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Abstract 

Among gynecological cancers, ovarian cancer causes the most fatalities. Currently, 

cisplatin is a potent chemotherapy used for treatment. However, cisplatin efficacy remains limited 

due to chemotherapy resistance. DNA repair and altered metabolism are two resistance 

mechanisms that prevent effective cytotoxicity. Olaparib and metformin have improved cisplatin 

sensitivity by targeting these two mechanisms, respectively. Although previous studies have 

demonstrated that cisplatin combined with either olaparib or metformin have shown stronger 

efficacy than a single drug alone, non-selective distribution causes systemic toxicity, thus 

preventing full benefit. In this context, cancer nanotechnology has several advantages, including 

targeted drug delivery. Therefore, we hypothesized that the combination of cisplatin, olaparib, and 

metformin encapsulated into a single nanoparticle (NP) will improve overall survival in ovarian 

cancer compared to free drugs in combination. We first developed cisplatin and metformin 

conjugates for increased encapsulation into polymeric NPs. The synergistic ratio between cisplatin, 

olaparib, and metformin was identified using CompuSyn and Synergy Finder software. Self-

assembly PLGA-PEG NPs were synthesized, encapsulating the cisplatin polymers, olaparib, and 

metformin derivatives. Final NP formulations were selected based on the most optimal values in 

terms of size, morphology, polydispersity index, surface charge, and encapsulation efficiency. 

Preliminary evidence using flow cytometry and western blot analysis demonstrated the individual 

drug efficacy in the triple combination NP following endosomal escape in SKOV-3 cells. Initial 

NP cytotoxicity studies were conducted using low cisplatin concentrations given the synergistic 

combination with olaparib and metformin. Taken together, the results provide insight into novel 

nanotherapeutic strategies for improving ovarian cancer treatment.  
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1.0 Introduction 

1.1 Ovarian cancer 

 Among gynecological cancers, ovarian cancer is the leading cause of death in women1. 

Approximately 3000 women were diagnosed with ovarian cancer in 2023 in Canada (300,000 

worldwide)2,3. Unfortunately after diagnosis, the five-year survival rate is approximately 55% for 

these patients4. This can be attributed to the fact that about 75% of patients only start to exhibit 

ovarian cancer symptoms at an advanced stage once the cancer has metastasized into the peritoneal 

cavity. Ultimately, current treatment options are not adequate at eradicating the disease, thus 

explaining the high mortality1,5.  

 

1.1.1 Histological subtypes 

Ovarian cancer encompasses a group of related cancers that all originate in the ovaries or 

nearby organs, such as the fallopian tubes or the mesothelium lining the peritoneal cavity1. The 

most common type, accounting for roughly 90% of cases, is epithelial ovarian cancer6,7. Epithelial 

ovarian cancer can be subclassified into five groups based on histology, which include high-grade 

serous carcinoma, low-grade serous carcinoma, endometrioid carcinoma, mucinous carcinoma, 

and clear cell carcinoma6. Serous carcinoma, the most common histotype, is characterized by 

glandular or papillary morphology similar to fallopian tube epithelium1. Endometrioid carcinoma 

consists of endometrioid-like glands resembling cancer of the uterus, whereas mucinous carcinoma 

resembles endocervical glands or gastrointestinal epithelium. The fourth type, clear cell 

carcinoma, shares both serous and endometrioid morphology1. In addition to morphological and 

histological differences, similar and distinct mutations and amplifications have been reported 

contributing to variable genetic landscapes between subtypes. For example, p53 mutations are 



 2 

most commonly characteristic of type II tumors (high-grade serous carcinoma), whereas most type 

I tumors (low-grade serous, endometrioid, mucinous, and clear cell carcinoma) display wildtype 

p531,6,8. Additional distinct driving genetic alterations of high-grade serous carcinoma are 

mutations in BRCA1 and BRCA2 genes1,6,8. In contrast, KRAS mutations are predominantly found 

in type I tumors, with low occurrences in type II tumors1,8. These genetic differences can affect the 

efficacy of second line targeted therapies. 

 

1.2 Current treatment options 

1.2.1 Cytoreductive surgery 

Current treatment strategies for epithelial ovarian cancer include cytoreductive surgery, 

which removes as much of the cancer as possible leaving minimal residual disease, followed by 

chemotherapy and sometimes maintenance therapy1. Several retrospective studies have been 

conducted highlighting the correlation between reduction in mass size by cytoreductive surgery 

and survival9–11. Cytoreductive surgery aims to remove the bulk of the tumor, namely the cells 

furthest from oxygen supply and non-proliferating cells that have the greatest potential of 

becoming chemoresistant. In this regard, remaining microscopic cell masses are hopefully 

susceptible to subsequent chemotherapy treatment5.  

 

1.2.2 Chemotherapy 

Chemotherapy options include platinum, anthracycline, and taxane-based agents, with the 

current standard of care consisting of carboplatin and paclitaxel. Paclitaxel, a taxane-based agent, 

works by targeting microtubules, thereby halting cell division5. As part of the platinum-based 

chemotherapeutic options, carboplatin, an analogue of cisplatin, is currently the standard in clinic, 
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due to its ability to achieve equivalent cell killing efficacy with less emetogenic and nephrotoxicity 

than cisplatin5. However, the focus of this thesis is to prevent the toxicities associated with 

chemotherapy using nanotechnology. Therefore, cisplatin was selected as the chemotherapy of 

interest. The anticancer effects of cisplatin were first discovered by Rosenberg and colleagues in 

1961 and the chemotherapy has since been in clinical use for several decades12,13. Cisplatin is a 

DNA damaging drug that works via alkylation. Cisplatin uptake by cells occurs either via passive 

diffusion or facilitation by the copper transporter CTR1 due to a chloride ion concentration 

gradient across the cell membrane5,13. Once inside, cisplatin [Pt(NH3)2Cl2] undergoes aquation in 

the cytoplasm, causing the chloride atoms to become displaced by hydroxyl functional groups, 

which thus activates the platinum compound. Activated cisplatin [Pt(NH3)2(OH2)2] becomes an 

electrophile and travels into the nucleus where it can target nucleophilic agents such as purine 

bases in DNA13. The most common intrastrand crosslink active cisplatin can form with DNA is a 

1,2-guanine-guanine adduct, representing about 90% of adduct formation (Figure 1)13. Cisplatin-

DNA adduct formation prevents sufficient DNA replication, ultimately inhibiting cell division and 

resulting in cell death. 

Following DNA double strand breaks, serine-threonine kinases, specifically ataxia 

telangiectasia mutated (ATM), ataxia telangiectasia and Rad3 related (ATR), and DNA-dependent 

protein kinase (DNA-PK) activate and phosphorylate H2A histone family member X (H2AX) 

adjacent to the damage14,15. Phosphorylation of H2AX on serine 139 is commonly referred to as 

H2AX. H2AX acts as an upstream apoptotic marker given its positive correlation with DNA 

damage16. Several lines of evidence suggest H2AX signals for repair proteins to reverse DNA 

damage and acts as a potential docking site for these proteins14,15. Nonetheless, aberrant DNA 

fragmentation leading to hyperphosphorylation of H2AX can cause cell death.  
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Figure 1. Cisplatin mechanism of action and possible resistance pathways. Cisplatin enters the 

cells either by passive diffusion or through the CTR1 transporter due to the chloride ion 

concentration difference across the cell membrane. Once inside, cisplatin undergoes aquation and 

crosses into the nucleus where it forms adducts with DNA, the most common being a 1,2-guanine-

guanine adduct. Resistance mechanisms are labelled 1-4, with mechanisms 1 and 2 falling under 

category 1 and mechanisms 3 and 4 in category 2. (1) Excision of the N-terminal domain on CTR1 

prevents facilitated cisplatin uptake. (2) GSTs catalyze the conjugation of GSH to active cisplatin, 

which promotes efflux via GS-X pumps. (3) DNA repair of cisplatin DNA adducts prevent cell 

death. (4) Upregulated mTOR levels confers an altered metabolism that promotes proliferation. 

Created with BioRender.com. CTR1, copper transporter; GSTs, glutathione S-transferases; GSH, 

glutathione; GS-X pump, ATP-dependent glutathione S-conjugate pumps; mTOR, mammalian 

target of rapamycin; PARP, poly-ADP ribose polymerase. 
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Of the chemotherapeutic agents corresponding to anthracyclines, doxorubicin has been 

used to treat ovarian cancer when platinum agents are no longer effective17. There are two main 

mechanisms by which doxorubicin exerts anti-cancer effects: 1) intercalation into DNA and 2) 

generation of free radicals18. Doxorubicin enters cells via diffusion and once inside, the drug’s high 

affinity for the cytoplasm proteasome causes interaction. This complex is then translocated into 

the nucleus in which doxorubicin now has higher affinity for DNA, resulting in disassociation 

from the proteasome and intercalation into DNA19. This event causes disruption of topoisomerase-

II-mediated DNA repair, preventing alleviation of the DNA supercoils generated during DNA 

replication18,19. Prior to entering the nucleus, doxorubicin can also undergo oxidation in the 

cytoplasm to form an unstable metabolite known as semiquinone18. The conversion of 

semiquinone back to doxorubicin produces reactive oxygen species (ROS). ROS can have 

deleterious effects on cells including lipid and membrane oxidation, DNA damage and 

apoptosis18,19. Ultimately, doxorubicin causes sustained damage resulting in cell death. 

 

1.3 Relapse occurrence 

Several clinical trials have evaluated cisplatin efficacy in the context of ovarian cancer 

treatment, and all reveal greater survival in patient groups who received either cisplatin alone or 

in combination with other therapeutics20–22. However, following the initial course of treatment, 

generally 70% of ovarian cancer patients diagnosed at late stage are shown to relapse23,24. 

Depending on the length of time to relapse, patients are classified as either platinum-sensitive or 

platinum-resistant. For platinum-resistant relapsed ovarian cancer, other non-platinum agents, such 

as doxorubicin and gemcitabine, are required. However, patients experience only minimal 
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(approximately less than 20%) response rates17. Ultimately, cisplatin efficacy remains limited due 

to the development of resistance and systemic, non-selective distribution. 

 

1.4 Platinum-based chemotherapy resistance 

1.4.1 Mechanisms prior to adduct formation 

To simplify the variety of platinum resistance mechanisms, they can be divided into 2 main 

categories: 1) mechanisms that prevent the cytotoxic adduct formation and 2) mechanisms that 

prevent cell death following adduct formation5. Mechanisms related to reduced drug influx and 

increased deactivation and efflux can be grouped into category 1, while mechanisms involved in 

DNA damage repair and inhibition of apoptosis fall into category 2 (Figure 1)5. Firstly, studies 

have shown that CTR1 knockout results in diminished cellular uptake of cisplatin, conferring 

resistance to the chemotherapy13,25. However, acquired cisplatin resistance does not occur due to 

the loss of CTR1 expression. Instead, it was proposed that the lack of glycosylation of CTR1 

promotes excision of the N-terminal domain causing the loss of facilitated transport function25,26. 

The membrane bound domain remains present, thereby suggesting CTR1 change in activity results 

in resistance development as opposed to change in expression. 

Furthermore, platinum resistance can also develop via glutathione-mediated deactivation 

and efflux27,28. Given its electrophilic nature, active cisplatin is not limited to reacting only with 

nucleophilic purine bases. Other cellular nucleophiles, such as glutathione (GSH), can also interact 

with platinum-based agents27,28. GSH covalently binds to cisplatin forming a GSH-cisplatin 

conjugate for cellular detoxification. This conjugation reaction is catalyzed by glutathione S-

transferase (GST) enzymes27,29,30. The conjugate product is then shuttled out of the cell via ATP-

dependent glutathione S-conjugate pumps, thereby enhancing cisplatin efflux28. Overexpression 
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of GSTs in cisplatin resistant cells has been reported29,31,32. A study conducted by Lewis and 

colleagues showed that GSH and GST were 1.4-fold and 2.9-fold higher in ovarian 

adenocarcinoma cells from a patient with developed cisplatin resistance compared to cells from a 

chemosensitive patient32. Some strategies have been investigated to diminish GSH-mediated 

cisplatin deactivation by employing combination therapy with GST inhibitors29,33. Although 

inhibiting GSTs improved cisplatin sensitivity in resistant cells, platinum resistance is 

multifactorial and not the result of just one mechanism. Other pathways can also contribute to 

resistance when one mechanism is diminished.  

 

1.4.2 Mechanisms post adduct formation 

Resistance can also occur after a cisplatin-DNA adduct has been formed, preventing the 

apoptotic outcome. One of these key resistance mechanisms is the ability to repair damaged DNA. 

Of the DNA repair pathways, the nucleotide excision repair system is particularly responsible for 

reversing the damage caused by platinum to allow normal DNA replication to proceed34. Poly 

ADP-ribose polymerase 1 (PARP-1) is an enzyme involved in this pathway that works by detecting 

single strand breaks in DNA via the zinc-finger domain34,35. PARP-1 then signals for the 

recruitment of proteins to the site of damage and catalyzes a poly ADP ribose (PAR) polymer chain 

onto the proteins, thus activating them to repair DNA34,35. After this catalytic reaction, PARP-1 

loses affinity for DNA, allowing other repair complex enzymes to take over. Poly ADP-ribose 

glycohydrolase restores PARP-1’s ability to detect and repair other sites of DNA damage34. 

Ultimately, this repair pathway prevents aberrant DNA damage that would trigger apoptosis.  

Moreover, cisplatin induced apoptosis can be inhibited by other active pathways with 

greater proliferation effects, thus contributing to cisplatin resistance. Ovarian cancer cells have 
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been shown to have an altered metabolism, which can contribute to accelerated proliferation36,37. 

The mammalian target of rapamycin (mTOR) protein is the common metabolic regulator for these 

pathways37. Previous studies have shown that mTOR is highly expressed in advanced-stage 

ovarian tumors, thereby positively regulating tumor proliferation and cell cycle progression38,39. 

In a growth-promoting tumor microenvironment, mTOR upregulates the anabolic production of 

proteins, lipids, and nucleotides, thereby downregulating catabolism40. With this metabolic switch, 

mTOR inhibits autophagy. Upstream in the pathway, AMP-activated protein kinase (AMPK) is a 

negative regulator of mTOR, which promotes autophagy initiation. However, the constitutive 

activation of mTOR overrides those signals40. Some trials have investigated the use of mTOR 

inhibitors as an addition to chemotherapy to enhance sensitivity. However, poor outcomes, 

specifically lack of survival improvement and severe toxicities have been reported41,42. Therefore, 

new strategies are required to suppress the mTOR pathway for autophagy regulation. Overall, there 

are several mechanisms of platinum resistance that can occur at different stages of the adduct 

formation. These active pathways prevent patients from achieving full benefit from chemotherapy, 

which thus demonstrates the requirement for new therapeutic options to overcome resistance. 

 

1.5 Systemic distribution 

In addition to platinum resistance, systemic non-selective distribution causes low 

tolerability and severe toxicities, ultimately causing additional harm to patients43. Patients on long-

term cisplatin use have reported side effects, including but not limited to vomiting, nausea, 

nephrotoxicity, and myelosuppression as well as damage to healthy tissue43. The current standard 

practice of care is to administer chemotherapy through intravenous infusions. Since cisplatin first 

needs to travel through the bloodstream to reach the tumor, this provides cisplatin accessibility to 



 10 

other off target organs44. This not only causes the undesirable side effects but also prevents full 

infusion from targeting the tumor. In contrast, cisplatin given through intraperitoneal injections 

has been shown to result in higher drug accumulation at the site of the tumor and cause less 

systemic toxicity45. This is explained by bypassing the bloodstream as the mode of distribution 

and injecting directly into the peritoneal cavity, the location of the disease at diagnosis1. However, 

few patients receive intraperitoneal chemotherapy in addition to intravenous administration. 

Delivery complications and drug tolerability prevent intraperitoneal injections from being a 

favourable route of administration44. Therefore, different strategies for improving cisplatin 

targetability via intravenous administration is required to limit toxic effects. 

 

1.6 Combination therapy 

Improving clinical use of cisplatin for the treatment of ovarian cancer thus requires 

lowering drug resistance and serious side effects. Firstly, previous studies have demonstrated that 

combination therapy with two or more drugs has shown stronger efficacy with decreased resistance 

development and increased overall survival than single drug alone46–48. 

 

1.6.1 Targeted agents 

 Olaparib is an FDA approved small molecule drug that functions as a PARP inhibitor. 

Olaparib inhibits PARP-1 from detecting and repairing single strand breaks in DNA49. Olaparib 

induced PARP-1 inhibition has been shown to promote caspase-3 expression, which is a cysteine 

protease50. Cleavage of caspase-3 by initiator caspases activates caspase-3, which can then cleave 

PARP-1, demonstrating a clear marker of apoptosis51–53. When PARP-1 is inhibited, the single 

strand breaks in DNA can no longer be repaired, causing double strand breaks to arise. Another 
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DNA repair pathway, known as homologous recombination, which specializes in repairing double 

strand breaks, then becomes activated54. The BRCA1 and BRCA2 genes encode proteins, 

particularly tumor suppressors, that are involved in homologous recombination repair55. However, 

mutations in the BRCA1 or BRCA2 gene are found in roughly 20% of epithelial ovarian cancer 

patients56. As a result, some ovarian cancer patients have deficient homologous recombination 

repair systems, rendering them incapable of repairing double strand breaks. Therefore, inhibiting 

PARP-1 in BRCA-deficient ovarian cancer results in synthetic lethality, since two DNA repair 

pathways are substantially impaired49. Ultimately, combining olaparib with cisplatin treatment 

allows for increased potential for persistent cisplatin-DNA adducts to cause cell death. Several 

preclinical and clinical studies have explored the combined use of cisplatin and olaparib for the 

treatment of ovarian cancer. Due to favourable results, olaparib has been added to the treatment 

regimen as a maintenance therapy for ovarian cancer patients46–48. 

 Furthermore, metformin is a clinically approved antidiabetic drug that has been recently 

reported to have anticancer effects. Several studies have used metformin to sensitize ovarian cancer 

cells to cisplatin by indirectly increasing AMPK activation58,60. Specifically, metformin enters the 

cells through the organic cation transporter 1 (OCT1) and inhibits respiratory complex chain I part 

of the electron transport chain of the mitochondria57. This inhibition prevents the conversion of 

ADP to ATP, resulting in increased AMP:ATP and ADP:ATP ratios. This low energy state triggers 

activation of AMPK by phosphorylation, thereby inhibiting mTOR, resulting in increased 

autophagy and decreased proliferation58–60. Since inhibiting mTOR has proven to be difficult, 

targeting AMPK, a protein upstream, may provide better autophagic outcomes.   

 Previous studies have combined cisplatin with either olaparib or metformin to demonstrate 

improved cell killing ability46,47,61–63. A study conducted by Gao and colleagues showed greater 
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inhibitory effects when olaparib was combined with cisplatin in two different ovarian cancer cell 

lines compared to when olaparib was combined with paclitaxel, a taxane-based chemotherapy47. 

Additionally, the combination of cisplatin with olaparib demonstrated a dose-reduction index of 

greater than 147. Furthermore, a phase I trial conducted by Balmaña and colleagues revealed no 

dose-limiting toxicities when the doses of olaparib and cisplatin were lowered from 100-200mg 

and 75mg/m2 to 50mg and 60mg/m2, respectively46. This regimen also revealed an overall response 

rate of 43%46. Preclinical studies also demonstrated enhanced cell death when cisplatin was 

combined with metformin61,62. Particularly, Ricci and colleagues were able to partially reverse 

cisplatin resistance with combined cisplatin metformin treatment in vivo63. Ultimately, 

combination therapy has been shown to improve chemotherapy resistance in ovarian cancer 

patients and is thus standard treatment practice for this multifaceted disease.  

 

1.6.2 Advantages 

 In addition to reducing the possibility of drug resistance, combination therapy has several 

benefits. For example, combination therapies can achieve maximum efficacy while minimizing 

doses due to synergistic antitumor effects64. As a result, combination therapy can result in less 

systemic toxicity since drug exposure is not occurring at concentrations above the therapeutic 

index. Moreover, combining different agents allows for targeting of multiple pathways. Since there 

are several metabolic, genomic, and environmental factors, amongst others that contribute to the 

progression of ovarian cancer, targeting just one is not sufficient for eradicating this complex 

disease. 

 

1.6.3 Limitations 
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 Although there has been great progress in combination therapy for the treatment of ovarian 

cancer, there are multiple drawbacks that remain. Various drugs used in combination can have 

different physicochemical properties, such as polarity, solubility, or size, that can all affect 

pharmacokinetics65. For example, the physicochemical differences between cisplatin, olaparib, and 

metformin warrant different routes of administration. It is standard practice to deliver cisplatin 

through intravenous infusions, whereas both olaparib and metformin are dosed orally66,67. Given 

these administration differences, the rate and sites of absorption and tissue distribution can vary. 

For example, cisplatin preferentially accumulates in the kidneys and liver, whereas the highest 

concentrations of metformin are found predominantly in the gut66,67. Additionally, drug polarity 

will dictate the potential protein interaction in the bloodstream, contributing to further disturbances 

to tissue distribution. When dosed at 10µg/mL, the plasma protein binding to olaparib is roughly 

82%68. Consequentially, the predicted drug concentrations will differ from the actual 

concentrations that reach the tumor. As a result, drug synergy at the site of the tumor will be lost65. 

Therefore, in the clinic, it is difficult to find an optimal dosing schedule that ensures synergistic 

antitumor effects of multiple drugs in combination. Lastly, certain drug combinations can cause 

enhanced side effects due to the different toxicity profiles of single drugs in combination65. If we 

can achieve synergistic doses in the tumor by specifically delivering there, we can overcome the 

limitations of combination therapies.  

 

1.7 Nanotechnology 

To improve targeted distribution of drug combinations, nanoparticle delivery systems can 

provide huge benefits. Nanoparticles (NPs) are nanometer-sized particles that can have a vast array 
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of purposes65. They can be composed from a wide range of materials rendering NPs with different 

properties for different objectives, such as diagnosis, drug delivery, and vaccine development. 

 

1.7.1 Different platforms 

 Among the plethora of developed NP platforms, certain systems have been well established 

for drug delivery purposes, including but not limited to liposomal and polymeric formulations 

(Figure 2)65. Liposomal NPs generally consist of either single or bilayer lipid membrane structures 

with an aqueous core, providing the loading capability of both hydrophilic and hydrophobic drugs. 

They have a spherical morphology and can assume a variety of sizes. Typical components include 

both natural and synthetic lipids as well as cholesterol to optimize rigidity (Figure 2)65. Several 

drug delivery studies employing liposomes have attained phase III clinical trials and post-trial 

approval69–71.    

 Polymeric NPs are another versatile platform for drug delivery. These NPs normally consist 

of biodegradable and biocompatible polymers and co-polymers with both hydrophilic and 

hydrophobic properties65. Owing to the interplay between hydrophobic and hydrophilic 

interactions, polymeric NPs form through self-assembly methods producing a hydrophobic core 

surrounded by a hydrophilic exterior. Hydrophilic polymers form the outer sheath of NPs 

protecting against aggregation of hydrophobic polymers and conferring NP stability65. Similar to 

liposomes, polymeric NPs have a spherical appearance and can load both hydrophobic and 

hydrophilic drugs. Polymeric NPs can also vary in size, while on average ranging around 

100nm72,73. Other attractive characteristics include controlled drug release, better drug 

encapsulation, and scalability (Figure 2)65,74. Polymeric NP formulations are also entering clinical  
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Figure 2. Liposomal versus polymeric nanoparticles (NPs). The differences in NP composition 

are highlighted from the different structures. Similar and unique NP properties are outlined in the 

Ven diagram between liposomal and polymeric NPs. Created with BioRender.com. 
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trials, particularly for cancer treatment75. Given the provided advantages, polymeric NPs were 

selected as the drug delivery system for this thesis. 

 

1.7.2 Tunable characteristics 

 One advantage of polymeric NPs is tunable physicochemical characteristics for optimizing 

ideal properties for specific applications. Particle size, size distribution (denoted as polydispersity 

index, PDI) and surface charge can heavily influence tissue distribution, protein interaction in the 

bloodstream, and cellular entry. For example, extremely small NPs (<8nm) are capable of 

glomerular filtration and are readily cleared from the body76. Conversely, NPs of larger sizes 

(>200nm) can be recognized as foreign entities and subsequently removed by the immune system. 

NPs within the size range of 8-200nm thus have increased chances of cellular uptake and tumor 

penetration72,77. Narrow size distribution, ideally PDI<0.2, can also ensure uniform NP behaviour 

given the size consistency of particles in solution. Moreover, the end functional group on the 

surface of polymeric NPs can dictate neutral, negative, or positive charge. This surface chemistry 

causes affinity for differing protein identity and quantity during transport, creating unique protein 

coronas surrounding NPs72,78,79. For example, positively charged NPs have been shown to bind 

albumin, whereas negatively charged particles preferentially bind IgG78. Therefore, the 

composition including polymer molecular weights and end functional groups, can be adjusted to 

optimize for ideal values. 

 

1.7.3 Improved pharmacokinetics 

In the context of cancer treatment, NPs can be used to encapsulate drugs, forming a drug 

delivery system with multiple advantages. Firstly, encapsulating multiple drugs inside one 
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nanocarrier (2-in-1 or 3-in-1) causes overlapping pharmacokinetic properties, ensuring identical 

absorption and distribution of drugs in combination65. However, one key clause to this advantage 

is that NPs can only encapsulate drugs of a similar nature. Hydrophilic drugs experience great 

difficulty in encapsulation, given that polymeric NP platforms possess a hydrophobic core65. 

Researchers have overcome this challenge by using chemical modification to enhance the 

hydrophobicity of existing drugs to create prodrugs that are more amenable to encapsulation while 

retaining normal pharmacological activity65,80–82. For example, Dhar and colleagues synthesized a 

Pt(IV) prodrug conjugate for NP encapsulation for prostate cancer treatment82. They showed that 

their cisplatin-loaded NP was significantly superior to free, unencapsulated cisplatin82.   

 

1.7.4 Controlled loading, release, and synergy 

 Another strong benefit of NP platforms for multidrug delivery is the ratiometric loading of 

more than one drug65. The maximum efficacy of multiple drugs in combination is strongly 

impacted by the drug-to-drug ratio at the tumor. Encapsulating multiple drugs into one NP system 

(2-in-1 or 3-in-1) ensures the synergistic drug ratios are retained from NP synthesis to intracellular 

uptake by the tumor cells65. Drug synergy is defined as the effect of two drugs in combination 

being greater than the additive effect. This concept was derived from the median-effect equation 

(fraction affected + fraction unaffected = 1) and is referred to as the Chou Talalay method83. This 

method is well established in combination therapeutic research settings to determine synergy. 

Obtaining a synergistic effect is highly dependent on concentration84,85. Therefore, regulating the 

ratiometric drug loading inside a single NP ensures synergistic concentrations are reaching the 

tumor at the same time. Clinical evidence proving synergistic benefit in patients was obtained from 

phase III trials with VYXEOS, the only dual-drug liposome chemotherapy with FDA-approval for 



 19 

newly diagnosed therapy-related acute myeloid leukemia86. VYXEOS is a liposome containing 

daunorubicin and cytarabine at a synergistic 1:5 molar ratio designed for prolonged exposure to 

leukemia cells in the bone marrow87. Clinical data revealed 1-year overall survival was greater 

with VYXEOS (42%) compared to current treatment (28%)88.    

 In addition to efficient drug loading, NPs can regulate the controlled release of drugs 

depending on the composition of the delivery system and cellular requirement65. Sengupta and 

colleagues demonstrated the temporal release of first an anti-angiogenesis agent entrapped in the 

outer compartment and subsequently a chemotherapy agent encapsulated in the inner core of a 

lipid-polymer hybrid NP89. This allowed for first vascular dysregulation followed by improved 

penetration of chemotherapy in solid tumors89. The sequential release of these agents affects 

overall efficacy given that targeting specificity is dependent on the tumor compartment.  

Controlled release can also be triggered in response to certain stimuli. For example, poly 

lactic-co-glycolic acid (PLGA) and polyethylene glycol (PEG) are biocompatible and 

biodegradable polymers commonly used to synthesize polymeric NP systems90. These polymers 

display differential structural stability when exposed to either neutral or acidic/basic pH. In neutral 

conditions, such as the bloodstream, PLGA-PEG NPs are highly stable, whereas, in acidic 

conditions, such as the tumor microenvironment, the close ester bonds found in PLGA are 

subjected to degradation91. Therefore, NP systems composing of PLGA-PEG polymers can control 

drug release at appropriate cellular targets.  

In addition to pH stimuli, NP platforms have been developed that are GSH-

responsive27,92,93. Ling and colleagues synthesized cysteine-based poly (disulfide amide) polymers 

to accompany Pt(IV) conjugate encapsulation in a lipid-PEG NP27. These cysteine-based polymers 

have high disulfide content that can react with GSH causing reduction of the disulfide bonds. This 
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reaction scavenges GSH, which can inhibit GSH-mediated cisplatin deactivation and efflux27. 

They revealed a pronounced reduction in the reduced GSH to oxidized glutathione (GSSG) ratio 

following treatment with the Pt(IV), cysteine-based polymer NP as opposed to free cisplatin in 

both cisplatin-sensitive and cisplatin-resistant cell lines. This was accompanied by enhanced 

apoptosis following NP treatment in both cell lines27. Incorporating a GSH-responsive feature into 

cisplatin NP formulations creates a more sophisticated platform for reducing drug resistance.  

 

1.7.5 Targeted delivery 

 NP delivery systems promote both passive and active targeted drug delivery, thereby 

decreasing serious side effects by minimizing systemic distribution to healthy organs65. As a result, 

therapeutic efficacy is enhanced due to maximized drug exposure in the tumors. In the context of 

cancer nanomedicine, NPs preferentially target and accumulate in tumors due to the enhanced 

permeability and retention effect (EPR)94,95. The EPR effect is an example of NP passive 

targetability. The rapid development of vasculature around tumors results in defective vessel wall 

formation, allowing for enhanced permeability of NPs out of the vasculature and into tumor cells. 

Once inside the tumor environment, they are retained due to poor lymphatic drainage94,95. Although 

this concept requires further investigation, the proposed outcome remains true. Active targeted 

delivery to specific cell surface receptors can also be achieved with appropriate ligand conjugation 

to the NP surface65. Lastly, NPs protect drugs against degradation and prevent plasma protein 

interactions in the bloodstream. In turn, lower drug concentrations can be loaded into NPs as drug 

payload to the tumor is increased65.   

 

1.8 Previous NP formulations 
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 To summarize, NP delivery systems provide extensive advantages at improving existing 

therapy limitations. Several approaches at formulating optimal nanocarrier platforms 

encapsulating different small molecule drugs for ovarian cancer treatment have been explored96,97. 

Particularly, multiple researchers have encapsulated cisplatin in a single drug-loaded polymeric 

NP and showed great inhibition of tumor growth and better tolerability than free cisplatin 

treatment96,97. Under the supervision of Paula Hammond, Mensah and colleagues developed a 

layer-by-layer liposomal NP encapsulating both cisplatin and olaparib for ovarian cancer 

treatment98. They used an emulsion technique to load hydrophilic cisplatin and hydrophobic 

olaparib in the liposomal core and bilayer, respectively98. This allowed for modular release of first 

olaparib followed by cisplatin. They reported significant tumor regression and moderated systemic 

toxicity in orthotopic xenograft-bearing mice treated with the layer-by-layer NP compared to free 

dual drug combination98. Although promising results were achieved, clinical translation remains 

limited due to upscaling challenges with this NP synthesis technique, thus requiring better 

reproducible formulations.  

 Another study conducted by Faramarzi and colleagues improved the weak bioavailability 

of metformin by employing a PLGA-PEG nanocarrier for drug delivery99. They demonstrated cell 

viability reduction potential accompanied by upregulated mRNA expression levels of apoptotic 

markers such as caspase-3 through in vitro studies99. Limited studies have reported NP-mediated 

delivery of metformin combined with cisplatin; however, treatment was indicated for other 

cancers, namely colorectal and non-small cell lung cancer100,101. Further testing for ovarian cancer 

application is required. 

 

1.9 Rationale and hypothesis 
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 Resistance to platinum-based chemotherapy and systemic toxicities remain the greatest 

obstacles in achieving remission. Multidrug-loaded NPs can provide huge benefits to circumvent 

existing therapeutic limitations by targeting therapies to tumors for blockade of multiple resistance 

mechanisms65. Although a variety of studies have explored multidisciplinary approaches involving 

nanotechnology for effective cancer therapy development, greater advancements remain an unmet 

medical need. Based on an extensive literature review, only single and dual drug-loaded NPs have 

been explored for ovarian cancer therapy96–99. Given the complexity of the disease, a triple-drug 

NP formulation may provide more favourable outcomes, with a better chance of obtaining a 

prolonged survival phenotype. It is hypothesized that the combination of cisplatin, olaparib, and 

metformin encapsulated into a single NP will improve overall survival in ovarian cancer compared 

to free drugs in combination. Encapsulating all three drugs in a single NP will allow for 

overlapping pharmacokinetic profiles and cause uniform entry into the cells. Figure 3 outlines the 

proposed triple drug NP mechanism. We began testing this hypothesis using the two following 

objectives: 

 

Objective 1. Develop and optimize a 3-in-1 NP formulation containing cisplatin, olaparib, and 

metformin. 

Objective 2. Determine the in vitro efficacy of the triple drug NP.  
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Figure 3. Mechanism of triple-drug-NP treatment upon entry in ovarian cancer cells. NP 

enters through the endocytic pathway before undergoing endosomal escape and breakdown of the 

PLGA-PEG polymers, releasing metformin derivative, cisplatin polymer, and olaparib. The 

metformin derivative (blue circle) inhibits respiratory complex chain I in the mitochondria, thereby 

increasing the ratio of ADP and AMP to ATP, leading to AMPK activation, inhibition of mTOR 

and ultimately increased autophagy and decreased cell proliferation. Cisplatin polymer is reduced 

releasing cisplatin (purple circle). Cisplatin undergoes aquation, before crossing into the nucleus 

to form DNA adducts. Ser139 on H2AX becomes phosphorylated following adjacent DNA 

damage. Olaparib (pink circle) binds to and cleaves PARP preventing SSB repair of cisplatin 

induced DNA damage. PARP inhibition coupled with mutated BRCA DSB repair causes synthetic 

lethality, leading to apoptosis. Created with BioRender.com. NP, nanoparticle; PLGA-PEG, poly 

lactic-co-glycolic acid polyethylene glycol; AMPK, AMP-activated protein kinase; mTOR, 

mammalian target of rapamycin; H2AX, H2A histone family member X; PARP, poly-ADP ribose 

polymerase; SSB, single strand break; BRCA, Breast Cancer gene; DSB, double strand break.   
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2.0 Materials and Methods 

2.1 Materials 

Cisplatin (Cis) was purchased from Sigma Aldrich (Cat # 479306-5G). Olaparib (Ola), 

metformin (Met) and doxorubicin (Dox) were purchased from Selleckchem (Cat # S1060, # S1950, 

# S1208, respectively). 

2.2 Drug synthesis and characterization 

 All synthesis products were characterized by either nuclear magnetic resonance (NMR) 

using a Bruker AVANCE II 400, inductively coupled plasma mass spectrometry (ICP-MS, as 

described in section 2.7.2 for cisplatin encapsulation efficiency), and/or electrospray ionisation 

mass spectrometry (ESI-MS). For NMR preparation, all products were dissolved using deuterated 

solvents in thin-walled glass vials. Products analyzed by ESI-MS were prepared by dissolving in 

acetonitrile (ACN) at 10µg/mL and filtered. 

2.2.1 Synthesis and characterization of oxoplatin [PtCl2(NH3)2OH2]  

 Cisplatin (496.2mg, 1.65 mmol) was added to a 50mL round bottom (RB) flask with water 

(3mL). 30% hydrogen peroxide (16mL, BioShop) was added, the temperature was set at 75C, and 

the reaction proceeded for 4 hours. The reaction was then stopped, cooled at room temperature, 

and placed in the 4C fridge overnight to help precipitate. The solution was filtered through 5m 

filter paper in a glass funnel to collect product. The product was then washed separately with water 

and diethyl ether and then left to dry again for roughly 1 hour after each wash. The product was 

collected in a 20mL glass vial (VWR) and placed on the vacuum for 3 days. Oxoplatin was 

collected in 49.6% (273.6mg) yield. 

2.2.2 Synthesis and characterization of DTB Polymer 
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 All cisplatin polymers are named using the linker moiety connecting cisplatin units. 4,4’-

dithiodibutyric acid (DTB, 35.56mg, 0.15mmol, Sigma Aldrich, Cat # C15605-10G) in DMSO 

(1mL) was added to a 20mL vial. N,N’-diisopropylcarbodiimide (DIC, 5µL, 3 equiv., Alfa Aesar, 

Cat # A19292) was added as a coupling reagent for ester bond formation. The reaction mixture 

was stirred for approximately 4-5 minutes before adding 4-dimethylaminopyridine (DMAP, 

54.68mg, 3 equiv., Alfa Aesar, Cat # A13016), a nucleophilic catalyst for ester reactions. Oxoplatin 

(50mg, 1 equiv.) in DMSO was added to the reaction. The reaction mixture was heated to 70C 

and proceeded overnight. After cooling the reaction mixture, the solution was lyophilized using a 

FreeZone 1L Benchtop Freeze Dry System (Labconco, Kansas City, Missouri, USA) for 6 days to 

remove the solvent by sublimation. The resulting precipitate was dissolved in methanol for dialysis 

preparation to remove unreacted reagents. Dialysis was performed using SnakeSkin dialysis tubing 

(3500 Da MWCO, Thermo Fisher, Cat # 68035) in methanol (roughly 2L) for 24 hours. The 

polymer solution inside the tubing was transferred to a 20mL vial before rotary evaporation of the 

excess methanol. The water bath was set at 30C and pressure reached about 20mbar. The resulting 

precipitate was then kept at -20C in preparation for subsequent lyophilization for 3 days. Product 

was stored at 4C. 1H NMR (400 MHz, DMSO-d6): 𝛿 5.46 (d, NH3), 4.27 (hept, NH3), 2.65 (t, 

CH2), 2.34 (t, CH2), 1.83 (p, CH2). 13C NMR (101 MHz, DMSO-d6) 𝛿 169.32, 165.30, 153.44, 

45.00, 42.43, 37.14, 32.61, 23.31, 21.70, 20.32. The percent of platinum measured by ICP-MS is 

10% (w/w). 

2.2.3 Synthesis and characterization of AA Polymer 

 Adipic acid (AA, 21.8mg, 0.15mmol, Sigma Aldrich) in DMSO (1mL) was added to a 

20mL vial followed by DIC (5µL, 3 equiv.). After 4-5 minutes, DMAP (54.68mg, 3 equiv.) was 

added followed by oxoplatin (50mg, 1 equiv.). Reaction followed the same procedure as described 



 27 

for DTB Polymer in section 2.2.2. AA Polymer yield was 93.4mg. 1H NMR (400 MHz, DMSO-

d6): 𝛿 5.49 (d, NH3), 4.38 (m, NH3), 2.23 (d, CH2), 1.48 (d, CH2). 13C NMR (101 MHz, DMSO-

d6) 𝛿 169.72, 156.78, 153.57, 63.07, 44.89, 42.37, 40.66, 34.04, 24.60, 23.30, 21.67, 20.33. The 

percent of platinum measured by ICP-MS is 14% (w/w). 

2.2.4 Synthesis and characterization of CBTA Polymer 

 Oxoplatin (49.4mg, 0.15mmol) was mixed with cyclobutane-1,2,3,4-tetracarboxylic 

dianhydride (CBTA, 30.4mg, 1 equiv., Sigma Aldrich, Cat # 161330-5G) in an RB flask. DMSO 

(3mL) was used for dissolution. Reaction was heated to 60C and proceeded for 24 hours. Reaction 

mixture was cooled to room temperature, transferred to a 15mL conical tube, and placed at -80C. 

Lyophilization was performed to remove the solvent. Excess methanol was added to the resulting 

precipitate to dissolve unreacted cyclobutane-1,2,3,4-tetracarboxylic dianhydride. The solution 

was sonicated and once the precipitate separated from the solvent, the solvent was decanted. 

Residual methanol was evaporated using a rotary evaporator. The product was stored at room 

temperature. 1H NMR of CBTA Polymer (300 MHz, DMSO-d6): 𝛿 12.52 (s, OH), 6.20 (s, NH3), 

3.29 (s, CH). The percent of platinum measured by ICP-MS is 27% (w/w). 

2.2.5 Synthesis and characterization of PIMA Polymer 

 Poly(isobutylene-alt-maleic anhydride) (PIMA, approximately 25mg, 4.2mol, Sigma 

Aldrich, Cat # 531278-250G) and oxoplatin (approximately 50mg, 40 equiv.) were combined in a 

20mL vial with dimethylformamide (DMF, 1mL). Reaction was set to 55C and proceeded for 24 

hours. Reaction was stopped and placed at 4C overnight. Acetone was added to the reaction 

mixture and the solution was transferred to a 15mL conical tube for centrifugation. Solvent was 

decanted and the precipitate was kept at 4C before lyophilization. The product was stored at room 

temperature. 1H NMR of PIMA Polymer (400 MHz, DMSO-d6): 𝛿 12.21 (s, OH), 8.06 (m, NH3), 
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2.88 (d, CH), 2.57 (d, CH2), 0.92 (s, CH3). The percent of platinum measured by ICP-MS is 40% 

(w/w).  

2.2.6 Synthesis and characterization of Cis Octyl  

 Oxoplatin (121.2mg, 0.36mmol) was added to a 20mL vial in DMF (2.2mL). Octyl 

isocyanate (383L, 6 equiv., Sigma Aldrich, Cat # 329746-5G) was then added. Reaction was 

closed and proceeded for 24 hours at room temperature. Reaction was stopped and DMF was 

evaporated using a rotary evaporator with the water bath set at 60-70C. Ice cold diethyl ether was 

added, and solution was sonicated to force unreacted octyl isocyanate dissolution. Once precipitate 

separated from solvent, diethyl ether was decanted. A 1:1 mixture of ice-cold diethyl ether and 

dichloromethane (DCM) was added, and the process of sonicating and decanting was repeated. 

The precipitate was placed on the vacuum for 3 days. The yellow solid product was stored at room 

temperature. Cis Octyl was collected in 76.1% (177.4mg) yield. 1H NMR of Cis Octyl (400 MHz, 

DMSO-d6): 𝛿 6.75 (s, 6H, NH3), 3.26 (s, 4H, CH2), 2.86 (d, 4H, CH2), 1.34 (s, 4H, CH2), 1.21 

(s, 16H, CH2), 0.90 (m, 6H, CH3). 195Pt NMR in DMSO-d6 𝛿: 1283. ESI-MS calculated for m/z 

643.22, found 667.2115 [M + H + Na].    

2.2.7 Synthesis and characterization of Cis OD 

 Oxoplatin (102.8mg, 0.31mmol) in DMF (2mL) and octadecyl isocyanate (642L, 6 

equiv., Sigma Aldrich, Cat # 305405-5G) were added to a 20mL vial. The synthesis followed the 

same reaction procedure as described for Cis Octyl in section 2.2.6. Cis OD was collected in 89.5% 

(254mg) yield. 1H NMR of Cis OD (400 MHz, DMSO-d6): 𝛿 6.68 (s, 6H, NH3), 3.31 (s, 4H, 

CH2), 1.52 (q, 4H, CH2), 1.23 (s, 60H, CH2), 0.85 (m, 6H, CH3). ESI-MS calculated for m/z 

923.54, found 924.5355 [M + H]. 

2.2.8 Synthesis and characterization of Cis DICD 
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 Oxoplatin (49.4mg, 0.15mmol) was dissolved in DMF (2mL) in a 20mL vial. 1,12-

diisocyanatododecane (DICD, 48L, 1.2 equiv., Sigma Aldrich, Cat # 341762-5G) was added to 

the oxoplatin solution. The reaction mixture was stirred at room temperature and proceeded for 48 

hours. The synthesis followed the same reaction procedure as described for Cis Octyl in section 

2.2.6. 1H NMR of Cis DICD (400 MHz, DMSO-d6): 𝛿 7.95 (s, NH), 3.31 (s, CH2), 2.89 (s, CH2), 

2.73 (d, CH2), 1.23 (s, NH3). The percent of platinum measured by ICP-MS is 18% (w/w). 

2.2.9 Synthesis and characterization of Dox Polymer 

 Doxorubicin (100mg, 0.17mmol) and poly(isobutylene-alt-maleic anhydride) (25.9mg, 

0.025 equiv.) were combined in a 20mL vial with DMF (2mL). Reaction mixture was closed and 

stirred at room temperature for 48 hours. Reaction was stopped and solution was dialysed in 

methanol (about 2L) using SnakeSkin dialysis tubing (3500 Da MWCO) to remove unreacted 

doxorubicin. Fresh methanol was replaced 3 times. Dox Polymer solution was collected in a clean 

20mL vial and excess methanol was evaporated using a rotary evaporator before lyophilizing the 

precipitate. The red solid product was stored at 4C. Dox Polymer yield was 107.5mg. 1H NMR 

of Dox Polymer (400 MHz, DMSO-d6): 𝛿 13.28 (s, OH), 12.36 (s, OH), 7.94 (d, CH), 7.80 (s, 

CH), 7.68 (t, CH), 5.46 (m, OH), 5.30 (s, CH), 4.96 (t, OH), 4.89 (t, CH), 4.57 (d, CH2), 4.18 (q, 

CH), 4.00 (s, CH3), 3.56 (s, CH), 3.52 (s, CH), 3.32 (s, NH2), 2.95 (m, CH2), 2.33 (s, CH2), 2.14 

(d, CH2), 1.82 (m, CH2), 1.16 (m, CH3), 0.89 (m, CH3).  

Amount of doxorubicin attached to Dox Polymer was measured by absorbance given its 

chromophore nature. A standard curve was first generated. Doxorubicin was dissolved in DMSO 

at a concentration of 0.5mg/mL and was serially diluted until 0.004mg/mL. The concentrations 

were added to a black 96-well plate with a clear flat bottom (Sigma Aldrich). Absorbance was 

measured at 485nm using a BioTek Synergy Neo2 Microplate Reader (Agilent). Optical density 
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(OD) values were plotted against amount of doxorubicin (mg) to obtain a linear relationship. Dox 

Polymer was dissolved in DMSO at 1mg/mL and serially diluted to 0.125mg/mL. Each 

concentration was plated in triplicate in the 96-well plate. Amount of doxorubicin in the Dox 

Polymer concentrations was calculated using the corresponding OD values and equations 

generated from the standard curve. Percent doxorubicin in Dox Polymer measured by absorbance 

is roughly 75%. 

2.2.10 Synthesis and characterization of C16-Met 

Hexadecylamine (about 200mg, 0.83mmol, Sigma Aldrich, Cat # H7408-500G) and 

dicyandiamide (about 250mg, 4 equiv., Sigma Aldrich, Cat # D76609-25G) were added to an RB 

flask. 2M hydrochloric acid (HCl, 8mL) was added. A reflux condenser was equipped to the RB 

flask to cool the produced vapour back to the reaction vessel. Reaction was heated to 100C for 

24 hours. The reaction mixture cooled to room temperature before filtering through 5m filter 

paper in a glass funnel. The precipitate was washed with excess water and diethyl ether to remove 

unreacted dicyandiamide and hexadecylamine, respectively. The resulting product was scraped 

into a clean 20mL vial and left to air dry before storing at 4C. 1H NMR of (400 MHz, DMSO-

d6): 𝛿 8.29 (s, 4H, NH), 2.97 (s, 2H, CH2), 1.76 (t, 2H, NH2), 1.25 (m, 28H, CH2), 0.87 (m, 3H, 

CH3). 13C NMR (101 MHz, DMSO-d6) 𝛿 155.57, 154.45, 38.71, 31.29, 28.93, 28.84, 28.70, 28.54, 

26.94, 25.83, 22.09, 13.96. ESI-MS calculated for m/z 325.32, found 326.3284 [M + H]. 

2.2.11 Synthesis and characterization of C6-Met 

 Hexylamine (789L, 5.9mmol, Sigma Aldrich, Cat # 8.04326.0100) and dicyandiamide 

(1.996g, 4 equiv.) were combined in a 100mL RB flask with 2M HCl (16mL). Reaction was set at 

100C and proceeded for 24 hours. The reaction was stopped and cooled at room temperature for 

2 hours. Precipitate appeared and the flask was placed in the 4C fridge overnight. The solution 
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was transferred to 20mL vials and placed at -80C before lyophilization. After freeze drying, 

excess diethyl ether was added to each vial to remove unreacted hexylamine. After washing, the 

solvent was removed, and the product was left to air dry covered. Thin layer chromatography 

(TLC) was performed to confirm product was distinct from reagents. Briefly, both reagents and 

product were dabbed onto aluminium-based TLC paper (Silicycle, Cat # TLA-R10011B-323) 

using capillary tubes (Chemglass Life Sciences). Mobile phase consisted of 10% methanol in 

chloroform. TLC paper was placed in a small amount of mobile phase and reagents and product 

travelled up the paper. Iodine powder staining revealed distinct formations on the TLC paper. 

White solid product was stored at 4C. 1H NMR (400 MHz, DMSO-d6): 𝛿 10.18 (s, 4H, NH), 7.86 

(s, 2H, NH2), 2.74 (s, 2H, CH2), 1.52 (q, 2H, CH2), 1.28 (d, 6H, CH2), 0.86 (m, 3H, CH3). 13C 

NMR (101 MHz, DMSO-d6) 𝛿 155.66, 154.50, 38.72, 30.75, 26.89, 25.55, 21.92, 13.87.  

2.3 Dox Polymer – metformin binding studies 

 The ability of the available carboxylic acid group on the Dox Polymer to hydrogen bond 

with guanidine groups on metformin and metformin derivatives was assessed using absorbance. 

Dox Polymer was combined with either metformin or C16-Met, each at a concentration of 1mg/mL 

in 1:1 DMSO:Water, at a 1:0.1 (v/v) ratio increasing to a 1:3 (v/v) ratio. Equivalent ratios were 

also made using Dox Polymer with solvent to act as a control. All combinations were plated in a 

black 96-well plate with a clear flat bottom. Absorbance was measured using a microplate reader 

across a range of wavelengths (300-700nm), measuring at 5nm increments. OD values at 350nm 

were adjusted to the measurement of Dox Polymer alone to normalize starting absorbance value. 

All measurements were adjusted using the same reference difference. OD values measured at 

545nm (approaching the point of equilibrium) were plotted against Dox Polymer concentration 
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when combined with either metformin, C16-Met or solvent. The observed linear relationship for 

each condition was plotted and an equation was determined.  

2.4 Cell culture 

 Human epithelial SKOV-3 cells (ATCC, Manassas, Virginia, United States) were cultured 

in McCoy’s 5A medium (Cedarlane, Cat # 30-2007) supplemented with 10% heat inactivated fetal 

bovine serum (FBS, Corning), and 1% penicillin/streptomycin/L-Glutamine (Corning). ID8;p53-/-

;BRCA1-/- (provided by Dr. Vanderhyden) derived from spontaneously transformed ovarian 

surface epithelial cells from C57BL/6 mice were cultured in 1x Dulbecco’s Modification of Eagle’s 

Medium (DMEM, Wisent) supplemented with 1x Insulin-Transferrin-Selenium (ITS-G, Gibco – 

Thermo Fisher), 4% heat inactivated FBS, and 1% penicillin/streptomycin/L-Glutamine. 

Cisplatin-sensitive (A2780-S, provided by Dr. Beug) and cisplatin-resistant (A2780-CP, provided 

by Dr. Tsang) cells were derived from human endometrioid ovarian carcinoma. Both A2780 cells 

were cultured in 1x Roswell Park Memorial Institute (RPMI) 1640 medium (Wisent) supplemented 

with 0.5% Amphotericin B (250µg/mL, Thermo Fisher), 10% heat inactivated FBS, and 0.5% 

penicillin/streptomycin/L-Glutamine. Cells were grown in humidified incubators at 37C with 5% 

CO2 and split every 2-3 days. 

2.5 MTT assays to determine drug synergy 

Synergistic drug ratios were determined by MTT assays. Seeding densities were first 

optimized to ensure final absorbance values were within a linear range. SKOV-3, ID8;p53-/-

;BCRA1-/-, and A2780-S and A2780-CP cells were seeded at 1000 cells/well, 500 cells/well, and 

2000 cells/well, respectively in 96-well plates. Cells grew overnight and were incubated with 

various concentrations of cisplatin, olaparib, metformin and all possible combinations. The plates 

were then incubated for 72 hours. Drug media was replaced with 10µL of MTT reagent (3-(4,5-
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Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide, Alfa Aesar, Cat # L11939) (5mg/mL in 

1x phosphate buffered saline, PBS) and 90µL of phenol red free culture media (Wisent); taken 

from a master mix preparation. The plate was covered in tin foil and incubated for 30 minutes. 

Cells were then lysed with 100µL DMSO and placed on a plate shaker for 15 minutes. Purple 

formazan crystals were detected by optical density using a microplate reader at 570nm. 

Background absorbance was also detected at 630nm. No treatment (Tx) cell group was assumed 

to be 100% viable. Percent cell viability and cytotoxicity were calculated by subtracting 

background absorbance and using the averages of 3 technical replicates using the following 

equations:  

% 𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = (
𝑠𝑎𝑚𝑝𝑙𝑒

𝑁𝑜 𝑇𝑥
) ∗ 100 

% 𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 = (
(𝑁𝑜 𝑇𝑥 − 𝑠𝑎𝑚𝑝𝑙𝑒)

𝑁𝑜 𝑇𝑥
) ∗ 100 

 Percent cytotoxicity values were inputted into either CompuSyn software (New Jersey, 

USA) or Synergy Finder (Helsinki, Finland), two independent synergy calculating software. 

CompuSyn software generates combination index (CI) values by using the Chou Talalay method 

to calculate synergy. CI < 1 is indicative of a synergistic concentration ratio between two or more 

agents in terms of cytotoxicity, whereas CI > 1 indicates an antagonistic relationship at specific 

concentration ratios83. Synergy Finder uses the highest single agent (HSA) reference method, in 

which synergy is denoted when the expected combination effect is greater than the highest effect 

of both individual drugs at the same concentrations102.  

2.6 Polymeric NP synthesis  

 Polymeric NPs were synthesized using previously described self-assembly 

nanoprecipitation methods103,104. Briefly, PLGA-PEG (50kDa – 5kDa MW, 75:25 L:G ratio, 
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methyl terminated, PolySciTech, Cat # AK148) was dissolved in ACN at a concentration of 

10mg/mL. 1mM solutions of DTB and AA Polymers were prepared in DMF. Percent platinum 

values determined by ICP-MS were utilized to adjust for appropriate amount of drug-polymer that 

was equivalent to 1mM of pure cisplatin. 30mg/mL solution of olaparib and 8mg/mL solutions of 

C16-Met and C6-Met in DMSO were all prepared. Single, dual, and triple drug NPs were 

synthesized using these drug solutions in different combinations. All formulations followed the 

same procedure irrespective of number of drugs. PLGA-PEG, cisplatin drug-polymer, olaparib, 

and metformin derivative were added to a 1.5mL microcentrifuge tube (VWR) maintaining a (v/v) 

ratio of 3:1 polymer:total drug content. The ratio between cisplatin polymer, olaparib, and 

metformin derivative was 1:2.5:2.5 (v/v/v). The polymer and drug solution was lightly vortexed 

before adding dropwise to water, respecting an organic to aqueous phase ratio of 1:10 (v/v). NPs 

were spun to allow self-assembly on a multi-position stir plate at approximately 600rpm for 2 

hours at room temperature. NP solutions were then filtered and concentrated using centrifugation. 

Solutions were transferred to 50mL centrifugal filter conical tubes (100kDa MWCO, VWR, Cat # 

MAP100C38) and centrifuged at roughly 3000rpm for 10 minutes. NPs were washed with 0.5mL 

sterile water between the first 2 out of 5 rounds of centrifugation. Once concentrated NPs were 1-

10% of the starting volume (including the aqueous phase), they were collected in fresh 

microcentrifuge tubes and stored at 4C for further characterization and in vitro testing. Empty 

NPs were synthesized using the same outlined method, except drug volumes were replaced by 

solvent (DMF and/or DMSO) alone.  

2.7 NP characterization 

2.7.1 Transmission electron microscopy 
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 NP morphology was determined using transmission electron microscopy (TEM). A single 

droplet of concentrated NPs was added to carbon-coated copper grids (400 mesh, Ted Pella, Cat # 

01822). Using forceps, excess solution that did not attach to the grid was wicked off onto filter 

paper. NPs were then negatively stained with uranyl acetate (Electron Microscopy Sciences, Cat # 

22409), blotted again, and washed with water. Grids were allowed to dry for at least 24 hours 

before imaging. Electron micrographs were taken using a JEM-1400Flash TEM (120kv) system.  

2.7.2 Size, polydispersity index, surface charge, and encapsulation efficiency 

 NP size, polydispersity index (PDI) and surface charge (zeta potential) were all measured 

by dynamic light scattering using a ZetaSizer Nano Series machine (Malvern Panalytical, United 

Kingdom). To prepare samples, 10µL of concentrated NPs were diluted in 1mL sterile water in 

polystyrene cuvettes (Fisher Scientific) for size and PDI measurements and folded capillary cells 

(Malvern Panalytical) for surface charge determination. Three sets of five measurements each were 

recorded at 25C. 

 Cisplatin encapsulation efficiency (EE) was determined by ICP-MS. Briefly, NP samples 

(20-100L) were digested with 70% nitric acid for 2 hours at 90C. Samples were then cooled and 

0.5mL hydrogen peroxide was added. Samples were diluted in water to a final volume of 250mL, 

for a final nitric acid concentration of 0.5-2%. A calibration curve was first established using 

known platinum parts per billion (ppb) concentrations. NP data was compared back to the 

calibration curve for platinum ppb determinations.  

 Olaparib EE was measured by high pressure liquid chromatography (HPLC). A standard 

curve was first prepared using free olaparib. A 0.5mg/mL solution of olaparib was made in a 4:6 

ratio of Water:DMSO. Serial dilutions were performed until 0.03125mg/mL. Samples were loaded 

in 2mL glass vials fitted with glass inserts into the Dionex UltiMate 3000 HPLC machine (Thermo 
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Fisher). Samples were first mixed before injecting 50µL through a reversed-phase 5m C18 column 

(250x4.6mm, Thermo Fisher, Cat # 063197), in a column oven heated to 37C. The mobile phase 

consisted of water and ACN, both with 0.01% trifluoroacetic acid (Sigma Aldrich), which passed 

through with a gradient of increasing ACN, with a flow rate of 1mL/min. The eluate was detected 

using a UV-Vis Diode Array Detector (Thermo Fisher) at 254nm. HPLC data was then processed 

to determine the area under the curve (mAU*min), which was plotted against amount of olaparib 

injected (mg) to generate a linear relationship. NP samples were prepared by breaking open 37.5L 

concentrated NPs in 50L DMSO. Digests were placed on a plate shaker for 30 minutes at room 

temperature. Samples were then immediately loaded into the HPLC machine and run using the 

same protocol described. Amount of olaparib was calculated using the standard curve equation.  

2.7.3 NP stability studies 

 NP size and PDI stability in various conditions was assessed by dynamic light scattering 

using the ZetaSizer. Firstly, size and PDI were measured directly upon synthesis completion. NPs 

were then stored at 4C. After 60 days of storage, size and PDI were measured again to determine 

storage stability. As a surrogate for blood serum stability, NP size and PDI were measured 

following incubation with either 0, 5, or 10% FBS in sterile water at both 25C and 37C. Each 

solution contained 1% NPs. Measurements were taken at 0-, 4-, and 24-hour time points.  

2.7.4 Drug release kinetics 

 Release of cisplatin from the drug-polymer and NP was assessed using dialysis technique 

in response to pH stimuli. NPs (50L) were mixed with 1x PBS (50L) calibrated to either pH 7.4 

or 5.5 using acetic acid (Anachemia) for adjustments. Both NP suspension conditions were added 

to dialysis membrane-lined buckets (20kDa MWCO, Thermo Fisher, Cat # 88402) placed in 15mL 

conical tubes filled with 1x PBS (14mL) set to the equivalent pH (3 replicates for each condition). 
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Tubes were placed on a gentle plate shaker, incubated at 37C. At 24-, 48-, and 72-hour time points, 

PBS from the different conditions was collected and analyzed for platinum content by ICP-MS, 

following the same procedure outlined for EE determination in section 2.7.2.  

2.8 Flow cytometry H2AX assays 

 To assess the ability of NP encapsulated cisplatin polymers to successfully release active 

cisplatin inside cells to cause DNA damage, H2AX was measured by flow cytometry. SKOV-3 

cells were seeded at 2x105 cells per well in 6-well plates and incubated overnight. Cells were then 

treated with free cisplatin (positive control), DTB-NP, AA-NP, DTB-Ola-C16-Met-NP, E-NP 

(Empty-NP), or left untreated (negative control) for 24 hours. Cells were then washed with 1x PBS 

and incubated with 0.05% trypsin/0.53mM EDTA (Corning). Detached cells were collected, using 

complete medium to neutralize trypsin, into 15mL conical tubes and centrifuged at 1000rpm for 5 

minutes at 4C. Supernatant was discarded, and cell pellet was resuspended and washed with 1x 

PBS and centrifuged again at 300g for 6 minutes. Supernatant was discarded again, and cell pellet 

was dislodged by light vortexing while adding ice cold 70% ethanol dropwise to fix and 

permeabilize the cells. Cells were incubated at -20C for 60 minutes. Cells were then centrifuged 

and washed with cell staining buffer (BioLegend, Cat # 420201) 3 times before resuspending at a 

final concentration of roughly 106 cells/100L. Cells were stained with 5L of FITC anti-H2A.X 

Phospho (Ser139) antibody (25g/mL, BioLegend, Cat # 613403) for 1 hour covered from light 

at room temperature. Unbound antibody was removed by 2 more washes with cell staining buffer. 

Cell suspensions were then analyzed by the LSR Fortessa (BD Biosciences, California USA). The 

median fluorescence intensity (MFI) of the second peak from 2 independent replicates was 

analyzed and plotted as a bar graph. 

2.9 Protein extraction and western blot 
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 For protein extraction, cells were washed with cold 1x PBS and collected into 1.5mL 

microcentrifuge tubes using cell scrapers (Fisher Scientific). Samples were centrifuged and cells 

were resuspended in 50L RIPA lysis buffer (1M NaF, 1M -glycerophosphate, 1M dithiothreitol, 

1mg/mL leupeptin, 1mg/mL aprotinin, 0.2M benzamide, 150mM NaCl, 50mM Tris, 0.1% SDS, 

1% Triton X-100, 0.5% sodium deoxycholate, pH 8.0, 1% pepstatin (1mg/mL), 1% 

phenylmethylsulfonyl fluoride (0.1M), and 0.625% sodium orthovanadate (100mM)), vortexed, 

and placed at -80C until ready for western blotting. Before blotting, lysates were thawed and 

centrifuged at max speed for 10 minutes at 4C to pellet cell debris. Protein concentration was 

quantified using a Bradford Lowry Reagent (Bio-Rad, Mississauga, Ontario, Canada). 20µg of 

protein lysate were loaded and separated on a 10% polyacrylamide gel and subsequently 

transferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad). Membranes were blocked 

in either 5% bovine serum albumin (BSA, Sigma Aldrich) or skim milk in 1x tris-buffered saline 

with 0.1% Tween-20 (TBST) for 1 hour at room temperature. Membranes were washed 3 times 

for 5 minutes with TBST before incubating with primary antibody overnight at 4C. Three washes 

were performed again before horseradish peroxidase (HRP) conjugated secondary antibody 

incubation for 1 hour at room temperature. Membranes were washed 3 more times before imaging 

using a 1:1 (v/v) ratio of Clarity Western enhanced chemiluminescence and peroxide solutions 

(Bio-Rad, Cat # 1705061) using a ChemiDoc MP Imaging System (Bio-Rad). Primary and 

secondary antibodies used include: phospho-AMPK (Thr172) (1:1000 in BSA, Cell Signaling 

Technology, Cat # 2535S), AMPK (1:1000 in BSA, Cell Signaling Technology, Cat # 5831S), 

PARP (1:1000 in milk, Cell Signaling Technology, Cat # 9542S), cleaved PARP (Asp214) (1:1000 

in milk, Cell Signaling Technology, Cat # 9541S), Caspase-3 (1:1000 in milk, Cell Signaling 

Technology, Cat # 9662S), cleaved Caspase-3 (Asp175) (1:1000, Cell Signaling Technology, Cat 



 39 

# 9664T), GAPDH (1:1000, Thermo Fisher, Cat # MA5-15738), anti-rabbit IgG, HRP-linked 

(1:2000, Cell Signaling Technology, Cat # 7074S), and anti-mouse IgG, HRP-linked (1:2000, Cell 

Signaling Technology, Cat # 7076S). 

2.10 Cell viability 

 Cell viability following NP treatment was assessed using MTT assays as previously 

described in section 2.5.  

2.11 Statistical analysis 

 Data is presented as means  standard error of the mean (SEM). Three technical replicates 

were performed for every biological replicate. Where appropriate, statistical analysis was 

performed using GraphPad prism. Statistical analyses conducted include paired Student’s t tests 

and simple linear and nonlinear regression analysis. Statistical significance was defined as p < 

0.05. 
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3.0 Results 

3.1 Cisplatin, doxorubicin, and metformin prodrug and derivative library reveals 

successfully synthesized products 

Non-selective distribution of cisplatin contributes to serious systemic toxicities in patients. 

Encapsulating cisplatin inside a NP to promote targeted delivery provides an attractive option to 

improve cisplatin therapy. However, the hydrophilicity of cisplatin prevents efficient loading into 

the NP hydrophobic core. Various cisplatin prodrugs were synthesized to increase hydrophobicity 

without altering pharmacological effects. Firstly, each prodrug synthesis required hydroxyl groups 

functionalized to the axial positions of cisplatin (Oxoplatin synthesis) for reactivity with different 

dicarboxylic acids, dianhydrides and cyanates. Each prodrug conjugate possesses a different 

purpose, increasing the therapeutic options. DTB Polymer contains a disulfide bond in the linker 

moiety connecting cisplatin units together for GSH scavenging potential (Figure 4A). AA Polymer 

was created to serve as a control for DTB Polymer, thereby mimicking the structure, except lacking 

the disulfide bond (Figure 5A). Alternatively, CBTA Polymer and PIMA Polymer contain 

available carboxylic acid groups for non-covalent binding of hydrogen donating drugs, such as 

metformin, for increased encapsulation inside NPs (Figure 6A and C). Small molecule cisplatin 

prodrugs, Cis Octyl and Cis OD, were also synthesized for non-polymeric options, using cyanates 

with varying hydrocarbon chain lengths. Cis DICD was created as a synthetically similar polymer 

prodrug to the small molecule conjugates Cis Octyl and Cis OD for comparison of cyanate 

functional groups (Figure 7A). All structures were confirmed by 1H NMR and/or 13C NMR, 

revealing pure correctly synthesized structures (Figures 4-7).  
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Figure 4. Synthesis and characterization of DTB Polymer conjugate. (A) Synthetic scheme of 

DTB Polymer. Cisplatin reacted with 30% hydrogen peroxide (H2O2) at 70C for 4 hours to form 

oxoplatin. Oxoplatin reacted with 4,4’-dithiodibutyric acid in DMSO with DIC and DMAP 

activators at 70C to form DTB polymer. (B) 1H NMR spectrum in DMSO-d6. Peaks 

corresponding to specific hydrogens in the compound are identified using alphabetical labeling. 

(C) 13C NMR spectrum in DMSO-d6. DMSO, dimethyl sulfoxide; DIC, N,N’-

diisopropylcarbodiimide; DMAP, 4-dimethylaminopyridine; NMR, nuclear magnetic resonance; 

ppm, parts per million. 
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Figure 5. Synthesis and characterization of AA Polymer conjugate. (A) Synthetic scheme of 

AA Polymer. Cisplatin reacted with 30% hydrogen peroxide (H2O2) at 70C for 4 hours to form 

oxoplatin. Oxoplatin reacted with adipic acid with DIC and DMAP activators at 70C to form AA 

polymer. (B) 1H NMR spectrum in DMSO-d6. Peaks corresponding to specific hydrogens in the 

compound are identified using alphabetical labeling. (C) 13C NMR spectrum in DMSO-d6. DMSO, 

dimethyl sulfoxide; DIC, N,N’-diisopropylcarbodiimide; DMAP, 4-dimethylaminopyridine; 

NMR, nuclear magnetic resonance; ppm, parts per million. 
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Figure 6. Synthesis and characterization of additional cisplatin polymer conjugates. (A) 

Synthetic scheme of CBTA Polymer. Cisplatin reacted with 30% hydrogen peroxide (H2O2) at 

70C for 4 hours to form oxoplatin. Oxoplatin reacted with cyclobutane-1,2,3,4-tetracarboxylic 

dianhydride in DMSO at 60C for 24 hours to form CBTA polymer. (B) 1H NMR spectrum of 

CBTA Polymer in DMSO-d6. (C) Synthetic scheme of PIMA Polymer. The same starting oxoplatin 

reaction was performed. Oxoplatin reacted with poly(isobutylene-alt-maleic anhydride) polymer 

in DMF at 55C for 24 hours to form PIMA polymer. (D) 1H NMR spectrum of PIMA Polymer in 

DMSO-d6. Peaks corresponding to specific hydrogens in the compound are identified using 

alphabetical labeling in both polymer NMR spectra. DMSO, dimethyl sulfoxide; NMR, nuclear 

magnetic resonance; DMF, dimethylformamide; ppm, parts per million.   
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Figure 7. Synthesis and characterization of cisplatin conjugates formed with cyanate 

reagents. (A) Synthetic scheme of Cis Octyl, Cis OD and Cis DICD. Cisplatin reacted with 30% 

hydrogen peroxide (H2O2) at 70C for 4 hours to form oxoplatin. Oxoplatin reacted with either 

octyl isocyanate, octadecyl isocyanate or 1,12-diisocyanatododecane in DMF at RT for either 24 

or 48 hours to form Cis Octyl, Cis OD, or Cis DICD, respectively. (B) 1H NMR spectrum of Cis 

Octyl in DMSO-d6. (C) 1H NMR spectrum of Cis OD in DMSO-d6. (D) 1H NMR spectrum of Cis 

DICD in DMSO-d6. Peaks corresponding to specific hydrogens in the compound are identified 

using alphabetical labeling in all 3 NMR spectra. DMF, dimethylformamide; RT, room 

temperature; NMR, nuclear magnetic resonance; DMSO, dimethyl sulfoxide; ppm, parts per 

million. 
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To expand the scope of these prodrug conjugates to other classes of chemotherapeutics, 

Dox Polymer was synthesized, containing doxorubicin and the same polymer backbone used for 

PIMA Polymer synthesis. Therefore, the synthesis product, Dox Polymer, also contains an 

available carboxylic acid for additional drug binding (Figure 8A). Dox Polymer structure and 

purity were confirmed by 1H NMR (Figure 8B). 

Similar to cisplatin, metformin is also hydrophilic, thus posing the same encapsulation 

limitation. To increase metformin loading into PLGA-PEG NPs, two different metformin 

derivatives, C16-Met and C6-Met, were synthesized to create structures with varying hydrocarbon 

chain lengths to optimize for best encapsulation, while maintaining structural similarity to 

metformin (Figure 9A and 10A). Both C16-Met and C6-Met were characterized by 1H NMR and 

13C NMR (Figure 9B and 10B).  
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Figure 8. Synthesis and characterization of Dox Polymer prodrug. (A) Synthetic scheme of 

Dox Polymer. Doxorubicin reacted with poly(isobutylene-alt-maleic anhydride) polymer in DMF 

at RT for 48 hours to form Dox Polymer. (B) 1H NMR spectrum in DMSO-d6. Peaks corresponding 

to specific hydrogens in the compound are identified using alphabetical labeling. DMF, 

dimethylformamide; RT, room temperature; NMR, nuclear magnetic resonance; DMSO, dimethyl 

sulfoxide; ppm, parts per million. 
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Figure 9. Synthesis and characterization of C16-Met derivative. (A) Synthetic scheme of C16-

Met derivative. Dicyandiamide reacted with hexadecylamine in 2M HCl at 100C for 24 hours to 

form C16-Met. (B) 1H NMR spectrum in CDCl3. Peaks corresponding to specific hydrogens in the 

compound are identified using alphabetical labeling. (C) 13C NMR spectrum in DMSO-d6. HCl, 

hydrochloric acid; NMR, nuclear magnetic resonance; CDCl3, chloroform-D; DMSO, dimethyl 

sulfoxide; ppm, parts per million.  
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Figure 10. Synthesis and characterization of C6-Met derivative. (A) Synthetic scheme of C6-

Met derivative. Dicyandiamide reacted with hexylamine in 2M HCl at 100C for 24 hours to form 

C6-Met. (B) 1H NMR spectrum in DMSO-d6. Peaks corresponding to specific hydrogens in the 

compound are identified using alphabetical labeling. (C) 13C NMR spectrum in DMSO-d6. HCl, 

hydrochloric acid; NMR, nuclear magnetic resonance; DMSO, dimethyl sulfoxide; ppm, parts per 

million. 
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3.2 Metformin and C16-Met bind to Dox Polymer 

CBTA Polymer, PIMA Polymer and Dox Polymer all contain carboxylic acid functional 

groups due to a ring opening reaction of the dianhydride reagent (Figure 11A). The ability of 

doxorubicin to absorb light across a range of wavelengths was exploited to determine the binding 

capability of the carboxylic acid present in Dox Polymer to guanidine groups on metformin and 

C16-Met (Figure 11B). Dox Polymer was combined with increasing amounts of metformin or C16-

Met, and the absorbance spectra was measured across a wavelength range of 300-700nm. Data 

was compared to Dox Polymer combined with increasing amounts of solvent (1:1 Water:DMSO) 

as a control. OD values measured at 545nm (approaching the point of equilibrium) were plotted 

against the change in Dox Polymer concentration due to the addition of increasing metformin, C16-

Met or solvent volumes. The rate at which the Dox Polymer – metformin and Dox Polymer – C16-

Met absorbance spectra reaches the point of equilibrium was slower than the control. Additionally, 

Dox Polymer – metformin and Dox Polymer – C16-Met did not absorb as much light compared to 

control, suggesting metformin and C16-Met are indirectly altering doxorubicin absorption (Figure 

11C). Taken altogether, the data suggests that both metformin and C16-Met are binding to Dox 

Polymer. Since this determination is difficult to model with the cisplatin polymers (CBTA and 

PIMA Polymers) that create available carboxylic acids, it is assumed the binding capability is 

translatable to these polymers as well. 
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Figure 11. Dox Polymer – metformin binding. (A) Schematic representation of available 

carboxylic acid (COOH) functional groups on CBTA, PIMA and Dox Polymers. COOH group 

highlighted by red circles. (B) Schematic representation of C16-Met hydrogen bonding with the 

available carboxylic acid on Dox Polymer. Hydrogen bonds are denoted by dotted lines. Hydrogen 

bonding event is highlighted by the red circle. (C) Suggested bonding of metformin and C16-Met 

to Dox Polymer. Dox polymer concentration was measured at 545nm, approaching the point of 

equilibrium, when combined with either metformin, C16-Met, or solvent control (1:1 

DMSO:Water). Simple linear regression analysis was performed revealing the following equations 

for met, C16-Met and DMSO:Water, respectively: y=-0.1864x + 0.5380, y=-0.1197x + 0.4711 and 

y=-0.3818x + 0.6746 (n=1). 
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3.3 Cisplatin, metformin, and olaparib combinations display synergy in various ovarian 

cancer cell lines 

 To determine cell viability following single agent treatment with cisplatin and olaparib and 

various combinations between the two for 72 hours, MTT assays were performed. Most 

combination treatments resulted in lower cell viability compared to either single agent across all 4 

cell lines (Figure 12). The data presented in figure 12 was inputted into either Synergy Finder or 

CompuSyn software to determine the synergistic ratio between cisplatin and olaparib across the 

four cell lines, SKOV-3, ID8;p53-/-;BRCA1-/-, A2780-S, and A2780-CP (Figure 13). Synergy 

Finder uses the HSA reference method to calculate synergy, in which a positive synergy score 

indicates a synergistic relationship. The identified concentration ranges for both cisplatin and 

olaparib that demonstrated synergy in combination were at the lower end, indicating a synergistic 

relationship can be achieved while minimizing the concentration of each drug (Figure 13A). 

CompuSyn uses the established Chou Talalay method for synergy calculation, in which CI values 

< 1 indicate synergy. The concentration ranges corresponding to CI<1 corroborate the data 

obtained from Synergy Finder (Figure 13B). 

The concentration ratio between cisplatin and metformin and between olaparib and 

metformin that demonstrated synergy in SKOV-3 cells were also identified using the same outlined 

methods (Figure 14). Altogether, the data suggests both dual drug combinations displayed synergy 

with specific concentration ranges. To determine the synergistic relationship between all three 

cisplatin, olaparib, and metformin in combination, a final synergy study was conducted and 

optimized to obtain concentration ranges demonstrating CI<1 calculated by CompuSyn software 

(Figure 15). Collectively, the presented synergy data helps guide the NP synthesis to ensure drug 

encapsulation maintains the identified synergistic concentration ratios.     
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Figure 12. Cell viability following single agent and combination treatment with cisplatin and 

olaparib. (A) SKOV-3 (n=1), (B) ID8 p53-/-; BRCA1-/- (n=2), (C) A2780-S (n=2), and (D) A2780-

CP (n=2) cell viability following treatment with cisplatin, olaparib and the two agents in 

combination for 72 hours plotted either against cisplatin concentration (top) or olaparib 

concentration (bottom). Data measured by MTT assays. Data presented as means  SEM. Cis, 

cisplatin; Ola, olaparib. 
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Figure 13. Synergistic ratios between cisplatin and olaparib across different ovarian cancer 

cell lines. MTT data was inputted into either (A) Synergy Finder or (B) CompuSyn to obtain 

synergy scores and combination index (CI) values, respectively for SKOV-3 (n=1), ID8 p53-/-; 

BRCA1-/- (n=2), A2780-S (n=2) and A2780-CP (n=2) cells. The synergy scores were calculated 

using the HSA reference model. CompuSyn calculates CI values using the Chou Talalay method. 

HSA, highest single agent. 
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Figure 14. Dual drug synergistic ratios in SKOV-3 cells. (A) Cell viability following treatment 

with cisplatin, metformin and the two agents in combination for 72 hours plotted either against 

cisplatin concentration (top) or metformin concentration (bottom) (n=1). (B) Cell viability 

following treatment with olaparib, metformin and the two agents in combination for 72 hours 

plotted either against olaparib concentration (top) or metformin concentration (bottom) (n=1). Data 

measured by MTT assays. Synergistic ratio of cisplatin and metformin shown by (C) Synergy 

Finder or (D) CompuSyn. Synergistic ratio of olaparib and metformin shown by (E) Synergy 

Finder or (F) CompuSyn. Data was obtained from MTT assays shown in (A) and (B) and inputted 

into either software (n=1). Cis, cisplatin; Met, metformin; Ola, olaparib. 
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Figure 15. Synergistic ratio between cisplatin, olaparib, and metformin across different 

ovarian cancer cell lines. MTT data was inputted into CompuSyn to obtain combination index 

(CI) values for SKOV-3, ID8 p53-/-; BRCA1-/-, A2780-S, and A2780-CP cells. CI<1 indicates 

synergy, whereas CI>1 represents antagonism (n=1). 
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3.4 Synthesis and characterization of cisplatin-olaparib-metformin PLGA-PEG NPs 

 From the developed cisplatin prodrug library, DTB Polymer and AA Polymer were selected 

to move forward for NP encapsulation given the dual-purpose potential of DTB Polymer. PLGA-

PEG was selected as the polymeric system due to its biodegradability and advantageous attributes, 

including desirable sizes and better drug encapsulation. PLGA-PEG NPs encapsulating cisplatin 

in the form of DTB or AA Polymer, olaparib, and/or metformin in the form of C16-Met or C6-Met 

were synthesized by self-assembly nanoprecipitation as described in section 2.6 (Figure 16A). The 

various NPs synthesized include, E-NP (Empty-NP), AA-NP, DTB-NP, Ola-NP, C16-Met-NP, C6-

Met-NP, DTB-Ola-NP, DTB-C16-Met-NP, Ola-C16-Met-NP, DTB-Ola-C16-Met-NP, and DTB-Ola-

C6-Met-NP. The uniform round morphology of DTB-Ola-C16-Met-NP (representative for all NPs) 

was confirmed by TEM images at 84.2k magnification (Figure 16B). Particle size (nm) and PDI 

of all NPs were measured using the dynamic light scattering technique (Figure 16C and D). The 

mean size and PDI between all NPs were fairly consistent, ranging between 85.4-125.6nm, and 

0.069-0.11, respectively. All values were considered ideal72,76,77. The surface potential of AA-NP, 

DTB-NP, DTB-Ola-C16-Met-NP, and E-NP were also determined using dynamic light scattering 

(Figure 16E). DTB-NP revealed a negative surface chemistry of -7.962.24 mV, while DTB-Ola-

C16-Met-NP displayed a near-neutral charge of 0.510.25 mV. Moreover, cisplatin and olaparib 

EE were measured by ICP-MS and HPLC, respectively (Figure 16F and G). DTB-Ola-C16-Met-

NP was shown to have the highest cisplatin EE of 30.313.54%, notably higher than DTB-Ola-

C6-Met-NP EE of 12.01%, although just measured once. The only difference between these two 

NPs is the hydrocarbon chain length of the metformin derivative, suggesting increased chain length 

fosters better cisplatin EE. Olaparib EE revealed broad variability between measurements, 

requiring further investigation. Nonetheless, the data suggests that both DTB Polymer and a 
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Figure 16. Synthesis and characterization of cisplatin-olaparib-metformin NPs. (A) Synthetic 

scheme of cisplatin polymer, olaparib, and metformin derivative loaded PLGA-PEG NPs by 

nanoprecipitation. Created with BioRender.com. (B) TEM image of DTB-Ola-C16-Met-NP at 

84.2k magnification. Scale bar: 50nm. (C) Particle size (nm) and (D) PDI of empty (E), single, 

dual, and triple drug NP formulations measured by dynamic light scattering (n=6,4,3,2 or 1). (E) 

Surface potential (mV) of AA-, DTB-, DTB-Ola-C16-Met-, and E-NP determined by dynamic light 

scattering (n=2 or 3). (F) Cisplatin EE in all cisplatin containing NPs quantified by ICP-MS (n=6,3 

or 1). (G) EE of olaparib in all olaparib containing NPs quantified by HPLC (n=1 or 2). Data 

presented as means  SEM. PLGA-PEG, poly lactic-co-glycolic acid-polyethylene glycol; NP, 

nanoparticle; TEM, transmission electron microscopy; PDI, polydispersity index; EE, 

encapsulation efficiency, ICP-MS, inductively coupled plasma mass spectrometry; HPLC, high 

pressure liquid chromatography. 
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metformin derivative are necessary for improving olaparib encapsulation. 

3.5 DTB-Ola-C16-Met- and E-NP are stable across temperature and FBS conditions 

 To assess long term storage stability of DTB-Ola-C16-Met- and E-NP at 4C, size and PDI 

measurements were made immediately after synthesis and again after 60 days of storage (Figure 

17A). Data revealed no significant change of either size or PDI, indicating long term storage does 

not alter these two NP characteristics. DTB-Ola-C16-Met- and E-NP size and PDI stability in 0, 5, 

or 10% FBS in water incubated at both 37C (Figure 17B) and 25C (Figure 17C) was evaluated 

as a representative model for NP transport in the bloodstream. Measurements were taken at 0-, 4-

, and 24-hour time points. Across the 24-hour time interval within each condition, there was no 

observable change in size (Figure 17B and C, left) or PDI (Figure 17B and C, right). As percent 

FBS increased, size trended downwards, whereas PDI gradually increased. Both NPs displayed 

the same stability trends irrespective of the starting size. Between temperature settings, PDI 

showed no difference, whereas NP size at each condition was slightly greater at 37C compared to 

measurements taken at 25C. Taken altogether, both NPs showed only modest changes in size 

across percent FBS, time, and temperature, demonstrating size stability in FBS across a period of 

24 hours. 

3.6 Cisplatin release from DTB-NP in response to pH stimuli 

 To understand the rate at which DTB-NP releases cisplatin from the NP and drug-polymer, 

drug release kinetics studies were performed using dialysis. Given the acidic nature of the tumor 

environment, dialysis membranes were prepared using 1x PBS adjusted to either neutral pH (7.4) 

or acidic pH (5.5), mimicking in vivo conditions, to determine the difference in drug release 

(Figure 18). PBS was collected over a period of 72 hours to measure cisplatin content by ICP-MS.   
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Figure 17. Size and PDI stability of DTB-Ola-C16-Met- and E-NP. (A) Particle size (nm) and 

PDI of DTB-, DTB-Ola-C16-Met-, and E-NP measured by dynamic light scattering immediately 

after synthesis (Day 0) and again after 60 days of storage at 4C. Data is presented as means  

SEM (n=3), *P<0.05 determined by paired t test. (B, C) Particle size (nm) and PDI stability of 

DTB-Ola-C16-Met- and E-NP following incubation at either (B) 37C or (C) 25C in 0, 5 and 10% 

FBS measured at 0, 4 and 24 hours. Data is presented as means  SEM (n=2). PDI, polydispersity 

index; NP, nanoparticle; FBS, fetal bovine serum. 
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Figure 18. Drug Release Kinetics of DTB-NP. Percent cisplatin released from DTB-NP into 1x 

PBS incubated at 37C at pH 7.4 compared to pH 5.5 measured across 72 hours by ICP-MS. 

Nonlinear regression analysis fitted to the data (n=1). PBS, phosphate buffered saline; ICP-MS, 

inductively coupled plasma mass spectrometry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 76 

Across the time interval, incubation at pH 5.5 conferred greater cisplatin release compared to 

dialysis at pH 7.4. Particularly, cisplatin release increased by approximately 20% at 72 hours.   

3.7 Cisplatin polymers induce DNA damage denoted by H2AX 

 The individual drug effects in the NP system were evaluated to ensure the contribution of 

all three to the overall therapeutic effect. Firstly, following pH-mediated PLGA-PEG breakdown, 

AA and DTB Polymer are reduced in the hypoxic environment of the cell105,106. The reduction 

reaction causes the conversion of cisplatin from Pt(IV) to Pt(II). It is Pt(II) that can become 

activated to form DNA adducts (Figure 19A). To assess DNA damage induced by cisplatin, 

H2AX was examined following treatment with DTB-, AA-, DTB-Ola-C16-Met- and E-NP for 24 

hours in SKOV-3 cells. We observed a similar increase in median fluorescence intensity of the 

second peak following both AA- and DTB-NP treatment, compared to E-NP (Figure 19B). The 

second peak is believed to be caused by pronounced DNA damage induced by cisplatin, whereas 

the first observable peak is suggested to correspond to physiological DNA damage levels. 

Additionally, there was a greater observed shift in the second peak toward higher intensity 

following DTB-Ola-C16-Met-NP treatment (Figure 19C). Although it was only a modest increase 

compared to E-NP, the cisplatin concentration corresponding to cisplatin within the DTB Polymer 

in the DTB-Ola-C16-Met-NP (0.25µM) was 32-fold lower than the cisplatin concentration of AA-

NP, DTB-NP, and cisplatin control (8µM). A higher concentration could not be assessed since 

toxicity was too high.   

3.8 Olaparib induces PARP and caspase-3 cleavage upon NP release 

To validate pharmacological activity of encapsulated olaparib, SKOV-3 cells were first 

treated with olaparib, Ola-, DTB-Ola-C16-Met- and E-NP for 72 hours. Cleaved PARP and caspase-

3 expression were observed by western blot analysis (Figure 20). Preliminary results suggest 
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Figure 19. Cisplatin polymers induce DNA damage in SKOV-3 cells. (A) Schematic 

representation of DTB-Ola-C16-Met-NP and DTB Polymer break down releasing cisplatin, which 

can then form DNA adducts. Ser139 on Histone 2AX becomes phosphorylated following adjacent 

DNA damage which is tagged with a FITC-IgG antibody. Created with BioRender.com. (B) 

Representative flow cytometry histogram of 1 of the 2 biological replicates of FITC-tagged 

H2AX induced by cisplatin in SKOV-3 cells (left) and MFI (right) following E-NP, 8M cisplatin, 

8M DTB-NP and 8M AA-NP treatment for 24 hours. (C) Representative flow cytometry 

histogram of FITC-tagged H2AX induced by cisplatin in SKOV-3 cells (left) and MFI (right) 

following E-NP, 8M cisplatin, 8M DTB-NP or 0.25M DTB-Ola-C16-Met-NP treatment for 24 

hours. Data is presented as means  SEM (n=2). H2AX, phosphorylated H2AX; MFI, median 

fluorescence intensity. 
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Figure 20. Validation of olaparib-induced PARP cleavage after NP release. (A) Schematic 

representation of DTB-Ola-C16-Met-NP break down releasing olaparib to undergo its mechanism 

of action. Olaparib inhibits PARP preventing SSB repair of cisplatin induced DNA damage. PARP 

inhibition coupled with mutated BRCA DSB repair causes synthetic lethality, leading to cell death. 

Created with BioRender.com. (B) Western blot of PARP1 and caspase 3 and their cleaved 

counterparts in SKOV-3 cells after Ola-, DTB-Ola-C16-Met-, and E-NP treatment for 72 hours. (C) 

Quantification of relative cleaved PARP1/PARP1 and cleaved caspase 3/caspase 3 ratios. Data 

normalized to No Tx control, which is set to 1. Data analyzed by Fiji (n=1). PARP, poly-ADP 

ribose polymerase; SSB, single strand break; BRCA, Breast Cancer gene; DSB, double strand 

break; Ola, olaparib; DMSO, dimethyl sulfoxide; NP, nanoparticle; Tx, treatment.  
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PARP and caspase-3 cleaved products are more abundant following DTB-Ola-C16-Met-NP 

treatment compared to Ola- and E-NP. However, further studies are required to validate the data. 

3.9 C16-Met and C6-Met derivatives can activate AMPK 

 To ensure the two metformin derivatives, C16-Met and C6-Met, retain the same 

pharmacological effect as pure metformin, western blot analysis was conducted in SKOV-3 cells 

following treatment with free C16-Met and C6-Met (0.0001-1M) for 24 hours (Figure 21). 

Phenformin was used as a positive control instead of metformin, given metformin’s potential non-

consistent cell entry through the OCT1 transporter. In contrast, phenformin does not require OCT1 

for cellular uptake, as is predicted for C16-Met and C6-Met when delivered unencapsulated57. We 

observed a concentration dependent increase in pAMPK expression induced by both derivatives 

when treated freely, without encapsulation in the NP. However, a drop in pAMPK was noticed at 

the highest concentration (1M). Moreover, although phosphorylation increased with 

concentration, relative pAMPK/AMPK expression was lower than the no treatment control 

following C6-Met treatment. Only when a concentration of 0.01M was reached, did the ratio 

increase above the control. 

3.10 Preliminary cytotoxicity 

 Lastly, preliminary cytotoxicity following treatment with AA-, DTB-, and DTB-Ola-C16-

Met-NPs was observed in SKOV-3 cells (Figure 22). However, there was no observed drastic cell 

death following NP treatments. 
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Figure 21. C16-Met and C6-Met derivatives activate AMPK in SKOV-3 cells. (A) Schematic 

representation of either free C16-Met or C6-Met derivative proposed mechanism of action. The 

metformin derivative inhibits respiratory complex chain I, thereby increasing the ratio of ADP and 

AMP to ATP, leading to AMPK activation, inhibition of mTOR and ultimately increased autophagy 

and decreased cell proliferation. The dotted box shows the step in the pathway for which has been 

blotted in (B) and (C). Created with BioRender.com. (B) Western blot of phosphorylated AMPK 

(pAMPK) in SKOV-3 cells after C16-Met (top) and C6-Met (bottom) treatment for 24 hours. 

Phenformin was used as a positive control. (C) Quantification of relative pAMPK/AMPK ratio of 

the blot directly to the left. Data normalized to No Tx control, which is set to 1. Data analyzed by 

Fiji (n=1). AMPK, AMP-activated protein kinase; mTOR, mammalian target of rapamycin; Phen, 

phenformin; Tx, treatment. 
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Figure 22. Cytotoxicity of AA-, DTB- and DTB-Ola-C16-Met-NPs in SKOV-3 cells. SKOV-3 

cells were treated with (A) free AA polymer and AA-NP and (B) free DTB polymer and DTB-NP, 

free cisplatin, and E-NP for 72h. Cisplatin concentration in each treatment was 100nM. Data is 

presented as means ± SEM (n=3 or 2). (C) SKOV-3 cell viability following treatment with E-, AA-

, DTB-, and DTB-Ola-C16-Met-NP for 72h, with dosing every 24 hours (n=1). Cisplatin 

concentration in each treatment was 100nM. Viability was measured by MTT assays. Treatments 

were normalized to No tx (treatment) control cells. 
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4.0 Discussion 

4.1 Overview 

 Ovarian cancer is the most fatal gynecological cancer amongst women1. Cytoreductive 

surgery and platinum-based chemotherapy remain the standard treatment regimen for patients. 

However, chemotherapy resistance, particularly cisplatin resistance, and systemic distribution 

limit treatment effectiveness and tolerability1,5. There are a multitude of cisplatin resistance 

mechanisms that either prevent DNA adduct formation or prevent apoptosis after DNA adduct 

formation. Namely, PARP-mediated DNA repair is well established as a mechanism of cisplatin 

resistance in ovarian cancer34. Olaparib is a small molecule drug in clinical use that inhibits PARP 

preventing single strand break repair of cisplatin-induced damage. More pronounced effects are 

observed when this combination is used in BRCA-mutated ovarian cancer, or more broadly ovarian 

cancer with any homologous recombination mutation, since synthetic lethality is achieved49. 

Several strategies have been explored to overcome resistance by using combination therapy 

approaches with olaparib or different targeting drugs47,63. Particularly, metformin has garnered 

attention for its anticancer effects by indirectly inhibiting mTOR, thereby altering metabolism 

toward a catabolic state to ultimately cause autophagy58,60. Improvements to combination therapy 

using NP delivery systems have also been investigated for preventing off target effects. 

Nanotechnology offers several advantages, including improved drug pharmacokinetic profiles, 

synergy maintenance, less toxicity, and tumor accumulation65. Several studies have explored 

cisplatin, olaparib or metformin encapsulation using different NP platforms with desirable results 

favouring the use of a NP96–99. Nonetheless, current research efforts are still required to improve 

therapeutic outcome. Here, we sought to develop a novel NP-based therapy encapsulating a 
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cisplatin polymer prodrug, olaparib, and a metformin derivative in a single nanocarrier for a triple 

therapeutic effect for ovarian cancer treatment.    

4.2 Cisplatin, doxorubicin, and metformin prodrug/derivative validation 

 We first synthesized a library of polymer and small molecule cisplatin prodrugs for 

increased encapsulation inside the hydrophobic core of PLGA-PEG NPs, following similar 

synthesis procedures found in the literature16,82. We have successfully synthesized 7 different 

cisplatin prodrugs demonstrated by NMR and mass spectrometry data (Figures 4-7). Each 

compound was synthesized with a different intended purpose based on the functional groups found 

in the linker reagent, such as a disulfide bond for GSH scavenging or carboxylic acid for hydrogen 

bonding. Firstly, the hydrogen bond between carboxylic acid groups with guanidine groups, 

specifically found on metformin, is well established in the literature107,108. To test the hydrogen 

bonding capability, Dox Polymer was synthesized (Figure 8) to exploit the doxorubicin 

absorbance. Our results suggest that both metformin and C16-Met can hydrogen bond to Dox 

Polymer due to the slower rate approaching equilibrium when compared to the solvent control 

(Figure 11). Although this finding requires further investigation for confirmation, it aligns with 

absorbance data shown in the literature to model hydrogen bonding109. This model is difficult to 

assess with cisplatin, given its lack of absorbance, therefore it was assumed the same binding 

property is seen in CBTA and PIMA Polymer since they both possess the same carboxylic 

functional group.     

 Previous studies in the literature have also targeted GSH-mediated deactivation and efflux 

of cisplatin by combining a disulfide bond component to the NP delivery system27,92,93. 

Researchers showed an increase in cisplatin release when these GSH-responsive NPs were 

incubated with increasing concentrations up to 10mM GSH. Additionally, studies also revealed 
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decreased GSH/GSSG levels in cisplatin-sensitive and cisplatin-resistant A2780 cells27,92,93. Taken 

together, these studies confirm incorporating disulfide bonds into NP design can target GSH, 

diminishing availability for cisplatin deactivation. Here we synthesized a cisplatin polymer, DTB 

Polymer, in which the disulfide bond was found in the linker moiety connecting cisplatin units 

together. Although we did not observe the results seen in the literature with our experimental 

conditions (data not shown), the GSH scavenging potential of our DTB Polymer could still be 

proven using different methods. It is possible the slow rate of PLGA-PEG degradation, afforded 

by the high molecular weight of PLGA (50 kDa), prevents full access of DTB Polymer to GSH in 

the 72-hour period used here, causing an unnoticeable difference in cisplatin release or GSH/GSSG 

levels compared to AA-NP110. Additionally, both DTB and AA Polymer molecular weight could 

not be confirmed due to the inability of polymer dissolution into tetrahydrofuran for measurement 

by gel permeation chromatography. Alternative methods to determine polymer size were attempted 

but were unsuccessful. A potential difference in DTB versus AA Polymer size could potentially 

result in different rates of reduction, thereby altering cisplatin release. For example, if there is a 

variable size difference between the polymers and the size of AA Polymer favours a faster rate of 

reduction, then it cannot be an adequate control for determining GSH-mediated cisplatin release 

from DTB Polymer111,112. 

 In addition to the cisplatin and doxorubicin prodrugs, we also synthesized 2 metformin 

derivatives to increase hydrophobicity for better encapsulation efficiency. Structure and purity 

were confirmed by NMR and mass spectrometry (Figures 9 and 10). Unlike cisplatin and 

doxorubicin prodrugs, in which we used cisplatin and doxorubicin as the starting reagents, the 

metformin derivatives were synthesized using dicyandiamide and an amine compound given the 

requirement for reactive functional groups, which are absent on metformin. The 2 derivatives have 
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varying hydrocarbon chain lengths offering different levels of hydrophobicity. However, the 

encapsulation efficiency of the 2 derivatives inside our PLGA-PEG system remain undetermined. 

Further HPLC studies are required to determine which metformin derivative confers better 

encapsulation. 

4.3 Drug synergy permits lower concentrations 

 To ensure the proposed drug combination displays synergy in different ovarian cancer cells, 

MTT assays were first performed followed by data analysis using synergy software, CompuSyn 

and Synergy Finder. All possible drug combinations were assessed using the unmodified version 

of each agent. Results demonstrate a range of concentrations for each drug that display synergy 

when in combination (Figures 12-15). Here our focus was to determine synergistic concentrations 

between cisplatin, olaparib, and metformin in order to achieve sufficient cytotoxicity while 

minimizing concentrations that normally result in severe side effects. Variable cisplatin IC50 

values have been reported in the literature following treatment for 72 hours in SKOV-3 cells, 

ranging from around 4-26 M113,114. Our results suggest we can achieve roughly 50% inhibition 

using much lower concentrations of cisplatin when combined with olaparib and/or metformin. 

Altogether, the data provided guidance for NP synthesis to ensure drug encapsulation maintains 

the synergistic ratio for later use in cytotoxicity studies with NP treatments. 

4.4 Assessment of NP parameters 

 After numerous rounds of optimization, final PLGA-PEG NP formulations encapsulating 

either AA or DTB Polymer, olaparib and/or C16-Met or C6-Met were established based on 

parameters including morphology, size, PDI, surface charge and EE (Figure 16). All size and PDI 

values obtained are in accordance with literature values considered as ideal72,76,77. More 

specifically, across all NP formulations, the size ranged from 85.4-125.6nm, suitable for cellular 
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uptake and escape from glomerular filtration and immune recognition72,76,77. Additionally, the PDI 

of each NP was <0.2, indicative of a narrow size distribution despite multidrug encapsulation and 

multiple components/polymer systems. Additionally, both cisplatin and olaparib EE were assessed 

using ICP-MS and HPLC, respectively. Given the large distribution across olaparib EE 

measurements within the same NP formulation, further analysis is required.    

 NP administration occurs intravenously in the clinic. A key factor that can affect the 

biodistribution and cellular uptake of NPs is the adsorption of serum proteins forming a protein 

corona on the surface of the NP during transport79. Although the impact of the protein corona on 

cellular entry is not fully understood, it has been proposed to affect size-dependent uptake79,115. 

Here we performed a preliminary study to assess size and PDI stability of both DTB-Ola-C16-Met- 

and E-NP when incubated with up to 10% FBS for a period of 24 hours (Figure 17). FBS was used 

as a representation of blood serum. Results showed only slight changes in size with increasing 

FBS and across time, measured at both physiological (37C) and room (25C) temperature, 

suggesting NP size is stable in solutions with up to 10% FBS. However, PDI positively correlated 

with increasing FBS. It is possible that protein sizes are also contributing to the measurement, 

thereby inadvertently expanding the size distribution of NPs. 

 To evaluate cisplatin release kinetics, DTB-NP was dialysed in PBS calibrated to pH 7.4 

compared to pH 5.5 (Figure 18). Dialysis performed at pH 5.5 conferred a faster rate of cisplatin 

release. Although only performed once, the data aligns with the literature, in which the ester bonds 

found in PLGA are less stable and more readily degradable at pH 5.591. To confirm the rate of 

cisplatin release is not impacted by the release of olaparib and metformin, drug release kinetic 

studies using DTB-Ola-C16-Met-NP, measuring the release rate of all 3, needs to be evaluated.  

4.5 In vitro NP treatments  
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Given the 3-in-1 design of our final NP system, we tested individual drug effects to confirm 

cisplatin, olaparib, and metformin contribution to cytotoxicity. We showed cisplatin-induced DNA 

damage measured by H2AX, validating the reduction of cisplatin prodrugs, DTB and AA 

Polymer, to active cisplatin (Figure 19). More notably, treatment with DTB-Ola-C16-Met-NP 

resulted in a slightly increased MFI compared to DTB-NP treatment. The cisplatin concentration 

of DTB-Ola-C16-Met-NP was also 0.25M compared to DTB-NP and cisplatin treatment of 8M, 

suggesting the synergistic relationship between all three drugs confers a substantial reduction in 

concentration that achieves maximal effect. In the future, this finding should be validated using 

alternative methods, such as immunofluorescent staining of the NP system alongside H2AX16. 

Preliminary results also revealed PARP and caspase-3 cleavage following both Ola- and DTB-Ola-

C16-Met-NP treatment by western blot analysis (Figure 20). To validate the contribution and 

pharmacological activity of the metformin derivatives, conditions were first optimized with free 

C16-Met and C6-Met treatments. We showed a concentration-dependent increase of pAMPK, 

suggesting both derivatives behave like metformin, in which pharmacological activity is assessed 

by AMPK activation (Figure 21). Concentrations of both derivatives that resulted in pAMPK were 

much lower than the positive control phenformin, suggesting both C16-Met and C6-Met have a 

higher potency. Higher concentrations of either C16-Met or C6-Met could not be tested as they were 

too toxic to the cells. Further validation of AMPK activation by NP delivery of the metformin 

derivatives is required. 

Finally, preliminary cytotoxicity results following treatment with DTB-, AA-, and DTB-

Ola-C16-Met-NPs in SKOV-3 cells were obtained from MTT assays (Figure 22). However, results 

did not demonstrate high cytotoxicity. It is important to note that cisplatin concentrations used in 

these studies (100nM) are greatly below reported IC50 values113,114. The 100nM cisplatin 
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concentration was chosen based on the synergy findings. Since the formulated NP follows a 3-in-

1 design, the individual drug concentrations cannot be adjusted without altering the others. 

Therefore, careful optimization is required to ensure final encapsulated concentrations maintain 

the synergistic ratio, otherwise the desired combinatorial effect will not be observed. Further 

studies need to be conducted to determine final encapsulated olaparib and metformin 

concentrations to confirm they are within the concentration range that is synergistic with 100nM 

cisplatin, the chosen concentration for the presented cytotoxicity studies. If results indicate 

otherwise, NP synthesis adjustments should be made. All things considered, it is possible that the 

current DTB-Ola-C16-Met-NP lacks synergy, preventing low cisplatin concentration from reaching 

a more maximal effect. Although the 3-in-1 approach has constraints on drug concentration 

adjustments, the advantage of this strategy as opposed to three separate NPs dosed together, is 

vehicle homogeneity65. The slightest difference in any parameter (size, surface charge, 

morphology, for example) between three separate NPs could alter the uniform in vitro and in vivo 

behaviour, including distribution, serum protein interaction, and cellular uptake65. Optimizing only 

one NP system ensures identical pharmacokinetics for all three drugs.  

Additionally, as evidenced by the cisplatin release studies, only about 65% of cisplatin can 

contribute to cytotoxicity at pH 5.5 after 72-hours. Therefore, dosing modifications should also be 

considered to ensure the desired concentration is obtained when 65% of cisplatin is released rather 

than 100%. Lastly, the 72-hour time frame used for all cytotoxicity studies may not be sufficient 

to observe substantial cell death. Our DNA damage, PARP cleavage, and pAMPK expression data 

does provide supporting evidence that cytotoxicity from DTB-Ola-C16-Met-NP should be 

attainable; however, this may only be possible with longer treatment times. 

4.6 Future directions 
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Since the initial purpose of these studies was to determine proof of concept, all experiments 

were performed in SKOV-3 cells, a common cell line to broadly study ovarian cancer. Future 

studies should be conducted in ID8;p53-/-;BRCA1-/- and cisplatin-sensitive (A2780-S) versus 

cisplatin-resistant (A2780-CP) cells to validate DTB-Ola-C16-Met-NP efficacy at inducing 

synthetic lethality and targeting resistant cells, respectively.   

 Moreover, DTB-Ola-C16-Met-NP biodistribution and tumor-inhibiting efficacy should be 

evaluated using in vivo models. Specifically, mice bearing orthotopic tumors provides the most 

clinically relevant model116. Biodistribution of fluorescently tagged NPs can be assessed using In 

Vivo Imaging System to confirm preferential distribution to the tumor as opposed to common 

organs targeted by free drug, including liver, spleen, heart, and kidney117. Tumor volume and 

weight measurements will help determine tumor burden post treatment.     

 Finally, the synthesized cisplatin prodrug library fosters future exploration of diverse NP 

synthesis. Although additional studies are required to understand the full potential of DTB and AA 

Polymer, the focus of this project, NPs encapsulating CBTA versus PIMA Polymer should also be 

evaluated. The higher cisplatin content measured in these polymers, 27% and 40% respectively, 

increases the attractiveness for further studies.   
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5.0 Conclusion 

 Ovarian cancer affects approximately 3000 Canadian women every year2. However, 

response to treatment remains limited due to chemotherapy resistance and systemic toxicities. 

Here, we sought to develop a novel nanotherapeutic-based combinatorial treatment involving 

cisplatin, olaparib, and metformin. We successfully synthesized a library of cisplatin prodrugs and 

metformin derivatives to ensure adequate encapsulation inside PLGA-PEG NP hydrophobic core. 

Our synergy findings demonstrated that all three agents operate synergistically when combined at 

certain concentrations. PLGA-PEG NPs encapsulating AA or DTB Polymer, olaparib, and/or C16-

Met or C6-Met were formulated while considering the identified synergistic ratio. Final 

formulations were optimized according to morphology, size, PDI, surface charge, and EE. 

However, additional efforts are required to solidify olaparib and metformin EE. Nonetheless, using 

the presented formulations, individual drug effects were demonstrated. DNA damage induced by 

cisplatin from encapsulated AA or DTB Polymer was shown by using H2AX flow cytometry 

assays. Additionally, we revealed preliminary evidence of PARP and caspase-3 cleavage as well 

as pAMPK expression caused by encapsulated olaparib and free C16-Met or C6-Met, respectively, 

by western blot analysis. Finally, further research should focus to improve in vitro DTB-Ola-C16-

Met-NP cytotoxicity.   
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