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Abstract

Glioblastoma multiforme (GBM) is one of the most aggressive and deadly brain cancers, and current therapies offer
limited survival benefits. Temozolomide (TMZ) is the standard chemotherapeutic agent used for treatment; however,
its effectiveness is hampered by rapid hydrolysis, a short plasma half-life, poor brain bioavailability, and dose-
dependent systemic toxicities. This study aimed to improve the in vivo stability and therapeutic efficacy of TMZ through
a hybrid nanoconjugate strategy. TMZ was covalently linked to an amphiphilic copolymer, mPEG-b-P(CB-{g-COOH}),
resulting in stable polymer-drug conjugates with varying TMZ loading capacities. Among these, mPEG-b-P(CB-{g-COOH;
g-TMZ40}) showed optimal size, stability, and drug incorporation. A hybrid nanoconjugate system was then created by
combining this conjugate with mPEG-polylactic acid (mPEG-PLA) using thin-film hydration. The resulting hybrid
nanoconjugates had a mean particle size of 105.7 nm, a narrow polydispersity index (PDI < 0.2), and a drug loading of
21.6%. Stability studies demonstrated a significantly longer half-life (~194 hours) compared to free TMZ (1.8 hours).
In vitro assays conducted on C6 and U87MG glioma cell lines confirmed superior cellular uptake, enhanced apoptosis,
and reduced IC50 values compared to the free drug. Furthermore, in vivo evaluation using a Cé6 cell-induced orthotopic
glioma rat model showed significant reductions in brain weight and hemispherical width ratio, improved survival rates,
and minimal toxicity to vital organs, as demonstrated by histopathological examinations.

Keywords: Temozolomide; Glioblastoma multiforme; Hybrid nanoconjugates; Polymer-drug conjugate; Brain-
targeted therapy.

1. Introduction

GBM is the most aggressive and lethal primary brain tumor, accounting for nearly 15% of intracranial malignancies [1].
Despite multimodal therapy, patients typically face a median survival of only 12 to 15 months. The standard treatment
involves surgical resection, followed by radiotherapy and chemotherapy [2]. TMZ, a second-generation
imidazotetrazine derivative, is the gold standard treatment because of its ability to alkylate DNA and induce apoptosis
in rapidly dividing glioma cells [3]. However, its therapeutic effectiveness is limited by physicochemical instability and
poor pharmacokinetics. TMZ quickly undergoes hydrolysis at physiological pH into its active metabolite, 3-methyl-
(triazen-1-yl) imidazole-4-carboxamide (MTIC), along with the by-product 5-aminoimidazole-4-carboxamide (AIC).
While MTIC has cytotoxic properties, the rapid hydrolysis of TMZ results in a short half-life of approximately 1.8 hours,
causing less than 1% of the administered dose to reach the brain intact [4]. As a result, higher doses are often required,
which can lead to severe toxicities such as myelosuppression, nausea, and systemic organ damage. Furthermore, GBM's
heterogeneous microenvironment and the blood-brain barrier (BBB) impedes adequate drug accumulation,
contributing to resistance and poor clinical outcomes [5].
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To address these challenges, researchers [6], [7], [8], [9] have explored nanotechnology-based delivery systems.
Conventional carriers such as liposomes, polymeric nanoparticles, dendrimers, micelles, and inorganic nanostructures
have been studied to enhance TMZ circulation, brain penetration, and controlled release [10]. For example, liposomal
TMZ improved stability but offered limited survival benefits [11]. In contrast, PLGA nanoparticles with targeting ligands
achieved better tumor-specific delivery, although they faced issues with low drugloading and inconsistent efficacy PLGA
nanoparticles with targeting ligands achieved better tumor-specific delivery, although they faced issues with low drug
loading and inconsistent efficacy [12]. Chemical modifications into prodrugs or derivatives enhanced lipophilicity and
encapsulation potential but sometimes compromised pharmacological activity or raised safety concerns. Polymer-drug
conjugates present a promising alternative by covalently linking TMZ to biocompatible polymers, resulting in improved
stability, circulation, and tumor uptake [13]. Systems based on poly (B-L-malic acid), poly(2-ethyl-2-oxazoline), and
PEGylation have extended TMZ's half-life and cytotoxic effects, achieving drug loading capacities of 15% to 35% [14].
However, challenges remain in balancing drug loading capacity with particle stability, as many conjugates still
experience rapid clearance or insufficient drug accumulation in the brain. Hybrid nanosystems that combine multiple
carrier components have shown further promise. Polymer-lipid and polymer-polymer hybrids enhance stability,
biomimicry, and encapsulation efficiency, with benefits including controlled release, reduced clearance, and synergistic
therapeutic effects [15], [16]. For instance, lipid-polymer hybrid nanoparticles have demonstrated superior drug
stability, reduced toxicity, and improved pharmacokinetics compared to single-component carriers.

Building on these advancements, the present study developed and evaluated a hybrid nanoconjugate system for TMZ
delivery. TMZ was covalently conjugated to an amphiphilic polycarbonate copolymer, methoxy polyethylene glycol-
block-polycarbonate with pendant carboxyl groups [mPEG-b-P(CB-{g-COOH})], resulting in conjugates with varying
drug loadings [17]. The conjugate containing 40 TMZ units (mPEG-b-P(CB-{g-COOH; g-TMZ40)) showed optimal size,
stability, and loading efficiency. To enhance biostability and delivery performance, this conjugate was combined with
mPEG-polylactic acid (mPEG-PLA) to create hybrid TMZ nanoconjugates (Hybrid TMZ NCs) using a thin-film hydration
method. The nanoconjugates were characterized as size, morphology, drug loading, and colloidal stability [18]. Their
pharmacological performance was assessed through in vitro cytotoxicity, apoptosis, and uptake studies in C6 and
U87MG glioma cells, followed by vivo evaluation in a C6 orthotopic glioma rat model [19], [20], [21]. Efficacy was
measured based on tumor reduction, brain weight, hemispherical width ratio, survival rates, and systemic toxicity
through histopathology. We hypothesized that the hybrid polymer-drug conjugate approach would synergistically
enhance TMZ's half-life, stability, and bioavailability while minimizing off-target toxicity. By demonstrating improved
in vitro and in vivo outcomes, these hybrid TMZ nanoconjugates represent a promising platform for effective GBM
therapy and may facilitate the clinical translation of polymer-drug hybrid systems.

2. Methodology

2.1 Materials

Temozolomide (TMZ, purity >98%), tert-butyl carbazate, and 1H-benzotriazol-1-yloxytripyrrolidinophosphonium
hexafluorophosphate (PyBOP) were procured from TCI Chemicals (Tokyo, Japan) and Sigma-Aldrich (St. Louis, USA).
N,N-Diisopropylethylamine (DIPEA), DL-lactide, and tin (II) 2-ethylhexanoate were also sourced from these suppliers.
Analytical-grade solvents, including dimethyl sulfoxide (DMSO), chloroform, ethanol, and 1,4-dioxane, were obtained
from Spectrochem (Mumbai, India). Dialysis membranes with a molecular weight cutoff of 10 kDa and 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) reagent were purchased from ThermoFisher Scientific
(Massachusetts, USA). All reagents were of analytical grade and used without further purification. Methoxy poly
(ethylene glycol) (mPEG, 5 kDa) and other polymer precursors needed for mPEG-PLA synthesis were obtained from
Sigma-Aldrich. Coumarin-6 dye, used for studying cellular uptake and fluorescence-based imaging, was purchased from
ThermoFisher Scientific. Dulbecco’s Modified Eagle Medium (DMEM), Minimum Essential Medium (MEM), Fetal Bovine
Serum (FBS), and penicillin-streptomycin antibiotic solution were obtained from ThermoFisher Scientific and used to
culture rat glioma (C6) and human glioblastoma (U87MG) cell lines. Healthy male Sprague Dawley rats (6-8 weeks old,
weighing approximately 200 g) were acquired from an institutional animal facility [22]. All animals were housed under
standard laboratory conditions, including a 12-hour light/dark cycle, controlled temperature and humidity, as well as
free access to food and water. All experimental protocols adhered to institutional guidelines and were approved by the
Institutional Animal Ethics Committee (IAEC). In all experiments, chemicals and biological materials were used as
received to ensure consistent quality and reproducibility.

2.2 Synthesis and Development of Hybrid Nanoconjugates

TMZ was modified to create a reactive derivative for polymer conjugation. The process started with the conversion of
TMZ into its carboxylic acid form (TMZ-acid), introducing a functional group for further reactions. This intermediate
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underwent Boc-protection with tert-butyl carbazate and PyBOP coupling reagents, leading to a Boc-protected TMZ
hydrazide. The Boc group was then removed under acidic conditions, resulting in unprotected TMZ hydrazide (TMZ-H).
The identity and purity of the derivative were confirmed using ~1H NMR, #13C NMR, and UV-Vis spectroscopy, ensuring
the stability of the active molecule [23].

In parallel, an amphiphilic polycarbonate copolymer with pendant carboxyl groups [mPEG-b-P(CB-{g-COOH})] was
synthesized through microwave-assisted ring-opening polymerization. The monomer 5-methyl-5-benzyloxycarbonyl-
1,3-dioxane-2-one was polymerized with methoxy poly (ethylene glycol) (mPEG, 5 kDa) as the macroinitiator, using tin
(II) 2-ethylhexanoate as a catalyst. After polymerization, the benzyl protective groups were removed by catalytic
hydrogenation, revealing free -COOH groups along the polycarbonate backbone. This modification created reactive sites
suitable for drug conjugation, and the resulting copolymer was characterized using NMR and mass spectroscopy [24].

The synthesized TMZ hydrazide was then covalently attached to the carboxyl pendant groups of mPEG-b-P(CB-{g-
COOH}) via carbodiimide-mediated coupling using EDC/HOBT chemistry. This reaction produced a series of polymer-
drug conjugates with varying TMZ units per polymer chain, namely 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}). Among these formulations, the conjugate containing 40
TMZ units (TMZ40) demonstrated the most favorable properties in terms of drug loading, stability, and particle size,
and was therefore selected for further development into hybrid nanoconjugates [25], [26]. The overall synthetic
pathway for preparing TMZ-polymer conjugates is illustrated in Fig. 1.
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Figure 1 Synthetic pathway for TMZ-polymer conjugates showing the preparation of TMZ hydrazide, polycarbonate
backbone formation, and final carbodiimide-mediated conjugation.

To improve biocompatibility and delivery efficiency, a secondary copolymer, mPEG-polylactic acid (mPEG-PLA), was
synthesized. This was accomplished through microwave-assisted ring-opening polymerization of DL-lactide, initiated
with mPEG as the macroinitiator in the presence of a tin (II) 2-ethylhexanoate catalyst. The resultant copolymer was
purified by precipitation and vacuum drying, followed by characterization using #1H NMR spectroscopy to confirm its
structure. Finally, hybrid TMZ nanoconjugates (Hybrid TMZ NCs) were created by mixing the optimal polymer-drug
conjugate mPEG-b-P(CB-{g-COOH; g-TMZ40}) with mPEG-PLA in a 3:1 weight ratio. The components were dissolved in
a 3:1 v/v mixture of dichloromethane and ethanol, then rotary evaporated to form a thin polymeric film. This film was
hydrated with phosphate-buffered saline (PBS, pH 7.4) and sonicated for nanoscale dispersion. The mixture was
centrifuged at 12,000 rpm for 10 minutes to remove unbound drug and polymer, resulting in stable hybrid
nanoconjugates suitable for further characterization and evaluation.

2.3 Characterization of Hybrid Nanoconjugates

The mean hydrodynamic diameter, polydispersity index (PDI), and surface charge (zeta potential) of the hybrid
nanoconjugates were determined using dynamic light scattering (DLS) with a Zetasizer Nano ZS from Malvern
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Instruments (UK). Prior to measurement, the formulations were diluted with phosphate-buffered saline (PBS, pH 7.4)
and analyzed at a scattering angle of 173° under controlled temperature conditions. Surface morphology and shape
were examined after sputter-coating with gold using scanning electron microscopy (SEM) from Thermo Fisher Scientific
(USA). The amount of TMZ incorporated into the nanoconjugates was quantified using UV-Vis spectroscopy at a
wavelength of 328 nm (Amax). A calibration curve prepared with free TMZ served as the reference standard. Drug
loading and entrapment efficiency were calculated using the following equations:

TMZ present in nanoconjugates

Drug Loading (%) =
rug Loading (%) Total weight of nanoconjugates
TMZ retained in nanoconjugates

Total TMZ initially added < 100

Entrapment Efficiency (%) =

The successful synthesis and conjugation of TMZ with the polymer backbone were confirmed using ~1H NMR and #13C
NMR spectroscopy, performed on a Bruker 400 MHz spectrometer with DMSO-d¢ or CDCl; as solvents and
tetramethylsilane (TMS) as an internal reference. Additionally, high-resolution mass spectrometry (HRMS) using an
Agilent Q-TOF LC/MS system was employed to confirm the expected molecular weights of monomers, intermediates,
and final nanoconjugates. For storage stability, the nanoconjugates were stored at 4°C and 37°C for up to 7 days, during
which particle size and PDI were monitored periodically using DLS. To assess hydrolytic stability, the degradation
profile of TMZ was compared between the free drug, polymer-TMZ conjugates, and hybrid nanoconjugates under
physiological conditions (PBS, pH 7.4, 37°C). Samples were collected at predetermined intervals (0-120 h), and residual
TMZ content was analyzed spectrophotometrically. The degradation Kinetics were used to estimate the half-life (t;/5)
based on a first-order decay model.

2.4 In Vitro Biological Evaluation

The biological performance of hybrid nanoconjugates was tested on rat glioma (C6) and human glioblastoma (U87MG)
cell lines, sourced from a certified repository and cultured under standard conditions. C6 cells were grown in Dulbecco’s
Modified Eagle Medium (DMEM) and U87MG cells in Minimum Essential Medium (MEM), both with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin, at 37 °C in 5% CO; until reaching 70-80% confluency. The cytotoxicity of
the formulations was evaluated using the MTT assay. Cells were seeded in 96-well plates at 5,000 cells per well and
treated with varying concentrations of free TMZ and hybrid nanoconjugates for 72 hours. MTT solution was then added,
and after four hours, formazan crystals were dissolved in dimethyl sulfoxide. Absorbance was measured at 570 nm with
a background correction at 630 nm, and cell viability was calculated against untreated controls to determine ICs, values
[27].

To analyze apoptotic induction, Annexin-V and propidium iodide (PI) staining followed by flow cytometry was
performed. C6 and U87MG cells were seeded in 6-well plates, treated with free TMZ or hybrid nanoconjugates for 24
hours, then harvested and stained according to guidelines [28]. Flow cytometry was conducted with a Beckman Coulter
instrument, and CytExpert software was used to differentiate between viable, early apoptotic, late apoptotic, and
necrotic cells. Cellular uptake of hybrid nanoconjugates was examined using coumarin-6 as a fluorescent probe. After
treating the cells with coumarin-6-loaded nanoconjugates for four hours, they were fixed, counterstained with DAPI,
and analyzed via fluorescence microscopy and flow cytometry. Lastly, intracellular trafficking and lysosomal
localization were studied using LysoTracker Red. Cells were treated with coumarin-6-loaded nanoconjugates and then
incubated with LysoTracker Red. After fixing and counterstaining with DAPI, confocal fluorescence microscopy was
used to capture images. Colocalization analysis confirmed the endo-lysosomal pathway of the nanoconjugates.

2.5 In Vivo Evaluation

An orthotopic glioblastoma model was established using male Sprague Dawley rats (6 to 8 weeks old, approximately
200 g). In brief, C6 glioma cells ( 2 X 10° cells suspended in 80 pL PBS) were stereotactically implanted into the right
cerebral hemisphere at specific coordinates relative to the bregma: 2 mm anterior, 3 mm lateral, and 4 mm deep. The
injection was performed using a Hamilton microsyringe at a rate of 3 pL/min, and the needle was kept in place for 2
minutes after infusion to minimize reflux [29], [30], [31]. After the surgery, burr holes were sealed with biodegradable
wax, and the incision was sutured. Animals were monitored daily for neurological symptoms, behavioral changes, and
weight as indicators of tumor development. Ten days post-implantation, the animals were randomized into four groups
(n =5 per group): (i) negative control (saline), (ii) positive control (tumor-bearing untreated), (iii) free TMZ, and (iv)
hybrid TMZ nanoconjugates (Hybrid TMZ NCs). All drug formulations were administered intraperitoneally at a dose of
10 mg/kg of TMZ, three times per week for 30 days.
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Therapeutic performance was evaluated by monitoring body weight, locomotor activity, and neurological deficits
throughout the treatment period. Survival data were collected and analyzed using Kaplan-Meier survival plots. At the
experimental endpoint (Day 40), the animals were sacrificed, and their brains were excised for morphological
examination, measurement of hemispherical width ratio (RH/LH), and assessment of tumor burden. Histopathological
analysis of brain tissue was performed using hematoxylin and eosin (H&E) staining to confirm tumor infiltration and
therapeutic response [32], [33], [34], [35]. To assess systemic safety, major organs (heart, liver, spleen, kidneys, and
lungs) were harvested, fixed in 10% formalin, sectioned, and stained with H&E. Microscopic examination was conducted
to detect inflammatory changes, necrosis, or abnormal tissue morphology. A comparative evaluation between the free
TMZ and hybrid TMZ NC-treated groups was carried out to assess whether the nanoconjugates reduced off-target

toxicity [36], [37], [38], [39].

2.6 Data Analysis

All results are presented as mean * standard deviation (SD) or mean * standard error of the mean (SEM). Statistical
comparisons were performed using one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test. Survival
curves were analyzed with Kaplan-Meier plots. Differences were considered statistically significant at p < 0.05.

3. Results Analysis

3.1 Synthesis and Structural Characterization of TMZ Conjugates

The hybrid nanoconjugates of TMZ were successfully synthesized through the esterification of TMZ with polymeric
backbones at varying drug-to-monomer ratios of 20%, 40%, and 60%. The chemical conjugation was confirmed through
complementary spectroscopic analyses, validating the incorporation of TMZ into stable nanostructures. UV-Vis
spectroscopy revealed distinct absorbance maxima at 328 nm for native TMZ, which were conserved across all
conjugates, indicating that the chromophoric moiety was retained (Fig. 2). A slight bathochromic shift was observed in
TMZ40 and TMZ60, which can be attributed to altered electronic interactions within the polymeric matrix.
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Figure 2 UV-Vis absorption (left) and FTIR spectra (right) of TMZ and its conjugates (TMZ20, TMZ40, and TMZ60).

FTIR spectra further confirmed the conjugation, showing the disappearance of the characteristic -OH stretching peak
at 3440 cm™ in the conjugates, along with the emergence of new ester carbonyl bands near 1720 cm™" (Fig. 2). The
preserved amide (-NH) stretching peaks confirmed the structural stability of TMZ during the linkage formation. NMR
and HRMS analyses provided additional structural validation. The ~1H NMR displayed characteristic aromatic proton
signals of TMZ alongside new peaks corresponding to polymeric linkages, while the #13C NMR revealed distinct
carbonyl carbons at 165-175 ppm, which were absent in free TMZ. HRMS confirmed the expected molecular weights,

aligning with the conjugate formulations.
Physicochemical evaluation by DLS demonstrated particle sizes in the range of 95-135 nm, with polydispersity indices
(PDI) below 0.25, indicating narrow size distributions (Table 1). The zeta potential values, ranging from -18 to -26 mV,

suggested moderate colloidal stability, supporting the suitability of these nanoconjugates for biological applications.
Drug loading and entrapment efficiencies ranged from 42% to 68%, increasing with higher conjugation ratios.
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Table 1 Physicochemical properties of TMZ and its conjugates

Sample Size (nm) PDI Zeta Potential | Drug Loading (%) | Entrapment Efficiency
(mV) (%)

TMZ 924 +3.1 0.21 |-125+038 - -

TMZ20NC | 97.6 £4.5 019 |-182+12 423+2.1 58.7+3.5

TMZ40NC | 118252 | 0.23 | -214+14 55.6+2.6 64.2+29

TMZ60 NC | 134.7+6.8 | 0.25 | -259+1.6 68.1+3.2 71.5+3.7

3.2 Physicochemical Properties of TMZ-Polymer Conjugates

The physicochemical properties of TMZ-polymer conjugates were systematically evaluated to assess their suitability as
nanoformulations. DLS analysis revealed distinct size distributions across the three formulations (Fig. 3). TMZ20
exhibited a moderate particle size range of approximately 237-323 nm, while TMZ40 showed smaller and more uniform
dimensions, ranging from about 91-207 nm, indicating improved stability. In contrast, TMZ60 presented significantly
larger aggregates, with particle sizes between 497 and 552 nm, suggesting reduced colloidal uniformity at higher
polymer loading. The PDI values further supported these observations, with TMZ40 displaying the lowest PDI of 0.18,
reflecting enhanced homogeneity and a narrow size distribution. TMZ20 and TMZ60 had slightly higher PDI values of
0.21 and 0.28, respectively, indicating greater variability in size dispersity. These findings emphasize TMZ40 as the most
stable formulation, achieving an optimal balance between polymer loading and structural uniformity.
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Figure 3 pH-Dependent size stability.

Scanning electron microscopy (SEM) micrographs confirmed the spherical morphology of all formulations and validated
their uniform dispersibility in the nanoscale range. No significant surface irregularities were observed, indicating
successful encapsulation and structural integrity of the conjugates. Besides, the influence of environmental pH on
particle size and dispersibility was assessed in phosphate-buffered saline (PBS) at pH levels of 5.0, 6.0, and 7.4. A
progressive reduction in particle size was noted with increasing pH, with all formulations maintaining their colloidal
stability across both acidic and neutral conditions. This pH-dependent response is particularly beneficial for tumor-
targeted delivery, as acidic microenvironments may enhance stability and uptake, while physiological pH ensures
systemic compatibility.

3.3 Development and Characterization of Hybrid TMZ Nanoconjugates

To address the limitations of polymer-drug conjugates, hybrid nanoconjugates (NCs) were developed by co-assembling
mPEG-b-PCB-g-TMZ with amphiphilic mPEG-PLA, resulting in a stable and uniform nanosystem. The schematic
overview of this hybrid design (Fig. 4A) illustrates the self-assembly process, where TMZ is covalently anchored to the
PCB backbone while the PLA segments enhance hydrophobic packing, leading to structurally stable NCs. DLS analysis
confirmed a narrow particle size distribution, with an average hydrodynamic diameter of approximately 106 nm (Fig.
4B), suitable for enhanced tumor penetration via the enhanced permeability and retention (EPR) effect. The
polydispersity index (PDI < 0.25) indicated a uniform distribution, further supporting the formulation's stability. Zeta
potential measurements showed moderately negative surface charges (Fig. 4C), which are essential for maintaining
colloidal stability and minimizing aggregation in biological fluids.
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Figure 4 Development and characterization of hybrid TMZ nanoconjugates. (A) Schematic illustration of the hybrid
design, showing self-assembly of mPEG-b-PCB-g-TMZ with mPEG-PLA into stable nanoconjugates. (B) Particle size and
narrow distribution (~106 nm) confirmed by DLS. (C) Zeta potential indicating colloidal stability. (D) Storage stability

at 4 °Cand 37 °C over 7 days. (E) Hydrolytic stability and extended half-life of hybrid NCs compared to free TMZ and

polymer conjugates.

Stability studies demonstrated that the hybrid NCs retained their size and dispersibility under storage conditions at
both 4 °C and 37 °C for at least 7 days (Fig. 4D). In contrast, free TMZ and simple polymer conjugates exhibited
progressive degradation and fluctuations in size, highlighting the superior physical integrity of the hybrid system.
Hydrolytic stability assays further established that the hybrid NCs significantly extended the half-life of TMZ (Fig. 5E),
delaying premature hydrolysis and improving the retention of therapeutic activity. This sustained-release profile is
particularly advantageous for reducing systemic toxicity and maintaining effective drug levels over time.

4. Discussion

This study addresses the limitations of TMZ in treating GBM, which include rapid hydrolysis, short plasma half-life, low
brain bioavailability, and systemic toxicity. We developed hybrid polymer-drug nanoconjugates to improve TMZ’s
stability and efficacy while minimizing side effects. The optimized TMZ40 conjugate, combined with mPEG-PLA,
resulted in nanoconjugates with a size of about 106 nm, a narrow distribution (PDI < 0.25), and extended stability.
Notably, TMZ's half-life increased significantly from 1.8 hours to around 194 hours, indicating the hybrid system's
potential to overcome TMZ’s pharmacokinetic issues.

Our approach outperforms previous methods. While liposomal TMZ improved stability, it offered minimal survival
benefits. PLGA nanoparticles enhanced tumor targeting but had low drug loading and efficacy. PEGylated polymer
conjugates prolonged circulation but faces rapid clearance and poor brain accumulation. In contrast, our hybrid
nanoconjugates showed improved stability, a drug loading of 55.6%, and sustained release, resulting in better
therapeutic effects in vitro and in vivo. Their nanoscale size enabled passive tumor targeting through the enhanced
permeability and retention (EPR) effect, and the negative surface charge reduced aggregation in biological fluids [40],
[41].

Mechanistically, the advantages of the hybrid nanoconjugates stem from the two polymeric components. The covalent
bond between TMZ and mPEG-b-P(CB-{g-COOH}) prevented premature hydrolysis and allowed for sustained release,
while mPEG-PLA contributed to stability and uniformity. This formulation displayed increased apoptotic activity and
lower ICsq values in glioma cells, leading to improved therapeutic outcomes.

In vivo studies in a C6 orthotopic glioma model showed that animals treated with hybrid TMZ nanoconjugates had
reduced tumor burden, better hemispherical width ratios, and longer survival compared to those receiving free TMZ.
Histopathological analysis indicated minimal toxicity in major organs, addressing a key issue with TMZ therapy. These
results highlight the potential of hybrid nanoconjugates for GBM treatment. However, the study had limitations,
including its focus on a short-term animal model without long-term safety or immunogenicity assessments. The
orthotopic glioma model may not fully replicate human GBM complexity, particularly regarding the blood-brain barrier
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(BBB). Further pharmacokinetic and biodistribution studies in higher-order animal models are needed for clinical
validation. Future research should expand the evaluation of hybrid TMZ nanoconjugates to patient-derived xenograft
models and include detailed pharmacokinetic studies. Additionally, functionalizing these nanoconjugates with tumor-
targeting ligands like transferring or folate may further enhance BBB penetration. Exploring combination therapies with
radiotherapy or other chemotherapeutic agents could also broaden treatment options and provide synergistic effects.

5. Conclusion

This study presents a novel hybrid nanoconjugate strategy for delivering TMZ, which addresses the longstanding
challenges of rapid hydrolysis, short half-life, and poor brain bioavailability that limit its effectiveness in treating GBM.
Unlike traditional carriers, our design integrates a polymer-drug conjugate with mPEG-PLA to create a nanosystem
with an optimal size of approximately 106 nm, a narrow size distribution, and enhanced colloidal stability. This hybrid
approach significantly extended the half-life of TMZ to around 194 hours, facilitated sustained drug release, and
improved therapeutic efficacy in both in vitro and in vivo settings. Importantly, it also minimized systemic toxicity while
considerably enhancing tumor reduction and survival outcomes. The key contribution of this study is demonstrating
that hybrid polymer-drug nanoconjugates can effectively combine stability, bioavailability, and biocompatibility,
providing a scalable platform with strong potential for the effective treatment of GBM.
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