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Glioblastoma multiforme (GBM) remains one of the most lethal primary brain tumors, with limited
treatment options and poor patient prognosis. Although temozolomide (TMZ) is the standard
chemotherapeutic agent for GBM, its clinical efficacy is severely hindered by rapid systemic clearance,
low brain penetration, and non-selective cytotoxicity. In this study, we developed and comparatively
evaluated two innovative PLGA-based nanoparticle (NP) systems for oral TMZ delivery, prepared

via nanoprecipitation and double emulsion solvent evaporation techniques. Comprehensive
physicochemical characterization, including particle size, polydispersity index (PDI), zeta potential
(ZP), encapsulation efficiency (EE%), in vitro release kinetics, and solid-state analysis (DSC and

FTIR), demonstrated the successful formation of nanosystems with favorable properties. NP1-TMZ
(nanoprecipitation) showed superior characteristics, including smaller particle size, narrower size
distribution, higher encapsulation efficiency, and more efficient cellular uptake compared to NP2-TMZ
(double emulsion). Moreover, cytotoxicity studies in U-87 MG glioblastoma and NIH/3T3 fibroblast
cell lines revealed enhanced tumor selectivity and reactive oxygen species (ROS) generation for NP1-
TMZ, highlighting its potential for selective tumor targeting. Our results demonstrate that optimized
nanoencapsulation significantly improves TMZ delivery, stability, and therapeutic performance,
offering a promising strategy for next-generation GBM treatments.

Keywords Glioblastoma, Temozolomide, Nanoprecipitation, Double emulsion solvent evaporation, PLGA
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Glioblastoma (GBM) represents the most prevalent and malignant form of primary brain tumors, characterized
by its rapid progression and poor prognosis. According to epidemiological data, the median overall survival
for patients diagnosed with GBM typically ranges between 12 and 15 months, despite current therapeutic
approaches. The World Health Organization (WHO) has classified GBM as a grade IV tumor, indicating its
highly aggressive and infiltrative nature. The standard first-line treatment regimen involves maximal safe surgical
resection to reduce tumor burden, followed by a combination of radiotherapy and concurrent chemotherapy,
most commonly with temozolomide (TMZ). Nevertheless, treatment remains largely palliative, and recurrence
is almost inevitable, underscoring the urgent need for more effective therapeutic strategies'.

TMZ is an oral alkylating chemotherapeutic agent that is structurally derived from dacarbazine. Its
mechanism of action is primarily based on its ability to methylate DNA at the O6 position of guanine, thereby
inducing apoptosis in rapidly dividing cancer cells. TMZ exhibits excellent oral bioavailability and is rapidly
absorbed into the systemic circulation following administration. One of the pharmacological advantages
of TMZ is its ability to cross the blood-brain barrier (BBB) due to its small molecular weight and lipophilic
nature, making it a more favorable chemotherapeutic option for central nervous system malignancies compared
to other alkylating agents. The U.S. Food and Drug Administration (FDA) approved TMZ in 2005 as part of
the standard treatment protocol for GBM. In addition to GBM, TMZ has shown therapeutic benefit in the
management of other aggressive and treatment-resistant solid tumors, such as advanced neuroendocrine
tumors, due to its broad-spectrum antitumor activity and favorable pharmacokinetic profile>-. Despite its
promising anticancer activity, TMZ suffers from several pharmacokinetic and physicochemical limitations that

1Department of Pharmaceutical Technology, Faculty of Pharmacy, Anadolu University, Eskisehir, Turkiye.
2Department of Pharmacology, Faculty of Pharmacy, Anadolu University, Eskisehir, Turkiye. 3Department
of Pharmaceutical Toxicology, Faculty of Pharmacy, Anadolu University, Eskisehir, Tirkiye. *email:
aaozturk@anadolu.edu.tr

Scientific Reports|  (2025) 15:36194 | https://doi.org/10.1038/s41598-025-20012-x nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-20012-x&domain=pdf&date_stamp=2025-9-17

www.nature.com/scientificreports/

significantly hinder its clinical efficacy. One of the major drawbacks is its short biological half-life, typically
ranging between 1.8 and 2 h, which leads to rapid elimination from the body. Additionally, TMZ is highly
susceptible to pH-dependent hydrolysis, a process that occurs swiftly under physiological conditions, resulting
in the transformation of TMZ into inactive metabolites such as MTIC (3-methyl-(triazen-1-yl)imidazole-4-
carboxamide) and AIC (5-aminoimidazole-4-carboxamide). These degradation products possess limited cell
permeability and reduced cytotoxic potential, thereby compromising the drug’s overall therapeutic efficacy.
However, despite its BBB permeability, pharmacokinetic studies have shown that only a small fraction—less than
1%—of the orally administered dose reaches the brain parenchyma in its active form, which limits its therapeutic
efficacy. To compensate for this poor brain bioavailability, clinicians often resort to administering high systemic
doses, which in turn results in dose-dependent adverse effects, most notably hematological toxicities such as
myelosuppression and thrombocytopenia®’. Additionally, when the studies are examined, one of the biggest
difficulties is the lack of selectivity towards cancer cells in chemotherapy®.

To address these challenges, various advanced drug delivery strategies have been investigated. Among
them, the encapsulation of TMZ in nanoscale carriers—including organic systems like liposomes, polymeric
nanoparticles (NPs), dendrimers, and micelles, as well as inorganic nanomaterials such as mesoporous silica,
gold, silver, and quantum dots—has demonstrated improved drug stability, prolonged circulation time, and
enhanced brain accumulation. In parallel, the conjugation of TMZ with small molecules or polymers has
been explored to enhance its physicochemical properties, cellular uptake, and targeted delivery, representing a
promising avenue for overcoming the current limitations associated with conventional TMZ therapy®!3.

The development of new therapeutic compounds is not only expensive and time-consuming, but also involves
multiple complex stages that are often prone to failure. As an alternative to this challenging process, enhancing
the pharmacological properties—such as bioavailability, selectivity, efficacy, and safety—of drugs that are already
in clinical use may offer a more efficient and practical solution. In recent years, researchers have extensively
investigated a range of innovative strategies to optimize existing therapies. These include stimulus-responsive
targeted delivery systems, drug-polymer conjugates, NP-mediated drug carriers, personalized treatment
regimens, and therapeutic drug monitoring approaches!*1>.

In recent years, NP-based carrier systems have garnered significant interest as a means to address various
therapeutic challenges. These systems are solid colloidal carriers ranging from 10 to 1000 nanometers in size,
and can be fabricated using natural or synthetic polymers, as well as inorganic or ceramic materials. The active
pharmaceutical ingredient can be incorporated into NPs in several ways: it may be dissolved or dispersed within
the particle matrix, adsorbed onto the surface, or chemically linked via covalent bonding. NPs are generally
classified into two main types: nanospheres, in which the active compound is uniformly distributed throughout
the polymer matrix, and nanocapsules, where the active substance is confined within a core surrounded by a
polymeric shell'®.

Poly(lactic-co-glycolic acid) (PLGA), a widely utilized polymer in nanomedicine, has been approved
by both FDA and the European Medicines Agency (EMA) for use in targeted chemotherapy applications.
As a commonly employed structural and core component in NP formulations, PLGA offers several notable
advantages, including excellent biodegradability, biocompatibility, and the capacity for extensive surface
modification. These tunable properties make it highly suitable for the development of NP-based drug delivery
systems aimed at improving therapeutic efficacy and specificity!”-%’. In this study, both double emulsion solvent
evaporation and nanoprecipitation methods were utilized for the preparation of PLGA-based NPs intended for
oral administration. Double emulsion solvent evaporation is a widely applied technique that enables effective
encapsulation of hydrophilic drugs, offering high encapsulation efficiency and controllable particle size, which
are essential for achieving reproducible release profiles in oral formulations. Conversely, nanoprecipitation is
a simpler and more rapid technique that facilitates the production of uniformly distributed, small-sized NPs
with excellent stability. This method is particularly advantageous when a narrow particle size distribution and
high drug loading are required. By applying both approaches in parallel, we were able to directly compare their
influence on critical formulation parameters such as particle size, polydispersity, and encapsulation efficiency,
thereby identifying their respective strengths for enhancing the oral bioavailability of TMZ.

In the present study, a dual formulation strategy was employed by preparing TMZ-loaded PLGA NPs using
both double emulsion solvent evaporation and nanoprecipitation techniques—allowing for a direct comparison
of their impact on critical physicochemical parameters such as particle size, polydispersity index (PDI), zeta
potential, encapsulation efficiency, and release profile. The resulting NPs were comprehensively characterized
using FTIR and DSC analyses to confirm drug incorporation, polymer-drug compatibility, and physical state
transitions. To confirm the successful formation and molecular dispersion of TMZ within the PLGA NPs,
complementary characterization techniques such as DLS, DSC, and FT-IR were employed. Beyond formulation
development, the study advances existing approaches by integrating in vitro selectivity assessments using both
cancerous (U-87 MG) and non-cancerous (NIH3T3) cell lines. By evaluating intracellular ROS (reactive oxygen
species) generation, a key indicator of oxidative stress-mediated cytotoxicity, the selective toxicity potential of
the formulations toward glioblastoma cells was elucidated. This combined strategy highlights the potential of
nanoencapsulation not only to improve the oral bioavailability of TMZ, but also to enhance tumor-specific
activity, offering a promising and translationally relevant alternative to conventional chemotherapy.

Materials and methods

Materials

TMZ used in this study was kindly gifted by Deva Holding (Istanbul, Tiirkiye). Resomer RG 502 H (PLGA)
and sodium hydroxide, were obtained from Sigma-Aldrich (USA). PVA (polyvinyl alcohol) and potassium
phosphate monobasic were also obtained from Sigma-Aldrich (Germany). Acetone AND Dimethylformamide
were sourced from Merck (Germany). Deionized water was used in all experiments (Milli-Q Academic,
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Organic phase Water phase | Preparation/Device Condition
PVA solution
Code PLGA | TMZ | DMF | Span 60 | 10 mL Dropping speed
NPI1-Blank | 60 mg | - 3mL | 20mg | %1.5 (w/v) 5mLh™!
NPI-TMZ |60mg |6mg |3mL |20mg | %1.5 (w/v) 5mLh™!

Table 1. Composition of PLGA-Based NP formulations prepared by nanoprecipitation technique.

Water phase (W,) Oil phase (O,) Water phase (W) Preparation/Device Condition
Probe sonication power | Probe sonication time
Code PBS pH 7.4 containing 1.5% (w/v) PVA | TMZ | PLGA | Acetone | PBS pH 7.4 containing 1.5% (w/v) PVA | (Amplitude) (Seconds)
NP2-Blank | 400 pL - 60 mg | 3mL 10 mL %60 90
NP2-TMZ | 400 uL 6mg |60mg |3mL |10mL %60 90

Table 2. Composition of PLGA-Based NP formulations prepared by double emulsion solvent evaporation
technique.

Millipore, Molsheim, France). U-87 MG (HTB-14) and NIH/3T3 (CRL-1658) cell lines were purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA). All other chemicals were of analytical grade.

Preparation of NP formulations
NPs were formulated using modified versions of the nanoprecipitation (solvent displacement) and double
emulsion solvent evaporation techniques'®1%21-23,

Preparation of PLGA-based nanoparticles via nanoprecipitation technique

PLGA-based NPs were prepared using a modified nanoprecipitation (solvent displacement) technique. Briefly,
an accurately weighed amount of PLGA was dissolved in 3 mL of dimethylformamide (DMF) containing Span
60 as a stabilizer. This organic phase was then added dropwise at a rate of 5 mL-h™ into 10 mL of an aqueous
polyvinyl alcohol (PVA) solution (1.5% w/v) under continuous magnetic stirring. Following complete addition,
the organic solvent was removed using a rotary evaporator. The resulting NP suspension was centrifuged at
11.000 rpm for 45 min at 4 °C to collect the NPs. The NPs were redispersed in 5 mL of distilled water and washed
by repeating the centrifugation step two additional times to ensure the removal of unentrapped materials and
residual solvents. For the preparation of TMZ-loaded NPs, 6 mg of TMZ was dissolved into the organic phase
prior to the nanoprecipitation step. Following the washing steps, the NPs were resuspended in distilled water,
frozen, and subsequently lyophilized for further use. Detailed compositions of the PLGA-based formulations
developed via the nanoprecipitation technique are summarized in Table 1.

Preparation of PLGA-based nanoparticles via double emulsion solvent evaporation technique

PLGA-based NPs were also prepared using a modified double emulsion solvent evaporation (W1/O/W,)
technique. Briefly, 60 mg of PLGA was accurately weighed and dissolved in 3 mL of acetone to form the organic
phase. Subsequently, 400 pL of an aqueous PBS solution (pH 7.4) containing 1.5% (w/v) PVA was added dropwise
into the organic phase under ultrasonication (1 min, ultrasonic bath) to obtain a primary water-in-oil (W,/O)
emulsion. This primary emulsion was then slowly added to 10 mL of an external aqueous phase containing 1.5%
(w/v) PVA in PBS (pH 7.4) and emulsified using a probe sonicator (Sonics, USA) operating at 60% amplitude for
90 s to form the double emulsion (W1/O/W). The organic solvent was evaporated at room temperature under
continuous stirring for 4 h. The resulting NP dispersion was centrifuged at 11.000 rpm for 45 min at 4 °C. The
obtained NPs were washed twice with distilled water, redispersed, frozen, and lyophilized using a freeze-dryer
to obtain a dry powder. For the preparation of TMZ-loaded NPs, TMZ was dissolved in the inner aqueous phase
(400 uL PBS, pH 7.4, containing 1% PVA) prior to emulsification. Detailed compositions of the PLGA-based
formulations developed via the double emulsion solvent evaporation technique are summarized in Table 2.

Particle size, polydispersity index (PDI), and zeta potential

The particle size (PS) and polydispersity index (PDI) of the NP formulations were determined by dynamic
light scattering (DLS) using a Zetasizer Nano-ZS (Malvern Panalytical, Malvern, UK). Zeta potential (ZP)
measurements were also conducted using the same instrument. For PS and PDI analysis, the NPs were
appropriately diluted with distilled water and measured at 25 °C. ZP values were determined using a disposable
folded capillary zeta cell under identical temperature conditions, following dilution with distilled water to ensure
proper conductivity. Each sample was analyzed in triplicate, and the results were reported as mean +standard
deviation (Mean + SD).

UV-visible spectrophotometric method

For in vitro studies, the quantification of TMZ was conducted using a UV-visible spectrophotometer. Two separate
validation studies were performed for encapsulation efficiency (EE%) and in vitro release assessments*4~2%. The
UV-visible spectrophotometric analysis was performed at 327 nm using a quartz cuvette and a UV-160 A UV/Vis
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recording spectrophotometer (Shimadzu). Analytical validation studies were conducted for TMZ quantification
in both encapsulation efficiency (EE%) and in vitro dissolution tests. For this purpose, two different solvent
systems were employed: a DMF: water mixture (1:1, v/v) for EE%, and phosphate-buffered saline (PBS, pH 7.4)
for dissolution studies. Initially, a standard TMZ stock solution with a final concentration of 1000 pg.mL™" was
prepared in each medium. Calibration curves were constructed using six concentrations (2.5, 5.0, 7.5, 10.0, 15.0,
and 20.0 pg.mL™") and evaluated using linear regression (least squares method). Precision was assessed through
intra-day and inter-day replicates at three concentrations (5.0, 10.0, and 15.0 pg.mL™), and accuracy was
evaluated by spiking known amounts of standard TMZ into the samples. For selectivity and specificity, spectral
comparisons were made between TMZ, the solvent system (DMF: water or PBS), and blank formulations (NP1-
Blank and NP2-Blank) over the 200-800 nm range.

Encapsulation efficiency

The encapsulation efficiency (EE%) of TMZ in NP1-TMZ and NP2-TMZ formulations was determined by
quantifying the amount of drug extracted from the NPs. For each measurement, 5 mg of lyophilized NP powder
was accurately weighed and placed into a suitable container. Then, 1 mL of an DMF: water mixture (1:1, v/v) was
added to dissolve the NPs, followed by vortexing for 5 min to ensure complete disruption of the polymer matrix
and release of the encapsulated TMZ. The resulting solution was filtered through a 0.22 um membrane filter to
eliminate any residual polymer particles. After appropriate dilution, the concentration of TMZ in the filtrate was
determined using a UV-visible spectrophotometer at 327 nm. All analyses were performed in triplicate, and the
EE% was calculated as the percentage of the initial theoretical drug content successfully encapsulated within the
NPs (Eq. 1).

(1)

Amount of TEM encapsulated
EE% = 1
% <Theoretical amount of TEM in the NP) 00

In vitro release

The in vitro release profiles of pure TMZ, NP1-TMZ, and NP2-TMZ formulations were evaluated using the
dialysis bag diffusion technique. Briefly, Iyophilized NP formulations—containing an amount equivalent to 5 mg
of TMZ—as well as 5 mg of pure TMZ were separately transferred into dialysis membrane bags (cellulose tubing,
MWCO: 14,000 Da; flat width: 33 mm; D9652, Sigma-Aldrich) pre-filled with 3 mL of phosphate-buffered saline
(PBS, pH 7.4). Each dialysis bag was then immersed into 100 mL of release medium (PBS, pH 7.4) maintained at
37+1 °C and stirred at 100 rpm in a thermostatically controlled shaker. To minimize medium evaporation, the
receptor compartments were tightly sealed throughout the experiment. At predetermined time intervals (1, 2, 3,
4,5,6,7,9, 12,24, 48, and 72 h), 3 mL of the release medium was withdrawn and immediately replaced with an
equal volume of fresh, pre-warmed PBS. The amount of TMZ released at each time point was determined using
a UV-visible spectrophotometer at 327 nm. All measurements were performed in triplicate for each group, and
the results were expressed as mean +standard deviation (SD). The cumulative percentage of drug release was
plotted as a function of time to generate release profiles for comparative analysis.

Release kinetics

After obtaining the release profiles, data were transferred to the DDSolver program to determine the most
important and popular criteria: coefficient of determination (R?), adjusted coefficient of determination
(R%adjusted), Akaike Information Criterion (AIC), Model Selection Criterion (MSC) etc. The highest R?, R?
adjusted and MSC values and the lowest AIC values were used for evaluating Higuchi, Korsmeyer-Peppas, and
Weibull models. Finally, release differences of NP1-TMZ and prepared NP2-TMZ were evaluated by DDSolver
according to ‘Similarity Factor’ (£2)*"-%°.

Solid-state characterization

Thermal analysis

The thermal behavior of the samples was evaluated using a differential scanning calorimeter (DSC-60; Shimadzu
Scientific Instruments, Columbia, MI, USA). Approximately 5 mg of each sample was accurately weighed and
sealed in an aluminum crucible. The analysis was performed over a temperature range of 30-300 °C with a
heating rate of 10 °C/min, under a continuous air flow of 50 mL/min. In addition to the TMZ-loaded NP
formulations (NP1-TMZ and NP2-TMZ), reference samples including pure TMZ, PLGA, and blank NPs (NP1-
Blank and NP2-Blank) were analyzed for comparative purposes to assess potential interactions between the drug
and polymer matrix as well as possible changes in the physical state of the drug":2.

Fourier-transform infrared spectroscopy (FI-IR) analysis

FTIR analyses were performed using a Shimadzu IR Prestige-21 spectrophotometer (Shimadzu Corporation,
Kyoto, Japan) in the spectral range of 4000-500 cm™. In addition to the TMZ-loaded NP formulations (NP1-
TMZ and NP2-TMZ), reference samples including pure TMZ, PLGA, and blank NPs (NP1-Blank and NP2-
Blank) were also evaluated for comparative analysis. The spectra were assessed to identify potential shifts or
disappearance of characteristic peaks, which may indicate physical interactions or chemical compatibility
between the drug and polymer matrix3!-3,

U-87 MG and NIH/3T3 cell culture
U-87 MG (HTB-14) and NIH/3T3 (CRL-1658) cell lines were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). U-87 MG human glioblastoma and NIH3T3 mouse fibroblast cell lines
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were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) at 37 °C within a humidified incubator containing
5% CO, and 10% fetal bovine serum (FBS), along with 1% penicillin/streptomycin. The cells underwent passages
and were either transferred to new flasks or prepared as cell stocks for subsequent experiments once they
reached a proliferation density of 70-80%. Prior to the experiments, cell counts were performed using the TC20
Automated Cell Counter (Bio-Rad, USA) after staining with trypan blue solution to confirm the appropriate cell
numbers.

MTT cell viability assay
The anti-cancer and cytotoxic properties of TMZ, NP1-TMZ, NP2-TMZ, NP1-Blank, and NP2-Blank were
assessed through a colorimetric assay on 96-well plates using MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide) reagent on U-87 MG and NIH/3T3 cells, respectively. The MTT assay measures
cell viability by assessing the reduction of a yellow tetrazolium salt (MTT) to a purple formazan product within
metabolically active cells. This colorimetric reaction provides a quantitative indication of cellular health and
proliferation, with higher absorbance values correlating to increased cell viability**. To assess the effect of the
samples, cells were initially plated at a density of 10 x 107> cells per well in 96-well plates. After 24 h, the wells
were treated with varying concentrations (1, 10, 100, and 400 pg.mL™!) of the samples and incubated for an
additional 24 h. Subsequently, 10 uL of MTT solution was added to each well, and after a 3-hour incubation
period, absorbances were measured at 540 nm using a BioTek Synergy H1 Multimode Reader (BioTek, USA).
The recorded absorbance directly correlates with the number of viable cells, and cell viability rates were expressed
as a percentage of the control value®>-37.

The selectivity indexes were calculated by the ratio of the IC, values obtained for normal cells to the IC,,
values of cancer cells. The selectivity index values greater than 1 indicate preferred selectivity toward cancer
cells®.

The determination of reactive oxygen species (ROS) generation

The DCFDA/H2DCFDA cellular reactive oxygen species (ROS) assay kit (Abcam PLC, Cambridge, MA) was
used to measure hydroxyl, peroxyl and other intracellular ROS activity within the cell*®. The kit was utilized
following the instructions provided by the manufacturer. Briefly, the cells were planted in a 96-well plate at
2.5x 104 cells/100 uL well and incubated for 24 h at 37 °C. Then the medium was removed and 100 pL DCFDA
(20 uM) solution was added to each well and incubated for 45 min. After that, the DCFDA solution was removed,
and wells were washed with 1X buffer. The different concentrations of the compounds (1, 10, 100, and 400 pug.
mL™!) were added. The intensity of the fluorescence was measured using a fluorescence plate reader (excitation:
485 nm/emission: 535 nm) for 4 h in the time intervals of 30 min.

Results and discussion

Particle size, polydispersity index (PDI), and zeta potential

As shown in Table 3; Fig. 1., the mean particle size (PS) of the NP1-Blank and NP1-TMZ formulations was found
to be 142.100+1.114 nm and 142.467 + 1.132 nm, respectively, indicating no statistically significant difference
between the blank and drug-loaded NPs within the NP1 group. However, a statistically significant increase
in PS was observed between NP1 and NP2 formulations (NP1-TMZ vs. NP2-TMZ, p<0.001), suggesting
that the double emulsion solvent evaporation method used for NP2 may result in larger PSs compared to
the nanoprecipitation method. Although there was no statistically significant difference between NP2-Blank
(149.933+1.976 nm) and NP2-TMZ (153.867 £ 3.365 nm), a numerical increase in PS was observed upon drug
loading!*!8. This trend has also been reported in previous studies and can be explained by several formulation-
related factors?!~2340, First, the incorporation of the active compound into the NP structure may increase
the core volume, leading to a moderate enlargement in size. The drug may occupy space within the polymer
matrix, which contributes to the observed change. Second, changes in surface properties after drug loading
may influence colloidal stability. These changes can affect the hydrodynamic diameter measured by DLS, even
without visible aggregation. Finally, in techniques like double emulsion solvent evaporation, the presence of the
drug can impact emulsification efficiency. Variations in internal phase composition, such as increased viscosity,
may result in slightly larger particles. In summary, although the size increase was not statistically significant, it is
consistent with literature findings and can be attributed to physical and structural changes associated with drug
encapsulation®!~**. Crossing the blood-brain barrier (BBB) is an important point in brain tumors and many
other diseases related to the brain. There are data reported in the literature that effective GBM treatment can be
achieved with NPs with particle sizes between 100 and 200 nm***>. When the PS results obtained in this study
are evaluated, they can be considered as formulations that are compatible with the literature and may be used in
the treatment of GMB. Figure 2. also presents particle size distribution graphs from the Zetasizer.

PS, nm PDI ZP, mV EE %
Code (mean £ SD) (mean+SD) | (mean+SD) | (mean+SD)

NP1-Blank | 142.100+1.114 | 0.134+0.022 | -9.787+0.065 | —
NP1-TMZ | 142.467+1.132 | 0.159+0.009 | -9.140+0.298 | 70.02+2.6
NP2-Blank | 149.933+1.976 | 0.220+0.008 | -7.967+0.164 | -
NP2-TMZ | 153.867+3.365 | 0.254+0.006 | =7.913+0.118 | 54.63+3.1

Table 3. Particle Size, polydispersity index (PDI), zeta potential, and encapsulation efficiency (EE %) results.
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Fig. 1. Statistical evaluation of the particle size results. (Significant differences are indicated as *p <0.05,
**p<0.01, **p <0.001, ****p <0.0001, while no significant difference is represented as p >0.05 or ns).
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Fig. 2. Particle size distribution profiles of the nanoparticle formulations recorded by dynamic light scattering
(DLS) using the Zetasizer Nano ZS. A Particle size distribution graph of NP1-Blank formulation; B Particle

size distribution graph of NP1-TMZ formulation; C Particle size distribution graph of NP2-Blank formulation;

D Particle size distribution graph of NP2-TMZ formulation.

Polydispersity index (PDI) results, presented in Table 3; Fig. 3., demonstrate a clear trend of increasing
heterogeneity in PS distribution, particularly for the NP2 group. The PDI of NP1 formulations remained below
0.2 (NP1-Blank: 0.134+0.022; NP1-TMZ: 0.159+0.009), indicating a relatively narrow size distribution and
homogenous particle population. In contrast, both NP2-Blank (0.220+0.008) and NP2-TMZ (0.254 +0.006)
showed significantly higher PDI values, suggesting that the double emulsion method may yield more
polydisperse systems. The statistically significant increase between NP2-Blank and NP2-TMZ (p < 0.05) implies
that drug loading further contributes to PS variability, possibly due to phase separation or instability during
solvent removal. This is particularly important when considering formulation reproducibility and scalability.
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Fig. 3. Statistical evaluation of the PDI results. (Significant differences are indicated as *p <0.05, **p <0.01,
*p <0.001, ***p <0.0001, while no significant difference is represented as p>0.05 or ns).
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Fig. 4. Statistical evaluation of the zeta potential results. (Significant differences are indicated as *p <0.05,
**p<0.01, **p <0.001, ****p <0.0001, while no significant difference is represented as p >0.05 or ns).

Although a PDI value below 0.5 is generally considered acceptable for NP formulations, values below 0.3 are
regarded as optimal, indicating a more uniform PS distribution. In this study, all formulations exhibited PDI
values within the acceptable range, confirming the successful preparation of monodisperse systems. Moreover,
the nanoprecipitation method yielded NPs with lower PDI values compared to the double emulsion technique,
suggesting its superiority in producing more homogeneous NP populations6-43,

Zeta potential (ZP) values depicted in Table 3; Fig. 4. reveal that all formulations possessed negative surface
charges, ranging between —7.913 and —9.787 mV. ZP values of NPs were found to be negative resulting
from the total negative charges of chemical groups on PLGA polymer in water?. NP1-Blank had the highest
negative charge (-9.787£0.065 mV), while NP2-TMZ displayed the least negative value (-7.913+0.118 mV).
Statistically significant differences were observed between several groups: NP1-Blank vs. NP1-TMZ: p<0.05,
NP1-Blank vs. NP2-Blank: p<0.0001, NP1-TMZ vs. NP2-TMZ: p <0.001. These results suggest that both the
preparation method and the presence of the active compound influence surface charge. The less negative ZP in
NP2 groups may reflect surfactant adsorption differences or encapsulation-associated surface rearrangements.
Although absolute ZP values are moderate, they remain within an acceptable range for colloidal stability in
short-term studies; however, additional stabilization strategies might be required for long-term storage. Previous
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studies have shown that zeta potential values between — 5.0 and — 15.0 mV are considered to be at the threshold
of flocculation in nanosystems, with values in the range of — 5.0 to — 3.0 mV indicating a maximum tendency for
flocculation?®*. Based on the measured ZP values and previously established thresholds for colloidal stability,
it can be concluded that the NPs prepared in this study exhibit a relatively stable profile, with sufficient surface
charge to prevent immediate flocculation under the tested conditions.

Although the ZP values of the formulations were relatively low, the very small PDI values indicate that
monodisperse and stable nanosystems were successfully obtained. This suggests that, despite limited electrostatic
repulsion, sufficient colloidal stability was achieved, potentially due to steric stabilization provided by the PLGA
polymer matrix. Additionally, the presence of a polymeric layer may have shifted the shear plane, resulting in a
lower measured zeta potential without compromising NP stability®!~3.

In general, nanosystems with smaller PSs are favored for effective penetration across the blood-brain barrier
(BBB). In our study, the ability of the developed NP formulations to traverse the BBB can be attributed primarily
to their nanoscale dimensions and surface charge characteristics, which support both passive diffusion and
endocytosis-mediated transport mechanisms. It has been reported that NPs smaller than 200 nm can cross
the BBB via transcytosis pathways, including adsorptive-mediated and receptor-mediated transport. The
negative ZP observed in our formulations contributes to colloidal stability by reducing the risk of aggregation
during systemic circulation, thus supporting efficient delivery to the brain. These physicochemical properties
collectively suggest that the developed PLGA-based nanosystem may enhance the brain bioavailability of the
encapsulated agent, ultimately improving its therapeutic potential in GBM treatment®*~>”. Taken together, the
results indicate that the nanoprecipitation method (NP1) provides more uniform and smaller particles with
better surface charge characteristics compared to the double emulsion solvent evaporation method (NP2). The
increase in size and polydispersity upon drug loading in NP2 suggests a potential formulation challenge that
may affect bioavailability and in vivo performance. For this reason, NP2-TMZ may be preferred as an optimum
formulation with better properties.

UV-visible spectrophotometric method

The UV-visible spectrophotometric method developed for the quantitative determination of EE% was validated
in an DMF-water (1:1, v/v) medium. The linearity study yielded a regression equation of y=0.049x+0.0019
(r* = 0.9999) within the concentration range of 2.5-20.0 pg.mL". The relative standard deviation (%RSD) for
precision at three concentration levels (5.0, 10.0, and 15.0 pg.mL’l) was found to be below 2%, demonstrating
the method’s precision. Accuracy assessment results for the UV-visible spectrophotometric method were
99.967 +£0.624%, 99.943+0.312%, and 99.935+0.136% for 5.0, 10.0, and 15.0 pg.mL™!, respectively. In the
selectivity analysis, blank formulations (NP1-Blank and NP-Blank) and the DMF-water (1:1, v/v) mixture were
scanned between 200 and 800 nm, showing no absorbance peaks at 327 nm, confirming the specificity of the
method. The limit of detection (LOD) and limit of quantification (LOQ) were determined as 0.182 pg.mL 'and
0.553 pg.mL", respectively, which were lower than the minimum concentration evaluated in the linearity study,
further supporting the method’s suitability.

For in vitro release studies, the UV-visible spectrophotometric method was validated in PBS (pH 7.4) as the
medium. The regression equation was established as y=0.0049x —0.0031 (r* = 0.9999) within the concentration
range of 2.5-20.0 pg.mL™!. The precision assessment indicated that %RSD values for the 5.0, 10.0, and 15.0 ug/mL
samples were below 2%, confirming the method’s reproducibility. Accuracy values for the spectrophotometric
method were calculated as 100.187+0.623%, 100.113+0.408%, and 100.678 +0.208% for the respective
concentrations. The selectivity study revealed that blank formulations (NP1-Blank and NP-Blank) and PBS (pH
7.4), when analyzed between 200 and 800 nm, did not exhibit any absorbance peaks at 327 nm, ensuring the
specificity of the method. The LOD and LOQ values were determined to be 0.177 pug/mL and 0.537 pg.mL™,
respectively, both of which were below the lowest concentration assessed in the linearity study, further validating
the method’s reliability.

In conclusion, the two spectrophotometric methods developed in this study offer simple, cost-effective, and
reliable approaches for the routine and simultaneous quantification of TMZ!418:58-60,

Encapsulation efficiency

The encapsulation efficiency (EE%) results demonstrated a statistically significant difference (p <0.05) between
the two TMZ-loaded PLGA NP systems prepared using different techniques. The NP1-TMZ formulation,
developed via the nanoprecipitation method, exhibited a superior EE of 70.02+2.6%, while the NP2-TMZ
system, prepared using the double emulsion solvent evaporation technique, achieved a comparatively lower EE
of 54.63 +3.1%. This notable disparity can be rationalized based on both the physicochemical properties of TMZ
and the fundamental characteristics of the respective formulation techniques.

Nanoprecipitation is a widely utilized, single-step technique that involves the rapid addition of a polymer-
drug solution, dissolved in an organic solvent, into an aqueous phase under controlled mixing conditions.
This results in immediate solvent exchange and polymer precipitation, forming NPs almost instantaneously.
For TMZ, a compound with moderate hydrophobicity and good solubility in various organic solvents such as
DMSO, ethanol, and acetone, this method offers a particularly favorable environment for encapsulation. The
brief and limited exposure of TMZ to the aqueous phase during nanoprecipitation is especially critical, as the
drug is known to undergo rapid hydrolytic degradation under physiological or slightly basic pH conditions. This
degradation leads to the formation of inactive byproducts such as MTIC and AIC, thereby reducing the effective
drug load. By minimizing the duration of aqueous exposure, nanoprecipitation helps preserve the chemical
integrity of TMZ and enhances its entrapment within the polymer matrix. Additionally, the fast solidification
kinetics associated with this technique favor efficient molecular entrapment of the drug before it can diffuse
into the surrounding medium. In contrast, the double emulsion solvent evaporation (DESE) method is a multi-
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step process that begins with the dissolution of TMZ in an internal aqueous phase, which is emulsified into
a polymer-containing organic phase to form a primary water-in-oil (W;/O) emulsion. This is subsequently
emulsified into an external aqueous phase to generate the final W,/O/W, emulsion. During this sequence,
TMZ is subjected to prolonged contact with aqueous environments at physiological pH, greatly increasing the
potential for degradation. Moreover, the slower kinetics of polymer solidification allow ample time for TMZ
to diffuse out of the inner phase into the external aqueous medium, resulting in significant drug loss. These
combined factors -chemical instability of TMZ in aqueous media, multiple emulsification steps, and extended
processing time- substantially reduce the encapsulation efficiency in the DESE-prepared NP2-TMZ formulation
compared to that of NP1-TMZ®1-¢,

The encapsulation efficiencies obtained for NP1-TMZ (70.02%) and NP2-TMZ (54.63%) are within the
range considered acceptable for oral drug delivery systems**67:¢, While the higher EE of NP1-TMZ supports
its suitability for oral administration, especially in dose-critical chemotherapeutic regimens, the moderate EE
of NP2-TMZ may require further formulation optimization to ensure adequate drug loading and therapeutic
consistency.

In vitro release

In vitro release studies revealed a distinctly different release profile between the two NP formulations of
TMZ, as shown in Figs. 5 and 6. The NP1-TMZ system, prepared by the nanoprecipitation method, exhibited
a biphasic release pattern characterized by an initial burst release (~30.6% at 1 h), followed by a sustained
release phase that extended to ~90.9% at 72 h. This release behavior is consistent with the characteristics of
nanoprecipitated systems, where drug molecules located near or on the particle surface are rapidly released,
while those entrapped within the polymer matrix undergo diffusion-controlled release over time. In contrast,
the NP2-TMZ formulation, developed using the double emulsion-solvent evaporation technique, demonstrated
a more gradual and controlled release profile. The initial burst was significantly lower (~14.9% at 1 h), and the
cumulative release reached ~86.6% at 72 h. This difference likely stems from the inner aqueous phase used in
the double emulsion method, where TMZ is more deeply embedded within the PLGA core. As a result, the drug
experiences a more pronounced diffusional barrier, leading to slower release kinetics®®">.

The release from both NP systems was substantially prolonged in comparison to free TMZ, which exhibited
an immediate release of >95% within the first hour under the same test conditions, highlighting the protective
and modulating role of PLGA encapsulation. The more rapid release observed in NP1-TMZ may be beneficial
in cases where prompt therapeutic exposure is desired, such as initial tumor debulking or induction regimens.
On the other hand, the controlled and sustained profile of NP2-TMZ may be more appropriate for maintaining
therapeutic plasma concentrations over exten ded periods, thus minimizing dosing frequency and potentially
improving patient compliance!74-76.

These distinctions underscore the importance of aligning release kinetics with clinical objectives when
designing nanoparticulate delivery systems. The comparative release data presented in Fig. 4 (72-hour cumulative
release) and Fig. 5 (24-hour release dynamics) clearly support the rational selection of formulation strategy
based on the desired temporal drug exposure profile.
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Fig. 5. 72-h cumulative release graph for TMZ, NP1-TMZ, and NP2-TMZ.
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Fig. 6. 24-h cumulative release graph for TMZ, NP1-TMZ, and NP2-TMZ.

Release kinetics

In vitro release data were fitted to various kinetic models including Korsmeyer-Peppas, Higuchi, and Weibull
using DDSolver to better understand the drug release mechanisms from the developed NP formulations (See
Table 4; Fig. 7). Among the tested models, the Korsmeyer-Peppas equation provided the best fit for both
NP1-TMZ and NP2-TMZ, as indicated by the highest coefficient of determination (R*> = 0.989 for NP1-TMZ
and 0.977 for NP2-TMZ), along with the lowest AIC and WSS values. The # value for NP1-TMZ was 0.331,
indicating a Fickian diffusion-controlled release, while NP2-TMZ exhibited a higher n value of 0.668, suggesting
a non-Fickian (anomalous) transport mechanism, where both diffusion and polymer relaxation contribute to
the release process. This result is in agreement with the observed release profiles, where NP1-TMZ showed
a prominent initial burst followed by sustained release, whereas NP2-TMZ exhibited a more controlled and
gradual profile””.

The Higuchi model demonstrated a strong linear correlation for NP2-TMZ (R* = 0.959), suggesting that
drug release from this system was predominantly governed by diffusion through the hydrated polymer matrix.
In contrast, the Higuchi model showed relatively poor correlation for NP1-TMZ (R* = 0.884), likely due to the
influence of burst release behavior which deviates from the assumptions of a diffusion-limited system’®.

The Weibull model, known for its flexibility in describing complex release mechanisms, also showed
a reasonably good fit for both formulations (R* = 0.966 for NP1-TMZ and 0.958 for NP2-TMZ). The shape
parameter Swas less than 1 in both cases (p=0.450 for NP1-TMZ and p=0.594 for NP2-TMZ), indicating
parabolic release kinetics consistent with a diffusion-controlled mechanism. The a values for NP1-TMZ and
NP2-TMZ were 2.544 and 5.293, respectively, indicating a slower release onset in the NP2 system. However, the
slightly higher AIC and lower MSC values compared to the Peppas model suggested a less optimal fit”°.

The Mean Squared Error (MSE) and Root Mean Squared Error (MSE_root), which reflect the average
deviation between experimental and predicted values, were lowest for the Korsmeyer-Peppas model in both
formulations, indicating minimal prediction error. The MSE values were 4.516 (NP1-TMZ) and 9.088 (NP2-
TMZ), which support the model’s statistical accuracy. Moreover, the Sum of Squares (SS) and Weighted Sum of
Squares (WSS) were markedly higher in the Higuchi and Weibull models for both NP1-TMZ and NP2-TMZ.
This suggests a greater residual error in these models compared to the Peppas model. Similarly, Model Selection
Criterion (MSC) values, which combine model complexity and fit quality, were highest for the Peppas model
in both formulations (2.822 and 2.904, respectively), further reinforcing its preference as the most suitable
kinetic model. The Akaike Information Criterion (AIC) values—used for model comparison—were lowest in
the Korsmeyer-Peppas model for NP1-TMZ (25.819) and NP2-TMZ (41.376), which supports the model’s
parsimony and goodness-of-fit balance. The Weighting factor remained constant (1.000) across all models
and formulations, confirming that the data were treated uniformly and that no external bias was introduced in
curve fitting. Regarding the Weibull model, additional insights can be gained from the o (scale) and B (shape)
parameters. Finally, the Ti (lag time) parameter was 0.400 for both NP1-TMZ and NP2-TMZ in the Weibull
model, indicating a short but notable delay before the onset of drug release. This lag phase may be attributed to
the time required for hydration and polymer matrix swelling before the initial diffusion of TMZ.
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Model and equation
Weibull

Korsmeyer-Peppas Higuchi F=100, {1-Exp[-((t-

F=k,.t" F=ky. (0 Ti)P)/a]}
Parameter NP1-TMZ | NP2-TMZ | NP1-TMZ | NP2-TMZ | NP1-TMZ | NP2-TMZ
N_observed 7.000 9.000 11.000 11.000 13.000 13.000
DF 5.000 7.000 10.000 10.000 10.000 10.000
R_obs-pre 0.994 0.990 0.964 0.980 0.986 0.983
Rsqr (R?) 0.989 0.977 0.884 0.959 0.972 0.965
Rsqr_adj (R, ,...0) | 0-987 0.973 0.884 0.959 0.966 0.958
MSE 4.516 9.088 66.760 22.251 23.443 31.030
MSE_root 2.125 3.015 8.171 4.717 4.842 5.570
Weighting 1.000 1.000 1.000 1.000 1.000 1.000
SS 22.578 63.615 667.601 222.507 234.427 310.304
WSS 22.578 63.615 667.601 222.507 234.427 310.304
AIC 25.819 41.376 73.541 61.455 76.943 80.588
MSC 2.822 2.904 1.398 2.704 2.634 2.651
kKP 29.151 12.598 - - - -
n 0.331 0.668 - - - -
kH - - 21.222 16.805 - -
« - - - - 2.544 5.293
B - - - - 0.450 0.594
Ti - - - - 0.400 0.400

Table 4. Kinetic modeling of TMZ release from nanoparticles. *To comprehensively evaluate and compare
the release kinetics of NP1-TMZ and NP2-TMZ formulations, three widely accepted mathematical models—
Korsmeyer-Peppas, Higuchi, and Weibull—were applied, and key statistical parameters were analyzed. The
number of observed data points (N_observed) and degrees of freedom (DF) reflect the dataset size and the
model’s complexity. The R_obs-pre (correlation between observed and predicted values), R* (Rsqr), and

R?, djusted (adjusted R-squared) values provide insights into the model fit quality, with higher values indicating
better conformity. The MSE (mean square error) and MSE_root (root mean square error) quantify the average
prediction error. Weighting refers to the uniform weight given to each data point. SS (sum of squares) and
WSS (weighted sum of squares) describe the total residual variability. AIC (Akaike Information Criterion)

and MSC (Model Selection Criterion) help in model comparison, with lower AIC and higher MSC values
signifying superior model performance. For the Korsmeyer-Peppas model, kKKP is the kinetic constant,

and n is the release exponent that helps identify the release mechanism (e.g., n < 0.5 indicates Fickian
diffusion). In the Higuchi model, kH represents the diffusion rate constant. For the Weibull model, a is the
scale parameter indicating the time scale of release, f is the shape parameter describing the release mechanism
(B <1=parabolic, B =1=exponential, B > 1 =sigmoidal), and Ti denotes the lag time, representing the delay
before the onset of drug release. Taken together, these parameters provide a rigorous statistical and mechanistic
interpretation of the drug release profiles and support the selection of the most appropriate model for each
formulation.

Taken together, these kinetic findings reinforce that the release of TMZ from NP1-TMZ is predominantly
driven by Fickian diffusion with significant surface-associated drug, while NP2-TMZ exhibits a more matrix-
integrated, sustained release behavior. The results further confirm that formulation method strongly influences
the release kinetics, which can be tailored according to therapeutic needs—such as rapid drug availability versus
prolonged plasma exposure*.

Similarity analysis (See Table 5) between the two nanoparticulate formulations was conducted using the
model-independent similarity factor (f,) supported by bootstrap resampling (n=5000). The observed f, value
between NP1-TMZ and NP2-TMZ was calculated to be 44.52, which falls below the critical threshold of 50,
indicating non-similarity between the two dissolution profiles (Tabl. Furthermore, the 5th and 95th percentile
values from the bootstrap distribution were identical (44.52), confirming the statistical robustness and
consistency of the result. The skewness and kurtosis values (1.000 and —2.001, respectively) suggested a narrow
and slightly skewed distribution. Collectively, these data demonstrate that the drug release behavior of NP1-
TMZ and NP2-TMZ differs significantly, further supporting the conclusion that formulation technique plays a
crucial role in modulating release kinetics®.

Solid-state characterization

Thermal analysis

The DSC thermogram of TMZ, Blank NPs and drug-loaded NPs are displayed in Fig. 8. The DSC thermogram
of pure TMZ (Fig. 8A) exhibited a sharp endothermic peak at 203.08 °C, corresponding to its melting point,
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Fig. 7. DDSolver program graphs of kinetic modeling of TMZ release from nanoparticles. A Korsmeyer—
Peppas model for NP1-TMZ; B Korsmeyer—Peppas model for NP2-TMZ;C Higuchi model for NP1-TMZ;
D Higuchi model for NP2-TMZ; E Weibull model for NP2-TMZ; F Weibull model for NP1-TMZ.
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Statistics Value
Observed f2 44.520
Number of bootstrap 5000.000
Bootstrap mean 44.520
Bootstrap median 44.520
5% percentile 44.520
95% percentile 44.520
Skewness 1.000
Kurtosis -2.001
Is 5% percentile ;I 50 No
Similarity of NP1-TMZ and NP2-TMZ | Reject

Table 5. Bootstrap-based similarity factor (f2) analysis between NP1-TMZ and NP2-TMZ formulations.
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Fig. 8. DSC thermograms of TMZ (A), PLGA (B), NP1-Blank (C), NP1-TMZ (D), NP2-Blank (E), and NP2-
TMZ (F).

confirming its crystalline nature®#2. In contrast, PLGA (Fig. 8B) displayed a glass transition temperature
(Tg) around 44.88 °C, as expected for an amorphous polymer®!. The thermograms of NP1-Blank (Fig. 8C)
and NP2-Blank (Fig. 8E) also showed Tg transitions at 52.29 °C and 59.36 °C, respectively, with no melting
peaks, indicating the preservation of the amorphous nature of PLGA after NP formation. DSC thermograms of
TEM-loaded NPs were similar to Blank NPs. Importantly, the characteristic melting peak of TMZ was absent
in both NP1-TMZ (Fig. 8D) and NP2-TMZ (Fig. 8F) thermograms, suggesting that the drug was present in an
amorphous or molecularly dispersed state within the polymer matrix®2. Furthermore, the observed Tg values
increased slightly in the drug-loaded formulations, especially in NP1-TMZ, which may indicate stronger drug-
polymer interactions and enhanced miscibility in the nanoprecipitation-based formulation.

Fourier-transform infrared spectroscopy (FTIR) analysis

The FTIR spectra of TMZ, PLGA, and the developed NP formulations are presented in Fig. 9. In the spectrum
of pure TMZ (Fig. 9A), a peak at 1587.42 cm™ is assigned to v(C=0) (amide carbonyl), while the peaks at
1456.26 cm™ and 1303.88 cm™ are attributed to §(C-N) and v(C-C) stretching vibrations of the aromatic
and heterocyclic rings. Additionally, the bands observed at 812.03, 734.88, and 657.73 cm™ are indicative of
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Fig. 9. FT-IR spectrums of TMZ (A), PLGA (B), NP1-Blank (C), NP1-TMZ (D), NP2-Blank (E), and NP2-
TMZ (F).

y(C-H) out-of-plane bending modes, confirming the presence of an aromatic system. These findings are in
good agreement with the previously reported FTIR data for TMZ®. The PLGA spectrum (Fig. 9B) exhibited
characteristic ester functionality, with a sharp and intense peak at 1749.44 cm™ corresponding to v(C=0O) (ester
carbonyl), and bands in the region of 1091.71 cm™ associated with v(C-O-C)stretching vibrations. The peaks at
2989.66 cm™ and 2954.95 cm™ were assigned to v(CHs) and v(CHy) stretching of the polymer backbone®t. The
spectrum of the blank NPs prepared via nanoprecipitation (NP1-Blank, Fig. 9C) closely resembled that of PLGA,
retaining the dominant v(C=0) band at 1755.22 cm™ and strong v(C-O-C) peaks. Similarly, the NP2-Blank
formulation (Fig. 9E) showed a spectrum nearly identical to PLGA. NP1-TMZ formulation (Fig. 8D) displayed a
broader v(N-H) band centered at 3495.01 cm™ and a shifted v(C=0) peak at 1755.22 cm™, suggesting possible
hydrogen bonding between the TMZ amide group and the PLGA matrix. The NP2-TMZ formulation (Fig. 9F)
exhibited a weak v(N-H) band at 3437.15 cm™'. Compared to NP1-TMZ, these changes were less distinct,
suggesting a relatively weaker interaction between TMZ and PLGA in the double emussion solvent evaporation-
based NPs. Taken together, the FTIR data demonstrate the successful incorporation of TMZ into both NP1 and
NP2 systems, with more pronounced spectral shifts and interactions observed in the NP1-TMZ formulation,
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likely due to the favorable dispersion and molecular interaction profile afforded by the nanoprecipitation
method®>-%.

Effects of temozolomid-loaded nanoparticles on U-87 MG and NIH/3T3 cell viability

The evaluation of the anti-cancer effects of TMZ-loaded NPs on the U-87 MG glioblastoma cell line was
performed using an MTT assay. Concurrently, the samples were assessed for cytotoxic effects on the NIH/3T3
cell line. The selectivity index (SI), indicating the therapeutic efficacy of the drug candidate as an anticancer
agent on cancer cells, was calculated by comparing the IC, results of both tests. According to the results at 400,
100, 10, and 1 pg.mL’l concentrations of NP1-TMZ, NP2-TMZ, TMZ, NP1-Blank, and NP2-Blank, U-87 MG
cell viability decreased by the following percentages at 24 h: 80.66, 68.65, 40.59, and 27.87; 68.41, 46.95, 26.90,
and 17.19; 59.23, 38.03, 7.64, and 10.98; 32.64, 27.97, 14.88, and 8.89; 14.59, 9.72, 9.42, and 3.54. Similarly, at
48 h, the reductions were: 88.95, 92.3, 55.68, and 41.09; 83.18, 70.84, 49.28, and 27.81; 75.21, 44.71, 12.31, and
22.27;42.43,29.49, 18.32, and 16.8; 18.93, 18.99, 18.79, and 5.98%, respectively (Fig. 10).

In the 24-hour results, NP1-TMZ and NP2-TMZ at concentrations of 400, 100, 10, and 1 pg.mL™! induced
NIH/3T3 cell viability decreases of 79.98, 65.66, 28.07, and 21.13: 72.96, 48.01, 18.99, and 23.93%, respectively.
Similarly, at 48 h, reductions were observed at 88.13, 93.7, 40.72, and 46.15; 79.90, 74.32, 39.51, and 33.31%
(Fig. 11). TMZ concentrations of 400 and 100 pg.mL™! resulted in a 52.5% and 20.74% decrease in cell viability at
24 h, while 10 and 1 ug.mL™" led to an increase by 8.65% and 34.03%, respectively. At 48 h, TMZ concentrations
of 400, 100, 10, and 1 pg.mL‘1 decreased cell viability by 74.19, 44.15, 19.5, and 12.48%, respectively. For NP1-
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Fig. 10. Cell viability assay results for varying concentrations (1, 10, 100, and 400 pg.mL™") of TMZ, NP1-
TMZ, N2-TMZ, NP1-Blank, and NP2-Blank on U-87 MG cells. Viability was assessed after 24 and 48 h of
treatment, and the results are presented as the mean = SD of three independent experiments (n=4 for each
treatment group). Significant differences are indicated as *p <0.05, **p <0.01, **p <0.001, ****p <0.0001, while
no significant difference is represented as p>0.05 or ns.
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Fig. 11. Cell viability assay results for varying concentrations (1, 10, 100, and 400 pg.mL™") of TMZ, NP1-
TMZ, N2-TMZ, NP1-Blank, and NP2-Blank on 3T3 cells. Viability was assessed after 24 and 48 h of treatment,
and the results are presented as the mean +SD of three independent experiments (n=4 for each treatment
group). Significant differences are indicated as *p <0.05, **p <0.01, ***p <0.001, ***p <0.0001, while no
significant difference is represented as p>0.05 or ns.

Blank and NP2-Blank at 24 h, concentrations of 400 and 100 pg.mL‘1 caused decreases of 29.6% and 6.84%, and
0.56% and 2.11%, while 10 and 1 pg.mL™" led to increases of 15.17, 18.28; 6.2, 2.16%, respectively. At 48 h, NP1
and NP2-Blank at 400, 100, 10, and 1 pg.mL’1 resulted in decreases of 41.97, 33.65, 10.57, and 2.04: 26.35, 19.15,
7.81, and 3.17%, respectively.

IC,, values for NP1-TMZ, NP2-TMZ, and TMZ on U-87 MG cells were 139.51, 243.04, and 294.43 pg.mL™!
at 24 h, and 186.36, 224.29, and 367.76 pg.mL’1 at 48 h (Table 6). On NIH/3T3 cells, IC,, values for NP1-TMZ,
NP2-TMZ, and TMZ were 186.36, 224.29, and 367.76 pg.mL‘1 at 24 h, and 63.25, 128.78, and 235.87 pg.mL‘1 at
48 h. NP1-Blank and NP2-Blank exhibited IC, values exceeding 400 ug.mL™" at both 24 and 48 h on both U-87
MG and NIH/3T3 cells.

When the data was collectively evaluated, we determined that NP1-TMZ has a lower IC, value compared
to TMZ at both 24 and 48 h, and its selectivity is particularly 2.89-fold higher at 48 h. The lower IC,, value
suggests a potentially heightened efficacy of NP1-TMZ in inhibiting the growth of U-87 MG cells. Furthermore,
the increased selectivity at 48 h emphasizes its potential therapeutic advantage. This data offers insights into the
compound’s capacity to target specific cells while minimizing the impact on non-cancerous cells, a crucial aspect
in the development of anticancer agents.

Effects of temozolomid-loaded nanoparticles on ROS generation
In an inflammatory milieu, the intense generation of antimicrobial and tumor-killing ROS is referred to as
an “oxidative burst,” playing a pivotal role as the primary line of defense against environmental pathogens®.
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Selectivity
U-87 MG NIH/3T3 index
24h 48h 24h 48h 24h |48h
T™™Z 294.43 | 187.74 | 367.76 | 235.88 | 1.25 | 1.26

NP1-TMZ | 139.51 | 21.85 |186.36 | 63.25 |1.34 |2.89
NP2-TMZ | 243.04 | 107.00 |224.29 | 128.78 | 0.92 | 1.20
NP1-Blank | >400 | >400 |>400 |>400 |- -
NP2-Blank | >400 |>400 |>400 |>400 |- -

Table 6. The IC, and SI values for TMZ, NP1/2-TMZ, and NP1/2-Blank obtained from cell viability data.

Recently, there has been notable interest in anticancer treatments that trigger oxidative stress through the
elevation of ROS and/or the inhibition of antioxidant mechanisms. The escalation of accumulated ROS disrupts
redox homeostasis, leading to severe damage in cancer cells®.

According to our results, TMZ, NP1-TMZ, and NP2-TMZ increased the production of ROS at all the tested
concentrations (Fig. 12). While TMZ led to more significant increases at 100 and 400 pg.mL™!, NP1-TMZ and
NP2-TMZ induced ROS production at 10, 100, and 400 pg.mL". The higher rate of ROS production by NPs at
lower concentrations may confer an advantage in causing damage to cancer cells. Additionally, it was observed
that the compounds induced ROS formation with a profile similar to their cytotoxic effects on U87-MG cells.

Although this study successfully demonstrated the cytotoxic selectivity and ROS-inducing potential of TMZ-
loaded PLGA NPs against glioblastoma cells, we acknowledge that further biological evaluations are required to
comprehensively elucidate their intracellular behavior and therapeutic mechanism. In future studies, advanced
cellular assays—such as nanoparticle internalization (e.g., fluorescence or confocal microscopy), apoptosis
analysis (e.g., Annexin V/PI staining), mitochondrial membrane potential assays (e.g., JC-1 dye), and cell cycle
profiling (e.g., flow cytometry)—will be performed to investigate the mechanistic pathways involved in the anti-
cancer activity. These extended evaluations will provide deeper insights into the therapeutic potential of the
developed nanocarriers and further validate their suitability for brain-targeted chemotherapy’®®!. While the
current study provides an initial in vitro evaluation using cytotoxicity and ROS assays, future work will include
advanced cellular studies such as nanoparticle uptake, apoptosis quantification, and mechanistic pathway
analysis to further elucidate the anticancer potential of the formulations.

Conclusion

In this study, TMZ-loaded PLGA nanoparticles were successfully formulated using both nanoprecipitation
and double emulsion solvent evaporation methods, enabling a comprehensive comparison of two distinct
nanotechnological strategies for oral GBM therapy. The findings revealed that the nanoprecipitation method
(NP1-TMZ) provided nanoparticles with smaller size, lower polydispersity, higher encapsulation efficiency,
faster drug release, and superior tumor selectivity compared to the double emulsion-derived nanoparticles
(NP2-TMZ). Solid-state analyses (DSC and FTIR) confirmed the successful molecular dispersion of TMZ within
the polymer matrix without inducing any chemical interactions. Solid-state analyses (DSC and FTIR) confirmed
the absence of crystalline TMZ and indicated strong drug-polymer interactions, supporting the integrity of
the nanoformulations. Furthermore, biological evaluations highlighted that NP1-TMZ induced a significantly
higher generation of reactive oxygen species and exhibited greater cytotoxicity towards U-87 MG glioblastoma
cells while maintaining reduced toxicity in NIH/3T3 fibroblast cells, reflecting an enhanced therapeutic index.
Collectively, these results underscore the potential of nanoprecipitation-based nanoformulations to overcome
the major pharmacokinetic and therapeutic challenges associated with conventional TMZ administration.
The innovative approach combining optimized nanoencapsulation, targeted cytotoxicity, and sustained drug
release establishes a promising platform for advancing TMZ-based therapies against glioblastoma, potentially
improving clinical outcomes for patients afflicted with this devastating malignancy.

Although several studies have investigated TMZ-loaded PLGA nanoparticles, our study provides a comparative
analysis of two distinct nanoparticle preparation techniques under identical experimental conditions. The
combined evaluation of release kinetics using DDSolver, similarity factor (f,) analysis with bootstrap validation,
and ROS-mediated selectivity index offers a unique perspective on formulation-performance relationships for
oral TMZ delivery. This integrative approach distinguishes our study from previous reports.

Scientific Reports |

(2025) 15:36194 | https://doi.org/10.1038/s41598-025-20012-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

15+

i
w
o
3

10+ I

Fold Change
N

1
N
(9}
>

TEM Concentrations (ug/ml)

15+
m 0

I
w
o
3

Fold Change

i
N
(8]
=3

S S
N '\QQ b‘Q

NP1-TEM Concentrations (1g/ml)

15

i
8
3

Fold Change
3

o
L
i
N
(6]
=

NP2-TEM Concentrations (ng/ml)

Fig. 12. ROS production in U87-MG cells induced by TMZ, NP1-TMZ, and NP2-TMZ.
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