minimal variation in the surface charge (-33 mV) 

(Figure 2.5b and Table 2.2). The organic content of cisPt-MSNs increased to 11.2 wt% 

based on the TGA. Next, the post-grafting modification of cisPt-MSNs were carried out 

to add phosphonate groups. The phosphonate groups on the surface of MSNs impart 
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overall negative charge, which is used for the coating with PEI polymer through 

electrostatic interactions. PEI-cisPt-MSNs showed an increase in zeta potential (+30.2 

mV) and Dh (454 ± 3 nm). The PEI coating caused slight aggregation of the 

nanoparticles, which resulted in an increase in the Dh. The amount of PEI on the surface 

of MSNs was determined using the ninhydrin assay which showed 137 ± 25 µg of PEI 

per mg of MSNs. This is equivalent to 1.1 ± 0.2 µmoles of NH2 available per mg of 

MSNs, according to the ninhydrin test. Importantly, PEI acts as a backbone for the 

chemical conjugation of Gem prodrug and enhance the endosomal escape of 

nanoparticles via proton sponge effect (177).  

 

Figure 2.5. Physicochemical characterization of TAB004-Gem-cis-MSNs. (a) Schematic 

representation of the multistep procedure followed for the synthesis of TAB004-Gem-cispt-

MSNs. (b) Hydrodynamic sizes (Dh) and polydispersity index (PdI) of AP-MSNs (blue), cisPt-

MSNs (green), Gem-cisPt-MSNs (orange), PEG-Gem-cisPt-MSNs (red), and TAB004-Gem-

cisPt-MSNs (black) in complete media supplemented with serum. Data represents the mean ± SD 

of three independent experiments. (c) TEM image of TAB004-Gem-cisPt-MSNs with negative 

staining to visualize the functionalized antibody (yellow arrows). (d) Colloidal stability of 

TAB004-Gem-cisPt-MSNs in complete cell culture media supplemented with serum for 24 h 

depicted by consistent Z-average (solid black squares) and PdI (hollow black squares) for 24 h 

using DLS.  

The chemical conjugation of Gem prodrug to PEI-cisPt-MSNs resulted in a drug 
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loading of 23.9 ± 2.6 wt% (n=5). Gem-cisPt-MSNs showed a further increase in the Dh 

(162 ± 4 nm) with a surface charge of (24.3 mV). Gem-cisPt-MSNs were chemically 

modified with PEG polymer (MW=2 KDa). This material showed a slight increase in the 

Dh (179 ± 7 nm) with no significant change in the surface charge (24.0 mV) (Figure 2.5b 

and Table 2.2). The organic content of PEG-Gem-cisPt-MSNs further increased to 29.4 

wt%. In addition, the quantification of amount of PEG coupled to MSNs resulted in 

approximately 0.23 μmol of PEG per mg of Gem-cisPt-MSNs. Finally, Gem-cisPt-MSNs 

were functionalized with the TAB004 antibody. The amount of antibody chemically 

attached to the surface of MSNs was 5.7 - 9.2 μg of antibody per mg MSNs, which 

accounts for 3-5 molecules of TAB004 antibody per nanoparticle. TAB004-Gem-cisPt-

MSNs exhibited a Dh of 184 ± 6 nm. To corroborate the presence of antibody, TEM was 

used after negative staining of the samples. TEM images of TAB004-Gem-cisPt-MSNs 

confirmed the presence of the TAB004 antibody (Figure 2.5c). Colloidal stability of the 

TAB004-Gem-cisPt-MSNs was also investigated using DLS. The material was 

colloidally stable over a period of 24 h in cell culture media supplemented with FBS as 

depicted by the consistent Dh and PdI values (Figure 2.5d).   
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Table 2.2. Structural properties of MSNs.  

 

Overall, as envisioned, the stepwise process resulted in highly efficient drug 

conjugation with cisPt confined to the inner pores of the MSNs and Gem conjugated to 

the external surface with redox-responsive linkages. Our stepwise procedure provided 

high drug loading of two drugs with different physiochemical properties, and batch-to-

batch consistency. Besides, the chemical conjugation imparts stimuli-responsive drug 

delivery. The cisPt prodrug conjugation results in the release of cisPt under the reductive 

conditions present in cancer cells, as demonstrated by our group and others (161). Gem 

conjugation results in two cleavable linkages a) aromatic amide and b) disulfide linkage. 

The aromatic amide can undergo hydrolytic cleavage to release free Gem. The disulfide 

linkage releases the Gem-SH, which has shown toxic effects compared to free Gem by 

previous reports (162, 178). It is worth pointing that our novel synthetic procedure of 

spatial localization of cisPt and Gem in the interior and exterior surfaces of MSNs, 

respectively intrigued the question of in situ delay in the release of two drugs. As Gem is 

on the external surface of the MSNs, the disulfide bonds are easier to break and release 
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the Gem in cells. Hence, we are currently exploring the drug release under reductive 

environment and reduced pH to test this hypothesis.   

2.3.4 In vitro cytotoxicity of Gem-cisPt-MSNs.  

After the successful synthesis and thorough characterization, we evaluated the in 

vitro cytotoxicity of our nanoplatform. Our investigations were based on the hypothesis 

that co-delivery of Gem/cisPt using a single nanocarrier will improve their drug delivery 

and therapeutic performance; due to the spatiotemporal controlled release of Gem/cisPt in 

cancer cells, which would not be possible with drugs physically loaded in nanocarriers or 

each drug conjugated of two different nanocarriers. In order to prove our hypothesis, we 

synthesized and used control MSN materials accordingly.  

The cytotoxicity of Gem-cisPt-MSNs was evaluated in a panel of PDAC cells, 

including KCM, AsPC1, HPAF II, and Capan-1. The following materials were used as 

controls: PEI-MSNs, MSNs conjugated with single drugs (cisPt-MSNs or Gem-MSNs) or 

the physical mixture of Gem-MSNs plus cisPt-MSNs (see details in Table 2.1). No 

cytotoxicity was observed from the treatment of PEI-MSNs in any PDAC cells at the 

tested concentrations (1-100 μg/mL) (Figure 2.6a). Cell viability analysis after treatment 

with increasing doses of MSNs were assessed. Dose-response curves and the mean 

concentration required for 50% growth inhibition (IC50) was determined for each cell line 

after 48 h treatment with each MSN material (Table 2.3).  
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Figure 2.6. In vitro cytotoxicity analysis of Gem-cisPt-MSNs (a) Cell viability analysis showing 

the biocompatibility and safety of PEI-MSN in PDAC cells at various concentrations for KCM 

(dots pattern), HPAF II (brick pattern), Capan-1 (small checkered pattern), AsPC1 (large 

checkered pattern), and HPDE (heart pattern). Data represents the mean ± SD of three  

independent experiments. (b) Dose-response curve for KCM cells treated with various MSN 

materials; AP-MSNs (blue), PEI-MSNs (red), cisPt-MSNs (green), Gem-MSNs (purple), Gem-

cisPt-MSNs (orange) and the physical mixture of Gem-MSNs plus cisPt-MSNs (black). Data 

represents the mean ± SD of three  independent experiments.   

The cytotoxicity data as depicted in Figure 2.6b and Table 2.3, demonstrate that 

Gem-cisPt-MSNs treatment led to higher cytotoxic effects in KCM cells compared to 

Gem-MSNs or cisPt-MSNs. Specifically, the concentration of drugs required to kill 50% 

of KCM cells was reduced to 1.46/0.27 (Gem/cisPt, μM) when the cells were treated with 

Gem-cisPt-MSNs compared to 3.2 μM (Gem) and 2.7 μM (cisPt) when treated with 

Gem-MSNs and cisPt-MSNs, respectively. Interestingly, the cytotoxicity of Gem-cisPt-

MSNs was higher (about 3.5 times) than the physical mixture of Gem-MSNs plus cisPt-

MSNs (IC50 = 6.18 (5.20/0.98)) (Figure 2.6b).  

Since PDAC is a highly heterogeneous cancer, we investigated the cytotoxicity of 

Gem-cisPt-MSNs in additional PDAC cells, including AsPC1, Capan-1, and HPAF II 

cells to confirm the observation made in KCM cells. Indeed, as with KCM cells, Gem-

cisPt-MSNs treatment caused higher cytotoxicity in all PDAC cells, compared to the 

control materials (Table 2.3). Results highlight that Gem-cisPt-MSNs exhibit 2.5-3.0 fold 
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lower IC50 values when compared to the IC50 values of the physical mixture of Gem-

MSNs plus cisPt-MSNs (Table 2.3).  

Table 2.3. Cytotoxicity data for cisPt-MSNs, Gem-MSNs, Gem-cisPt-MSNs, and physical 

mixture of Gem-MSNs plus cisPt-MSNs in a panel of PDAC cells. Cytotoxicity data is reported 

as IC50 values in terms of drug concentrations, where a=Gem, b=cisPt, and a/b =Gem/cisPt (μM).  

 

We also synthesized control material where the Gem/cisPt drugs were physically 

encapsulated into the MSNs (PL-Gem-cisPt-MSNs). The characterization of the material 

showed very low drug loading (<2.0 wt%). Upon cytotoxic evaluation in KCM cells, we 

observed 35% decrease in cell viability even at high concentration of 100 µg/mL of PL-

Gem-cisPt-MSNs.  

Collectively, the in vitro cytotoxicity results demonstrated that firstly the synergy 

of Gem/cisPt combination remains intact when the drugs are conjugated to MSNs at the 

ratio of 5.3 ± 0.8, in the window determined from the CI studies. Secondly, the chemical 

conjugation of dual drugs Gem/cisPt improved drug loading and dramatically increased 

their in vitro performance compared to physical encapsulation method. Thirdly, we were 

able to demonstrate that dual-drug conjugated MSNs performed highly compared to 

single-drug conjugated MSNs and their physical mixture. In light of the data above, we 

believe that multiple drugs conjugated to the same nanocarrier are delivered into the cells 
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at same time and space (spatiotemporal release) and this controlled drug delivery while 

maintaining the specific ratio dramatically improves the combination therapy.  

2.3.5 Mechanisms involved in Gem-cisPt-MSNs cytotoxicity in PDAC cells. 

Though Gem/cisPt combination has been evaluated previously for PDAC and 

continue to be evaluated in various clinical trials currently, the mechanistic evaluation of 

Gem/cisPt combination in PDAC cells has never been reported to the best of our 

knowledge. Hence, we sought out to investigate the mechanism involved in the 

therapeutic performance of Gem-cisPt-MSNs, provoked by the remarkable cellular 

cytotoxicity observed. Since, Gem and cisPt are both DNA damaging agents; Gem is 

incorporated into the DNA as a deoxycytidine analog whereas cisPt forms intra-strand 

and inter-strand DNA crosslinks (176), the treatment of Gem-cisPt-MSNs causes DNA 

damage resulting from the controlled and synergistic delivery of Gem/cisPt. The DNA 

damage triggers a series of DNA damage response pathways (DDR), key signal 

transducers which determine the cell fate culminating in DNA damage repair or cell 

apoptosis (Figure 2.7a).  

The rapid phosphorylation of the histone protein H2A.X at serine 139 near the 

DNA damage site, marks the early response for cells to DNA damage (179). Hence, we 

investigated the extent of DNA damage caused by Gem-cisPt-MSNs treatment using a 

FITC-labeled anti-Phos-H2A.X antibody. After treatment with Gem-cisPt-MSNs, KCM 

cells were highly phos-H2A.X positive (73.3 ± 3.8 %) and less phos-H2A.X positive 

when incubated with Gem-MSNs (37.3 ± 0.7 %) (p<0.001; Figure 2.7b). Interestingly, 

the incubation with mixture of cisPt-MSNs and Gem-MSNs led to even lower phos-

H2A.X positive cells (27.3 ± 7 %).  
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Initiated by the cellular DNA damage, various relay markers participate in the 

cellular decision-making (or cell cycle regulators) including, replication protein A (RPA), 

checkpoint kinase 1/2 (ChK1/Chk2), and P53 which act as critical sensors at different 

stages to stop cell-cycle progression, determine cell fate depending of the level of damage 

and/or DNA-repair efficiency of the cells (180, 181). Hence, we evaluated the expression 

of DNA damage effectors like RPA, ATM/ATR-Chk1 using cell protein analysis. Based 

on the western blot studies, we observed increased RPA and Chk1P expression in the 

cells treated with Gem-cisPt-MSNs compared to the treatment with other materials. In 

addition, we also tested the level of DNA repair proteins in KCM cells after treatment 

with Gem-cisPt-MSNs, which did not show any increase compared to no treatment 

(Figure 2.6b). 

In order to confirm if the increased DNA damage associated with Gem-cisPt-

MSN treatment resulted in cell apoptosis, we evaluated the percentage of apoptotic cells 

using the Annexin V-FITC/PI double staining assay. The appearance of 

phosphatidylserine residues on the surface of the cell is an early event in apoptosis. 

Annexin V has a strong affinity for phosphatidylserine, and it is used as a probe for 

staining apoptotic cells (182). Propidium iodide (PI) is a cell impermeable nuclear dye 

that does not stain early apoptotic or live cells due to the intact membrane. However in 

late apoptosis and necrosis, the impermeability of the cell membrane is compromised, 

allowing PI to enter the cells and intercalate with the DNA (183). After the treatment of 

KCM cells with Gem-cisPt-MSNs and control MSN materials (see Table 2.1), the 

highest percent of apoptotic cells were observed following treatment with Gem-cisPt-

MSNs (70 ± 1.6% apoptotic cells; p<0.001; Figure 2.7d). In comparison, less apoptotic 
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cells were detected following treatment with Gem-MSNs (24.6 ± 9.3% apoptotic cells). 

Incubation with the physical mixture (cisPt-MSNs plus Gem-MSNs) led to significantly 

less apoptotic cells (16.7 ± 7.2 %; p<0.001).  

 

Figure 2.7. Mechanistic investigation of Gem-cisPt-MSNs. (a) Overview of the cellular events 

after the treatment with Gem-cisPt-MSNs. Percentage of Phos-H2A.X positive cells (b), 

expression of DDR markers (RPA and Chk1P) and repair proteins (ERCC1 and XPA) (c), and 

percentage of apoptotic cells (c) after KCM cells were treated with PEI-MSNs (red), cisPt-MSNs 

(green), Gem-MSNs (purple), Gem-cisPt-MSNs (orange) and physical mixture of Gem-MSNs 

plus cisPt-MSNs (black) and no treatment (blue).  

From these mechanistic studies, we could confirm that the Gem-cisPt-MSNs 

caused increased DNA damage as well as triggered the expression of effector proteins 

including RPA and Chk1P in the DDR pathways. More importantly the DNA damage 

and expression of relay markers culminated in the extensive apoptosis proving that the 

cellular machinery failed to repair the DNA damage most likely due to the high levels of 
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damage and/or ineffective repair.  

Our analysis still lacks some of the aspects required to fully understand the 

performance of Gem-cisPt-MSNs. It is documented that the synergy between Gem/cisPt 

is due to the capacity of Gem to inhibit the repair of cisPt adducts via multiple actions. 

Primarily, by the inhibition of RRM1 enzyme which is responsible for 

maintaining/synthesizing the dNTP pool in the cells required for DNA synthesis and 

repair (148). Evidence also suggests that Gem prevents the repair of cisPt-induced DNA 

damage by incorporating into cisPt induced adduct repair patch. These preceding roles of 

Gem in the Gem/cisPt combination lead to decreased Pt-adduct repair and increased Pt-

adduct formation in the cells. Hence, our future experiments evaluating the expression of 

RRM1 and Pt-adduct formation after Gem-cisPt-MSN treatment in comparison to the 

effect of single drug-conjugated MSN and their physical mixture, would provide deeper 

and complete understanding of the therapeutic performance of our platform.  

2.3.6 Targeted cytotoxicity and specificity of TAB004-Gem-cisPt-MSNs.  

The specific accumulation of TAB004-MSNs in tMUC1 expressing PDAC cells, 

KCM and HPAF II were evaluated using flow cytometry and confocal microscopy. The 

cellular internalization data obtained demonstrated higher cellular uptake in cells treated 

with TAB004-MSNs compared to the PEG-MSNs (see Figures 4.3 and 4.4). In addition, 

the specificity of the TAB004-MSNs to recognize tMUC1 was evaluated by determining 

their differential uptake in KCM and KCKO cells. KCM cells express human tMUC1 

whereas KCKO cells lack the tMUC1 expression (140). The cellular uptake data 

demonstrate that the TAB004-MSNs were taken up by the KCM cells at increased levels 

compared to the KCKO cells. Hence, the increased cellular uptake of TAB004-MSNs in 
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tMUC-expressing PDAC cells is attributed to the receptor-mediated endocytosis due to 

the specific interaction of TAB004 with tMUC1 on the cell surface (184).  

Further, we investigated the benefit of TAB004 functionalization on the 

cytotoxicity in PDAC cells; KCM and HPAF II cells. Normal pancreatic ductal cells 

HPDE cells were used as control to gauge the safety of our platform on the healthy tissue 

surrounding the tumors. As depicted in Figure 2.8, TAB004-Gem-cisPt-MSNs led to 

increased cytotoxicity in both KCM and HPAF II cells, when compared to untargeted 

PEG-Gem-cisPt-MSNs. The IC50 of targeted nanoparticles was approximately 2-fold 

lower compared to that of untargeted nanoparticles. This data strongly suggest that the 

targeted MSNs selectively interact with the tMUC1 expressed on the PDAC cells leading 

to increased cellular uptake and their increased cytotoxicity in tMUC1 expressing PDAC 

cells. Notably, very low cytotoxicity was observed in the normal pancreatic ductal cells 

HPDE following treatment with either TAB004-Gem-cisPt-MSNs and PEG-Gem-cisPt-

MSNs (Figure 2.8a). This may reflect the well-established higher cellular uptake of 

nanoparticles by cancerous cells compared to non-cancerous cells due to cancer cells 

higher metabolism and cell division rate (185).   

 

Figure 2.8. Targeted cytotoxicity and specificity of TAB004-Gem-cisPt-MSNs. (a) Cytotoxicity 

data of HPAF II (solid lines) and HPDE cells (dotted lines) when treated with TAB004-Gem-
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cisPt-MSNs (red) and PEG-Gem-cisPt-MSNs (blue). (b) IC50 data obtained from KCM, HPAF II, 

and HPDE cells treated with TAB004-Gem-cisPt-MSNs and PEG-Gem-cisPt-MSNs.  

2.3.7 In vivo targeting ability of TAB004-Gem-cisPt-MSNs in the syngeneic KCM 

mouse model.  

KCM cells derived from PDA.MUC1 mice were used for establishing the 

syngeneic mice model (170). This model provides the advantage of using immune-

competent mice allowing the evaluation of nanoparticle circulation, tumor accumulation 

and efficacy without neglecting the essential roles of the immune system in tumor 

progression (186). In addition, the KCM cells express human tMUC1 which are an ideal 

tumor model for the TAB004 targeted delivery of nanoparticles. Hence, the syngeneic 

KCM mice were used as a primary model for targeting and therapeutic efficacy studies of 

TAB004-Gem-cisPt-MSNs. 

The enhanced accumulation of the active targeted nanoparticles in tumors is key 

to therapeutic efficacy. The ability of the TAB004-Gem-cisPt-MSNs to target KCM 

tumors was assessed following one-time intravenous injection of 40 mg/kg NIR-labeled 

material: TAB004-Gem-cisPt-MSNs or PEG-Gem-cisPt-MSNs. The MSN materials were 

injected 7 days post cell-implantation in KCM syngeneic mice (i.e., when the tumors 

reached approximately reached 100 mm3). The presence of NIR fluorescence was 

detected using the IVIS imaging system prior to material injections and 30 min, 1 h, 4 h, 

24 h, 48 and 96 h post-injection (Figure 2.9a). The data indicate an increase in the NIR-

signaling intensity at the tumor site for the mice administered with TAB004-Gem-cisPt-

MSNs compared to the control mice injected with PEG-Gem-cisPt-MSNs (Figure 2.9b).  

The mice were euthanized 96 h post-injection, and organs including tumors were 

excised. The ex vivo fluorescence associated with tumors was quantified using the ROI 
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tool of the Living Image® software. Higher NIR signaling intensity in tumors injected 

with TAB004-Gem-cisPt-MSNs is observed in comparison to the PEG-Gem-cisPt-MSNs 

(Figure 2.9c). To corroborate the enhanced accumulation of TAB004-Gem-cisPt-MSNs 

in the tumors, Si content was determined after tumor digestion. Inductively coupled 

plasma optical emission spectroscopy (ICP-OES) was used for the quantification of Si 

content. Figure 2.9d highlights a significant increase in the Si content (0.26 mg/g of 

tissue) for the tumors of mice treated with TAB004-Gem-cisPt-MSNs as compared to the 

tumors of mice treated with PEG-Gem-cisPt-MSNs (0.12 mg/g; p<0.05). Taken together, 

these result underline that the functionalization of MSNs with the TAB004 antibody, 

enhanced the accumulation of the nanoparticles in tumor tissue (163).  

 

Figure 2.9. In vivo targeting of TAB004-Gem-cisPt-MSNs in syngeneic KCM mice. (a) IVIS 

images of mice at 0 min, 30 min, 1 h, 4 h, 24 h, 48 h, and 96 h after mice were injected with 

TAB004-Gem-cisPt-MSNs (region outlined in red denotes the tumor). (b) NIR fluorescence 

images of tumors harvested from mice 96 h after injected with TAB004-Gem-cisPt-MSNs 
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compared to PEG-Gem-cisPt-MSNs. (c) Si content analysis in tumors from mice injected with 

TAB004-Gem-MSNs (green) and PEG-Gem-cisPt-MSNs (red).  

2.3.8 In vivo therapeutic efficacy of TAB004-Gem-cisPt-MSNs in syngeneic KCM 

mice.  

To evaluate the therapeutic efficacy of TAB004-Gem-cisPt-MSNs in syngeneic 

KCM mice, four experimental treatment groups were assessed; PBS, Free Gem/cisPt, 

PEG-Gem-cisPt-MSNs, and TAB004-Gem-cisPt-MSNs. Briefly, KCM tumor-bearing 

mice received intravenous injections of MSN materials or free Gem/cisPt at a 

concentration of 40 mg/Kg or the equivalent drug dose of 9.52 mg Gem and 2.05 mg 

cisPt per Kg. The treatment started 7 days after the implantation of 106 KCM cells, i.e., 

the tumors reached approximately 100 mm3. Injections were repeated every 4 days for a 

total of 6 injections (Figure 2.10a).  

Tumor growth was measured throughout the treatment, and the tumor volume was 

calculated and plotted to evaluate the therapeutic benefit of the treatment groups tested. 

TAB004-Gem-cisPt-MSNs injections led significant tumor growth inhibition compared 

to the PBS group (p<0.0001), free Gem/cisPt (p<0.0001) and untargeted PEG-Gem-cisPt-

MSNs (p<0.05; Figure 2.10b). Moreover, PEG-Gem-cisPt-MSNs injections led to a 

therapeutic improvement when compared to free Gem/cisPt injections. At the end-point, 

mice were euthanized and the tumors were excised. Tumor weights were measured and 

confirmed the improved therapeutic efficacy of the TAB004-Gem-cisPt-MSNs treatment 

when compared the other treatment groups (Figure 2.10c). The KCM tumors in mice 

treated with TAB-Gem-cisPt-MSNs showed 79% tumor inhibition compared to the PBS 

group whereas 58% in PEG-Gem-cisPt-MSNs group and 15% in free drugs group. 

Tumor tissues after treatment were assessed for apoptotic cells using an in-situ apoptosis 
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assay. Tumors collected from mice treated with TAB004-Gem-cisPt-MSNs contained an 

increased amount of apoptotic cells compared to the tumors collected from the other 

groups tested (Figure 2.10d). The enhanced therapeutic ability of the TAB004-Gem-

cisPt-MSNs treatment was confirmed by an increased inhibition of tumor growth and 

increased apoptosis in tumors when compared to the control groups, PEG-Gem-cisPt-

MSNs and free Gem/cisPt.  

 

Figure 2.10. In vivo therapeutic efficacy in syngeneic KCM mice; (a) Schematic representation 

of the treatment regimen; mice were injected with MSN materials or free drugs 6 times with 4 

days interval between the injections. (b) Tumor volume measurement throughout the study with 

various treatment groups: PBS (purple circles), Free Gem/cisPt (green downward triangles), 

PEG-Gem-cisPt-MSNs (blue squares), and TAB004-Gem-cisPt-MSNs (red upward triangles) 
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(n=5 mice per group). Two-way ANOVA was performed between different groups and time 

points to determine the statistical difference. (c) Tumor weights measured at the endpoint of the 

efficacy studies: PBS (purple circles), Free Gem/cisPt (green downward triangles), PEG-Gem-

cisPt-MSNs (blue squares), and TAB004-Gem-cisPt-MSNs (red upward triangles) (n=5 mice per 

group). t-test was performed between different groups to determine the statistical difference. (d) 

Ex vivo analysis of tumor sections shows the apoptotic cells in the tumors after treatment. Scale 

bar = 100 µm. Statistics: ****p≤0.0001, ***p≤0.001, ** p≤0.01, * p≤0.05 and not significant 

(ns) p>0.05. 

2.3.9 In vivo biodistribution and safety of TAB004-Gem-cisPt-MSNs in syngeneic 

KCM mice. 

The safety of nanomaterials is essential for their clinical advancement. As all 

nanocarriers are taken up by the MPS system for their clearance, the nanomaterials 

usually accumulate in major organs like liver and spleen. Nevertheless, it is crucial that 

the nanocarriers are safe or well tolerated by the healthy organs. MSNs’ safety and 

biocompatibility has been shown by our group and others (163). Herein, we investigated 

the safety and biodistribution of TAB004-Gem-cisPt-MSNs and control groups. At the 

end-point, major organs such as the liver, lungs, kidneys, spleen, and heart were 

harvested. The ex vivo NIR fluorescence associated with each organ was imaged using 

the IVIS imaging system. The fluorescence intensity was quantified to determine the 

accumulation of MSNs. The NIR fluorescence signal analysis (per g of tissue) showed 

that both targeted and untargeted MSN materials were distributed in spleen followed by 

lungs and liver (Figure 2.11a and 2.11b). This trend was confirmed by Si content 

analysis in the tissues (Figure 2.11c). Similar results have been reported and the 

accumulation is associated to the slow clearance from the hepatobiliary system. 
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Figure 2.11. Post-treatment biodistribution and safety of TAB004-Gem-cisPt-MSNs. (a) 

Representative NIR fluorescent signals captured by IVIS Imaging system from differrent organs 

harvested from mice injected with PBS, free Gem/cisPt, PEG-Gem-cisPt-MSNs, and TAB004-

Gem-MSNs. (b) NIR signaling intensity associated with major organs from mice injected with 

PEG-Gem-cisPt-MSNs (blue) and TAB004-Gem-MSNs (red) as analyzed using Living Image® 

4.5.5.  (c) Si content analysis in the digested tumor samples from mice injected with PEG-Gem-

cisPt-MSNs (blue) and TAB004-Gem-MSNs (red).  

The biosafety of the MSNs was evaluated based on the bodyweight measurements 

during the treatment and histopathological investigation of the organs. The mice's 

behavior and body weights were monitored throughout the treatment which was used as a 

primary parameter to determine if the material shows any adverse effects. No significant 

changes in body weights were observed in any treatment groups. Moreover, there was no 

behavioral changed noted during the treatment. The secondary parameter of tissue 

histopathological evaluation was used to investigate any tissue damage from the 

treatment. Histopathological analysis shows cellular changes in the tissue, which can be 

used as key signs of toxicity. Tissue samples from major organs were sectioned, fixed 
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and stained with H&E (Figure 2.12). No prominent features of toxicity or changes in the 

tissue sections was observed in the liver, kidneys, lungs, heart and spleen of mice treated 

with MSN materials (PEG- or TAB004-Gem-cisPt-MSNs) compared to the ones 

collected from the PBS group (Figure 2.12). These results show that the MSNs are 

biocompatible as reported in previous studies (187, 188).  

 

Figure 2.12. Histopathological analysis of the major organs including heart, kidney, liver, lungs 

and spleen harvested from the mice after the therapeutic treatment; PBS, free Gem/cisPt, PEG-

Gem-cisPt-MSNs, and TAB004-Gem-cisPt-MSNs (scale bar= 100 μm).   

Nevertheless, we observed distinct features in the kidney tissue associated with 

the mice treated with free drugs, showing obvious edema of the bowman’s capsule (132) 

(Figure 2.13a). Blood serum analysis confirmed the toxicity associated with free drugs. 

The ratios of AST/ALT and BUN/creatinine, which are used as markers for the function 

of liver and kidneys, respectively, were analyzed. These values showed an increased ratio 

of AST/ALT and BUN/ creatinine in the mice treated with free drugs compared to 

TAB004-Gem-cisPt-MSNs and PEG-Gem-cisPt-MSNs groups (Figure 2.13b and 
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2.13c). The enhanced toxicity associated with free drugs could be due to the high drug 

(Pt) content in the kidney tissue (Figure 2.13d). The increased off-target toxicity of Gem 

and cisPt in liver and kidney is well-documented and is one of the major side effects of 

chemotherapy. The Pt analysis of liver and kidneys confirm that the MSN materials have 

a lower accumulation of cisPt compared to the free drugs. Importantly, the Pt detected in 

these organs is most likely still chemically conjugated to the nanoparticles which further 

reduced the potential toxic effect. This observation further proves that chemical 

conjugation is not only important for enhancing accumulation in the tumor tissue, but 

also can prevent off-target toxicities.  

 

Figure 2.13. Blood serum and organ histology for the assessment of toxicity. (a) Histological 

analysis of kidney tissue sections showing the toxicity in different treatment groups. The 

bowman’s capsule and edema are shown in the zoomed inset images. (b) blood serum markers 

(BUN/creatinine) of kidney function for different treatment groups. (c) blood serum markers 

(AST/ALT) of liver function for different treatment groups. (d) Pt content analysis in various 

organs after treatment groups. Treatment groups PBS (purple), free Gem/cisPt (green), PEG-

Gem-cisPt-MSNs (red) and TAB004-gem-cisPt-MSNs (blue).  

In light of in vivo targeting and therapeutic efficacy data obtained in KCM 

syngeneic mice, rational design of TAB004-Gem-cisPt-MSNs translated to its enhanced 

therapeutic performance in KCM syngeneic mice. Of note, administration of the both 
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MSN materials (TAB004-Gem-cisPt-MSNs and PEG-Gem-cisPt-MSNs) led to improved 

therapeutic efficacy compared to the free Gem/cisPt. This is attributed to the faster 

clearance of free drugs, whereas the drugs conjugated to MSNs have longer circulation 

and better homing in tumors. Though injected at the similar concentration and at the 

synergistic ratio, it is likely that the free drugs group did not reach the tumors at the same 

time or at the intended synergistic ratio due to the different physiological properties of 

Gem and cisPt. On the contrary, MSNs conjugated to Gem/cisPt lead to the 

spatiotemporal delivery of drugs independent of the physiological properties of the drugs 

loaded. Thus, the MSNs showed much better tumor inhibition due to controlled release of 

drugs at the tumor site.  

Comparing the MSNs materials, the TAB004-Gem-cisPt-MSNs showed the best 

performance due to their increased accumulation in tumors owing to the targeting ability 

of TAB004 to interact with tMUC1 overexpressed on the KCM cells. Increased toxicity 

profile is another major drawback in conventional drug combination therapies. Our 

therapeutic and safety data clearly demonstrates the systemic toxicity encountered by free 

drug administration. Thus, proving that that our nanocarrier design with chemical 

conjugation of drugs is not only important for enhancing accumulation in the tumor 

tissue, but also can prevent off-target toxicities. This demonstrates that the controlled 

release of drugs from nanocarrier under tumor-specific stimuli can prevent the off-target 

toxicity. 

Interestingly, we observed that PEG-Gem-cisPt-MSNs are retained in the organs 

in higher amounts compared to TAB004-Gem-cisPt-MSNs (Figure 2.11). While we lack 

a complete explanation for this observation, we hypothesize that despite the increased 
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tumor accumulation, TAB004 antibody on MSN surface can act as immune recognition 

agent and increase the clearance of TAB004-Gem-cisPt-MSNs. This needs further 

detailed investigation. The MSNs and drugs conjugated to MSNs are slowly cleared out 

over a period of weeks and longer PK studies are required to determine the long-term 

safety and clearance of our therapeutic nanoparticles.  

2.3.10 In vivo therapeutic efficacy in GEM PDA.MUC1 mice. 

Cell line-based models have predictive value, which helps to prioritize the 

biomarker selection, imaging, and/or therapeutic agents. However, cell line-based models 

lack genetic and phenotypic heterogeneity and hence, they limit the ability to predict the 

therapeutic responses in clinical settings (136). GEM models recapitulate the progression 

of PDAC disease in humans and are recognized as more accurate predictors of drug 

response and better models for biomarker and therapeutic discovery (138). Activating 

mutations in the KRAS proto-oncogene is a primary genetic disposition in PDAC. 

Transgenic mice have been established that express physiological levels of oncogenic 

KRAS where the glycine at codon 12 is substituted to aspartate in the progenitor cells of 

the mouse pancreas. These mice are designated as Cre-LSL-KRAS mice which develop a 

full spectrum of PDAC from the preinvasive lesions to invasive carcinoma and metastasis 

(189). Dr. Mukherjee’s lab further crossed the LSL-KRASG12D with tamoxifen-inducible 

P48Cre to a human MUC1.Tg mice to generate the PDA.MUC1 mice. The triple 

transgenic mice develop preinvasive lesions and invasive PDA when the oncogenesis is 

initiated with tamoxifen.  

The treatment of PDA.MUC1 mice started after 32 weeks of post-tamoxifen 

injection which is at advanced stages of PDA. TAB004-Gem-cisPt-MSNs were 
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intravenously injected to the PDAC.MUC1 mouse every 15 days for a period of three 

months, six injections total (Figure 2.14a). This regimen was designed as extended 

treatment procedure is needed to observe therapeutic efficacy based on the invasive PDA 

development in PDA.MUC1 mice (190). After the endpoint, tissue samples from the 

pancreas were evaluated to determine the therapeutic efficacy. Though we observed few 

high-grade lesions in the pancreas from both control and mice treated with nanoparticles, 

the extent of well-differentiated regions of invasive PDA was significantly less in 

treatment group (Figure 2.14b). Further, to localize MSNs in the PDA regions, we used 

confocal microscopy imaging in the H&E slides. The micrographs confirm that the 

nanoparticles are not only localized in the pancreas, but they are found at the invasive 

PDA regions (Figure 2.14c).  

This very preliminary data, but promising results in a clinically relevant model, 

demonstrate the potential of our MSN therapeutic platform for PDAC treatment. Though 

robust, the studies in GEM models are long and do not offer an easier and time-based 

monitoring of the disease progression and response to the treatment. The only reliable 

measurement of the therapeutic performance is the end-point pancreas analysis to 

determine the stage and extent of PDA. Future experiments with increased number of 

PDA.MUC1 mice in the treatment group needs to be evaluated for detailed understanding 

of the therapeutic performance of our platform on the progression of PDA as well as 

metastasis.  



88 

 

 

 

Figure 2.14. Therapeutic efficacy in GEM PDA.MUC1 mice model. (a) Schematic 

representation of the treatment regimen; mice were injected with TAB004-Gem-cisPt-MSNs 6 

times with 15-days interval between the injections. (b) The pancreas from control and treated 

mice showed significantly less invasive PDA regions compared to the control (yellow margins 

represent the invasive PDA regions in the pancreas and the normal acinar cells in the pancreas are 

also labeled. (b) In addition, the pancreas tissue from the treated mice showed NIR fluorescence 

localized in the invasive PDA regions.  

2.4 Conclusions.  

Combination therapies have been investigated under preclinical and clinical 

settings to improve the drawbacks associated with Gem monotherapy. Nevertheless, 

traditional combination therapies are associated with issues including controlled 

spatiotemporal and ratiometric delivery due to the distinct physiochemical properties of 

the participating drugs, different cellular uptake mechanisms, and increased off-target 

toxicities. Nanoparticles, importantly MSNs provide an excellent opportunity to combat 

these limitations and exploit the full potential of combination therapies and impart further 

improvement in combination therapies.  

Herein, we have designed and synthesized a novel target-specific, stimuli-

responsive MSN-based nanocarrier for the co-delivery of Gem/cisPt. Our strategy takes 
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advantage of the structural features of MSNs to obtain high loading of Gem/cisPt at a 

synergistic ratio. Indeed, the chemical conjugation of drugs to MSNs offers batch-to-

batch consistency, controlled and high drug loading, controlled release under specific 

stimuli and prevent systemic leakage of drugs. Through in vitro testing in a panel of 

PDAC cells, we demonstrated the increased cytotoxic effect of Gem-cisPt-MSNs 

compared to the single drug-conjugated MSNs (Gem-MSNs or cisPt-MSNs) and more 

importantly the physical mixture of Gem-MSNs plus cisPt-MSNs. An in-depth 

mechanistic study of the cytotoxic effect showed that the Gem-cisPt-MSNs caused 

increased DNA damage leading to an enhanced apoptosis in KCM cells, compared to the 

control materials. Moreover, the TAB004 functionalized Gem-cisPt-MSNs exhibited 

increased selective cytotoxicity in tMUC1 expressing KCM and HPAF II cells.  

The targeting ability of TAB004-Gem-cisPt-MSNs was demonstrated through in 

vivo imaging and Si content analysis in KCM syngeneic mice. The excellent targeting 

ability of these nanocarriers increased the accumulation in tumors, which increased their 

therapeutic efficacy compared to non-targeted counterpart and free drugs. The MSNs 

minimized the side effects of the chemotherapy drugs based on the mice's body weight 

measurements and the histological analysis of organs revealed no signs of toxicity in the 

mice group treated with MSNs, whereas prominent features of toxicity were observed in 

the group treated with free drugs at the equivalent concentration. Overall, the targeting 

capacity of the TAB004-Gem-cisPt-MSN platform rendered higher tumor localization 

and increased therapeutic efficiency in a syngeneic model that overexpressed tMUC1. 

Moreover, the strategy of chemically attaching Gem and cisPt to MSNs dramatically 

reduced the toxicity of Gem and cisPt compared with the free drugs. The therapeutic 
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potential of TAB004-Gem-cisPt-MSNs was demonstrated in a clinically robust GEM 

PDA.MUC1 mice. These results are encouraging to move the MSN platform into clinical 

settings 

In future, in vivo models including orthotopic and PDX models needs to be 

explored to understand the metastatic inhibiting capacity of our material. The Gem-cisPt-

MSNs is an ideal system for or combining with PARP inhibitors which are the current 

focus in clinical trials due to the understanding of prevalent germline mutations observed 

in certain patients. PDX models from different patients with different levels of germline 

mutations can be used to realistically predict the applicability of our materials in 

combination with PARP inhibitors. 
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3 CHAPTER 3: CyP-MSNs and PEG-Gem-cisPt-MSNs sequential combination for 

tumor stroma modulation and improved drug delivery for PDAC. 

3.1 INTRODUCTION 

3.1.1 Role of tumor stroma in PDAC. 

Extensive desmoplastic stroma is one of the primary contributors to the poor 

clinical prognosis of PDAC (28). Stroma accounts for more than 80% of PDAC tumor 

volume, where cancer cells exist in close interaction with noncancerous cellular 

components including cancer-associated fibroblasts (CAFs), pancreatic stellate cells 

(PSCs), numerous immune cells, and noncellular components of extracellular matrix 

including collagen, fibrinogen, and hyaluronan (HA) (Figure 3.1) (30, 191-194). Cancer 

cells and stroma change throughout the tumor growth, which is controlled by the cancer 

cell-stroma crosstalk. The stromal components, as well as the associated signaling 

pathways involved in the cancer cell-stroma crosstalk, play a vital role in tumorigenesis, 

progression, and metastasis (195).  

The tumor stroma in PDAC is a main factor responsible for the therapy failure, 

and thus stroma modulation is hypothesized to improve PDAC therapy (27, 193, 196). 

Below are some of the main features of stroma that impact the performance of 

nanoparticles for PDAC treatment: 

a. Stroma causes elevated interstitial fluid pressure (IFP) due to the compressed blood 

vessels and reduced blood flow. 

b. Stroma acts as a physical barrier leading to poor perfusion of systemic drugs and 

presents a unique challenge to nanoparticles. 
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c. Off-target toxicity in stromal components like CAFs leads to increased resistance due 

to the cancer cell-stroma crosstalk.  

 

Figure 3.1. The complex tumor microenvironment (TME) in PDAC includes cellular and non-

cellular components that are in constant interaction with cancer cells (197).  

3.1.2 Role of the Sonic hedgehog pathway as a therapeutic target in PDAC.   

3.1.2.1 Sonic hedgehog activation in PDAC.  

Sonic hedgehog (SHh) pathway plays a critical role in the embryonic 

development of tissues (198). While mostly quiescent in the healthy pancreas, SHh is 

aberrantly activated during PDAC tumorigenesis. Importantly, the SHh pathway is 

extensively studied for its role in cancer cell-stroma crosstalk leading to dense stroma 

deposition (199). Among various components of the tumor stroma, CAFs and PSCs are 

reported to overexpress SHh receptors. These cells are considered to be the star players in 

extensive stroma production. Overexpression of SHh ligands and downstream markers 

like smoothened receptor (SMO), patched receptor (PTCH), glioma-associated oncogene 

homolog-1 (Gli-1) are related to poor prognosis of PDAC (200-202).  
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As depicted in Figure 3.2, during the SHh activation, the SHh ligand released 

from the cancer cells binds to the transmembrane protein receptor PTCH, which relieves 

smoothened (SMO) from the inhibitory effect of PTCH. Subsequently, SMO causes the 

translocation of Gli to the nucleus and activates several Gli-induced transcriptional 

effectors (203). The SHh pathway participates in both autocrine and paracrine functions, 

where the SHh ligands released by cancer cells act on the same cells and stromal cells, 

respectively (Figure 3.2). The paracrine activation leads to desmoplasia; whereas the 

autocrine activation leads to tumor cell proliferation and metastasis.  

 

Figure 3.2. Sonic hedgehog pathway is one of the major molecular interactions between stromal 

cells and cancer cells (204). SHh ligand released from cancer cells acts on cancer cells (autocrine 

function) and stromal cells (paracrine function).  

3.1.2.2 Sonic hedgehog is a promising target for stroma modulation in PDAC. 

SHh pathway is the most studied mediator of stroma-cancer cell interaction and 

desmoplasia. It has been investigated as an important target for stromal remodeling in 

PDAC (202, 205, 206). Multiple preclinical studies have demonstrated that inhibition of 

SHh by small-molecule antagonists such as cyclopamine, vismodegib (GDC-0449) or 

IPI-926 results in suppression of cell proliferation, decreased stroma, and improved 
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chemotherapy (207, 208). These encouraging results led to multiple clinical trials where 

the SHh inhibitors were combined with chemotherapy (209). Unfortunately, these trials 

have been either negative or equivocal giving no survival benefit in comparison to 

chemotherapy alone. However, not much improvement in the therapeutic efficacy/overall 

survival has been observed under clinical settings (210, 211). For example, vismodegib 

was tested in phase II clinical trial in combination with Gem. The overall survival was 

similar for the combination and Gem alone at 6.9 months and 6.1 months (212).  

Possible key considerations for the failure could be the imbalance in the 

bioavailability of SHh inhibitors at the tumor site, toxicity to the healthy organs, and 

catastrophic stromal depletion (213). Firstly, reducing SHh signaling promotes 

angiogenesis, the imbalance of epithelial and stromal elements might explain the clinical 

trial’s setback. Secondly, the efficient and safe delivery of SHh inhibitors is an important 

issue to be considered to reduce the toxic side-effects and improve the bioavailability in 

the tumor site.  In this direction, nanocarriers can potentially increase the targetability, the 

circulation of drugs and bioavailability in the tumor site.  

Thirdly, recent in-depth investigation demonstrated that long-term, high doses of 

SHh inhibitors (>100 mg/kg daily) caused catastrophic consequences of excessive 

disruption of stroma, leading to increased tumor metastasis (214). These results 

highlighted the importance of preserving tumor-restraining functions of stroma and the 

need for fine-tuned remodeling of stroma during the PDAC therapy. Careful designing of 

the therapy regimen can provide the spatial and temporal access to the therapeutic target 

as well as avoid stromal depletion due to over SHh inhibition. In this regard, sequential 

delivery using nanocarriers could serve as the best strategy (154). Sequential combination 
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of chemotherapeutics and signaling pathway inhibitors using nanoparticles have been 

investigated to reduce the tumor resistance, alter TME and increase efficacy (123, 215). 

3.1.2.3 Use of nanoparticles for the delivery of cyclopamine. 

Cyclopamine (CyP) is a natural alkaloid, which acts on the SMO receptor to 

inhibit SHh signaling. CyP has been investigated in PDAC therapy and exhibits 

promising therapeutic effects. CyP treatment decreased the tumor stroma, facilitated the 

tumor delivery of drugs, decreased cancer stem cells, reversed chemoresistance in cancer 

cells, and increased efficiency of radiation (203, 216). More importantly, CyP treatment 

alleviated the IFP in the tumors, which significantly improved the delivery of 

nanoparticles (216). However, CyP is insoluble in water and shows systemic toxicity. 

The bioavailability of CyP can be improved while decreasing systemic toxicity using 

nanomaterial-based drug delivery systems. In this direction, CyP has been encapsulated 

in polymeric nanoparticles and micelles (217, 218).  

3.1.3 Hypothesis and aims of the present study.  

We hypothesized that using MSNs as the main delivery system for a sequential 

treatment using cyclopamine followed by Gem/cisPt will enhance the treatment of 

PDAC. Time-staggered delivery of each nanocarrier can optimize the delivery of drugs to 

specific tumor compartments, thereby leading to effective stromal modulation, increased 

access of secondary Gem-cisPt-MSNs at the tumor site and improved therapeutic 

performance (Figure 3.3). To prove this hypothesis, we following aims are proposed: 

a. Synthesis and characterization of CyP-MSNs.  

b. In vitro evaluation of the synthesized CyP-MSNs for its cytotoxicity. Evaluation 

of combination effect of CyP-MSNs and Gem-cisPt-MSNs, which were 
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synthesized and completely investigated in the previous chapter.  

c. In vivo investigation of safety, biodistribution, and therapeutic efficacy of 

sequential combination of CyP-MSNs plus Gem-cisPt-MSNs in HPAF II 

xenograft and transgenic PDA.MUC1 mice models.  

 

Figure 3.3. Schematic representation of the performance of proposed sequential time-staggered 

therapy. The primary treatment (CyP-MSNs) will decrease the stromal barrier by TME 

modulation.  The secondary treatment (PEG-Gem-cisPt-MSNs) will efficiently kill the cancer 

cells.  

3.2 Materials and methods. 

3.2.1 Materials.  

All materials are described in section 2.2.1.    

3.2.2 Experimental methods.  

3.2.2.1 Synthesis of PEG-Gem-cisPt-MSNs.  

The synthesis of PEG-Gem-cisPt-MSNs is already described in the experimental 

sections 2.2.2 and 2.2.3. 

3.2.2.2 Synthesis of PEG-CyP-MSNs.  

3.2.2.2.1 Synthesis of MSNs.  

MSNs were synthesized following our previous procedure with slight 

modifications (163, 164). Briefly, the surfactant CTAB (0.78 g, 2.14 mmol) was 

dissolved in a mixture of ethanol (3.32 mL) and nanopure water (21.6 mL), followed by 

the addition of DEA (41.4 µL, 0.428 mmol). This surfactant mixture was stirred for 30 
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minutes at 60 ºC. To this solution, TEOS was added dropwise over a period of 5 minutes. 

The resulting suspension was stirred for 18 h at 60 ºC. The nanoparticles were then 

collected via centrifugation at 13,000 rpm for 15 minutes, washed with ethanol three 

times and stored in ethanol.  

The surfactant template was extracted by washing the MSNs in 1M HCl 

methanolic solution (10 mg of MSNs in 1 mL of the acid solution). The MSNs were 

dispersed in the acid solution and stirred for 10 h at 60 ºC. MSNs were then collected via 

centrifugation and washed with ethanol three times. A second acid wash was performed 

under the same conditions for 6 h. The surfactant-free MSNs were washed with ethanol 

three times and stored in ethanol.  

3.2.2.2.2 Synthesis of Phos-MSNs 

Post-synthetic grafting of MSNs using TPMP was carried out following 

previously reported procedure was slight modification (165). MSNs (200 mg) were 

dispersed in nanopure water (13 mL). An aqueous solution of TPMP (113.5 µL, 0.2 

mmol in 13 mL water, pH adjusted to 6-7) was added to the MSN dispersion. The 

mixture was stirred for 3 h at 40 ºC. Finally, the nanoparticles were collected via 

centrifugation, washed thrice with ethanol to afford Phos-MSN.  

3.2.2.2.3 Synthesis of PEI-coated MSNs.  

MSNs were coated with PEI polymer using the procedure previously reported 

(132). Phos-MSNs (100 mg) were dispersed in ethanol (40 mL). PEI solution (1.8 KDa, 

10 mL, 2.5 mg/mL in ethanol) was added to the MSN dispersion and stirred for 1 h at 

room temperature. The nanoparticles were collected via centrifugation and washed thrice 

with ethanol to afford PEI-MSNs. The successful coating of PEI on MSN surface was 
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determined using ninhydrin assay following the procedure described in section 2.2.3.4.   

3.2.2.2.4 Synthesis of PEG-PEI-MSNs.  

To synthesize PEG-PEI-MSNs, PEI-MSNs (30 mg) were dispersed in 15 mL of 

anhydrous acetonitrile. To this dispersion, MeO-PEG-SCM (15 mg) was added and 

stirred for 48 h at room temperature. Finally, the MSNs were collected via centrifugation, 

washed thrice with ethanol to afford PEG-PEI-MSN.  

3.2.2.2.5 Synthesis of CyP-MSNs. 

PEG-PEI-MSNs (40 mg) were dispersed in 40 mL of water. Cyclopamine (CyP, 

20 mg) was dissolved in warm DMSO (5 mL) and was heated to maintain the solution at 

60 ºC. The warm CyP solution was added slowly to the MSN dispersion under slow 

stirring. The mixture was stirred for 30 min at 40 ºC. The dispersion was then gradually 

allowed to cool down to room temperature. The mixture was allowed to stir for an 

additional 24 h at room temperature. Finally, CyP-MSNs were collected via 

centrifugation, washed twice with water and stored in water.  

3.2.2.2.6 Quantification of CyP loaded in MSNs. 

The amount of CyP complexed with PEG-PEI-MSNs was quantified using 

UHPLC (Thermo scientific UHPLC plus focused series LC/UV Vanquish diode array 

detector system) fitted with 1.9 μm particle size, 100 x 2.1 mm Hypersil Gold C18 

column (Thermo Scientific, USA). Samples (10 μL) were injected with a flow rate of 250 

μL/min in 10% Solvent B (Solvent A:acetonitrile; Solvent B: 99.9% water/ 0.1% Formic 

Acid (v/v)). Analytes were eluted from the column after 1 min holding at 10 % B with a 

linear gradient to 100% B using a flow of 9 μL/min. After 3 min holding at 100% B, the 

column was returned to 10% B in 4 min and re-equilibrated for 5 min before the next 
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injection. CyP standards in acetonitrile ranging from 100 to 800 ng/mL with a 10 μL 

injection volume. Diluted aliquots from the supernatants obtained after the synthesis of 

CyP-MSNs were used for this analysis. 

3.2.2.3 In vitro studies.  

3.2.2.3.1 Cell culture.  

Capan-2 and MiaPaca-2 cells were maintained in DMEM media supplemented 

with FBS (10%), Penicillin-streptomycin antibiotics (1%), Glutamax (1%) and NEAA 

(1%). HPAF II cells were maintained in EMEM media supplemented with FBS (10%), 

Penicillin-streptomycin antibiotics (1%), Glutamax (1%), and NEAA (1%). HPAF +++ 

cells were sorted from HPAF II cells positive for CD24, CD133, and EPCAM markers. 

Sorted cells referred to as HPAF triple-positive cells (HPAF +++ cells) were maintained 

in DMEM:F12 media with low FBS (5%). All the cells were maintained at 37 ºC under a 

5% CO2 atmosphere. The cell culture and incubation conditions for all in vitro 

experiments are as indicated above unless otherwise mentioned. The media volume in 96-

well plate is 100 μL. 

3.2.2.3.2 In vitro cytotoxic effect of CyP-MSNs in PDAC cells.  

Capan-2, HPAF II, and MiaPaca-2 cells were seeded in 96-well plate at a cell 

density of 1000 cells per well. The cells were incubated for 24 h and then inoculated with 

different MSN materials (PEI-MSNs and CyP-MSNs) at increasing concentration (1-100 

µg/mL). The MSNs were prepared in complete cell culture media and treated for 72 h. 

The cells were then washed once with PBS, replaced with fresh media and incubated for 

another 24 h for recovery. Finally, the cells were washed once with PBS, and cell 

viability was evaluated using MTS assay. For MTS assay, 20 μL of the CellTiter 96® 
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solution was added to each well containing 100 μL media. The cells were incubated for 

2.5-3.5 h depending on the cell type, and the absorbance was measured at 490 nm using a 

Multiskan FC plate reader.  

3.2.2.3.3 Cytotoxic effect of the sequential combination: CyP-MSNs and Gem-cisPt-

MSNs.  

HPAF II or HPAF +++ cells were seeded in 96-well plate at a density of 2000 

cells per well. The cells were incubated for 24 h, and then the cells were inoculated with 

CyP-MSNs (10 µg/mL, CyP 4.4 µg/mL). The cells were treated with CyP-MSNs for 24 

h. The cells were then washed with PBS and inoculated with increasing concentrations of 

Gem-cisPt-MSNs (1-50 µg/mL). The cells were treated with Gem-cisPt-MSNs for 48 h. 

Post-treatment, the cells were washed once with PBS, replaced with fresh media and 

incubated for another 24 h for recovery. Finally, the cells were washed once with PBS, 

and cell viability was evaluated using MTS assay, as described in the previous section. 

As control group, no CyP-MSNs treatment and only Gem-cisPt-MSN treatment was 

used.  

3.2.2.4. In vivo therapeutic efficacy of CyP-MSN plus PEG-Gem-cisPt-MSN in HPAF 

II xenograft mice model.  

All animal experiments were reviewed and approved by the Institutional Animal 

Care and Use Committee under the protocol 17-015. Female NOD SCID Gamma (NSG) 

mice were purchased from Jackson Laboratory.  

3.2.2.4.1 Establishment of HPAF II xenograft mice model.  

To establish the HPAF II tumors, mice were implanted subcutaneously (s.c, right 

flank) with HPAF II cells (1x106) using Matrigel (1:1 dilution in PBS). Tumor growth 
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was monitored by caliper measurements every alternate day, and the tumor volume was 

calculated using the formula:  

                                       Tumor volume = (L*(W)2)/2                                    Equation (2)                               

where L is the length and W is the width of the tumor (169).  

In vivo targeting and therapeutic efficacy studies were initiated 11 days post HPAF II cell 

implantation with tumor volumes reaching approximately 100 mm3.  

3.2.2.4.2 Sequential therapy studies in HPAF II tumor-bearing xenograft mice. 

Mice bearing HPAF II tumors were randomly divided into 4 treatment groups 

(n=3); PBS, CyP-MSNs plus free drugs, PEG-Gem-cisPt-MSNs, and CyP-MSNs plus 

PEG-Gem-cisPt-MSNs. The treatment regimen is depicted in Figure 3.7a. Tumor growth 

was monitored by measuring the tumors every alternate day. The primary treatment 

(CyP-MSNs, 5 mg/Kg in PBS) were injected intratumorally (i.t); followed the secondary 

treatment of PEG-Gem-cisPt-MSNs (40 mg/Kg in 100 µL of water) or Free Gem/cisPt 

(9.52/2.05 mg/Kg), which was  injected intravenously (i.v) 48 h post CyP-MSNs. Primary 

CyP-MSNs plus secondary PEG-Gem-cisPt-MSNs was referred to as the therapy cycle. 

“Plus” in the therapeutic studies is used to determine the sequential combination of CyP-

MSNs followed by PEG-GEM-cisPt-MSNs for simplicity. The treatment consisted of a 

total of 5 therapy cycles with an additional 48 h-interval between each cycle. Tumor 

growth was monitored every other day using calipers. On day 30 post cell implantation, 

mice were euthanized, and the major organs were collected including liver, lungs, 

kidneys, spleen, heart, and tumor. The fluorescence associated with each organ was 

evaluated using the IVIS imaging system. Portions of the organs and tumors were fixed 

in formalin for histological analysis. Portions of the tissue samples were frozen and used 
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later to determine the Si and Pt content.  

3.2.2.4.3 Ex vivo fluorescence imaging and analysis.  

The harvested organs were placed in Petri dishes and imaged using the IVIS® 

Spectrum imaging system. The fluorescence images were analyzed, and fluorescent 

intensity was quantified using the ROI tool of the Living Image® software. The data is 

presented as the average radiant efficiency associated with each organ. The results are 

reported as the mean ± SD (n=3 mice per treatment group). 

3.2.2.4.4 Analysis of organ Si and Pt content. 

Samples from different organs, including the liver, lungs, heart, spleen, kidneys, 

and tumor, were weighed and thoroughly dried in an oven at 60 ºC for 3 days. The dried 

organs were weighed again and digested using a mixture of HNO3:HCl:HF (10:2:1). The 

samples were placed in the digestion vessels with the acid mixture for a 20 min pre-

digestion at room temperature. The samples were then further digested in a CEM Mars 

microwave system under the following conditions: ramp to 200 ºC for 20 minutes, hold at 

200 ºC for 20 minutes and cool down to room temperature. The digested samples were 

then diluted to 50 mL using DI water.  

The Si content was analyzed using an ICP-OES (PerkinElmer 8300 DV). 

Calibration standards were prepared by diluting the Si element PlasmaCAL (SCP 

Science) standard in 0.1 M HNO3. The wavelength of 251.66 nm was selected for Si 

analysis and the concentration was determined using Syngistix software. The data are 

represented as the mg of Si per g of tissue. For each organ tested, the results are reported 

as the average ± SD (n=3 mice per group). 
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The Pt content was analyzed using an ICP-MS (Thermo Electron X series). The Pt 

analysis was performed by monitoring the signal of the 195Pt isotope. Calibration standards 

were prepared by diluting Pt standard in 5% HCl matrix. The data are represented as the 

µg of Pt per g of tissue. For each organ tested, the results are reported as the average ± 

SD (n=3 mice per group). 

3.2.2.4.5 Histology and Immunohistochemistry. 

a. Hematoxylin and eosin (H&E) staining. Major organs such as liver, lungs, spleen, 

kidneys, heart, and tumors were collected after in vivo experiments. For each tissue, a 

small portion was fixed in a 10% buffered formalin for 24 h at 4 ºC. The fixed tissues 

were stored in transferred and stored 70 % ethanol. The organs were paraffin-

embedded, sectioned (4 µm thick), and stained with Hematoxylin and Eosin (H&E). 

The H&E stained tissue sections were imaged using a fluorescent microscope (IX71, 

Olympus) at 10x magnification. Histological signs of toxicity i.e., changes in normal 

tissue structures were investigated.   

b. Picrosirius red staining in tumor tissue. Tumor sections (4 µm) were used to 

determine collagen deposition using picrosirius red staining. The tissue sections were 

de-waxed by placing the slides in an oven overnight at 60 ºC. The tissues samples 

were immediately placed in xylene solution (2 washings) and rehydrated in 100% 

ethanol (3 washings) and finally placed in water. The hydrated tissues slides were 

stained in picrosirius red for 1 h in a humidified chamber. The slides were washed 

twice with acidified water, changing the acidified water in between each wash. The 

tissue slides are dehydrated (three changes of 100% ethanol), followed by clearing in 

xylene. The slides were then mounted in a resinous medium. The stained tissues were 



104 

 

 

imaged using a fluorescent microscope at 4x magnification (IX71, Olympus).  

3.2.2.5 Therapeutic efficacy of CyP-MSN and PEG-Gem-cisPt-MSNs in PDA-MUC1 

mice model.  

The establishment of PDA.MUC1 mice is described in the section 2.2.8. The 

PDA.MUC1 mice after 43 weeks of tamoxifen injection, were used for the in vivo study. 

One mouse in the control group and 2 mice in the treatment group. The primary treatment 

(CyP-MSNs, 5 mg/Kg in PBS) were injected intravenously; followed by 5 days interval, 

the secondary treatment (PEG-Gem-cisPt-MSNs, 40 mg/Kg). Primary CyP-MSNs plus 

secondary PEG-Gem-cisPt-MSNs was referred to as one therapy cycle. A total of 3 

cycles of primary-secondary treatment were followed with 10 days interval between each 

cycle. After the final cycle, the major organs like the liver, lungs, kidneys, spleen, heart, 

and pancreas were collected, fixed and stained for imaging. The pancreas was weighed 

and fixed in formalin. The pancreas was sectioned at 4 um thickness at various depths. A 

total of 4 sections were stained with H&E and imaged to determine the PanIN lesion and 

PDA stage.   

3.2.3. Statistical analysis.  

All the data in this chapter is represented as mean ± SD unless mentioned 

otherwise. The hydrodynamic size and -potential analysis using DLS were performed in 

triplicates. The amount of cyclopamine complexed to the MSNs is reported as average of 

3 independent batches (n=3). For the cell viability studies, the GraphPad prism was used 

to calculate the IC50 values (n=6). The in vivo therapeutic experiments were evaluated 

using n=3 mice per group. The tumor volumes were reported as mean ± SEM, and two-

way ANOVA with Tukey’s multiple comparison test was used for statistical analysis. For 
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tumor weights, unpaired t-test was performed to analyze the statistical difference of each 

group. The NIR fluorescence, Si and Pt content in organs were evaluated using n=3 mice 

per group. All the statistical analysis were performed using GraphPad Prism (v8.2.0 for 

Windows, La Jolla California, CA, USA) with α=0.05 and reported as stars assigned to 

the p values; ****p≤0.0001, ***p≤0.001, ** p≤0.01, * p≤0.05 and ns p>0.05.   

3.3 Results and Discussions.  

3.3.1 Synthesis and characterization of PEG-Gem-cisPt-MSNs.  

The detailed synthesis and characterization of the PEG-Gem-cisPt-MSNs are 

described in sections 2.3.2 and 2.3.3.  

3.3.2 Synthesis and characterization of CyP-MSNs.  

The CyP-MSNs were synthesized following the scheme depicted in Figure 3.4a. 

To synthesize CyP-MSNs, the as-synthesized MSNs were firstly grafted with 

phosphonate groups to afford Phos-MSNs with a negative surface charge. The Phos-

MSNs were coated with PEI via electrostatic interaction between PEI and the 

phosphonate groups on MSNs to afford PEI-MSNs. PEI-MSNs were conjugated with 

MeO-PEG-NHS via coupling chemistry between the NHS group and the amines on the 

PEI-MSNs. CyP molecule was complexed to PEG-PEI-MSNs through hydrogen 

bonding, due to the presence of a large number of hydrogens on PEI. This approach was 

successfully used to carry and deliver LY364947, a TGF-β inhibitor (132).  

The Dh and surface charge of CyP-MSNs were characterized using DLS. CyP-

MSNs exhibited Dh of 252 ± 40 nm (PdI = 0.3) in PBS. The surface charge of the CyP-

MSNs was almost neutral with a zeta potential of 7.9 ± 0.7 mV. While the PEG-PEI-

MSNs showed a zeta potential of 28 ± 1 mV in PBS, the CyP bonding decreased this to + 
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7.9 ± 0.7 mV. Further, the amount of CyP loaded onto the MSNs was evaluated using 

HPLC by determining the CyP in the supernatants and washings after the loading 

process. Based on the HPLC analysis, 447.5 μg CyP was complexed per mg of PEG-PEI-

MSN which results for 44.7 wt% loading. 

 

Figure 3.4. Synthesis and characterization of CyP-MSNs. (a) Graphical representation of the 

scheme followed for the synthesis of CyP-MSNs. (b) The particle size distribution (PSD) plot of 

CyP-MSNs in PBS. Hydrodynamic size and zeta potential of CyP-MSNs obtained using DLS 

(n=3). 

3.3.3 In vitro cytotoxicity of CyP-MSNs. 

The cytotoxic effect of CyP-MSNs was investigated in Capan-2, Miapaca-2, and 

HPAF II cells. The cells were treated with CyP-MSNs for 72 h, and cell viability was 

determined using MTS assay and control group involved PEI-MSNs. As depicted in 

Figure 3.5, CyP-MSNs exhibited cytotoxicity in the PDAC cells at concentrations higher 

than 60 μg/mL. As mentioned previously, SHh activation in the PDAC cells increases 

cell proliferation, invasion, and metastasis. Nevertheless, the pathway inhibition may not 

always contribute to the cytotoxicity ability of the SHh inhibitors as cancer cells may not 
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completely depend on the SHh for growth and proliferation. Hence, the CyP 

concentrations required to observe cytotoxic effects are high (218). 

 

Figure 3.5. Cytotoxicity of CyP-MSNs in a panel of PDAC cells. PDAC cells MiaPaca-2 (a), 

Capan-2 (b), and HPAF II (c) cells were treated with PEI-MSNs (black) and CyP-MSNs (green), 

for 72 h and cell viability was analyzed using MTS assay.  

  In addition, PDAC cells are heterogenous, and it has been well documented that 

variability exists between PDAC cells in terms of SHh receptor expression, the sensitivity 

of SHh inhibitors and non-canonical SHh activation, where the cancer cells activate SHh 

downstream of SMO or PTCH receptors and hence do not respond to the SMO 

antagonists (219). Based on previous reports, it is shown that PDAC cells like MiaPaca-2 

and Capan-2 show increased SHh receptor expression and also showed increased 

sensitivity towards SHh inhibitors like CyP and vismodegib (217). Whereas cells like 

BxPC3 and Panc-1 do not express the SHh receptors and show resistance to SHh 

inhibition (217, 220). We are further exploring the effect of CyP-MSNs treatment on the 

expression of SHh pathway markers including SHh ligand, PTCH receptor and the 

downstream Gli-1 transcription factor to confirm the SHh inhibition ability of CyP-

MSNs.  

3.3.4 In vitro cytotoxicity of CyP-MSNs plus Gem-cisPt-MSNs.  

Next, we investigated the sequential treatment of CyP-MSNs and Gem-cisPt-

MSNs in HPAF II cells. The cells were firstly treated with CyP-MSNs (10 μg/mL, 4.4 
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μg/mL) for 24 h, which served as the primary treatment. The cells were then inoculated 

with increasing concentrations of Gem-cisPt-MSNs, which represented the secondary 

treatment. Cell viability analysis after treatment was assessed, which indicate the 

cytotoxicity of HPAF II cells was not significantly different with or without the CyP-

MSN primary treatment (Figure 3.6a). The pre-treatment of CyP-MSNs did not enahnce 

the cytotoxicity of Gem-cisPt-MSN in HPAF II cells as we used very low concentration 

of CyP-MSNs which was chosen to inhibit SHh pathway and not necessarily cause 

cytotoxic benefit. The use of low concentration CyP to selectively cause inhibitory effect 

on SHh pathway has been previously explored as an approach for controlled stroma 

modulation while preventing stroma depletion in the PDAC tumors (218).   

 

Figure 3.6. In vitro cytotoxicity evaluation of CyP-MSNs plus Gem-cisPt-MSNs in PDAC cells. 

(a) Graphical representation of sequential treatment of CyP-MSNs plus Gem-cisPt-MSNs. Cell 

viability data after sequential treatment of CyP-MSNs plus Gem-cisPt-MSNs (red) and Gem-

cisPt-MSNs only (blue) in HPAF II (b) and HPAF +++ cells (c).  

In addition to HPAF II cells, the sequential treatment was investigated in HPAF 

triple-positive cells (HPAF +++ cells). The HPAF +++ cells are positive for CD24, CD44 

and EPCAM which is a characteristic of cancer stem-like cells. The CyP-MSNs pre-

treatment drastically increased the cytotoxic effect of Gem-cisPt-MSNs (Figure 3.6b). 

The increased cell cytotoxicity observed in the sequential combination of CyP-MSN plus 

Gem-cisPt-MSNs in HPAF +++ cells could be explained by the fact that cancer stem-like 
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cells overexpress embryonic pathways like SHh, Notch and Wnt. The cancer stem-like 

cells depend on these pathways for growth and stemness which increases their sensitivity 

towards the mentioned pathway inhibitors (221). Besides, the treatment of sequential 

therapy on HPAF +++ cells showed that chemotherapy alone is not effective against 

cancer stem-like cells. These cells are known to escape chemotherapy or radiotherapy 

and result in relapse/recurrence. The effective treatment of CyP-MSNs plus Gem-cisPt-

MSNs could be a potential treatment to target the cancer stem cell population (222).    

3.3.5 Therapeutic efficacy of the sequential treatment using CyP-MSNs and PEG-

Gem-cisPt-MSNs in HPAF II xenograft mice model.  

Human PDAC cells HPAF II were used to develop xenograft mice model for this 

study. Previous reports showed that tumors derived from HPAF II developed abundant 

fibrous stroma (223). The treatment regimen was followed according to the scheme 

depicted in Figure 3.7a, and four treatment groups were tested; PBS, CyP-MSNs plus 

free drugs, PEG-Gem-cisPt-MSNs, and CyP-MSNs plus PEG- Gem-cisPt-MSNs. Mice 

bearing ~100 mm3 HPAF II tumors were intratumorally injected with CyP-MSNs (5 

mg/kg) followed by intravenous injection of PEG-Gem-cisPt-MSNs (40 mg/kg) and a 

total of 5 treatment cycles were followed (Figure 3.7a). The CyP-MSNs were not 

injected in the first cycle to avoid the risk of stroma ablation (214).  

The tumor volumes were measured over the course of treatment. Based on the 

tumor volume measurements, the CyP-MSNs plus PEG-Gem-cisPt-MSNs group showed 

greater tumor growth inhibition (71.3%) compared to the PBS group. Whereas, PEG-

Gem-cisPt-MSNs and the CyP-MSNs plus free Gem/cisPt exhibited 47.6% and 15.2% 

inhibition, respectively (Figure 3.7b). At the endpoint, the tumors were harvested and 
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weighed to determine the therapeutic efficacy of sequential therapy. As observed in 

Figure 3.7c, the tumors in the sequential therapy group weighed significantly lower 

compared to the treatment with PEG-Gem-cisPt-MSNs only, CyP-MSNs plus free 

Gem/cisPt and PBS groups (p< 0.05, p< 0.01 and p< 0.01, respectively). Though the 

PEG-Gem-cisPt-MSNs performed much better than the free drugs group and PBS (p< 

0.05), the pretreatment with CyP-MSNs significantly increased the therapeutic benefit of 

PEG-Gem-cisPt-MSNs (Figure 3.7c).   

 

Figure 3.7. Therapeutic study of CyP-MSNs plus PEG-Gem-cisPt-MSNs in the HPAF II bearing 

xenograft mice. (a) Schematic representation of the treatment regimen; HPAF II cells were 

subcutaneously implanted in NSG mice (yellow arrow). (b) Tumor volume measurement of mice 

in different treatment groups: PBS (purple downward triangles), CyP-MSNs plus free drugs 

(green upward triangles), PEG-Gem-cisPt-MSNs (red squares), and CyP-MSNs plus PEG-Gem-

cisPt-MSNs (blue circles) (n=3 mice per group). Two-way ANOVA was performed between 
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different groups and time points to determine the statistical difference. (c) Tumor weights 

measured at the endpoint of the therapeutic efficacy studies after 5 cycles: PBS (purple), CyP-

MSNs plus free drugs (green), PEG-Gem-cisPt-MSNs (red), and CyP-MSNs plus PEG- Gem-

cisPt-MSNs (blue) (n=3 mice per group). t-test was performed between different groups to 

determine the statistical difference. (d) Ex vivo analysis of tumor sections stained with picrosirius 

red for collagen content analysis after treatment (scale bar = 1 mm).  Statistics: ****p≤0.0001, 

***p≤0.001, ** p≤0.01, * p≤0.05 and ns p>0.05.  

We tested the effect of sequential treatment on the tumor stroma changes. One of 

the primary and simple markers used for the stroma changes is the extracellular matrix 

deposition. Collagen deposition in the tumors can be easily accessed using picrosirius red 

stain assay. Hence, tumor sections were stained with picrosirius red. Based on the stained 

tissue images, there was a significant different in the collagen deposition in the tumors 

when treated with sequential combination of CyP-MSNs plus Gem-cisPt-MSNs. The 

collagen content was decreased as well as the spatial distribution of the collagen was 

altered (Figure 3.7d). In the PBS group, where huge areas showed intense collagen as a 

characteristic of the strong stroma in PDAC tumors. Whereas the tumors treated with the 

combination of CyP-MSNs plus Gem-cisPt-MSNs showed decreased collagen content 

spread evenly throughout the tumor.  

3.3.6 In vivo biodistribution and safety of sequential therapy.  

The safety of the sequential treatment was evaluated based on the mice body 

weights and histopathological analysis of major organs. Firstly, based on the NIR 

fluorescence signaling associated to the major organs acter treatment was evaluated. The 

MSNs were predominantly localized in spleen and liver, (Figures 3.8a and 3.8b). This is 

similar to our observation in the previous study (see section 2.3.9) and is associated to the 

slow clearance from the hepatobiliary system. 



112 

 

 

 

Figure 3.8. End-point tissue analysis after the sequential treatment of CyP-MSNs plus PEG-

Gem-cisPt-MSNs. (a) Fluorescent signals captured by the IVIS Imaging system from different 

organs harvested from mice injected with PBS, CyP-MSNs plus PEG-Gem-cisPt-MSNs, PEG-

Gem-cisPt-MSNs and CyP-MSNs plus free Gem/cisPt. (b) Quantification of the NIR 

fluorescence signals from organs after various treatments PBS (purple), CyP-MSNs plus PEG-

Gem-cisPt-MSNs (blue), PEG-Gem-cisPt-MSNs (red) and CyP-MSNs plus free Gem/cisPt 

(green) as analyzed using Living Image® 4.5.5.  

The biosafety of sequential treatment was evaluated by monitoring the mice body 

weights during the treatment process and histopathological investigation of the organs 

post treatment. The mice's behavior and body weights were monitored throughout the 

treatment which was used as a primary parameter to determine if the material shows any 

adverse effects. No significant changes in body weights were observed in any treatment 

groups (Figure 3.9a). Moreover, there was no behavioral changed noted during the 

treatment. Also, the histopathological evaluation of major organs like liver, lungs, 

kidneys, and heart showed no significant signs of toxicity, as no cellular changes in the 

tissue, which can be used as key signs of toxicity were observed in CyP-MSNs plus PEG-
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Gem-cisPt-MSNs and PEG-Gem-cisPt-MSNs groups compared to the PBS group 

(Figure 3.9b). These results confirmed that the MSNs are biocompatible when used as a 

sequential therapy, as reported in previous chapter and other studies (187, 188). 

 

Figure 3.9. Biosafety of the sequential treatment. (a) Body weights of mice monitored throughout 

the treatment under different groups; Group A PBS (purple downward triangle), group B CyP-

MSNs plus free Gem/cisPt (green upward triangle), group C PEG-Gem-cisPt-MSNs (red 

squares), and group D CyP-MSNs plus PEG-Gem-cisPt-MSNs (blue circle) (n=3). (b) H&E 

stained slides of liver, lungs, kidneys, spleen, and heart harvested from the mice after the 

therapeutic efficacy studies (Scale bars = 500 μm).  

Nevertheless, morphological changes were observed in the kidney tissue from 

mice injected with CyP-MSNs plus free drugs (Figure 3.10a). The enhanced toxicity 

associated with free drugs could be due to the high drug (Pt) content in the kidney tissue 

(Figure 3.10b). The increased off-target toxicity of Gem and cisPt in liver and kidney is 

well-documented and is one of the major side effects of chemotherapy. Further, blood 

serum analysis needs to be performed to understand the toxicity with free Gem/cisPt.   
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Figure 3.10. Organ histology for the assessment of toxicity. (a) Histological analysis of kidney 

tissue sections showing the toxicity in different treatment groups. The bowman’s capsule and 

edema are shown in the zoomed inset images. (b) Pt content analysis in various organs after 

treatment groups. Treatment groups CyP-MSNs plus PEG-Gem-cisPt-MSNs (blue), PEG-Gem-

cisPt-MSNs (red) and CyP-MSNs plus free Gem/cisPt (green) (n=3). 

Based on the results obtained from the therapeutic efficacy in HPAF II xenograft 

mice, we propose that the CyP-MSNs pre-treatment inhibit the stroma-cancer cell 

interaction via SHh inhibition. This leads to stromal modulation, better penetration of the 

secondary nanoparticles into the tumor and delivery of chemotherapy agents Gem/cisPt. 

Though increased fluorescence was associated with the tumors injected with primary 

CyP-MSN and Gem-cisPt-MSNs (Figure 3.8). As MSNs were used as a carrier for 

primary and secondary treatment, the fluorescence or Si analysis cannot be used to 

deduce that the stroma modulation effect of the primary CyP-MSN treatment, increased 

the tumor accumulation/penetration of secondary PEG-Gem-cisPt-MSNs.  

The collagen deposition study showed that the sequential treatment caused 

changes in the ECM of the tumors. Evident decrease in the collagen content and spatial 

distribution was observed which support the idea that CyP-MSNs’ treatment caused 



115 

 

 

tumor stroma modulation while retaining the restrictive properties of ECM, not leading to 

stromal depletion. Detailed tumor stroma modulation is being investigated by analyzing 

the stromal fibroblast marker alpha-SMA, ECM deposition by analysis of collagen, and 

changes in the tumor microvessels by CD31 analysis (218). Overall, by time-staggered 

controlled delivery of CyP and Gem/cisPt using MSNs, we were able to effectively break 

the tumor cell-stromal communication.  

SHh pathway is also important for the cancer stem cell maintenance in the tumors. 

As demonstrated in Figure 3.6, the CyP-MSNs effectively eliminated the HPAF +++ 

cells. The cancer stem cells are responsible for the chemotherapy resistance, 

heterogeneity in tumors, and relapse [ref]. Hence, the effect of sequential treatment of 

CyP-MSNs plus PEG-Gem-cisPt-MSNs on the cancer stem cell population in tumors 

needs to be investigated to understand the multi-component effect of CyP-MSNs. 

3.3.7 In vivo sequential therapy of CyP-MSNs plus PEG-Gem-cisPt-MSNs in 

PDA.MUC1 mice.  

We further evaluated the therapeutic ability of the sequential therapy of CyP-

MSNs plus PEG-Gem-cisPt-MSNs in spontaneous PDA.MUC1 mice. PDA.MUC1 mice 

develop evident micro/macro-metastasis after 35 weeks of tamoxifen injection. Hence, 

the primary treatment was injected intravenously, followed by PEG-Gem-cisPt-MSNs 

after 5 days of primary CyP-MSNs administration. This cycle was repeated 3 times. After 

3 cycles, the control mouse and one treatment mouse were euthanized. Major organs 

were collected. At the end-point, mice were euthanized, and major organs like pancreas, 

liver, kidney, heart, spleen were collected, fixed, and stained for H&E. The pancreas 

from each mouse was weighed, and the whole pancreas was fixed and sectioned to 
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evaluate the grade of PanINs and the progression of PDA (Figure 3.11). The control 

mice showed large tumor regions in the pancreas (yellow arrows, Figure 3.11) and high-

grade PaINs with extensive stroma (red arrows). The weight of the pancreas from the 

control mice was 188.2 mg. The pancreas weight from the treatment group was measured 

to be 188 and 143.7 mg. the histological analysis of these pancreas showed significantly 

less PDAC regions compared to the control. Further stroma modulation needs to be 

evaluated in the pancreas of PDA.MUC1 mice as well as the effect of our treatment on 

the metastasis with increased number of mice in the treatment groups.  

 

Figure 3.11. Pancreas H&E images of pancreas tissue after the therapeutic study, showing the 

sections PanIN lesions and invasive PDA.  

3.4 Conclusions.  

One of the major hallmarks of PDAC is the desmoplastic stroma where the 

intricate and dynamic crosstalk between cancer cells and stromal cells is dynamic and 

contributes to tumor progression and metastasis. Stroma causes elevated interstitial 

pressure, reduced blood flow, hypovascularity and acts as the physical barrier to drug 

delivery while it also contributes to increased resistance due to off-target toxicity of 

stromal cells. One of the most studied mediators of cancer cell-stroma crosstalk is the 
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aberrant activation of sonic hedgehog pathway leading to the intense desmoplasia 

observed in PDAC tumors. Inspired by recent studies and current clinical investigation of 

SHh inhibitors, we designed an MSN-based sequential therapy for stroma modulation 

(CyP-MSNs) and delivery of Gem/cisPt (PEG-Gem-cisPt-MSNs). Sequential delivery of 

CyP and Gem/cisPt using separate nanocarriers can control the time-dependent and 

spatial access of drug which have different targets in the tumors.   

We successfully synthesized and characterized CyP-MSNs which indicated high 

CyP loading. The cytotoxicity of CyP-MSNs in PDAC cells, exhibited that low 

cytotoxicity from CyP-MSNs. In order to test the combination of CyP-MSN with Gem-

cisPt-MSNs, low concentration of the CyP-MSNs was chosen. The intent is to block the 

crosstalk between PDAC cells and stromal cell, not necessarily lead to the death of either 

types of cells. and tested in PDAC cells. As intended, the combination therapy of CyP-

MSNs plus Gem-cisPt-MSNs showed no effect on the HPAF II cells. In addition, upon 

testing this combination on the HPAF +++ cells, cancer stem-like cells, we observed 

dramatic benefit in cytotoxicity compared to the Gem-cisPt-MSNs alone. These results 

indicate the potential of using our combination to deplete the PDAC tumors of cancer 

stem-like cells which are responsible for resistance and recurrence which needs to be 

explored in detail in the future.  

Fine tuning of CyP and Gem/cisPt delivery is another parameter which we 

controlled through the time-staggered sequential delivery of these drugs. The sequential 

combination of CyP-MSNs plus PEG-Gem-cisPt-MSNs therapy in an aggressive HPAF 

II tumor bearing mice showed increased tumor inhibition. In addition, tumor analysis 

indicated changes in the collagen deposition in the tumors which is a primary stromal 
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ECM component. We are currently studying the tumor stromal changes in detail with 

cancer-associated fibroblast markers and alterations in the blood vessels in the tumor.  

Taken together, the nanoparticle-based sequential combination can lead to 

enhanced therapeutic efficacy in PDAC. Future studies involving orthotopic mice models 

which can mimic the aggressive desmoplastic reaction of the PDAC tumors, needs to be 

evaluated.  
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4 CHAPTER 4: TAB004-MSNs as a nanoprobe for bioimaging and early diagnosis of 

PDAC.  

4.1 Introduction 

4.1.1 Need for non-invasive early diagnostic imaging tools for PDAC.   

The dismal outcome of PDAC is partially attributed to the inability to detect 

PDAC at the early stages. Due to the late presentation of the disease, less than 20% of 

patients are eligible candidates for surgical resection of pancreatic tumors. This 

emphasizes the urgent need to increase the percentage of patients diagnosed at early 

stages (30). Besides, the 5-year survival rate for patients diagnosed with stage I disease is 

19 times higher than those diagnosed with stage IV. Hence, significant improvements in 

survival may be seen if we focus on shifting our efforts to the diagnosis of PDAC at early 

stages (224). PDAC arises from pancreatic ductal cells and progresses through a series of 

precursor lesions, with pancreatic intraepithelial neoplasia (PanINs) being the most 

common and well-studied precursor lesions. PanINs are morphologically classified into 

four grades, PanIN 1A, PanIN 1B, PanIN 2, and PanIN 3, where PanIN 3 is referred to as 

carcinoma in-situ and is characterized as stage 0 before they give rise to invasive 

adenocarcinoma (Figure 4.1) (27, 139). Diagnosis at the early stages including at the 

precursor lesions stage can significantly improve the therapeutic outcome of PDAC. 

Extensive research in the tumorigenesis and computational insights in the genetic 

evolution of PDAC has proven that PanIN progression from the initiating mutation to the 

invasive carcinoma takes at least a decade. An additional 5 to 6 years are required for the 

cells to acquire metastatic ability (225). These results suggest that we should have a 

golden opportunity of 2 or 3 years to diagnose PDAC at early stages (PanIN and stage 0).  
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Figure 4.1. Molecular pathology of PDAC. Estimated time required for the progression of PDAC 

from PanIN precursor stage to invasive carcinoma and finally reaching the metastatic stage (27).   

Despite this opportunity, the absence of symptoms in the initial stages, anatomical 

location of the pancreas, and lack of reliable biomarkers makes the early diagnosis and 

predictive imaging very difficult. In addition, more factors are being considered for 

determining high-risk individuals (HRI), for example recent onset of diabetes mellitus. 

Currently available imaging methods include magnetic resonance imaging (MRI), 

magnetic resonance cholangiopancreatography (MRCP), and endoscopic ultrasound 

(EUS). Abdominal ultrasonography is often the first procedure performed on patients. 

Most of these diagnostic imaging techniques have limitations in detection of small 

pancreatic tumors (136). With more factors being considered for HRI, potential 

diagnostic window, and limitations in current diagnosis, it is critical to develop reliable 

non-invasive, diagnostic tools for the early detection of PDAC at a curable stage (136, 

226).  
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4.1.2 tMUC1 is a potential biomarker for early stage detection of PDAC.  

The lack of reliable biomarkers is another limitation to detect PDAC at the early 

stages. Currently, some serum markers such as CA19-9, carcinoembryonic antigen 

(CEA), and DUPAN-2 are used for the diagnosis of PDAC. However, they are not 

reliable for early detection (136). In humans, tMUC1 glycoprotein is reported to be 

present as early as PanIN lesions, and its expression gradually increases as PDAC 

progresses (227). In addition, the increase in the expression of tMUC1 was co-related 

with the grade of PanINs. Overexpression of tMUC1 is evident in PanIN 2 and 3 and 

further increases with PDA progression (228). All these features make tMUC1 an ideal 

biomarker for early detection of PDAC. TAB004 antibody, which recognizes the exposed 

epitopes in tMUC1, exhibits high specificity to tMUC1 in tumor tissue samples of PDAC 

patients (159). Hence, we hypothesize that a TAB004-targeted MSN-based imaging 

probe can be used for the specific bioimaging as well as the detection of PDAC at early 

stages. 

4.1.3 Nanomaterials are ideal candidates for the diagnosis of cancer.  

Nanomaterials have been extensively investigated for developing novel probes 

and therapies to improve existing cancer diagnostic and treatment strategies (68, 69). For 

PDAC, several nanomaterials have been investigated for detection using targeted 

biomarkers (77, 78) and for combinational therapies (68, 80-83). In this project, we 

investigated tMUC1-specific MSN nanoprobe for specific imaging and possible non-

invasive probe for the detection of PDAC at early stages (PanIN 2-3).    

4.1.3.1 MSNs for selective cancer imaging and diagnosis.  

We have recently demonstrated the safety and targeting of TAB004 antibody 
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functionalized MSNs in a genetically engineered breast cancer mouse (MMT) model 

(229). TAB004-MSN material was used as an optical probe for selective breast cancer 

detection (Figure 4.2a). The TAB004-MSN imaging probe was shown to selectively 

accumulate in tumors of MMT mice, which overexpress human tMUC1 (229). On the 

contrary, Mtag mice, which similar to MMT, spontaneously develops breast tumors, but 

overexpress mouse homolog of tMUC1, do not show significant accumulation of 

TAB004-MSN (Figure 4.2b). These preliminary results demonstrate the safety and 

targeting ability of TAB004-MSN platform towards tMUC1 antigen and promise their 

potential in PDAC imaging.  

 

Figure 4.2. TAB004-MSNs for selective detection of breast cancer. (a) MSNs were chemically 

functionalized with a NIR-797 dye and a heterobifunctional polyethylene glycol (PEG) linker, 

which was further conjugated to the TAB004 antibody. (b) Fluorescent signals captured by IVIS 

Imaging system after intravenous injection with TAB004 in MMT nad Mtag mice. Ex vivo NIR 

fluorescence signals (c) and quantification of the NIR fluorescence signal (d) intensities in tumors 

harvested from Mtag and MMT mice (19). 
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4.2 Experimental section.  

4.2.1 Synthesis TAB004-MSNs used for in vitro studies.  

4.2.1.1 Synthesis of MSNs.  

MSNs were synthesized following our previous procedures with slight 

modifications (163, 164). Briefly, the surfactant CTAB (0.78 g, 2.14 mmol) was 

dissolved in a mixture of ethanol (3.32 mL) and nanopure water (21.6 mL), followed by 

the addition of DEA (41.4 µL, 0.428 mmol). This surfactant mixture was stirred for 30 

min at 60 ºC. To this solution, TEOS was added dropwise over a period of 5 minutes. The 

resulting suspension was stirred for 18 h at 60 ºC. MSNs were then collected via 

centrifugation at 13,000 rpm for 15 minutes, washed with ethanol three times and stored 

in ethanol.  

The surfactant template was extracted by washing the MSNs in 1M HCl 

methanolic solution (10 mg of MSNs in 1 mL of the acid solution). The MSNs were 

dispersed in the acidic solution and stirred for 10 h at 60 ºC. MSNs were then collected 

via centrifugation and washed with ethanol three times. A second acid wash was 

performed under the same conditions for 6 h. Finally, the surfactant-free MSNs were 

washed with ethanol three times and stored in ethanol.  

4.2.1.2 Synthesis of post-synthetically grafted AP-MSNs.  

  MSNs (100 mg) were dispersed in ethanol (40 mL), and APTES (20 µL, 85.3 

µmol) was added to the MSN dispersion. The reaction was stirred for 24 h at 60 ºC. 

MSNs were then collected via centrifugation, washed three times with ethanol to afford 

post-synthetically grafted AP-MSNs (Pg-AP-MSNs).  
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4.2.1.3 Synthesis of TRITC labeled MSNs.  

4.2.1.3.1 Synthesis of TRITC-silane derivative.  

TRITC silane derivative was prepared by dissolving TRITC (1.87 mg, 4.23 μmol) 

in 1 mL of DMF. APTES (5.0 µL, 21.3 µmol) was then added to the TRITC solution and 

stirred for 3 hours at room temperature. As-synthesized TRITC-silane was used without 

any purification.  

4.2.1.3.2 Synthesis of TRITC-MSNs.  

Pg-AP-MSNs (100 mg) were dispersed in 40 mL of ethanol, and as-synthesized 

solution of TRITC silane derivative was added to the MSNs dispersion. The mixture was 

stirred for 24 h at 60 ºC in the dark. MSNs were finally collected by centrifugation, 

washed thrice with ethanol to afford TRITC-MSNs.  

4.2.1.4 Synthesis of PEG-TRITC-MSNs and Mal-TRITC-MSNs. 

TRITC-MSNs (10 mg) were dispersed in 5 mL of anhydrous acetonitrile. MeO-

PEG-NHS or Mal-PEG-NHS (10 mg) was added to the TRITC-MSN dispersion and 

stirred for 48 h. Post reaction, the MSNs were collected by centrifugation, washed once 

with acetonitrile, twice with ethanol and stored in ethanol.  

4.2.1.5 Synthesis of TAB004-TRITC-MSNs.  

The TAB004 antibody was modified to introduce free sulfhydryl groups as 

described in the section 2.2.3.6.1. Sulfhydryl modified TAB004 was conjugated to Mal-

PEG-TRITC-MSNs via maleimide-thiol chemistry to afford TAB004-TRITC-MSNs 

according to the procedure reported in section 2.2.3.6.2.  
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4.2.2 Synthesis of TAB004-MSNs used for in vivo experiments.  

4.2.2.1 Synthesis of MSNs.  

 MSNs were synthesized according to the procedure described in the section 

4.2.1.1.  

4.2.2.2 Synthesis of phosphonate grafted and NIR-labelled MSNs.   

4.2.2.2.1 Synthesis of NIR-silane derivative.  

NIR silane derivative was synthesized by dissolving NIR (1.65 mg, 1.87 µmol) in 

DMF (1 mL). Then APTES (3.9 µL, 16.6 µmol) was added to the NIR solution and 

stirred for 3 h at room temperature. As-synthesized solution of NIR-silane derivative was 

used without any further purification.  

4.2.2.2.2 Synthesis of Phos-NIR-MSNs.  

To synthesize MSNs labeled with NIR-797, MSNs (200 mg) were dispersed in 

nanopure water (13 mL). An aqueous solution of TPMP (113.5 µL, 0.2 mmol in 13 mL, 

pH adjusted to 6-7) was added to the MSN dispersion. The reaction mixture was stirred 

for 3 h at 40 ºC. To this reaction, as-synthesized NIR-silane derivative (described in the 

previous section) was added to the MSN mixture under stirring. The mixture was further 

allowed to stir for an additional 3 h at 40 ºC covered from light. The MSNs were finally 

collected via centrifugation, washed three times with ethanol, and stored in ethanol to 

afford Phos-NIR-MSN.  

4.2.2.3 Synthesis of PEI-coated MSNs.  

MSNs were coated with PEI polymer using a procedure previously reported 

(132). Phosphonate-grafted MSNs (Phos-MSN or Phos-cisPt-MSN, 100 mg) were 

dispersed in ethanol (40 mL). A PEI solution (1.8 KDa, 10 mL, 2.5 mg/mL in ethanol) 
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was added to the MSN dispersion and stirred for 1 h at room temperature. The 

nanoparticles were collected via centrifugation and washed thrice with ethanol to afford 

PEI-MSN.  

4.2.2.4 Synthesis of PEG-MSNs or Mal-PEG-MSNs.  

 PEI-MSNs (30 mg) were dispersed in 15 mL of anhydrous acetonitrile. MeO-

PEG-NHS or Mal-PEG-NHS (15 mg) was then added to the MSN dispersion. The 

mixture was stirred for 48 h at room temperature in the dark. The MeO-PEG-MSNs or 

Mal-PEG-MSNs were finally collected via centrifugation, washed with ethanol 3 times, 

and stored in ethanol.  

4.2.2.5 Synthesis of TAB004-MSNs. 

The TAB004 antibody was modified to introduce free sulfhydryl groups as 

described in the section 2.2.3.6.1. Sulfhydryl modified TAB004 was conjugated to Mal-

PEG-TRITC-MSNs via maleimide-thiol chemistry to afford TAB004-TRITC-MSNs 

according to the procedure reported in section 2.2.3.6.2.  

4.2.3 In vitro studies.  

Cell culture conditions are described in the section 2.2.6.1. PDAC cells KCM, 

KCKO, and HPAF II were used for the in vitro studies. For cellular uptake studies, 

KCKO cells were used as control. KCKO are transgenic mice which do not express the 

human MUC1, and the cells generated from the spontaneous PDA tumors from KCKO 

mice are used as a control in this study (140). KCM and KCKO cells were generously 

provided by Dr. Mukherjee (UNC Charlotte).  

4.2.3.1 In vitro targeting ability of TAB004-MSNs.  

Quantitative determination of cellular uptake was carried out using flow 
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cytometry. Briefly, PDAC cells KCM, KCKO, and HPAF II were seeded in 24 well 

plates at a density of 20,000 cells per well and incubated for 24 h. The MSNs (20, 40, and 

80 µg/mL) prepared in complete cell culture media were added to the cells and treated for 

24 h. The cells were washed with PBS three times, detached using trypsin and 

centrifuged to collect the cell pellet. The cells were resuspended in PBS and were 

immediately analyzed using BD LSR Fortessa flow cytometer. The results are reported as 

the percentage of TRITC positive cells (average ± SD) obtained from three independent 

experiments. 

Qualitative cellular uptake was carried out using confocal microscopy. KCM cells 

were seeded on glass slides placed in 6 well plates at a density of 50,000 cells per well 

and incubated for 24 h. The MSNs (40 µg/mL) prepared in complete cell culture media 

were added to the cells and treated for 24 h. The cells were washed with PBS three times 

and cell nuclei were stained with DAPI for 30 min. Post staining, the cells were washed 

with PBS again to remove excess stain and immediately imaged using an Olympus 

Fluoview FV 1000 confocal fluorescence microscope.   

4.2.4 In vivo targeting ability of TAB004-MSNs in KCM syngeneic mice.  

The syngeneic mice were established as per the procedure described in the section 

2.2.7.1. The targeting ability of the TAB004-MSNs was evaluated in the syngeneic KCM 

mice 7 days post of cell implantation. The KCM tumor-bearing mice were injected 

intravenously with 40 mg/Kg of TAB004-MSNs. The mice were imaged prior to the 

administration of the MSN material and at 30 min, 1, 4, 24, 48 and 96 h post injection 

using the IVIS® Spectrum imaging system (PerkinElmer). The images were analyzed 

using the Living Image® Software (version 4.5.5, PerkinElmer). The mice were 
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euthanized after 96 h and the major organs including liver, lungs, kidneys, spleen and 

tumor, were collected. The ex vivo fluorescence associated with the organs was measured 

using the IVIS imaging system.  

4.2.5 In vivo targeting ability of TAB004-MSNs in PDA.MUC1 mice.  

The PDA.MUC1 mice were generated as described in section 2.2.8.1. 

PDA.MUC1 mice 8, 12, and 27 weeks post tamoxifen induction were injected 

intravenously with 40 mg/Kg of TAB004-MSNs.). The mice were imaged prior to the 

administration of the MSN material and at 30 min, 1, 4, 24, 48 and 96 h post injection 

using the IVIS® Spectrum imaging system (PerkinElmer). The images were analyzed 

using the Living Image® Software (version 4.5.5, PerkinElmer). The mice were 

euthanized after 96 h and the major organs including liver, lungs, kidneys, spleen and 

tumor, were collected. The ex vivo fluorescence associated with the organs was measured 

using the IVIS imaging system. The pancreas was weighed and fixed in formalin. The 

pancreas was sectioned at 4 um thickness at various tissue depths. A total of 4 sections 

were stained with H&E and imaged to determine the PanIN lesion and PDA stage.  

4.2.6. Statistical analysis.  

All the data in this chapter is represented as mean ± SD unless mentioned 

otherwise. Cellular uptake using flow cytometry was evaluated with a minimum of 5000 

gated cells. The cellular uptake was quantified in triplicates. The statistical analysis was 

performed with One-way ANOVA using Tukey’s multiple comparison test. All the 

statistical analysis were performed using GraphPad Prism (v8.2.0 for Windows, La Jolla 

California, CA, USA) with α=0.05 and reported as stars assigned to the p values; 

****p≤0.0001, ***p≤0.001, ** p≤0.01, * p≤0.05 and ns p>0.05.   
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4.3 Results and Discussions.  

4.3.1 In vitro targeting ability of TAB004-MSNs 

The specific accumulation of TAB004-MSNs in tMUC1 expressing PDAC cells 

was evaluated using flow cytometry and confocal microscopy. PEG-MSNs were used as 

controls. PDAC cells, KCM and HPAF II were incubated with different concentrations of 

TRITC labeled TAB004-MSNs and PEG-MSNs for 24 h. The cellular internalization 

data obtained in KCM cells showed concentration-dependent MSN internalization and 

about 5-fold increased TRTC-positive KCM cells when treated with TAB004-MSNs 

compared to the untargeted PEG-MSNs (p<0.001) (Figure 4.3a). Similarly, HPAF II 

cells treated with TAB004-MSNs showed approximately 2.5-fold increased cellular 

uptake compared to the untargeted PEG-MSNs (p<0.001) (Figure 4.3b). Thus, 

demonstrating the higher cellular uptake of MSNs functionalized with tMUC1 specific 

TAB004. The cellular uptake of MSNs was further evaluated using confocal microscopy. 

The micrographs indicate that KCM cells treated with TAB004-MSNs exhibit increased 

TRITC fluorescence associated with the cells compared to PEG-MSNs, which confirmed 

the findings from flow cytometry data (Figure 4.3c). 
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Figure 4.3. In vitro cellular targeting of TAB004-MSNs. Flow cytometry data for the cellular 

uptake of PEG-MSNs (blue) and TAB004-MSNs (red) at 20, 40, and 80 μg/mL in murine PDAC 

KCM cells (a) and human PDAC HPAF II cells (b) after 24 h of incubation. The data is 

represented as mean ± SD in triplicate. One-way ANOVA using Tukey’s multiple comparison 

test; ****p≤0.0001, ***p≤0.001, ** p≤0.01, * p≤0.05 and ns p>0.05. (c) Confocal images of 

KCM cells after incubation with PEG-MSNs and TAB004-MSNs (40 μg/mL) for 24 h. Overlay 

of the blue channel, which shows to the nuclei stained with Hoechst dye, the red channel which 

shows the TRITC fluorescence associated to the MSNs, and DIC channel (scale bar = 20 μm).  

KCM cells overexpress human tMUC1 whereas KCKO cells lack the human 

tMUC1 expression (140). The specificity of the TAB004-MSNs to recognize the tMUC1 

was assessed by determining their differential uptake in KCM and KCKO cells. KCM 

and KCKO cells were treated with both TAB004-MSNs and PEG-MSNs for 24 h. The 

cellular uptake data depicted in Figure 4.4a, indicate that TAB004-MSNs were taken up 

by KCM cells at increased levels compared to the KCKO cells. Indeed, uptake of MSNs 

in KCKO cells was not significantly different between the targeted and untargeted MSNs 

(Figure 4.4b). The increased cellular uptake of targeted TAB004-MSNs in tMUC1 
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expressing KCM and HPAF II cells is be attributed to the receptor-mediated endocytosis 

due to the interaction of TAB004 with tMUC1 on the cell surface (184).  

 

Figure 4.4. In vitro specificity and targeted ability of TAB004-MSNs. Flow cytometry data for 

the cellular uptake of TAB004-MSNs at 20, 40, and 80 μg/mL in KCM cells (solid red) and 

KCKO cells (brick-patterned red) after 24 h of incubation. (b) cellular uptake of TAB004-MSNs 

(red) and PEG-MSNs (blue) at 20, 40, and 80 μg/mL in KCKO cells after 24 h of incubation. The 

data is represented as mean ± SD in triplicate. One-way ANOVA using Tukey’s multiple 

comparison test; ****p≤0.0001, ***p≤0.001, ** p≤0.01, * p≤0.05 and ns p>0.05. 

4.3.2 In vivo targeting ability of TAB004-MSNs in syngeneic KCM mice.  

After the successful demonstration of the selectivity and targeting ability 

TAB004-MSNs in PDAC cells, we further investigated their targeting ability in 

syngeneic KCM mice. We have previously shown that TAB004-MSNs were safe and can 

selectively accumulate in the breast cancer tumors in MMT mouse model (163). NIR 

labeled TAB004-MSNs (40 mg/Kg) were intravenously injected in KCM tumor-bearing 

mice 7-day post KCM cell implantation i.e., when the tumors reached volumes of 100 

mm3. NIR fluorescence was used to track the distribution of MSNs in the mice by 

imaging the fluorescence in the abdominal region and tumor region (right flank of the 

mice) at 4, 24 and 48 h post-injection. The fluorescence images show the accumulation of 

the TAB004-MSN in the tumor region at as early as 4 h after intravenous injection of 
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TAB004-MSN (Figure 4.5a). The mice were euthanized after 96 h and the ex vivo 

fluorescence images of the tumors demonstrate a higher accumulation of MSNs in mice 

injected with TAB004-MSNs (Figure 4.5b). The primarily investigation of TAB004-

MSNs demonstrate their tumor accumulation in simple syngeneic model.  

 

Figure 4.5. In vivo targeting ability of TAB004-MSNs. (a) KCM syngeneic mice were 

intravenously injected with TAB004-MSNs and imaged 4, 24, and 48 h post nanoparticle 

injection. (b) Ex vivo NIR fluorescence associated with the tumors harvested 96 h post 

nanoparticle injection.  

4.3.3 In vivo targeting ability of TAB004-MSNs in PDA.MUC1 mice.  

As emphasized in earlier chapters, cell line-based models have predictive value, 

however, they lack genetic and phenotypic heterogeneity and hence, cannot showcase the 

early stages of human cancers (136). Genetically engineered mice models (GEM) 

recapitulate the progression of PDAC similar to that in humans and are better models to 

demonstrate early diagnostic capability of nanoprobes (138). PDA.MUC1 mice are triple 

transgenic which develop full spectrum of PDAC from the preinvasive lesions to invasive 

carcinoma when the oncogenesis is initiated with tamoxifen. To assess the potential of 

TAB004-MSN to target and detect early stages of PDAC, before the pre-neoplastic 

lesions develop to full invasive PDA, we used PDA.MUC1 mice. We investigated the 

accumulation of TAB004-MSNs in PDA.MUC1 mice at increasing stages of the disease. 

PDA.MUC1 mice at 8, 12, and 27 post oncogenesis initiation. PDA.MUC1 mice develop 

PanIN 1 and PanIN 2 lesions at the time points chosen (143).  
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The PDA.MUC1 mice at 8, 12, and 27 weeks post tamoxifen were injected with 

40 mg/Kg of NIR-labeled TAB004-MSNs (Figure 4.6a). Mice were euthanized 96 h post 

nanoparticle injection and pancreas was harvested. Though we collected whole-body 

images to understand the distribution of MSNs at various time intervals, the whole-body 

fluorescence images do not provide any information on the accumulation of the MSNs in 

the pancreas. This is due to the positioning of the pancreas (behind the liver and stomach) 

and the accumulation of all nanoparticles in the liver. Therefore, end-point ex vivo NIR 

fluorescence from the pancreas is the reliable approach to understand MSN accumulation 

in pancreas. As depicted in Figure 4.6b, the NIR fluorescence associated to pancreas 

indicate the accumulation of TAB004-MSNs in the pancreas as early as weeks 8 and 12.  

Interestingly, the amount accumulated of TAB004-MSNs in the pancreas showed 

to be associated with the progression of the disease; higher accumulation was observed in 

PDA.MUC1 mice at week 12 compared to the one at week 8. Upon analysis of the H&E 

stained micrographs from the pancreas of the PDA.MUC1 mice at weeks 8 and 12, we 

confirmed the presence of PanIN 1 and PanIN 2 grade lesions (Figure 4.6c). Our 

preliminary data show strong evidence that the TAB004-MSN can detect PDAC in stages 

as early as PanIN 1 and PanIN 2 lesions in a clinically relevant GEM model. 
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Figure 4.6. TAB004-MSNs’ ability to detect PDAC at early stages. (a) Imaging regimen 

followed using PDA.MUC mice at 8, 12, and 27 weeks post tamoxifen. Mice were intravenously 

injected with 40mg/Kg of TAB004-MSNs and imaged at various time points after injection. The 

mice were euthanized 96 h post MSNs injection. (b) Ex vivo NIR fluorescence associated with the 

pancreas; control, and PDA.MUC1 mice at weeks 8, 12, and 27 post tamoxifen. (c) H&E images 

of the pancreas showing the presence of PanIN 1 and 2 lesions in PDA.MUC1 mice (black 

arrows).  

4.4 Conclusions.  

Improvement in early detection of PDAC as well as non-invasive imaging can 

have significant impacts on the prognosis of this disease. Early detection can increase the 

percentage of patients for potentially curative surgery and increase the success rate of 
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other therapeutic options. Herein, we investigated the potential of a target-specific MSN-

based nanoprobe, TAB004-MSNs for selective bioimaging, tumor accumulation, and 

early detection of PDAC.  

TAB004-MSNs showed increased cellular uptake in tMUC1 expressing KCM and 

HPAF II cells which is be attributed to the receptor-mediated endocytosis due to the 

interaction of TAB004 with tMUC1 on the cell surface. In addition, we clearly 

demonstrated the selectivity of TAB004-MSNs by their differential uptake in KCM and 

KCKO cells. We next tested the tumor accumulation of TAB004-MSNs in KCM 

syngeneic mice and they exhibited increased tumor accumulation. More importantly, our 

investigation of TAB004-MSNs in PDA.MUC1 mice indicate that the specific nanoprobe 

can selectivity accumulate in the pancreas at early PanIN lesion stage. Hence, TAB004-

MSNs can be a potential nanoprobe for the early diagnosis of PDAC with further 

modifications.  

Our design has some drawbacks, the size of the nanoparticles and their slow 

degradation hinder the potential imaging application. Hence, we have investigated 

research on the small sub-20 nm MSNs and we further plan to increase the 

biodegradability of the material. The small MSNs can significantly change in the 

biodistribution, leading to higher accumulation in PanIN lesions and PDAC accompanied 

by increased clearance (230). This can further enhance the detection capabilities of the 

TAB004-MSN by higher accumulation and retention in the pancreas, providing a longer 

window compared to the free TAB004 antibody obtaining higher sensitivity and 

specificity from the target site (231).   
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5 CHAPTER 5: Summary and future directions 

 

 

5.1 Overall summary.  

PDAC is an aggressive cancer exhibiting high mortality, with a 5-year survival 

rate of 9%, that has not significantly improved over the past 40 years. Various factors 

contribute to the devastating state of PDAC patients including late diagnosis, high 

metastatic burden, inherent and acquired resistance to systemic therapies, and abundant 

desmoplastic stroma. Hence, it is imperative to investigate on reliable, novel and 

improved methods for the detection and treatment of PDAC. Nanomedicine has great 

potential in the treatment and imaging of PDAC, especially mesoporous silica 

nanoparticle (MSN)-based modalities, owing to their outstanding properties such as high 

surface area, tunable particle and pore diameters, external and internal surface for high 

drug loading and facile functionalization. Herein novel MSN-based modalities are 

reported to address various drawbacks in PDAC therapy (Figure 5.1). 

 

Figure 5.1. Overview of MSN-based therapeutic and imaging modalities investigated in this 

Thesis.  
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5.1.1 tMUC1-Targeted combinatorial drug delivery using mesoporous silica 

nanoparticles for improved therapy of PDAC 

Systemic therapies, importantly chemotherapy is the mainstay for PDAC 

maintenance in the clinic. To improve the drawback in chemotherapy including 

inadequate/insufficient drug delivery, resistance, rapid drug degradation, systemic 

toxicities, we hypothesized an MSN-based combination chemotherapy using Gem/cisPt 

to efficiently co-deliver potent chemotherapy drugs to PDAC tumors, decrease systemic 

leakage and systemic toxicities. Our nanoplatform consisted of localizing cisPt in the 

interior porous surface and Gem to the external surface of the MSN. By doing so we 

exploited the unique structural features of the MSN along with controlled/uniform 

conjugation of drugs at high loading, limiting batch-to-batch variability. Our design 

criterion also involved chemical conjugation of chemotherapy drugs to provide uniform 

ratio maintenance, eliminate or at a minimum reduce toxicity in healthy organs. 

Moreover, the chemical linkages between the drugs and MSNs are stimuli-responsive i.e., 

the drugs are released in a controlled fashion in the tumor and cancer cells under their 

reductive environment. Further improving the nanocarrier localization in the tumors, our 

nanoplatform was functionalized with a novel antibody TAB004 that recognizes specific 

tumor-associated MUC1 (tMUC1) antigens overexpressed on pancreatic cancer cells.  

As envisioned, we successfully synthesized TAB004-Gem-cisPt-MSNs through a 

multistep process yielding 5.13 ± 0.9 wt% cisPt and 23.9 ± 2.6 wt% Gem. Our thorough 

in vitro investigation showed that dual drug conjugated MSNs (Gem-cisPt-MSNs) 

outperformed both single-drug MSNs and their physical mixture. The Gem-cisPt-MSNs 

exhibited lower IC50 compared to the other materials, yet increased DNA damage and cell 
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apoptosis.  

 

Figure 5.2. Gem-cisPt-MSNs showed efficient delivery co-delivery of Gem/cisPt leading 

to DAN damage and apoptosis. The MSN platform was functionalized with novel 

tMUC1-specific antibody (TAB004) for targeted drug delivery. The TAB004-Gem-cisPt-

MSNs showed increased accumulation in the tumors, which outperformed the untargeted 

MSN material as well as free Gem/cisPt. Our nanoplatform showed no systemic toxicities 

in KCM syngeneic mice 

Regardless, in the light of current experimental results, we conclude that the 

spatiotemporal release of drugs at a synergistic ratio resulted in the increased cytotoxic 

effect observed in PDAC cells. The rational design of MSNs i.e., the localization of cisPt 
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in the porous internal surface and Gem localization on the external surface may result in 

an in-situ time-differed release of each drug. Such drug release kinetics significantly 

contribute to the enhanced activity of Gem-cisPt-MSNs when compared to co-incubation 

with Gem and cisPt by themselves. Cancer cells preincubated with Gem were associated 

with increased combination effect of Gem/cisPt. We are currently exploring the role of in 

situ differential delivery of Gem vs cisPt drug by our nanoplatform Gem-cisPt-MSNs.  

In vivo investigation targeting and therapeutic effects of TAB004-Gem-cisPt-

MSNs in KCM syngeneic mice, highlighted an increased uptake of TAB004-

functionalized MSNs in tumors when compared to the non-targeted MSNs. This 

increased tumor accumulation lead to an enhanced tumor growth inhibition compared to 

non-targeted MSNs as well as to free drugs. Further, TAB004-Gem-cisPt-MSNs 

nanoplatform was not associated with any sign of interference with normal organ 

function, whereas off-target damages were observed in mice treated with free drugs. The 

encouraging in vivo studies in syngeneic KCM mice prompted preliminary efficacy 

studies in the robust genetically engineered mice PDA.MUC1 mouse model.  

5.1.2 CyP-MSNs and PEG-Gem-cisPt-MSNs sequential combination for tumor 

stroma modulation and improved drug delivery for PDAC. 

One of the major hallmarks of PDAC is the desmoplastic stroma where the 

intricate and dynamic crosstalk between cancer cells and stromal cells is dynamic and 

contributes to tumor progression and metastasis. Stroma causes elevated interstitial 

pressure, reduced blood flow, hypovascularity and acts as the physical barrier to drug 

delivery while it also contributes to increased resistance due to off-target toxicity of 

stromal cells. One of the most studied mediators of cancer cell-stroma crosstalk is the 
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sonic hedgehog pathway leading to the intense desmoplasia observed in PDAC tumors. 

Inspired by recent studies and current clinical investigation of SHh inhibitors, we 

designed an MSN-based sequential therapy for primary stroma modulation and secondary 

chemotherapy delivery for improved PDAC treatment. Sequential delivery of CyP and 

Gem/cisPt using separate nanocarriers can control the time-dependent and spatial access 

of drug which have different targets in the tumors.  Hence, we developed a sequential 

combination that includes stroma modulating treatment using CyP-MSNs plus PEG-

Gem-cisPt-MSNs.  

We successfully synthesized and characterized CyP-MSNs which indicated high 

CyP loading. With an intent is to block the crosstalk between PDAC cells and stromal 

cell, not necessarily lead to the death of either types of cells. and tested in PDAC cells, 

we chose low concentrations of CyP-MSNs. As intended, the combination therapy of 

CyP-MSNs plus Gem-cisPt-MSNs showed no effect on the HPAF II cells. Fine tuning of 

CyP and Gem/cisPt delivery is another parameter which we controlled through the time-

staggered sequential delivery of these drugs. The sequential combination of CyP-MSNs 

plus PEG-Gem-cisPt-MSNs therapy in an aggressive HPAF II tumor bearing mice 

showed increased tumor inhibition. In addition, tumor analysis indicated changes in the 

collagen deposition in the tumors which is a primary stromal ECM component. 
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Figure 5.3. Sequential therapy was designed to combat the stromal barrier via CyP-MSNs 

and improved Gem/cisPt delivery using PEG-Gem-cisPt-MSNs. The time-staggered 

sequential combination therapy of CyP-MSNs plus Gem-cisPt-MSNs showed increased 

tumor inhibition as well as changes in the ECM deposition in an aggressive HPAF II 

tumor-bearing mice 

We are currently studying the tumor stromal changes in detail with cancer-

associated fibroblast markers and alterations in the blood vessels in the tumor. In 

addition, upon testing this combination on the HPAF +++ cells, cancer stem-like cells, 

we observed dramatic benefit in cytotoxicity compared to the Gem-cisPt-MSNs alone. 
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These results indicate the potential of using our combination to deplete the PDAC tumors 

of cancer stem-like cells which are responsible for resistance and recurrence which needs 

to be explored in detail in the future. Taken together, the nanoparticle-based sequential 

combination can lead to enhanced therapeutic efficacy in PDAC. Future studies involving 

orthotopic mice models which can mimic the desmoplastic stroma o the PDAC tumors 

needs to be evaluated.   

5.1.3 TAB004-MSN as nanoprobe for bioimaging and early diagnosis of PDAC. 

As emphasized throughout this Thesis, the bioimaging and early detection of 

PDAC is critical and can significantly improve the prognosis of PDAC. Target specific 

TAB004-MSNs had increased selectivity towards tMUC1-expressing PDAC cells. More 

importantly, TAB004-MSNs selectivity accumulate in the pancreas at the early PanIN 

lesion stage. Hence, with some modifications, TAB004-MSNs may serve as a nanoprobe 

for the early diagnosis of PDAC. Our platform as presented and investigated, has some 

limitations.  As the size of nanoparticles is one of the primary factors which affect the 

accumulation and thus detection ability. Indeed, previous work demonstrated that the 

nanoparticle size governs their biodistribution and pharmacokinetics. In particular, MSNs 

with sub-20 nm diameter have a different biodistribution with possibly higher 

accumulation in early stages of pancreatic cancer development. Focusing on sub-20 nm 

MSNs likely will promote higher accumulation and retention in the pancreas and thus 

further enhance the detection capabilities of MSNs. Such improvement of MSNs for 

detection may also provide increased retention in pancreas, in addition to increased 

accumulation. This can lead to extended imaging/detection and higher sensitivity 

compared to the use of target specific antibodies. Overall, our data support multimodal 
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applications of MSNs in PDAC detection and therapy. 

 

Figure 5.4. The imaging and PDAC detection. Early diagnosis of PDAC is essential to 

improve PDAC prognosis. In this direction, target specific TAB004-MSNs was used as 

an imaging and diagnostic probe. TAB004-MSNs demonstrated increased selectivity in 

tMUC1-expressing PDAC cells. More importantly, TAB004-MSNs could selectivity 

accumulate in the pancreas at an early PanIN lesion stage.  

5.2 Future directions.  

We plan to explore additional combinations for the precise co-delivery of drugs 

building on the knowledge gathered in the investigations of the TAB004-Gem-cisPt-

MSN platform. For example, the Gem/PTX combination promotes synergistic drug 

killing of tumor cells. In addition, PTX increases the active Gem concentration by 

deactivating cytidine deaminase. Most prevalent in the clinic, the therapeutic Gem/PTX 
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combination in clinic is accompanied with increased side effects accompanied with this 

combination.  This has led to exploration of Gem/PTX combination using various 

nanoplatforms like polymeric, liposomes or co-delivery. Thus, the versatility of our 

MSN-based platform is being explored to conjugate PTX/Gem using redox-responsive 

chemical linkages. For this therapeutic combination, to further increase the capacity of 

MSNs, we have recently modified and precisely controlled the pore sizes of the MSNs 

without increasing the diameter of the nanoparticle (50 nm). Using MSNs with pore size 

of 6 nm, PTX as a prodrug was conjugated to the internal pores and Gem was conjugated 

to the external surface.  

The tunability of MSN platform has led to a class of high capacity MSNs, which 

allow countless possibilities and combinations including chemotherapy agents, 

immunotherapy agents and molecular targeting agents. Furthermore, as cancer 

mechanisms are shared, such MSNs loaded with specific anti-cancer drug combination 

likely will benefit patients with other cancer types. For example, we are working on an 

MSN platform delivery combining PTX/cisPt targeting triple negative breast cancer 

(TNBC) and the recurrence associated with this disease.  

The TME in PDAC is very complicated where the stroma not only acts as a 

physical barrier but is also involved in intricate communications between cancer cells and 

stromal cells that promote tumor progression and metastasis. Multiple pathways 

including TGF-beta, sonic hedgehog, Notch, and CXC12 pathways participate in the 

crosstalk. Therapeutic intervention of these limits this intense crosstalk and lead to 

decrease tumor progression. Engineered nanoparticles may be used to inhibit the TME-

specific crosstalk and have been explored extensively in the past decade improve the 
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pancreatic cancer therapy.  

Numerous combinations of chemotherapy agents with stroma-modulating agents 

may be investigated. In the current era of personalized cancer therapy, nanomedicine has 

an opportunity for personalized nanomedicine. Indeed, the personalized tumor data 

gathered from genomic and epigenetic profile can guide the therapeutic combination for 

MSN-based therapy. For example, patients with germline mutation(s), who benefit from 

Pt-based combinations may be treated with Gem/cisPt-loaded MSNs. Furthermore, 

stromal component analysis would guide the personalized combination with stroma-

modulating agent delivered using MSNs. The relative ease of MSN modifications is 

crucial to the use and success of MSNs platform for personalized medicine. The drug 

combinations can be altered and optimized in single nanocarrier prior to clinical use. 

Optimization with MSNs can be further tailored based on the molecular subtypes of the 

pancreatic cancer treated furthering personalized therapy.  

Moreover, at diagnostic, the PDAC high metastatic burden is a key factor 

responsible for the poor prognosis. The “Soil and seed” hypothesis suggests that signals 

within the microenvironment i.e., within the pre-metastatic niche favor the colonization 

and the growth of cancer cells at the metastatic sites [ref]. In particular, multiple markers 

especially of inflammation including but not limited to MMPs are associated with the 

development of premetastatic niches. MSN-based carriers may be designed for the MMP-

responsive delivery of TME modifying agents and thus possibly alter the metastatic 

burden through possible depletion of favorable premetastatic niches. Such MSN carrier 

may be multifunctional with actions that first deplete the premetastatic niche sites thereby 

limiting potential of recruitment, colonization and growth of PDAC cells and second 
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promote primary tumor cell death through for example an efficient chemotherapeutic 

drug of drug combination. Our sequential therapy MSN platform (discussed in chapter 3) 

has multiple benefits including the ability of controlling the delivery of molecular agents 

and drugs based on their spatial and temporal requirements.  

Finally, MSN platform related future research include further investigations and 

biomarker selection for the imaging and therapeutic targeted delivery systems. Here, we 

explored tMUC1 as the primary marker for diagnosis and targeted therapy. Other markers 

including can be used for multiplexed imaging.  

In Conclusion, MSNs based platform are highly attractive in both detection and 

treatment of cancers and our data further support their clinical evaluation. Toward a 

clinical use, the large-scale synthesis and consistency of the MSN platform is critical. 

Additionally, the long-term effects of Si accumulation in the body and hence, increased 

degradability of the MSNs needs further investigations. The therapeutic and diagnostic 

approaches assessed in this thesis support the potential of nanomedicine, especially of 

MSN-based nanoplatforms and nanoprobes in the improvement of PDAC diagnosis and 

customizable/personalized therapeutic intervention.  
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