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Abstract 

Glioblastoma multiforme is a malignant and aggressive form of glioma arising from an 

astrocytic lineage, commonly found in CNS with grade IV malignancy, accounting for 80% of 

all malignant primary brain tumors. GBM is a type IV glioma characterized by its 

dedifferentiated, angiogenic, multiforme structure, making it more lethal. Moreover, multistep 

tumorigenesis of the malignancy of the glial cells accounts for nearly 90% of GBM IDH-wild 

type cases, and the remaining 10% is developed from the progression of low-grade astrocytoma 

or oligodendrogliomas, forming secondary glioblastoma. GBM is considered to be highly 

lethal, with a median survival rate of up to ~15 months; even after completion of the treatment, 

only ~25% of patients survive for more than 24 months after diagnosis. Currently, the standard-

of-care treatment of GBM involves the administration of Temozolomide (TMZ) as a 

chemotherapeutic adjuvant alongside debulking surgery and radiotherapy. Despite intensive 

treatment, the average survival of GBM-affected patients remains around 50-65 weeks. This 

could be attributed due to the short half-life (1.8 h), rapid pH-dependent hydrolysis, and speedy 

clearance, resulting in a minimal amount of TMZ reaching the brain in the effective form, 

resulting in lesser accumulation in the brain, eventually causing the development of resistance 

and sub-therapeutic outcomes. In order to achieve the therapeutic effect, high doses of TMZ 

are given, resulting in dose-dependent toxicities. However, several molecules have been tested 

alongside TMZ to determine their efficacy in treating gliomas. These molecules include mTOR 

inhibitors, such as rapamycin (RAP), temsirolimus, and ridaforolimus. These rapalogues 

(especially RAP) mainly inhibit mTORC1 activity, which remains upregulated in tumor growth 

and progression. RAP is primarily known for effectively blocking the PI3K/Akt/mTOR 

pathway (causes activation of tumor suppressor genes), low therapeutic window, and good 

organ distribution. Nevertheless, the molecule still lacks the clinical translation for glioma 

therapy. This could be mainly ascribed due to the low solubility, bioavailability (~15%), poor 

pharmacokinetic behavior, and off-target effects, making it more challenging for its 

deployment in the treatment of GBM. Although both the molecules, including TMZ and RAP, 

demonstrate the antitumor action against the GBM differently. When administered together, 

both compounds can work synergistically to strengthen the effectiveness of the treatment, 

specifically by overcoming the development of resistance and inhibiting the downstream 

pathway of tumor survival and progression. This thesis primarily focuses on developing and 

evaluating a nanocarrier system that can efficiently deliver the dual payloads TMZ and RAP 

across the blood-brain barrier/blood-brain tumor barrier (BBB/BBTB) to the site of action in 
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the intact form. The synthesized copolymers were prepared and characterized thoroughly using 

UV and NMR spectroscopy. 

In Chapter 1, we discussed the debilitating GBM disease with current treatment strategies 

and possible barriers that hinder the treatment phase. Thereafter, we thoroughly discussed the 

advanced therapeutic strategies to overcome the barriers. We have also covered the non-viral-

based nanomaterials for dual drug delivery in treating GBM. 

In Chapter 2, the analytical method was developed and validated using the ultraviolet-

visible (UV-Vis) spectroscopy and HPLC-UV-based method, followed by UPLC-MS/MS-

based bioanalytical method development and validation of RAP, TMZ and its metabolites. 

Initially, a simple UV-based analytical method was developed for temozolomide hydrazide 

(TMZ-H) to quantitate the drug molecule in the polymeric conjugate of temozolomide. The 

calibration curve was prepared, ranging from 0.62 to 40 µg/ml, with a regression coefficient of 

1. The method was validated on UV-Vis spectroscopy as per the ICH guidelines. Thereafter, an 

HPLC-UV-based analytical method for rapamycin, temozolomide (TMZ), and its derivatives 

(TMZ-A, TMZ-BOC, TMZ-H, AIC) were developed and validated per the ICH guidelines. The 

calibration curve was prepared for all the analytes in the mobile phase ranging from 0.390 to 

200 µg/ml with a regression coefficient of >0.999. The developed method was then utilized to 

determine the interferences and purity of the analytes. After that, a UPLC-MS/MS-based 

bioanalytical method was developed ranging from 0.976 ng/ml to 1000 ng/ml for RAP, TMZ, 

TMZ-A, TMZ-H, and AIC in whole blood as a biological matrix. Tacrolimus was used as an 

internal standard for all the analytes. The developed method exhibited a linearity for all the 

analytes with a regression coefficient of >0.99 and was later validated as per the ICH 

bioanalytical guidelines. The developed and validated method will be used to determine the in 

vivo pharmacokinetics in C6-glioma-bearing animals.  

In Chapter 3, the work was started with the synthesis of an amphiphilic polycarbonate 

copolymer, mPEG-b-P(CB-{g-COOH}, with carboxyl pendant groups in a multistep reaction, 

wherein MBC carbonate monomer was co-polymerized with mPEG as macroinitiator using 

ring-opening polymerization with mPEG as macroinitiator to yield mPEG-b-P(CB) copolymer. 

The protective benzylic pendant was removed using catalytic hydrogenation to obtain the 

mPEG-b-P(CB-{g-COOH}. Simultaneously, the TMZ-hydrazide derivative was synthesized 

using a multistep reaction. Briefly, TMZ was converted to TMZ acid, then reacted with t-butyl 

carbazate to form TMZ-Boc-protected hydrazine, followed by cleavage of Boc using saturated 
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dioxane-HCl to afford unprotected TMZ hydrazide. After that, TMZ hydrazide derivative was 

reacted to mPEG-b-P(CB-{g-COOH} copolymer using EDC/HOBt coupling to obtain a series 

of polymer conjugate of TMZ (mPEG-b-P(CB-{g-COOH; g-TMZn}), with 20, 40, and 60 units 

of TMZ grafted to the polycarbonate backbone group exhibiting drug loading capacity of 

16.8%, 28.8%, and 37.99% w/w, respectively. Out of which, mPEG-b-P(CB-{g-COOH; g-

TMZ40} with 40 units of TMZ attached demonstrated pH-dependent change in particle size, i.e., 

the size of nanoparticles was found to reduce as the pH increased from pH 5.0 to pH 7.4 ranging 

from 207.2 to 90.9 nm, with stability half-life of 5.88 h compared to 1.8 h of free TMZ under 

physiological conditions (37 °C; pH 7.4). Though conjugating TMZ with polycarbonate has 

overcome the limitations associated with TMZ, there is still a lot of scope for further 

improvement in the stability and delivery of the molecule. 

In Chapter 4, In order to improve the TMZ stability, we synthesised polyester-based 

mPEG-PLA polymer using ring-opening polymerization of DL-lactide and mPEG as 

macroinitiator in the presence of tin(II) ethylhexanoate as a catalyst. The polymer was then 

purified and characterized using 1H NMR spectroscopy, indicating an average molecular 

weight of ~10 KDa with ~70 units of lactic acid. The polymer was then used to prepare polymer 

hybrid TMZ nanoconjugates composed of a mixture of mPEG-b-P(CB-{g-COOH; g-TMZ40} 

and mPEG-PLA using the thin film hydration method. The resulting hybrid TMZ polymer 

nanoconjugates (Hybrid TMZ NCs) exhibited better particles of 105.7 nm with a loading 

capacity of up to 21.6% w/w. Interestingly, the resulting Hybrid TMZ NCs showed a marked 

improvement in the half-life up to ~194 h compared to 1.8 h free TMZ and improved colloidal 

stability for over 7 days under physiological conditions (37 °C; pH 7.4). The Hybrid TMZ NCs 

showed enhanced cellular uptake efficiency up to 74% and 79% in C6 and U87MG glioma 

cells that resulted in an IC50 of Hybrid TMZ NCs at ~645 and 866 µM compared to 1125 and 

738 µM for free TMZ in C6 and U87MG glioma cells, respectively. Moreover, the Hybrid 

TMZ NCs demonstrated improved apoptosis rate up to 27.6% and 42.75% compared to 15.5% 

and 21.33% free TMZ in C6 and U87MG glioma cells, respectively. After confirming the in 

vitro potential, the Hybrid TMZ NCs were evaluated in vivo potential in a C6 cells-induced 

orthotropic syngeneic glioma model in Sprague Dawley rats. In vivo administration of Hybrid 

TMZ NCs has demonstrated an improvement in the antitumor outcome compared to the free 

TMZ, with a significant improvement in the brain weight, hemispherical width ratio, improved 

overall survival of rats, better biocompatibility, and reduced drug-dependent organ toxicities.  



Abstract 
 

xxi 
 

Chapter 5 extensively studies TMZ and RAP as combinational therapeutics, especially 

focusing on their delivery across the BBB/BBTB for treating gliomas. Therefore, the Hybrid 

TMZ NCs were coloaded with mTOR inhibitor RAP and targeted with cRGD peptide using 

thin film hydration method and maleimide-thiol coupling, respectively, to improve its in vivo 

efficiency. The dual payload carrying cRGD-targeted hybrid TMZ NCs (cRGD-Hybrid TMZ/R 

NCs) showed a particle size and surface zeta potential of 141.83 ± 10.05 nm and -0.168 ± 0.03 

mV, respectively. The cRGD-Hybrid TMZ/R NCs have demonstrated better cellular uptake 

efficiency, resulting in improved cellular toxicity and apoptotic potential against C6 and 

U87MG glioma cells. Upon confirming the in vitro potential, we established and validated the 

C6-cells-induced syngeneic orthotropic glioma model in Sprague Dawley rats. Subsequently, 

the effect of the cRGD-Hybrid TMZ/R NCs was evaluated in tumor-bearing animals, wherein 

the tumor burden was found to be reduced with improved survival of rats. The histopathological 

toxicity analysis of major organs also indicated no significant signs of toxicity in the heart, 

liver, lungs, kidney, and spleen, demonstrating the biocompatibility of the developed cRGD-

Hybrid TMZ/R nanoconjugates. Simultaneously, the pharmacokinetic study was performed in 

C6-glioma-bearing animals, indicating reduced circulation half-life and volume of distribution 

and improved the Cmax, AUC, and clearance of RAP, post-treatment with cRGD-Hybrid TMZ/R 

NCs. Further, in vivo tissue bio-distribution was performed in C6-glioma-bearing rats, where 

the cRGD-Hybrid TMZ/R NCs exhibited an intense signal in tumor-bearing brain and liver at 

6 h of administration, indicating the beneficial outcome of cRGD peptide functionalization 

with improved BBB permeability.  

 Overall, we have developed and evaluated cRGD-Hybrid TMZ/R NCs for their in vitro 

and in vivo delivery of TMZ and RAP as dual payload across the BBB/BBTB for anti-glioma 

activity. Such therapeutic strategies offer a promising avenue in addressing a wide range of 

diseases, potentially transforming the landscape of brain tumor therapeutics. 
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1.1. Introduction 

Cancer is considered a deadly and debilitating disease, primarily characterized by 

abnormal cell growth with an ability to invade adjoining tissues, organs, and other parts of the 

body. According to the WHO Globocan report, around 18.1 million new cases of cancer were 

reported in 2018 out of which 9.6 million cancer patients died. Also, as per 5-year global cancer 

prevalence data, a total of 43.8 million have cancer, out of which 17.38 million people are 

Asian [1,2], highlighting the unmet medical attention required for cancer management and 

treatment. Among neurological cancers, glioblastoma multiforme (GBM) is a common brain 

malignancy with a significant increase in incidences per year. According to the central brain 

tumor registry of the United States (CBTRUS) statistical report, the average incidence rate of 

GBM is 3.22 per 100,000 cases and is profoundly seen higher in a patient with hereditary tumor 

syndromes like turcot and li-fraumeni syndrome [3,4]. GBM is a heterogeneous type of 

malignancy, usually known as astrocytoma, that arises from neoplastic glial cells and is 

considered one of the most lethal forms of brain cancer [5]. Unlike other tumors, GBM only 

invades the exposed organ but does not undergo metastasis. It is usually located in the frontal, 

temporal-parietal, and occipital lobes of the brain, with higher incidence rates in frontal and 

multiple lobes with overlapping tumors, and very rarely located in the spinal cord [3]. 

The current treatment for GBM includes tumor resection, with concomitant radiation 

therapy and chemotherapy. Despite intensive treatment, the average survival of GBM-affected 

patients remains around 50-65 weeks [6]. The reason behind the cases of tumor relapse is not 

clearly known; however, it could be attributed to the physiological barrier, the effect of drug 

action on tumor cells, and the development of resistance. During the treatment phase, access 

of most of the drugs to the target site is altered because of physiological barriers, including a 

blood-brain barrier (BBB) and blood-brain tumor barrier (BBTB), which they must cross after 

the systemic administration [7]. BBB is characterized by the monolayered, tightly packed 

epithelial cells preventing the entry of foreign or non-permissive substances. Whereas, BBTB 

constitutes the existing and newly formed components that are mainly responsible for the 

nutrient and oxygen delivery to the glioma cells [8]. Temozolomide, an alkylating agent, is 

currently used as the primary chemotherapeutic agent for GBM treatment [9]. TMZ was 

initially described in the year 2005 for GBM treatment with the aid of radiotherapy, wherein, 

the median survival rate of patients treated with TMZ was increased to 26.5% from 10.4% with 

radiotherapy alone [10]. TMZ is mainly marketed as Temodal capsules with 5-250 mg of TMZ 

given orally five days per week for four weeks and in vials (with 100 mg TMZ) for intravenous 
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injection. It is known to prevent G2/M transition that ultimately leads to the initiation of cellular 

apoptosis and shows cytotoxicity via methylation of guanine at the O-6 site, resulting in the 

addition of thymine in place of cytosine and further resulting in cell death. Concomitant therapy 

using both Temodal and radiation has improved the overall median survival by 2.5 months in 

newly diagnosed adult GBM patients as compared to those treated with radiation alone, but the 

major problem with the TMZ and radiotherapy is the tumoral relapse resulting from drug 

resistance. TMZ resistance is primarily ascribed to different DNA repair mechanisms, 

especially via the O-6-methylguanine-DNA methyltransferase (MGMT) enzyme. MGMT acts 

by reversing the TMZ effect by removing the methyl attached to the O-6 of guanine residue, 

thereby leading to the failure of therapy [11]. Hence, the lower cellular concentration of 

MGMT is directly correlated with higher sensitivity towards TMZ treatment [12]. To resolve 

this issue, developing efficient strategies is required that can directly circumvent the resistance 

mechanisms and effectively target GBM at the molecular level. In order to develop an efficient 

system, it is necessary to understand the pathophysiology of GBM vis-à-vis properties of 

therapeutic molecule/s. 

1.2. Glioblastoma multiforme: Epidemiology, Etiology, and Pathophysiology 

Glioblastoma multiforme is a malignant and aggressive form of glioma of an astrocytic 

lineage that is commonly found in CNS with grade IV malignancy and accounts for 80% of all 

malignant primary brain tumors. According to WHO standards of classification, gliomas are 

classified into four grades (I to IV) based on the extent of malignancy of the tumor. Grade I 

and II depict low-grade tumors with low proliferative potential, while grade III and grade IV 

tumors are comparatively malignant, dedifferentiated, aggressive, and lethal [13]. Moreover, 

multistep tumorigenesis of the malignancy of the glial cells accounts for nearly 90% of GBM 

IDH-wild type cases, and the remaining 10% is developed from the progression of low-grade 

astrocytoma or oligodendrogliomas, forming secondary glioblastoma. The development of 

secondary glioblastoma is comparatively slower and can take around 4-5 years to develop, 

while primary glioblastoma usually takes around three months with nearly negligible diagnosis 

[14,15]. The standard treatment for GBM includes surgical removal of the tumor, wherein 

>95% of the cancer can be removed, followed by chemotherapy and radiotherapy. In a 

randomized clinical trial, patients treated with TMZ adjuvant with radiotherapy exhibited 

improvement in median survival rate to 14.6 months compared to 12.1 months with 

radiotherapy alone. In addition, 2-year progression-free survival was found to be improved up 

to 10.7% with TMZ plus radiotherapy compared to 1.5% in the radiotherapy alone [10]. Despite 
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the fact that advanced multimodal therapy, including surgical resection, radiotherapy, and 

chemotherapy, the overall prognosis and survival are still limited in GBM patients. Further, the 

associated decline in neurological function leads to a hampered quality of life for the patients 

and their families [16,17].  

1.2.1. Epidemiology 

Central nervous system (CNS) tumor cases have been estimated globally in multiple age 

groups, including children, adults, and aged individuals, with an estimation of 7-11 cases per 

1 million. In a Global Burden of Disease study, CNS cancer incidence was found to be around 

330,000 cases, with a significantly higher death rate of 227,000 cases worldwide. Besides, 7.7 

million CNS cancer patients have been estimated to suffer from disability-adjusted life-years 

due to the severity of brain damage. Global age-standardized incidence rates have also 

increased by 17.3% between the year 1990 to 2016, with a rate of 4.63 cases per 100,000 

individuals  [18,19]. According to Globocan (WHO), brain and CNS-related cancers were 

newly diagnosed in 308,102 cases, accounting for 1.6% cases of all cancers, and 251,329 deaths 

were reported worldwide in 2020 (© International agency for research on cancer 2024) both in 

males and females, including all age brackets. The 5-year prevalence data also indicates the 

majority of cases are prevalent in Asians, with 435,532 cases with a total count of 837,152 

individuals worldwide. Furthermore, demographic data indicates that the majority (54.2%) of 

incidences and deaths were observed in Asians, followed by the European population [20]. By 

2040, the incidence rate is expected to rise to 435,000 individuals. The worldwide Age-

standardized incidences rates were observed to be higher in males compared to females, with 

3.9 to 3.4 cases per 100,000 individuals, respectively. In the U.S. alone, all brain and CNS-

related tumors with 17th position account for 24,538 new cases. Moreover, it has accounted for 

3% and 18,133 deaths, acquiring the 9th rank in the list [21]. Wherein primary GBM is 

uncommon in children and grows rapidly with the average patient age of 62 years, the incidence 

increases till the 75-84 years and decreases after 85 years, with an annual age-adjusted 

incidence of 5.6 compared with 3.5 per 100,000 individuals. The mean patient's age for 

secondary GBM is 45 years and is commonly found in children and adults [3,22]. In a hospital-

based clinico-epidemiology cancer profiling, a total of 1450 glioma cases were analyzed with 

a mean age of 39 years, wherein glioma was more prevalent in the male population, up to 

66.6%. Out of 1450 cases, 41.4% of cases were of high-grade glioma (glioblastoma) followed 

by astrocytoma (22.8%), pilocytic astrocytoma (6.2%), and oligodendroglioma (4.5%) [23]. 
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1.2.2. Etiology  

The complete etiology of GBM has not been fully discovered by the scientific 

community, as no specific underlying reason for the occurrence of GBM can be identified. To 

date, few risk factors have been identified responsible for the development of glioblastoma. 

Exposing ionizing radiation is the only strongest and validated risk factor; more than 100 cases 

of glioblastoma have been diagnosed from radiation exposure with an overall risk of 2.5%. 

Also, the high-dose of radiotherapy and chemotherapy for treatment of the cancers are found 

to have a positive correlation in the development of intracranial tumors. The patients treated 

for acute lymphoid leukemia with radiotherapy and antimetabolite chemotherapeutic agents 

were more inclined to the incidence of GBM [24,25]. In retrospective cohort data, patients 

treated with radiation have demonstrated intensified risk of cancer in various groups. For 

instance, exposure to ionizing radiation due to the atomic bomb explosion in Hiroshima and 

Nagasaki resulted in increased incidences of all cancers, including gliomas. Furthermore, 

several other factors, including exposure to chemical carcinogens like pesticides, 

organochlorides, alkylureas, vinyl chlorides, N-nitroso compounds, aspartame, etc., are 

suspected to increase the risk of cancer [13,26–28]. While in a meta-analysis study, patients 

suffering from asthma and other allergenic conditions have shown an inverse association with 

the development of GBM due to activation of immune surveillance mechanisms [29]. 

Furthermore, the genetic predisposition syndromes are found to be associated with 5-10% of 

the cases associated with the development of glioblastoma, including Li–Fraumeni syndrome, 

Cowden's disease, and neurofibromatosis Turcot's syndrome and multiple hamartomas, 

providing strong, suitable candidates for understanding the possible underlying cause and 

molecular pathway in GBM [3,27]. Han et al. reported a supporting relationship between the 

head trauma and the development of glioma, describing the trauma as a cocarcinogen in the 

presence of initiating carcinogen [30]. Besides, the role of retroviruses and herpesviruses have 

been studied extensively in inducing gliomas in experimental models, suggesting a potential 

association between the gliomas and the viral onco-modulation in tumor malignancy [31].  

1.2.3. Pathophysiology 

Based on the histopathological evaluation, GBM cells are poorly differentiated cells with 

neoplasmic properties, characterized by pseudo-palisading foci, nuclear hyperchromasia, 

increased angiogenesis, mitotic activity, thrombosis, cellular and nuclear atypia, and reduced 

apoptosis, resulting in abnormal proliferation, growth, and survival of GBM cells. The most 
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frequent location of occurrence of GBM is in the Supratentorial region (95% of cases), with 

tumor incidences in frontal, temporal, and parietal lobes [32], followed by the cerebellum, brain 

stem, and spinal cord [33]. According to WHO based classification, GBM is subdivided as per 

the histopathological criteria wherein, Grade I tumor or juvenile pilocytic astrocytoma is 

characterized by benign and slow-growing tumor, Grade II or anaplastic astrocytoma is 

characterized by increased cellularity with minimal necrosis, Grade III tumor or anaplastic 

astrocytoma shows tumor hypercellularity, poorly differentiated, mitosis with a high rate of 

reoccurrence, and Grade IV tumor or glioblastoma is a highly deadly form of tumor possess a 

high rate of hypercellularity, minimal cellular differentiation, angiogenesis, and necrosis, 

disrupting BBB and forms a cystic and gelatinous region in the brain. GBM can be identified 

macroscopically with a characteristic feature of the development of gross appearance in the 

white matter of brain tissue. In a few cases, a portion of affected tissue appears to be necrotic 

or yellowish, while some of the tumor tissue appears to show angiogenesis and hemorrhage 

[13]. The tumor can be observed as an individual large, irregular-shaped lesion arising in the 

white matter that can be perceived as anaplastic astrocytoma, demonstrating the tumor 

heterogeneity, ranging from poorly differentiating cells to highly differentiated cells with their 

angiogenic, invading, proliferation, and survival feature.  

The development of tumor may occasionally develop symptoms, mainly because of the 

site of the tumor, tissue necrosis, and increased intracranial pressure, resulting in the 

development of seizures (could be focal, partial, complex, or generalized seizures), cognitive, 

hearing, and visual impairment, gait disfigurement, headaches, etc.; which is usually be 

mistaken for the stroke [34]. Due to tumor heterogeneity, disruption in the brain 

microenvironment (BME) causes reduced tight junction proteins, loss of pericytes, and 

astrocytic protection, exhibiting an increased permeability and distribution of foreign 

substances to the BME. Furthermore, the presence of leaky, fenestrated, and damaged 

lymphatic vessels in GBM attributes to the accumulation of metabolic and waste proteins, 

resulting in the formation of edema [35]. Likewise, using contrast-enhanced MRI, glioma-

bearing mice depicted enhanced vasculature leakage in the BME that demonstrated the 

formation of brain edema. Furthermore, the outflow of CSF was also found to be significantly 

reduced in glioma-bearing mice, depicting the damage in the lymphatic drainage in glioma 

cases [36]. 

Based on the severity and clinical evaluation, GBM is classified into primary and 

secondary glioblastoma. Primary glioblastoma or de novo grade IV glioblastoma develops into 
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undifferentiated tumor cells without prominent evidence directly from a malignant precursor 

or stem cell. Molecular and gene alterations in primary glioblastoma usually includes alteration 

in epidermal growth factor receptor (EGFR), Phosphatase and Tensin homolog (PTEN), 

Telomerase Reverse Transcriptase (TERT), Mouse Double Minute 2 (MDM2), deletion of p16, 

and Loss of heterozygosity (LOH) at chromosome 10q, etc. Secondary GBM develops from 

lower-grade astrocytoma, which eventually mutates to higher-grade tumors via distinct 

molecular pathways, including isocitrate dehydrogenase 1 and 2 (IDH1/2), TP53 gene, platelet-

derived growth factor receptor A (PDGFRA/α), Retinoblastoma (R.B.), and Loss of 

heterozygosity (LOH) at 17p, 19q, and 10q, Alpha Thalassemia/Mental Retardation Syndrome 

X-linked (ATRX) [13,17,37–39]. The development of glioblastoma eventually results in 

alteration in the endothelial tight junctions of the blood-brain barrier (BBB), leading to an 

increased moment of molecules, blood-borne factors, and pathogens to the brain, causing 

cerebral malfunctions [40]. Currently going advancements in pathological techniques have 

attributed the correlation between the molecular downstream pathways with their clinical 

outcome. For instance, in a clinical high-grade glioma cohort population-based study, patients 

with grade III and IV glioma were evaluated for their genetic pathology. Wherein, involvement 

of MGMT promoter methylation, 1p19q co-deletion, IDH1 mutation, and ATRX loss was 

observed in HGG. Further, the prominent association of MGMT promoter methylation was 

found to be associated with improved overall survival and could be served as a prognostic 

marker in HGGs [41]. Other multiple factors, including PDGFR, Crk, p130CAS, HEF1 c-Met, 

HIF-α, etc., are also found to be pathologically active in the promotion of glioma survival, 

migration, and invasion [42]. 

1.3. Barrier in therapeutic delivery: The Blood-Brain Barrier 

Understanding the brain microcellular environment is pivotal to design the new 

therapeutic approaches for GBM treatment. CNS barrier micro-environment is majorly 

composed of three components that include epithelia of choroid plexus, sub-arachnoid 

epithelium and blood-brain barrier (BBB). The BBB is a highly specialized structural and 

functional barrier, characterized by very low permeability, low pinocytosis, lacking 

fenestration and higher compartmental resistance across the blood and brain. It comprises of a 

group of different types of cells, including astrocytes, microglial cells, pericytes, and brain 

endothelium, performing different series of functions as a well-organized single neurovascular 

unit. Though the BBB provides strength to the CNS, it also serves several other roles including 

the exchange of essential nutrients with metabolic waste, maintaining ionic regulation through 
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Figure 1.1. Overview of the biological barriers for brain delivery 
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selective ion transporters, circumventing crosstalk between the brain and peripheral 

neuroactive agents [43–45]. The presence of tight and adherent junctions of BBB restricts the 

movement of active drug molecules through the paracellular route across the endothelial layer 

and facilitates the movement viz. transcellular route [46]. Thus, BBB is responsible for aiding 

homeostasis and protection of the brain microcellular environment, maintaining the healthy 

status of the brain (Figure 1.1).  

The blood-brain barrier (BBB) plays a vital role in filtering the blood components and 

other blood-mediated infections, critical for the normal functioning of the central nervous 

system and the homeostasis of the brain microenvironment. It is found in all organisms having 

well-developed CNS comprises multiple cellular and extracellular components such as 

endothelial cells, pericytes, astrocytes, and extracellular matrix [47]. The presence of claudins, 

occludin, junction adhesion, and cytoplasmic accessory proteins are the building blocks of the 

blood-brain barrier [48], forming tight junctions that primarily impede the paracellular 

diffusion and exhibit a low degree of transcytosis from blood to brain. In addition, cellular 

components, including astrocytes, pericytes, and endothelial cells, work together as a single 

neovascular unit and release several vasoactive adhering proteins that help in the regulation of 

vascular tension, expression of tight junction proteins, transport enzymes, and proteins [49,50]. 

Such a dense network of barriers facilitates the endothelial cells to regulate the brain 

homeostasis, neuronal functions and protects the brain by imparting the combination of 

physical, transport, and the metabolic barrier between the blood and brain compartment, thus 

creating a high paracellular resistance for pathogens, injury, molecules, proteins, inflammatory 

markers, neuro-active molecules, extracellular ligands, and other blood-borne components. 

The BBB properties are not stringently fixed; rather, it remains dynamic, which can be 

physiologically and pathologically regulated by the manifestation in the endothelial cell. 

However, in GBM, dysfunction of the BBB results in the impairment in the tight endothelial 

junctions, resulting in the loss of BBB characteristics, including damage in tight junctions, 

depletion of adhesin proteins (tenascin, agrin claudin, occludin), increased vessel permeability, 

endothelial fenestrations, pericytic detachment, and alteration in the extracellular matrix and 

thus termed as blood-brain tumor barrier (BBTB) [51,52]. The loss in the BBB integrity causes 

the development of several other complications such as stroke, neuroinflammatory shock, 

edema, altered neuronal signaling, immune cell infiltration, eventually leading to neuronal 

dysregulation or degeneration. The hypercellularity and neoangiogenesis behavior of 

glioblastoma deals in the alteration in the integrity of tight junctions, endothelial fenestrations, 
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perivascular space, and other components of the neovascular unit of BBB. Also, the glioma 

cell growth degenerates the vascular system and reduces vascular perfusion resulting in the 

secretion of hypoxia-related angiogenesis factors like VEGF, BFGF, IL-8, etc. Such growth 

factors stimulate neovascularisation and form different types of blood vessels, characterized by 

modulation in tight junctions and ECM [52,53]. Wherein, type I vessels depict the nominal 

agrin and claudin expression, type II and III exhibit either lowered or loss of expression of 

tenascin and claudin ECM. The type IV vessels showed complete loss of agrin and tight 

junctions of BBB, resulting in leaky blood vessels. Furthermore, dysfunction in BBB related 

ECM can be correlated with other extracellular enzymes like matrix metalloproteinase-3, 

matrix metalloproteinase-9, matrix metalloproteinase-12, cathepsin B, plasminogen activator, 

and scatter factor/ hepatocyte growth factor (SF/HGF) [54,55], which are found to be 

upregulated in proliferating glioma cells. Interestingly, upregulation in MMPs, TIMPs, and 

other proteases imparted parallel degradation in BBB integrity via degradation of BBB ECM 

growth factors, cleavage of basal laminal proteins, and remodeling of ECM, causing initiation, 

growth, survival, and angiogenesis of glioma cells [55]. For the effective treatment of cancer, 

an active moiety must be able to penetrate the barriers present alongside the tumor, including 

blood-borne barrier (pH, enzymes, ions, immune system), blood-brain barrier (pericytes, basal 

membrane, tight junctions), blood-brain tumor barrier (pH, tumor defense system), and tumor 

cell penetration (cellular uptake, efflux system, endosomal degradation). The aforementioned 

factors play a vital role directly or indirectly behind the poor delivery and treatment within the 

tumor. Nearly 100% of macromolecules and 98% of neurotherapeutics are not able to permeate 

through the presence of stringent BBB/BBTB [45,52,56]. The physiochemical properties of a 

molecule are as highly important as it allows the molecule to penetrate the barriers involved in 

the delivery to tumor cells. For instance, according to the Lipinski rule of 5, the drug can be 

said to be poorly absorbed when it has a molecular weight of greater than 500 Da, log p of >5, 

carrying more than 5 hydrogen bond donors, >10 hydrogen bond acceptor, and except 

biological transporters dependent substrates. In conclusion, size, lipophilicity, polar surface 

area, charge, plasma protein interaction, rotatable bond count, an affinity for uptake, and efflux 

of the molecule, provide a better idea in the delivery of molecules across the BBB [56,57]. 

Multiple approaches have been developed to deliver the molecule to the tumor tissue, viz., 

bypassing the physiochemical, cellular, and molecular barriers of BBB/BBTB. The 

chemotherapeutics otherwise are unable to cross the intact BBB, but they partially can cross 

the BBTB due to the EPR effect. Thus, the permeation through the disrupted BBTB does not 
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ensure the complete accumulation near the tumor site, resulting in the mortified efficiency of 

chemotherapeutics in GBM therapy [52,56] (Figure 1.1). 

BBB also plays a vital role in maintaining a stable microenvironment in the neural 

parenchyma located in the endothelial cells, limiting the paracellular movement of hydrophilic 

molecules viz. tight junctions (T.J.) and low degree of transcytosis, which is a part of 

transcellular transport. Small lipophilic compounds, can transcellularly diffuse through the 

BBB, involving the transportation of molecules through a non-saturable and non-competitive 

mechanism. In contrast, hydrophilic molecules do not cross through passively mediated 

transcellular transport; rather, they follow passively mediated paracellular transport. However, 

the passage of such molecules is quite limited due to the presence of tight junctions. BBB is 

known for its dynamic interaction with the brain microenvironment and further responds 

according to the needs of the brain. Depending upon the requirement and affinity of molecules, 

polar molecules like amino acids, nucleoside, peptide, vitamin and glucose, are transported to 

the brain viz. carrier-mediated active transport while large-bulky peptides and proteins like 

insulin, cytokines, transferrin and other large peptides are facilitated through receptor-mediated 

endocytosis by binding to a specific surface receptor on membrane accompanied with 

endocytosis [21,22] (Figure 1.2). 

Presence of physiological and electrostatic barriers for the transport, another form of 

barrier is also formed by the cell, which is generally known as a metabolic barrier. Several 

intracellular and extracellular enzymes like nuclease, peptidase, monoamine oxidase and other 

hepatic enzymes are responsible for the formation of such barriers. These barriers manage the 

conversion of the active substance into less permeable products, leading to a reduction in the 

passage through the BBB [21]. In GBM, morphological changes tend to occur in the BBB that 

leads to an increase in neurovascular permeability and drug uptake. In a study conducted by 

cheng and co-workers, it was found that gancyclovir eliminates the pericytes that result in 

disruption and inhibition of tumor vessels and its growth [3]. Due to the changes in BBB, 

pericytes (GBM derived cells) start to detach, leading to an alteration in the extracellular matrix 

(ECM) that could be correlated to the changes occurring in the ECM components of GBM 

vessels. Several ECM molecules, like agrin and tenascin, can be analyzed in certain tissues 

with certain characteristic properties such as barrier like activity, cell adhesion, proliferation, 

migration of astrocytes, etc. Other studies also suggest that maintenance of BBB is actively 

done by agrin and its down-regulation may lead to an increase in BBB permeability [23].
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Figure 1.2. Blood–brain barrier and blood–brain tumor barrier 
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1.4. Current Treatment strategy 

The conventional treatment of GBM primarily involves chemotherapy with DNA 

alkylating agent (TMZ) prior to debulking surgery and radiotherapy, mainly to improve the 

survival of the patient. The outcome of the surgical resection of the tumor is limited due to the 

heterogeneity and tumor infiltration to the neighboring tissue, rendering the treatment to limited 

scope. Therefore, coupling surgical resection with TMZ chemotherapy and radiotherapy is 

required for the destruction of tumors, even a minimal number of residual tumors can result in 

tumor relapse [58,59].   

The treatment of newly diagnosed GBM patients initiates with the debulking surgery, 

wherein the neurosurgeon obtains the tissue for diagnosis, followed by the surgical reduction 

of tumor cells and hypoxic core of the tumor, which is comparatively resistant to external radio-

chemotherapy. The surgical removal of each tumor is individual specific depending upon tumor 

shape, size, location, nature (diffused or distinct, benign or malignant), etc. [60,61]. Certain 

advancements in image-guided surgical techniques such as cortical mapping, intraoperative 

fluorescence imaging, MRI, and stereotactic surgery have reduced the tumor burden 

significantly by removal of a portion of the brain, but the meaningful removal of deep-located 

tumor tissue is still debatable, requiring additional treatment approaches [62,63].Hence, the 

debulking process is coupled with both individual radiotherapy and chemotherapy. Radiation 

therapy (X-ray, gamma, protons energy), in additional to the surgical resection, has provided 

local control to the tumoral tissue, which is evident by the randomized clinical trial exhibiting 

the patients given 50-60 Gy of radiation has significantly improved the median survival to 36 

weeks compared to 14 weeks without radiation therapy. Additionally, the extent of the intensity 

of the radiation impacts the tumoral cell death. As proven by the study, treatment with radiation 

less than 60Gy has shown poor outcomes in the patients [60,64]. On the other hand, the higher 

doses of radiation also affect the neighboring healthy cells adjoining the tumor cells. However, 

the determination of radiation intensity mainly depends on the extent of the tumor growth and 

nature. Although radiotherapy has shown improvement in patient survival, still continuous 

treatment with radiotherapy also imparts the development of resistance in the tumor cells, thus 

making it more difficult to treat [60]. To overcome certain limitations associated, 

chemotherapy is given as an adjuvant treatment to tumor-bearing patients. For instance, TMZ 

is considered the gold-standard chemotherapeutic agent with debulking surgery and 

radiotherapy [59,65]. TMZ is the most widely used chemotherapeutic agent for the GBM, viz., 

alkylating the DNA base pair, causing cell cycle arrest and apoptosis. Several other FDA-
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approved DNA alkylating drugs have been used to treat the gliomas, namely, carmustine 

(BCNU), lomustine (CCNU), Bevacizumab, Gliadel® wafers, etc. [58]. Nevertheless, the 

treatment fails, mainly due to the enzyme alkyl guanine transferase (AGT) via reversing the 

alkylation of DNA, rendering the treatment nullified. However, the breakthrough was reported 

by Stupp et. al. in 2005, wherein TMZ was used as a chemotherapeutic agent as an adjuvant 

therapy with surgical resection followed by radiotherapy. The results indicated significant 

improvement in the 2-year survival rate up to 26.5% compared to the radiotherapy alone [10]. 

Gilbert et al. 2002 studied the effect of TMZ in patients in adjuvant to radiotherapy in newly 

diagnosed GBM and observed a good response rate of 39% and a short median overall survival 

of 13.2 months [66]. Furthermore, surgical resection with radiotherapy and chemotherapy also 

improved the two-year survival of 26.5 percent compared to the 10.4% radiotherapy alone [10]. 

Mineo et al. reported that treatment with temozolomide with surgery and radiotherapy 

significantly improved the median survival of 19 months compared to the 16 months with other 

chemotherapeutic agents [67]. Later on, studies have also shown no improvement in the overall 

survival of the patients after treatment with the TMZ. This observation could be attributed due 

to the overexpression of MGMT-dependent development of resistance in patients due to 

negative promoter methylation status or wild-type glioma IDH expression, causing tumor 

relapse [60,62,63,68]. However, to overcome the limitations with TMZ alone, the patients were 

treated in combination with second-line chemotherapeutics against glioma. Likewise, In a pilot 

phase II trial, patients with grade IV malignant glioma were treated with TMZ + bevacizumab, 

TMZ+ sorafenib showed an overall survival of 16.3 and 12 months, respectively [69,70]. In 

another phase 2 open-label, multicenter clinical trial was evaluated in patients with surgical 

resection, followed by radiation therapy with TMZ and Bevacizumab showed complete 

response up to 22.5% of patients with progression-free survival and overall survival of 0.96 

and 1.68 years [71]. In a single-arm phase 2 non-randomized clinical trial, the combination of 

Erlotinib plus Sirolimus showed median progression and overall survival of 6.9 and 33.8 weeks 

[72]. In phase 2 open-label interventional trials, the combination of albumin-bound rapamycin 

(nab-rapamycin) was evaluated with various drugs in combination, including nab-sirolimus+ 

temozolomide, nab-sirolimus+ bevacizumab, nab-sirolimus+ lomustine, nab-sirolimus+ 

marizomib, nab-sirolimus+ TMZ+ radiotherapy for the treatment of high-grade, recurrent 

glioma and newly diagnosed glioblastoma. Whereas, treatment with nab-rapamycin + TMZ 

showed better median progression-free survival and overall survival of 11.7 and 13.8 months 

compared to the other treatment combination [73]. Furthermore, prior treatment with mTOR 

inhibitor everolimus with surgery exhibited marked improvement in the progression-free 
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survival of 25.9 weeks compared to surgery alone [74]. Despite the conventional treatment 

approaches and multimodal diagnostic techniques, the conventional treatment only leads to 

nominal improvement in the patient's overall survival, making room for advancements in the 

clinical strategies to treat GBM by overcoming the existing limitations.  

1.4.1. Temozolomide (TMZ): background, mechanism of action and limitations 

It is a small molecule (molecular weight: 194 Da) belonging to the imidazotetrazine class, 

known for its potent monofunctional DNA alkylating properties for treating gliomas. TMZ was 

initially developed by the Aston University of Great Britain in the early 1980s, later being 

utilized for its antitumor activity. TMZ is marketed as Temodar® (US) and Temodal® 

(Europe) in the form of capsules and powder for intravenous infusion. After being launched 

for its anticancer properties, the drug became the biggest-selling blockbuster drug, with sales 

of more than $1 billion in 2008 [58,75]. It is a prodrug that remains stable under acidic 

conditions allowing for oral absorption, but when it comes in contact with alkaline or 

physiological pH (i.e. above 7), it spontaneously undergoes breakdown into 5-(3-

methyltriazen-1-yl)-imidazole-4-carboxamide (MTIC) followed by liberation of 5-

aminoimidazole-4-carboxamide (AIC) and highly reactive methyldiazonium carbocation. The 

active moiety of carbocation acts as an electrophile and causes methylation to susceptible sites 

of DNA, especially at O6-methylguanine (O6-MG), N7-methylguanine (N7-MG), and N3-

methyladenine (N3-MA), resulting in mismatching of base pairs and DNA double-strand break, 

causing cell cycle arrest and eventually cell death (Figure 1.3). TMZ is administered orally and 

poses an oral bioavailability of >95%, with a half-life of 1.8 h. The pharmacokinetic 

parameters, such as clearance and volume of distribution, also correspond to 17 L/m2 and 0.4 

L/kg, respectively, with Cmax reaching within 60 min after oral administration. TMZ is also 

known to cross the blood-brain barrier in limited quantity as only <1% of the administered dose 

reaches the brain, making the dose insufficient to reach the brain. Thus, TMZ is administered 

at a higher dose equivalent to >150 mg/m2/day to maintain the therapeutic dose in the brain. 

The higher administered doses of TMZ into the systemic circulation also impart the off-target 

effects due to its non-specific DNA binding, especially onto the hematopoietic lineage, causing 

dose-dependent toxicities including grade 3 or grade 4 hematological toxic effects such as 

leukopenia, neutropenia, thrombocytopenia, and anemia [58].  

Although TMZ has shown improvement in the treatment of glioma, still the curable 

therapeutic outcome is far from being achieved. It could be attributed to the limiting 
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physiochemical properties (short half-life, rapid degradation, and fast clearance) and the 

development of resistance, resulting in poor prognosis. Additionally, the development of TMZ-

based resistance is mainly due to the repair mechanism pathways, namely, MGMT-dependent 

direct repair, mismatch repair, base excision repair, etc. MGMT (O6-Alkylguanine-DNA 

alkyltransferase) present in the cell is responsible for the repair mechanism, viz. removal of 

methyl, ethyl, hydroxyethyl, etc. groups on the DNA susceptible sites (O6-methylguanine (O6-

MG), N7-methylguanine (N7-MG), and N3-methyladenine (N3-MA) [58] (Figure 1.3). MGMT 

is a small protein of 22KDa that is present in normal cells and protects the cells from 

carcinogens, but it is overexpressed in cancer cells up to 300 folds compared to the normal 

cells, and a positive correlation has been observed in MGMR expression, and resistance 

development. Similarly, the mismatch repair recognizes and corrects the mismatched bases and 

plays a vital role in maintaining the corrective measures during replication. Base excision repair 

aids in the removal and repair of damaged nucleotides, DNA strand breaks, and sites generated 

by TMZ and other treatment processes [76].  

1.4.2. Rapamycin: background, mechanism of action, and limitations 

Rapamycin (a.k.a. sirolimus) is a macrocyclic lactone molecule isolated from the bacteria 

Streptomyces hygroscopicus, with a potent multifunctional activity including antimicrobial, 

immunosuppressant, and antitumor activity. Rapamycin is mainly used as an 

immunosuppressant to block allograft rejection during transplantation [77]. It is given in 

combination with other agents, such as prednisone and cyclosporine, to reduce organ rejection 

in cardiac and renal transplants [78]. Later on, due to its common downstream pathway with 

cancer, the drug has been explored for its antitumor activity in various cancers, namely, cancers 

of glioma, breast, prostate, ovarian, skin, etc. It primarily acts by inhibiting the mammalian 

target of rapamycin (mTOR), which regulates protein and glucose homeostasis. mTOR is 

directly correlated with the activation of the PI3K/Akt downstream pathway which is 

particularly important for the cancer cells for their survival, replication, and angiogenesis. Once 

the receptor tyrosine kinase is activated by certain cytokines namely, VEGF, EGFR, PDGFR, 

etc, it leads to the activation of PI3 kinases, causes the production of PIP3 and other 

downstream effectors, resulting in phosphorylation of Akt and eventually activates the mTOR 

components (mTOC1, Raptor complex) [79,80]. The activation of mTOR plays a critical role 

in the progression and synthesis of proteins, nucleic acids, and cell cycle progression from late 

G1 to S phase. Rapamycin directly binds to the active site of mTOR and blocks its functions, 

resulting in the inhibition of protein and nucleotide synthesis, cell cycle arrest at the late G1 
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phase, and autophagy stimulation [81] (Figure 1.3). Similarly, several clinical trials have 

reported the role of autophagy and mTOR modulators in the treatment of cancers [73,82,83]. 

Deployment of sirolimus has provided proof-of-principle in clinical settings, however, it 

imparts off-target toxicities, including leucopenia, thrombocytopenia, renal, cardiac 

impairment, hyperlipidemia, etc, rendering the treatment with limited scope. The 

pharmacokinetics of rapamycin is still the limiting factor for the delivery across the tumor site 

with systemic bioavailability of ~14% and a half-life of 60-80 h. The distribution of rapamycin 

has shown significant partitioning towards the red blood cells, plasma, and lymphocytes 

equivalent to ~95%, 3%, and 1%, respectively, resulting in a blood-to-plasma ratio of ~35-37. 

The volume of distribution and clearance of the rapamycin was observed to be 12-20 L/Kg and 

173 ml/h/Kg with >90% of the drug bound to the albumin protein, making it less bioavailable 

to the target tissue (FDA Approved Drug Products: RAPAMUNE (sirolimus) for oral use [84]. 

Additionally, the undergoes an extensive liver and intestinal metabolism, giving out various 

hydroxylated and demethylated byproducts (34-hydroxy sirolimus, 39-O-demethyl sirolimus, 

12-hydroxy sirolimus, and 34-hydroxy sirolimus) with pharmacological efficacy several folds 

lesser than the intact molecule rapamycin [85–88]. Therefore, due to its challenging structure 

and physiochemical behavior of the molecule, the protection of the drug molecule and ensuring 

the delivery to the target site of action is need of an hour to fully harness the potential of the 

molecule in combating glioma.  

1.4.3. TMZ and mTOR inhibitor combination to treat glioma 

TMZ is considered a drug of choice for the treatment of GBM, which can cross the BBB 

and target the tumor tissue, causing DNA methylation and cell cycle arrest at the G2/M phase 

and eventually resulting in cell apoptosis and autophagy [58]. While Rapamycin demonstrates 

its anti-glioma action, viz. alteration in the common downstream pathway including 

PI3K/Akt/mTOR, eventually leading to inhibition of protein, nucleic acid, and other 

proliferative components. Thus causing cell cycle arrest at G1 phase and cell tumor cell death 

[81].  

Both molecules, including TMZ and RAP, demonstrate the antitumor action against the 

GBM differently, i.e., TMZ exhibits its action viz. DNA alkylation while RAP shows its action, 

viz. inhibition of multiple downstream proliferative pathways (PI3K/Akt/mTOR) involved in  
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Figure 1.3. Overview of temozolomide (TMZ) and mTOR inhibitor-rapamycin (RAP) in glioma 
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tumor survival and growth. When administered together, both compounds work synergistically 

to strengthen the effectiveness of the treatment outcome, specifically by overcoming the 

development of resistance. Nevertheless, the TMZ and RAP combination carry ample 

advantages over the conventional treatment; still, the outcome of therapy is nominal. It is 

mainly observed due to the different physiochemical properties of the drug, including the TMZ 

being a hydrophilic molecule with a solubility of 5 mg/ml and high permeability. At the same 

time, rapamycin is considered to be highly hydrophobic with log p of >5, solubility of 0.00173 

mg/ml, and less permeable across the biological membrane, making it highly challenging to 

cross the BBB and deliver simultaneously to the target site of action [58,89] (Figure 1.3).  

Overall, the strategic deployment of the drug combination (TMZ and RAP) could be a 

potential approach in cancer therapeutics, particularly for GBM. However, the physiochemical 

constraints of these molecules hinder the utilization of their full potential. Therefore, devising 

an innovative delivery approach that can co-deliver TMZ and RAP could mitigate their 

drawbacks and play a pivotal role in unlocking the full therapeutic potential against the GBM. 

1.5. Nanotechnology based delivery strategies 

Nanotechnology especially nanomaterials, has shown significant advancements in the 

field of medicine. The concept of nanomaterial was initiated in the mid-20th century by 

Jatzkewitz till then major improvement has been observed in nanotechnology in terms of 

safety, efficacy, biocompatibility, and patient compliance for the delivery of molecules to the 

targeted site [90]. In the past 2 decades, the healthcare industry has shown highlighted interest 

in the design and development of the nanocarrier for the delivery of payloads (aka nano drugs). 

Owing to its nanomaterials, multiple critical attributes (such as structure, size, composition, 

surface charge, etc.) are involved in delivering the payload to the target site of action with 

minimal off-target effects. Both organic (polymeric, lipidic) and inorganic (gold, silica, 

metallic) materials have been used to develop the nano drugs that showed advantages, 

including targeted delivery, improved stability, biocompatibility, low off-target effects, 

biodegradability, with minimal adverse effects in a preclinical and clinical setting [58]. 

Numerous studies have demonstrated the usage of inorganic materials to deliver the molecules 

to the target site, such as mesoporous silica nanoparticles, metal-organic framework, gold 

nanoparticles, quantum nanodots, etc., that could benefit medical and diagnostic applications.  

For instance, Rathnayake et al. prepared dual-targeted mesoporous silica core encapsulating 

the paclitaxel and coated with liposome, showed particle size ranging from 83-138 nm and 
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improved in vitro effectiveness in cancer therapy compared to free PTX [91]. Zhang et al., co-

loaded TMZ and chloroquine into the polydopamine-coated mesoporous silica nanoparticles 

and showed a particle size ranging from 190-200 nm, depicted improved reduction in tumor 

growth viz. autophagy and apoptosis compared to the free drug [92]. Recently, metal-organic 

frameworks have gained attention for their potential in the field of medicine, mainly due to 

their high surface area, porosity, and ease of fabrication for numerous theranostic applications. 

Likewise, preparation of Fucoidan-coated metal-organic frameworks coloaded with 

temozolomide and talazoparib, exhibiting improvement in the in vitro and in vivo tumor 

accumulation and reduced tumor growth in a syngeneic colorectal cancer mice model [93]. 

Pulvirenti et al. prepared nanometric hybrid Fe3O4 magnetic nanoparticles with improved TMZ 

loading capacity equivalent to 12 mg/g of TMZ for the antitumor activity against the A172 

glioma cells [94].  

Apart from inorganic material, studies have shown the use of biocompatible polyester-

based polymer to deliver the TMZ for GBM. Utilizing polycarbonate/polyester polymers 

confers multiple benefits over conventional and inorganic material therapeutic modalities. 

These mainly include better biocompatibility, biodegradability, improved drug loading and 

encapsulation efficiencies, precise control over the drug release kinetics, and notably the 

tailorable properties inherent to these materials, giving a competitive edge over the other 

therapeutic approaches against glioma. Likewise, Lee et al. prepared PLGA-polymer-based 

nanoparticles loaded with TMZ using solvent evaporation and nanoprecipitation method, 

depicting the loading capacity ranging from 0.2 to 2% w/w [95]. Meteoglu et al. prepared 

PLGA-based polymeric nanoparticles co-loaded with genistein and TMZ for delivery against 

glioblastoma. The resulting coloaded nanoparticles showed a particle size of ~135 nm with PDI 

0.139 and encapsulation efficiency of ~50% [96]. In another study, polysorbate 80-coated 

PLGA-based nanoparticles loaded with rapamycin were prepared for anti-glioma activity. The 

resulting nanoparticles were prepared using the emulsification-diffusion method, exhibiting 

particle size and PDI of 247 nm and 0.103 with an encapsulation efficiency of 28.5% and 

showed better in vitro cytotoxicity profile compared to the uncoated and free rapamycin alone 

in C6 glioma cells [97]. Similarly, Zhao et al. prepared mPEG-PLGA-based nanoparticles 

loaded with rapamycin for hepatic disease, exhibiting a particle size and PDI of 154 nm and 

0.166 with better uptake of nanoparticles in hepatic cells [98]. Pape et al. prepared rapamycin-

loaded PLGA polymer-based nanoparticles for intra-articular injection. The drug-loaded 

nanoparticles showed a particle size and PDI of 393 nm and 0.173, respectively, with a drug 
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encapsulation efficiency of ~100% at a drug loading capacity of 9.09% w/w and a process 

recovery yield of 61% [99].   

Liposomal nanoparticles are lipid-based systems known for their structural composition, 

similar to the cell membrane. It comprises a lipid-bilayered structure encapsulating an aqueous 

core, providing a suitable environment for encapsulating a diverse range of drugs, peptides, 

and nucleic acids. Liposomes elicit advantages, including protection from degradation, 

extended circulation time, other pharmacokinetic parameters, and biocompatibility, and they 

also facilitate the enhanced permeability and retention effect against tumors. Likewise, song et 

al. prepared liposomal preparation composed of DPPC and cholesterol loaded with TMZ for 

anti-glioblastoma activity. The TMZ-loaded liposomes exhibited particle size and PDI of 150 

nm and 0.23, respectively, with an encapsulation efficiency of 52% at drug loading of 7.2% 

w/w. The TMZ-lipo showed a better pharmacokinetic profile and inhibited tumor growth than 

free TMZ in C6 orthotropic tumor-bearing rats. [100]. Huang et al. prepared TMZ-loaded solid 

lipid nanoparticles of stearic acid and lecithin using emulsification and low-temperature 

solidification. The TMZ-SLN nanoparticles showed particle size and zeta potential of 65.9 nm 

and -37.2 mV, respectively, with an encapsulation efficiency of 58.9% at drug loading of 0.94% 

w/w. The in vivo administration of TMZ-SLN showed an improved pharmacokinetic profile 

and TMZ accumulation in the brain compared to free TMZ [101]. Chen et al. prepared a loaded 

Nanostructured lipid carrier composed of 888 ATO, Cremophor ELP, and SPC, which showed 

a particle size of ~179 nm with an encapsulation efficiency of 83%. In vivo administration of 

TMZ-NLCs reduced the tumor growth significantly compared to the free TMZ and positive 

control group in U87MG solid tumors in mice [102]. Mazuryk et al. prepared rapamycin-loaded 

SLNs using cold high-pressure homogenization and ultrasound-assisted emulsion. The 

resulting nanoparticles exhibited a flat ellipsoidal structure with a hydrodynamic radius of ∼46 

nm and 8-9 nm thickness, which could be utilized for its in vivo therapeutic potential [103]. 

Chen et al. prepared rapamycin-loaded liposomal preparation composed of soy 

phosphatidylcholine:cholesterol: PEG-DSPE, showed a particle size of 100 nm and a narrow 

polydispersity index. The nanoparticles showed better tumor cell uptake and accumulation in 

tumor-bearing mice. In vivo administration of rapa-lipo improved tumor growth inhibition and 

reduction in tumor parameters compared to free rapamycin in HCT-116 xenograft tumor-

bearing mice [104]. While the advancements in the delivery approaches utilizing both organic 

and inorganic nanomaterials have shown enhanced outcomes in disease treatment, but certain 

limitations still persist, constraining the treatment to a limited extent. Consequently, warranting 
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the design and development of alternative approaches to effectively deliver the payload to an 

intended site, thereby yielding a curable therapeutic outcome.  

1.6. Polymer conjugates approach  

Conjugation-based approach have witnessed a drastic increasing trend in the medical 

field for their theranostic applications. Till now, research has been carried out in the field of 

polymer chemistry to functionalize them as polymer-based nanomedicines that could be used 

clinically for the treatment of various cancers [105,106]. Synthetic polymer chemistry helps to 

design and develop polymers with different molecular weights and chemical compositions 

containing specific types of functional groups playing a vital role in the preparation of polymer 

conjugates such as carboxylic, amine, alcohols, to which the other bioactive molecules could 

be tethered to deliver it to target site of action. The conjugation of bioactive molecules (small 

molecules/drugs, nucleic acids, lipids, peptides, DNA, etc.) to the polymeric unit imparts 

numerous benefits, including, improved stability, molecule solubilization, pharmacokinetics, 

permeability, biocompatibility, and reduced metabolism, clearance and excretion from the 

body [105,107,108]. The polymer conjugates could be synthesized in various ways including, 

the copolymerization of bioactive functional units with the formation of polymer units or the 

direct attachment of the bioactive molecule to the polymer backbone in a specific 

stoichiometric ratio. Although the conjugation approach has shown various advantages over 

the conventional delivery of the molecules to the targeted site, the major challenge involved in 

the preparation of the polymer conjugates includes the presence of free functional groups for 

the site of attachment, molecular weight of the polymer, nature of the polymer, polymer 

stability, nature of bioactive payload, etc. furthermore, the conjugation of the bioactive 

molecule to the polymeric backbone renders the molecule as the new chemical entity that 

requires the additional studies across the preclinical and clinical setting to reach the market for 

their respective medical application [105]. 

1.6.1. History of conjugates 

The realm of drug conjugates has undergone a transformative journey, expanding beyond 

traditional drug conjugates (D.C.s), fueled by clinical successes, technological advances, and 

an evolving understanding of molecular biology. Nearly sixty years ago, the conjugation of 

drugs to synthetic and natural macromolecules marked a pivotal moment in targeted drug 

delivery. Jatzkewitz pioneered this field, using a dipeptide spacer to attach mescaline to 

polyvinylpyrrolidone in the early fifties [109], and Ushakov's work in the sixties and seventies 
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synthesized water-soluble polymer conjugates, laying the foundation for subsequent evolution 

[110–112]. Early pioneers like Mathé et al. contributed to targeted delivery by conjugating 

drugs to immunoglobulins [113]. Simultaneously, DeDuve's discovery of enzyme localization 

in the lysosomal compartment underscored the importance of lysosomotropic design polymer–

drug conjugates [114]. Ringsdorf's concept of using polymers as targetable drug carriers added 

another dimension to drug conjugation, detailing the polymer backbone on which the bioactive 

molecule, spacer, and other molecules could be attached covalently to yield the polymer-drug 

conjugate [115]. This journey continued with detailed studies on the biocompatibility of soluble 

and crosslinked hydrophilic polymers, leading to the application of hydrogels in clinical 

settings and the selection of HPMA polymers and copolymers as biocompatible drug carriers 

[116–122]. Comprehensive studies on enzyme-catalyzed cleavage of oligopeptide sequences 

in hybrid HPMA copolymers resulted in choosing the GFLG oligopeptide spacer as a drug 

attachment/release site, widely adopted in numerous studies worldwide. HPMA copolymer-

based macromolecular therapeutics entered clinical trials for therapeutic validation in the early 

1990s, including HPMA copolymer–doxorubicin (DOX), HPMA copolymer–DOX–

galactosamine, HPMA copolymer–camptothecin, HPMA copolymer–paclitaxel, and HPMA 

copolymer–platinates [122–126]. These trials demonstrated the advantages of binding low 

molecular weight drugs to polymer-carriers, the biocompatibility of conjugates, and decreased 

side effects, resulting in a higher maximum tolerated dose (MTD) of polymer conjugates 

compared to free drugs. Thereon, several modifications have been made in the field of polymer 

and conjugation chemistry to yield polymer therapeutics such as polymer-drug conjugate, 

polymer-peptide conjugate, polymer-oligonucleotide conjugate, polymer lipid conjugate, 

polymer DNA conjugate, etc. However, during the design of polymer conjugates their 

biocompatibility, stability, and efficacy must be considered to deliver the payload to the 

targeted site of action with minimal adverse effects 

1.6.2. Polymer conjugates of Temozolomide 

Polymer drug conjugates have acquired special attention in the delivery of both small 

molecules as well as macromolecules, as they have demonstrated improved safety profile and 

desired clinical outcome [127–129]. In the 1950s, the synthesis of the first polymer-drug 

conjugate was reported by von Horst Jatzkewitz using a dipeptide linker of leucine and glycine 

[128]. Thereafter, the concept of polymer-drug conjugates was detailed by Helmut Ringsdorf 

in the mid-1970s, characterized by the presence of polymeric backbone to which low molecular 

bioactive molecule (for bioactivity), solubilizer (for imparting hydrophilicity), and a targeting 
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moiety (for biological targeting) are covalently attached through a bioresponsive linker. The 

concept of the ideal Ringsdorf model of polymeric therapeutics provides various chemical 

modalities that can be modified, including the polymeric backbone, bioresponsive spacer, and 

functionality of a drug molecule for the desired application [127,130,131]. The polymeric 

backbone provides the platform to the nanomedicine, which can be modified with free and 

selective end group functionalities, while the presence of end group functionalities provides a 

basic ground for the attachment of spacers and bioactive molecules. Another area of interest is 

the attachment of the bioactive molecule via spacer to the polymeric backbone itself. The nature 

of free end group functionalities of polymeric backbone, bioactive molecule and spacer are of 

primary interest in the designing of such system. Certain functionalities including amines, 

carboxylic acids, hydrazone, acyl, alcohols, and thiols, provide better support in the 

conjugation process, resulting in a stimuli-based system responsive to pH, enzyme, light, 

external field, etc. [132,133]. On the other hand, some molecules do not possess such free end 

group functionalities, in such cases, the attachment to the backbone is a difficult task. For such 

molecules, initially, free functionalities are generated which were subsequently conjugated to 

the polymeric backbone using a specialized linker, yielding the polymeric prodrug. The third 

area of interest is the presence of ligand or a transport system that directs the movement of the 

conjugate to the specific targeted site of action with minimal non-specific binding. Specific 

targeting can be achieved by the presence of the homing (receptor-active) components 

including enzymes, hormones, peptides, immunoglobulins, etc., resulting in a tissue-specific 

targeting with minimal toxicity [134]. Since then, multiple works based on Ringsdorf model 

have been carried out by various researchers in the development process, eliciting 

advancements in the translational process. For instance, in 1990, Adagen, the first clinical 

approval of a polymer protein conjugate was acquired for the enzyme replacement therapy for 

adenosine deaminase deficiency (ADA) [128]. Several other polymeric prodrugs including 

NKTR-118, CT-2106, AP5346, AP5280, Xyotax, IT-101, PK1, PK2, etc, are in the clinical 

development stage and require detailed clinical evaluation [134,135]. The hydrophilic drugs 

are hard to load in the hydrophobic core of the nanocarriers; therefore, the concept of polymer 

drug-conjugate came in the scenario for such molecules, wherein the drug is conjugated in the 

end or grafted on the backbone of the polymer with a bioresponsive spacer. Various reported 

polymer drug conjugates are shown in Table 1.1.  

The delivery of TMZ payload by encapsulation techniques has demonstrated 

significantly lower carrying capacity, thus requiring a significantly large amount of carrier with 
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the drug to achieve the desired effect. For instance, PLGA based nanoparticles encapsulating 

TMZ using solvent evaporation technique exhibited drug load ranging 0.4 to 4.4% w/w with 

maximum encapsulation efficiency up to 27%, along with the burst release in the first 6 h [136]. 

Lee et al. prepared folate-targeted PEG-PLGA nanoparticles using solvent evaporation, and 

nanoprecipitation method showed drug loading up to 2% w/w with encapsulation efficiency 

ranging 2.6 to 12.6% [95]. Dilnawaz et al. prepared TMZ and curcumin-loaded magnetic 

nanoparticles delivery system. Drugs were allowed to partition into the glyceryl monooleate 

shells surrounding the magnetic nanoparticles, exhibiting encapsulation efficiency of 75% and 

30% at drug loading less than 5% for curcumin and TMZ, respectively [137]. On the other 

hand, the polymer-drug conjugates (PDC) have shown significant improvement in drug 

payload with controlled physico-biochemical properties, not only ensuring the stability, 

biocompatibility, non-toxic behavior but also ensuring the targeted delivery and release to a 

specific site [128,133,138]. The polymer-TMZ conjugate has exhibited numerous benefits, 

including improvement in TMZ stability, efficacy, improved pharmacokinetics, systemic 

circulation half-life, and reduced toxicity. Likewise, Patil et al. synthesized multifunctional 

targetable conjugates of TMZ with poly(β-L-malic acid) polymeric backbone, containing 

targeting monoclonal transferrin receptor antibody (TfR), trileucine (LLL) for pH-dependent 

endosomal escape, Alexa fluor 680 for identification, and PEG for protection. The water-

soluble multifunctional TMZ nanoconjugates exhibited hydrodynamic diameter ranging from 

6.5 to 14.8 nm with zeta potential ranging -6.3 to -17.7 mV. Further, the nanoconjugates had 

significant improvement in TMZ payload up to 30% w/w in the form of TMZ hydrazide, 

demonstrating improved stability by 3-4 times and uptake in glioma cells, especially in the 

presence of TfR targeted conjugate [139]. In another study, Fang et al. prepared chlorotoxin-

targeted TMZ conjugated chitosan-based delivery system (NP-TMZ-CTX), exhibiting stable 

and significantly higher TMZ loading with an average particle size of less than 100 nm. The 

actively functionalized TMZ-conjugated nanosystem was able to target and penetrate 2-6 folds 

efficiently and reduce the IC50 by 50-90%, compared to non-targeted nanoparticles against 

GBM cells [140]. Emrick group developed a series of TMZ conjugated poly(2-

methacryloyloxyethyl phosphorylcholine) (polyMPC-TMZ) using controlled free-radical 

copolymerization of MPC and TMZ-substituted methacrylate. The resulting conjugate showed 

TMZ loading more than 50 mol%, which may require tissue specific biorecognition using 

targeting molecules like peptides, targeting ligands, and antibodies to facilitate BBB trans 

permeability [141]. Afterward, the polyMPC-TMZ was prepared via RAFT polymerization and 

used to prepare the nanoformulation with a size ranging from 7 to 40 nm that enhanced the 
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Table 1.1. Polymeric conjugates of TMZ 

 

Polymer 

Conjugate 
Linker IC50 Formulation Outcomes Ref. 

Poly MPC 

polymer 

Methacryl

ate linker 

396-1282 µM Micelles 1) Enhanced drug stability 

2) Half-life improved 2-19 times from free TMZ 

[142] 

 1477-9260 µM 

Poly(β-L-

malic acid) 

Hydrazine 

linker 

- Nanoconjugate 1) Half-life improved from 1.8h to 5-7 hr 

2) Cell viability reduced 

[139] 

Poly(2-ethyl-

2-oxazoline) 

Ester PEtOz47-TMZ - 

22.43µg/ml 

Nano 

conjugation 

micelles 

1) Enhanced the stability of TMZ 

2) Prolonged the circulation time in vivo 

3)Increased the TMZ accumulation in glioblastoma 

 

PEG113-TMZ- 26.08 

µg/ml 

Conjugated 

Gold 

Nanoparticles 

Ester 5.74 ± 0.02 µmol/L Gold nano 

formulation 

1) IC50 of anti-EphA3-TMZ@GNPs (64.06 ± 0.16 μM) was 18.5-fold 

2) Down-modulated expression of O6 -methylguanine-DNA methyltransferase 

3) Increased chemosensitivity of T98G to TMZ 

4) Prolonged the median survival time to 42 days and increased tumor-cell 

apoptosis 

[143] 

 64.06 ± 0.16 µmol/L 

PEtOz-TMZ 

polymer 

micelles 

Ester 22.43 μg/ml for 

PEtOz47-TMZ 26.08 

μg/ml for PEG113-TMZ 

Micelles 1) Reduces TMZ degradation rate with half-life upto 13.7h compared to free 

TMZ with t1/2 of 1.1h in plasma 

2) Median survival of polymer-drug conjugates significantly improved upto 

45 days 

3) no significant morphological change or tissue damage in toxicity analysis 

[144] 
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half-life of TMZ by 19 folds compared to free TMZ [142]. The attachment on drug conjugates 

with targeting ligand has a significant role in the delivery of TMZ to the specific site of action 

with minimum adverse effects in vivo. Likewise, Wang et. al. fabricated anti-ephrin type-A 

receptor functionalized TMZ-PEG-Gold nanoparticle conjugates, wherein, TMZ was 

conjugated to PEG thiol, which was further reacted with gold nanoparticles to yield TMZ-PEG-

GNPs. The prepared anti-EphA3-TMZ-PEG-GNPs exhibited loading efficiency up to 7% w/w 

with an average particle size of 46.12 nm. The results showed enhanced cellular uptake, 

apoptosis, and reduced IC50 by 18.5 folds compared to free TMZ in glioma cell lines. 

Furthermore, in vivo administration of targeted nanoparticles improved the median survival 

time to 42 days, found to be safe and biocompatible as compared to TMZ treatment [143]. 

Recently Xu et. al. synthesized poly(2-ethyl-2-oxazoline) (PEtOz)-TMZ conjugate using ester 

linker, with the TMZ loading up to 4% w/w of the conjugate. The nanoconjugates yielded 

micelles, exhibiting a significant improvement in the stability by 5.5 folds up to 13.8 h 

compared to free TMZ. In vivo systemic administration resulted in reduction in the degradation 

rate of TMZ and extended the systemic half-life from 1.1 h to 13.7 h in plasma with 

improvement in survival time to 45 days compared to 26 days in the free TMZ treatment group 

in the C6 orthotopic xenograft mouse model [144]. 

1.7. Hybrid carrier system for the combined delivery  

The era of the development of nanoparticles has shown improvement in the delivery 

perspective of the molecule to the specific site of action, eliciting the desired therapeutic 

outcome. The organic and inorganic delivery nanomaterials must be designed to elicit 

biocompatibility, stability, permeability, reduced toxicity, clearance, metabolism, RES 

absorption, and improved target-specific delivery with better pharmacokinetics and 

pharmacodynamic behavior [145–147]. The polymer-hybrid (polymer-polymer, polymer-lipid, 

polymer-inorganic material) system shows the combined advantages of including components 

with beneficial desired outcomes with tailor-made properties over the individual components. 

One of the key advantages of hybrid carrier systems is their ability to accommodate a wide 

range of therapeutic agents, encompassing small molecule, proteins, nucleic acid, and other 

compounds, tailored for many diseases and theranostic applications. Hybrid nanocarriers can 

be engineered to respond to stimuli such as pH, redox, temperature, or enzymatic activity to 

acquire spatiotemporal control over the therapeutic delivery with minimal off-target effects. 

Likewise, lipid-polymer hybrid nanoparticles have aided in improving the delivery. For 

instance, Jain et al. prepared lipid-polymeric hybrid nanoparticles coloaded with MTX and 
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beta-carotene, exhibited drug loading capacity of 8.5% and 2.85% w/w, resulting in better 

cellular internalization, better in vivo antitumor efficacy, reduced toxicity, and better 

biocompatibility [148]. Khan et al. prepared curcumin and cisplatin-loaded lipid-polymer 

hybrid nanoparticles composed of lipoid S75 and chitosan exhibiting particle size of 225 nm 

with an encapsulation efficiency of >80%, resulting in improved uptake efficiency and 

chemosensitization of 3D ovarian cancer spheroid model [148]. Zeng et al. prepared lipid-

polymer hybrid nanoparticles composed of DSPE-PEG and cholic acid functionalized PLA 

copolymer coloaded with PTX and celecoxib for overcoming drug resistance in breast cancer. 

The LPHNPs showed particle size and PDI of 121 nm and 0.12, respectively, with an 

encapsulation efficiency of ~80% for both PTX and CXB at a drug loading capacity of 7.1 and 

2.4% w/w, respectively. The hybrid nanoparticles showed sustained drug release kinetics, 

effectively reducing cell growth in both resistance and non-resistant cell lines [148]. Tran et al. 

co-loaded DTX and vorinostat into the lipid polymer hybrid nanoparticles composed of 

Capryol 90, TPGS, DDAB lipid, and PEG-b-PAsp polymer with particle size and PDI of 232 

nm and 0.297 with encapsulation efficiency of 73.7 and 75.8 for vorinostat and DTX, 

respectively. The LPHNPs showed sustained and pH-dependent release kinetics and were 

effectively taken up by the cells, resulting in improved apoptosis and tumor (SCC-7, MCF-7, 

and MDA-MB-231) growth inhibition [149]. 

1.8. Actively targeted hybrid nanocarrier delivery system 

The hybrid nanocarrier-based drug delivery system is utilized to deliver and improve the 

physiochemical properties, pharmacokinetics, and pharmacodynamics of the drug. The 

utilization of the polymer hybrid complexes, combining polycarbonate and polyester block 

polymer, signifies a significant improvement in addressing the challenges related to delivering 

a wide array of molecules with diverse physiochemical properties. The innovative polymer 

hybrid approach enabled the delivery of hydrophilic/hydrophobic moieties with varying 

ionization coefficients while ensuring the stability of the molecule. Especially, it enhances the 

drug loading and encapsulation capacity, protection against degradation, controlled drug 

release kinetics, and facilitating surface functionalization with the targeting ligands. However, 

the unspecificity of the nanomaterial system makes it much more difficult to deliver the 

therapeutic concentration of payload to the site of action with minimal toxicity to the non-

cancerous cells. Utilizing the ligand-based targeted delivery approach to the cancer cells has 

drastically reduced the side effects of the treatment compared to conventional chemotherapy 

[150,151]. Over the past three decades, the ligand-based targeted strategy has shown marked 
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improvement in the field of medicine for their biomedical applications (for diagnosis and 

treatment). Nanoparticles could be made active targeted by functionalization with specific 

ligands such as peptides, antibodies, DNA/RNA fragments, aptamers, carbohydrates, and other 

small molecules, making the nanoparticles that can specifically recognize and bind to the target 

site specifically to the cancer cells [151,152]. Several peptides, such as CooP, Angiopep-2, 

RGD motif, tLyP-1, C6, UNO, and TAT, have been explored to specifically target the glioma, 

facilitating better cellular internalization viz. receptor-mediated endocytosis. Thus, enabling 

tumor-specific targeting and better therapeutic outcomes in managing gliomas and other 

malignancies. [153]. Amongst, RGD peptide motif have exhibited higher binding affinity 

towards integrin ανβ3 and ανβ5 receptors that are over-expressive in components of 

BBB/BBTB in many tumors and other components of tumor microenvironment, including 

glioblastoma, melanoma, breast, prostate, and ovarian cancer. Likewise, Zhang et al. prepared 

RGD-peptide targeted polymer lipidic nanoparticles coloaded with DOX and MMC to treat 

lung metastases of TNBC in mice. The utilization of tumor-homing peptide RGD demonstrated 

the highest distribution and accumulation in tumors and low toxicity to the liver and heart in 

the murine lung metastatic model of MDA-MB231 breast cancer. In vivo administration of 

RGD-targeted LPHNPs reduced the tumor burden and progression of metastasis, indicating the 

role of RGD peptide in the lung metastasis mouse model of TNBC [154]. Yang et al. fabricated 

cRGD-modified LPHNPs as promising candidates to deliver the therapeutic payload to human 

breast cancer. The cRGD-targeted hybrid nanoparticles have shown higher drug loading 

capacity and improved the cell endocytic capability in MDA-MB-435s and MCF-7 breast 

cancer cells [155]. Gao et al. prepared tumor homing iRGD peptide surface modified on 

LPHNPs, exhibiting better cellular accumulation and in vivo tumor growth inhibition compared 

to non-targeted counterpart in 4T1- breast-tumor bearing mouse model [156]. Belhadj at al, 

prepared cRGD and p-hydroxybenzoic acid (pHA) dual functionalized liposomal preparation 

encapsulating DOX for the treatment of glioblastoma. The utilization of cRGD peptide could 

targeted integrin receptors on BBTB and glioma cells, while pHA could target dopamine 

receptor on the BBB, facilitating an effective uptake and delivery of the payload to the site of 

action. In vivo administration of dual targeted liposomal preparation demonstrated 

improvement in the accumulation in the tumor and median survival time upto 2.3 folds 

compared to the non-targeted counterpart in U87 cells bearing tumor in nude mice [157]. 

similarly, cRGD-targeted polymeric micelles demonstrated rapid accumulation and improved 

permeation into the tumor parenchyma compared to the non-targeted polymeric micelles in 

U87MG bearing orthotropic BALB/c nude mice model [158]. Multiple reports suggest the 
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active targeting strategy using the cell penetrating peptides have shown substantial 

improvement in the delivery of the payload to the intended site of action viz. bypassing the 

BBB/BBTB. Such advanced approach holds a promise as a potential candidate in combating 

glioma.  

1.9. Outline of current research work 

Temozolomide and Rapamycin, being different in physiochemical properties, pose 

challenges in their simultaneous delivery to the brain for their effective synergistic therapeutic 

potential. To achieve its optimal therapeutic synergism, the current study aims to design, 

develop, and evaluate actively targeted nanocarrier systems that can effectively deliver 

rapamycin and temozolomide for treating GBM. The research work initiated with the synthesis 

and screening of polycarbonate-based polymer-drug conjugate of temozolomide and further 

coupled with mPEG-PLA copolymer in a fixed proportion to yield polymer Hybrid TMZ 

nanoconjugates. Subsequently, cRGD peptide-functionalized polymer (cRGD-PEG-PLA) was 

coupled with the Hybrid TMZ nanoconjugates and co-loaded with the drug mTOR inhibitor 

rapamycin to achieve active targeting. Such a novel delivery system supports the nanodrugs in 

transversing across the BBB/BBTB and reaches the intended site of action, thereby 

demonstrating the synergistic potential of TMZ and rapamycin in combating glioma.  

The proposed cRGD peptide-functionalized hybrid nanoconjugate delivery system not 

only delivers multiple payloads at the same time but offers several other advantages, including 

improved stability, physiochemical properties of the TMZ, better intracellular fate of the 

nanocarrier and its payload system, and the presence of PEG chains to protect the nanocarrier 

from RES system. Additionally, the tumor homing capabilities of cRGD peptide enhance the 

permeability towards the tumor cells, improving the site and target-specific delivery of the 

payload towards the cancer cells.  

1.10. Objectives of research work 

The following objectives have been designed to achieve the aim of the research work. 

The objectives are further divided into various chapters, focussing on the designated purpose 

of the work. 

Objective 1. Analytical and bioanalytical method development and validation of rapamycin, 

temozolomide, temozolomide acid, temozolomide hydrazide, and 5-aminoimidazole-4-

carboxamide in biological matrix of rat 
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Objective 2. Design, synthesis, and characterization of polycarbonate-based polymeric 

conjugates of temozolomide 

Objective 3. Formulation development, in vitro and in vivo evaluation of hybrid 

nanoconjugates of temozolomide in C6 cells-induced syngeneic orthotopic glioma model in 

rats 

Objective 4. Development and evaluation of cRGD peptide-functionalized hybrid 

nanoconjugates of temozolomide coloaded with rapamycin in C6 cells-induced syngeneic 

orthotopic glioma model in rats 
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The current chapter comprises three sub-sections, i.e., section 2.2, 2.3, and 2.4, 

encompassing the development of the analytical method and its validation using the ultraviolet-

visible (UV-Vis) spectroscopy, HPLC-UV-based method, and UPLC-MS/MS based 

bioanalytical method development and validation. Section 2.2 details the analytical method for 

the temozolomide hydrazide (TMZ-H), while section 2.3 details the HPLC-UV-based 

analytical method for rapamycin, temozolomide (TMZ) and its derivatives (TMZ-A, TMZ-

BOC, TMZ-H, AIC) have been developed, followed by its thorough validation as per the ICH 

Q2-guidelines. Section 2.4 entails the detailed bioanalytical method development using UPLC-

MS/MS for RAP, TMZ, TMZ-A, TMZ-H, and AIC, followed by validation using ICH M10 

guidelines.  

 

2.1. Chemical and reagents 

Temozolomide (TMZ, >98%), 5(4)-Amino-4(5)-(aminocarbonyl)imidazole 

Hydrochloride (AIC, >98%) was purchased from TCI chemicals (Tokyo, Japan). Sirolimus 

(rapamycin, >99%) from Alfa Aesar (ThermoFisher Scientific (Massachusetts, United States)). 

Temozolomide acid (TMZ-A, >99%) and temozolomide hydrazide (TMZ-H, >99%) were 

synthesized in house as per the reported protocol [1]. HPLC grade Methanol and Formic acid 

(98 - 100%) were obtained from Merck (Massachusetts, United States). All other reagents and 

chemicals were procured from local vendors.  

2.2. Analytical method for the analysis of TMZ-H using ultraviolet-visible (UV-Vis) 

spectroscopy method 

2.2.1. Instrumentation conditions 

UV-visible spectra for TMZ-H were recorded using a Jasco-V750 spectrophotometer 

(Hachioji, Tokyo, Japan) at room temperature with a path length of 1 cm over the 200-800 nm 

wavelength range. 

2.2.2. Preparation of stock and working solution 

The stock solution of TMZ-H (2 mg/ml) was prepared by dissolving 10 mg of TMZ-H in 

5 ml of HPLC-grade methanol. The solution was vortexed for 10 min to ensure the solubility 

of the sample. The working solution was prepared by diluting the stock solution with 50% 

methanol in milli-Q water. 
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2.2.3. Preparation of calibrators and quality control samples 

The working solution of TMZ-H was prepared by diluting the stock solution with 50% 

methanol to prepare the calibration curve using a serial dilution method ranging from 0.62 

µg/ml to 40 µg/ml, and a calibration curve was prepared using an absorbance-concentration 

profile. Thereafter, quality control (QC) samples were prepared in a similar manner in 

triplicates, including Low-level QC (LQC), Mid-level quality control (MQC), High-level 

quality control (HQC) were prepared with a concentration equivalent to 0.9, 9.5, and 30 µg/ml, 

respectively. All the stock and working standard solutions were stored at -20 °C until further 

use. Further, the regression equation was used to calculate the concentration of the unknown 

and QC samples for further evaluation.  

2.2.4. Assay Validation 

The method was developed and validated as per the International Council for 

Harmonisation (ICH) for linearity, sensitivity (LOD and LOQ), specificity, accuracy, and 

precision [2]. 

2.2.4.1.  Linearity of the calibration curve 

Calibration standards were prepared ranging from 0.62 µg/ml to 40 µg/ml and analyzed 

using JASCO UV V-750. The obtained data was plotted for absorbance to the concentration of 

the analyte (TMZ-H). The linearity of the calibration curve was determined using the regression 

line expressed as equation y=mx+c, where m is the slope and c is the intercept of the regression 

line.  

2.2.4.2. Sensitivity 

The sensitivity was determined through the limit of detection (LOD) and limit of 

quantitation (LOQ) method. The LOD and LOQ could be calculated as per the below formula: 

𝐿𝑂𝐷 = 3.3 ×  𝜎/𝑚      eq. 2.1 

𝐿𝑂𝑄 = 10 ×  𝜎/𝑚      eq. 2.2 

Where σ is the standard deviation of the response, and m is the slope of the calibration curve 

2.2.4.3. Accuracy and precision 

Accuracy and precision can be determined using the quality control samples (LQC, 

MQC, and HQC). The samples were prepared with at least three replicates of each QC sample 
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(n=03/each QC level). The acceptance criteria for accuracy and precision must fall within the 

% relative standard deviation (% RSD) and % Bias of 98-102%. 

2.2.4.4. Stability 

Stability studies of the analyte were performed by keeping the QC samples (LQC, MQC, 

and HQC) based on bench-top stability (25 ± 2 °C, 24 h) and short-term storage stability (8 ± 

2 °C, 7 days). A minimum of three replicates of QC (n=03/each QC level) sets must be 

evaluated and fall within the acceptance criteria of % RSD and % Bias of not more than 2% 

for all the samples.  

2.2.5. Result and discussion 

The analytical method using a simple UV-Vis spectrophotometer for the TMZ-H was 

developed and validated as per the ICH Q2 guidelines. The spectrum for the TMZ-H is shown 

in the figure 2.1A. At wavelength λmax 328 nm (Figure 2.1A), the calibration curve, QC, and 

unknown samples were evaluated. The developed analytical method was found to be linear 

over the range of 0.62 µg/ml to 40 µg/ml. The developed calibration curve demonstrated the 

line equation and regression coefficient (R2) of y=0.04040x-0.00246 and 0.99998, respectively, 

for TMZ-H, as shown in figure 2.1B. The method was sensitive with an LOD and LOQ of 84.2 

and 255.1 ng/ml, respectively. The developed method was validated as per the ICH guidelines, 

and all the values for accuracy, precision, and stability were found within the recommended 

limit range, as mentioned in Table 2.1 and 2.2. 
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Figure 2.1. TMZ-H characterisation. A) UV-Visible spectrum and B) Calibration curve 
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Table 2.2. Stability studies of TMZ-H  

Conditions Level 
Nominal conc. 

(µg/ml) 

Observed conc. 

(µg/ml) 
% RSD % Bias 

      Mean ± SD     

t= 0 h  LQC 0.9 0.899 ± 0.015 1.65 -0.12 

(for initial 

samples) 

MQC 9.5 9.587 ± 0.181 1.89 0.91 

HQC 30 29.635 ± 0.548 1.85 -1.22 

Benchtop stability 
LQC 0.9 0.901 ± 0.017 1.91 0.16 

MQC 9.5 9.549 ± 0.112 1.17 0.52 

24 h HQC 30 29.560 ± 0.541 1.83 -1.47 

Short-term 

stability  

LQC 0.9 0.902 ± 0.017 1.92 0.24 

MQC 9.5 9.599 ± 0.182 1.9 1.04 

(4 °C, 7 days) HQC 30 29.578 ± 0.553 1.87 -1.41 

 

Table 2.1. Intra-day and Inter-day accuracy and precision of TMZ-H 

Intra day   Inter day 

Level 
Nominal conc. 

(µg/ml) 

Observed conc. 

(µg/ml) 
% RSD %Bias  Observed conc. 

(µg/ml) 
% RSD %Bias 

    Mean ± SD      Mean ± SD     

LQC 0.9 0.902 ± 0.016 1.78 0.21  0.904 ± 0.017 1.83 0.39 

MQC 9.5 9.594 ± 0.171 1.78 0.99  9.623 ± 0.157 1.63 1.3 

HQC 30 29.603 ± 0.522 1.76 -1.32   29.739 ± 0.348 1.17 -0.87 
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2.3. HPLC-UV-based analytical method development and validation 

The analytical method for rapamycin, temozolomide (TMZ), and its derivatives (TMZ-

A, TMZ-BOC, TMZ-H, AIC) using HPLC-UV was developed and validated per the ICH Q2 

guidelines [2].  

2.3.1. Liquid chromatographic conditions 

Chromatographic elution of RAP, TMZ, TMZ-A, TMZ-BOC, TMZ-H, and AIC was 

performed on Waters® HPLC system equipped with dual binary pump (#515), autosampler 

(#2707), and TUV detector (#2489). The analyte analysis was achieved on the Inertsil-ODS 3V 

column (250 × 4.6 mm, 5 μm) using methanol and sodium acetate buffer (pH 4.0) as a mobile 

phase. For RAP, the mobile phase ratio was kept at 92:08% v/v for methanol and sodium acetate 

buffer (pH 4.0) and monitored at 278 nm at a flow rate of 1 ml/min. While, TMZ, TMZ-A, 

TMZ-BOC, TMZ-H, and AIC were eluted using methanol and sodium acetate buffer (pH 4.0) 

at a ratio of 27:73% v/v as mobile phase. The eluted analytes were monitored at 328 and 267 

nm at a flow rate of 1 ml/min. The injection volume for all the analytes was fixed at 20 µl. The 

obtained data were recorded and interpreted using Breeze 2 software. 

2.3.2. Preparation of stock and working solutions 

A stock solution of RAP, TMZ, TMZ-A, TMZ-BOC, TMZ-H, and AIC (2 mg/ml) was 

weighed and dissolved in 10 ml of HPLC-grade mobile phase. All stock solutions were stored 

immediately at -20 °C until further use.  

2.3.3. Preparation of Quality control samples 

The QC samples were prepared by diluting the stock solution to give three QC samples 

in triplicates, including Low-level QC (LQC), Mid-level quality control (MQC), and High-

level quality control (HQC) with a concentration equivalent to 5, 40, and 150 µg/ml, 

respectively. Further, the regression equation was utilized to determine the concentration of the 

unknown and QC samples for further evaluation.  

2.3.4. Analytical method validation 

The developed analytical method was validated as per the International Council for 

Harmonisation ICH-Q2 guidelines. The following parameters were evaluated for the developed 

method [2]. 
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2.3.4.1. Selectivity and specificity 

The selectivity and specificity of the developed analytical method was performed to 

determine the interference from the previously synthesized analyte by keeping the other 

parameters constant. 

2.3.4.2. Linearity of the calibration curve 

Nine calibration points were eluted on the LC system from 0.390 µg/ml to 200 µg/ml. 

The obtained data was analyzed, and the area under the curve was plotted over the 

concentration and expressed by an equation y=mx+c, where m is the slope and c is the 

intercept of the regression line. The linearity of the calibration curve was determined using the 

regression coefficient (R2) using the obtained regression equation.  

2.3.4.3. Sensitivity, LOD, and LOQ 

The sensitivity of the method was determined through the visual analysis of the signal-

to-noise ratio (S/N), which was compared by measuring the signals from the samples of known 

low concentrations to the blank samples. A S/N ratio of 3:1 and 10:1 is considered as the limit 

of detection (LOD), and a limit of quantitation (LOQ), respectively, is considered within the 

limits. 

Additionally, the LOD and LOQ could be calculated as per the below formula: 

𝐿𝑂𝐷 = 3.3 ×  𝜎/𝑚      eq. 2.3 

𝐿𝑂𝑄 = 10 ×  𝜎/𝑚      eq. 2.4 

Where σ is the standard deviation of the response and m is the slope of the calibration curve 

2.3.4.4. Accuracy and precision 

The intra and inter-day accuracy and precision were determined using the quality control 

samples (LQC, MQC, and HQC). The samples were prepared with at least three replicates of 

each QC sample (n=03/each QC level). The acceptance criteria for accuracy and precision must 

fall within the % relative standard deviation (% RSD) and % Bias of 98-102%. 

2.3.4.5. Carryover effect 

The carryover was analyzed by injecting the HQC sample, followed by injecting two 

blank samples (zero samples) to determine the presence of impurities and remnants of the 
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previously injected sample. For zero samples, an acceptable criterion should be less than 2% 

of the injected sample. 

2.3.4.6. Stability studies 

Stability studies of the analyte were performed by keeping the QC samples (LQC, MQC, 

and HQC) based on bench-top stability (25 ± 2 °C, 24 h), autosampler stability (8 ± 2 °C, 24 

h). A minimum of three replicates of QC (n=03/each QC) sets must be evaluated and fall within 

the acceptance criteria of % RSD and % Bias of not more than 20% for all the samples. 

2.3.5. Results and discussion 

2.3.5.1. Analytical method development 

The analytical method was developed for various analytes on the Waters LC system 

equipped with a C18 column. For RAP, the elution time of the analytes was 4.99 min using a 

92:08% v/v ratio of methanol and sodium acetate buffer (pH 4.0) as a mobile phase. The other 

analytes, TMZ, TMZ-A, TMZ-BOC, TMZ-H, and AIC, were eluted at 4.43, 3.30, 25.91, 3.75, 

and 3.10 min, respectively, detected at 328 and 267 nm using 27:73% v/v ratio of methanol and 

sodium acetate buffer (pH 4.0) as a mobile phase (Figure 2.2).  

2.3.5.2. Method validation 

The analytical method was developed and validated as per the ICH-Q2 guidelines. The 

method was found to show the selectivity and specificity towards the respective analyte of 

interest, demonstrating no interference from the previously synthesized analytes (Figure 2.4). 

The analytes obtained were more than 99% pure. The developed method exhibited linearity 

over the range of 0.390 µg/ml to 200 µg/ml, with regression equations of y=43678x-23862, 

y=43195x+9301, y=34100x-16229, y=40150x+29451, y=33238x-17430, and 

y=70023x-8526.2  with regression coefficient (R2) of 0.99986, 0.99999, 0.99938, 0.99902, 

0.99965, and 0.99997 for RAP, TMZ, TMZ-A, TMZ-BOC, TMZ-H, and AIC, respectively as 

mentioned in table 2.3. The calibration curve was plotted across the area under the curve to the 

concentration axis (Figure 2.3). The method was found to be sensitive with LOD and LOQ for 

various analytes, as mentioned in table 2.3. Furthermore, the method showed intraday and 

interday accuracy and precision parameters within the acceptable range for the analytes, as 

mentioned in table 2.4. Also, the developed method did not show any sign of a carryover effect, 

and stability data were found to be within acceptable limits as per the guidelines (Table 2.5).  
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Figure 2.2. Chromatographic elution of AIC, TMZ, TMZ-A, TMZ-BOC, and TMZ-H (top to bottom) on C18 column using methanol and sodium acetate buffer (pH 4.0) 

as a mobile phase 
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Table 2.3. Calibration curve details of RAP, TMZ, TMZ-A, TMZ-BOC, TMZ-H, and AIC  

Molecule 
Regression 

equation 

Regression 

coefficient (R2) 
LOD (ng/ml) LOQ (ng/ml) 

RAP y=43678x-23862 0.99986 21.7 65.7 

TMZ y=43195x+9301 0.99999 20.5 62.3 

TMZ-A y=34100x-16229 0.99938 27.9 84.5 

TMZ-BOC y=40150x+29451 0.99902 32.6 98.6 

TMZ-H y=33238x-17430 0.99965 30.0 91 

AIC y=70023x-8526.2 0.99997 13.4 40.8 

 

 
Figure 2.3. Calibration curve of A) RAP, B) TMZ, C) TMZ-A, D) TMZ-BOC, E) TMZ-H, and F) AIC in 

mobile phase 
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Figure 2.4. Specificity of the analytes A) TMZ➔TMZ-A, B) TMZ-A➔TMZ-BOC, C) TMZ-BOC➔TMZ-H  
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Table 2.4. Intra-day and Inter-day accuracy and precision of RAP, TMZ, TMZ-A, TMZ-BOC, TMZ-H, and 

AIC 

RAP 

Intra day  Inter day 

Level 

Nominal 

conc. 

(µg/ml) 

Observed conc. 

(µg/ml) 

% 

RSD 

% 

Bias 
 Observed conc. 

(µg/ml) 

% 

RSD 

% 

Bias 

    Mean ± SD      Mean ± SD     

LQC 5 5.077 ± 0.084 1.65 1.54  5.075 ± 0.093 1.82 1.5 

MQC 40 39.245 ± 0.602 1.53 -1.89  39.227 ± 0.658 1.68 -1.93 

HQC 150 148.324 ± 2.824 1.9 -1.12   147.930 ± 2.928 1.98 -1.38 

 

TMZ 

Intra day  Inter day 

Level 

Nominal 

conc. 

(µg/ml) 

Observed conc. 

(µg/ml) 

% 

RSD 

% 

Bias 
 Observed conc. 

(µg/ml) 

% 

RSD 

% 

Bias 

    Mean ± SD      Mean ± SD     

LQC 5 5.020 ± 0.074 1.47 0.4  5.006 ± 0.073 1.47 0.13 

MQC 40 40.651 ± 0.533 1.31 1.63  40.637 ± 0.595 1.46 1.59 

HQC 150 152.406 ± 1.511 0.99 1.6   152.722 ± 1.449 0.95 1.81 

         

TMZ-A 

Intra day  Inter day 

Level 

Nominal 

conc. 

(µg/ml) 

Observed conc. 

(µg/ml) 

% 

RSD 

% 

Bias 
 Observed conc. 

(µg/ml) 

% 

RSD 

% 

Bias 

    Mean ± SD      Mean ± SD     

LQC 5 5.095 ± 0.054 1.06 1.91  5.092 ± 0.060 1.17 1.85 

MQC 40 40.015 ± 0.660 1.65 0.04  39.941 ± 0.710 1.78 -0.15 

HQC 150 152.320 ± 2.625 1.72 1.55   152.146 ± 2.896 1.9 1.43 

         

TMZ-BOC 

Intra day  Inter day 

Level 

Nominal 

conc. 

(µg/ml) 

Observed conc. 

(µg/ml) 

% 

RSD 

% 

Bias 
 Observed conc. 

(µg/ml) 

% 

RSD 

% 

Bias 

    Mean ± SD      Mean ± SD     

LQC 5 5.030 ± 0.077 1.52 0.59  4.992 ± 0.017 0.35 -0.16 

MQC 40 39.980 ± 0.389 0.97 -0.05  39.887 ± 0.419 1.05 -0.28 

HQC 150 150.146 ± 1.207 0.8 0.1   149.931 ± 1.381 0.92 -0.05 
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TMZ-H 

Intra day  Inter day 

Level 

Nominal 

conc. 

(µg/ml) 

Observed conc. 

(µg/ml) 

% 

RSD 

% 

Bias 
 Observed conc. 

(µg/ml) 

% 

RSD 

% 

Bias 

    Mean ± SD      Mean ± SD     

LQC 5 5.084 ± 0.085 1.67 1.67  5.083 ± 0.059 1.16 1.66 

MQC 40 40.596 ± 0.729 1.79 1.49  40.703 ± 0.760 1.87 1.76 

HQC 150 152.806 ± 2.464 1.61 1.87   152.774 ± 2.344 1.53 1.85 
         

AIC 

Intra day  Inter day 

Level 

Nominal 

conc. 

(µg/ml) 

Observed conc. 

(µg/ml) 

% 

RSD 

% 

Bias 
 Observed conc. 

(µg/ml) 

% 

RSD 

% 

Bias 

    Mean ± SD      Mean ± SD     

LQC 5 5.060 ± 0.079 1.55 1.2  5.039 ±0.067 1.33 0.79 

MQC 40 40.138 ± 0.529 1.32 0.35  40.220 ± 0.547 1.36 0.55 

HQC 150 152.003 ± 1.414 0.93 1.34   151.786 ± 1.465 0.96 1.19 

 

Table 2.5. Stability studies of RAP, TMZ, TMZ-A, TMZ-BOC, TMZ-H, and AIC 

RAP 

Conditions Level 
Nominal conc. 

(µg/ml) 

Observed conc. 

(µg/ml) 
% RSD % Bias 

      Mean ± SD     

t= 0 h  LQC 5 5.064 ± 0.074 1.46 1.28 

(for initial samples) 
MQC 40 39.221 ± 0.626 1.59 -1.95 

HQC 150 148.286 ± 2.958 1.99 -1.14 

Benchtop stability 
LQC 5 5.053 ± 0.069 1.36 1.07 

MQC 40 39.280 ± 0.587 1.49 -1.8 

(24 h) HQC 150 149.095 ± 2.380 1.6 -0.6 

Autosampler 

stability  

LQC 5 5.069 ± 0.049 0.96 1.39 

MQC 40 39.280 ± 0.587 1.49 -1.8 

(24 h) HQC 150 148.821 ± 2.387 1.6 -0.79 

 



Chapter 2: Analytical method development and validation 
 

Page | 56  
 

 

TMZ 

Conditions Level 
Nominal conc. 

(µg/ml) 

Observed conc. 

(µg/ml) 
% RSD % Bias 

      Mean ± SD     

t= 0 h  LQC 5 5.015 ± 0.081 1.62 0.29 

(for initial samples) 
MQC 40 40.648 ± 0.596 1.47 1.62 

HQC 150 152.346 ± 1.681 1.1 1.56 

Benchtop stability 
LQC 5 5.031 ± 0.077 1.53 0.62 

MQC 40 40.773 ± 0.494 1.21 1.93 

(24 h) HQC 150 152.795 ± 1.309 0.86 1.86 

Autosampler 

stability  

LQC 5 5.019 ± 0.083 1.64 0.38 

MQC 40 40.458 ± 0.273 0.68 1.14 

(24 h) HQC 150 152.001 ± 1.276 0.84 1.33 

      

TMZ-A 

Conditions Level 
Nominal conc. 

(µg/ml) 

Observed conc. 

(µg/ml) 
% RSD % Bias 

      Mean ± SD     

t= 0 h  LQC 5 5.086 ± 0.055 1.08 1.73 

(for initial samples) 
MQC 40 39.929 ± 0.700 1.75 -0.18 

HQC 150 152.180 ± 2.910 1.91 1.45 

Benchtop stability 
LQC 5 5.089 ± 0.058 1.13 1.78 

MQC 40 40.081 ± 0.716 1.79 0.2 

(24 h) HQC 150 152.030 ± 2.727 1.79 1.35 

Autosampler 

stability  

LQC 5 5.098 ± 0.060 1.17 1.96 

MQC 40 39.960 ± 0.722 1.81 -0.1 

(24 h) HQC 150 151.951 ± 2.756 1.81 1.3 

      

TMZ-BOC 

Conditions Level 
Nominal conc. 

(µg/ml) 

Observed conc. 

(µg/ml) 
% RSD % Bias 

      Mean ± SD     

t= 0 h  LQC 5 5.037 ± 0.092 1.82 0.75 

(for initial samples) 
MQC 40 39.854 ± 0.362 0.91 -0.37 

HQC 150 150.682 ± 0.675 0.45 0.45 

Benchtop stability 
LQC 5 5.049 ± 0.082 1.62 0.97 

MQC 40 40.062 ± 0.433 1.08 0.16 

(24 h) HQC 150 149.762 ± 1.141 0.76 -0.16 

Autosampler 

stability  

LQC 5 5.041 ± 0.090 1.78 0.81 

MQC 40 40.119 ± 0.336 0.84 0.3 

(24 h) HQC 150 150.208 ±1.470 0.98 0.14 
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TMZ-H 

Conditions Level 
Nominal conc. 

(µg/ml) 

Observed conc. 

(µg/ml) 
% RSD % Bias 

      Mean ± SD     

t= 0 h  LQC 5 5.071 ± 0.088 1.74 1.42 

(for initial samples) 
MQC 40 40.428 ± 0.672 1.66 1.07 

HQC 150 152.626 ± 2.711 1.78 1.75 

Benchtop stability 
LQC 5 5.059 ± 0.066 1.31 1.18 

MQC 40 40.416 ± 0.649 1.61 1.04 

(24 h) HQC 150 152.355 ± 2.463 1.62 1.57 

Autosampler 

stability  

LQC 5 5.086 ± 0.094 1.86 1.73 

MQC 40 40.772 ± 0.656 1.61 1.93 

(24 h) HQC 150 152.219 ± 2.238 1.47 1.48 

      

AIC 

Conditions Level 
Nominal conc. 

(µg/ml) 

Observed conc. 

(µg/ml) 
% RSD % Bias 

      Mean ± SD     

t= 0 h  LQC 5 5.043 ± 0.074 1.46 0.85 

(for initial samples) 
MQC 40 40.192 ± 0.573 1.42 0.48 

HQC 150 152.053 ± 1.574 1.04 1.37 

Benchtop stability 
LQC 5 5.075 ± 0.077 1.52 1.51 

MQC 40 40.111 ± 0.586 1.46 0.28 

(24 h) HQC 150 152.378 ± 1.201 0.79 1.59 

Autosampler 

stability  

LQC 5 5.065 ± 0.087 1.71 1.3 

MQC 40 40.186 ± 0.576 1.43 0.47 

(24 h) HQC 150 151.793 ± 1.472 0.97 1.2 
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2.4. UPLC-MS/MS-based bioanalytical method development and validation 

2.4.1. Instrumentation conditions: Chromatographic and MS/MS parameters 

Mass parameters for the determination and quantitation of all drugs and internal standard 

(tacrolimus (TAC)) was achieved on Waters® Xevo TQD mass spectrometer equipped with 

electrospray ionization (ESI) probe for better sensitivity operated in positive mode (Waters, 

Milford, Massachusetts, USA). The source capillary potential was set to 3.78 KV, ion source 

temperature to 150 °C, desolvation source temperature to 400 °C, desolvation source gas flow 

to 800 L/h and cone source gas flow to 5 L/h. The multiple reaction monitoring (MRM) mode 

with ion transition were optimized and used to quantify the drugs and IS in the samples  

Chromatographic analysis was performed on Waters® Acquity H-Class UPLC-MS/MS 

equipped with Xevo TQD mass analyser (Waters, Milford, Massachusetts, USA). UPLC-

MS/MS is combined with series of assemblies namely, UPLC-Quaternary solvent manager, 

UPLC-sample manage-FTN, with active column heater, automated high vacuum rotary turbo 

pump and automated nitrogen generator for its peak performance. Mass Lynx software (V4.1) 

was used for system control, data collection, peak analysis. 

Liquid chromatographic separation of analytes (RAP, TMZ, TMZ-A, TMZ-H, AIC, and 

TAC (IS)) was performed on Waters ACQUITY UPLC BEH C18 Column (2.1 × 100 mm, 1.7 

µm). The mobile phase consisted of A) Ammonium acetate buffer with 0.1% formic acid, B) 

Methanol. The column temperature was maintained at 35 °C with linear gradient elution at 

flow of 0.3 ml/min: 0-0.6 min A-60%, 0.6-0.7 min A-60% to 0%, 0.7-2.9 min A- hold at 0%, 

2.9-2.95 min A- 0% to 60%, 2.95-5.6 min A-60%. Thereafter, a linearity curve plot was 

prepared for drugs ranging from 0.976 ng/ml to 1000 ng/ml and tacrolimus as IS was kept 

constant. The sample temperature was set at 15 °C and injection volume was set at 10 µl.  

2.4.2. Stock solutions, dilutions, calibrators and quality control samples 

The stock solution of RAP, TMZ, TMZ-A, TMZ-H, AIC, and TAC were prepared by 

dissolving 10 mg of accurately weighed standard in methanol to give stock of 2 mg/ml. The 

stock solutions were diluted using methanol to give final working analytical standard solution 

of calibration standards equivalent ranging from 19.52 to 20,000 ng/ml. The internal standard 

(TAC; IS) was prepared by dissolving 2 mg of TAC in methanol to give stock solution of 2 

mg/ml and further diluted using methanol to give working standard of 500 ng/ml. All the stock 

and working standard solutions were stored at -20 °C until further use. 
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Final calibrators and quality control samples were prepared by spiking 5 µl of working 

standard solution and 5 µl of IS to 90 µl of solvent or biological matrix. The concentrations of 

drug calibrators were prepared ranging from 0.976 to 1000 ng/ml with IS equivalent to 25 

ng/ml. The four concentration level of quality control (QCs) samples were prepared in a similar 

manner including Lower limit of quantification (LLOQ), Low-level QC (LQC), Mid-level 

quality control (MQC), and High-level quality control (HQC) with minimum of 5 replicates of 

each QC level. The spiked standards were prepared and validated as per the ICH guidelines.  

2.4.3. Sample preparation and drug extraction  

The whole blood containing Na-EDTA was initially acidified with 10 µl of 0.1M L-

ascorbic acid followed by spiking with 5 µl of drug solution and 5 µl of IS to 90 µl of acidified 

blood sample. The spiked blood sample was then allowed to incubate for 15 min for proper 

mixing. Furthermore, the obtained sample was processed using series of hybrid extraction 

method including lysis solution followed by protein precipitation or liquid-liquid extraction. 

The sample was screened with the addition of 50 µl of lysis solution (such as ammonium 

sulphate, zinc sulphate, ammonium acetate, 5% glacial acetic acid, 10% glacial acetic acid, 1% 

HCl, 1% formic acid, etc) and vortexed vigorously for 2 min.  

For protein precipitation method, the precipitating agent (such as methanol, acetonitrile, 

and methanol: acetonitrile mixture (1:1)) was added and vortexed for 15 min followed by 

centrifugation at 15000 rpm for 10 min at 4 °C. The obtained supernatant was then taken and 

10 µl of sample was injected and analyzed using developed simultaneous UPLC-MS/MS 

method.  

For liquid-liquid extraction, the drug and IS spiked blood sample was taken and lysis 

solution was added and 1.5 ml of water immiscible solvent or extracting solvent (such as ethyl 

acetate, dichloromethane, tBME, diethyl ether, ethyl acetate:tBME mixture (1:1), ethylacetate: 

diethyl ether (1:1), etc) was added and vortexed for 15 min followed by centrifugation at 5000 

rpm for 5 min at 4 °C. The supernatant was taken and dried under low vacuum at 37 °C. The 

dried sample was reconstituted in 100 µl of mobile phase and 10 µl of sample was injected and 

analysed using developed simultaneous UPLC-MS/MS method. 

2.4.4. Assay validation  

The developed UPLC-MS/MS method for the various analytes including RAP, TMZ, 

TMZ-A, TMZ-H, and AIC was developed and validated according to the ICH-bioanalytical 
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method validation guidelines [3]. The method was validated in terms of selectivity, linearity, 

sensitivity, accuracy, precision, recovery, matrix effect, carry over effects, and stability. 

2.4.4.1. Selectivity 

Selectivity of the developed method was investigated in the presence and absence of the 

biological matrix components. The test was performed by comparing 3 replicates of analytical 

spiked sample (drug/IS in MeOH) with 3 replicates of matrix blank (processed whole blood) 

and 3 replicates of spiked matrix sample (drug/IS in extracted sample) at low and high QC 

level each. The obtained chromatogram must be free of interference at the elution time of the 

analyte and IS of interest with % RSD in limits (analyte ≤20% for LLOQ and ≤15% for LQC, 

MQC and HQC).  

2.4.4.2. Linearity 

The developed method was assessed for the linearity range of the analyte of interest and 

IS spiked into the whole blood with the final concentration ranging from 0.976 ng/ml to 1000 

ng/ml. The analyte/IS spiked into matrix was extracted as mentioned in section 2.4.3. The peak 

area ratio of analyte of interest and IS with a minimum of 3 calibration curve is run over the 

period of several days were used to evaluated for the linearity of the assay and the calibration 

with R2 value greater than 0.99 and minimum of 75% of the calibrators must fall within the 

limit of acceptance were considered for further experimentation.  

2.4.4.3. LLOQ, LOD, LOQ, Sensitivity 

The sensitivity of the developed method will be determined in terms of Lower Limit of 

Quantification (LLOQ), which is considered as the lowest concentration that could be 

measured with % RSD within ≤20% with signal to noise (S/N) ≥10 compared to drug free 

extracted matrix. The calibrators were utilized to determine the Limit of Detection (LOD) and 

Limit of Quantification (LOQ) using the below mentioned formula:  

𝐿𝑂𝐷 = 3.3 ×  𝜎/𝑚      eq. 2.5 

𝐿𝑂𝑄 = 10 ×  𝜎/𝑚      eq. 2.6 

Where, σ is standard deviation of intercept of regression and m is slope of calibration. 

The S/N ratio was determined using minimum of 6 chromatograms of analyte/IS extracted from 

pooled biological matrix. 
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2.4.4.4. Accuracy and precision 

The developed method was assessed for accuracy and precision using the quality control 

samples (LLOQ, LQC, MQC, HQC). The freshly prepared QC samples were performed in the 

format with minimum of 3 replicates per each QC level analyzed on 3 different working days. 

The acceptance criteria for intraday and interday accuracy and precision must fall within the 

limits with % RSD and % Bias of ≤15 and ≤15%, respectively, except for LLOQ the acceptance 

criteria was ≤20% in all the runs.  

2.4.4.5. Recovery and matrix effect 

The recovery of the extraction process was determined using the QC levels (LQC, MQC, 

and HQC) compared with the peak area ratio response from the drug/IS spiked in both pre- and 

post-extraction samples. The extraction recovery process need not to be 100%, the process 

must be efficient and reproducible in all the sets. 

The matrix effect was evaluated using the post extraction addition method, wherein, the 

biological samples from the multiple sources (atleast 6) was pooled to determine the 

interference of the biological matrix/metabolites with the analyte and IS. Minimum of 3 

replicates of QC sets were utilized to determine the effect by comparing the peak area ratio 

responses of the spiked neat solution in mobile phase (set 1) with the blank post-extraction 

samples spiked at equivalent concentration (set 2). The matrix effect is calculated using the 

below mentioned formula, and expressed as % ME, that should be ≤15%: 

%𝑀𝐸 =
𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑜𝑓 𝑠𝑒𝑡 1 − 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑜𝑓 𝑠𝑒𝑡 2

𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑜𝑓 𝑠𝑒𝑡 1
 × 100 

If % ME is equals to zero, means no matrix effect, while % ME <0 or >0 is considered as ion 

enhancement or suppression, respectively.  

2.4.4.6. Carry over effect 

Carry over effect of analyte and IS was evaluated by injecting highest analyte 

concentration followed by two blank injections. The process was performed thrice for every 

biological matrix and must follow the criteria with carry over NMT ≤20% of LLOQ and ≤5% 

for the IS. Additionally, an extensive method was used to wash the needle using the mixture of 

methanol: acetonitrile: water (45:45:10) for 10 sec, followed by next injection.  
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2.4.4.7. Stability 

Stability studies of analytes and IS were performed on the basis of short-term stability by 

keeping the QC samples (LLOQ, LQC, MQC, and HQC) in laboratory conditions (bench-top 

stability) at 25 °C for 4 h, autosampler stability of the extracted samples was evaluated at 8 °C 

after 24 h. Minimum of three replicates of QC sets must be evaluated and fall within the 

acceptance criteria of % Bias ≤15% for all the samples.  

2.4.5. Result and discussion 

2.4.5.1. Chromatographic and MS/MS conditions  

The analyte and IS detection and quantification method were developed using 

electrospray ionization (ESI) probe set in positive mode (ESI+). The positive ionization mode 

produced [M+H]+, [M+Na]+, and [M+K]+ adducts for the analyte and IS. MS/MS based 

parameters were optimized for better sensitivity with capillary potential of 3.78 KV and 

desolvation temperature was set at 400 °C. The MRM transitions of molecules were obtained. 

The transitions for RAP (931.2 ➔864.66), TMZ (194.9 ➔137.95), TMZ-A (195.88 ➔138.93), 

TMZ-H (209.91 ➔152.96), AIC (126.89 ➔ 109.91), and IS TAC (821.13 ➔768.56), with 

cone potential of 36, 22, 22, 22, 22, and 34V, at collision energy equivalent to 16, 10, 8, 10, 8, 

and 22 V, respectively, were used to determine the concentration of the drugs and IS in the 

samples. All other working parameters of UPLC-MS/MS are listed in below mentioned table 

2.6. The detailed MS and MRM transitions are mentioned in table 2.7. Figure 2.5 shows the 

parent ion and daughter ion optimization (at their respective cone and collision energy 

potential) for the analytes and IS.  

For extraction of drug, a hybrid method (salting out with liquid-liquid extraction) was 

adopted, wherein, initially, 50 µl of 0.5 M ammonium sulfate as lysis salt was added and 

vortexed for 2 min, followed by extraction of analytes using 1200 µl of ethyl acetate (EA) and 

vortexed for 30 min as mentioned in section 2.4.3. The samples were centrifuged at 5000 rpm 

for 5 min at 4 °C. The supernatant was carefully collected and transferred to vials, and the same 

process was repeated for the second time. The collected organic layer was evaporated to 

dryness and reconstituted with 100 µl of mobile phase, followed by 10 µl of sample volume 

injected and analysed using developed simultaneous UPLC-MS/MS method. Liquid 

chromatographic separation for detection and quantification of RAP, TMZ and its derivatives 

were obtained in a gradient elution mode due to different physiochemical properties of the 

analytes. The developed LC method eluted the RAP (2.93 min), TAC (2.92 min), TMZ  
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Table 2.6. UPLC-MS/MS parameters for RAP, TMZ, TMZ-A, TMZ-H, AIC, and TAC 

Waters® UPLC-MS/MS parameters 

Capillary potential 3.78 KV 

Desolvation temp 400 °C 

Desolvation gas 800 L/h 

Cone gas 5 L/h 

Source temp 150 °C 

Mobile phase Methanol: Ammonium acetate (pH 3.6) 

Flow rate 0.3 ml/min 

Mode of elution Gradient 

Linearity 0.976-1000 ng/ml 

Elution time 

RAP (2.93 min) 

TAC (2.92 min) 

TMZ (0.84 min) 

TMZ-A (0.84 min) 

TMZ-H (0.82 min) 

AIC (0.77 min) 

 

Table 2.7. Mass parameters for RAP, TMZ, TMZ-A, TMZ-H, AIC, and TAC 

MS/MS parameters 

Analyte of interest MRM transition Cone Potential  Collision energy 

RAP 931.2 ➔864.66 36 16 

TMZ 194.9 ➔137.95 22 10 

TMZ-A 195.88 ➔138.93 22 8 

TMZ-H 209.91 ➔152.96 22 10 

AIC 126.89 ➔ 109.91 22 8 

TAC (IS) 821.13 ➔768.56 34 22 
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Figure 2.5. Cone and collision potential optimisation for parent ion and daughter ion for RAP, TMZ, TMZ-A, TMZ-H, AIC, and TAC 
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(0.84 min), TMZ-A (0.84 min), TMZ-H (0.82 min), and AIC (0.77 min) using methanol: 

ammonium acetate as a mobile phase. The simultaneous method yielded uniform peak shape 

for qualitative and quantitative analysis with improved sensitivity. Representative 

chromatogram for the respective analyte and IS are shown in figure 2.6, depicting the analyte 

standard of RAP, TAC, TMZ, TMZ-A, TMZ-H, and AIC.  

2.4.5.2. Method validation 

The developed UPLC-MS/MS method fulfilled and validated the criteria according to the 

ICH-bioanalytical method validation guidelines, in terms of selectivity, linearity, sensitivity, 

accuracy, precision, recovery, matrix effect, carry over effects, and stability. The developed 

method did not show any interference at the retention time of analyte and IS. Moreover, the 

analyte and IS extracted sample showed the similar retention time as of the analytical sample 

(neat sample in mobile phase) without any interference, suggesting the selectivity of the 

analysis. The developed method demonstrated the linearity for all the samples over the 

concentration range of 0.976-1000 ng/ml with IS equivalent to 25 ng/ml with a correlation 

regression coefficient (R2) of >0.99 with calibration equation of the analytes mentioned in table 

2.8.  

The sensitivity of the method was estimated in terms of the LOD, and LOQ. The LOD of 

the developed UPLC-MS/MS assay in the whole blood was found to be 40, 68, 161, 891, and 

80 pg/ml and LOQ of 122, 208, 488, 2700, and 244 pg/ml for RAP, TMZ, TMZ-A, TMZ-H, 

and AIC, respectively (Table 2.8). However, the % RSD of the LLOQ in all the extracted 

biological samples were within ≤20% with S/N ratio ≥10. The developed method was found to 

show intra-day and inter-day accuracy and precision with % RSD and % Bias within the 

acceptable limits of ≤15%, except for LLOQ the criteria is ≤20% in all the runs, as per 

recommended in the bioanalytical method validation guidelines (Table 2.9). The developed 

extraction protocol matrix effect was found to be within the acceptable limits as per the 

guidelines. Also, no carryover effect was detected in the blank for the analyte and IS after 

injected with LQC, MQC, and HQC.  

The stability of the analyte in the biological matrix (whole blood) was determined based 

on bench-top stability for 4 h at 25 °C. The samples were found to be stable with % RSD of 

less than 10% for all the samples. The autosampler stability studies were also performed to 

check the stability of the samples during the analysis for over the period of 24 h kept at 8 °C.  
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Figure 2.6. Representative chromatogram for A) RAP, B) TAC, C) TMZ-H, D) TMZ-A, E) TMZ, and F) AIC (top to bottom) 
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Table 2.8. Calibration curve equation and sensitivity for RAP, TMZ, TMZ-A, TMZ-H, and AIC 

Molecule Regression equation 
Regression coefficient 

(R2) 
LOD (pg/ml) LOQ (pg/ml) 

RAP Y=0.7216x + 5.6898 0.9989 40 122 

TMZ Y=0.5613x + 3.6363 0.9994 68 208 

TMZ-A Y=0.3447x + 1.7218 0.9986 161 488 

TMZ-H Y=0.2764x – 1.1641 0.9997 891 2700 

AIC Y=0.4653x + 6.4037 0.9998 80 244 
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Table 2.9. Intra-day and Inter-day accuracy and precision of RAP, TMZ, TMZ-A, TMZ-H, and AIC in 

whole blood as a biological matrix 

RAP 

Intra day  Inter day 

Level 

Nominal 

conc. 

(ng/ml) 

Observed conc. 

(ng/ml) 
% 

RSD 

% 

Bias 

 Observed conc. 

(ng/ml) 
% 

RSD 

% 

Bias 
Mean ± SD  Mean ± SD 

LLOQ 3 2.81 ± 0.19 6.86 -6.22  2.83 ± 0.19 6.76 -5.78 

LQC 100 106.7 ± 7.29 6.83 6.7  107.03 ± 6.62 6.19 7.03 

MQC 450 431.74 ± 25.16 5.83 -4.06  434.25 ± 22.86 5.27 -3.5 

HQC 800 814.68 ± 41.05 5.04 1.83  822.45 ± 37.48 4.56 2.81 
 

TMZ 

Intra day  Inter day 

Level 

Nominal 

conc. 

(ng/ml) 

Observed conc. 

(ng/ml) 
% 

RSD 

% 

Bias 

 Observed conc. 

(ng/ml) 
% 

RSD 

% 

Bias 
Mean ± SD  Mean ± SD 

LLOQ 1.5 1.49 ± 0.19 12.61 -0.38  1.49 ± 0.19 
12.9

4 
-0.88 

LQC 100 103.65 ± 13.70 13.21 3.65  106.25 ± 7.15 6.73 6.25 

MQC 450 469.05 ± 33.31 7.1 4.23  462.51 ± 31.88 6.89 2.78 

HQC 900 918.97 ± 82.98 9.03 2.11  899.46 ± 76.60 8.52 -0.06 
         

TMZ-A 

Intra day  Inter day 

Level 

Nominal 

conc. 

(ng/ml) 

Observed conc. 

(ng/ml) 
% 

RSD 

% 

Bias 

 Observed conc. 

(ng/ml) 
% 

RSD 

% 

Bias 
Mean ± SD  Mean ± SD 

LLOQ 1.5 1.49 ± 0.13 8.52 -0.9  1.47 ±0.13 9.07 -2 

LQC 100 105.76 ± 7.47 7.07 5.76  105.10 ± 7.83 7.45 5.1 

MQC 450 455.95 ± 34.32 7.53 1.32  451.21 ± 35.33 7.83 0.27 

HQC 900 900.44 ± 90.72 10.08 0.05  876.69 ± 79.22 9.04 -2.59 
         

TMZ-H 

Intra day  Inter day 

Level 

Nominal 

conc. 

(ng/ml) 

Observed conc. 

(ng/ml) 
% 

RSD 

% 

Bias 

 Observed conc. 

(ng/ml) 
% 

RSD 

% 

Bias 
Mean ± SD  Mean ± SD 

LLOQ 5 5.37 ± 0.56 10.45 7.36  5.48 ± 0.47 8.56 9.69 

LQC 100 96.77 ± 1.04 10.05 3.47  94.21 ± 8.64 9.17 -5.79 

MQC 450 414.36 ± 21.13 5.1 -7.92  409.99 ± 18.73 4.57 -8.89 

HQC 900 902.19 ± 71.91 7.97 0.24  892.59 ± 67.21 7.53 -0.82 
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Table 2.9. continued 

AIC 

Intra day  Inter day 

Level 

Nominal 

conc. 

(ng/ml) 

Observed conc. 

(ng/ml) 
% 

RSD 

% 

Bias 

 Observed conc. 

(ng/ml) 
% 

RSD 

% 

Bias 
Mean ± SD  Mean ± SD 

LLOQ 6 6.27 ± 0.67 10.62 4.43  6.19 ± 0.66 
10.6

8 
3.24 

LQC 100 105.28 ± 9.10 8.65 5.28  105.92 ± 5.92 7.54 5.92 

MQC 450 438.17 ± 48.34 11.03 -2.63  438.43 ± 47.30 
10.7

9 
-2.57 

HQC 900 908.42 ± 67.96 7.48 0.94  899.1 ± 66.95 7.45 -0.10 

 

Table 2.10. Stability studies of RAP, TMZ, TMZ-A, TMZ-H, and AIC in whole blood as a biological matrix 

RAP 

Conditions Level 
Nominal conc. 

(ng/ml) 

Observed conc. 

(ng/ml) % RSD % Bias 

Mean ± SD 

t= 0 h 
LLOQ 3 2.82 ± 0.2 7.12 -5.93 

LQC 100 107.72 ± 7.16 6.65 7.72 

(for initial samples) 
MQC 450 433.25 ± 27.55 6.36 -3.72 

HQC 800 811.89 ± 44.2 5.44 1.49 

Benchtop stability 

LLOQ 3 2.83 ± 0.2 7.04 -5.56 

LQC 100 105.47 ± 7.41 7.02 5.47 

MQC 450 432.4 ± 25.29 5.85 -3.91 

24 h HQC 800 808.44 ± 42.27 5.23 1.05 

Autosampler 

stability 

LLOQ 3 2.77 ± 0.15 5.55 -7.82 

LQC 100 106.99 ± 7.77 7.27 6.99 

MQC 450 433.76 ± 26.68 6.15 -3.61 

24 h HQC 800 814.79 ± 44.70 5.49 1.85 
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TMZ 

Conditions Level 
Nominal conc. 

(ng/ml) 

Observed conc. (ng/ml) 
% RSD % Bias 

Mean ± SD 

t= 0 h 
LLOQ 1.5 1.53 ± 0.19 12.21 1.99 

LQC 100 102.58 ± 14.67 14.3 2.58 

(for initial samples) 
MQC 450 466.73 ± 36.31 7.78 3.72 

HQC 900 914.38 ± 89.79 9.82 1.6 

Benchtop stability 

LLOQ 1.5 1.45 ± 0.18 12.16 -3.03 

LQC 100 104.82 ± 14.83 14.14 4.82 

MQC 450 476.33 ± 31.61 6.64 5.85 

24 h HQC 900 940.33 ± 72.42 7.7 4.48 

Autosampler 

stability 

LLOQ 1.5 1.48 ± 0.18 12.22 -1.18 

LQC 100 102.33 ± 14.59 14.26 2.33 

MQC 450 465.18 ± 34.12 7.33 3.37 

24 h HQC 900 927.87 ± 78.47 8.46 3.1 
 

TMZ-A 

Conditions Level 
Nominal conc. 

(ng/ml) 

Observed conc. (ng/ml) 
% RSD % Bias 

Mean ± SD 

 t= 0 h 
LLOQ 1.5 1.49 ± 0.13 8.71 -0.77 

LQC 100 104.54 ± 7.54 7.21 4.54 

(for initial samples) 
MQC 450 455.22 ± 37.90 8.32 1.16 

HQC 900 898.55 ± 99.64 11.09 -0.16 

Benchtop stability 

LLOQ 1.5 1.49 ± 0.13 8.78 -0.46 

LQC 100 108.21 ± 5.24 4.84 8.21 

MQC 450 464.21 ± 28.23 6.08 3.16 

24 h HQC 900 920.99 ± 85.09 9.24 2.33 

Autosampler 

stability 

LLOQ 1.5 1.48 ± 0.13 8.88 -1.45 

LQC 100 105.5 ± 7.95 7.54 5.5 

MQC 450 451.91 ± 36.02 7.97 0.42 

24 h HQC 900 908.87 ± 97.31 10.71 0.99 
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TMZ-H 

Conditions Level 
Nominal conc. 

(ng/ml) 

Observed conc. 

(ng/ml) % RSD % Bias 

Mean ± SD 

t= 0 h 
LLOQ 5 5.47 ± 0.47 8.62 9.44 

LQC 100 96.24 ± 9.01 9.36 -3.76 

(for initial samples) 
MQC 450 415.95 ± 22.34 5.37 -7.57 

HQC 900 911.21 ± 73.65 8.08 1.25 

Benchtop stability 

LLOQ 5 5.34 ± 0.62 11.53 6.85 

LQC 100 97.85 ± 10.66 10.9 -2.15 

MQC 450 414.75 ± 19.94 4.81 -7.83 

24 h HQC 900 902.19 ± 71.91 7.97 0.24 

Autosampler 

stability 

LLOQ 5 5.27 ± 0.57 10.74 5.4 

LQC 100 97.2 ± 10.2 10.49 -2.8 

MQC 450 413.9 ± 20.86 5.04 -8.02 

24 h HQC 900 915.63 ± 72.0 7.86 1.74 
      

AIC 

Conditions Level 
Nominal conc. 

(ng/ml) 

Observed conc. 

(ng/ml) % RSD % Bias 

Mean ± SD 

t= 0 h 
LLOQ 6 6.2 ± 0.67 10.74 3.29 

LQC 100 103.87 ± 9.38 9.03 3.87 

(for initial samples) 
MQC 450 442.08 ± 52.05 11.77 -1.76 

HQC 900 904.14 ± 73.79 8.16 0.46 

Benchtop stability 

LLOQ 6 6.24 ± 0.69 11.13 4.01 

LQC 100 106.83 ± 8.42 7.88 6.83 

MQC 450 444.89 ± 49.84 11.2 -1.13 

24 h HQC 900 925.31 ± 59.44 6.42 2.81 

Autosampler 

stability 

LLOQ 6 6.37 ± 0.59 9.3 6.15 

LQC 100 105.45 ± 9.2 8.72 5.45 

MQC 450 435.91 ± 44.59 10.23 -3.13 

24 h HQC 900 900.58 ± 59.52 6.61 0.06 

 

 



Chapter 2: Analytical method development and validation 
 

Page | 72  
 

The results indicated the % RSD was within the accepted criteria with % RSD value within the 

limits. The detailed values of the stability analysis are shown in table 2.10. 

2.5. Conclusion 

In section 2.2, a simple UV-Vis spectrophotometer-based analytical method was 

developed and validated as per the ICH guidelines. Thereafter, in section 2.3, a simple isocratic 

reverse phase HPLC-UV-based analytical method was developed and validated to analyze 

multiple analytes, including RAP, TMZ, TMZ-A, TMZ-BOC, TMZ-H, and AIC. The 

calibration curve showed linearity over a wide concentration range from 0.390 µg/ml to 200 

µg/ml for multiple analytes with a regression coefficient (R2) of >0.99. The analytical method 

was validated as per the ICH guidelines for selectivity, linearity, accuracy, precision, sensitivity, 

carryover, and stability. Thus, the developed analytical method could be utilized to monitor the 

reaction, purity profiling, and determine the concentration of analytes in an unknown sample.  

After that, in section 2.4, a highly sensitive, UPLC-MS/MS based simultaneous method 

for RAP, TMZ, and its derivatives was developed and validated as per the ICH guidelines. The 

developed method exhibited a linearity over the range of 0.976 to 1000 ng/ml in whole blood 

as a biological matrix with correlation regression coefficient (R2) of >0.99. The method was 

found to show selectivity, accuracy, precision, with no matrix and carryover effect in whole 

blood was observed. The developed and validated method could be utilized for in vivo 

pharmacokinetics of analytes in animals.  
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3.1. Introduction 

Temozolomide (TMZ) is a second-generation DNA alkylating agent and used as a 

standard-of-care chemotherapeutic agent for the treatment of glioblastoma multiforme (GBM). 

Though a potent molecule, TMZ exhibits several limitations, such as short half-life, rapid pH-

dependent hydrolysis, and speedy clearance, resulting in lesser accumulation in the brain. 

Hydrolysis of the molecule under physiological conditions results in the conversion of TMZ 

into its metabolite, MTIC (3-methyl-(triazen-1-yl)imidazole-4-carboxamide) and AIC (5-

aminoimidazole-4-carboxamide), which cannot permeate into the cells effectively. Only <1% 

of the dose reaches the brain intact, thereby rendering the drug with sub-therapeutic outcomes. 

In order to achieve the therapeutic effect, high doses of TMZ are given, resulting in dose-

dependent hematological toxicities. Several approaches have been explored to overcome these 

limitations, including its encapsulation in nanocarriers of organic (lipids, polymers, 

dendrimers, etc.) and inorganic (silica, quantum dots, gold, silver, etc.) materials that showed 

improved TMZ delivery as well as preparation of conjugates with small molecules and 

polymers [1]. TMZ has a solubility of 5 mg/ml, posing challenges in encapsulating into the 

nanocarriers. In the conjugation approach TMZ has been conjugated with small molecules such 

as doxorubicin, γ-carbolines, 5-nitro-2-(3-phenylpropylamino)-benzoate (NPPB), perillyl 

alcohol, etc. and polymer including poly-(2-methacryloyloxyethyl phosphorylcholine) (MPC), 

poly(β-L-malic acid), poly(2-ethyl-2-oxazoline), etc [2–8]. TMZ conjugated to the polymeric 

backbone demonstrated improved drug loading capacity, systemic circulation, tissue targeting, 

ease in fabrication, and better biocompatibility. Likewise, a series of polymer-TMZ conjugates 

depicted an effecting drug loading capacity up to 35-50 mol% with improved stability half-life 

ranging from 2-19 folds compared to free TMZ. The in vitro cell-based assay also depicted 

marked enhancement in the cytotoxicity and uptake in glioma cell lines [6]. In another study, 

multifunctional targeted poly(β-L-malic acid) conjugated to TMZ was synthesized, resulting 

in particles of 6.5-14.8 nm, improved loading capacity up to 17% w/w with enhanced stability 

of TMZ from 1.8 h to 5-7 h [7]. We have previously reported the drug conjugates using PEG-

polycarbonate, providing ample opportunity to attach the drug to the polycarbonate backbone 

with improved loading capacity, stability, and efficacy [9]. Similarly, Jiang et al. conjugated 

doxorubicin to amphiphilic block copolymer, mPEG-b-P(ATMC-co-DTC) via. hydrazone 

linkage. The resulting self-assembled nanoconjugate showed 90-140 nm particles with a 

loading capacity of 9.9-12.5% w/w. The polymer-DOX conjugate demonstrated stimuli-

sensitive drug release kinetics, effective cellular uptake, and cytotoxicity profile against HeLa 
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cells [10]. Liang et al. fabricated pegylated aliphatic polycarbonate copolymer DOX conjugate 

using a benzoic imine linker. The conjugate self-assembles to form a particle of 49 nm with a 

drug loading efficiency of 18.3% w/w. The drug-polymer conjugate NP showed better colloidal 

stability under physiological conditions and exhibited stimuli-based drug release in tumor 

microenvironment condition, consequently becoming a potential candidate for an effective and 

safer drug delivery system [11]. 

In the current research, a series of PEG-based TMZ-polymer conjugates (mPEG-b-P(CB-

{g-COOH; g-TMZn}) (wherein, n= 20, 40, and 60 units) were prepared consisting of polymer 

backbone and temozolomide covalently attached viz. hydrazine linker. A thorough screening 

and characterization were performed using NMR, and its nanoformulation was prepared and 

evaluated using DLS and UV spectroscopy for particle size and stability. 

3.2. Experimental section 

3.2.1. Materials 

Temozolomide (TMZ, >98%), tert-butyl carbazate, 1H-Benzotriazol-1-

yloxytripyrrolidinophosphonium Hexafluorophosphate (PyBOP), N,N-Diisopropylethylamine 

(DIPEA) were purchased from TCI chemicals (Tokyo, Japan). SnakeSkin™ Dialysis Tubing 

(MWCO. 10 KDa) was procured from ThermoFisher Scientific (Massachusetts, United States). 

Methoxy poly(ethylene glycol) (mPEG, 5000 Da) and Tin(II) 2-ethylhexanoate  were obtained 

from Sigma-Aldrich (St. Louis, Missouri, United States). 1,4-Dioxane and Palladium on carbon 

(Pd/C) were purchased from Spectrochem (Mumbai, India). 1-(3-Dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC.HCl) and Hydroxybenzotriazole (HOBt) were obtained 

from Sisco Research Laboratories (Mumbai, India). All other reagents and chemicals used were 

of analytical grade and bought from local vendors. 

3.2.2. Synthesis of polymeric drug conjugate of TMZ (mPEG-b-P(CB-{g-COOH; g-

TMZn})  

A series of polymeric conjugates of TMZ were synthesized by reacting TMZ hydrazide 

derivative with amphiphilic mPEG-b-P(CB-{g-COOH} copolymer. TMZ-hydrazide derivative 

was synthesized using a multistep reaction (Figure 3.1). Initially, TMZ (1) was converted to 

TMZ acid (2), then reacted with t-butyl carbazate to form TMZ-Boc-protected TMZ hydrazide 

(3), followed by cleavage of Boc using saturated dioxane-HCl to afford unprotected TMZ 

hydrazide (4). An amphiphilic copolymer, mPEG-b-P(CB-{g-COOH}, with carboxyl pendant 
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Figure 3.1. Reaction scheme for the synthesis of TMZ-polymer conjugates. A) Synthesis of TMZ hydrazide: i) NaNO2, H2SO4, 4-8 °C, overnight, ii) t-

butyl carbazate, PyBOP, triethylamine, overnight, iii) 1,4-dioxane.HCl, 4-6 h, B) Synthesis of polycarbonate polymer with free COOH group:  iv) Benzyl 

bromide, KOH, 100 °C, overnight, then triphosgene, pyridine, acetone-dry ice bath, 4 h, v) mPEG (Mn. 5000), tin(II)-ethylhexanoate, microwave-assisted 

ring-opening polymerization, 130 °C, 1 h, vi) Palladium on carbon, H2, 5 h, C) Synthesis of TMZ-polymer conjugates (mPEG-b-P(CB-{g-COOH; g-

TMZn}):  vii) EDC/HOBt coupling, DIPEA, N2, 4-8 °C 
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 groups was synthesized in a multistep reaction, wherein MBC (5) carbonate monomer was 

synthesized by reported procedure [12], followed by ring-opening polymerization with mPEG 

as macroinitiator to yield mPEG-b-P(CB) (6) copolymer. The protective benzylic pendant was 

removed using catalytic hydrogenation to obtain the mPEG-b-P(CB-{g-COOH} (7). TMZ 

hydrazide derivative (4) was reacted to mPEG-b-P(CB-{g-COOH} (7) copolymer using 

EDC/HOBt coupling to obtain polymer conjugate of TMZ (mPEG-b-P(CB-{g-COOH; g-

TMZn}) (8). All reactions were carried out under a dry nitrogen atmosphere using the standard 

protocol. The synthesized intermediates, monomers, and polymers were thoroughly 

characterized using 1H NMR (400MHz) and 13C NMR (101MHz) spectra using Bruker 

AVANCE III 400 MHz NMR spectrometer (Billerica, Massachusetts, United States) at 20 °C 

either using DMSO-d6 or CDCl3 with tetramethylsilane (TMS) as an internal reference. High-

resolution mass (HRMS) spectra were recorded using an Agilent Technologies 6545 Q-TOF 

LC/MS system (Agilent Technologies, Inc., California, United States) with electrospray 

ionization mode to detect the mass of monomers and their adducts. UV-visible spectra for 

synthesized compounds were recorded using a Jasco-V750 spectrophotometer (Tokyo, Japan) 

at room temperature with a path length of 1 cm over the 200-800 nm wavelength range. 

3.2.2.1. Synthesis of Temozolomide acid (TMZ-A) (2) 

TMZ (1) with an amide group was converted to a free -COOH group by the reported 

procedure [13]. TMZ-A (2) was prepared by dissolving TMZ (1) (0.5 g, 2.577 mmol) in 4 ml 

conc. H2SO4, a sodium nitrite solution (9.4 mmol, 0.65 g), was added dropwise with continuous 

nitrogen flow under ice-chilled conditions to remove the gaseous by-product, and the reaction 

mixture was allowed to stir overnight at room temperature. Further, the reaction mixture 

containing TMZ-A (2) was precipitated by adding ice-chilled water for 30 min. The 

precipitated product was thus filtered and dried under vacuum to yield final TMZ-A (2).  

3.2.2.2. Synthesis of Boc-protected Temozolomide-hydrazide (TMZ-Boc) (3) 

TMZ-A (2) containing free COOH group was attached with the t-buyl carbazate to 

prepare the TMZ-Boc (3) using PyBOP coupling chemistry. Briefly, a mixture of TMZ-A (2) 

(1 g, 5.128 mmol, 1 equiv.), Benzotriazol-1-yl-oxytripyrrolidinophosphonium 

hexafluorophosphate (PyBOP) (2.93 g, 5.64 mmol, 1.1 equiv.) and triethylamine (TEA) (1.07 

ml, 0.778 g, 7.69 mmol, 1.5 equiv.) was added in 30 ml of dried acetonitrile. After that, t-butyl 

carbazate (0.745 g, 5.64 mmol, 1.1 equiv.) was added to the reaction mixture under ice-cold 

conditions and stirred at room temperature overnight under a nitrogen atmosphere. After 
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completion of reaction, solvent was evaporated under reduced pressure and crude precipitate 

was dissolved in dichloromethane (DCM) and was washed with a saturated sodium chloride 

solution twice. Organic layer was collected, dried over anhydrous sodium sulfate and 

evaporated to obtain a thick light yellow waxy liquid. The mixture was then purified using 

column chromatography, followed by washing with ice-cold diethyl ether to yield pure 

compound (3) 

3.2.2.3. Synthesis of Temozolomide hydrazide (TMZ-H) (4) 

After that, compound 3 containing protective Boc group was cleaved under the acidic 

environment to get TMZ-H (4) as reported previously [7]. TMZ-H (4) was synthesized by 

deprotecting compound 3 (1 g, 3.23 mmol) using 40 ml of 1,4-dioxane saturated with HCl in a 

100 ml round bottom flask under cold conditions for 4-6 h. Reaction was monitored by using 

thin layer chromatography (TLC). Upon completion of the reaction, the solvent was removed 

using a vacuum, and the solid obtained was washed with diethyl ether to yield TMZ-H (4) 

having free amine (-NH2) end group of hydrazine attached to imidazotetrazine derivative. 

3.2.2.4. Synthesis of mPEG-polycarbonate polymer (mPEG-b-P(CB)) (6) 

The mPEG-b-P(CB) (6) copolymer was synthesized using microwave-assisted ring-

opening polymerization (ROP) of MBC (5) carbonate monomer with mPEG as macroinitiator 

using tin(II) ethyl hexanoate as a catalyst at 130 °C for 1 h. MBC (5) monomer was synthesized 

as reported earlier [12]. The crude polymer was purified using precipitation method by 

dissolving it in chloroform and precipitating with isopropyl alcohol and diethyl ether, twice. 

The purified copolymer was then dried under a vacuum and characterized using 1H-NMR 

spectroscopy. 

3.2.2.5. Synthesis of mPEG-carboxylic polycarbonate copolymer (mPEG-b-P(CB-{g-

COOH}) (7) 

mPEG-b-P(CB) (6) was subjected to catalytic hydrogenation to remove the protective 

benzylic group and obtain free carboxyl groups on the polycarbonate backbone. Briefly, 

mPEG-b-P(CB) (6) (2.0 g) was dissolved in dried tetrahydrofuran and methanol in a ratio 1:1 

and taken in a glass vial to which 400 mg of Palladium on carbon (Pd/C) was added under 

nitrogen flow at ambient temperature. Hydrogenation of copolymer was done in hydrogenation 

parr apparatus at 40-45 psi pressure for 5 h. The copolymer was centrifuged and filtered using 

Celite 545® as a filter aid to remove the remaining Pd/C, followed by solvent removal and 
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drying under vacuum to give mPEG-b-P(CB-{g-COOH} containing free COOH as pendent 

groups (7). The free COOH groups were determined using the relative method by keeping 

mPEG (Mn. 5000 Da) as a constant. 

3.2.2.6. Synthesis of temozolomide polymer-drug conjugate (mPEG-b-P(CB-{g-COOH; 

g-TMZn}) (8) 

A series of temozolomide-conjugated amphiphilic copolymers were synthesized using 

EDC-HOBT coupling chemistry. Briefly, a mixture of mPEG-b-P(CB-{g-COOH} (7) (0.3 g, 

1.285 mmol of COOH, 1 equiv.), 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC.HCl) (0.37 g, 1.93 mmol, 1.5 equiv.), N,N-diisopropylethylamine 

(DIPEA) (560 µl, 3.21 mmol, 2.5 equiv.) and hydroxybenzotriazole (HOBT) (0.26 g, 1.93 

mmol, 1.5 equiv.) were added to 5 ml of dried dimethylformamide (DMF) under ice-cold 

conditions. After that, the mixture was activated under a nitrogen atmosphere for 0.5 h, 

followed by the addition of compound 4 (0.8 equiv. (215 mg, 1.03 mmol), 1.0 equiv. (269 mg, 

1.29 mmol), and 1.2 equiv. (322 mg, 1.54 mmol)). The reaction mixture was allowed to stir 

overnight under a nitrogen atmosphere. After this, the reaction mixture was dialyzed using a 

snakeskin dialysis membrane (MWCO. 10 KDa) against purified water for 6-8 h, and water 

was replaced every 1 h. The resulting dialysate was taken from the dialysis bag and freeze-

dried to yield the mPEG-b-P(CB-{g-COOH; g-TMZn} (8). The obtained product was 

characterised using 1H-NMR spectroscopy and the number of TMZ units attached was 

calculated using the relative method by keeping mPEG (Mn. 5000 Da) (macroinitiator) as a 

constant. 

3.2.3. Development of TMZ nanoconjugate formulation (mPEG-b-P(CB-{g-COOH; g-

TMZn} NPs)  

TMZ nanoconjugate formulation (mPEG-b-P(CB-{g-COOH; g-TMZn}  NPs) (n = 20, 40, 

and 60 units of TMZ) was prepared using the simple dispersion method. Briefly, mPEG-b-

P(CB-{g-COOH; g-TMZn}  (9 mg) were weighed accurately, and 3 ml of dispersive medium 

(phosphate-buffered saline, 10 mM) was added to it, followed by simple pipetting to yield a 

dispersion mixture. The dispersion was probe sonicated for 20 s at 20% amplitude under ice-

cold conditions and subjected to evaluation for particle size (PS), polydispersity index (PDI), 

zeta potential (ZP), and surface morphology. Further, the mPEG-b-P(CB-{g-COOH; g-TMZn}  

NPs were evaluated for TMZ content and colloidal stability. The loading amount of TMZ was 
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calculated from the weight ratio method using the simple UV-Vis spectrophotometer (at λmax 

328 nm) and calculated as per the below-mentioned formulae: 

%𝑇𝑀𝑍 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑖𝑛 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝟖 =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑇𝑀𝑍 𝑝𝑟𝑒𝑠𝑒𝑛𝑡

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝟖 𝑡𝑎𝑘𝑒𝑛
× 100    eq. 3.1 

The particle size distribution, and surface zeta potential (ζ) were measured using dynamic 

light scattering (DLS) (Zetasizer Nano ZS, Malvern Panalytical Ltd, UK). The surface 

morphology was evaluated by prior surface coating with gold/chromium target Q150TES 

sputter coater, Quorum Technologies (Lewes, UK), followed by evaluation using Field 

Emission-Scanning Electron Microscopy (FE-SEM) (FEI, Apreo S LoVac, Thermo Fisher 

Scientific, MA, USA). 

3.2.4. Stability studies 

The stability studies of the developed mPEG-b-P(CB-{g-COOH; g-TMZn} NPs were 

performed under physiological conditions (pH at 4 °C and 37 °C). The samples were kept in a 

closed vial and incubated for specific period, followed by determination of change in particle 

size and %TMZ remaining in the mPEG-b-P(CB-{g-COOH; g-TMZn} NPs using DLS and UV 

method, respectively. For the DLS measurements, mPEG-b-P(CB-{g-COOH; g-TMZn} NPs 

were taken at a concentration of 3 mg/ml and analyzed for the change in particle size for 7 

days. Furthermore, the same samples were used to determine the %TMZ remaining in the 

conjugates. For the UV stability analysis, the samples (free TMZ, mPEG-b-P(CB-{g-COOH; 

g-TMZn} (8)) were taken and analyzed at time points (0, 6, 12, 24, 48, 72, 96, 120 h) using UV-

Vis spectrophotometry. The samples analyzed were withdrawn from the stock and diluted, and 

UV absorbance was evaluated at 328 nm for the %TMZ remaining, and the stability graph of 

%TMZ remaining was plotted over time. 

3.3. Statistical analysis 

The data and results are presented as mean ± SD.  

3.4. Results 

3.4.1. Characterisation of TMZ conjugated amphiphilic copolymer (mPEG-b-P(CB-{g-

COOH; g-TMZn}) (8) 

A series of TMZ-conjugated amphiphilic copolymers (mPEG-b-P(CB-{g-COOH; g-

TMZn}) were synthesized in a multistep reaction, as shown in figure 3.1. Initially, TMZ  
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Figure 3.2. Characterization of TMZ and its derivatives. A) 1H NMR and B) ESI-TOF HR-Mass spectrometry of TMZ (1), TMZ-A (2), TMZ-BOC (3), and TMZ-H (4) 
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Figure 3.3. Characterization of TMZ and its derivatives using UV-Visible spectroscopy 

 



Chapter 3: Polymer TMZ conjugates 

 
 

Page | 83  
 

 

Figure 3.4. Characterization of TMZ and its derivatives. 13C NMR spectrometry of A) TMZ (1), B) TMZ-A (2), C) TMZ-BOC (3), and D) TMZ-H (4) 
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hydrazide (4) was synthesized from TMZ (1). Wherein the free -NH2 group of TMZ (1) was 

converted to temozolomide acid (TMZ-A) (2) with free -COOH group to yield white precipitate 

(~91% yield) and characterized. 1H NMR (400 MHz, DMSO-d6) of compound 2 showed peaks 

corresponding to δ 8.79 (s, 1H) and 3.87 (s, 3H). Further, the disappearance of two protons of 

-CONH2 of TMZ at δ 7.68-7.81 confirms the conversion of free -CONH2 to the COOH group 

(Figure 3.2A). 13C NMR showed peaks at δ 161.86, 139.11, 136.50, 129.11, 127.81 and 36.36 

(Figure 3.4B). Mass spectroscopy ESI-TOF data showed [M+Na]+ at 218.0271 m/z and [M+1]+ 

ion peak at 196.0464 (mol. formula C6H5N5O3; cal. [M+1]+=196.0426) (Figure 3.2B) and the 

HPLC retention time of compound 2 shifted from 4.43 min to 3.30 min (Figure 2.2). The free 

-COOH of compound 2 was protected with t-butyl carbazate to yield Boc-protected TMZ 

hydrazide (TMZ-Boc) (3) using PyBOP coupling reagent. The crude product obtained was 

purified using column chromatography to yield a pure light-yellow solid (~62.1% yield). 

Figure 3.2A showed 1H NMR (400 MHz, CDCl3) of compound 3 with peaks at δ 9.08 (s, 1H), 

8.36 (s, 1H), 7.13 (s, 1H), 3.95 (s, 3H), and 1.40 (s, 9H). 13C NMR (101 MHz, CDCl3) showed 

δ 158.80, 155.19, 138.70, 134.63, 129.86, 128.33, 82.27, 36.84, and 28.27 (Figure 3.4C). Mass 

spectroscopy data showed [M+Na]+ at 332.1080 m/z and [M+H]+ peak at 310.1259 (mol 

formula C11H15N7O4; cal. [M+H]+=310.1219) (Figure 3.2B), and the HPLC elution of 

compound 3 shifted to 25.91 min from  3.30 min for compound 2 (Figure 2.2). Subsequently, 

the deprotection of the Boc group was done using dioxane saturated with HCl, followed by 

washing with diethyl ether to obtain white powder (~65% yield). Figure 3.2A showed 1H NMR 

(400 MHz, DMSO-d6) of compound 4 with peaks at δ 8.95 (s, 1H), 3.89 (s, 3H), with the 

disappearance of 9 protons from compound 3. 13C NMR (101 MHz, DMSO-d6) of compound 

4 showed peak at δ 158.97, 138.98, 135.74, 129.22, 126.77, and 36.42 (Figure 3.4D). Mass 

spectroscopy ESI-TOF data reveals [M+Na]+ at 232.0548 m/z and [M+H]+ at 210.0728 (mol 

formula C6H7N7O2; cal. [M+H]+=210.0695) (Figure 3.2B), and the HPLC elution of compound 

4 shifted to 3.75 min from 25.91 min for compound 3 (Figure 2.2), which is supported by UV 

spectroscopy data showing its absorption maxima at 328 nm (Figure 3.3), signifying the 

integrity of temozolomide after the synthesis of its hydrazine derivative (4). 

In phase B, cyclic monomer 5-methyl-5-benzyloxycarbonyl-1, 3-dioxane-2-one (MBC) 

was synthesized in a two-step reaction as reported earlier [12]. The purified product was 

characterized using 1H NMR and Mass spectroscopy. Figure 3.5A shows 1H NMR (400 MHz, 

CDCl3) of MBC with peaks at δ 7.36 (s, 5H), 5.22 (s, 2H), 4.70 (d, J = 10.9 Hz, 2H), 4.20 (d, 

J = 10.9 Hz, 2H), 1.33 (s, 3H) and 13C NMR (101 MHz, CDCl3) with peaks at δ 171.03, 147.54, 
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Figure 3.5. Characterization of MBC cyclic carbonate monomer using A) 1H NMR, B) 13C NMR, and C) ESI-TOF HR-mass spectrometry 
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Figure 3.6. Characterization of mPEG-b-P(CB) carbonate polymer using A) 1H NMR and B) 13C NMR spectroscopy 
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Figure 3.7. 1H-NMR spectrum of A) polycarbonate polymer with free COOH group (mPEG-b-P(CB-{g-COOH}), and B) TMZ-polymer conjugate (mPEG-b-P(CB-{g-

COOH; g-TMZ40}) 
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134.85, 128.86, 128.30, 73.03, 67.99, 40.31, and 17.63 (Figure 3.5B). [M+H]+ ion peak at m/z 

251.0909 da  (mol. formula= C13H14O5; cal. [M+H]+= 251.0875 da) (Figure 3.5C) indicates 

successful synthesis of compound 5. Microwave-assisted ring-opening polymerization of MBC 

(5) was initiated in the presence of mPEG as macroinitiator and tin(II) ethyl hexanoate as a 

catalyst to obtain mPEG-b-P(CB) (6) with a mass yield of 70%. Figure 3.6 shows 1H NMR 

(400 MHz, CDCl3) characteristic peak at δ 7.37 – 7.26 (C6H5), δ5.18 – 5.07 (CH2-Bn), δ4.35 – 

4.19 (CH2-O-bisMPA), δ3.64 (CH2 of PEG), δ3.38 (CH3-O-PEG), δ1.28 – 1.16 (-CH3 of 

bisMPA) and 13C NMR (101 MHz, CDCl3) showed peaks at δ 172.00, 154.44, 135.47, 128.68, 

128.49, 128.44, 128.09, 70.68, 68.70, 67.16, 46.66 and 17.51. The protective benzylic groups 

of compound 6 were removed using catalytic hydrogenation in the presence of Pd/C to obtain 

mPEG-b-P(CB-{g-COOH} (7) with the free carboxylic pendant group on the polymer 

backbone (~60% mass yield). Figure 3.7A shows 1H NMR (400 MHz, DMSO-d6) peak at δ 

13.6-12.8 (-COOH), 4.22 – 4.11 (CH2-O-bisMPA), 3.50 (-CH2 of PEG), 3.23 (CH3-O-PEG), 

1.13 (-CH3 of bisMPA) and reduction in the number of bulky benzylic protons at δ 7.33 (-C6H5) 

and 5.13 (CH2-Bn). 13C NMR (101 MHz, DMSO-d6) showed peaks at δ 176.62, 175.07, 

173.51, 154.20, 153.97, 151.47, 139.18, 128.43, 128.04, 127.55, 124.92, 71.30, 69.81, 68.88, 

67.03, 63.86, 63.58, 49.48, 47.48, 45.67, 34.39, 30.44, 25.14, 21.04 and 16.94 (Figure 3.8A). 

Carbodiimide/N-hydroxybenzotriazole (HOBt) coupling chemistry was utilized for grafting 

the hydrazine derivative of TMZ (4) to the free carboxylic pendent of the polycarbonate 

polymer backbone of compound 7 to yield the series of TMZ conjugated amphiphilic 

copolymer (mPEG-b-P(CB-{g-COOH; g-TMZn}) (8). Figure 3.7B shows 1H NMR (400 MHz, 

DMSO-d6) of mPEG-b-P(CB-{g-COOH; g-TMZ40} with peaks at δ 10.31(-NH-NH-), 10.05 (-

NH-NH-), 8.84 (N-CH=N- of TMZ), 7.32 (-C6H5 of MBC), 5.13 (CH2-Bn), 4.19 (CH2-O-

bisMPA), 3.87 (N-CH3 of TMZ), 3.51 (-CH2 of PEG), 3.16 (CH3-O-PEG), 1.11 (-CH3 of 

bisMPA), indicating the synthesis of mPEG-b-P(CB-{g-COOH; g-TMZ40}. 13C NMR (101 

MHz, DMSO-d6) showed peaks at δ 197.08, 173.81, 173.75, 173.70, 158.80, 154.12, 147.56, 

139.13, 135.13, 128.76, 88.25, 74.13, 73.94, 69.80, 69.06, 45.70, 45.29, 36.23, 17.16 and 15.66 

(Figure 3.8B). Figure 3.9 shows 1H NMR of mPEG-b-P(CB-{g-COOH; g-TMZ20} and mPEG-

b-P(CB-{g-COOH; g-TMZ60}. The above-synthesized polymer-TMZ conjugates were 

characterized based on TMZ units attached equivalent to 20, 40, and 60 units grafted to the 

polymer backbone (7). The obtained mPEG-b-P(CB-{g-COOH; g-TMZn} conjugates depicted 

the loading efficiency of 16.8%, 28.82%, and 37.99% w/w for 20, 40, and 60 units of TMZ 

units, respectively, and their loading efficiency is represented in Table 3.1.
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Figure 3.8. 13C NMR of A) mPEG-b-P(CB-{g-COOH} and B) mPEG-b-P(CB-{g-COOH; g-TMZ40} 
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Figure 3.9. 1H NMR of A) mPEG-b-P(CB-{g-COOH; g-TMZ20} and B) mPEG-b-P(CB-{g-COOH; g-TMZ60} 
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3.4.2. mPEG-b-P(CB-{g-COOH; g-TMZn} (8) NPs characterization 

The obtained mPEG-b-P(CB-{g-COOH; g-TMZ20}, mPEG-b-P(CB-{g-COOH; g-

TMZ40}, and mPEG-b-P(CB-{g-COOH; g-TMZ60} were initially screened based on the particle 

size and surface morphology using DLS and SEM, respectively, at pH 5.0, 6.0, and 7.4 (Figure 

3.10). mPEG-b-P(CB-{g-COOH; g-TMZ20} with 20 TMZ units, yielded nanosized particles 

with particle size of more than 200 nm and loading efficiency up to 16.8% w/w (Figure 3.10 

and Table 3.1). The nanoconjugate yielded the pH-dependent change in particles with size of 

323.7, 260.3, and 237.8 nm in pH 5.0, 6.0, and 7.4, respectively. While mPEG-b-P(CB-{g-

COOH; g-TMZ60} with 60 units of TMZ demonstrated higher loading capacity up to 37.99% 

w/w with significantly larger particle size of 552, 508.6, and 497.8 nm in pH 5.0, 6.0, and 7.4, 

respectively. Interestingly, mPEG-b-P(CB-{g-COOH; g-TMZ40} with 40 TMZ units with a 

loading capacity of 28.7% w/w depicted pH-dependent change in particle size of 207.2, 205, 

and  90.9 ± 3.80 nm under pH 5.0, 6.0, and 7.4, respectively, which could be used as a potential 

nanoconjugate with optimal size and improved loading capacity (Figure 3.10 and Table 3.1). 

 

3.4.3. Stability of TMZ nanoconjugate formulation (mPEG-b-P(CB-{g-COOH; g-TMZn} 

NPs)  

The colloidal stability of the mPEG-b-P(CB-{g-COOH; g-TMZ20} and mPEG-b-P(CB-

{g-COOH; g-TMZ40} was determined in physiological pH at 4 °C and 37 °C for up to 7 days. 

At 4 °C, mPEG-b-P(CB-{g-COOH; g-TMZ20} and mPEG-b-P(CB-{g-COOH; g-TMZ40} 

showed no significant change in particle size for 7 days. Surprisingly, on the next day, mPEG-

b-P(CB-{g-COOH; g-TMZ20} NPs showed significant change in particle size under 

physiological conditions (pH 7.4 and 37 °C). While mPEG-b-P(CB-{g-COOH; g-TMZ40} NPs 

Table 3.1. Loading capacity of nanoconjugates 

Formulation Loading efficiency (% w/w) 

TMZ n.a. 

TMZH n.a. 

mPEG-b-P(CB-{g-COOH; g-TMZ20} 16.8 ± 0.67% 

mPEG-b-P(CB-{g-COOH; g-TMZ40} 28.7 ± 0.81% 

mPEG-b-P(CB-{g-COOH; g-TMZ60} 37.99 ± 2.56% 

 



Chapter 3: Polymer TMZ conjugates 

 
 

Page | 92  
 

 

Figure 3.10. Characterization of TMZ-polymer conjugates (mPEG-b-P(CB-{g-COOH; g-TMZ20}, mPEG-b-P(CB-{g-COOH; g-TMZ40}, mPEG-b-P(CB-{g-COOH; g-

TMZ60}) in various dispersive mediums (PBS; 10 mM pH 5.0, PBS; 10 mM pH 6.0, and PBS; 10 mM pH 7.4) using Dynamic light scattering (DLS), Scanning electron 

microscopy (SEM) images, and their pictograms 
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Figure 3.11. Characterisation of mPEG-b-P(CB-{g-COOH; g-TMZn} NCs. A) UV-based TMZ stability and B) DLS-based colloidal stability of mPEG-b-P(CB-{g-

COOH; g-TMZ20} and B) mPEG-b-P(CB-{g-COOH; g-TMZ40} NCs 
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showed a change in particle size after 2 days with slightly better stability compared to mPEG-

b-P(CB-{g-COOH; g-TMZ20} NPs (Figure 3.11B). TMZ exhibits hydrolytic degradation to 

form MTIC and AIC under physiological pH with a half-life of 1.8 h. The mPEG-b-P(CB-{g-

COOH; g-TMZn}  degradation behavior was determined using UV-Vis spectrophotometry at 

characteristic TMZ wavelength (328 nm) for 120 h and compared with free TMZ. The 

conjugation of TMZ to mPEG-b-P(CB-{g-COOH; g-TMZ20} and (mPEG-b-P(CB-{g-COOH; 

g-TMZ40} has moderately improved the half-life to 4.03 and 5.88 h, respectively (Figure 

3.11A). Interestingly, the TMZ content was found to be intact in mPEG-b-P(CB-{g-COOH; g-

TMZ20} and mPEG-b-P(CB-{g-COOH; g-TMZ40} at 4 °C. 

3.5. Discussion 

The standard of care therapy for GBM includes surgical resection, followed by 

radiotherapy and adjuvant chemotherapy with TMZ. TMZ is marketed as Temodal® in the 

form of capsules and injections, given via. oral and parenteral routes, respectively. It primarily 

shows its anticancer action by methylation of guanine and adenine residue of DNA, thereby 

causing cell death. TMZ, although demonstrated potent antitumor activity and is being used as 

a first-line chemotherapeutic agent, still faces several limitations, including a short half-life 

(~1.8-2 h), rapid metabolism, quick clearance, pH-dependent degradation, less brain 

bioavailability, and dose-dependent toxicity. Attempts have been made to overcome these 

limitations by encapsulating it in various systems, including polymeric carriers, lipidic carriers 

(liposomes, SLNs), and inorganic nanoparticles. For instance, Nordling-David et al. prepared 

TMZ-loaded PEGylated liposomes using a thin film hydration method, yielding a small vesicle 

of 121 nm with an encapsulation efficiency of 23%. In vivo assessment showed non-significant 

improvement in the survival rate compared to free TMZ [14]. Similarly, Duwa et al. prepared 

TMZ-loaded PLGA nanoparticles actively functionalized with cetuximab targeting EGFR 

receptors. Physiochemical characterization showed an average particle size of ~162 nm with a 

narrow PDI of 0.16 and encapsulation efficiency of 28.0% at drug loading of 1.4% w/w [15]. 

Pertaining to appreciable solubility of drug up to 5 mg/ml in water, TMZ exhibits a challenging 

process in achieving high drug loading in these nanocarriers. On the other hand, a conjugation-

based approach could be utilized to overcome TMZ-related concerns such as loading capacity, 

encapsulation efficiency, drug stability, and its related toxicities. Likewise, polycarbonates 

have been used as biocompatible materials for improved mechanical support and delivery 

outcomes, giving desired therapeutic outcomes. Polycarbonates are composed of carbonate 

linkages that degrade slowly under physiological conditions and provide the controlled 
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hydrolysis carbonate group, producing carbon dioxide and alcohol, unlike the other polymers 

that release acids as a by-product. Furthermore, the ease in the tailoring of polycarbonates aids 

in developing targeted drug delivery, gene delivery, polymer-drug conjugates, polymer-protein 

conjugates, etc [16]. Chitkara et al. reported covalent conjugation of gemcitabine to 

polycarbonate poly(ethylene glycol)-block-poly(2-methyl-2-carboxyl-propylenecarbonate) 

polymer resulted in improved drug payload (12.8% w/w), protection from rapid metabolism, 

controlled release, and improved antitumor activity [9]. Liang et al. prepared a pH-responsible 

polycarbonate doxorubicin conjugate exhibiting a higher drug loading capacity of 18.3% w/w, 

good stability, and controlled release under in vivo conditions [11] . In the current research, a 

series of TMZ conjugated polymers were synthesized using a multistep reaction (Figure 3.1), 

wherein TMZ (1) was converted to its hydrazine derivative (4) in a three-step reaction. 

Simultaneously, amphiphilic block biocompatible polymer containing free COOH pendant (7) 

was synthesized using hydrogenation of mPEG-polycarbonate block polymer (6), followed by 

reaction with free NH2 group of hydrazine derivative of TMZ to finally yield a series of 

polymer-drug conjugates, i.e., mPEG-b-P(CB-{g-COOH; g-TMZ20}, mPEG-b-P(CB-{g-

COOH; g-TMZ40}, and mPEG-b-P(CB-{g-COOH; g-TMZ60} containing 20, 40, and 60 units 

of TMZ conjugated to the polymer backbone as a pendant group with drug loading capacity of 

16.8%, 28.8%, and 37.99% w/w, respectively. Interestingly, the synthesized conjugates yielded 

nanosized dispersions ranging from 90-552 nm (Figure 3.10). In previous reports, Xu et al. 

prepared a series of poly(2-ethyl-2-oxazoline) (PEtOz) conjugated TMZ (PEtOz-TMZ), 

exhibiting the drug loading capacity ranging from 2.2 to 4.1% w/w [8]. Ward et al. prepared 

TMZ conjugated 2-methacryloyloxyethylphosphorylcholine (MPC) based conjugate that 

showed TMZ loading capacity ranging from 15-35 mol% [6]. In another report, Patil et al. 

prepared TMZ conjugated multifunctional poly(β-L-malic acid) platform, resulting in the 

polymer TMZ conjugates with drug loading up to 17% w/w against the glioma cells [7].  

The nanoconjugates of TMZ were prepared in various dispersive mediums (including pH 

5.0, 6.0, and 7.4) and demonstrated varying particle sizes based on the units of TMZ units 

attached. mPEG-b-P(CB-{g-COOH; g-TMZ20} demonstrated size ranging from 237.1 to 323.7,  

mPEG-b-P(CB-{g-COOH; g-TMZ40} showed an average particle size ranging from 90.9 to 

207.2, while, mPEG-b-P(CB-{g-COOH; g-TMZ60} exhibited an average particle size from 

497.8 to 552 nm  with loading capacities of 16.8, 28.7, and 37.99% w/w, respectively (Figure 

3.10, Table 3.1). The above-synthesized nanoconjugates exhibited pH-dependent change in 

particle size, i.e., the size of nanoparticles was found to reduce as the pH increased from pH 
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5.0 to pH 7.4. Similarly, Li et al. observed the increase in particle size as the pH of the 

dispersive medium was reduced from pH 7.4 to pH 5.5 using folate-functionalized soybean 

phosphatidylcholine complex-loaded PEG-lipid-PLA hybrid nanoparticles, showing the role 

of pH in the modulation of particle size of the nanocarrier system [17].  

The stability of nanoconjugates in the biological environment is an important aspect that 

can impact the therapeutic outcome. The nanoconjugates with 20 and 40 units of TMZ attached 

were utilized for further evaluation as the particle size for the nanoconjugates was within range 

of interest for the experimentation. As reported previously, the junctions in tumor vasculature 

usually get compromised with intercellular gaps ranging from 60-300 nm with loose 

endothelial junctions [18]. Accordingly, colloidal and TMZ stability of mPEG-b-P(CB-{g-

COOH; g-TMZ20} and mPEG-b-P(CB-{g-COOH; g-TMZ40} NPs under physiological 

conditions was investigated. The colloidal stability assay indicated no significant change in 

particle size at 4 °C up to 7 days, whereas, at 37 °C, a substantial change in particle size was 

observed from day 1 and day 2 in mPEG-b-P(CB-{g-COOH; g-TMZ20} and mPEG-b-P(CB-

{g-COOH; g-TMZ40}, respectively (Figure 3.11B). The same samples were analysed for the 

%TMZ remaining, wherein mPEG-b-P(CB-{g-COOH; g-TMZ20} and (mPEG-b-P(CB-{g-

COOH; g-TMZ40} showed a half-life of 4.03 and 5.88 h, respectively compared to 1.8 h for 

free TMZ (Figure 3.11A). A similar outcome was observed by Patil et al., wherein conjugation 

of the molecule TMZ to the Poly(β-L-malic acid) yielded good loading efficiency of up to 17% 

w/w and slightly improved the stability half-life up to 5-7 h compared to 1.8 h of free TMZ [7]. 

Xu et al. conjugated TMZ to the poly(2-ethyl-2-oxazoline) (PEtOz) polymer, produced loading 

efficiency up to 4% w/w with stability ranging from 1.68-5.5 folds compared to free TMZ with 

a half-life of 2.5 h [8].  

Overall, in the current work, the conjugation approach has significantly improved the 

physiochemical parameters of the TMZ with marked improvement in the loading capacity of 

the molecule. However, the betterment in the stability perspective of the TMZ is still warranted.  

3.6. Conclusion 

Although TMZ is a potent chemotherapeutic for the treatment of GBM, still the 

therapeutic outcome is limited due to drug-related limitations, including low stability, drug 

loading capacities, etc. For this, a synthetic route was developed describing the conjugation of 

TMZ to the PEG-based polycarbonate block copolymer. The covalent attachment of the TMZ 

has conveniently bypassed the barrier of low loading capacities, ranging from 16.8 to 37.99% 
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w/w. The varying units of TMZ attached played a significant role in preparing nanoformulation 

and envisaging the stability of the TMZ molecule. Although the improvement in the TMZ 

stability was observed, still there is a room for improvement, and more delivery strategies could 

be explored to deliver drugs for targeting glioma.  
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4.1. Introduction 

Nanotechnology has emerged as a field of research from past 60 years that has 

demonstrated the promising and transformative outcomes utilized in multiple theranostic 

applications. Especially nanoparticles are a vital class of nanotechnology with a mesoscopic 

size, possessing a larger surface area to volume ratio and carrying capacity to manipulate the 

physiochemical properties of the drug molecules indirectly via encapsulation, complexation, 

or any other means. Due to the complex engineering and manufacturing of materials, it imparts 

an innovative paradigm to the system that makes it a suitable candidate for improved drug 

loading, endocytic uptake, specific targeting, systemic circulation time, and reduced minimal 

off-target responses[1,2]. Temozolomide (TMZ) is an imidazotetrazine derivative DNA-

alkylating agent used as adjuvant chemotherapy with surgical resection with concomitant 

radiotherapy for the treatment of glioblastoma multiforme (GBM). TMZ is considered a gold 

standard in the treatment due to its excellent toxicity against the tumor cells compared to the 

neighbouring healthy cells. However, the outcome of the treatment is still nominal, resulting 

in tumor relapses in patients. This could be attributed due to the short half-life (1.8 h), rapid 

degradation, quick clearance, and off-target toxicity, which leads to a minimal amount of TMZ 

reaching the brain in the intact and effective form. Several reports have suggested reliable and 

effective ways to deliver the molecule intact, namely using the encapsulation, complexation, 

and conjugation approach. The encapsulation of TMZ to the nanomaterials have shown slightly 

better therapeutic outcomes than free drug treatment. However, the low encapsulation and 

loading efficiencies of the TMZ into the nanocarrier system has led to the outcome far from 

accomplished. Another conjugation-based approach has shown promising outcomes in 

improving several TMZ-related properties, including stability, loading efficiency, 

encapsulation, targeted delivery, and reduced off-target effects [3]. Likewise, Patil et al. 

prepared TMZ conjugated to the multifunctional poly(β-L-malic acid) platform and surface 

functionalized anti-TfR antibody, yielded 6.5-14.8 nm particles with a loading efficiency of 

17% w/w. The TMZ-polymer conjugate particles showed improvement in TMZ stability up to 

7 h compared to 1.8 h of free TMZ [4]. Previously, we have reported that polycarbonate 

conjugates significantly improve the physiochemical properties of the drug, including 

encapsulation, loading efficiency, stability, efficacy, and biocompatibility [5]. Similarly, in the 

previous chapter, we have synthesized and prepared a PEG-based polycarbonate copolymer 

conjugated with TMZ that has significantly improved the loading capacity of 16.8-37.99% w/w 
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with a stability half-life of 5.88 h under physiological conditions (37 °C; pH 7.4).  Though 

conjugating TMZ with polycarbonate has overcome the limitations associated with TMZ, there 

is still a lot of scope for further improvement in the drug stability and delivery of the molecule. 

Similarly, other approaches, including hybrid nanoparticles, are the combination of two or 

more different components that are mixed in a definite ratio, yielding multiple advantages over 

the individual component alone, such as better stability, biocompatibility, controlled release, 

effective biodistribution, prolonged circulation, lowered toxicities, and improved in vivo 

efficacy [6]. Herein, we report a hybrid system comprising the TMZ nanoconjugates and 

mPEG-PLA. Combining biocompatible polymers with polymer-drug conjugates could provide 

benefits such as improved stability, biomimetic nature, reduced clearance, increased drug 

accumulation to the target site, and reduced toxicity. Several other hybrid nanosystems have 

been explored earlier. For instance, polymer-lipid hybrid nanoparticles were prepared using 

PLGA polymer, and HSPC, DSPC, and cholesterol as a lipid were prepared using the solvent 

emulsification method. The hybrid lipid-polymer nanosystem exhibited an average particle size 

of ca. 256 nm with an encapsulation efficiency of >60% at drug loading of ~3% w/w [7]. 

Previously, we have reported polymer-lipid hybrid systems to deliver small molecules, that has 

demonstrated improved outcome in the delivery perspective of the drug during the treatment 

process [8–10]. Therefore, combining the polymer-drug conjugates with other polymeric 

component provides an ample opportunity to modify and improve the delivery system. 

In the current research, we prepared a hybrid system comprised of polymer-TMZ 

conjugate (mPEG-b-P(CB-{g-COOH; g-TMZ40})  and mPEG-PLA and characterized for their 

in vitro and in vivo efficacy evaluation in the C6-induced syngeneic orthotropic glioma model, 

wherein brain physiology, survival rate, change in body weight, tumor burden, and organ 

toxicity using histopathology were assessed. 

4.2. Experimental section 

4.2.1. Materials 

Temozolomide (TMZ, >98%), tert-butyl carbazate, 1H-Benzotriazol-1-

yloxytripyrrolidinophosphonium Hexafluorophosphate (PyBOP), N,N-Diisopropylethylamine 

(DIPEA) were purchased from TCI chemicals (Tokyo, Japan). Dulbecco's Modified Eagle 

Medium (DMEM), Minimum Essential Media (MEM), Fetal Bovine Serum (FBS), 

SnakeSkin™ Dialysis Tubing (MWCO. 10 KDa), Annexin V Ready Flow Conjugates kit were 
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procured from ThermoFisher Scientific (Massachusetts, United States). Methoxy  

poly(ethylene glycol) (mPEG, 5000 Da), Tin(II) 2-ethylhexanoate , DL-lactide, and Propidium 

Iodide (PI) were obtained from Sigma-Aldrich (St. Louis, Missouri, United States). 1,4-

Dioxane and Palladium on carbon (Pd/C) were purchased from Spectrochem (Mumbai, India). 

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) (MTT), 1-(3-

Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC.HCl), and 

Hydroxybenzotriazole (HOBt) were obtained from Sisco Research Laboratories (Mumbai, 

India). All other reagents and chemicals used were of analytical grade and bought from local 

vendors. 

4.2.2. Synthesis of polymeric drug conjugate of TMZ (mPEG-b-P(CB-{g-COOH; g-

TMZ40}) 

Figure 4.1. Scheme for the synthesis of TMZ-polymer conjugate (mPEG-b-P(CB-{g-COOH; g-TMZ40}) 
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The polymer conjugate of TMZ was synthesized in a multistep reaction, as described in 

section 3.2.2. wherein TMZ-hydrazide (TMZ-H) (4) and PEG-based polycarbonate block 

copolymer was synthesized containing free COOH as a pendent group (7), followed by its 

EDC/HoBT coupling reaction to yield mPEG-b-P(CB-{g-COOH; g-TMZ40} (Figure 4.1). 

Reactions were executed under dry nitrogen conditions using the standard protocols. All 

products were thoroughly characterized using 1H NMR (400MHz) and 13C NMR (101MHz) 

spectra using Bruker AVANCE III 400 MHz NMR spectrometer (Billerica, United States). 

UV-visible spectra were recorded using a Jasco-V750 spectrophotometer (Tokyo, Japan) under 

ambient controlled conditions over the 200-800 nm wavelength range.  

4.2.3. Synthesis of mPEG-polylactic acid (mPEG-PLA) copolymer (9) 

mPEG-PLA (9) was synthesized using the previously described microwave-assisted ring-

opening polymerization (ROP) method with the scheme shown in Figure 4.2 [11]. Briefly, DL-

Lactide (0.535 g, 3.71 mmol) was polymerized with mPEG (0.465 g, 93 mmol) as a 

macroinitiator in the presence of tin(II) ethyl hexanoate as a catalyst at 130 °C for 1 h. After 

that, the crude copolymer was allowed to cool at room temperature, followed by purification 

by dissolving it in chloroform and precipitating it in isopropyl alcohol and diethyl ether twice. 

The purified mPEG-PLA polymer was dried under a vacuum and analyzed using 1H-NMR 

spectroscopy. 

4.2.4. Development of hybrid TMZ nanoconjugate formulation (Hybrid TMZ NCs)  

A hybrid TMZ nanoconjugate containing mPEG-b-P(CB-{g-COOH; g-TMZ40} (8) and 

mPEG-PLA (9) was developed using a thin film hydration method, as reported earlier [12]. 

Briefly, mPEG-b-P(CB-{g-COOH; g-TMZ40} (75 mg) and mPEG-PLA (25 mg) were dissolved 

in a DCM and ethanol mixture (3:1) and transferred to a 100 ml round bottom flask (RBF), 

followed by the formation of a thin film by removal of organic solvent using a rotary 

evaporator. The RBF with a thin film was purged with dried nitrogen gas for 60 min. After 

that, the thin film was redispersed slowly using a dispersive medium (phosphate-buffered 

saline, 10 mM) to yield a dispersion mixture. The dispersion was probe sonicated for 20 s at 

Figure 4.2. Scheme for the synthesis of mPEG-polylactic acid (mPEG-PLA) copolymer 
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20% amplitude under ice-cold conditions, followed by centrifugation at 12000 rpm for 10 min. 

The obtained supernatant was collected containing Hybrid TMZ NCs and subjected to 

evaluation for particle size (PS), polydispersity index (PDI), zeta potential (ZP), and surface 

morphology. Further, the Hybrid TMZ NCs were evaluated for TMZ and colloidal stability. 

The loading amount of TMZ was calculated from the weight ratio method using the simple 

UV-Vis spectrophotometer (at λmax 328 nm) and calculated as per the below-mentioned 

formulae: 

%𝑇𝑀𝑍 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑖𝑛 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝟖 =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑇𝑀𝑍 𝑝𝑟𝑒𝑠𝑒𝑛𝑡

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝟖 𝑡𝑎𝑘𝑒𝑛
× 100     eq. 4.1 

%𝑇𝑀𝑍 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑖𝑛 𝐻𝑦𝑏𝑟𝑖𝑑 𝑛𝑎𝑛𝑜𝑐𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒 =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑇𝑀𝑍 𝑖𝑛 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝟖 

𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 (8 & 9)
× 100    eq. 4.2 

The hydrodynamic diameter, particle size distribution, and surface zeta potential (ζ) were 

measured using dynamic light scattering (DLS) (Zetasizer Nano ZS, Malvern Panalytical Ltd, 

UK), measuring angle of 173 °. The surface morphology was evaluated by prior surface coating 

of Hybrid TMZ NCs with gold/chromium target for 120 s using Q150TES sputter coater, 

Quorum Technologies (Lewes, UK). After that, the coated particles were evaluated using Field 

Emission-Scanning Electron Microscopy (FE-SEM) (FEI, Apreo S LoVac, Thermo Fisher 

Scientific, MA, USA) with a spot size of 9 mm under vacuum. 

4.2.5. Stability studies 

The stability studies of the developed Hybrid TMZ NCs were performed under 

physiological pH at 4 °C and 37 °C. The samples were kept in a closed vial and incubated for 

a specific period, followed by the determination of change in particle size and %TMZ 

remaining in the mPEG-b-P(CB-{g-COOH; g-TMZ40}  and Hybrid TMZ NCs using dynamic 

light scattering (DLS) and UV method, respectively. For the DLS measurements, mPEG-b-

P(CB-{g-COOH; g-TMZ40} and Hybrid TMZ NCs were taken at a concentration of 3 mg/ml 

and analyzed for the change in particle size and PDI for 7 days. Furthermore, the same samples 

were used to determine the %TMZ remaining in the conjugates. For the UV stability analysis, 

the samples (free TMZ, mPEG-b-P(CB-{g-COOH; g-TMZ40} (8), and Hybrid TMZ NCs) were 

taken and analyzed at predetermined time points (0, 6, 12, 24, 48, 72, 96, 120 h) using UV-Vis 

spectrophotometry. The samples analyzed were withdrawn from the stock and diluted, and UV 

absorbance was evaluated at 328 nm for the %TMZ remaining, and the stability graph of 

%TMZ remaining was plotted over time. 
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4.2.6. Cell culture studies 

C6 and U87MG glioma cell lines were obtained from the National Centre for Cell 

Sciences (NCCS, Pune, India). C6 and U87MG cells were maintained in Dulbecco's Modified 

Eagle Medium (DMEM) and Minimum Essential Medium (MEM), respectively, supplemented 

with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin mixture, kept in an 

incubator at 37 °C with 5% CO2. The cells were allowed to proliferate until 70-80% confluency 

was achieved for further experimentation. 

4.2.6.1.Cell viability assay 

C6 and U87MG glioma cells were trypsinized, and cells were seeded in a 96-well cell-

culture plate at a cell density of 5000 cells/well and incubated at 37 °C/ 5% CO2 for 24 h. The 

following day, cells were treated with free TMZ or Hybrid TMZ NCs in a concentration range 

of TMZ equivalent to 100-1500 μM and 25-1000 μM for C6 and U87MG cells, respectively. 

After 72 h of treatment, media was replaced with fresh media containing 5 mg/ml of 3-(4,5-

dimethyl-thiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) and kept for 4 h in an 

incubator. After the formation of formazan crystals, the media was discarded, and 200 μl of 

DMSO was added to each well to dissolve the crystals. The extent of metabolic activity was 

measured by determining the absorbance at 570 nm and 630 nm using an Epoch microplate 

spectrophotometer (Biotek Instruments, USA). The %cell viability was calculated using the 

below-mentioned equation [8]. 

%𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = {
[𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑙𝑙𝑠 (560 𝑛𝑚)−𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑙𝑙𝑠 (630 𝑛𝑚)]

[𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑤𝑒𝑙𝑙𝑠 (560 𝑛𝑚)−𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑤𝑒𝑙𝑙𝑠 (630 𝑛𝑚)]
}  × 100   eq. 4.3 

4.2.6.2.Apoptosis assay 

Apoptosis analysis of Hybrid TMZ NCs was determined using the Annexin-V/PI-kit-

based flow cytometry assay. Briefly, C6 and U87MG glioma cells were seeded in a 6-well plate 

(1 × 105 cells/well). The cells were incubated overnight, followed by the treatment with free 

TMZ and Hybrid TMZ NCs for 24 h. Thereafter, cells were washed with PBS, trypsinized, 

centrifuged, resuspended in 1X annexin binding buffer, and stained with annexin-V/ propidium 

iodide in a dark condition for 15 min. Flow cytometry (Beckman Coulter, USA) was used to 

analyze the apoptosis rate, and data were interpreted using CytExpert V3.0 software [8]. 

4.2.6.3.Cell uptake assay 
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The cellular uptake of Hybrid TMZ NCs was determined using qualitative and 

quantitative methods. Briefly, cells (C6 and U87MG) were seeded in a 6-well plate (1 × 105 

cells/well) and allowed to adhere for 24 h. Thereafter, the cells were treated with blank 

coumarin-6 dye and coumarin-6-loaded Hybrid TMZ NCs and incubated for 4 h. Further, the 

cells were washed with PBS, fixed with 2% paraformaldehyde for 10 min, and counterstained 

with DAPI for 10 min to stain the nucleus. For qualitative analysis, fixed cells were observed 

under a fluorescence microscope (ZEISS, Germany), and respective microscopic images (DIC, 

DAPI, Coumarin-6, and Overlay) were acquired for the treatment groups. Obtained data were 

interpreted using Zen Blue software V3.4. For quantitative analysis, the samples were 

trypsinized, washed with PBS, and evaluated for the quantitative uptake of coumarin-6-dye in 

glioma cells using flow cytometry (Beckman Coulter, USA), and the obtained data were 

interpreted using CytExpert V3.0 software [8]. 

4.2.7. C6 cells induced orthotropic glioblastoma model development in rats 

C6 glioma cells were incubated until 70% of confluency, and cells were trypsinized with 

(0.25% trypsin/EDTA solution), washed with DMEM medium, and suspended in 80 µl of 

sterile phosphate-buffered saline. Sprague Dawley male rats, 6-8 weeks old, were used after 

the approval from the Institutional Animal Ethics Committee (IAEC) of BITS Pilani, with 

protocol no: IAEC/RES/23/08/Rev-3/32/26, and all the animal experiments were performed as 

per the Committee for the Purpose of Control and Supervision of Experiments on Animals 

(CPCSEA) guidelines. For C6 glioma cells implantation, rats were anesthetized with ketamine 

and xylazine at 90 mg/kg and 9 mg/kg, i.p., respectively. Animals were placed on the 

stereotaxic apparatus, and the head was shaved, followed by a small incision of 3 cm to expose 

the skull. A 1 mm burr hole was drilled, and C6 cells (2 x 106) were injected at 2 mm anterior, 

3 mm lateral, and 4 mm depth to the bregma at a flow rate of 3 µl/min using Hamilton's syringe. 

After injection, the needle was kept in the same position additionally for 2 min to avoid 

backflow. After that, the burr hole was sealed using biodegradable wax, and an incision was 

closed using a suture. Animals were placed back in their home cages and observed until they 

regained consciousness. Animals were observed daily for their change in neurological 

behaviour, body weight, and right eye bulging as an indicator of tumor development. 

4.2.8. In vivo efficacy studies of Hybrid TMZ NCs in C6 cells induced orthotropic rat 

glioma model 
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Briefly, C6 glioma cells bearing rats were randomly taken and kept for 9 days, followed 

by the start of the treatment phase from day 10 with treatment groups (n=5) including positive 

control, free TMZ, and Hybrid TMZ NCs. All drug treatments were given intravenously (i.v.) 

at a dose equivalent to 10 mg/kg of TMZ thrice a week for the next 30 days. The animals were 

regularly monitored for their change in body weight, locomotion, and neurobehavioral activity. 

On day 40 (i.e., 30 days after treatment), animals were sacrificed, and the blood and major 

organs (heart, lungs, liver, spleen, kidney, etc.) were excised for histopathological evaluation. 

In addition, the excised brains of all the animals were isolated and evaluated for physical 

appearance, brain weight, hemispherical width ratio (RH/LH), and histopathological 

evaluation. 

4.3. Statistical analysis 

Results are expressed as mean ± SD and mean ± SEM. All the obtained data were 

analyzed using ANOVA (analysis of variance) followed by Tukey's test for comparison 

between treatment groups. p < 0.05 was considered statistically significant. 

4.4. Results 

4.4.1. Characterisation of TMZ conjugated amphiphilic copolymer (mPEG-b-P(CB-{g-

COOH; g-TMZ40}) (8) 

The polymer TMZ conjugate was synthesized using a multistep reaction between 

compounds 4 and 7 to give mPEG-b-P(CB-{g-COOH; g-TMZ40} using Carbodiimide/N-

hydroxybenzotriazole (EDC/HOBt) coupling (Figure 4.1). Figure 4.3 shows 1H NMR (400 

MHz, DMSO-d6) of mPEG-b-P(CB-{g-COOH; g-TMZ40} with peaks at δ 10.31 (-NH-NH-), 

10.05 (-NH-NH-), 8.84 (N-CH=N- of TMZ), 7.32 (-C6H5 of MBC), 5.13 (CH2-Bn), 4.19 (CH2-

O-bisMPA), 3.87 (N-CH3 of TMZ), 3.51 (-CH2 of PEG), 3.16 (CH3-O-PEG), 1.11 (-CH3 of 

bisMPA), and 13C NMR (101 MHz, DMSO-d6) showed peaks at δ 197.08, 173.81, 173.75, 

173.70, 158.80, 154.12, 147.56, 139.13, 135.13, 128.76, 88.25, 74.13, 73.94, 69.80, 69.06, 

45.70, 45.29, 36.23, 17.16 and 15.66. The synthesized mPEG-b-P(CB-{g-COOH; g-TMZ40} 

consisting of 40 units of TMZ covalently attached to polymer backbone (7), with loading 

efficiency and average molecular weight equivalent to 28.82% w/w and ~29 KDa, respectively.  

4.4.2. Characterization of mPEG-Poly lactic acid (mPEG-PLA) (9) 

.
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Figure 4.3. Characterisation of mPEG-b-P(CB-{g-COOH; g-TMZ40} using A) 1H-NMR and B) 13C NMR 
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mPEG-PLA 9 was synthesized using ROP of the DL-lactide in the presence of mPEG as 

a macroinitiator using tin(II) ethyl hexanoate as a catalyst. 1H NMR (400 MHz, CDCl3) of 

mPEG-PLA 9 indicates an average molecular weight of 10 KDa with ~70 units of lactic acid. 

4.4.3. Characterization of hybrid nanoconjugates composed of component 8 & 9 (Hybrid 

TMZ NCs) 

Hybrid TMZ NCs consisting of mPEG-b-P(CB-{g-COOH; g-TMZ40} (8) and mPEG-

PLA (9) (3:1 ratio) were prepared using the thin film hydration method. The resulting Hybrid 

TMZ NCs depicted particle size of 105.7 ± 0.99 nm with a narrow polydispersity index of 

0.106 ± 0.033 and a surface zeta potential of ζ: -6.79 ± 1.61 mV (Figure 4.4), compared to 

mPEG-b-P(CB-{g-COOH; g-TMZ40} exhibited particle size of 90.9 ± 3.80 nm with PDI of 

0.256 ± 0.011,  and surface zeta potential of ζ: -12.06 ± 0.86 mV. The SEM images of Hybrid 

TMZ NCs confirmed the particles obtained were uniform in size and spherical in morphology. 

Different ratios of mPEG-b-P(CB-{g-COOH; g-TMZ40} (8) and mPEG-PLA (9) were screened 

ranging from 1:0, 3:1, 2:1, 1:1, 1:2, 1:3, and 0:1, exhibiting a particle size from 90 nm to 115 

nm with variable loading capacities (Table 4.1). To achieve the maximum loading capacity, we 

selected mPEG-b-P(CB-{g-COOH; g-TMZ40} (8) and mPEG-PLA (9) with 3:1 ratio wherein 

the loading capacity of the Hybrid TMZ NCs was found to be ~21.6% w/w. Thereafter, the 

experiments were performed using 3:1 ratio of compound 8 and 9. 

4.4.4. Stability of Hybrid TMZ nanoconjugate (Hybrid TMZ NCs) 

The colloidal stability of the Hybrid TMZ NCs was determined in physiological pH at 4 

°C and 37 °C for up to 7 days. At 4 °C, mPEG-b-P(CB-{g-COOH; g-TMZ40} and Hybrid TMZ 

NCs showed no significant change in particle size for 7 days. At 37 °C, mPEG-b-P(CB-{g-

COOH; g-TMZ40} demonstrated a marked change in particle size after 2 days, while Hybrid 

TMZ NCs were stable for over 7 days. TMZ exhibits hydrolytic degradation to form MTIC 

and AIC under physiological pH with a half-life of 1.8-1.9 h. The Hybrid TMZ NCs 

degradation behavior was determined using UV-Vis spectrophotometry at characteristic TMZ 

wavelength (328 nm) for 120 h and compared with free TMZ and mPEG-b-P(CB-{g-COOH; 

g-TMZ40}. The conjugation of TMZ (mPEG-b-P(CB-{g-COOH; g-TMZ40} has improved the 

half-life to 5.88 h, but it is still not significantly stable for the in vivo application. While at 

physiological conditions (pH 7.4, 37 °C), Hybrid TMZ NCs exhibited an improved stability 

half-life of ~194 h (Figure 4.4 D&E). 
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Figure 4.4. Characterization of hybrid nanoconjugates. A) Schematic representation of hybrid nanoconjugates 

in combination with mPEG-b-P(CB-{g-COOH; g-TMZ40} and mPEG-PLA, B) particle size with SEM image 

and pictograph, C) surface zeta potential, D) DLS-based colloidal stability, and E) UV-based TMZ stability 

evaluation of Hybrid TMZ NCs in phosphate buffered saline (PBS; pH 7.4) at 4 °C and 37 °C 

Table 4.1. Preparation of Hybrid TMZ NCs using different ratios of mPEG-b-P(CB-{g-COOH; g-TMZ40: 

mPEG-PLA) 

Ratio (mPEG-b-P(CB-{g-COOH; g-

TMZ40: mPEG-PLA) 
Particle Size (nm) PDI 

1:0 90.9 ± 3.8 0.256 ± .011 

3:1 105.7 ± 0.99 0.106 ± 0.033 

2:1 103 ± 2.09 0.218 ± 0.008 

1:1 113.96 ± 1.49 0.168 ± 0.010 

1:2 107.8 ± 2.71 0.141 ± 0.021 

1:3 105.6 ± 4.91 0.254 ± 0.022 

0:1 115.93 ± 7.266 0.264 ± 0.0374 
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4.4.5. In vitro uptake and cytotoxicity of Hybrid TMZ NCs 

The cell viability profiles of treatment groups (including free TMZ and Hybrid TMZ 

NCs) were determined in C6 and U87MG glioma cell lines, as shown in Figure 4.5 A&B. The 

Hybrid TMZ NCs significantly improved IC50 to ~645 µM compared to ~1125µM for free 

TMZ in C6 glioma cells. Similarly, in U87MG cells, the Hybrid TMZ NCs showed an IC50 of 

~866 µM compared to ~738 µM for free TMZ. 

The cellular uptake of Hybrid TMZ nanoconjugate was analyzed in C6 and U87MG 

glioma cells using coumarin-6 as a fluorescent dye, which showed an improved uptake in both 

glioma cells. Flow cytometry analysis also confirmed that the developed Hybrid TMZ NCs 

exhibited uptake efficiency of ~74% and ~79% in C6 and U87MG glioma cells, respectively 

(Figure 4.6). 

4.4.6. Apoptosis assay 

Apoptosis analysis was performed using the Annexin/PI staining method to determine 

the apoptosis in C6 and U87MG glioma cells after treatment with free TMZ and Hybrid TMZ 

NCs. Figure 4.5C represents the apoptosis in C6 glioma cells, wherein the Hybrid TMZ NCs 

demonstrated significant improvement in apoptosis of 27.6% (early apoptosis: 25.4% and late 

apoptosis: 2.1%) compared to free TMZ with apoptosis of 15.5% (early apoptosis: 15.45% and 

late apoptosis: 0.05%). Similarly, in U87MG cells, the Hybrid TMZ NCs showed a 

significantly improved apoptosis of 42.75% (early apoptosis: 40.99% and late apoptosis: 

1.76%) compared to free TMZ with apoptosis of 21.33% (early apoptosis: 20.57% and late 

apoptosis: 0.76%) (Figure 4.5D), indicating the improved efficacy of Hybrid TMZ NCs. 
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Figure 4.5. In vitro cell-based evaluation of Hybrid TMZ NCs in glioma cells. Cell cytotoxicity using MTT assay in A) C6 and B) U87MG glioma cells. Annexin-V/PI-

based apoptosis assay in C) C6 and D) U87MG glioma cells 
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Figure 4.6. In vitro cell-based evaluation of Hybrid TMZ NCs in glioma cells. Coumarin (C6)-based cellular uptake assay. A) & B) Qualitative evaluation using microscopy 

in C6 and U87MG glioma cells, C) & D) Quantitative uptake using flow cytometry in C6 and U87MG glioma cells, respectively 
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4.4.7. In vivo efficacy 

The in vivo antitumor efficacy of Hybrid TMZ NCs was evaluated in a C6-induced 

orthotropic syngeneic glioma model in Sprague Dawley rats (Figure 4.7). Animals were treated 

intravenously with free TMZ and Hybrid TMZ NCs at a dose equivalent to 10 mg/kg of TMZ 

thrice a week for 30 days. The group treated with normal saline (positive control) showed 100% 

mortality within 15 days after initiation of treatment, while the free TMZ-treated group showed 

mortality up to 40% till day 40 (30th day of treatment). Surprisingly, no mortality was observed 

in the Hybrid TMZ NCs treated group till 40 days. A noticeable weight loss was observed in 

all the animals after the injection of cells in the orthotropic site; later on, the animals showed 

recovery in body weight. The brain tissue of all animals was excised and evaluated for brain 

weight, and the right-to-left hemispherical width (RH/LH) ratio was examined to confirm 

tumor growth. It was observed that the positive control group showed significantly higher brain 

weight and RH/LH hemispherical width ratio as compared to the negative control group 

(normal animals). TMZ-treated animals showed a nominal reduction in brain weight and 

RH/LH hemispherical width ratio compared to the positive control group. Further, treatment 

with Hybrid TMZ NCs demonstrated a statistically significant decrease in the brain weight and 

the RH/LH hemispherical width ratio compared to the positive control group, indicating 

improved efficacy in vivo compared with the free TMZ-treated group. Further, the excised 

brain was subjected to histopathological toxicity evaluation. Figure 4.7 (C1-C4) shows the 

brain histopathological analysis of the positive control group with significantly higher 

infiltration of mononuclear cells/ tumor cells at the site of injection (dotted line) depicting the 

tumor growth. In contrast, no such infiltration was observed in the left hemisphere of the brain, 

showing normal cellular morphology with no infiltration of C6 cells (uninjected site) (data not 

shown). Treatment with Hybrid TMZ NCs showed a reduction in the mononuclear cells in the 

right hemisphere of the brain compared to the positive control group, indicating their 

effectiveness on the tumor burden in glioma-induced rats.  
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Figure 4.7. In vivo efficacy of hybrid nanoconjugates in C6-cells induced orthotropic syngeneic glioma model 

in SD rats. A) Treatment schedule. B) Representative brain images of treatment groups (negative control, 

positive control, TMZ-treated, and Hybrid TMZ NCs treated) and its C1-C4) brain histopathological (H&E) 

evaluation of the right hemisphere (at the site of injection). D), E), F), and G) represents mean brain weight, 

hemispherical width ratio (RH/LH), body weight, and Kaplan-Meier survival plot of treated animals, 

respectively (scale bar: 100 µm) (*, *** indicates p value <0.05, <0.001, respectively) 
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4.4.8. Toxicity evaluation of hybrid nanoconjugates 

The histopathological evaluation of various organs, including the heart, lungs, liver, 

kidney, and spleen, were evaluated using H&E staining to study the toxicity of the Hybrid TMZ 

NCs (Figure 4.8). The negative control (healthy animals) depicted normal morphology of the 

heart tissue with central nuclei and syncytial arrangement of fibers with intercalated disks. 

Similarly, treatment groups (positive control, free TMZ, and Hybrid TMZ NCs) showed similar 

histology regarding fiber arrangement and the presence of intercalated discs. Lungs are 

considered to be highly perfused organs and become the primary target of cancer cells. The 

positive control group treated with saline showed moderate tumor cell infiltration to the lungs 

with an increased mitotic cell infiltration compared to the negative control group. Upon 

treatment with free TMZ, a slight reduction in infiltration was observed. Interestingly, 

treatment with Hybrid TMZ NCs demonstrated a significant decrease in the mitotic nucleus 

and thickened alveolar septa, showing the positive anticancer outcome of the developed hybrid 

nanoconjugates on the lungs.  

In histopathological analysis of the liver, the negative control group depicted the standard 

architecture of liver components consisting of hepatocytes, central vein, kupffer cells, bile duct 

cells, etc. In contrast, the positive control and TMZ-treated groups showed degenerative 

changes to the liver hepatocytes. In comparison, groups treated with Hybrid TMZ NCs 

demonstrated the normal architecture of the liver components (hepatocytes, kupffer cells, bile 

duct cells). Further, kidneys of the positive control tumor-bearing animals depicted alteration 

in the kidney components, such as atrophic renal tubules with increased peritubular space, and 

a similar trend was observed in free TMZ-treated animals. Treatment with Hybrid TMZ NCs 

yielded improved kidney histology with normal renal cortex, medulla, renal papilla, renal 

tubules, and glomerular tufts. The microscopic evaluation of splenic histology showed 

treatment with free TMZ, which showed moderate depletion in white pulp lymphoid 

components. At the same time, Hybrid TMZ NCs improved the splenic architecture with 

normal lymphoid follicles and sinuses with slight to minimal lymphoid depletion. Overall, the 

hybrid nanoconjugates exhibited better biocompatibility and recuperated organ components to 

normal levels with minimal to negligible toxicity comparable to the negative control group 

(Figure 4.8).  

 



Chapter 4: Hybrid TMZ NCs 
 

 
 

Page | 117  
 

 

 

 

 

 

 

Figure 4.8. In vivo H&E evaluation of hybrid nanoconjugate in majorly excised organs (heart, lungs, liver, 

kidney, and spleen) in C6-induced orthotopic glioma model in SD rats. (lungs: arrow indicates the presence 

of mitotic nucleus) (scale bar: 100 µm) 
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4.5. Discussion 

Glioblastoma multiforme stands out as the most prevalent and deadly form of brain tumor 

among adults, representing 16% of all brain and central nervous systems. For treating GBM, 

temozolomide (TMZ) is considered the gold standard chemotherapeutic DNA alkylating agent 

with debulking surgery and concurrent radiotherapy. Currently, TMZ is given as capsules and 

parental injections, which go into circulation and finally to the target site of action. Although 

TMZ carries the potential for its antitumor efficacy, the molecule still possesses a series of 

limitations, including rapid clearance, short half-life, and pH-dependent degradation under 

physiological conditions, eventually resulting in <1% of the drug reaching the brain in intact 

form with additional off-target toxicities. However, newer strategies have been discovered to 

overcome the delivery and physiochemical-related limitations of the drug. Likewise, 

nanotechnology has significantly improved the physiochemical behavior of the hard-to-

delivery molecules. Similarly, polymeric, lipidic, and inorganic materials have shown 

promising outcomes in overcoming TMZ-associated limitations [3]. Encapsulation of TMZ 

into solid-lipidic nanoparticles has shown particles of ~66 nm with an encapsulation efficiency 

of ~59% at a loading capacity of <1% w/w. In vivo administration of the TMZ-SLNs has shown 

Improved brain accumulation and systemic circulation time compared to the free TMZ solution 

[13]. In another study, encapsulation of the drug into biocompatible polymer PLGA showed 

encapsulation of 12.6% at 2% of loading capacity, and other reports showed encapsulation of 

28% at a loading capacity of 1.4% w/w [14]. Despite the significant advancements in TMZ 

delivery, the challenge remains while encapsulating TMZ mainly because of its unique 

physiochemical behaviour. Thereby, rendering the delivery process quite strenuous.  

Another category, the polymer-drug therapeutics approach, has also been used to 

overcome the concerns associated with the physiochemical properties and delivery of 

molecules. Wherein the covalent conjugation of TMZ with the biocompatible polycarbonate 

copolymer could be utilized to overcome the low-loading, stability, tissue/organ targeting, and 

off-target toxicities. Additionally, polycarbonates offer several advantages in delivering drugs 

to the specific site, as discussed in section 3.5. Several reports have also stated covalent 

conjugation of the drug molecule with the polycarbonates as a side chain or pendent group has 

significantly overcome the drug-associated limitations, including low drug loading capacity, 

reduced systemic clearance, controlled release, improved circulation half-life, and tissue 

targeting, etc. [5,15].  Similarly, in the previous chapter, we designed and fabricated covalently 
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conjugated TMZ to PEG-based polycarbonate polymer-drug conjugates. The resulting 

conjugates have demonstrated significant enhancement in the physiochemical properties of the 

TMZ with improved drug loading capacity of 16.8 to 37.99% w/w and yielded nano-sized 

particles ranging from 90-552 nm. After that, the stability of nanoconjugates is the major 

concern in the biological milieu, playing an essential role in determining the outcome of the 

therapeutics. In the previous chapter, section 3.4.3, we have determined the colloidal and TMZ 

stability of mPEG-b-P(CB-{g-COOH; g-TMZ40}, indicating a significant change in particle 

size from day 2 under physiological conditions. The same samples were evaluated for the 

%TMZ content that showed a slight improvement in the stability half-life up to 5.88 h 

compared to the 1.8 h of free TMZ. Despite the significant improvement in the loading capacity 

using the conjugation strategy, the stability perspective is still a concern. To enhance the 

stability, we prepared the Hybrid TMZ NCs, wherein different ratios of mPEG-b-P(CB-{g-

COOH; g-TMZ40} and mPEG-PLA polymer were screened ranging from 1:0, 3:1, 2:1, 1:1, 1:2, 

1:3, and 0:1 (Table 4.1). These Hybrid TMZ NCs exhibited nearly similar particle size ranging 

from 105 to 115 nm in all the ratios, with a slight increase in particle size from individual 

mPEG-b-P(CB-{g-COOH; g-TMZ40}  component with size of 90.9 nm was observed. This is 

mainly observed due to utilisation of dual components in the Hybrid TMZ NCs. These system 

exhibited the loading capacity up to 21.6% w/w. Literature evidence also suggested that a 

hybrid system can provide advantages such as improved drug stability, colloidal stability, 

biocompatibility, combinational drug delivery, ease in fabrication, controlled release 

properties, and reduced toxicities [16]. For instance, Tahir et al. prepared lipid-polymer hybrid 

nanoparticles using PLGA polymer and DSPE-PEG lipid, yielding particle size ranging from 

173-208 nm with excellent physical stability, biocompatibility, and a higher degree of 

internalization compared to free drug [17]. Similarly, Ebrahimian et al. prepared lipopolymeric 

nanoparticles using PLGA and PLGA-PC to enhance the stability of bromelain and facilitate 

oral delivery. The hybrid system showed stable nanoparticles with no significant change in 

particle size, PDI, and zeta potential for over 1 month of storage [18]. In the current study, we 

prepared the hybrid system containing the TMZ-conjugate with mPEG-PLA to yield Hybrid 

TMZ NCs. Hybrid TMZ NCs showed an average particle size of 105.7 nm and PDI of 0.106. 

Surprisingly, the colloidal and TMZ stability of the Hybrid TMZ NCs was significantly 

improved for over 7 days and 120 h, respectively, with half-life improved from 5.88 h to ~194 

h (Figure 4.4). Overall, in vitro evaluation of the nanoconjugates has demonstrated the marked 
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enhancement of the physiochemical properties of the TMZ, wherein the stability and loading 

capacity of the TMZ were significantly improved using the above approach.  

Lipid-polymeric hybrid nanosystems have demonstrated advancement in the 

development of the delivery platform for overcoming the physiological barriers involved in 

delivering the payload to the target region or site of action [10]. Likewise, Pukale et al. prepared 

lipid-polymer hybrid nanoparticles for the delivery of clobetasol propionate for psoriasis like 

skin condition, wherein, LPNs with particle size of 94.8 nm exhibited improved cellular uptake 

up to 99.81% with significantly improved ex vivo epidermis and dermis penetration into the 

psoriatic like skin [8].  Another study reported that the Lipid-polymeric hybrid nanoparticles 

loaded with erlotinib and bevacizumab exhibited improved uptake efficiency of up to 52.3% 

with reduced cellular viability compared to free drug treatment in A549 lung cancer cells [19]. 

Similarly, in our study, the Hybrid TMZ NCs exhibited improved cellular uptake efficiency up 

to 74% and 79% in C6 and U87MG glioma cells that resulted in an IC50 of Hybrid TMZ NCs 

at ~645 and 866 µM compared to 1125 and 738 µM for free TMZ in C6 and U87MG glioma 

cells, respectively. Likewise, previously, we have reported the cytotoxicity of TMZ in glioma 

cell lines with IC50 of >1000 µM and ~700 µM with total apoptosis of 18.8% and 25.32% in 

C6 and U87MG glioma cells, respectively [20]. Moreover, the Hybrid TMZ NCs demonstrated 

improved apoptosis rate up to 27.6% and 42.75% compared to 15.5% and 21.33% of free TMZ 

in C6 and U87MG glioma cells, respectively (Figure 4.5).  

Thereafter, a C6 cells-induced orthotropic syngeneic glioma model was developed in 

Sprague Dawley rats. After the glioma model induction in rats, the change in physiological 

parameters, including right eye bulging, loss in body weight, reduced locomotion activity, etc., 

were observed to confirm the tumor growth. The animals were randomly divided, and the 

treatment was initiated. After the completion of the treatment phase, animals were sacrificed, 

and changes in brain parameters such as brain weight and hemispherical width ratio were noted. 

The Hybrid TMZ NCs resulted in a significant reduction in the brain weight brain 

hemispherical width ratio (RH/LH), and the mononuclear cell infiltration in the brain tissue 

was observed compared to the positive control and TMZ-treated group (Figure 4.7). Likewise, 

a similar observation has been made previously that induction of C6-cells orthotropic glioma 

model results in elevation of RH/LH ratio and the presence of tumor cell growth in the right 

hemisphere of the brain and metastatic cancer nodules in the lungs [20]. To understand the 

biocompatibility profile of the nanoconjugates, H&E staining of vital organs was performed, 
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showing no signs of toxicity with Hybrid TMZ NCs. Especially in the lungs, mononuclear cell 

infiltration was observed in positive control animals (saline-treated). Mononuclear cell 

infiltration was significantly reduced after treatment with Hybrid TMZ NCs, demonstrating the 

effective antitumor response against the glioma cells (Figure 4.8). As reported, polycarbonate 

and polyester polymers are biocompatible and have been deployed in the biomedical field with 

diagnostic and therapeutic applications [21]. A similar observation has been seen by Rana et 

al., wherein no significant abnormalities were seen in major organs, including the brain, liver, 

heart, kidney, spleen, and lungs, and found to be safe post PEG-PLA administration [22]. 

Furthermore, He et al. prepared biodegradable polycarbonate micelles of mPEG-b-PMCC 

copolymer for the anticancer agent delivery, depicting good biocompatibility with blood and 

all the major tissues as no such toxicity was observed in histopathological evaluation [23]. 

Overall, the study demonstrated the conjugation and hybrid nanoformulation approach 

significantly improved the physiochemical and biological properties of the TMZ, especially 

the drug stability, loading capacity, and therapeutic effect.   

4.6. Conclusion 

Currently, TMZ is deployed as a standard of care chemotherapeutics against GBM. 

Despite the potential of TMZ as a suitable therapeutic candidate, the treatment outcome is 

constrained by the inherent TMZ-associated limitations. However, combining the conjugation 

approach and conversion to a hybrid nanocarrier has improved the loading capacity, stability 

half-life, and in vitro and in vivo efficacy. The hybrid nanoconjugates have enhanced cellular 

uptake, IC50, and apoptosis in C6 and U87MG glioma cells. In vivo administration has 

demonstrated improvement in the antitumor outcome compared to the free TMZ, with a 

significant improvement in the brain weight, hemispherical width ratio, and improved overall 

survival of rats. Histopathological evaluation has shown a reduction in the mononuclear cell 

infiltration in the brain tissue, and no other significant signs of toxicity were observed in the 

heart, liver, lungs, kidney, and spleen, demonstrating the biocompatibility of the developed 

hybrid nanoconjugates. Thus, such a strategy could be explored for the delivery of drugs to 

target the glioma.  
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5.1. Introduction 

Glioblastoma multiforme (GBM) is a primary brain cancer in patients, which is 

considered to be highly lethal with median survival rate of up to ~15 months; post-completion 

of the treatment, only ~25% of patients survive for more 24 months after diagnosis. The 

standard-of-care treatment mainly involves debulking surgery followed by radiotherapy with 

adjuvant chemotherapy with temozolomide. GBM, being diffusive and aggressive in nature, 

the treatment fails to cure tumor burden completely, resulting in the recurrence, making it an 

untreatable and terminal form of tumor [1,2]. Although several molecules have been tested to 

determine their efficacy, the outcome of the treatment is still debatable. For instance, phase 2 

trials of bevacizumab, irinotecan, and temozolomide were evaluated for glioblastoma, wherein 

the median overall survival was found to be 12 months, similar to the control group [3]. In 

another study, the combination of bevacizumab and temozolomide showed a median overall 

survival of 37 weeks (8.51 months) and a 12-month overall survival of 31.3% [4,5]. Treatment 

with radiotherapy, temozolomide, and hydroxychloroquine showed an overall survival of 15.6 

months. On the contrary, Nimotuzumab and rapamycin combined treatment enhanced the 

sensitivity to the drugs against the TMZ-resistant glioma cells, exerting higher cytotoxicity 

compared to TMZ alone [6]. The combined TMZ and metformin treatment demonstrated 

enhanced synergistic inhibition and apoptosis rate, reducing gliosphere formation and 

expansion in glioma stem cells [7]. 

The combination of therapeutics has shown significant improvement in the anti-glioma 

activity. However, the simultaneous delivery of multiple payloads is still challenging due to 

different physiochemical properties, including solubility, log p, bioavailability, BBB 

permeability, etc. [1]. Likewise, TMZ and rapamycin (RAP) have demonstrated significant 

advancements in the preclinical trials, where the TMZ and RAP given alone and in combination 

have shown anti-glioma activity [8–10]. Temozolomide (TMZ), a highly potent molecule, 

undergoes rapid hydrolysis to MTIC and converted into AIC and methyl diazonium carbocation 

under physiological conditions. The cytotoxicity of TMZ is exerted viz. methylation at 

susceptible nucleophilic DNA sites of N7 and O6 sites on guanine and the O3 site on adenine 

residues, causing DNA double-strand breaks causing cell cycle arrest at G2/M phase and 

eventually cell death [1]. On the other hand, rapamycin (RAP) is a potent macrocyclic lactone 

produced by bacteria sp. Streptomyces hygroscopicus, discovered in the early 1970s, was 

initially used as an immunosuppressant for organ transplants. Several clinical trials in phase I-

III are being conducted to examine its application as an anticancer agent. RAP demonstrates 
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its anticancer action by inhibiting the serine/threonine site of the mammalian target of 

rapamycin (mTOR), impeding cell proliferation and translation process, and causing cell cycle 

arrest at G1 phase [11,12]. Likewise, TMZ and RAP have demonstrated significant 

advancements in the preclinical trials, where the TMZ and RAP given alone have shown anti-

glioma activity [10,13]. 

Still, the co-delivery of TMZ and RAP possess limitations, primarily due to their 

disparate physiochemical properties, as TMZ exhibits a water solubility of 5 mg/ml, while RAP 

has a poor water solubility of 0.00173 mg/ml [1,12]. Several approaches have been made to 

deliver the molecules to the target site using organic and inorganic nanomaterials, including 

liposomes, polymers, lipid-polymer hybrid, porous silica nanoparticles, etc. Likewise, Xu et 

al. fabricated TMZ and PTX dual drug-loaded mPEG-PLGA nanoparticles, exhibiting particles 

of ~206 nm, with a drug loading capacity equivalent to 0.87 and 3.15% w/w of PTX and TMZ, 

respectively. The combined delivery system has shown better inhibition in tumor cell growth 

in in vitro and in vivo studies [14]. Li et al. prepared stimuli-sensitive PEGylated-poly(α-lipoic 

acid) copolymer to deliver PTX and DOX simultaneously for cancer therapy. The dual delivery 

nanosystem has shown a drug loading of 4.3% and 8.2% w/w for DOX and PTX, respectively, 

exhibiting effective biodistribution and tumor growth inhibition in the murine bone cancer 

model [15]. Naderinezhad et al. prepared DOX and CUR-loaded LipoNiosome, exhibiting 

specific cellular internalization and synergistic toxicity against the cancer cells [16]. Although 

the combinational delivery of molecules has shown promising outcomes against tumor growth, 

delivering certain therapeutics in combination possesses limitations, including low drug 

loading capacity, encapsulation efficiency, drug/carrier stability, etc. However, the hybrid 

carrier system approach has improved the associated limitations. For instance, Jain et al. 

prepared lipid-polymeric hybrid nanoparticles coloaded with MTX and beta-carotene, 

exhibited drug loading capacity of 8.5% and 2.85% w/w, respectively, resulting in better 

cellular internalization, in vivo antitumor efficacy, biocompatibility, and reduced the toxicity 

[17]. Khan et al. prepared cisplatin and curcumin-loaded lipid-polymer hybrid nanoparticles 

composed of lipoid S75 and chitosan exhibiting particles of 225 nm with an encapsulation of 

>80%, resulting in improved uptake efficiency and chemosensitization of 3D ovarian cancer 

spheroid model [18]. In Chapter 4, we have designed and evaluated hybrid nanoconjugates 

(Hybrid TMZ NCs) for delivering TMZ for the treatment of GBM, exhibiting particle size of 

~100 nm with a higher drug loading capacity of 21.6% w/w. The Hybrid TMZ NCs improved 

in vitro and in vivo efficacy in the C6 cells-induced orthotropic rat glioma model.  
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 The utilization of nanotechnology for co-delivering multiple payloads to the tumor cells 

in a single platform has shown promising outcomes in numerous in vitro and in vivo 

experiments. Unlike passive accumulation, receptor-based endocytosis has been shown to 

enhance the selectivity and active targeting of the nanocarrier system using various ligands, 

such as antibodies, aptamers, and cell-penetrating peptides, making it a promising approach for 

cancer therapeutics. Amongst, the ανβ3 and ανβ5 integrin receptors are found to be expressive 

in components of BBB/BBTB in many tumors and other components of tumor 

microenvironment, including glioblastoma, breast, prostate, melanoma, and ovarian cancer. 

The arginine–glycine–aspartic acid (RGD) motif (e.g., cRGDyK, cRGDfC, RGD4C, and 

RGD10, etc.) are highly specific to the integrin receptors that aid in developing an active 

targeted delivery system that can penetrate the BBB/BBTB and effectively deliver the 

payload(s) to the target site of action. 

In the current study, we prepared an actively targeted hybrid nanoconjugates 

functionalized with the cyclo(Arg-Gly-Asp-D-Phe-Cys) (cRGD) for co-delivering TMZ and 

RAP. The developed cRGD functionalized hybrid nanoconjugates carrying dual payloads were 

thoroughly evaluated for their synergistic potential in in vitro cell culture models and in vivo 

efficacy in the C6-induced orthotropic rat glioma model, wherein the effect on tumor burden, 

survival, and organ toxicity were assessed. 

5.2. Experimental section 

5.2.1. Materials 

Temozolomide (TMZ, >98%) and coumarin-6 dye were obtained from TCI chemicals 

(Tokyo, Japan). Rapamycin (RAP, >99%) was procured from Alfa Aesar (ThermoFisher 

Scientific (Massachusetts, United States)), cRGD peptide was obtained from GL Biochem 

(Shanghai, China), Mal-PEG-OH (Mn. 5000 Da) was purchased from Xi'an ruixi Biological 

Technology Co., Ltd. (Shaanxi Province, China). Dulbecco's Modified Eagle Medium 

(DMEM), Minimum Essential Media (MEM), SnakeSkin™ Dialysis Tubing (MWCO. 10 

KDa), Fetal Bovine Serum (FBS), LysoTracker™ Red DND-99, and Annexin V Ready Flow 

Conjugates kit were procured from ThermoFisher Scientific (Massachusetts, United States). 

Methoxy poly(ethylene glycol) (mPEG. 5000 Da), Tin(II) 2-ethylhexanoate, DL-lactide, and 

Propidium Iodide (PI) were obtained from Sigma-Aldrich (St. Louis, Missouri, United States). 

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) and DMSO was 
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obtained from Sisco Research Laboratories (Mumbai, India). Remaining reagents and 

chemicals used were of analytical grade and bought from local vendors.  

5.2.2. Synthesis of mPEG-polylactic acid polyester copolymer (mPEG-PLA) 

mPEG-PLA was synthesized using microwave-assisted ring-opening polymerization 

(ROP) of DL-lactide monomer in the presence of mPEG as a macroinitiator using tin(II) 2-

ethylhexanoate as a catalyst, as described in chapter 4. Briefly, DL-Lactide (0.535 g) was 

polymerized with mPEG (0.465 g) at 130 °C for 1 h in the presence of a catalyst to yield the 

crude copolymer. The crude was purified using precipitation method by dissolving it in 

chloroform and precipitating it with 2-propanol followed by using diethyl ether twice. The 

purified copolymer was dried under vacuum and analyzed using 1H NMR spectroscopy. 

5.2.3. Synthesis of cRGD peptide-functionalized Mal-PEG-polylactic acid copolymer 

(cRGD-PEG-PLA) 

cRGD-PEG-PLA was synthesized in a two-step reaction, as shown in Figure 5.1B, 

wherein Mal-PEG-OH was initially copolymerized with DL-lactide monomer using 

microwave-assisted ROP, as mentioned in the previous section 5.2.2. Briefly, the Mal-PEG-

OH (Mn. 5000 Da) (0.232 g) was reacted with DL-Lactide (0.267 g) in the presence of tin(II) 

2-ethylhexanoate as a catalyst at 130 °C for 1 h to give Mal-PEG-polylactic acid (Mal-PEG-

PLA). The crude copolymer was purified using the precipitation method to yield pure 

copolymer. The purified Mal-PEG-PLA was then dissolved in DMSO conjugated with cRGD 

peptide (1:2 mass ratio) using maleimide-thiol coupling chemistry. The reaction was carried 

out at ambient temperature (25 °C) under nitrogen conditions for 16 h. On the following day, 

the crude was then dialyzed against purified water using a dialysis membrane (MWCO 3.5 

KDa) for 8 h. The resulting dialysate was freeze-dried to yield the cRGD-PEG-PLA copolymer. 

The cRGD-PEG-PLA was analyzed using 1H NMR spectroscopy to confirm the coupling 

between maleimide (Mal-PEG-PLA) and the thiol group of cysteine residue of cRGD peptide. 



Chapter 5: cRGD-Hybrid TMZ/R NCs 

 
 

Page | 128  
 

 

 

 

Figure 5.1. Scheme for the A) preparation and fate of nanoconjugates after in vivo administration and B) synthesis of cRGD-targeted poly lactide polymer (cRGD-PEG-

PLA) 
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5.2.4. Preparation of cRGD-targeted hybrid temozolomide nanoconjugates coloaded 

rapamycin (cRGD-Hybrid TMZ/R NCs) 

Initially, temozolomide nanoconjugates (TMZ NCs) were synthesized containing 40 

units of TMZ, i.e., covalently attached to the polymer backbone as a pendent group, as 

mentioned in chapter 3. The synthesis process involves the covalent attachment of TMZ-

hydrazide as a pendant to the free COOH functional groups of PEG-based polycarbonate block 

copolymer backbone using EDC/HoBT coupling to give TMZ NCs. Thereafter, the rapamycin-

loaded cRGD-targeted hybrid temozolomide nanoconjugates (cRGD-Hybrid TMZ/R NCs) 

were prepared using the thin-film hydration method as described in chapter 4 (section 4.2.4). 

Briefly, TMZ NCs (75 mg), mPEG-PLA (12.5 mg), cRGD-PEG-PLA (12.5 mg), and 

rapamycin (2.2 mg) were dissolved in a mixture of dichloromethane and ethanol (3:1 v/v ratio) 

and transferred to a round bottom flask. Thereafter the organic solvent was removed using 

vacuum-rotary evaporator, resulting in the formation of thin film. The thin film was purged 

with dried nitrogen gas for 60 min, followed by thin-film dispersion under ambient conditions 

using phosphate-buffered saline (10 mM; pH 7.4) to give a dispersion mixture. The dispersion 

was then probe sonicated for 20 s at 20% amplitude under cold conditions and centrifuged at 

10000 rpm for 10 min. The supernatant was obtained and evaluated for particle size, 

polydispersity index (PDI), and surface zeta potential (ζ). Simultaneously, the encapsulation 

and drug loading capacity were calculated from the weight ratio method using the below 

formulae: 

%Encapsulation efficiency =
Amount of drug in hybrid NCs

Amount of drug added
 × 100   eq. 5.1 

%Loading capacity =
Amount of drug in hybrid NCs

Total weight of Hybrid NCs
 × 100   eq. 5.2 

For determining TMZ loading, briefly, 5 mg of cRGD-Hybrid TMZ/R NCs were taken and 

dissolved in DMSO: milli-Q (50:50) mixture. Afterward, the sample was diluted and evaluated 

using simple UV-Vis spectroscopy (at λmax 328 nm) to check the concentration of TMZ present. 

The %loading capacity was determined as per the above-mentioned formula.  

For the preparation of non-targeted hybrid nanoconjugates, the mPEG-PLA copolymer was 

used instead of cRGD-PEG-PLA in the hybrid formulation. 

5.2.5. Cell culture studies 
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The glioma cell lines, C6 and U87MG, were obtained from the National Centre for Cell 

Sciences (NCCS, Pune, India) and were maintained in Dulbecco's Modified Eagle Medium 

(DMEM) and Minimum Essential Medium (MEM), respectively. Both glioma cells were 

complemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin mixture for 

their growth and expansion. The cells were maintained under suitable conditions at 37 °C; 5% 

CO2 in an incubator and allowed to proliferate until 70% confluency for further 

experimentation or subculture. 

5.2.5.1. Cell viability assay 

The viability of C6 and U87MG glioma cells was evaluated using 3-(4,5-dimethyl-

thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay [19]. Briefly, the cells were 

seeded at a density of 5000 cells/well into a 96-well cell culture plate, kept at 37 °C/ 5% CO2, 

and allowed to incubate for 24 h. Thereafter, the treatment with free TMZ, free RAP, 

TMZ+RAP physical mixture, Hybrid TMZ/R NCs, and cRGD-Hybrid TMZ/R NCs was given 

in the concentration range equivalent to 100-1500 µM and 0.5-50 µM for TMZ and RAP, 

respectively (for C6 cells), and 25-1000 µM and 0.5-50 µM for TMZ and RAP, respectively 

(for U87MG cells). After 72 h of treatment, the media was replaced with 200 µl of fresh media 

containing MTT (5 mg/ml) and kept for incubation at 37 °C; 5% CO2 for 4 h. Following the 

formation of formazan crystals, the media was removed carefully, and 200 µl of DMSO was 

added to dissolve the crystals. The extent of cell viability was evaluated by measuring the 

absorbance at 570 and 630 nm using an Epoch microplate reader (Biotek Instruments, USA). 

The %cell viability was determined using the equation. 

%Cell Viability =
Sample (absorbance (570 nm)−absorbance (630 nm))

Control (absorbance (570 nm)−absorbance (630 nm))
 × 100  eq. 5.3 

5.2.5.2. Combination index analysis 

The TMZ and RAP combination index was determined using Compusyn software 

(version 1.0). From the data observed using cytotoxicity assay of TMZ and RAP individually 

on C6 and U87MG cells, we have used a constant and non-constant ratio of TMZ and RAP for 

analysis. The Chou-Talalay method was used to analyze the combination index of the proposed 

drug combination. The combination index values obtained were analyzed for synergism (<1) 

and antagonism (>1), and the combinational ratio was determined [20]. 

5.2.5.3. Cell uptake assay 
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The cellular uptake assay of Hybrid TMZ NCs and cRGD-Hybrid TMZ NCs was 

performed using coumarin-6 dye as a fluorescent probe. Briefly, C6 and U87MG cells were 

seeded at a density of 1 × 105 cells/well into a 6-well plate and allowed to adhere for 24 h. 

Thereafter, the cells were treated with blank coumarin-6 dye, coumarin-6 loaded Hybrid TMZ 

NCs, and coumarin-6 loaded cRGD-Hybrid TMZ NCs and kept in an incubator for 4 h. Further, 

the old media was removed, and cells were washed with PBS (twice) and fixed with 4% 

paraformaldehyde for 10 min. The cells were counterstained with DAPI for 10 min to 

counterstain the nucleus. After that, the fixed cells were observed under fluorescent microscope 

(ZEISS, Germany), and respective microscopic images (DIC, DAPI, Coumarin-6, and 

Overlay) were acquired for the respective groups. The obtained data were interpreted using 

Zen Blue software V3.4 [21]. 

5.2.5.4. Apoptosis assay 

Apoptosis analysis was performed using the Annexin-V/PI-based flow cytometry assay. 

Briefly, C6 and U87MG glioma cells were seeded at a density of 1 × 105 cells/well in a 6-well 

cell culture plate. The cells were allowed to incubate overnight at 37 °C; 5% CO2, followed by 

the treatment with free TMZ, free RAP, TMZ+RAP physical mixture, Hybrid TMZ/R NCs, and 

cRGD-Hybrid TMZ/R NCs for 24 h. Thereafter, the cells were washed with PBS twice, 

followed by trypsinization, centrifuged at 1700 rpm for 5 min, and resuspended in 1X annexin 

binding buffer. The cells were stained with annexin-V/ propidium iodide under dark conditions 

for 15 min as per the manufacturer protocol. The samples were analyzed using flow cytometry 

(Beckman Coulter, USA) to quantify the apoptosis rate, and data was obtained and evaluated 

using CytExpert V3.0 software [13]. 

5.2.6. Development of Syngeneic orthotropic glioblastoma model in SD rats 

C6-cells induced orthotropic syngeneic glioma model was developed as mentioned 

previously [13]. Briefly, 6-8 weeks old, male Sprague Dawley rats were used after the approval 

from the Institutional Animal Ethics Committee (IAEC) of BITS Pilani, protocol no: 

IAEC/RES/23/08/Rev-3/32/26. For orthotropic glioma cell implantation, the rats were initially 

anesthetized using intraperitoneal injection of ketamine (90 mg/kg) and xylazine (9 mg/kg), 

followed by placing the animals on a stereotactic apparatus. Thereafter, the head was shaved, 

a small incision of 3 cm was made to expose the skull, and 1 mm burr hole was created using 

a drill. The C6 cells (2 x 106) were injected using Hamilton’s syringe at 2 mm, 3 mm, and 4 

mm (x, y, and z, respectively) at a flow rate of 3 µl/min. The burr hole was sealed with the 
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biodegradable wax, and an incision was sutured. Animals were then placed back in their cages 

for continuous observation for changes in parameters, including body weight, neurological 

activity, eye pigmentation, and right eye bulging, as an indicator of tumor growth. The method 

was validated through histopathological evaluation of brain to confirm the growth of tumor.   

5.2.7. In vivo efficacy studies  

C6 glioma tumor-bearing rats were taken randomly and allowed to recover from surgery 

for 9 days. From day 10th of tumor implantation, treatment was initiated comprising positive 

control, free TMZ, free RAP, Hybrid TMZ/R NCs, and cRGD-Hybrid TMZ/R NCs (n=5). 

Treatment was given intravenously (i.v.) at a dose equivalent to TMZ (10 mg/kg) and RAP (1 

mg/kg) three times a week for 30 days. During the treatment phase, animals were monitored 

for changes in body weight, survival, and locomotion. At the termination of the treatment phase 

(day 40th), animals were sacrificed. The blood and major organs such as, heart, lungs, liver, 

kidney, and spleen, were excised for histopathological evaluation. The brain of rats were 

removed carefully and evaluated for their appearance, brain weight, and right-to-left 

hemispherical (RH/LH) width ratio. 

5.2.8. Pharmacokinetics and bio-distribution study of cRGD-Hybrid nanoconjugates in 

C6-glioma-bearing rats 

Briefly, C6-glioma-bearing rats were randomly divided into different groups and were 

given free TMZ, free RAP, Hybrid TMZ/R NCs, and cRGD-Hybrid TMZ/R NCs intravenously. 

At a dose equivalent to 10 mg/kg of TMZ and 1 mg/kg of free RAP. Free TMZ was given in 

normal saline and free RAP was given in solution form i.e., in 5% w/v tween 80 and 10% v/v 

ethanol in normal saline. 0.5 ml of blood was collected in EDTA-containing tubes at pre-

determined time intervals ranging from 0.25 to 240 h. After that, 100 µl of blood samples were 

taken, spiked with 5 µl of internal standard (IS, tacrolimus), 10 µl of 0.1 M ascorbic acid, and 

vortexed for 15 min for uniform mixing. After that, a hybrid method (salting out with liquid-

liquid extraction) of drug extraction was adopted, wherein, initially, 50 µl of 0.5 M ammonium 

sulfate as lysis salt was added and vortexed for 2 min, followed by extraction of analytes using 

1200 µl of ethyl acetate (EA) and vortexed for 30 min as mentioned in chapter 2. The samples 

were centrifuged at 5000 rpm for 5 min at 4 °C. The supernatant was carefully collected and 

transferred to vials, and the same process was repeated for the second time to extract the drug 

and IS. The collected organic layer was evaporated to dryness and reconstituted with 100 µl of 
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mobile phase, followed by 10 µl of sample volume injected and analyzed using developed and 

validated simultaneous UPLC-MS/MS method. 

Liquid chromatographic separation was performed on Waters ACQUITY UPLC BEH 

C18 Column (2.1 × 100 mm, 1.7 µm). The mobile phase consisted of A) Ammonium acetate 

buffer with 0.1% formic acid and B) Methanol. The column temperature was maintained at 35 

°C, sample temperature at 15 °C, with gradient elution at a flow rate of 0.30 ml/min with flow 

parameters as follows: 0-0.6 min A- hold at 60%, 0.6-0.7 min A-60% to 0%, 0.7-2.9 min A- 

hold at 0%, 2.9-2.95 min A-0% to 60%, 2.95-5.6 min A-60%. The concentration-time graph 

was plotted for the respective groups, and various pharmacokinetic parameters (Cmax, AUC, 

MRT, t1/2, Cl, Vd, and many more) were evaluated using Phoenix WinNonlin® (V 2.1) software 

using the non-compartmental model analysis.  

The in vivo imaging system (IVIS, Lumina XRMS Series-III, Perkin Elmer, USA) was 

used for bio-distribution analysis. Briefly, C6-glioma cell-bearing rats (n=03/ group) were 

injected intravenously with DiR-loaded Hybrid TMZ NCs and DiR-loaded cRGD-Hybrid TMZ 

NCs. The injected rats were kept under observation for 2 and 6 h, sacrificed, followed by 

excision of major organs (brain, heart, lungs, liver, kidney, and spleen). After that, the organs 

were kept under the IVIS to determine the fluorescence intensity and organ biodistribution [19]. 

5.3. Statistical analysis 

The obtained data are expressed as mean ± SD and mean ± SEM. The statistical 

difference was determined by analysis of variance followed by Tukey test for comparison 

between different groups. *p<0.05, **p<0.01, ***p<0.001, @@p<0.01, and ###p<0.001 was 

considered statistically significant. 

5.4. Results   

5.4.1. Characterization of cRGD peptide-functionalized Mal-PEG-polylactic acid 

copolymer (cRGD-PEG-PLA) 

Initially, mPEG-PLA was prepared using ROP of DL-lactide in the presence of mPEG as 

a macroinitiator using tin(II) 2-ethylhexanoate as a catalyst to yield mPEG-PLA copolymer as 

described in Chapter 4. Simultaneously, Mal-PEG-PLA was prepared using microwave-

assisted ring-opening polymerization between DL-lactide and Mal-PEG-OH as a 

macroinitiator in the presence of tin(II) 2-ethylhexanoate as a catalyst. Figure 5.2A shows 1H 

NMR (400 MHz, CDCl3) δ 6.67 (-CH-Maleimide), 5.14 (-CO-CH-CH3), 3.63 (-CH2-PEG),  
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Figure 5.2. Characterisation of polymer. 1H NMR A) Mal-PEG-PLA and B) cRGD-PEG-PLA polymer 
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1.55 (CH3-CH-). Thereafter, the Mal-PEG-PLA was reacted with cRGD peptide using 

maleimide-thiol coupling chemistry to yield cRGD-PEG-PLA. Figure 5.2B depicts 1H NMR 

(400 MHz, DMSO-d6) δ 5.19 (-CO-CH-CH3), 3.50 (-CH2-PEG), 1.46 (CH3-CH-), presence of 

protons at δ 9.0-7.0 (protons of cRGD peptide) and disappearance of maleimide protons at δ 

6.67 indicates the successful synthesis of cRGD-PEG-PLA. 

5.4.2. Characterization of cRGD-targeted hybrid temozolomide nanoconjugates 

coloaded rapamycin (cRGD-Hybrid TMZ/R NCs) 

The cRGD-Hybrid TMZ/R NCs were prepared using the thin-film hydration method. The 

Hybrid TMZ/R NCs depicted a particle size, PDI, and surface zeta potential of 126.62 ± 1.24 

nm, 0.211 ± 0.008, and -0.333 ± 0.095 mV, respectively, while the cRGD-Hybrid TMZ/R NCs 

showed a particle size, PDI, and surface zeta potential of 141.83 ± 10.05 nm, 0.233 ± 0.031, -

0.168 ± 0.03 mV, respectively (Figure 5.3). While in case of coumarin-6 loaded Hybrid TMZ 

NCs showed a particle size of 124.4 ± 1.91 nm (PDI. 0.144 ± 0.022) and coumarin-6 loaded 

cRGD-Hybrid TMZ NCs exhibited particles of 152.9 ± 1.66 nm (PDI. 0.228 ± 0.060) (Figure 

5.4). 

5.4.3. Combination index assay 

The TMZ and RAP combination index was evaluated in C6 and U87MG glioma cells. 

The glioma cells were treated with free TMZ, free RAP, and TMZ+RAP physical mixture with 

constant and non-constant ratios to determine the combination index. In C6 glioma cells, free 

TMZ and free RAP depicted an IC50 of ~1133 µM and ~8.5 µM, respectively. On considering 

the cytotoxicity profiles of free drugs, the TMZ+RAP drug combination (TMZvar. + RAPconst. 

and TMZconst. + RAPvar.) indicated a synergism with a CI value less than 1, are mentioned in 

Figure 5.5 B&C. Based on the obtained data, the 110:1 dose ratio of TMZ: RAP, i.e., 1100 

µM:10 µM, respectively, significantly reduced cell viability. Wherein the synergistic reduction 

in IC50 of TMZvar. + RAPconst. and TMZconst. + RAPvar. was observed, equivalent to 596.4 µM 

and 4.08 µM, respectively (CI value <1) (Figure 5.5 A-C). 

In U87MG cells, free TMZ and free RAP showed an IC50 of ~842 µM and 1.93 µM, 

respectively. Similarly, the constant and variable ratio of TMZ and RAP was utilized to 

determine the combination index (Figure 5.6 B&C). Wherein TMZvar. + RAPconst.  and TMZconst. 

+ RAPvar. depicted an IC50 of 233.8 µM and 0.92 µM, respectively, showing a synergism (CI 

value <1) at a dose ratio of 800 µM: 2 µM of TMZ and RAP, respectively, showed a reduction  
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Figure 5.3. A) Particle size and B) surface zeta potential analysis of cRGD-Hybrid TMZ/R NCs 

 
Figure 5.4. Particle size distribution of coumarin-6 dye loaded cRGD-Hybrid TMZ/R NCs 
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in cell viability. Thereafter, the experimentations were performed based on the observed 

combination index ratio of TMZ: RAP (Figure 5.6 A-C). Thus, signifying the increased potency 

of the combination, favourable for anti-glioma efficacy.  

5.4.4. In vitro cytotoxicity and uptake of cRGD-Hybrid TMZ/R NCs 

The cell toxicity of cRGD-Hybrid TMZ/R NCs was determined in C6 and U87MG 

glioma cells, as shown in Figure 5.5 & 5.6. In C6 glioma cells, treatment with Hybrid TMZ/R 

NCs showed an IC50 of ~375.07 µM. Surprisingly, cRGD-Hybrid TMZ/R NCs demonstrated 

additional improvement in IC50 equivalent to ~282.8 µM compared to free TMZ and TMZ + 

RAP physical mixture with an IC50 of ~1133 µM and ~596.4 µM, respectively (Figure 5.5A).  

While, in U87MG cells, the Hybrid TMZ/R NCs and cRGD-Hybrid TMZ/R NCs showed 

an IC50 of 410.4 and 238.14 µM compared to free TMZ and TMZ + RAP combination with an 

IC50 of ~842 µM and ~233.8 µM, respectively (Figure 5.6A). 

The cellular uptake efficiency of cRGD-Hybrid TMZ/R NCs was determined using 

coumarin-6 dye as a fluorescent probe in C6 and U87MG glioma cells. The microscopic images 

of coumarin-6 loaded Hybrid TMZ NCs (particle size of 124.4 nm) and coumarin-6 loaded 

cRGD-Hybrid TMZ NCs (particle size of 152.9 nm) showed improved uptake in both glioma 

(C6 and U87MG) cells, compared to free coumarin 6 (Figure 5.5E & 5.6E). 

5.4.5. Apoptosis assay 

The extent of apoptosis rate was determined in C6 and U87MG glioma cells using the 

Annexin-V/PI staining method. The cells were treated with different treatment groups, 

including free TMZ, free RAP, TMZ+RAP physical mixture, Hybrid TMZ/R NCs, and cRGD-

Hybrid TMZ/R NCs. Figure 5.5D shows the apoptosis rate in C6 cells, wherein the cRGD-

Hybrid TMZ/R NCs-treated cells exhibited significant improvement in apoptosis rate of 

48.25% (early apoptosis: 45.67% and late apoptosis: 2.58%). While, Hybrid TMZ/R NCs 

showed an apoptosis rate of 41.81% (early apoptosis: 39.46% and late apoptosis: 2.35%) 

compared to free TMZ with an apoptosis rate of 18.08% (early apoptosis: 18.46% and late 

apoptosis: 2.87%), free RAP with apoptosis rate of 21.33% (early apoptosis: 14.77% and late 

apoptosis: 3.31%), and TMZ+RAP physical mixture with an apoptosis rate of 22.51% (early 

apoptosis: 20.65% and late apoptosis: 1.86%).  

In U87MG cells, cRGD-Hybrid TMZ/R NCs showed an improved apoptosis rate of 

57.2% (early apoptosis: 9.34% and late apoptosis: 47.86%), while the Hybrid TMZ/R NCs 
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Figure 5.5. In vitro evaluation of cRGD-Hybrid TMZ NCs in C6 glioma cells. A) Cell cytotoxicity assay B) & C) Combination index 

analysis for TMZ, RAP, and its combination using Chou-Talalay method. D)  Annexin-V-FITC/PI-based apoptosis assay E) & F) Cellular 

uptake determination using coumarin-6 dye as a fluorescent probe 
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Figure 5.6. In vitro evaluation of cRGD-Hybrid TMZ NCs in U87MG glioma cells. A) Cell cytotoxicity assay B) & C) Combination index 

analysis for TMZ, RAP, and its combination using Chou-Talalay method. D)  Annexin-V-FITC/PI-based apoptosis assay E) Cellular uptake 

determination using coumarin-6 dye as a fluorescent probe 
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exhibited an apoptosis rate of 32.44% (early apoptosis: 0.94% and late apoptosis: 31.50%), 

compared to free TMZ with an apoptosis rate of 28.72% (early apoptosis: 4.69% and late 

apoptosis: 24.03%), free RAP with apoptosis rate of 24.29% (early apoptosis: 7.61% and late 

apoptosis: 16.68%), and TMZ+RAP combination with an apoptosis rate of 28.86% (early 

apoptosis: 1.35% and late apoptosis: 27.51%) (Figure 5.6D). 

5.4.6. In vivo efficacy of cRGD- Hybrid TMZ/R NCs in C6 cells induced orthotropic rat 

glioma model 

In vivo antitumor efficacy of cRGD-Hybrid TMZ/R NCs was determined in the C6 cells 

induced orthotropic syngeneic glioma model in male Sprague Dawley rats (Figure 5.7). After 

the C6 cell implantation, tumor was allowed to develop for 9 days. On the 10th day, animals 

were treated i.v. with free TMZ, free RAP, Hybrid TMZ/R NCs, and cRGD-Hybrid TMZ/R 

NCs at a dose equivalent to 10 mg/kg and 1 mg/kg for TMZ and RAP thrice a week for the 

next 30 days. The positive control group animals were treated with normal saline exhibited 

100% mortality within 15 days after initiation of treatment, while treatment with free TMZ, 

free RAP, and Hybrid TMZ/R NCs showed mortality up to 40, 60, and 20%, respectively, after 

30 days of treatment. On the contrary, no mortality was observed in cRGD-Hybrid TMZ/R 

NCs-treated animals till the completion of the treatment (Figure 5.7D). 

Interestingly, after the glioma model implantation, a marked body weight reduction was 

observed in all the animals; thereafter, the animals started to recover their body weight after 

the initiation of the treatment phase. Furthermore, the physiological parameters were also 

observed in animals, including change in brain weight, hemispherical width ratio (RH/LH), 

and physical appearance to confirm the tumor growth. It was evident that the positive control 

animals treated with normal saline exhibited increased brain weight and RH/LH hemispherical 

width ratio than the normal control group. While free TMZ and free RAP-treated animals 

showed a nominal reduction in brain weight and RH/LH hemispherical width ratio. At the same 

time, treatment with Hybrid TMZ/R NCs and cRGD-Hybrid TMZ/R NCs demonstrated a 

statistically significant reduction in the brain weight and the RH/LH hemispherical width ratio, 

indicating the effectiveness of the developed combinational delivery system in vivo compared 

to the free drugs (Figure 5.7). Simultaneously, the histopathological analysis of the brain of the 

positive control group animals exhibited the presence of mononuclear/ tumoral cell infiltration 

in the right hemisphere of the brain at the site of injection. While, no such observation has been 

made in the left hemisphere of the brain (uninjected site) (data not shown), depicting normal  
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Figure 5.7. In vivo efficacy of cRGD-Hybrid TMZ NCs in C6 cells induced orthotropic syngeneic glioma model 

in rats. A) Scheme for the in vivo study design. B) Representative brain images of treatment groups and B1-B7) 

brain histopathology (H&E) evaluation of the right hemisphere of brain (injection site). C) and  E) mean body 

and brain weight of treated animals, D), and F) hemispherical width ratio (RH/LH) and Kaplan-Meier survival 

plot of treated animals, respectively (scale bar: 100 µm) (*, **, ***, @@, ### signifies p value <0.05, <0.01, 

<0.001, <0.01, and <0.001 respectively) 
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morphology of the brain tissue. Treatment with free TMZ and free RAP expressed a minimal 

reduction in mononuclear cell infiltration. In contrast, a marked decrease in tumor cell 

infiltration was observed in Hybrid TMZ/R NCs and cRGD-Hybrid TMZ/R NCs-treated 

animals. Similarly, the Kaplan Meier survival plot also indicated no mortality in cRGD-Hybrid 

TMZ/R NCs-treated animals compared to 100% mortality in the positive control group, 

analogous to negative control animals, exhibiting the efficiency of the cRGD-Hybrid TMZ/R 

NCs carrying dual payload against glioma therapy (Figure 5.7). 

5.4.7. Histopathological evaluation of cRGD-Hybrid TMZ/R NCs in glioma-bearing rats 

The H&E staining was performed to understand the toxicity of cRGD-Hybrid TMZ/R 

NCs in vital organs, including the heart, lungs, liver, kidney, and spleen (Figure 5.8). The 

negative control (sham group) exhibited normal histopathological parameters of the heart 

tissues, including the syncytial arrangement of fibers with intercalated disks. All treatment 

groups, including a positive control group, showed normal pathophysiology of the heart, 

comparable to healthy animals. Furthermore, the positive control group exhibited mononuclear 

/ tumor cell infiltration in the lungs, indicating tumor development and metastasis toward the 

lungs. The treatment with free TMZ and free RAP exhibited minimal histology improvement 

with the presence of a significant number of mitotic cell infiltration in the lungs. The Hybrid 

TMZ/R NCs and cRGD-Hybrid TMZ/R NCs treated lungs demonstrated a marked reduction 

in mitotic cell infiltration, indicating the effectiveness of the combination therapeutics using 

the hybrid nanoconjugate delivery system. The histopathology of the negative control group 

reveals the normal architecture of hepatocytes, bile duct, central vein, and other hepatic 

components. Nevertheless, the positive control group, as well as the free TMZ and free RAP 

treated group, exhibited degeneration of hepatic components, especially the hepatocytes, 

indicating adverse effects on the liver. On the contrary, Hybrid TMZ/R NCs and cRGD-Hybrid 

TMZ/R NCs exhibited improvement in the hepatocytic components with healthy liver 

architecture, i.e., normal hepatocytes, central vein, kupffer cells, bile duct cells, etc. At the same 

time, the positive control and free TMZ-treated animals exhibited altered kidney 

histopathology, including increased peritubular space, atrophic renal tubules, glomerulus tufts, 

renal tubules, etc. The free RAP-treated animals showed thickening of renal tubules and 

glomerulus tufts with a reduction in the peritubular spaces; yet, the treatment with Hybrid 

TMZ/R NCs and cRGD-Hybrid TMZ/R NCs improved the histopathology of kidney 

components towards the normal comparable to the healthy animals. The spleen is considered 

to be a vital component for removing affected red and white blood cells. Administering the 
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Figure 5.8. Histopathological toxicity (H&E) evaluation of cRGD-Hybrid TMZ/R NCs in major organs (heart, lungs, liver, kidney, and 

spleen) in C6-glioma tumour bearing animals (scale bar: 100 µm) (Black arrow: mononuclear cell infiltration in lungs, blue arrow: 

degeneration of hepatocytes in liver, green arrow: atrophic renal tubules with abnormal peritubular space, light blue arrow: moderate white 

and red pulp depletion) 
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molecules/nanomaterials to blood directly interacts with RBC and WBC; therefore, 

understanding the effect is paramount. Wherein treatment with free TMZ and RAP exhibited 

moderate white and red pulp depletion. However, Hybrid TMZ/R NCs and cRGD-

HybridTMZ/R NCs showed improvement in the splenic components with minimal toxicity  

(Figure 5.8). 

5.4.8. Pharmacokinetics and bio-distribution study of cRGD-Hybrid nanoconjugates in 

C6-glioma-bearing rats 

Pharmacokinetics study was performed in C6-glioma-bearing rats, wherein, the tumor-

bearing rats were divided into free TMZ, free RAP, Hybrid TMZ/R NCs, and cRGD-Hybrid 

TMZ/R NCs. The whole blood concentration-time profile for various analytes (RAP, TMZ, 

TMZ-A, TMZ-H, and AIC) in treated animals are shown in figure 5.9 and various 

pharmacokinetic parameters (Cmax, AUC, MRT, t1/2, Cl, Vd, etc) were recorded using non-

compartment analysis (Table 5.1). For RAP, improvement in pharmacokinetic parameters were 

observed such as free RAP treated group exhibited a half-life of 86.19 ± 1.23 h compared to 

half-life of 63.24 ± 2.25 and 57.27 ± 4.86 h for Hybrid TMZ/R NCs and cRGD-Hybrid TMZ/R 

NCs, respectively. Interestingly, a marked reduction in the volume of distribution from 

10667.27 ± 1115.96 to 4261.94 ± 901.29 and 5032.88 ± 632.95 ml/kg for Hybrid TMZ/R NCs 

and cRGD-Hybrid TMZ/R NCs was observed, respectively. The pharmacokinetic parameters 

for all the analytes including RAP, TMZ, TMZ-A, TMZ-H, and AIC are mentioned in table 5.1. 

On contrary, the TMZ conjugated to polymeric backbone did not exhibited breakdown into 

TMZ, TMZ-A, TMZ-H, or AIC.  

The biodistribution study was performed in C6-glioma-bearing rats, wherein the DiR-

loaded Hybrid TMZ NCs and DiR-loaded cRGD-Hybrid TMZ NCs were administered 

intravenously. At 2 and 6 h, the rats were euthanized, and organs were isolated and observed 

under in vivo imaging system for the fluorescence intensity. Interestingly, an intense fluorescent 

signal was observed in the brain after administering DiR-loaded cRGD-Hybrid TMZ/R NCs at 

6 h of administration compared to the DiR-loaded Hybrid TMZ/R NCs; wherein a less to 

minimal fluorescent signal was observed in tumor-bearing brain, indicating the beneficial 

outcome of cRGD peptide functionalization in improved BBB permeability (Figure 5.10). 
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Figure 5.9. Pharmacokinetic concentration-time profile of TMZ, TMZ-A, TMZ-H, AIC and RAP in whole blood after intravenous (i.v.) administration of free TMZ, free 

RAP, Hybrid TMZ/R NCs, and cRGD-Hybrid TMZ/R NCs in C6-glioma bearing rats. Data represented as mean ± SD 
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Table 5.1. Pharmacokinetic parameters of TMZ, TMZ-A, TMZ-H, AIC and RAP after intravenous (i.v.) administration of free TMZ, free RAP, Hybrid TMZ/R NCs, and 

cRGD-Hybrid TMZ/R NCs in C6-glioma bearing rats. Data represented as mean ± SEM  

 
n.d.: not detected 
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Figure 5.10. Biodistribution of cRGD-Hybrid nanoconjugates in glioma bearing rats (Br: Brain, H: Heart, 

Lu: Lungs, Li: Liver, Ki: Kidney, and Sp: spleen) 
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5.5. Discussion 

Glioblastoma multiforme (GBM) is considered as the most common type of malignant and 

aggressive brain tumor, primarily accounting for ~16% of brain and CNS-related tumors. GBM 

is a type IV glioma characterized by its dedifferentiated, angiogenic, multiforme structure, 

making it more lethal. Temozolomide (TMZ) is considered as the standard of care chemo-

treatment with surgical resection and radiotherapy. Regardless of treatment, the probability of 

the tumor relapses is significantly higher, making it more lethal. TMZ, being a potent molecule, 

possesses several physiochemical limitations such as short life, quick clearance, and low brain 

bioavailability, which leads to sub-therapeutic outcomes and the development of resistance and 

finally results in tumor relapse [1]. Several other molecules are administered simultaneously to 

support the treatment outcome against the GBM, including mTOR inhibitors, such as 

rapamycin (sirolimus), temsirolimus, and ridaforolimus. These rapalogues are known to inhibit 

mTORC1 activity, which remains upregulated in tumor growth and progression. One well-

known rapalogue commonly known as rapamycin (RAP), isolated from soil bacterium 

Streptomyces hydroscopius, is known to show its antitumor outcome, viz. inhibition of mTOR 

downstream pathway. Although RAP is known to bind strongly to the mTORC1 domain and 

demonstrate its antitumor outcome, the molecule still lacks clinical translation for glioma 

treatment. This could be mainly ascribed due to the low solubility, bioavailability (~15%), poor 

pharmacokinetic behavior, and side effects, including leukopenia, thrombocytopenia, renal, 

cardiac impairment, hyperlipidaemia, etc., making it more challenging for its deployment in 

the treatment of GBM [22].  

Although both the molecules, TMZ and RAP, demonstrate the antitumor action against 

the GBM differently i.e., TMZ exhibits its action viz. DNA alkylation while RAP shows its 

action, viz. inhibition of multiple downstream proliferative pathways (PI3K/Akt/mTOR) 

involved in tumor survival and growth. When administered together, both compounds work 

synergistically to strengthen the effectiveness of the treatment outcome, specifically by 

overcoming the development of resistance. Likewise, Li et al. observed the molecular effect of 

mTOR inhibitor and TMZ against glioma, wherein the combination treatment with TMZ and 

RAP markedly improved the cellular cytotoxicity and rate of apoptosis compared to the 

individual counterpart [23]. In phase 2 open-label interventional clinical trials, the combination 

of albumin-bound rapamycin (nab-rapamycin) was evaluated with various drugs in 

combination including nab-sirolimus and temozolomide, nab-sirolimus and bevacizumab, nab-

sirolimus and lomustine, nab-sirolimus and marizomib (MRZ), nab-sirolimus and 
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temozolomide + radio treatment for the treatment of high-grade, recurrent glioma and newly 

diagnosed glioblastoma. Meanwhile, treatment with nab-rapamycin and temozolomide showed 

better median progression-free survival and overall survival of 11.7 and 13.8 months compared 

to the other treatment combinations [24].  

Nevertheless, the TMZ and RAP combination carry ample advantages over the 

conventional treatment; still, the outcome of therapy is nominal. It is mainly observed due to 

different physiochemical properties of the drug, including TMZ being a hydrophilic molecule 

with a solubility of 5 mg/ml and high permeability. At the same time, rapamycin is considered 

to be highly hydrophobic with log p of >4, solubility of 0.00173 mg/ml, making it highly 

challenging to deliver simultaneously across the BBB and to the target site of action [1,25]. 

Several other attempts have been made to overcome the hindrance in improving the prognosis 

of the GBM, either via encapsulation, surface adsorption, complexation, conjugation, or a 

hybrid carrier approach. For instance, Mujokoro et al. evaluated the effect of co-delivery of 

methotrexate and curcumin using PLGA-based copolymer. The dual delivery system exhibited 

the encapsulation efficiency of 77.2% and 86.1% at drug loading efficiency of 6.5% and 15.5% 

w/w for CUR and MTX, respectively, exhibiting improved cytotoxicity compared to individual 

treatment [26]. Xu et al. prepared mPEG-PLA copolymer-based drug delivery system for the 

combined delivery of TMZ and PTX to evaluate chemotherapeutic efficacy against GBM. The 

dual drug delivery system was prepared using double emulsion method, which yielded particles 

of ~206 nm with an encapsulation of 90% and 65%, at drug loading of 0.871% and 3.15% w/w 

for PTX and TMZ, respectively. The PTX/TMZ-NPs exhibited a synergistic outcome by 

inhibiting tumor growth compared to the physical mixture alone in the subcutaneous xenograft 

U87 mice model [14]. Furthermore, functionalization with cell targeting ligands is also known 

to enhance the selective targeting towards the targeted site compared to the non-targeted 

counterpart. Xin et al. prepared low-density lipoprotein receptor-related protein (LRP) targeted 

PEG-PCL nanoparticles functionalized with Angiopep peptide for glioma. The ANG-NP 

exhibited improved endocytosis, transport across the BBB model in vitro, and enhanced 

accumulation in tumoral region U87MG glioma tumor-bearing mice compared to non-targeted 

nanoparticles [27]. Similarly, Chen et al. fabricated Peptide-22 and c(RGDfK) functionalized 

liposomes for transport across the BBB and BBTB. In vitro and in vivo experiments confirmed 

that active targeting with peptides effectively improved uptake efficiency with higher cellular 

uptake and higher brain tumor distribution compared to plan liposomal preparation [28].  
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The current chapter focuses on the fabrication of cell-penetrating peptide cRGD 

functionalized hybrid TMZ nanoconjugates that can co-deliver TMZ and RAP with different 

physiochemical properties across the BBB/BBTB for the treatment of glioblastoma 

multiforme. The cRGD peptide-functionalized copolymer was prepared to give cRGD-PEG-

PLA copolymer. Similarly, Mazumdar et al. prepared the cRGD coupled with the maleimide 

group to give a peptide-functionalized polycarbonate cholesterol-based lipopolymeric 

nanocarrier for targeting cancer [29]. After that, the polycarbonate block polymer conjugated 

with TMZ (mPEG-b-P(CB-{g-COOH; g-TMZ40} (TMZ NCs), as reported in chapter 4, was 

mixed with mPEG-PLA/ cRGD-PEG-PLA, followed by preparation of nano-dispersion using 

thin-film hydration method to yield the Hybrid TMZ/R NCs and cRGD-Hybrid TMZ/R NCs. 

The Hybrid TMZ/R NCs gave the particle size and PDI of 126.62 ± 1.24 nm and 0.211 ± 0.008 

and surface zeta potential of -0.333 ± 0.095 mV (Figure 5.3). The Hybrid TMZ NCs exhibited 

a particle size of 105.7 nm and PDI of 0.106 (Chapter 4); this could be attributed due to the 

encapsulation of RAP into the Hybrid TMZ NCs resulted in a slight increase in particle size 

from 105.7 nm to 126.2 nm. Likewise, Mittal et al. observed a similar outcome in the 

preparation of different molecular weights of PLGA-based nanoparticles wherein all grades of 

polymer (ranging MW 14-213 KDa) exhibited the drug-loaded nanoparticles with slightly 

higher particle size compared to the blank nanoparticles [30]. Interestingly, on cRGD 

functionalization, the particle size was increased to 141.83 ± 10.05 nm, PDI of 0.233 ± 0.031 

with uniform morphology, and surface zeta potential of -0.168 ± 0.03 mV. Likewise, Thamake 

et al. prepared PLGA nanoparticles coated with alendronate and exhibited a higher particle size 

of 235 nm compared to 191 nm of non-targeted nanoparticles [31].  

Quader et al. prepared αvβ3 and αvβ5 integrins targeting cRGD peptide-functionalized 

polymeric micelles exhibiting faster and higher penetration in U87MG-based 2D and 3D-

spheroids compared to those without cRGD [32]. Similarly, cRGD-Hybrid TMZ NCs exhibited 

better uptake efficiency than non-targeted counterparts, as shown in Figure 5.5E & 5.6E. In the 

previous chapter, we have reported the cytotoxicity of TMZ with IC50 equivalent to ~1125 µM 

and ~866 µM with an apoptosis rate of 15.5% and 21.33% in C6 and U87MG glioma cells, 

respectively. In the current study, we have found the IC50 of TMZ and RAP of ~1133 µM and 

8.5 µM. Thereafter, the combination index (CI) was determined using the Chou-Talalay 

method, providing the theoretical basis of the isobologram and median effect equation, 

allowing the quantitative estimation of drug combination interactions, wherein CI value <1, 

=1, and >1, shows the synergism, additive, and antagonism pharmacodynamic outcome of the 



Chapter 5: cRGD-Hybrid TMZ/R NCs 

 
 

Page | 151  
 

drug combination. In C6 glioma cells, the TMZ: RAP molar ratio equivalent to 100:1, 110:1, 

125:1, 150:1, 110:2.5, and 110:5 exhibited synergism with CI <1. Based on the above data, we 

have selected the TMZ: RAP molar ratio equivalent to 110:1 for further experimentation in C6 

glioma cells (Figure 5.5 A-C). In U87MG cells, the TMZ: RAP molar ratio equivalent to 750:2, 

1000:2, 800:2.5, 800:5, 800:10, 800:25, and 800:50 showed synergism with CI <1. Similarly, 

we have selected TMZ: RAP molar ratio equivalent to 800:2, as per the IC50 of individual drugs 

for further experimentation (Figure 5.6 A-C). After the determination of the combination index 

of the drug combination, the similar TMZ: RAP ratio was loaded into the nanocarrier system, 

i.e., Hybrid TMZ/R NCs and cRGD-Hybrid TMZ/R NCs, and evaluated for further in vitro 

assays. Interestingly, the Hybrid TMZ/R NCs and cRGD-Hybrid TMZ/R NCs exhibited IC50 

of 375.07 and 282.8 µM in C6 and 410.4, and 238.14 µM in U87MG glioma cells, respectively 

(Figure 5.5A and 5.6A). The apoptosis rate of the free drug and nanoconjugates were evaluated 

in C6 and U87MG glioma cells, wherein free TMZ, free RAP, and TMZ+RAP physical mixture 

exhibited a total apoptosis rate of 18.08%, 21.33%, and 22.51%, respectively. On encapsulation 

into the nanocarrier system, the Hybrid TMZ/R NCs and cRGD-Hybrid TMZ/R NCs showed 

a total apoptosis rate of 41.81% and 48.25%, respectively, in C6 glioma cells (Figure 5.5D). In 

U87MG glioma cells, the free TMZ, free RAP, and TMZ+RAP combination exhibited a total 

apoptosis rate of 28.72%, 24.29%, and 28.86%, respectively. The Hybrid TMZ/R NCs and 

cRGD-Hybrid TMZ/R NCs exhibited a total apoptosis rate of 32.44% and 57.2%, respectively 

(Figure 5.6D). A similar outcome was shown in multiple reports that encapsulation of drugs 

into nanoparticles will aid in the improvement of the apoptosis rate in cancer cells [33,34]. 

Furthermore, Yu et al. observed that the functionalization with the cRGD cell-penetrating 

peptide results in an additional improvement in the apoptosis rate compared to the non-targeted 

counterpart  [35].   

After confirming the in vitro activity of the TMZ and RAP combination with cRGD 

surface functionalization to carrier system, the developed system was evaluated for its in vivo 

efficacy activity in the C6 cells induced syngeneic orthotropic rat glioma model. The animals 

were continuously observed for changes in physiological parameters to confirm tumor growth. 

The glioma-bearing rats were randomly divided into different treatment groups, namely, 

negative control, positive control, free TMZ, free RAP, Hybrid TMZ/R NCs, and cRGD-Hybrid 

TMZ/R NCs. After the completion of treatment, the major organs were excised for 

histopathological toxicity evaluation. The excised rat brain was evaluated for change in brain 

weight and RH/LH hemispherical width ratio, wherein it was observed that the positive control 
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brain showed RH/LH hemispherical width ratio of >1, indicating the successful development 

of the rat glioma model. While treatment with Hybrid TMZ/R NCs and cRGD-Hybrid TMZ/R 

NCs exhibited a statistically significant reduction in the RH/LH ratio (p<0.01, 0.001) compared 

to the TMZ-treated group, respectively (Figure 5.7F). As reported previously in Chapter 4, the 

RH/LH ratio was found to be elevated (>1) in the case of C6 cells glioma-bearing rats. 

Moreover, the animals treated with cRGD-Hybrid TMZ/R NCs showed no sign of mortality 

during the study period. In contrast, the positive control animals died within 15 days after the 

initiation of treatment (Figure 5.7). The histopathological toxicity analysis was performed 

using H&E staining, indicating no significant sign of toxicity with the cRGD-Hybrid TMZ/R 

NCs in all majorly excised organs (Figure 5.8). While in the positive control, a significant 

number of mononuclear/tumor cells were observed in the brain and lungs; upon treatment with 

Hybrid TMZ/R NCs and cRGD-Hybrid TMZ/R NCs, a significant reduction in cell infiltration 

was observed. Furthermore, a similar trend was observed in the liver, kidney, and spleen, 

wherein mild to moderate organ toxicity was observed in the case of positive control, TMZ, 

and RAP-treated animals, especially liver with hepatocyte degeneration; kidney with atrophic 

renal tubules, increased peritubular space; and spleen with mild to moderate depletion in the 

red and white pulp. In previous studies, it is well reported that the utilization of biocompatible 

and biodegradable polycarbonate and polyester copolymers showed no signs of toxicity in 

animals and further aided the delivery of payload to the site of action. Likewise, no such 

toxicity was observed in Hybrid TMZ/R NCs and cRGD-Hybrid TMZ/R NCs treated animals, 

indicating the effectiveness and biocompatibility of the combinational delivery against the 

glioma. Thereafter, pharmacokinetics study was performed in C6-glioma-bearing rats, wherein, 

the hybrid nanoconjugate exhibited reduction in the half-life, volume of distribution, and 

improvement in the Cmax and AUC compared to the free RAP treated animals (Figure 5.8, table 

5.1). The reduction in the half-life of RAP was observed due to the encapsulation of RAP into 

the Hybrid TMZ/R NCs and cRGD-Hybrid TMZ/R NCs and reduction in the non-specific 

distribution of the RAP in the organs compared to the free RAP, eventually resulted in lowered 

organ toxicity in glioma bearing animals. Interestingly, the conjugated TMZ to the polymeric 

system did not exhibited breakdown into free TMZ, TMZ-A, TMZ-H, and AIC. Similarly, it is 

well reported that the amide bond between the temozolomide and the polymeric backbone is 

comparatively much stronger and requires higher energy to break compared to the 

imidazotetrazine ring. However, the ring is highly susceptible to undergo hydrolysis into its 

metabolites even under physiological conditions, where, the amide bond remains intact [36,37]. 
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Thus, we hypothesize that the conjugated TMZ hydrolyzed to give the methyl diazonium ion, 

which is known to show the alkylation of the DNA susceptible sites.  After that, a 

biodistribution study of cRGD-Hybrid TMZ nanoconjugates was performed in C6 cells glioma-

bearing SD rats to understand the fate of nanocarrier after injection. At a specific time (2 and 

6 h), major organs were evaluated for their fluorescent signal using the IVIS system. Wherein 

an intense signal was observed at 6 h post-injection in cRGD-Hybrid TMZ NCs compared to a 

minimal signal was seen in non-targeted counterpart, indicating the role of cRGD peptide in 

transversing the BBB. Similarly, several reports suggested the role of cell-penetrating peptides 

aiding in the transverse of the nanocarrier system across the BBB for their effective therapeutic 

outcome [32,38,39]. 

5.6. Conclusion 

Glioblastoma is considered the deadliest form of brain tumor, which poses a substantial 

challenge to the conventional form of treatment. Multiple drug combinations have been given 

with TMZ to overcome the limitations associated with the treatment. Still, the outcome remains 

elusive, which is mainly attributed due to the disparate physiochemical properties of the 

treatment combination involved, making it much harder to reach the optimal concentration at 

the target site of action. However, in response to the drug-related challenges, a hybrid-based 

approach has been developed, integrating conjugation with encapsulation strategy for 

hydrophilic and hydrophobic molecules, which have shown promising outcomes in various 

facets of drug delivery. Such hybrid approach aids in improved encapsulation efficiency, 

loading capacity, uptake by tumor cells, cytotoxicity towards cancer cells, and penetration 

through the blood-brain and blood-tumor barriers.  

Furthermore, the surface functionalization with cRGD peptide on the hybrid 

nanoconjugates improved cellular uptake and apoptosis rate and reduced the IC50 in C6 and 

U87MG glioma cells. After that, in vivo administration of TMZ and RAP using cRGD-Hybrid 

TMZ/R NCs has improved the in vivo efficacy profile of the drug combination, with marked 

improvement in the brain parameters and survival of rats. The comprehensive histopathological 

assessment demonstrated a substantial reduction in the tumor cells within the brain with 

minimal signs of toxicity observed to heart, lungs, liver, kidney, and spleen. Also, the 

biodistribution of the cRGD-Hybrid TMZ NCs elucidated the improved accumulation in the 

brain, indicating the role of functionalization of cRGD cell-penetrating peptide.  
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Overall, the hybrid nanoconjugate approach with an amalgamation of polymer(s) and 

surface functionalization could be an effective and better strategy for delivering multiple 

therapeutic payloads. Such therapeutic strategies offer a promising avenue in addressing a wide 

range of diseases, potentially transforming the landscape of brain tumor therapeutics.  
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6.1. Conclusions 

Glioblastoma multiforme (GBM) is a heterogeneous type of malignancy that arises from 

neoplastic glial cells, representing one of the most lethal forms of brain cancer. The 

conventional treatment involves temozolomide (TMZ), a second-generation DNA alkylating 

agent capable of crossing the blood-brain barrier (BBB) and used as a standard-of-care 

chemotherapeutic agent with debulking surgery and radiotherapy. Despite its potency, TMZ 

faces limited (<1%) brain bioavailability, thereby rendering the drug with sub-therapeutic 

outcomes. Therefore, higher doses of TMZ are given, resulting in dose-dependent toxicities. 

Such a treatment approach only improves the survival of the patient with a limited scope. 

However, to overcome the limitations of TMZ monotherapy, the treatment in combination with 

second-line chemotherapeutics is highly preferred. The mTOR inhibitors, such as rapalogues, 

offer anti-tumor potential by modulating the downstream pathway of the PI3K/Akt/mTOR in 

cancer. Such therapeutic combinations could serve as a potential approach to glioma treatment. 

Nevertheless, the simultaneous delivery of multiple payloads remains challenging due to 

differing physiochemical behaviors, including solubility, log p, bioavailability, BBB/BBTB 

permeability, etc. Overall, the primary goal of the current work is to design, synthesize, and 

characterize the polymeric nanocarrier platform that can simultaneously deliver both hard-to-

deliver hydrophilic and hydrophobic molecules across the BBB/BBTB and enhances the 

therapeutic efficacy using targeted and simultaneous delivery of multiple payloads in 

combating glioma. Chapter 1 details an extensive overview of glioblastoma multiforme 

(GBM), encompassing its incidences, pathogenesis, and factors responsible for cancer 

progression and survival. Certain treatment approaches are available in the market to treat 

various cancers. However, the presence of the BBB/BBTB makes the therapeutics ineffective, 

creating a hindrance in achieving the actual potential of the therapeutics. Thereby limiting the 

scope of viable treatment options. However, the chapter describes the viable therapeutic 

strategies, particularly combining TMZ with mTOR inhibitors for glioma therapy. 

Furthermore, the delivery of the combination therapeutics across the BBB/BBTB using the 

nanocarrier, polymer-drug conjugation, and actively targeted polymer-hybrid approach were 

thoroughly discussed. 

Chapter 2 covers the development of the analytical method and its validation using simple 

ultraviolet-visible (UV-Vis) spectroscopy for TMZ-H for the quantitation of the drug molecule 

in the polymeric conjugate of temozolomide. Thereafter, an HPLC-UV-based analytical 
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method for rapamycin, temozolomide (TMZ), and its derivatives (TMZ-A, TMZ-BOC, TMZ-

H, AIC) have been developed, followed by its thorough validation as per the ICH guidelines. 

The developed method was utilized to determine the purity of the synthesized analytes. After 

that, a highly sensitive, UPLC-MS/MS-based simultaneous method was developed for RAP, 

TMZ, and its derivatives and validated as per the ICH guidelines. The developed method 

exhibited a linearity over the range of 0.976 to 1000 ng/ml in whole blood as a biological 

matrix. The developed and validated method could be utilized for in vivo pharmacokinetics of 

analytes in animals.  

Chapter 3 covers the design, synthesis, and characterization of the amphiphilic polymeric 

conjugate of TMZ (mPEG-b-P(CB-{g-COOH; g-TMZn}). The polycarbonate-based polymeric 

drug conjugate was synthesized to address the drug-related limitations, such as loading, 

encapsulation, and stability of the molecule. The process was initiated by synthesizing mPEG-

polycarbonate-based copolymer possessing free COOH as free pendent groups, followed by 

covalent conjugation of temozolomide hydrazide using EDC/HoBt coupling. The resulting 

conjugates of TMZ, (mPEG-b-P(CB-{g-COOH; g-TMZ20}, mPEG-b-P(CB-{g-COOH; g-

TMZ40}, mPEG-b-P(CB-{g-COOH; g-TMZ60}), depicted the loading efficiency of 16.8%, 

28.82%, and 37.99% w/w for 20, 40, and 60 units of TMZ units, respectively. After that, the 

nanodispersion of nanoconjugates was prepared and evaluated based on the particle size and 

surface morphology using DLS and SEM, respectively, at pH 5.0, 6.0, and 7.4, demonstrated 

varying particle sizes based on the units of TMZ units attached. mPEG-b-P(CB-{g-COOH; g-

TMZ20} demonstrated size ranging from 237.1 to 323.7,  mPEG-b-P(CB-{g-COOH; g-TMZ40} 

showed an average particle size ranging from 90.9 to 207.2, while, mPEG-b-P(CB-{g-COOH; 

g-TMZ60} exhibited an average particle size from 497.8 to 552 nm. The stability of 

nanoconjugates in the biological environment is an important aspect that can impact the 

therapeutic outcome. As reported in the literature, the tumor vasculature junctions usually get 

compromised with intercellular gaps ranging from 60-300 nm with loose endothelial junctions. 

Accordingly, colloidal and TMZ stability of mPEG-b-P(CB-{g-COOH; g-TMZ20} and mPEG-

b-P(CB-{g-COOH; g-TMZ40} NPs under physiological conditions was investigated. The 

colloidal stability assay indicated no significant change in particle size at 4 °C up to 7 days, 

whereas, at 37 °C, a substantial change in particle size was observed from day 1 and day 2 in 

mPEG-b-P(CB-{g-COOH; g-TMZ20} and mPEG-b-P(CB-{g-COOH; g-TMZ40}, respectively. 

The same samples were analyzed for the %TMZ remaining, wherein mPEG-b-P(CB-{g-
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COOH; g-TMZ20} and (mPEG-b-P(CB-{g-COOH; g-TMZ40} showed a half-life of 4.03 and 

5.88 h, respectively compared to 1.8 h for free TMZ.  

Chapter 4 mainly addresses the stability perspective of the TMZ molecule and the in vitro 

and in vivo fate were explored. Although the TMZ loading capacity was significantly improved 

after conjugation, the stability perspective is still a concern. To overcome this, in the current 

chapter, we prepared a hybrid system comprised of polymer-TMZ conjugate ((mPEG-b-P(CB-

{g-COOH; g-TMZ40}) and mPEG-PLA using a thin film hydration method. The resulting 

hybrid TMZ nanoconjugates (Hybrid TMZ NCs) showed particles of 105.7 ± 0.99 nm with a 

narrow polydispersity index of 0.106 ± 0.033 and a surface zeta potential of ζ: -6.79 ± 1.61 

mV. The UV-stability studies were performed for the %TMZ remaining, indicating the 

improved stability of >120 h with a half-life of ~194 h under physiological conditions. 

Afterward, hybrid TMZ nanoconjugates were characterized for their in vitro cell-based assay, 

showing improved cellular toxicity, uptake, and apoptosis rate in C6 and U87MG glioma cells. 

Furthermore, a C6-induced syngeneic orthotropic glioma model in Sprague Dawley rats was 

developed, followed by an evaluation of efficacy and toxicity of Hybrid TMZ NCs, indicating 

marginal improvement in the brain physiology, survival rate, change in body weight, and 

reduced organ toxicity compared to the free TMZ. Thus, such a strategy could be explored to 

deliver various drugs to target the glioma. 

In Chapter 5, we proposed to actively functionalize the hybrid nanoconjugates with the 

cyclo(Arg-Gly-Asp-D-Phe-Cys) (cRGDfC, or cRGD), composed of a mixture of 

polycarbonate and polyester block copolymer that can co-deliver hydrophilic TMZ and 

hydrophobic rapamycin molecule for the treatment of GBM. The cRGD-targeted RAP-loaded 

Hybrid TMZ NCs (cRGD-Hybrid TMZ/R NCs) were prepared by using thin film hydration of 

(mPEG-b-P(CB-{g-COOH; g-TMZ40}, mPEG-PLA, cRGD-PLA, and RAP. The resulting 

colloidal dispersion indicated particle size, PDI, and surface zeta potential of 141.83 ± 10.05 

nm, 0.233 ± 0.031, and -0.168 ± 0.03 mV, respectively. The cRGD-Hybrid TMZ/R NCs 

exhibited plentiful advantages, including improved uptake efficiency, cellular toxicity, and 

apoptosis rate in C6 and U87MG glioma cells. Thereafter, in vivo, the efficacy of actively 

targeted nanoconjugates has improved brain parameters, including brain weight, right-to-left 

brain hemispherical width (RH/LH) ratio, and survival and reduced the tumor burden and organ 

toxicity compared to free drug counterpart. The comprehensive histopathological assessment 

demonstrated a substantial reduction in the tumor cells within the brain with minimal signs of 
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toxicity observed in the heart, lungs, liver, kidney, and spleen in the C6-cells induced syngeneic 

orthotropic glioma model in rats. Simultaneously, the pharmacokinetic study was performed in 

C6-glioma-bearing animals, indicating reduced circulation half-life and volume of distribution 

and improved the Cmax, AUC, and clearance of RAP, post-treatment with cRGD-Hybrid TMZ/R 

NCs. Further, in vivo tissue bio-distribution was performed in C6-glioma-bearing rats, where 

the cRGD-Hybrid TMZ/R NCs exhibited an intense signal in tumor-bearing brain and liver at 

6 h of administration, indicating the beneficial outcome of cRGD peptide functionalization 

with improved BBB permeability. 

Overall, the hybrid nanoconjugate approach with an amalgamation of polymer(s) and 

surface functionalization could be an effective and better strategy for delivering multiple 

therapeutic payloads. Such therapeutic strategies offer a promising avenue in addressing a wide 

range of diseases, potentially transforming the landscape of brain tumor therapeutics.  

6.2. Future prospective 

The current work primarily targets to design, synthesize, and characterize the actively 

targeted amphiphilic hybrid carrier system that can co-deliver both hydrophilic (TMZ) and 

hydrophobic (Rapamycin) molecules simultaneously, viz. overcoming the barriers involved 

from the site of injection to its intended site of action, i.e., to the brain to exploit its synergistic 

therapeutic potential against hard-to-treat brain cancer. However, the efforts made in 

advancements in the therapeutic outcome in mitigating glioma. Nevertheless, there is and will 

be scope for improvement. Several aspects of our experiments could be studied in detail for 

future nanomedicine translation from bench to bedside.  

The following could be the possible future direction of current research: 

1. The amphiphilic polymer was synthesized as per the unit calculation method. Still, a 

minor change in the number of units could lead to variability in the therapeutic to toxic 

outcome. However, stringent control over the number of units of TMZ as a pendant 

group is required. 

2. Different targeting ligands (small and large molecules) could be explored for in vivo 

therapeutic outcomes. 

3. Different types of biocompatible polymers or the mixture of monomers for 

polymerization could be explored to deliver various kinds of payload, either using 

conjugation, complexation, or encapsulation. 
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4. The developed polymeric hybrid nanocarrier could be explored for other routes of 

administration, such as oral and nose-to-brain delivery. 

5. Different pendant groups could be attached, such as cationic groups/lipids for nucleic 

acid delivery, amino acids for improved biocompatibility, or labeling dye as a 

diagnostic/tracking agent. 

6. The degradation pattern/profile of the polymer-drug conjugate could be explored to 

better understand the fate after in vivo administration. 

7.  Determining the cross-talk between the molecules delivered using developed polymer 

hybrid nanoconjugates after in vivo administration could be explored, including 

resistance pathway, apoptosis, ROS, autophagy, mitophagy, etc. 

8. Apart from TMZ and RAP, other combinations of hydrophilic and hydrophobic 

molecules could be explored using the polymer hybrid nanoconjugate approach.  
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