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Abstract
Multiform glioblastoma (GBM) is the most aggressive primary brain tumor, associated with high heterogeneity, treatment 
resistance, and poor survival. Temozolomide (TMZ), although the main chemotherapeutic agent used, shows limited efficacy 
due to low solubility, chemical instability, and acquired resistance. In this context, nanostructured systems can enhance their 
antitumor efficacy. This study aimed to develop and characterize chitosan-functionalized nanostructured lipid carriers loaded 
with Temozolomide (NLCTQ), as well as to assess their biological activity in human glioblastoma cells (U87-MG). Lipid 
nanoparticles functionalized with chitosan were prepared by hot emulsification and sonication. Physicochemical characteriza-
tion included DLS, zeta potential, FTIR, and HPLC for drug quantification and encapsulation efficiency. Biological activity 
was evaluated in U87-MG cells using the cell viability assay MTT and trypan blue, the comet assay, the spheroid model, 
fluorescence cell death, and the CBMN assay. The formulation presented a homogeneous nanometric size and positive zeta 
potential, although with moderate encapsulation efficiency (39%). Biological assays demonstrated that NLCTQ significantly 
reduced cell viability, overcoming the U87-MG cell line’s resistance to TMZ by achieving cytotoxicity at doses up to 20 
times lower than free TMZ. Additionally, NLCTQ promoted the formation of biomarkers of chromosomal instability, such 
as micronuclei, bridges, and nuclear buds, which may explain the observed cytotoxic effects. Together, the results indicate 
that TMZ nanoencapsulation in NLCTQ enhances its antitumor efficacy, representing a promising strategy to overcome the 
limitations of conventional chemotherapy in glioblastoma treatment.
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Introduction

Glioblastoma multiforme (GBM) is the most aggressive 
and malignant primary brain tumor. It is derived from 
astrocytes, star-shaped glial cells that support neurons in 
the central nervous system (CNS). Molecular classifica-
tion of GBM considers mutations in isocitrate dehydroge-
nase (IDH) enzymes. IDH wild-type glioblastomas repre-
sent the majority of cases and are associated with higher 
aggressiveness and poorer prognosis, whereas IDH-mutant 
tumors, more frequently observed in younger patients, are 
linked to improved survival. As a grade IV astrocytoma, 
GBM is characterized by rapid proliferation, diffuse infil-
tration, and pronounced genetic heterogeneity. This het-
erogeneity contributes to resistance to conventional thera-
pies, including surgery, radiotherapy, and chemotherapy, 
leading to an unfavorable prognosis. In newly diagnosed 
patients, median survival ranges from 12 to 15 months, 
and fewer than 30% of patients survive beyond two years 
(Obrador et al. 2024; Sipos et al. 2025).

Current standard treatment is associated with high relapse 
rates and limited therapeutic options for recurrent GBM, 
resulting in modest survival benefits. Since the introduction 
of the Stupp protocol in 2005, no substantial improvements 
in overall survival have been achieved (Sipos et al. 2025; 
Tan et al. 2020). Temozolomide (TMZ), when combined 
with standard therapy, has improved patient survival and 
remains the only chemotherapeutic agent that provides a 
clinically significant benefit in GBM treatment. However, 
intrinsic drawbacks, such as nonspecific toxicity, low solu-
bility, and rapid hydrolysis under physiological conditions, 
limit its therapeutic efficacy. In addition, the presence of 
the blood–brain barrier and tumor-related factors, such as 
molecular heterogeneity and therapeutic resistance, further 
restrict its effectiveness (Iturrioz-Rodríguez et al. 2023). 
Therefore, strategies to enhance TMZ efficacy are essential 
to improve clinical outcomes.

In this context, the development of advanced drug 
delivery systems has emerged as a promising approach 
to overcome these limitations. Nanocarriers have dem-
onstrated the ability to improve drug stability, enhance 
bioavailability, and promote sustained release, thereby 
increasing therapeutic efficiency while reducing systemic 
toxicity (Haider et al. 2020).

Among these systems, nanostructured lipid carriers 
(NLCs) represent an important advancement over solid lipid 
nanoparticles (SLNs). They consist of a mixture of solid 
and liquid lipids forming a partially crystallized matrix that 
enables higher drug loading capacity. NLCs also exhibit bio-
compatibility, low toxicity, scalability, and physicochemical 
stability, supporting their application in drug delivery, par-
ticularly in cancer therapy (Gomaa et al. 2022).

Compared to SLNs and polymeric nanoparticles (PNPs), 
NLCs loaded with TMZ have shown improved drug encap-
sulation, enhanced cellular delivery, and superior antitumor 
activity in both in vitro and in vivo models (Viegas et al. 
2023; Qu et al. 2016). In addition, NLCs provide controlled 
drug release and improved brain delivery. Although PNPs 
can enhance TMZ stability and bioavailability, lipid-based 
systems generally exhibit more efficient drug transport and 
cellular interaction (Jatyan et al. 2022; Agrawal et al. 2020). 
Furthermore, NLCs can be functionalized with polymers, 
peptides, or antibodies to enable active targeting and fur-
ther improve therapeutic performance (Oliveira et al. 2024; 
Aytekin et al. 2025).

In this context, chitosan (CS), a non-toxic, biodegrad-
able, and biocompatible cationic polymer, has been widely 
used in drug delivery systems. CS exhibits unique proper-
ties, including mucoadhesiveness, controlled drug release 
capability, solubility in acidic aqueous media (allowing 
nanoparticle formation without toxic organic solvents), and 
the ability to modulate tight junctions. Surface modification 
of NLCs with CS confers additional advantages, such as the 
generation of a positive surface charge, enhanced cellular 
uptake via the proton-sponge effect, improved membrane 
interaction, and increased drug retention at the target site 
(Megahed et al. 2022; Gilani et al. 2021; Yu et al. 2019; 
Chirio et al. 2014).

Based on these considerations, the present study aimed to 
develop, characterize, and evaluate chitosan-functionalized 
nanostructured lipid carriers loaded with temozolomide 
(NLCTQ), with the goal of enhancing cytotoxic effects 
against glioblastoma cells and addressing key limitations of 
conventional chemotherapy.

Materials and methods

Preparation of nanoformulations

Nanostructured lipid carriers (NLCs) were produced using 
the hot emulsification method followed by sonication. Glyc-
eryl distearate (Precirol® ATO 5) (2%, w/w) was used as 
the solid lipid, and medium-chain triglycerides (MCT) 
(4%, w/w) as the liquid lipid. Polysorbate 80 (Tween® 80) 
(3%, w/w) was used as the hydrophilic emulsifier, while 
soy lecithin (Lipoid® S100) (0.5%, w/w) was employed as 
the lipophilic emulsifier. The system was produced using 
Milli-Q® water as a solvent, in a final volume of 1 mL. For 
functionalization with CS, the solution was prepared by 
weighing 0.1% (w/v) CS, which was dispersed in 1 mL of 
water, followed by the addition of 2 µL of acetic acid solu-
tion. The mixture was kept under stirring, without heating, 
overnight until complete solubilization. Acidified CS at a 
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concentration of 0.1% (w/v) was used in the aqueous phase. 
After weighing, the aqueous and oily phases were heated 
separately to 60 ± 5 °C for 10 min. Subsequently, the phases 
were combined and mechanically stirred using a magnetic 
stirrer at 900 rpm for 1 min. The resulting pre-emulsion 
was immediately sonicated at 70 W for 1 min to obtain 
empty chitosan-functionalized nanostructured lipid carriers 
(NLCQb). For drug-loaded formulations, temozolomide 
(TMZ) at concentrations of 1–3 mg/mL was solubilized in 
the oily phase, and chitosan-functionalized nanostructured 
lipid carriers loaded with TMZ (NLCTQ) were produced 
according to the same protocol previously described. All 
experiments were conducted in triplicate, and the results 
were expressed as mean ± standard deviation.

Determination of particle size, polydispersity index, 
and Zeta potential

The mean hydrodynamic diameter and size distribution of the 
dispersions (expressed as the polydispersity index, PdI) were 
determined at 25 °C by dynamic light scattering (DLS) using 
a Zetasizer Lab instrument (Malvern Instruments). The scat-
tering angle was fixed at 90°, and the samples were diluted 
1:100 with Milli®-Q water immediately before the analysis.

The Zeta potential of the nanobiosystems was deter-
mined based on electrophoretic light scattering (ELS) 
measurements using the same instrument (Zetasizer Lab, 
Malvern Instruments). The dispersions were diluted (1:100) 
in 1 mmol/L NaCl solution before analysis. All experiments 
were conducted in triplicate, and the results were expressed 
as mean ± standard deviation.

Fourier transform infrared spectroscopy (FTIR) 
characterization

Infrared analyses to identify functional groups were per-
formed with individual components as well as with NLCs 
using a spectrophotometer (FTIR-ATR, Shimadzu® Cary 
630). Data were collected in the spectral range of 4000 to 
400/cm at 25 °C, with a resolution of 4/cm and 128 scans.

Drug content determination and encapsulation 
efficiency

TMZ quantification was performed by HPLC–UV using an 
analytical calibration curve. Samples were analyzed using a 
chromatographic system (Alliance 2695, Waters, Milford, 
Massachusetts, USA) coupled to a 2998 photodiode array 
detector (DAD) (Waters, Milford, Massachusetts, USA) 
at a wavelength of 330 nm. A reverse-phase C18 column 
(250 × 4.6 mm, 5 μm, XBridge® Waters) protected by a col-
umn with the same stationary phase (20 mm × 4.6 mm) was 
used. Chromatographic separation was carried out in isocratic 

mode at 40 °C. The mobile phase consisted of a mixture of 
methanol and water acidified with 0.05% trifluoroacetic acid 
in an 80:20 (v/v) ratio. The flow rate was set at 1.2 mL/min, 
and the injection volume was 50 μL. Data acquisition and 
analysis were performed using Waters Empower® 3 software.

Three authentic analytical calibration curves were prepared 
for drug quantification at concentrations of 1, 2, 5, 10, 20, and 
40 μg/mL in methanol. Diluted solutions were injected into 
the HPLC system, and peak areas were integrated. Linearity 
was evaluated by linear regression analysis using the least-
squares method (Mulholland and Hibbert 1997).

The quantification of TMZ into the nanosystems (NLCs) 
was determined after the extraction of the nanoparticle core 
using an organic solvent. Briefly, 100 μL of the nanoparticle 
dispersion was added to a 10 mL volumetric flask containing 
methanol and vortexed for 2 min. The dispersion was trans-
ferred to a screw-cap centrifuge tube and subjected to an 
ultrasonic bath at 50 °C for 30 min. Subsequently, the tube 
was centrifuged at 10,000 rpm (~ 12,298 g) for 10 min. The 
supernatant was collected and filtered through a 0.22 μm 
membrane filter. The resulting solution was injected into 
the HPLC system under the chromatographic conditions 
described above. Peak areas were integrated, and the concen-
tration of TMZ encapsulated in the nanosystems was calcu-
lated using previously obtained calibration curve equations.

Encapsulation efficiency (EE%) was determined by quan-
tifying the free (non-encapsulated) TMZ in the nanosystems 
using ultrafiltration. Briefly, 500 μL of each TMZ-containing 
dispersion was added to the upper chamber of an ultrafiltra-
tion device (Amicon Ultra, Millipore, MWCO 10 kDa) and 
centrifuged in a microcentrifuge (Tomy, TX-160, Jakarta, 
Indonesia) at 5,000 rpm (~ 4,192 g) for 30 min. After cen-
trifugation, 50 μL of the filtrate was diluted in acetonitrile 
and analyzed by HPLC. The amount of non-encapsulated 
drug was calculated by integrating the chromatographic peak 
areas using the calibration curve equation. After determin-
ing the drug concentrations, EE% was calculated using the 
equation, where total TMZ corresponds to the drug concen-
tration obtained in the drug content assay and free TMZ cor-
responds to the TMZ concentration quantified in the filtrate.

Stability Analysis

The formulations (NLCTQ and NLCQb) were subjected to 
long-term stability studies under controlled temperature con-
ditions. The NLCs were kept in sealed vials and evaluated 
over a period of 60 days at 4, 25, and 37 ºC. Throughout this 
interval, particle size, polydispersity index, and Zeta potential 
were measured according to the methods previously described.

EE% =
TMZTotal − TMZFree

TMZTotal

x100
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Cell culture

Human glioblastoma multiforme U87-MG cells were obtained 
from the Federal University of Minas Gerais (UFMG). The 
cell line was cultured in Dulbecco’s Modified Eagle’s Medium 
(DMEM) supplemented with 10% fetal bovine serum, penicil-
lin 100 IU/mL, and streptomycin 100 μg/mL, and maintained 
at 37 °C in a humidified atmosphere containing 5% CO2 (Shel 
Lab CO2 Incubator, USA).

Cytotoxic assays

The MTT assay {3-(4,5-dimethylthiazol-2-yl)−2,5-diphenyl 
tetrazolium bromide} was performed as described by Mos-
mann (1983), with minor modifications. Briefly, 5 × 103 cells 
were seeded into 96-well plates and incubated with free TMZ 
(6.06 to 388 μg/mL) or TMZ-loaded nanostructured lipid car-
riers (NLCTQ, 1.56—100 μg/mL) or empty nanostructured 
lipid carriers (NLCQb) for 72 h at 37 °C in a 5% CO2 atmos-
phere. Subsequently, 20 μL of MTT solution (5 mg/mL) was 
added to each well and the plates were incubated for additional 
4 h, followed by aspiration of the culture medium. Formazan 
crystals were dissolved in 100 μL of DMSO for 30 min, and 
the optical density was measured using a microplate spectro-
photometer (GloMax Discover, Promega) at 550 nm.

Trypan blue viability assay

Cell viability was also evaluated using the trypan blue exclu-
sion test (Strober 2015). Human glioblastoma U87-MG cells 
were seeded into 24-well plates at a density of 2 × 104 cells 
per well. After 24 h, the culture medium was replaced, and the 
cells were treated with free TMZ (5, 10, 50, 100, and 200 µg/
mL), NLCTQ (2.5, 5, and 10 µg/mL), and NLCQb (2.5, 5, and 
10 µg/mL). After 72 h of treatment, both treated and untreated 
cells were subjected to the assay. Non-viable cells were identi-
fied by blue staining and counted as dead cells. Cell counting 
was performed using a Neubauer chamber by optical micros-
copy at 400X magnification (Ferreira et al. 2022). The percent-
age of viable cells was calculated using the following formula:

Cytotoxicity study of nanostructured lipid carriers 
(NLCs) in a three‑dimensional spheroid cell culture 
model

Briefly, 25 μL droplets of a U87-MG cell suspension (6 × 104 
cells/mL) were placed on the lid of a sterile disposable Petri 
dish. The lid was then inverted over the Petri dish, allowing 
cell accumulation at the liquid–air interface, followed by 

Viablecells(%) =
totalnumberofviablecellsperaliquot

totalnumberofcells(viableandnon − viable)
x100

incubation for 72 h to promote spheroid formation (Duval 
et al. 2017). The hanging drop method formed spheroids 
which transferred to a 48-well plate, one spheroid per well, 
and the plate was incubated for 60 min at 37 °C in a 5% CO2 
atmosphere to ensure spheroid adhesion. After treatment 
with free TMZ and TMZ-loaded NLCs for 48 h, spheroids 
were registered using an inverted microscope equipped with 
ZEN 2 Pro software (version 2.0) at 0 h and 48 h to evaluate 
spheroid size and cell migration radius (Proença et al. 2019) 
by ImageJ software.

Alkaline comet assay

Primary DNA damage, including single- and double-strand 
breaks and alkali-labile sites, induced by TMZ and formu-
lations on U87-MG glioblastoma cells was evaluated using 
the standard alkaline comet assay (Møller et al. 2020). Fol-
lowing the treatments, cells were centrifuged for 10 min at 
1200 × g. The supernatant was discarded, and 20 µL of the 
remaining cell suspension was mixed with 80 µL of freshly 
prepared 0.9% low-melting-point (LMP) agarose (agarose 
concentration of 0.72%). Forty microliters of this suspen-
sion were placed onto microscope slides previously coated 
with a layer of 1% normal-melting-point agarose and cov-
ered with 20 × 20 mm coverslips. Agarose solidification 
was allowed for 15 min on ice. Subsequently, the coverslips 
were removed, and the slides were immersed in lysis solu-
tion (NaOH 250 mM, Tris–HCl, Na₂ EDTA 100 mM, NaCl 
2.5 M, pH 10, and Triton X-100 1%) at 4 °C overnight in 
the dark to prevent additional DNA damage (Valdiglesias 
et al. 2021).

After lysis, the slides were placed in a horizontal electro-
phoresis chamber on ice and incubated for 20 min in the dark 
in freshly prepared alkaline electrophoresis solution (NaOH 
300 mM, Na₂EDTA 1 mM, pH > 13) to allow DNA unwind-
ing. Electrophoresis was performed for 20 min at 0.83 V/
cm. Thereafter, the slides were washed 3 times (5 min each) 
with a neutralization solution (Tris–HCl 0.4 M, pH 7.5) and 
dried at room temperature in the dark. The preparations were 
stained with silver staining solution (sodium carbonate, 5 g; 
distilled water, 100 mL; ammonium nitrate, 0.1 g; silver 
nitrate, 0.1 g; tungstosilicic acid, 0.25 g; and formaldehyde, 
150 µL). The slides were stored in a sealed, humidified box 
at 4 °C to prevent agarose gel dehydration.

Slides were photomicrographically analyzed at 400X 
magnification under an optical microscope, and the 
results were expressed as damage index (DI) and damage 
frequency (DF) (100 cells analyzed in triplicate per treat-
ment). The DI was calculated using the formula: DI = Σ 
(number of cells in each damage class × damage class), 
ranging from 0 to 400, and DF was calculated using the 
following formula: DF = 100 − number of class 0 cells.
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Cytokinesis‑block micronucleus assay

To evaluate mutagenicity and cell death of U87-MG cells, 
the cytokinesis-block micronucleus (CBMN) assay was per-
formed according to Fenech (2007), with minor adaptations. 
Tumor cells were incubated for 44 h at 37 ± 1 °C. After this 
period, cytochalasin B (12 μg/mL; Sigma, St. Louis, MO, 
USA) was added to the cultures treated with TMZ (50 and 
100 µg/mL), NLCQb (2.5 and 5 µg/mL) or NLCTQ (2.5 and 
5 µg/mL). After a total of 72 h, cultures were transferred to 
tubes, centrifuged at 1200 rpm for 10 min, and cell pellets 
were suspended in 1.5 mL of sodium citrate solution 1%, 
followed by another centrifugation. Subsequently, 5 mL of 
fixative solution (methanol: acetic acid, 3:1) and one drop of 
formaldehyde were added to the tubes. This procedure was 
repeated twice using the 3:1 fixative without formaldehyde. 
Finally, the supernatant was discarded, and 2–4 drops of 
the cell suspension were placed onto microscope slides and 
stained with Giemsa 3% solution for 10 min. The slides were 
previously blindly analyzed using optical microscopy (1000X 
magnification). Cytogenetic damage (micronuclei, nuclear 
buds, and nucleoplasmic bridges) and death events (apoptosis 
and necrosis) were registered in 1000 cells per slide (n = 3).

The nuclear division index (NDI) and the nuclear 
division index with cytotoxicity (NDIC) were counted 
in U87-MG-dividing cells. Estimations for cytotoxicity 
assessment were performed using the following formulas:

where: “Apoptosis” represents the number of apoptotic cells; 
“Necrosis” represents the number of necrotic cells; “M1” 
represents the number of viable cells with one nucleus; 
“M2” represents the number of viable cells with two nuclei; 
“M3” represents the number of viable cells with three nuclei; 
“M4” represents the number of viable cells with four nuclei; 
and “Total number of cells” represents the total number of 
cells analyzed, corresponding to 1,000 cells per slide (n = 3).

Analysis of cell death

To evaluate the type of cell death (apoptosis or necrosis), 
dual staining with acridine orange (AO) and propidium 
iodide (PI) was employed (Gao et al. 2020; Bankó et al. 
2021). Cell identification criteria followed the evaluations 
described below: (a) viable cells exhibit a light green nucleus 
with intact cellular structure; (b) early apoptotic cells display 
a light green nucleus with evident chromatin condensation; 
(c) late apoptotic cells show dense orange areas (green/red) 
of chromatin condensation and membrane blebbing; and (d) 
necrotic cells present a red nucleus (Renvoizé et al. 1998; 
Tan and Norhaizan 2019).

NDI =
M1+2X (M2)+3X (M3)+4X (M4)

Total number of cells

NDIC =
(Apoptosis + Necrosis +M1+2x (M2)+3x (M3)+4x (M4)

Total number of cells

U87-MG cells were seeded in 12-well plates and incu-
bated for 72 h at a density of 2 × 104 cells/mL. After treat-
ments (TMZ: 50 and 100 µg/mL; NLCQb: 2.5 and 5 µg/mL; 
NLCTQ: 2.5 and 5 µg/mL), cells were collected by centrifu-
gation (1200 rpm, 24 °C, 10 min), suspended in phosphate-
buffered saline (PBS), and stained with 20 µL of AO/PI solu-
tion (10 µg/mL). Freshly stained cells were observed under a 
fluorescence microscope (Leica DM2500). The percentages 
of viable, early apoptotic, late apoptotic, and necrotic cells 
were determined (n = 200 cells per slide, n = 3).

Statistical analysis

Statistical comparisons were performed by one-way or two-
way analysis of variance (ANOVA), followed by Tukey or 
Bonferroni, as well as by Student t-test, considering p < 0.05 
(GraphPad Prism version 9.5.1). Data are expressed as 
mean ± standard deviation (S.D.). All experiments were 
performed in duplicate, representing independent biological 
evaluations on alternate days or weeks, with each concentra-
tion tested in triplicate.

Results

Physicochemical features

Both formulations presented hydrodynamic diameters below 
155 nm, an optimal measure for enhanced penetration and 
delivery across the blood–brain barrier (Fig. 1). The NLCTQ 
formulation containing TMZ presented a mean diameter of 
138.2 ± 1.4 nm, suggesting potential differences in biological 
interactions when compared to NLCQb (153.4 ± 2.2 nm). In 
addition, both formulations showed low polydispersity index 
values (0.23 ± 0.02 for NLCQb and 0.24 ± 0.02 for NLCTQ), 
confirming the homogeneity of the formulations.

NLCTQ exhibited a bimodal size distribution, with two 
distinct populations centered at approximately 31 nm and 
185 nm, suggesting the coexistence of smaller nanoparticles 
and larger aggregates with structural heterogeneity. In con-
trast, NLCQb displayed a predominantly monomodal distri-
bution centered around 200 nm, indicating a more uniform 
particle population. Despite this difference in distribution 
profiles, both formulations maintained moderate polydisper-
sity (PdI ~ 0.23), reinforcing their overall physicochemical 
suitability. A more detailed analysis of size distribution pro-
files is provided in supplementary Figure S1 and Table S1.

Zeta potential measurements also revealed satisfactory 
values (> 20 mV) for both NLCQb (+ 26.2 ± 0.8 mV) and 
NLCTQ (+ 28.6 ± 0.6 mV) formulations, ensuring colloi-
dal stability due to electrostatic repulsion between particles 
(Fig. 1). Complementary data presented in Supplementary 
Figure S2 and Table S2 further highlight the surface charge 



	 Naunyn-Schmiedeberg's Archives of Pharmacology

characteristics of the system. NLCTQ exhibited a positive 
Zeta potential of + 28.6 mV, consistent with good colloidal 
stability, while also showing a relatively high Zeta deviation 
(12.99 mV) and the presence of multiple Zeta potential popu-
lations. These findings suggest heterogeneity in surface charge 
distribution, a possibility arising from the interaction between 
formulation components or differential surface organization.

Overall, the combined analysis of particle size distribu-
tion and Zeta potential profiles indicates that, although 
both formulations exhibit suitable physicochemical prop-
erties for nanocarrier applications, NLCQb presents a 
more uniform size distribution, whereas NLCTQ demon-
strates higher structural and surface heterogeneity, which 
may influence its biological performance.

Infrared spectroscopy results

FTIR spectroscopic analysis allowed the identification 
of characteristic bands of the individual componentes, as 
well as of the NLCQb and NLCTQ formulations (Fig. 2). 
Both formulations exhibited absorption bands at approxi-
mately 2920 cm⁻1 and 2850 cm⁻1, attributed to the asym-
metric and symmetric C–H stretching vibrations of –CH₂ 
groups in alkyl chains, confirming the presence of the lipid 
matrix. The band observed at approximately 1735 cm⁻1 
in both formulations corresponds to the C = O stretching 
vibration of ester groups present in Precirol and Lipoid® 
S100. In addition, both formulations showed a band at 
approximately 1240 cm⁻1, attributed to the P = O stretching 
vibration of the phosphate group of Lipoid® S100.

In lipid-based systems, FTIR analysis often shows 
overlapping bands among carbonyl, phosphate, and amide 

groups, which limits its ability to conclusively confirm 
drug encapsulation in the absence of significant band 
shifts. Therefore, the encapsulation was achieved through 
the determination of encapsulation efficiency by HPLC.

Drug content and encapsulation efficiency

The quantification of TMZ in the NLCTQ formulation by 
HPLC revealed a concentration of 1.23 ± 0.10 mg/mL. In 
addition, the encapsulation efficiency was 39%.

Stability Analysis

In this study, the chitosan-functionalized formulation 
(NLCTQ) and chitosan-functionalized without TMZ formu-
lation (NLCQb) were evaluated in terms of size, polydisper-
sity index (PdI), and Zeta potential over 60 days at refriger-
ated (4 ºC) (Fig. 3A), room temperature (25 ºC) (Fig. 3B), 
and incubator (37 ºC) (Fig. 3C).

Throughout the 60-day storage period at 4 ºC (Fig. 3A), 
the formulations exhibited distinct profiles regarding average 
particle size, PdI, and ZP. The NLCQb formulation showed 
initial particle size values of 153.4 ± 2.2 nm (day 1), followed 
by a reduction in the first few days and subsequent stabiliza-
tion around 139.4 ± 1.5—142.7 ± 4.0 nm between days 5 and 
60, indicating maintenance of system homogeneity over time. 
In turn, the NLCTQ formulation showed a gradual and con-
tinuous decrease in particle size during storage, starting from 
138.2 ± 1.4 nm on day 1 and reaching 120.4 ± 0.6 nm at the end 
of 60 days. Regarding the polydispersity index (PdI), both for-
mulations showed low values and a slight reduction over time, 

Fig. 1   Hydrodynamic diameter (A), polydispersity index (B), and 
Zeta potential (C) of NLCQb and NLCTQ. Statistical analysis was 
performed using the Student t-test to compare differences between 
the experimental groups NLCQb (black chitosan-functionalized 
nanostructured lipid carriers) and NLCTQ (temozolomide-loaded 
chitosan-functionalized nanostructured lipid carriers). Data are 

expressed as mean ± S.D. from three independent experiments (n = 3). 
* indicates p < 0.05 between the groups. The figure demonstrates the 
comparative effect between unloaded and drug-loaded nanosystems, 
highlighting the impact of temozolomide incorporation on the evalu-
ated parameter
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varying from 0.23 ± 0.02 to 0.21 ± 0.02 (NLCQb) and from 
0.24 ± 0.02 to 0.18 ± 0.02 (NLCTQ). Regarding Zeta potential 
(ZP), NLCQb showed positive values ranging from 31.4 ± 1.4 
to 28.9 ± 0.1, reaching 27.1 ± 1.3 at the end of the period, while 
NLCTQ varied from 28.6 ± 0.6 on day 1 to 26.5 ± 0.4 on day 
60. The data presented show a consistent size distribution and 
absence of significant aggregation, remaining relatively stable 
over time, which suggests preservation of the colloidal stability 
of the dispersions during refrigerated storage.

During the 60-day storage period of 25ºC (Fig. 3B), the 
formulations exhibited distinct behaviors in terms of particle 
size, PdI, and ZP. The NLCQb formulation showed an ini-
tial reduction in particle size from 153.4 ± 2.2 nm to values 
around 126–133 nm at the end of the period, with slight fluc-
tuations, indicating maintenance within the nanoscale range. 
In contrast, NLCTQ displayed a continuous decrease from 
138.2 ± 1.4 nm to 103.4 ± 0.3 nm over 60 days, suggesting 
progressive structural reorganization. Regarding the polydis-
persity index (PdI), NLCQb remained relatively stable, vary-
ing from 0.23 ± 0.02 to 0.24 ± 0.03, while NLCTQ showed a 
reduction from 0.24 ± 0.02 to 0.19 ± 0.02, indicating improved 
uniformity. As for the Zeta potential (ZP), NLCQb remained 
stable, ranging from 26.2 ± 0.8 to 28.0 ± 1.2, whereas NLCTQ 
decreased from 28.4 ± 0.6 to 22.8 ± 1.2 over time. Overall, both 
formulations maintained nanoscale size and low PdI values 
without evidence of significant aggregation, although NLCTQ 
exhibited more pronounced physicochemical changes at 25ºC.

Under storage at 37ºC over a 60-day period (Fig. 3C), the for-
mulations exhibited distinct behaviors in terms of particle size, 

PdI, and zeta potential. The NLCQb formulation maintained a 
nearly constant particle size, varying from 153.4 ± 2.2 nm (day 
1) to 152.5 ± 2.5 nm (day 60), while NLCTQ showed a pro-
gressive reduction from 138.2 ± 1.4 nm to 108.1 ± 0.6 nm, with 
values dropping below 100 nm at day 30. The PdI remained sta-
ble for NLCQb (0.23 ± 0.02 to 0.23 ± 0.07), whereas NLCTQ 
exhibited a reduction from 0.24 ± 0.02 to 0.19 ± 0.01, indi-
cating improved uniformity. Both formulations showed fluc-
tuations in zeta potential over time, with NLCQb presenting 
values of 29.8 ± 0.7 mV (day 3), 28.0 ± 1.0 mV (day 30), and 
31.0 ± 0.9 mV (day 60), and NLCTQ showing 24.9 ± 1.0 mV, 
22.2 ± 0.8 mV, and 30.4 ± 3.0 mV at the same time points. 
Despite these variations, both formulations exhibited higher 
zeta potential values at day 60 compared to day 3. Overall, the 
increase in zeta potential values over time indicates enhanced 
electrostatic repulsion between particles, contributing to 
improved colloidal stability of the formulations.

Cytotoxic action on glioblastoma cells

Curve concentration-cellular responses revealed an IC50 
value of 266 µg/mL for free TMZ in U87-MG glioblastoma 
cells. When incorporated into chitosan-functionalized nano-
structured lipid carriers, TMZ (NLCTQ) presented a signifi-
cantly lower IC50 value compared to free TMZ. However, 
the empty chitosan-functionalized nanostructured lipid carri-
ers (NLCQb) also showed significant cytotoxicity (Table 1).

Data are expressed as IC50 (95%, C.I.) from three inde-
pendent experiments (n = 3).

Fig. 2   Infrared spectrum of 
NLCTQ, NLCQb, and the 
components used in their 
production. Fourier-transform 
infrared spectra of raw materials 
and nanostructured lipid car-
rier formulations, with curves 
identified according to their 
respective colors: medium-chain 
triglycerides (MCT, dark blue), 
glyceryl distearate (Precirol® 
ATO 5, black), soybean lecithin 
(Lipoid® S100, red), temozo-
lomide (TMZ, cyan), chitosan 
(blue), blank chitosan-func-
tionalized nanostructured lipid 
carriers (NLCQb, magenta), and 
temozolomide-loaded chitosan-
functionalized nanostructured 
lipid carriers (NLCTQ, olive 
green)
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Cellular viability

Cell viability following NLCTQ treatment decreased sig-
nificantly at concentrations of 5 µg/mL (34.92 ± 6.02%) 
and 10 µg/mL (0 ± 0%) when compared with the nega-
tive control (98.11 ± 0.63%) (Table 2), as seen for the 
NLCQb formulation at 5  µg/mL (81.33 ± 6.16%) and 
at 10 µg/mL (38.89 ± 7.83%) when compared with the 
negative control (Table 2). In contrast, only the high-
est concentration of TMZ (200 µg/mL: 66.35 ± 2.26%) 
reduced cellular viability. NLCQb and NLCTQ at 5 and 
10  µg/mL exhibited significantly higher cytotoxicity 
when compared with free TMZ at similar concentrations 
(Table 2, p < 0.05).

Data are expressed as mean ± S.D. from three independ-
ent experiments (n = 3). Statistical analysis was performed 
using one-way ANOVA followed by Tukey. a p < 0.05 when 
compared with the negative control; bp < 0.05 when com-
pared with free temozolomide at concentrations of 5 and 
10 µg/mL.

Cytotoxicity of free and nanoencapsulated TMZ 
upon three‑dimensional spheroid U87‑MG cells

The cytotoxic effects on spheroids induced by treatments 
with free TMZ, NLCQb, and NLCTQ are shown in Fig. 4.

Figure 5 shows the evaluation of the spheroid sizes at 
0 and 48 h after treatment with free TMZ (50 and 100 µg/

Fig. 3   A. Physicochemical stability of NLCQb and NLCTQ formula-
tions over 60 days at 4 °C, based on particle size, polydispersity index 
(PdI), and zeta potential (ZP). Data are expressed as mean ± stand-
ard deviation (SD) from three independent experiments (n = 3). B. 
Physicochemical stability of NLCQb and NLCTQ formulations over 
60 days at 25 °C, based on particle size, polydispersity index (PdI), 

and zeta potential (ZP). Data are expressed as mean ± standard devia-
tion (SD) from three independent experiments (n = 3). C. Physico-
chemical stability of NLCQb and NLCTQ formulations over 60 days 
at 37 °C, based on particle size, polydispersity index (PdI), and zeta 
potential (ZP). Data are expressed as mean ± standard deviation (SD) 
from three independent experiments (n = 3)
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mL), NLCQb (2.5 and 5 µg/mL), or NLCTQ (2.5 and 5 µg/
mL). Only cells treated with NLCTQ 5 µg/mL exhibited a 
significant reduction (p < 0.05) in spheroid size after 48 h 
[from 714.40 ± 51.12 µm (0 h) to 567.00 ± 33.56 µm (48 h)].

TMZ and NLCTQ genotoxicity effects

All concentrations of TMZ and NLCTQ, as well as the 
5 µg/mL concentration of NLCQb, induced genotoxic-
ity in human U87-MG glioblastoma cells, as evidenced 
by increased damage index (DI) and damage frequency 
(DF) when compared with the negative control (NC). 
The NC group presented a DI of 74.33 ± 7.57 and a 
DF of 58.00 ± 11.14, whereas treatment with TMZ 
resulted in markedly higher values (TMZ 50 µg/mL: DI 
188.00 ± 28.16, DF 93.00 ± 6.56; TMZ 100 µg/mL: DI 
191.00 ± 36.50, DF 98.33 ± 2.08) (Fig.  6). Similarly, 
NLCTQ induced pronounced genotoxic effects at both 
concentrations evaluated (2.5 µg/mL: DI 181.00 ± 28.58, 
DF 91.00 ± 4.36; 5  µg/mL: DI 194.33 ± 21.50, DF 

91.33 ± 1.53). In contrast, NLCQb at 2.5  µg/mL did 
not induce genotoxicity compared with the NC (DI 
85.00 ± 16.82, DF 52.33 ± 10.69), while NLCQb at 5 µg/
mL produced moderate genotoxicity (DI 140.67 ± 13.01, 
DF 86.33 ± 4.16). Furthermore, NLCTQ at both concen-
trations (2.5 and 5 µg/mL) exhibited significantly higher 
genotoxicity than NLCQb at the same concentrations 
(Fig. 6).

In damage class D0, all treatments, except NLCQb 
2.5  µg/mL (47.67 ± 10.69), presented a significantly 
reduced frequency of D0 cells compared to the nega-
tive control (42.00 ± 11.14). In D1, only TMZ 50 µg/mL 
(13.00 ± 13.08) showed a statistically significant damage 
reduction compared to the NC (42.00 ± 14.53). In D2, all 
treatments showed elevated DNA damage compared to 
the NC (15.67 ± 3.06), except the NLCQb at 2.5 µg/mL 
(31.33 ± 12.06). In D3, NLCTQ 5 µg/mL (27.67 ± 9.50) was 
the only treatment that showed an increase in DNA damage 
compared with the NC (0.33 ± 0.58). None of the treatments 
showed class D4 damage (Fig. 7).

Fig. 3   (continued)
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Mutagenicity and cytotoxicity on U87‑MG cells

The formulation NLCTQ exhibited mutagenic effects in 
U87-MG cells, as evidenced by a significant increase of 
micronuclei, nuclear bridges, and nuclear buds at both tested 
concentrations (2.5 and 5 µg/mL) when compared with the 
negative control group (p < 0.05, Table 3). Temozolamide-
treated cells at 50 and 100 µg/mL also showed differences 
in these markers relative to each other, whereas NLCQb 
did not induce alterations (p > 0.05). In addition, NLCTQ 
exhibited a cytotoxic effect, demonstrated by a reduction 

in the NDI and NDIC (Table 3, Fig. 8). Furthermore, an 
increase of apoptosis and necrosis was observed in NLCTQ-
treated cells (2.5 µg/mL: 88.0 ± 1.7 and 21 ± 5.0; 5 µg/mL: 
175.6 ± 3.7 and 89 ± 6.0, respectively) when compared to 
the NC (Fig. 9).

Data are expressed as mean ± S.D. from three inde-
pendent experiments (n = 3). a p < 0.05 compared with the 
negative control by one-way ANOVA followed by Tukey; 
b p < 0.05 compared with TMZ (100 μg/mL); c p < 0.05 
compared with NLCTQ (5 μg/mL). TMZ: temozolomide. 
NLCQb: empty chitosan-functionalized nanostructured 
lipid carriers. NLCTQ: chitosan-functionalized nanostruc-
tured lipid carriers loaded with temozolomide. IDN: nuclear 
division index. IDNC: nuclear division index considering 
cytotoxicity.

TMZ causes cell death

Analysis of U87-MG cells indicated that all treatments, with 
the exception of the empty nanocarriers (NLCQb: 2.5 µg/
mL: 170.67 ± 1.16; 5 µg/mL: 154.67 ± 7.23), diminished 

Fig. 3   (continued)

Table 1   Cytotoxicity by the MTT method of free temozolomide 
(TMZ), empty nanostructured chitosan lipid carriers (NLCQb), and 
nanostructured chitosan lipid carriers loaded with temozolomide 
(CLTNQ) on the U87-MG glioblastoma cell line

Treatment Inhibitory concentration (IC50)

NLCQb 11.65 µg/mL (9.50 to 14.15 µg/mL)
NLCTQ 4.79 µg/mL (3.298 to 7.249 µg/mL)
TMZ 266 µg/mL (247 to 301 µg/mL)
CS 1691 µg/mL (1498 to 1953 µg/mL)
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the number of viable cells relative to the negative control 
(191.33 ± 2.08) (p < 0.05, Fig. 10). The reduction was most 
pronounced in groups treated with TMZ at 100 µg/mL 
(38.00 ± 1.73) and NLCTQ (2.5 µg/mL: 50.00 ± 11.53; 5 µg/
mL: 17.33 ± 3.06). Furthermore, NLCTQ at concentrations 
of 2.5 µg/mL (48.00 ± 4.58) and 5 µg/mL (19.33 ± 1.16) ele-
vated early apoptotic events relative to the negative control 
(NC) (2.67 ± 1.53) and TMZ at 100 µg/mL (3.00 ± 2.65). 
All treatments, with the exception of NLCQb at 2.5 µg/mL 
(24.00 ± 2.00), triggered late apoptosis compared to the 
negative control (NC) (4.67 ± 1.53, p < 0.05).

The administration of NLCTQ at concentrations of 
2.5 µg/mL (18.33 ± 1.53) and 5 µg/mL (42.00 ± 2.00) led 
to increased necrosis, with the 5  µg/mL concentration 
(42.00 ± 2.00) exhibiting a statistically significant differ-
ence (p < 0.05) compared to TMZ-treated cells at 100 µg/mL 
(6.67 ± 4.16), thereby indicating a more pronounced necrotic 
induction by this formulation at the elevated concentration 
(Fig. 10; Fig. 11).

Discussion

As a target drug, TMZ presents important pharmacokinetic 
limitations that compromise its therapeutic efficacy. The 
drug has a short half-life (approximately 1.8—2 h), under-
goes rapid degradation at physiological pH, and is quickly 
eliminated from the body. As a consequence, only a limited 
dose fraction reaches the brain, and less than 1% remains 
intact. Such reduced bioavailability makes the therapeutic 
effect highly dose-dependent. Therefore, it requires a lot of 
TMZ to have a therapeutic effect, which can cause hema-
tological toxicity (Singh et al. 2025). In this context, the 
development of nanostructured delivery systems emerges 
as a promising strategy to overcome these limitations by 
improving drug stability, bioavailability, and brain delivery.

Herein, we demonstrate that nanoencapsulation of 
TMZ in chitosan-functionalized lipid carriers consistently 
enhanced antitumor efficacy of free TMZ. The formulation 
exhibited increased cytotoxicity, indicating that a nano-
structured approach may offer relevant advantages over con-
ventional chemotherapy. Particle size, a critical parameter 
for CNS delivery, remained below 155 nm for both NLCQb 
and NLCTQ, a suitable profile for crossing the BBB. Par-
ticles up to 200 nm exhibit improved systemic circulation 
and a greater ability to cross the BBB due to facilitated 
endocytosis and transcytosis in endothelial cells (El-Enin 
et al. 2022; Ghouri et al. 2022). The PdI values obtained 
indicated a homogeneous size distribution, a necessary con-
dition for the stability and reproducibility of nanoformula-
tions (Danaei et al. 2018). The study of Zardini et al. (2018) 
showed that the combination of Tween® 80 and lecithin 
favors reduced PdI, while values below 0.3 are ideal for 
controlled drug delivery systems, contributing to greater 
consistency in therapeutic performance (Colmenares et al. 
2018).

The positive zeta potential of NLCQb and NLCTQ sug-
gested adequate colloidal stability. NLCs typically exhibit a 
negative surface charge due to the lipid composition. Despite 
the presence of lecithin and hydroxyl groups from Tween® 
80 (Meshram; Ranpise, 2024; Kim et al. 2023; Zardini et al. 
2018), the positive charge observed here relies on protonated 
amine groups of CS. These groups increase stability and 
enhance electrostatic interactions with negatively charged 
cellular membranes, which may promote higher cellular 
uptake by glioblastoma cells (Tian et al. 2024; Oudih et al. 
2023; Nguyen et al. 2017).

Despite adequate drug loading, the encapsulation effi-
ciency was relatively low (39%), indicating that a larger 
fraction of the drug was not incorporated. Previous studies 
have reported higher encapsulation efficiencies for TMZ-
loaded NLCs, generally associated with greater lipophilic 

Table 2   Cell viability of 
U87-MG glioblastoma cells 
determined by the Trypan Blue 
assay

Treatment Concentration 
(µg/mL)

Cell viability (%)

Negative Control - 98.11 ± 0.63
Chitosan-functionalized nanostructured lipid carriers (NLCQb) 2.5 88.82 ± 3.6

5 81.33 ± 6.16ab

10 38.89 ± 7.83ab

Temozolomide-loaded chitosan-functionalized nanostructured lipid 
carriers (NLCTQ)

2.5 90.13 ± 0.99
5 34.92 ± 6.02ab

10 0 ± 0ab

Temozolomide 5 93.97 ± 1.46
10 92.69 ± 0.60
50 93.25 ± 1.68
100 90.03 ± 0.87
200 66.35 ± 2.26a
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solubility and optimization of formulation conditions (Zhang 
et al. 2018; Chen et al. 2016). The low efficiency observed in 
the present study may be related to the limited solubility of 
TMZ in the lipids employed, the drug-to-lipid ratio, or the 
use of CS, which may have affected drug partitioning. These 
factors highlight the need for formulation adjustments to 
improve TMZ incorporation (Zhang et al. 2018; Chen et al. 
2016; Khan et al. 2016; Wu et al. 2016).

The encapsulation efficiency obtained for NLCTQ was 
39%, a considerable value for hydrophobic matrix-based 
nanoformulations carrying hydrophilic drugs. Previous 
studies have reported that values ranging from 20 to 50% 
are commonly observed and considered adequate for this 

type of nanosystem (Marinelli et al. 2022; Özdal et al. 2022; 
Yalçin et al. 2021). However, some studies have reported 
higher encapsulation efficiencies for TMZ-loaded NLCs 
(Zhang et al. 2018; Chen et al. 2016). Importantly, when 
compared to recent TMZ nanocarriers, NLCTQ shows a 
more favorable physicochemical profile. Polymeric nano-
particles described by Şahin et al. (2025) exhibited particle 
sizes between 142.4 and 153.8 nm, whereas NLCTQ pre-
sented a smaller size (138.2 nm), which may favor cellular 
uptake and transport across the blood–brain barrier. These 
systems showed a zeta potential of −7.9 mV, a value associ-
ated with the flocculation threshold (Şahin et al. 2025). In 
contrast, NLCTQ exhibited higher positive zeta potential 

Fig. 4   Representative images of human glioblastoma U87-MG cell spheroids incubated with TMZ, NLCQb, and NLCTQ for 48 h of treatment. 
DeeVid AI was used to improve spheroid clarity
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(+ 28.6 mV), suggesting improved colloidal stability and 
stronger electrostatic interaction with negatively charged cell 
membranes. A similar trend was observed when comparing 
NLCTQ with other chitosan-based nanostructures for TMZ 
delivery. Duarte et al. (2024) reported nanoemulsions with 
zeta potential values around + 20 mV, and NLCTQ revealed 
similar values (+ 28.6 mV), indicating good potential for 
membrane interaction.

The stability profile observed in the present study con-
trasts with the inherent instability commonly reported for 
nanostructured lipid carriers. Haider et al. (2020) describe 
NLCs as dynamic systems prone to aggregation, while Ortiz 
et al. (2021) reported particle size increases (~ 40 nm) at 

elevated temperatures. In contrast, no increase in particle 
size was observed at 4, 25, or 37 °C, with both formulations 
maintaining nanoscale dimensions and low PdI values over 
60 days. Notably, at 37 °C, a reduction in particle size was 
observed, suggesting structural reorganization rather than 
instability. This behavior may be attributed to the use of 
Tween® 80 and lecithin, as well as to the lipid matrix com-
position, since less crystalline solid–liquid lipid mixtures 
form more disordered structures that improve drug accom-
modation and favor smaller, more stable particles over time 
(Da Silva et al. 2022). Furthermore, the increase in zeta 
potential at 37 °C indicates enhanced electrostatic repul-
sion between particles, contributing to colloidal stability and 

Fig. 5   Cytotoxicity analysis of free and encapsulated temozolomide 
in nanostructured lipid carriers in a three-dimensional spheroid cul-
ture formed by human glioblastoma U87-MG cells after 48 h of treat-
ment. Data are expressed as mean ± S.D. from three independent 

experiments (n = 3). Statistical analysis was performed using two-way 
ANOVA followed by Bonferroni. * Indicates a significant difference 
(p < 0.05) compared with the baseline time point (0 h) for each treat-
ment

Fig. 6   Damage index and damage frequency values in U87-MG glio-
blastoma cells treated with free temozolomide and temozolomide 
incorporated into nanostructured lipid carriers at different concen-
trations. Data are expressed as mean ± S.D. from three independent 
experiments (n = 3). Statistical analysis was performed using one-way 

ANOVA followed by Tukey. * indicates a statistically significant dif-
ference (p < 0.05) compared with the negative control (NC); # indi-
cates a statistically significant difference (p < 0.05) between NLCQb 
and NLCTQ at the same concentration
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preventing aggregation, consistent with the low PdI values 
observed (Cheng et al. 2024).

In terms of cytotoxicity, IC₅₀ values indicated that 
NLCTQ outperformed free TMZ, confirming the ability 
of nanoencapsulation to enhance pharmacological effects, 
as evidenced by a significant difference of approximately 
55-fold between NLCTQ (IC₅₀ of 4.79 µg/mL) and free 
TMZ (266  µg/mL). Additionally, Wang et  al. (2021) 
reported anti-EphA3-functionalized gold nanoparticles 
loaded with TMZ with an IC₅₀ of 64.06 µM on TMZ-
resistant glioma cells. In comparison, NLCTQ presented 
an IC₅₀ of 4.79 µg/mL (≈ 24.7 µM) on U87-MG cells. 
These findings indicate that NLCTQ achieves cytotoxic 
effects at substantially lower concentrations. Trypan blue 
exclusion assays corroborated the MTT findings, rein-
forcing the dose-dependent nature of the cytotoxic effect. 
As observed in nanocarrier systems with sustained drug 
release (Yadav et al. 2025; De Oliveira et al. 2024), these 
results suggest that NLCTQ may prolong the therapeutic 
effect and support further in vivo investigations.

To assess the antiproliferative effects of TMZ on in vitro 
3D tumors, nanoencapsulated TMZ (NLCTQ) was admin-
istered to tumor spheroids, resulting in significant spheroid 

Fig. 7   Quantitative variation of damage types (D0-D4) for the comet 
assay in the U87-MG cell line. Data are expressed as mean ± S.D. 
from three independent experiments (n = 3). Statistical analysis was 
performed using one-way ANOVA followed by Tukey. * indicates a 

significant difference (p < 0.05) compared with the negative control 
(NC); # indicates a significant difference (p < 0.05) between NLCQb 
and NLCTQ at the same concentration

Table 3   Mutagenicity and 
cytotoxicity induced by free 
and nanoencapsulated TMZ 
in human glioblastoma cells 
(U87-MG) after 72 h of 
exposure, evaluated by the 
cytokinesis-block micronucleus 
(CBMN) assay

Treatment Mutagenicity Cytotoxicity

Micronuclei Bridges Buds NDI NDIC

Negative control 1.00 ± 1.00bc 1.00 ± 1.00bc 0.00 ± 0.00bc 3.21 ± 0.03ab 3.21 ± 0.03abc

TMZ 50 μg/mL 13.00 ± 1.73a 5.00 ± 1.00ac 7.00 ± 1.73ac 1.70 ± 0.01a 1.77 ± 0.02ac

TMZ 100 μg/mL 15.0 ± 5.19a 8.00 ± 1.00ac 7.00 ± 1.73a 1.22 ± 0.08ac 1.42 ± 0.06ac

NLCQb 2.5 μg/mL 0.66 ± 0.57bc 0.66 ± 1.15bc 0.00 ± 0.00bc 2.56 ± 0.01abc 2.56 ± 0.01abc

NLCQb 5 μg/mL 0.66 ± 0.57bc 0.33 ± 0.57bc 0.00 ± 0.00bc 2.54 ± 0.02abc 2.54 ± 0.02abc

NLCTQ 2.5 μg/mL 10.00 ± 1.00ac 9.00 ± 1.00a 11.67 ± 1.52ab 1.70 ± 0.02ab 1.81 ± 0.03ab

NLCTQ 5 μg/mL 19.33 ± 3.05a 12.33 ± 2.51ab 14.33 ± 2.08ab 1.78 ± 0.14ab 1.90 ± 0.01ab

Fig. 8   Morphological profile of human glioblastoma cells (U87-MG) 
treated with free TMZ, NLCQb, and NLCTQ and analyzed by the 
cytokinesis-blocked micronucleus assay. A) Untreated binucleated 
cell; B) Binucleated cell with nucleoplasmic bridge and micronucleus 
treated with TMZ 100 μg/mL; C) Binucleated cell with micronucleus 
treated with NLCTQ 2.5 μg/mL; D) Mononucleated cell with nuclear 
bud treated with TMZ 50 μg/mL; E) Mononucleated cell with nuclear 
bud (on the left) and a cell with nucleoplasmic bridge (on the right) 
after treatement with NLCTQ 5 μg/mL; F) Cell treated with NLCTQ 
2.5  μg/mL under apoptosis (arrow); G) Cell treated with NLCTQ 
2.5 μg/mL under necrosis
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size reduction at a concentration of 5 μg/mL. In contrast, 
Marino et al. (2019) showed that TMZ in magnetic nanovec-
tors did not induce cytotoxicity in U87-MG spheroids, even 
at elevated concentrations (167 μg/mL). Spheroids serve as 
an effective model for replicating tumor-like attributes, as 
they have molecular traits and structural organization com-
parable to solid tumors, featuring a necrotic center and a 
highly proliferative peripheral cell layer (Coelho et al. 2024).

The comet assay conducted with NLCTQ demonstrated 
an increase in DNA strand breaks at concentrations up to 
20-fold lower than those needed to achieve similar effects 
with free TMZ. Zhu et al. (2023) reported TMZ-induced 
genotoxicity at elevated concentrations (200 µM = 38.8 µg/
mL), whereas NLCTQ caused significant DNA damage at 
just 2.5 and 5 µg/mL. This difference in potency is likely 
due to several factors, including enhanced cellular uptake 

Fig. 9   Results of cytokinesis-blocked micronucleus assays. Data 
are expressed as mean ± S.D. from three independent experiments 
(n = 3). NC: untreated cells. TMZ: temozolomide 50 and 100 μg/mL. 
NLCQb: empty chitosan-functionalized nanostructured lipid carriers 
(2.5 and 5  μg/mL). NLCTQ: chitosan-functionalized nanostructured 

lipid carriers loaded with temozolomide (2.5 and 5 μg/mL).a p < 0.05 
compared with the negative control by one-way ANOVA followed by 
Tukey; b p < 0.05 compared with TMZ (100 μg/mL); c p < 0.05 com-
pared with NLCTQ (5 μg/mL)

Fig. 10   Cell death pattern assessed by fluorescence microscopy in 
U87-MG glioblastoma cells treated with free TMZ (50 and 100 μg/
mL), empty chitosan-functionalized lipid nanocarriers (NLCQb: 2.5 
and 5  μg/mL), or and TMZ encapsulated in chitosan-functionalized 
lipid nanocarriers (NLCTQ: 2.5 and 5 μg/mL). Data are expressed as 

mean ± S.D. from three independent experiments (n = 3). Statistical 
analysis was performed using two-way ANOVA followed by Tukey. 
* indicates a significant difference (p < 0.05) compared with the nega-
tive control (NC); # indicates a significant difference (p < 0.05) com-
pared with free TMZ 100 μg/mL
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(Aibani et al. 2021), protection against hydrolytic degrada-
tion (Nazaruk et al. 2024), controlled drug release (Iturrioz-
Rodríguez et al. 2023), and/or increased electrostatic affin-
ity provided by CS (Aibani et al. 2021). Collectively, these 
elements contribute to the heightened genotoxic effects of 
NLCTQ.

The literature outlines specific mechanisms of drug 
absorption facilitated by chitosan-functionalized nanocar-
riers and their interactions with cells. Cellular uptake is 
attributed to the positive surface charge of chitosan (CS), 
which interacts with negatively charged cell membranes, 
thereby promoting cellular internalization. This process is 
partially linked to the “proton sponge” effect, a biophysical 
mechanism that enhances the uptake of positively charged 
nanoparticles (Megahed et al. 2022). Additionally, Fahmy 
et al. (2022) demonstrated that CS-based nanoparticles sig-
nificantly increased cytotoxic effects, as indicated by the 
induction of apoptosis and necrosis.

Besides facilitating cellular internalization, CS coat-
ing improves interactions with biological barriers. Duarte 
et al. (2024) showed that CS-coated nanoformulations have 
mucoadhesive interactions with in vitro mucin. Mucin is a 
negatively charged glycoprotein overexpressed in glioma 
cells and associated with poor prognosis (Machado et al. 
2025). CS interacts with mucin, alters the surface charge 
of the nanoformulation, and promotes anchoring effects 
on cellular surfaces. This interaction increases residence 
time and enhances absorption across biological membranes 
(Duarte et al. 2024). In addition, CS can interact with ani-
onic molecules on cell surfaces and mucosal membranes, 

such as claudin proteins in tight junctions, modulating 
membrane permeability and facilitating nanoparticle 
internalization and intracellular transport (Ma et al. 2022; 
Yu et al. 2019). Together, the proton sponge effect, mucin 
interaction (anchoring mechanism), and modulation of 
cellular permeability promote controlled drug release and 
enhance TMZ absorption by U87-MG cells, which results 
in better intracellular availability, cytotoxicity, and alkylat-
ing activity.

TMZ is an alkylating agent that induces both single- and 
double-strand DNA breaks, as well as alkali-labile sites. 
These types of damage can be detected using the alkaline 
comet assay (Collins et al. 2023; Lu et al. 2017). Initially, 
this damage may lead to reversible injuries, as wild-type 
cells possess DNA repair mechanisms capable of restoring 
genomic integrity after exposure to the drug (Nandhaku-
mar et al. 2011). Research by Castro et al. (2015) indicates 
that U87-MG cells exhibit prolonged survival even when 
exposed to 25 µM TMZ (equivalent to 4.9 µg/mL), suggest-
ing a lower sensitivity to free TMZ. However, it is important 
to note that the comet assay does not directly measure cell 
viability or cell death; rather, it evaluates the extent of geno-
toxic damage, which is visualized through the formation of 
comet “tails” during electrophoresis (Collins et al. 2023; 
Pu et al. 2015). Therefore, while NLCTQ caused significant 
DNA damage, examining its effects on cell death patterns 
is essential.

Dual AO/PI staining showed that NLCTQ significantly 
reduced cell viability at concentrations of 2.5 and 5 µg/mL, 
demonstrating an efficacy comparable to that of free TMZ 

Fig. 11   Profile of human U87-MG glioblastoma cells treated with free TMZ, NLCQb, and NLCTQ. Viable cells (VC); Early apoptosis (EA); 
Late apoptosis (LA); Necrosis (N)
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at 100 µg/mL. In contrast to free TMZ, only NLCTQ was 
capable of inducing early apoptosis at both concentrations. 
These findings indicate that NLCTQ surpasses the thresh-
olds necessary for inducing cell death (Stratenwerth et al. 
2021). Our results confirm the low sensitivity of U87-MG 
cells to free TMZ, as these cells have been observed to sur-
vive even after experiencing intermediate levels of DNA 
damage (Castro et al. 2015). In this investigation, free TMZ 
at concentrations of 100 µg/mL or less induced genotoxicity 
without a significant reduction in cell viability, suggesting 
the presence of repaired sublethal genotoxic damage (Chat-
terjee; Walker et al. 2017). Therefore, the extent of DNA 
alkylation caused by free TMZ is insufficient to elicit a lethal 
effect on the cells (Stratenwerth et al. 2021).

The low cytotoxic efficacy of TMZ at reduced concen-
trations can be related to its chemical instability. Follow-
ing hydrolysis at physiological pH, the drug generates the 
intermediate MTIC, which decomposes into a methyldi-
azonium cation (responsible for DNA alkylation) and the 
inactive metabolite 5-aminoimidazole-4-carboxamide (AIC) 
(Campos-Sandoval et al. 2021). However, the active fraction 
is highly unstable, and its intracellular availability is limited. 
Moreover, the concentration of free TMZ that effectively 
reaches brain tissue is relatively low (1–10 µM), which prob-
ably impacts negatively on cell death (Stratenwerth et al. 
2021).

At high concentrations (200 µg/mL), free TMZ signifi-
cantly reduced cell viability (~ 66%), indicating that over-
coming intrinsic U87-MG resistance needs doses that are 
clinically impractical due to systemic adverse effects. Fur-
thermore, as resistance develops, the IC₅₀ of TMZ often 
surpasses 100 µM (19.4 µg/mL), which is not suitable for 
clinical use (Karve et al. 2024). These findings align with the 
previously described results, where treatment with NLCTQ 
at 5 µg/mL induced late apoptosis, while free TMZ exhib-
ited comparable effects at concentrations 20 times higher. 
Collectively, these results suggest the presence of a concen-
tration threshold (Stratenwerth et al. 2021), although at lev-
els that are not clinically feasible. Moreover, the antitumor 
effect of TMZ involves the formation of methyl adducts in 
DNA bases, including O6-guanine (O6-MeG), N7-guanine 
(N7-MeG), and N3-adenine (N3-MeA), which lead to severe 
lesions and, if left unrepaired, contribute to genomic insta-
bility (Stepanenko et al. 2016; Fan et al. 2013).

NLCTQ also caused concentration-dependent reduction 
of NDI and NDI-C when compared with TMZ 100 µg/mL 
due to chromosomal instability, such as micronuclei, nucleo-
plasmic bridges, and nuclear buds. These events reflect the 
cytogenetic phenotype of breakage–fusion–bridge cycles, 
initiated by dicentric chromosomes and gene amplification 
(Fenech 2020). Thus, the presence of these biomarkers may be 
attributed to the clastogenic action of TMZ and double-strand 
breaks (Avlasevich et al. 2021). Despite rare studies with the 

CBMN assay of TMZ-treated gliomas, Pérès et al. (2014) 
also demonstrated TMZ promotes micronucleus formation, 
associated with instability that culminates predominantly in 
apoptosis and, to a lesser extent, necrosis in U87-MG cells.

Although the present findings highlight the therapeutic 
potential of NLCTQ, some limitations inherent should be 
addressed. In vitro experimental conditions do not fully 
reproduce the complexity of the in vivo tumor microen-
vironment, particularly vascularization, immune system 
interactions, and biological barriers. In vitro models do not 
adequately replicate the BBB, a critical obstacle that limits 
drug penetration into the brain and represents a major chal-
lenge for glioblastoma treatment (Iturrioz-Rodríguez et al. 
2023; Janjua et al. 2023). Moreover, these models do not 
fully capture the intra- and intertumoral heterogeneity that 
underlies tumor progression, therapeutic resistance, and dis-
ease recurrence (Jubelin et al. 2022). Although 3D spheroids 
represent an advance over conventional monolayer cultures 
by partially mimicking tumor architecture, these models still 
lack the full physiological complexity of living systems, 
especially vascularization and cellular crosstalking (Jensen 
and Teng 2020; Jubelin et al. 2022).

In addition to these model-related limitations, aspects 
related to carrier-associated safety should also be consid-
ered. At 5 µg/mL, the empty nanocarrier (NLCQb) affected 
some evaluated parameters, which may be attributed to 
residual solvent traces resulting from insufficient filtration 
during its preparation, indicating the necessity for optimiza-
tion of purification steps. For NLCQb, no alterations were 
observed at the lower concentration (2.5 µg/mL). Impor-
tantly, NLCQb neither induced chromosomal instability nor 
apoptosis/necrosis.

Conclusion

This study highlights that TMZ incorporation into chitosan-
functionalized nanostructured lipid carriers represents a rel-
evant strategy to improve its cytotoxic performance against 
glioblastoma cells. The presence of CS enhances cellular 
interactions and promoted drug uptake and improved TMZ 
cytotoxic effects under lower concentrations. Antiprolif-
erative and genotoxic effects observed for NLCTQ support 
its ability to improve therapeutic outcomes and overcome 
intrinsic resistance of U87-MG cells. In addition, NLCTQ 
induces DNA damage and formation of chromosomal insta-
bility biomarkers, including micronuclei, nucleoplasmic 
bridges, and nuclear buds, which is directly associated with 
cell death. Future investigations should focus on in vivo 
validation, analysis of blood–brain barrier permeability, 
safety profiling, and formulation optimization. These find-
ings reinforce the value of NLCTQ as a promising strat-
egy to improve the pharmacological performance of TMZ 
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and justify further in vivo investigations and formulation 
optimization.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00210-​026-​05365-y.

Acknowledgements  João Marcelo de Castro e Sousa (#309109/2022-
1) and Paulo Michel Pinheiro Ferreira (#304803/2022-7) are grateful 
to the CNPq for their research scholarships. Helber Alves Negreiros, 
João Pedro Alves Damaceno do Lago, Lia Raquel Alves Silva, Ana 
Carolina Lima de Melo, Igor Gabriel Barbosa de Sousa, and Jefferson 
da Cruz Esteves also thank the “Coordenação de Aperfeiçoamento de 
Pessoal de Nível Superior” (CAPES, Finance code 001). We are grate-
ful to the Postgraduate Programs in Pharmaceutical Sciences (PPGCF, 
Teresina, Brazil) and Biotechnology (RENORBIO, Teresina, Brazil) 
for structural support.

Author contributions  HAN and JPADL contributed equally as main 
authors.  HAN, JPADL, VAO, FHXJ, and JMCS conceived and 
designed the research. HAN, JPADL, VAO, LRAS, ACLM, IGBS, 
JCE, SEMCF, SLP, JPCGR, LMMC, PHOS, AFCU, ALMRC, WFAS, 
MHSB, and LLF performed the experiments. LLF, FCCS, FHXJ, 
PMPF, DDJ and JMCS contributed new reagents or analytical tools. 
HAN, JPADL, IGBS, JCE, JPCGR, and PHOS analyzed the data. 
HAN, IGBS and PMPF wrote the manuscript. All authors read and 
approved the manuscript. The authors declare that all data were gener-
ated in-house and that no paper mill was used.

Funding  The Article Processing Charge (APC) for the publication 
of this research was funded by the Coordenação de Aperfeiçoamento 
de Pessoal de Nível Superior - Brasil (CAPES) (ROR identifier: 
00x0ma614). This research was partially supported by the pub-
lic Brazilian agencies “Fundação do Amparo à Pesquisa do Estado 
do Piauí” [FAPEPI (Grant number #00110.000202/2022–28)] and 
“Conselho Nacional de Desenvolvimento Científico e Tecnológico” 
(CNPq/SECTICS/CAPES/FAPs/INCT No. 46/2024, Grant number 
#408989/2024–6).

Data Availability  The data that support the findings of this study are 
available from the corresponding author (JMCS) upon reasonable 
request.

Declarations 

Competing Interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Agrawal M et al (2020) Recent strategies and advances in the fabrica-
tion of nano lipid carriers and their application towards brain tar-
geting. J Control Release 321:372–415. https://​doi.​org/​10.​1016/j.​
jconr​el.​2020.​02.​020

Aibani N et al (2021) Chitosan nanoparticles at the biological interface: 
implications for drug delivery. Pharmaceutics 13:1686. https://​doi.​
org/​10.​3390/​pharm​aceut​ics13​101686

Avlasevich S et  al (2021) Biomarkers of DNA damage response 
improve in vitro micronucleus assays by revealing genotoxic 
mode of action and reducing the occurrence of irrelevant posi-
tive results. Mutagenesis 36:407–418. https://​doi.​org/​10.​1093/​
mutage/​geab0​39

Aytekin E et  al (2025) Dual-action nanotherapy: Temozolomide-
loaded, anti-PD-L1 scFv-functionalized lipid nanocarriers for 
targeted glioblastoma therapy. Eur J Pharm Sci 107255. https://​
doi.​org/​10.​1016/j.​ejps.​2025.​107255

Bankó C et al (2021) Isocyanide substitution in acridine orange shifts 
DNA damage-mediated phototoxicity to permeabilization of the 
lysosomal membrane in cancer cells. Cancers 13:5652. https://​doi.​
org/​10.​3390/​cance​rs132​25652

Campos-Sandoval JA et  al (2021) Antioxidant responses related 
to temozolomide resistance in glioblastoma. Neurochem Int 
149:105136. https://​doi.​org/​10.​1016/j.​neuint.​2021.​105136

Castro GN et al (2015) Effects of temozolomide (TMZ) on the expres-
sion and interaction of heat shock proteins (HSPs) and DNA repair 
proteins in human malignant glioma cells. Cell Stress Chaperones 
20:253–265. https://​doi.​org/​10.​1007/​s12192-​014-​0537-0

Chatterjee N, Walker GC (2017) Mechanisms of DNA damage, repair, 
and mutagenesis. Environ Mol Mutagen 58:235–263. https://​doi.​
org/​10.​1002/​em.​22087

Chen Z et al (2016) Nanostructured lipid carriers based temozolomide 
and gene co-encapsulated nanomedicine for gliomatosis cerebri 
combination therapy. Drug Deliv 23:1369–1373. https://​doi.​org/​
10.​3109/​10717​544.​2015.​10388​57

Cheng M et al (2024) Chitosan‐coated soybean protein isolate/lecithin 
nanoparticles for enhancing the stability and bioaccessibility of 
phytosterol. J Sci Food Agric 104:4242–4250. https://​doi.​org/​10.​
1002/​jsfa.​13307

Chirio D et al (2014) Positive-charged solid lipid nanoparticles as 
paclitaxel drug delivery system in glioblastoma treatment. Eur 
J Pharm Biopharm 88:746–758. https://​doi.​org/​10.​1016/j.​ejpb.​
2014.​10.​017

Coelho LL et al (2024) Spheroid model of mammary tumor cells: epi-
thelial–mesenchymal transition and doxorubicin response. Biol-
ogy 13:463. https://​doi.​org/​10.​3390/​biolo​gy130​70463

Collins A et al (2023) Measuring DNA modifications with the comet 
assay: a compendium of protocols. Nat Protoc 18:929–989. 
https://​doi.​org/​10.​1038/​s41596-​022-​00754-y

Colmenares GJR et al (2018) Production of polycaprolactone nanopar-
ticles with low polydispersity index in a tubular recirculating sys-
tem by using a multifactorial design of experiments. J Nanopart 
Res. https://​doi.​org/​10.​1007/​s11051-​018-​4168-8

Danaei M et al (2018) Impact of particle size and polydispersity index 
on the clinical applications of lipidic nanocarrier systems. Phar-
maceutics 10:57. https://​doi.​org/​10.​3390/​pharm​aceut​ics10​020057

Da Silva MG et al (2022) Nanostructured lipid carriers for delivery 
of free phytosterols: effect of lipid composition and chemical 

https://doi.org/10.1007/s00210-026-05365-y
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jconrel.2020.02.020
https://doi.org/10.1016/j.jconrel.2020.02.020
https://doi.org/10.3390/pharmaceutics13101686
https://doi.org/10.3390/pharmaceutics13101686
https://doi.org/10.1093/mutage/geab039
https://doi.org/10.1093/mutage/geab039
https://doi.org/10.1016/j.ejps.2025.107255
https://doi.org/10.1016/j.ejps.2025.107255
https://doi.org/10.3390/cancers13225652
https://doi.org/10.3390/cancers13225652
https://doi.org/10.1016/j.neuint.2021.105136
https://doi.org/10.1007/s12192-014-0537-0
https://doi.org/10.1002/em.22087
https://doi.org/10.1002/em.22087
https://doi.org/10.3109/10717544.2015.1038857
https://doi.org/10.3109/10717544.2015.1038857
https://doi.org/10.1002/jsfa.13307
https://doi.org/10.1002/jsfa.13307
https://doi.org/10.1016/j.ejpb.2014.10.017
https://doi.org/10.1016/j.ejpb.2014.10.017
https://doi.org/10.3390/biology13070463
https://doi.org/10.1038/s41596-022-00754-y
https://doi.org/10.1007/s11051-018-4168-8
https://doi.org/10.3390/pharmaceutics10020057


Naunyn-Schmiedeberg's Archives of Pharmacology	

interesterification on physical stability. Colloids Surf A Physico-
chem Eng Asp 640:128425. https://​doi.​org/​10.​1016/j.​colsu​rfa.​
2022.​128425

Duarte JL et al (2024) Chitosan-coated nanoemulsion for intranasal 
administration increases temozolomide mucosal permeation, cel-
lular uptake, and in vitro cytotoxicity in glioblastoma multiforme 
cells. J Drug Deliv Sci Technol 102:106390. https://​doi.​org/​10.​
1016/j.​jddst.​2024.​106390

Duval K et al (2017) Modeling physiological events in 2D vs. 3D cell 
culture. Physiology 32:266–277. https://​doi.​org/​10.​1152/​physi​ol.​
00036.​2016

El-Enin H et al (2022) Lipid nanocarriers overlaid with chitosan for 
brain delivery of berberine via the nasal route. Pharmaceuticals 
15:281. https://​doi.​org/​10.​3390/​ph150​30281

Fahmy SA et al (2022) PEGylated chitosan nanoparticles encapsulating 
ascorbic acid and oxaliplatin exhibit dramatic apoptotic effects 
against breast cancer cells. Pharmaceutics 14:407. https://​doi.​org/​
10.​3390/​pharm​aceut​ics14​020407

Fan CH et al (2013) O6-methylguanine DNA methyltransferase as 
a promising target for the treatment of temozolomide-resistant 
gliomas. Cell Death Dis 4:e876. https://​doi.​org/​10.​1038/​cddis.​
2013.​388

Fenech M (2007) Cytokinesis-block micronucleus cytome assay. Nat 
Protoc 2:1084–1104. https://​doi.​org/​10.​1038/​nprot.​2007.​77

Fenech M (2020) Cytokinesis-block micronucleus cytome assay evo-
lution into a more comprehensive method to measure chromo-
somal instability. Genes 11:1203. https://​doi.​org/​10.​3390/​genes​
11101​203

Ferreira PMP, Sousa IJO, Machado KN, Silva Neto LA, de Freitas MM, 
Santos IL, Nascimento Rodrigues DC, Sousa RWR, Reis AC, 
Nascimento MLLB, Menezes APM, Nascimento AM, Ferreira 
JRO, Peron AP, Castro e Sousa JM (2022) Antimitotic and toxi-
cogenetic action of Stevia urticifolia aerial parts on proliferating 
vegetal and mammalian cells: in vitro and in vivo traditional and 
replacement methods. J Toxicol Environ Health A 85:750–766. 
https://​doi.​org/​10.​1080/​15287​394.​2022.​20816​40

Gao W et al (2020) A double staining method using calcofluor white 
and acridine orange to differentiate life stages of Enterocytozoon 
hepatopenaei (EHP) on hepatopancreatic sections. Aquaculture 
528:735628. https://​doi.​org/​10.​1016/j.​aquac​ulture.​2020.​735628

Ghouri MD et al (2022) Nanomaterials-mediated structural and physi-
ological modulation of blood brain barrier for therapeutic pur-
poses. Adv Mater Interfaces 9:2101391. https://​doi.​org/​10.​1002/​
admi.​20210​1391

Gilani SJ et al (2021) Chitosan coated luteolin nanostructured lipid car-
riers: optimization, in vitro-ex vivo assessments and cytotoxicity 
study in breast cancer cells. Coatings 11:158. https://​doi.​org/​10.​
3390/​coati​ngs11​020158

Gomaa E et al (2022) Methods for preparation of nanostructured lipid 
carriers. Methods 199:3–8. https://​doi.​org/​10.​1016/j.​ymeth.​2021.​
05.​003

Haider M et al (2020) Nanostructured lipid carriers for delivery of 
chemotherapeutics: a review. Pharmaceutics 12:288. https://​doi.​
org/​10.​3390/​pharm​aceut​ics12​030288

Iturrioz-Rodríguez N, Sampron N, Matheu A (2023) Current advances 
in temozolomide encapsulation for the enhancement of glioblas-
toma treatment. Theranostics 13:2734. https://​doi.​org/​10.​7150/​
thno.​82005

Janjua TI et al (2023) Efficient delivery of temozolomide using ultr-
asmall large-pore silica nanoparticles for glioblastoma. J Control 
Release 357:161–174. https://​doi.​org/​10.​1016/j.​jconr​el.​2023.​03.​
040

Jatyan R et al (2022) Polymeric and small molecule-conjugates of 
temozolomide as improved therapeutic agents for glioblastoma 
multiforme. J Control Release 350:494–513. https://​doi.​org/​10.​
1016/j.​jconr​el.​2022.​08.​024

Jensen C, Teng Y (2020) Is it time to start transitioning from 2D to 
3D cell culture? Front Mol Biosci 7:33. https://​doi.​org/​10.​3389/​
fmolb.​2020.​00033

Jubelin C et al (2022) Three-dimensional in vitro culture models in 
oncology research. Cell Biosci 12:155. https://​doi.​org/​10.​1186/​
s13578-​022-​00887-3

Karve AS et al (2024) A review of approaches to potentiate the activity 
of temozolomide against glioblastoma to overcome resistance. Int 
J Mol Sci 25:3217. https://​doi.​org/​10.​3390/​ijms2​50632​17

Khan A et al (2016) Brain targeting of temozolomide via the intranasal 
route using lipid-based nanoparticles: brain pharmacokinetic and 
scintigraphic analyses. Mol Pharm 13:3773–3782. https://​doi.​org/​
10.​1021/​acs.​molph​armac​eut.​6b005​86

Kim S et al (2023) Development and optimization of imiquimod-loaded 
nanostructured lipid carriers using a hybrid design of experiments 
approach. Int J Nanomedicine. https://​doi.​org/​10.​2147/​ijn.​s4006​10

Lu Y, Liu Y, Yang C (2017) Evaluating in vitro DNA damage using 
comet assay. J Vis Exp 128:56450. https://​doi.​org/​10.​3791/​56450

Ma J, Wang Y, Lu R (2022) Mechanism and application of chitosan 
and its derivatives in promoting permeation in transdermal drug 
delivery systems: a review. Pharmaceuticals 15:459. https://​doi.​
org/​10.​3390/​ph150​40459

Machado GC, Ferrer VP (2025) MUC1 and MUC4 expression are inversely 
correlated and trigger immunological response and transport pathways 
in adult-type diffuse gliomas. Comput Biol Med 187:109730. https://​
doi.​org/​10.​1016/j.​compb​iomed.​2025.​109730

Marinelli L et al (2022) Preparation, characterization, and biological 
evaluation of a hydrophilic peptide loaded on PEG-PLGA nano-
particles. Pharmaceutics 14:1821. https://​doi.​org/​10.​3390/​pharm​
aceut​ics14​091821

Marino A et al (2019) Multifunctional temozolomide-loaded lipid 
superparamagnetic nanovectors: dual targeting and disintegration 
of glioblastoma spheroids by synergic chemotherapy and hyper-
thermia treatment. Nanoscale 11:21227–21248. https://​doi.​org/​
10.​1039/​c9nr0​7976a

Megahed MA et al (2022) Effect of nanovesicular surface-functional-
ization via chitosan and/or PEGylation on cytotoxicity of tamox-
ifen in induced-breast cancer model. Life Sci 307:120908. https://​
doi.​org/​10.​1016/j.​lfs.​2022.​120908

Meshram PR, Ranpise NS (2024) Lymphatic targeting of cilnidipine 
by designing and developing a nanostructured lipid carrier drug 
delivery system. Drug Dev Ind Pharm 50:827–843. https://​doi.​
org/​10.​1080/​03639​045.​2024.​24156​38

Møller P et al (2020) Minimum information for reporting on the comet 
assay (MIRCA): recommendations for describing comet assay 
procedures and results. Nat Protoc 15:3817–3826. https://​doi.​org/​
10.​1038/​s41596-​020-​0398-1

Mosmann T (1983) Rapid colorimetric assay for cellular growth and 
survival: application to proliferation and cytotoxicity assays. J 
Immunol Methods 65:55–63. https://​doi.​org/​10.​1016/​0022-​
1759(83)​90303-4

Mulholland M, Hibbert DB (1997) Linearity and the limitations of least 
squares calibration. J Chromatogr A 762:73–82. https://​doi.​org/​
10.​1016/​s0021-​9673(96)​00976-4

Nandhakumar S et al (2011) Evaluation of DNA damage using single-
cell gel electrophoresis (comet assay). J Pharmacol Pharmacother 
2:107. https://​doi.​org/​10.​4103/​0976-​500x.​81903

Nazaruk E et al (2024) Enhancement of temozolomide stability and 
anticancer efficacy by loading in monopalmitolein-based cubic 
phase nanoparticles. ACS Omega 9:38936–38945. https://​doi.​org/​
10.​1021/​acsom​ega.​4c052​91

Nguyen TV et al (2017) Preparation of chitosan nanoparticles by TPP 
ionic gelation combined with spray drying, and the antibacterial 
activity of chitosan nanoparticles and a chitosan nanoparticle–
amoxicillin complex. Res Chem Intermed 43:3527–3537. https://​
doi.​org/​10.​1007/​s11164-​016-​2428-8

https://doi.org/10.1016/j.colsurfa.2022.128425
https://doi.org/10.1016/j.colsurfa.2022.128425
https://doi.org/10.1016/j.jddst.2024.106390
https://doi.org/10.1016/j.jddst.2024.106390
https://doi.org/10.1152/physiol.00036.2016
https://doi.org/10.1152/physiol.00036.2016
https://doi.org/10.3390/ph15030281
https://doi.org/10.3390/pharmaceutics14020407
https://doi.org/10.3390/pharmaceutics14020407
https://doi.org/10.1038/cddis.2013.388
https://doi.org/10.1038/cddis.2013.388
https://doi.org/10.1038/nprot.2007.77
https://doi.org/10.3390/genes11101203
https://doi.org/10.3390/genes11101203
https://doi.org/10.1080/15287394.2022.2081640
https://doi.org/10.1016/j.aquaculture.2020.735628
https://doi.org/10.1002/admi.202101391
https://doi.org/10.1002/admi.202101391
https://doi.org/10.3390/coatings11020158
https://doi.org/10.3390/coatings11020158
https://doi.org/10.1016/j.ymeth.2021.05.003
https://doi.org/10.1016/j.ymeth.2021.05.003
https://doi.org/10.3390/pharmaceutics12030288
https://doi.org/10.3390/pharmaceutics12030288
https://doi.org/10.7150/thno.82005
https://doi.org/10.7150/thno.82005
https://doi.org/10.1016/j.jconrel.2023.03.040
https://doi.org/10.1016/j.jconrel.2023.03.040
https://doi.org/10.1016/j.jconrel.2022.08.024
https://doi.org/10.1016/j.jconrel.2022.08.024
https://doi.org/10.3389/fmolb.2020.00033
https://doi.org/10.3389/fmolb.2020.00033
https://doi.org/10.1186/s13578-022-00887-3
https://doi.org/10.1186/s13578-022-00887-3
https://doi.org/10.3390/ijms25063217
https://doi.org/10.1021/acs.molpharmaceut.6b00586
https://doi.org/10.1021/acs.molpharmaceut.6b00586
https://doi.org/10.2147/ijn.s400610
https://doi.org/10.3791/56450
https://doi.org/10.3390/ph15040459
https://doi.org/10.3390/ph15040459
https://doi.org/10.1016/j.compbiomed.2025.109730
https://doi.org/10.1016/j.compbiomed.2025.109730
https://doi.org/10.3390/pharmaceutics14091821
https://doi.org/10.3390/pharmaceutics14091821
https://doi.org/10.1039/c9nr07976a
https://doi.org/10.1039/c9nr07976a
https://doi.org/10.1016/j.lfs.2022.120908
https://doi.org/10.1016/j.lfs.2022.120908
https://doi.org/10.1080/03639045.2024.2415638
https://doi.org/10.1080/03639045.2024.2415638
https://doi.org/10.1038/s41596-020-0398-1
https://doi.org/10.1038/s41596-020-0398-1
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.1016/0022-1759(83)90303-4
https://doi.org/10.1016/s0021-9673(96)00976-4
https://doi.org/10.1016/s0021-9673(96)00976-4
https://doi.org/10.4103/0976-500x.81903
https://doi.org/10.1021/acsomega.4c05291
https://doi.org/10.1021/acsomega.4c05291
https://doi.org/10.1007/s11164-016-2428-8
https://doi.org/10.1007/s11164-016-2428-8


	 Naunyn-Schmiedeberg's Archives of Pharmacology

Obrador E et al (2024) Glioblastoma therapy: past, present and future. 
Int J Mol Sci 25:2529. https://​doi.​org/​10.​3390/​ijms2​50525​29

Oliveira VA et al (2024) Application of nanoformulations as a strategy 
to optimize chemotherapeutic treatment of glioblastoma: a sys-
tematic review. J Toxicol Environ Health B Crit Rev 27:131–152. 
https://​doi.​org/​10.​1080/​10937​404.​2024.​23266​79

Ortiz AC et al (2021) Development of a nanostructured lipid carrier 
(NLC) by a low-energy method, comparison of release kinet-
ics and molecular dynamics simulation. Pharmaceutics 13:531. 
https://​doi.​org/​10.​3390/​pharm​aceut​ics13​040531

Oudih SB et al (2023) Chitosan nanoparticles with controlled size and 
zeta potential. Polym Eng Sci 63:1011–1021. https://​doi.​org/​10.​
1002/​pen.​26261

Özdal ZD et al (2022) Development and characterization of polymeric 
nanoparticles containing ondansetron hydrochloride as a hydro-
philic drug. J Drug Deliv Sci Technol 74:103599. https://​doi.​org/​
10.​1016/j.​jddst.​2022.​103599

Pérès EA et al (2014) Silencing erythropoietin receptor on glioma cells 
reinforces efficacy of temozolomide and X-rays through senes-
cence and mitotic catastrophe. Oncotarget 6:2101. https://​doi.​org/​
10.​18632/​oncot​arget.​2937

Proença S et al (2019) Pyridine-containing macrocycles display MMP-
2/9 inhibitory activity and distinct effects on migration and inva-
sion of 2D and 3D breast cancer models. Int J Mol Sci 20:5109. 
https://​doi.​org/​10.​3390/​ijms2​02051​09

Pu X, Wang Z, Klaunig JE (2015) Alkaline comet assay for assessing 
DNA damage in individual cells. Curr Protoc Toxicol 65:3.12.1-
3.12.11. https://​doi.​org/​10.​1002/​04711​40856.​tx031​2s65

Qu J et al (2016) Nanostructured lipid carriers, solid lipid nanopar-
ticles, and polymeric nanoparticles: which kind of drug deliv-
ery system is better for glioblastoma chemotherapy? Drug Deliv 
23:3408–3416. https://​doi.​org/​10.​1080/​10717​544.​2016.​11894​65

Renvoizé C, Biola A, Pallardy M, Breard J (1998) Apoptosis: identifi-
cation of dying cells. Cell Biol Toxicol 14:111–120. https://​doi.​
org/​10.​1023/a:​10074​29904​664

Şahin S et al (2025) Preparation and evaluation of temozolomide 
loaded PLGA nanoparticles for the treatment of glioblastoma 
multiforme. Sci Rep 15:36194. https://​doi.​org/​10.​1038/​
s41598-​025-​20012-x

Singh P et al (2025) Enhancing temozolomide in vivo stability and 
efficacy through hybrid nanoconjugate approach for improved 
glioblastoma multiforme treatment. Asian J Pharm Sci 20:101022. 
https://​doi.​org/​10.​1016/j.​ajps.​2025.​101022

Sipos D et al (2025) Glioblastoma: clinical presentation, multidisci-
plinary management, and long-term outcomes. Cancers 17:146. 
https://​doi.​org/​10.​3390/​cance​rs170​10146

Stepanenko AA et al (2016) Temozolomide promotes genomic and 
phenotypic changes in glioblastoma cells. Cancer Cell Int 16:36. 
https://​doi.​org/​10.​1186/​s12935-​016-​0311-8

Stratenwerth B et al (2021) Molecular dosimetry of temozolomide: 
quantification of critical lesions, correlation to cell death 
responses, and threshold doses. Mol Cancer Ther 20:1789–1799. 
https://​doi.​org/​10.​1158/​1535-​7163.​mct-​21-​0228

Strober W (2015) Trypan blue exclusion test of cell viability. Curr Pro-
toc Immunol 111:A3.B.1-A3.B.3. https://​doi.​org/​10.​1002/​04711​
42735.​ima03​bs111

Tan B, Norhaizan M (2019) Manilkara zapota (L.) P Royen leaf water 
extract triggered apoptosis and activated caspase-dependent path-
way in HT-29 human colorectal cancer cell line. Biomed Pharma-
cother 110:748–757. https://​doi.​org/​10.​1016/j.​biopha.​2018.​12.​027

Tan AC et al (2020) Management of glioblastoma: state of the art and 
future directions. CA Cancer J Clin 70:299–312. https://​doi.​org/​
10.​3322/​caac.​21613

Tian B et al (2024) Synthesis of β-acids loaded chitosan-sodium trip-
olyphosphate nanoparticle towards controlled release, antibac-
terial and anticancer activity. Int J Biol Macromol 257:128719. 
https://​doi.​org/​10.​1016/j.​ijbio​mac.​2023.​128719

Valdiglesias V et al (2021) Salivary leucocytes as in vitro model to 
evaluate nanoparticle-induced DNA damage. Nanomaterials 
11:1930. https://​doi.​org/​10.​3390/​nano1​10819​30

Viegas C et al (2023) Solid lipid nanoparticles vs. nanostructured lipid 
carriers: a comparative review. Pharmaceutics 15:1593. https://​
doi.​org/​10.​3390/​pharm​aceut​ics15​061593

Wang L et al (2021) Intranasal delivery of temozolomide-conjugated 
gold nanoparticles functionalized with anti-EphA3 for glioblas-
toma targeting. Mol Pharm 18:915–927. https://​doi.​org/​10.​1021/​
acs.​molph​armac​eut.​0c009​11

Wu M et al (2016) Vincristine and temozolomide combined chemo-
therapy for the treatment of glioma: a comparison of solid lipid 
nanoparticles and nanostructured lipid carriers for dual drugs 
delivery. Drug Deliv 23:2720–2725. https://​doi.​org/​10.​3109/​
10717​544.​2015.​10584​34

Yadav PK et al (2025) Nanotechnology assisted drug delivery strategies 
for chemotherapy: recent advances and future prospects. ACS Appl 
Bio Mater 8:3601–3622. https://​doi.​org/​10.​1021/​acsabm.​5c000​46

Yalçin TE, Yetgin C, Yilmaz A (2021) Development of 5-fluorouracil-
loaded nano-sized liposomal formulation by two methods: strate-
gies to enhance encapsulation efficiency of hydrophilic drugs. J 
Res Pharm 25:371–378. https://​doi.​org/​10.​29228/​jrp.​27

Yu S et al (2019) Chitosan and chitosan coating nanoparticles for the 
treatment of brain disease. Int J Pharm 560:282–293. https://​doi.​
org/​10.​1016/j.​ijpha​rm.​2019.​02.​012

Zardini AA et al (2018) Production and characterization of nano-
structured lipid carriers and solid lipid nanoparticles containing 
lycopene for food fortification. J Food Sci Technol 55:287–298. 
https://​doi.​org/​10.​1007/​s13197-​017-​2937-5

Zhang J et al (2018) Lactoferrin- and RGD-comodified, temozolomide 
and vincristine-coloaded nanostructured lipid carriers for glioma-
tosis cerebri combination therapy. Int J Nanomedicine. https://​doi.​
org/​10.​2147/​ijn.​s1611​63

Zhu S et al (2023) Synergistic effect of cryptotanshinone and temo-
zolomide treatment against human glioblastoma cells. Sci Rep 
13:21835. https://​doi.​org/​10.​1038/​s41598-​023-​48777-z

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.3390/ijms25052529
https://doi.org/10.1080/10937404.2024.2326679
https://doi.org/10.3390/pharmaceutics13040531
https://doi.org/10.1002/pen.26261
https://doi.org/10.1002/pen.26261
https://doi.org/10.1016/j.jddst.2022.103599
https://doi.org/10.1016/j.jddst.2022.103599
https://doi.org/10.18632/oncotarget.2937
https://doi.org/10.18632/oncotarget.2937
https://doi.org/10.3390/ijms20205109
https://doi.org/10.1002/0471140856.tx0312s65
https://doi.org/10.1080/10717544.2016.1189465
https://doi.org/10.1023/a:1007429904664
https://doi.org/10.1023/a:1007429904664
https://doi.org/10.1038/s41598-025-20012-x
https://doi.org/10.1038/s41598-025-20012-x
https://doi.org/10.1016/j.ajps.2025.101022
https://doi.org/10.3390/cancers17010146
https://doi.org/10.1186/s12935-016-0311-8
https://doi.org/10.1158/1535-7163.mct-21-0228
https://doi.org/10.1002/0471142735.ima03bs111
https://doi.org/10.1002/0471142735.ima03bs111
https://doi.org/10.1016/j.biopha.2018.12.027
https://doi.org/10.3322/caac.21613
https://doi.org/10.3322/caac.21613
https://doi.org/10.1016/j.ijbiomac.2023.128719
https://doi.org/10.3390/nano11081930
https://doi.org/10.3390/pharmaceutics15061593
https://doi.org/10.3390/pharmaceutics15061593
https://doi.org/10.1021/acs.molpharmaceut.0c00911
https://doi.org/10.1021/acs.molpharmaceut.0c00911
https://doi.org/10.3109/10717544.2015.1058434
https://doi.org/10.3109/10717544.2015.1058434
https://doi.org/10.1021/acsabm.5c00046
https://doi.org/10.29228/jrp.27
https://doi.org/10.1016/j.ijpharm.2019.02.012
https://doi.org/10.1016/j.ijpharm.2019.02.012
https://doi.org/10.1007/s13197-017-2937-5
https://doi.org/10.2147/ijn.s161163
https://doi.org/10.2147/ijn.s161163
https://doi.org/10.1038/s41598-023-48777-z

	Synthesis and characterization of chitosan-functionalized nanostructured lipid carriers with temozolomide: cytotoxic effects and chromosomal instability in human glioblastoma cells
	Abstract
	Introduction
	Materials and methods
	Preparation of nanoformulations
	Determination of particle size, polydispersity index, and Zeta potential
	Fourier transform infrared spectroscopy (FTIR) characterization
	Drug content determination and encapsulation efficiency
	Stability Analysis
	Cell culture
	Cytotoxic assays
	Trypan blue viability assay
	Cytotoxicity study of nanostructured lipid carriers (NLCs) in a three-dimensional spheroid cell culture model
	Alkaline comet assay
	Cytokinesis-block micronucleus assay
	Analysis of cell death
	Statistical analysis

	Results
	Physicochemical features
	Infrared spectroscopy results
	Drug content and encapsulation efficiency
	Stability Analysis
	Cytotoxic action on glioblastoma cells
	Cellular viability
	Cytotoxicity of free and nanoencapsulated TMZ upon three-dimensional spheroid U87-MG cells
	TMZ and NLCTQ genotoxicity effects
	Mutagenicity and cytotoxicity on U87-MG cells
	TMZ causes cell death

	Discussion
	Conclusion
	Acknowledgements 
	References


