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A B S T R A C T   

Glioma is the leading cancer of the central nervous system (CNS). The efficacy of glioma treat-
ment is significantly hindered by the presence of the blood-brain barrier (BBB) and blood-brain 
tumour barrier (BBTB), which prevent most drugs from entering the brain and tumours. Hence, 
we established a novel drug delivery nanosystem of brain tumour-targeting that could self- 
assemble the method using an amphiphilic Zein protein isolated from corn. Zein’s amphiphi-
licity prompted it to self-assembled into NPs, efficiently containing TMZ. This allowed us to 
investigate temozolomide (TMZ) for glioblastoma (GBM) treatment. To construct TMZ- 
encapsulated NPs (TMZ@RVG-Zein NPs), the NPs’ Zein was clocked to rabies virus glycopro-
tein 29 (RVG29). To verify that the NPs could penetrate the BBB and precisely target and kill the 
GBM cancer cell line, in vitro studies were performed. The process of NPs penetrating cancer cell 
membranes was investigated using enzyme-linked immunosorbent assays (ELISAs) to measure the 
expressions of nicotinic acetylcholine receptors (nAChRs) on the U87 cell line. Therefore, effec-
tive targeted brain cancer treatment is possible by forming NP clocks, a cell-penetrating natural 
Zein protein with an RVG29. These NPs can penetrate the blood-brain barrier (BBB) and enter the 
glioblastoma (U87) cell line to release TMZ. These NPs have a distinct cocktail of biocompatibility 
and brain-targeting abilities, making them ideal for involving brain diseases.   

1. Introduction 

Glioblastoma (GBM) multiforme is the underlying cause of about half of all new malignant tumours in the CNS. Chemotherapy and 
radiation are the gold standards for treating GBM when surgical resection is not an option [1]. There is an immediate need for novel 
techniques and enhanced technologies to address the limited and poor therapeutic options for GBM. Nanotechnology’s ability to 
strengthen pharmacological systemic administration and absorption has offered great therapeutic alternatives for various ailments 
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during the past few decades [2]. The complex pathways involved in GBM’s initiation, progression, and invasion raise concerns that a 
monotherapy approach may cause cancer cells to develop tolerance to the drug, which in turn could cause metastasis and recurrence. 
This suggests that these problems should be amenable to therapy with a combination of drugs having diverse action mechanisms [3–5]. 
Current treatments have several significant flaws, such as a short half-life in circulation, poor delivery to sick areas, and problems 
managing the release of several drugs at the right spots. These problems hinder effective tumour removal by preventing therapeutic 
drugs from accumulating in tumour cells. Furthermore, the tumour’s location makes the BBB an essential and substantial obstacle to 
drug administration. No small-molecule drug or large-molecule pharmaceutical can cross the BBB. Extended blood circulation, suf-
ficient transportation across the blood-brain barrier, efficient internalization, and controlled drug release within GBM cells are all 
challenges to the drug administration of GBM therapy [6]. All these steps are necessary to ensure sufficient therapeutic agent accu-
mulation in GBM cells. Treatments for glioblastoma have used nanotechnology to enhance therapeutic efficacy by avoiding these 
physiological restrictions [7]. Despite several in vitro and in vivo studies demonstrating the effectiveness and therapeutic potential of 
nanocarriers and nanotechnology, there has been a shortage of published clinical trials for GBM nano-therapies. Glioma patients have 
also benefited from thermotherapy, phototherapy, immunotherapy, and gene therapy as an adjunct to standard treatment [8]. 

Zein is a plant-based protein with many benefits, such as biocompatible, abundant, high drug binding capacity, and minimal 
cytotoxicity. To accomplish the stability and specificity of Zein-based DDSs, a range of ligand changes can be made to take advantage of 
Zein’s unique protein structure. Anticancer drugs encapsulated in Zein-based DDSs reach the bloodstream after injection or oral de-
livery [9]. Incorporating PEG or cancer cell membrane into the DDS, which has a lengthy circulation half-life, makes evading immune 
cell clearance possible [10]. A higher concentration of anticancer drugs in tumour tissue can be achieved by conjugating Zein-based 
DDSs with targeting polypeptides or tumour microenvironment response chemicals, hence obtaining the targeting capacity [11]. 
Accurate cancer treatment will then be possible. Zein-based DDSs have a lengthy residence duration for oral delivery within the 
gastrointestinal tract because they shield unstable anticancer drugs from degradation by enzymes or highly acidic conditions [12–14]. 

The two most common phrases used to describe drugs on a surface level are (i) intracellular drug delivery and (ii) extracellular drug 
delivery. The second option has piqued medical researchers’ interest since it offers a potent means of bringing about specific biological 
effects by introducing biomolecules into the cytosol or another intracellular compartment [15–17]. Passage through the lipid bilayer 
was the primary obstacle for quite some time. Since micelles could carry various compounds, including hydrophobic drugs, proteins, 
and even genes, they offered a long-awaited solution to this transportation problem. Over time, transportation networks grew more 
complex, and now we can take pride in having a variety of methods that allow for the practical delivery of drugs to specific locations 
[18]. The impact resolution will enable us to easily classify these techniques as macro, micro, or nano. Direct cell penetration and 
enhanced permeability are two methods that rely on membrane disruption to allow substances to enter the plasma membrane; other 
methods include endocytic pathways, trans-membrane transporter proteins, and membrane fusion [19–21]. Over the past ten years, 
numerous cutting-edge methods have been developed that make it possible for tiny peptide shuttles, brain-permeable peptide-drug 
conjugates (PDCs), and cell-penetrating peptides (CPPs) to penetrate the brain’s parenchyma and endothelial cells. Encapsulating our 
target pharmaceuticals within biocompatible carriers that enhance their plasma life and stability is crucial for achieving a 
delayed-release pattern [22]. The upshot is that peptide-based drug delivery technologies outperform conventional pharmaceuticals. 
CPPs are one example of a method for intracellular drug delivery. In addition, peptides are preferred for targeted drug administration 
since most physiological ligands in circulation are proteins, peptides, or peptide-conjugated complexes [23]. 

The 29-amino acid sequence found in the Rabies virus glycoprotein (RVG29) allows it to attach to nicotinic acetylcholine receptors 
competitively. RVG29 can cross the blood-brain barrier (BBB) and enter the brain via nicotinic acetylcholine receptors, allowing it to 
carry genes, nucleic acids, and drugs. RVG29 is a promising peptide for administering drugs for treating several disorders, including 
Parkinson’s disease and cancers of the brain, including gliomas [24–26]. One possible therapeutic use of RVG29 is the delivery of 
siRNA to mitigate the chronic consequences of TBI. Recent research has shown that RVG29 can target neuronal mitochondria with 
solid-lipid nanoparticles coated with macrophage membranes [27]. In sporadic Alzheimer’s disease, neuronal mitochondria mal-
function is caused by increased reactive oxygen species. Potentially utilized to halt the advancement of Alzheimer’s disease, RVG29 
transports functional antioxidants into the brain. This provides more evidence that peptides can be effective BBB modes of delivery 
[28,29]. 

Currently, the first-line chemotherapy for glioblastoma is temozolomide (TMZ). The percentage of patients claimed to be alive at 
two years has reportedly grown from 10.4% to 26.5%, and the median overall survival has been raised to 14.6 months, according to 
TMZ [30–32]. One of the rare drugs that can reach the brain’s parenchyma and have a therapeutic impact is TMZ. Since TMZ’s 
fundamental issue is its poor stability, only a portion of the administered amount can cross the BBB. The inert 5-aminoimidazole-4--
carboxamide (AIC) and the methylating agent are the byproducts of the product’s quick degradation [33]. Methylation at the O6 
guanine site, brought about by MTIC, is thought to be the primary source of TMZ chemotherapeutic toxicity. This prodrug has a 
half-life that is significantly affected by pH, lasting less than 2 h in physiological settings (pH = 7.4) and around 24 h in an acidic 
environment (pH < 4 at 25 ◦C). This means that the blood-borne degradation of systemically administered TMZ could prevent its active 
metabolite, MTIC, from penetrating the BBB [34]. The therapeutic efficacy is diminished when TMZ hydrolysis products are formed 
before reaching the central nervous system. The patient is exposed to significant side effects such as hematological toxicity, acute 
cardiomyopathy, oral ulceration, hepatotoxicity, and pneumocystis pneumonia due to the short half-life of TMZ, which requires 
numerous high doses [35]. To enhance its concentration in the brain while minimizing the potential of adverse systemic effects, TMZ 
could be reformulated utilizing carriers to provide more effective BBB. Alternatively, it could be administered through multiple routes 
[31]. 

To treat GBM, this study aimed to engineered TMZ@RVG-Zein NPs, which are Zein-based NPs encapsulated with RVG29 (Fig. 1). 
This is the first report we know of that addresses the delivery of TMZ for targeted GBM therapy by RVG29 clocking with a cell- 
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penetrating protein (Zein). Zein, a naturally occurring protein, is being utilized as a drug carrier for the first time to treat central 
nervous system diseases in vivo. 

2. Experimental section 

2.1. Materials 

Temozolomide (TMZ) was acquired from Dalian MeiLun Biotechnology Co., Ltd. RVG29-Cys peptide (sequence: N term- 
YTIWMPENPRPGTPCDIFTNSRGKRASNGC-Cys) was synthesized by American Peptide Company (Sunnyvale, CA, USA). Phenazine 
methosulfate (PMS), dimethyl sulfoxide, Zein, coumarin-6 (C6), and paraformaldehyde (PFA) were acquired from Hongquan 
Biotechnology Co., Ltd. All remaining reagents, if not specified, were purchased from Shanghai Titan Science Co. (Shanghai, China). 
Live/Dead cell imaging kits, STYO 9, and propidium iodide (PI) were purchased from Thermo Fisher Scientific (Waltham, MA, USA). 
ELISA kits were bought from Shanghai Yuanxin Biotechnology Co., Ltd. Fetal bovine serum (FBS), Phosphate buffered saline, Dul-
becco’s modified Eagle’s medium (DMEM), Tyrisin and L-glutamine were provided by Gibco. Cleaved caspase-3 and Caspase-3 anti-
bodies were bought from Dojindo Laboratories (Kumamoto, Japan). Annexin V-FITC/PI apoptosis detection kit and D-luciferin were 
supplied by Shanghai Yeasen Corporation. All other chemicals were available from commercial sources and used without further 
purification. 

2.2. Cell culture 

Human glioblastoma U87 cells were purchased from the Chinese Academy of Sciences (Shanghai, China). U87 cell lines were 
cultured in 10% FBS, 1% L-glutamine, 1% penicillin, and 1% streptomycin-contained DMEM mediums. A mouse brain capillary 
endothelial cells (bEnd.3) were cultured in DMEM containing 10% FBS, L-glutamine, 1% penicillin, and 1% streptomycin. The in-
cubation was conducted under a 5% CO2 atmosphere, 95% relative humidity, and 37 ◦C. 

3. Characterization of NPs 

Scanning electron microscopy (SEM) images were measured on microscopy (Sigma 300, ZEISS/Sigma 300) under an acceleration 
voltage of 3 kV. Fourier evaluated the chemical bond structure transform infrared spectroscopy (FTIR; Thermo Scientific Nicolet iN10, 
USA). Dynamic Light Scattering (DLS, ALv/CGS-3, German) and Zeta potential analyzer (Brookhaven Instruments Corporation, 
NanoBrook Omni, USA) were employed to analyze the physical properties. The optical density (OD) was measured by a microplate 
reader (Molecular Devices, SpectraMaxM5, USA). Cell morphology was observed by confocal laser scanning microscopy (CLSM, LSM 
510 Metanlo, Zeiss Co., Germany). Immunofluorescence staining was observed using a fluorescence microscope (Olympus, IX83, 
Japan). Statistical calculations were performed using GraphPad Prism (V.8.0.2). 

3.1. Formation of the nanoencapsulation of TMZ 

TMZ@Zein NPs were developed by encapsulating TMZ through the self-assembly of Zein [11]. In brief, an aqueous ethanol solution 
containing Zein and TMZ in a mass ratio 7:1 was prepared. A nitrogen evaporator evaporated the solvent, and TMZ@Zein NPs were the 
byproduct. A membrane dialysis bag removed the excess TMZ with a molecular (3 kD-MWCO). Next, the TMZ@Zein NPs that had been 
purified were stored at − 4 ◦C. 

RVG29 and TMZ@Zein conjugation to develop TMZ@RVG-Zein. 
Fig. 1 shows the reaction phases for the TMZ@Zein NPs coupling with the RVG29 peptide. To develop the mixture, we first sus-

pended TMZ@Zein NPs in ethanol and then added PBS until the pH reached 7.5; the last PBS concentration was 45%. A cross-linker 
sulfo-SMCC was immersed in the mixture in a 10:1 M ratio with Zein. A maleimide-activated form of Zein NPs, SMCC-TMZ@Zein NPs, 
was fabricated by reacting the surface Zein molecules of TMZ@Zein NPs with sulfo-SMCC. The Zein’s amino group (NH2) was activated 

Fig. 1. Scheme of the formation of TMZ@RVG-Zein NPs. Design of the TMZ@RVG-Zein NPs. Zein’s amphiphilicity prompted it to self-assemble 
into NPs, efficiently containing TMZ. This allowed us to investigate temozolomide (TMZ) for glioblastoma (GBM) treatment. To TMZ-encapsulated 
NPs (TMZ@RVG-Zein NPs), the NPs’ Zein was clocked to rabies virus glycoprotein 29 (RVG29). 
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by reacting it with sulfo-SMCC. The SMCC-TMZ@Zein NPs were refined by removing any surplus of sulfo-SMCC with the help of a 
dialysis bag membrane (MWCO-3 kD). In PBS (pH = 7.4), SMCC-TMZ@Zein NPs and RVG29-Cys were combined in a 1.1:1 M ratio. The 
maleimide groups of SMCC-TMZ@Zein NPs were coupled with the RVG29-Cys thiol groups to fabricate TMZ@RVG-Zein NPs. Any 
additional RVG29-Cys was eliminated using a dialysis bag membrane. We were using the previous research to determine RVG29-Cys’s 
conjugation efficiency. 

3.2. Loading efficiency (LE) and encapsulation efficiency (EE) 

After the formation of TMZ@RVG-Zein NPs, the supernatant was collected by centrifugation (10000 rpm, 5 min). The amount of 
TMZ in the supernatant was determined via UV spectroscopy according to the standard curve [36]. The following equation calculated 
the encapsulation efficiency of TMZ@RVG-Zein NPs: 

Encapsulation efficiency (%) = (total amount of feeding drug-number of drugs in supernatant)/total amount of feeding drug ×
100%. 

3.3. TMZ release of TMZ@RVG-Zein NPs 

The drug release profile of TMZ from TMZ@RVG-Zein NPs was examined in various buffer solutions of pH = 7.4 without and with 
10% serum. TMZ@RVG-Zein NPs were dispersed in 1 mL of the corresponding buffer solution to the 2 mg/mL concentration, and then 
the solutions were sealed in a dialysis bag with MWCO of 3kD. The dialysis bags were immersed in 10 mL buffer solutions of pH = 7.4 
with or without 10% serum and placed in a shaker at 37 ◦C. Within a specified time, 1 mL sample solution was removed from the buffer 
solution, and an equivalent amount of fresh buffer solution was added. Meanwhile, the concentration of TMZ in the solutions at 
different time points was determined by UV–vis. 

3.4. MTT and LIVE/DEAD assay 

The in vitro cytotoxicity assay was performed with the MTT assay. U87 cell lines were seeded under the down chamber of 24-well 
(1 × 105 cell line per well) and cultured in DMEM medium (0.5 mL per well) containing 10% FBS, 10 mM glucose, and 10 mM lactate 
for 24 h. Afterwards, TMZ, RVG-Zein NPs, and TMZ@RVG-Zein NPs were placed in the up chamber of the assay with various con-
centrations and co-incubated for 24 h. To determine cytotoxicity, MTT solution (10 μL) was mixed in each well, and the plate was 
incubated for another 4 h. Then, the MTT contained culture medium was replaced with DMSO (100 μL). Absorbance values of for-
mazan were measured with a microplate reader (Bio-Rad model-680) at 490 nm (corrected for background absorbance at 630 nm) 
[37]. 

The anticancer efficacy was further considered over the LIVE/DEAD assay. After different treatments, the cell culture medium was 
removed. Then, a fresh medium containing calcein-AM (5 μg/mL) and PI (10 μg/mL) was mixed. After 25 min, the cells were rinsed 
with PBS and imaged by a fluorescence microscope. 

3.5. The cell membranes’ nAChR expression 

To investigate the precise targeting method, ELISA was used to evaluate the level of the nAChRs expression on the surface of the 
U87 and bEnd.3 cells. The antibody that targets nAChR was then placed on an ELISA microplate. We assessed the protein doses and 
used the micro-ELISA plate to determine the expression of nAChR at the same protein concentration. The nAChR concentration was 
measured by recording the fluorescence density at 450 nm. The nAChR expression values were examined by the previous procedure 
[38]. 

3.6. Cellular uptake 

To cellular uptake investigation of the TMZ, TMZ@RVG-Zein NPs, and TMZ@Zein NPs stained with coumarin-6 (C6) into U87 cell 
line, and the cells were seeded on six-well microplates with the density of 3 × 105 cells per well and cultured overnight. After that, cells 
were cultured in a medium containing Cy5/TMZ, TMZ@RVG-Zein NPs, and TMZ@Zein (TMZ equivalent concentration of 0.1 μg/mL) 
for 1 h duration. After the treatment, cells were washed with PBS, digested by trypsin, and then collected for analysis using fluorescent 
inverted microscopy to evaluate the cellular uptake behaviour of U87 cells incubated with different samples [39]. 

To cellular uptake investigation of the TMZ, TMZ@RVG-Zein NPs, and TMZ@Zein NPs stained with coumarin-6 (C6) by flow 
cytometry. For comparison, cells were incubated with Cy5/TMZ@Zein NPs, Cy5/TMZ@RVG-Zein NPs, and Cy5/TMZ, respectively, for 
4 h. After the final incubation, cells were washed using PBS and then collected for quantitative analysis. After the final incubation, cells 
were rinsed using PBS and collected for flow cytometry analysis [40,41,41]. 

3.7. Cell proliferation assay 

CLSM measured the cell proliferation of U87 cells. Briefly, U87 cells were planted in a 12-well plate at a density of 3 × 105 cells per 
well with 1.0 mL medium and treated with TMZ@RVG-Zein NPs (0, 0.1, and 0.2 μM) incubated for 6 h. After incubation, the cells were 
stained by DAPI, Rabbit antihuman Caspase-3 antibody, for immunofluorescence assay. After the cells were washed with PBS three 
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times, the secondary antibody of goat anti-rabbit IgG H&L was added. Finally, the culture medium was removed, and the cells were 
washed with PBS three times. CLSM performed the immunofluorescence images. 

3.8. Apoptosis analysis by flow cytometry 

A flow cytometer measured the apoptosis of U87 cells. Briefly, U87 cells were planted in a 12-well plate at a density of 1 × 105 cells 
per well with 1.0 mL medium and incubated for 24 h. Then, the cells were treated with TMZ, TMZ@RVG-Zein NPs, and TMZ@Zein NPs 
for 2 h. After that, the culture medium was removed, and the cells were washed with PBS three times [42]. 

3.9. In vitro permeability assay 

For cell permeabilization assay, bEnd.3 cells were seeded into the upper chamber of the transwell insert and incubated for 24 h. 
Seven days of culture, the confluence of the cells at 80% and the monolayer cell mimicked the BBB/BBTB activity and morphology. The 
medium in the upper chamber was replaced with 100 μL of serum-free medium containing Cy5/TMZ, Cy5/TMZ@Zein NPs, and Cy5/ 

Fig. 2. The morphological characterizations and stability examinations of Zein NPs, TMZ@Zein NPs, and TMZ@RVG-Zein NPs. A-C) 
Scanning electron microscope (SEM) images of Zein NPs, TMZ@Zein NPs, and TMZ@RVG-Zein NPs. Scale bar = 10 μm. D-F) The NPs size of Zein 
NPs, TMZ@Zein NPs, and TMZ@RVG-Zein NPs. G) TMZ release from TMZ@RVG-Zein NPs in the PBS (pH = 7.4), CSF (pH = 7.3), PBS with 10% 
serum (pH = 6.0), and PBS with serum (pH = 7.4). Data were stated as means ± SEM (n = 3). 
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TMZ@RVG-Zein NPs. A migration inducer medium (600 μL) was placed in the lower chamber. After incubation for 4 h, cells in the 
upper compartment were removed, and those on the lower surface of the membrane were the migrated cells. After a culture of 4 h, the 
culture medium of the upper chamber was eliminated and rinsed. IVIS Imaging verified the fluorescence of the basolateral and apical 
chambers. 

3.10. Statistical analysis 

All data presented are from at least three independent experiments, and the experimental data are expressed as mean ± standard 
deviation. For comparisons, the two-tailed Student’s t-test was performed. Statistically significant difference was set at *p < 0.05, **p 
< 0.01, ***p < 0.001, ****p < 0.0001. The statistical analysis was performed using GraphPad Prism 8 software. 

4. Results and discussion 

4.1. Fabrication and characterization of Zein nanoparticles 

Fig. 2A–C shows the scanning electron microscopy (SEM) analyses of TMZ@Zein NPs and TMZ@RVG-Zein NPs, illustrating their 
shape and size distribution. The TMZ@Zein NPs and the TMZ@RVG-Zein NPs showed uniformly sized, well-dispersed spherical 
particles. Dynamic light scattering (DLS) examined the Zein NPs, RVG-Zein NP, and TMZ@RVG-Zein NPs’ sizes, surface charges, and 
polydispersity index (PDI) in the dispersions. The average hydrodynamic dimensions of Zein NPs, RVG-Zein NPs, and TMZ@RVG-Zein 
NPs were 186.54 ± 2.5, 203.48 ± 1.94, and 220.54 ± 2.5 nm, respectively, as shown in Fig. 2D–F. After TMZ was enclosed, TMZ@Zein 
NPs were somewhat more significant (18.45 nm) than Zein NPs. Both TMZ@RVG-Zein NPs and TMZ@Zein NPs were 14.42 nm bigger 
after RVG29 conjugation. According to the results, the PDI values for Zein NPs, RVG-Zein NPs, and TMZ@RVG-Zein NPs were 0.069 ±
0.02, 0.067 ± 0.03, and 0.049 ± 0.02, respectively. These values show A distribution of NPs, all of which are less than 0.1. The values 
of the zeta-potentials for Zein NPs, RVG-Zein NPs, and TMZ@RVG-Zein NPs were − 17.58 ± 0.97, − 19.57 ± 1.59, and − 11.48 ± 1.27 
mV, respectively. 

Fig. 3. The structural characterizations Zein NPs, RVG29, TMZ@Zein NPs, and TMZ@RVG-Zein NPs. A and B) Fourier transform infrared 
(FTIR) spectra of Zein NPs, RVG29, and RVG-Zein NPs. C and D) FTIR spectral analysis of TMZ, RVG-Zein NPs, and TMZ@RVG-Zein NPs. 

H. Chen et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e28256

7

The TMZ@RVG-Zein NPs had an encapsulation efficiency (EE) of 77.9 ± 4.7% and a loading efficiency (LE) of 66.7 ± 2.9 mg/g. 
The RVG29-clocking Zein protein (RVG-Zein) is an effective drug carrier, and the great EE and LE showed that the TMZ was encap-
sulated effectively. Zein and RVG were successfully fabricated with a 96.98 ± 0.17% conjugation efficiency. 

FTIR analysis confirmed the RVG clocking Zein conjugation and the RVG-Zein integrated with TMZ. The –OH group vibration 
stretching at 3290 and the amide A′ group peak found at 2935 cm− 1 were identified as Zein’s fingerprints in Fig. 3A. Amide I’s C–N 
stretching and Amide II’s C––O stretching contributed to fingerprints at 1655 and 1545 cm− 1, respectively. Due to the large quantities 
of related chemical bonds in RVG29, the fingerprints at 3291, 1652, and 1545 cm− 1 were significantly more intense in RVG29 than 
Zein, even though both are amino acids. The spectra of RVG-Zein showed the same peaks with similar intensities, suggesting that the 
RVG and Zein were successfully conjugated. The spectra of RVG-Zein and Zein showed a band at 1415 cm− 1, which is glutamine, but 
RVG29 did not, supporting the result that glutamine of Zein and RVG. Fig. 3B further strengthens this finding, which shows that RVG29 
does not contain glutamine. 

The fingerprints of TMZ were displayed at 1720 cm− 1, 1572 cm− 1, 1514 cm− 1, and 1408 cm− 1, respectively, in Fig. 3C and D. These 
wavelengths were recognized as the C–N bonding and the carbonyl group (C––O), and it was found that the patterns of the TMZ were 
evident in the spectra of TMZ@RVG-Zein NPs but did not appear in the spectra of RVG-Zein. The results showed that RVG-Zein 
effectively encapsulated TMZ to achieve TMZ@RVG-Zein nanoparticles. 

4.2. TMZ release and stability investigations 

The TMZ from TMZ@RVG-Zein NPs was studied in vitro at 37 ◦C utilizing various conditions, including simulated cerebrospinal 
fluid (CSF) with a pH = 7.3, pH = 7.4 of PBS, pH = 6.0 of PBS with 10% serum by volume, and pH = 6.0 of PBS with 10% serum by 
volume (Fig. 2G). Within 24 h, the amount released was 36.99 ± 2.8% in cerebrospinal fluid (CSF), 54.89 ± 3.9% in pH = 7.4 PBS with 
serum, 50.87 ± 4.7% in pH = 7.4 PBS without serum, and 60.78 ± 3.2% in pH = 6.0 PBS with serum. CSF had a very slow-release rate 
compared to the other options. At 100 h, the total amount of TMZ@RVG-Zein NPs released was 57.2 ± 2.7% in CSF (pH = 7.3), 75.3 ±
1.8% in PBS (pH = 7.4) with serum, 72.7 ± 3.4% in PBS (pH = 7.4) without serum, and 82.9 ± 3.8 % in PBS (pH = 6.0) with serum, 
respectively. 

The stability of TMZ@RVG-Zein NPs was investigated by dissolving the TMZ@RVG-Zein in a PBS solution containing 10% serum. 
The solution was then stored at 4 ◦C for 4 h and 37 ◦C for 4 h. The measured particle size change during 72 h. The size of TMZ@RVG- 
Zein NPs grew from 220.54 ± 2.5 to 230.21 ± 3.1 nm at 4 ◦C and from 220.54 ± 2.5 to 239.40 ± 4.2 nm at 37 ◦C. The fact that the 

Fig. 4. The cellular uptake of TMZ, TMZ@Zein NPs, and TMZ@RVG-Zein NPs. A) The U87 cells treated with Cy5/TMZ, Cy5/TMZ@Zein and 
Cy5/TMZ@RVG-Zein NPs for 1 h. The scale bar is 40 μm. The fluorescence intensities of Cy5/TMZ, Cy5/TMZ@Zein and Cy5/TMZ@RVG-Zein NPs 
for 1 h. C) The expression level of nAChR in bEnd.3 and U87 cells. Data were stated as means ± SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, 
compared with control group. 
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TMZ@RVG-Zein NPs exhibited no size change in the serum solution indicates their excellent stability. 

4.3. In vitro cellular uptake 

Fig. 4 shows the results of a confocal laser scanning microscopy (CLSM) investigation into the cellular uptake of TMZ@RVG-Zein 
and TMZ@Zein in U87 cells. After Cy5/TMZ was formed by clocking Cy5 with the drug TMZ, it was encapsulated to develop Cy5/ 
TMZ@Zein and Cy5/TMZ@RVG-Zein NPs. The Zein surface of the Cy5/TMZ@RVG-Zein and Cy5/TMZ@Zein compounds were 
coupled with a coumarin-6 (C6, fluorescent dye), respectively. After 1 h of treatment with Cy5/TMZ, the U87 cell lines were subjected 
to Cy5/TMZ@RVG-Zein and Cy5/TMZ@Zein tagged with C6, respectively. Fig. 4A shows that the cytoplasm of the U87 cell line 
exhibited green fluorescence provided by C6 and red fluorescence produced by Cy5/TMZ, respectively, 1 h intervals of Cy5/TMZ, Cy5/ 
TMZ@Zein, and Cy5/TMZ@RVG-Zein. Quickly penetrating cell lines were both Cy5/TMZ@Zein and Cy5/TMZ@RVG-Zein. Fig. 4A 
shows that the red fluorescence was uniformly dispersed throughout the cytoplasm and had a distinct boundary. These findings 
demonstrated that the Cy5/TMZ@Zein and Cy5/TMZ@RVG-Zein molecules could penetrate the cell line. The measured fluorescence 
intensities displayed in Fig. 4B. The significant expressions of nAChR on the U87 cell line membrane (Fig. 4C) demonstrated that Zein 
aided cell membrane penetration, while RVG29 increased cellular uptake via endocytosis. After 1 h, the intensity of red fluorescence of 
Cy5/TMZ@RVG-Zein was noticeably higher than that of Cy5/TMZ@Zein. This suggests that the clocking of RVG onto the NP’s surface 
enhanced the U87 cellular uptake more than Zein alone. Based on the CLSM results, it was determined that Cy5/TMZ@Zein and Cy5/ 
TMZ@RVG-Zein could penetrate the U87 cell line. Potentially helpful in delivering anticancer drugs with poor solubility and 
bioavailability, Zein and RVG29 enhanced the NPs’ cellular absorption. 

The outcome was further validated by the flow cytometry-based investigation of cellular uptake. Fig. 5A and B displayed the gating 
method. When TMZ was labeled with Cy5, the resulting compound was Cy5/TMZ. Similarly, TMZ@RVG-Zein and TMZ@Zein were 
labeled with Cy5 to produce Cy5/TMZ@RVG-Zein and Cy5/TMZ@Zein, respectively. Treatment of the U87 cell line with Cy5/ 
TMZ@Zein, Cy5/TMZ@RVG-Zein, and Cy5/TMZ for 4 h resulted in cellular uptake of 77.38% for Cy5/TMZ@RVG-Zein and 54.73% 
for Cy5/TMZ@Zein. The results show that RVG and Zein helped with NP uptake by cell line. However, RVG29 was more effective than 
Zein NPs (Fig. 5C–F). We believe this is because the NP cellular uptake is enhanced by the receptor-mediated endocytosis linked with 
RVG29, compared to the Zein-mediated penetration of the cell membrane. Fig. 6A–H shows the results of an investigation into NP 
cellular uptake mechanisms using various endocytosis inhibitors. Before adding the inhibitors, the U87 cell line was pre-incubated 
with Cy5/TMZ, Cy5/TMZ@Zein, and Cy5/TMZ@RVG-Zein. At 4 ◦C, NP uptake by the U87 cell line was significantly reduced 
compared to 37 ◦C, indicating that energy-dependent endocytosis, and not energy-independent processes, appropriately regulated 
cellular uptake of the TMZ@RVG-Zein. The levels of cellular absorption of the NPs were not significantly different between the control 
group and the group that received nystatin plus cytochalasin D. It showed that caveolae-mediated endocytosis and macropinocytosis 

Fig. 5. Cellular uptake by the gating strategy of flow cytometry. A-B) To investigate the percentage of the TMZ and Cy5/TMZ, Cy5/TMZ@Zein 
and Cy5/TMZ@RVG-Zein NPs in Fig. 5C–F. 
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were not heavily involved in the entry of RVG-clocking Zein NPs into U87 cell line. A preferred endocytosis pathway for the Cy5/RVG- 
Zein to U87 cells may have been clathrin-mediated endocytosis since the NP cellular uptake decreased dramatically with chlor-
promazine, from 98.14% to 48.42%. Inhibitors of nAChRs that were effective included benzetimide chloride and PNU-120596. PNU- 
120596 and Benzethonium chloride considerably reduced the internalization of Cy5/RVG-Zein by the U87 cell line, from 97.97% to 
85.78% and 69.15%, respectively. This suggests that the RVG-clocking Zein NPs penetrated the cell membrane by nAChR-mediated 

Fig. 6. Representative plots for the cellular uptake of Cy5/TMZ@RVG-Zein NPs by U87 cells after 2 h incubation at 37 ◦C measured using 
flow cytometry. A-F) Incubation at 4 ◦C was applied to prevent energy-dependent endocytosis. Cytochalasin D is the inhibitor of macropinocytosis. 
Chlorpromazine is the inhibitor of clathrin-mediated endocytosis. Nystatin is the inhibitor of caveolae/lipid raft-mediated endocytosis. G-H) 
Benzethonium chloride and PNU-120596 are the inhibitors of nAChR-mediated endocytosis. I) Statistical outcomes of cellular uptake. Data were 
stated as means ± SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, compared with control group. 

Fig. 7. The cellular internalization of Cy5/TMZ@RVG-Zein NPs in U87 cells. CLSM images of Cy5/TMZ@RVG-Zein (red, NPs) and U87 cells 
stained with Rab5 (upper), representing early endosomes, and Rab7, demonstrating late endosomes (lower). The scale bar is 20 μm. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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endocytosis (Fig. 6I). 
Rab5 and Rab7, indicators of early and late endosomes, respectively, were used to investigate NP internalization in the U87 cell line 

(Fig. 7). In endocytosis, NPs would be transferred to endosomes before continuing to organelles. In Fig. 7, the red and green fluo-
rescence lines overlap depicted in the cell region. This suggested that Cy5/TMZ@RVG-Zein colocalized with the early endosomes, as 
shown in Fig. 7. While Cy5/TMZ@RVG-Zein did not typically colocalize with the late endosomes (Fig. 7), there was significantly fewer 
overlap of the red and green fluorescence in the cell region in Fig. 7. This data proved that Cy5/TMZ@RVG-Zein NPs could efficiently 
evade late endosomes during intracellular trafficking and may have been implicated in early endosomes. 

We evaluated and studied the cytotoxicity of TMZ, RVG-Zein NPs, and TMZ@RVG-Zein NPs in vitro. Fig. 8A displays the outcomes 
of treating U87 cell lines with varying doses of TMZ@RVG-Zein NPs, RVG-Zein NP, and pure TMZ. Even at the 10 nM minimal 
concentration, TMZ effectively inhibited the proliferation of the U87 cell line, as only 49.4% survived treatment. At 10, 25, and 50 nM, 
TMZ-similar concentrations, there was no discernible difference in cell viability between TMZ and TMZ@RVG-Zein NPs, indicating 
that both substances were cytotoxic to the U87 cell line. It was demonstrated that the carrier lacked cytotoxicity to the U87 cell line 
because the cell survival rate was approximately 100% when cultured with different concentrations of the RVG-Zein NPs. 

As a marker of programmed cell death, caspase-3 was used in the immunofluorescence analysis [43]. The outcomes can be observed 
in Fig. 8B, and the cell nuclei were dyed with DAPI, which exhibited blue fluorescence, and caspase-3, which showed green fluo-
rescence. A notable decrease in the quantity of U87 cell line was noted following the administration of TMZ@RVG-Zein NPs at 0.1 and 
0.2 μM concentrations, respectively. A colocalization investigation revealed that the U87 cell line contained caspase-3, which fluo-
resced green, and that blue fluorescence aided the localization of cell nuclei. The control sample without TMZ@RVG-Zein NPs had the 
highest ratio of caspase-3 +Ve cells, according to 0, 0.1, and 0.2 μM of TMZ@RVG-Zein. The ratio of caspase-3 +Ve cells decreased as 
the quantity of TMZ@RVG-Zein NPs increased, suggesting that TMZ@RVG-Zein NPs caused cell death by caspase-mediated apoptosis. 
The nuclei displayed more intense fluorescence following cell treatment with 0.1 and 0.2 μM concentrations of TMZ@RVG-Zein 
compared to the control sample (Fig. 8C). This suggests that nuclear chromatin and fragmentation are highly prevalent. It was also 
noted that the U87 cells’ morphology changed following treatment with TMZ@RVG-Zein NPs. Findings showed that TMZ@RVG-Zein 
NPs caused U87 cell lines to undergo caspase-3-mediated cell death. 

Further, we examined the U87 cells co-staining with Calcein-AM and PI, which confirmed liver and dead cells (Fig. 9A). 
TMZ@RVG-Zein NPs, RVG-Zein NP, and pure TMZ were treated with 10 nM minimal concentration to U87 cells for 24 h. The results of 
the MTT assay and flow cytometry corroborated the observation in Fig. 9A that the combination of TMZ@RVG-Zein NPs could enhance 
the efficacy of tumour therapy since the control group emitted a uniform green colour, indicating live cells. In contrast, the treatment 
group displayed red, indicating dead cells. This co-staining method reveals that TMZ@RVG-Zein NPs kill more U87 cells at minimal 
concentration (Fig. 9B). Fig. 9C shows the results of indicating the U87 cell lines with annexin V-FITC to compare the apoptosis- 
promoting capabilities of TMZ, TMZ@Zein NPs, and TMZ@RVG. In Fig. 9D, the gating technique was displayed. Comparing the 

Fig. 8. The in vitro cell viability and caspase-3 image of U87 cells. A) U87 cells treated with TMZ, RVG-Zein NPs, and TMZ@RVG-Zein NPs for 
24 h. B) U87 cell lines treated with 0, 0.1, and 0.2 μM of TMZ@RVG-Zein NPs for 24 h. DAPI (blue) stained the cell nuclei, and the cas-3 displayed 
green fluorescent. The scale bar is 100 μm. C) The apoptotic percentage of U87 cell lines treated with 0.1 and 0.2 μM of TMZ@RVG-Zein NPs 
attained from Fig. 8A. Data were stated as means ± SEM (n = 3). **P < 0.01, ***P < 0.001, compared with control group. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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apoptotic efficacy of TMZ@RVG-Zein NPs to that of TMZ@Zein NPs and pure TMZ produced similar results respectively. 
A bEnd.3 cells monolayer as an in vitro BBB model allowed for further exploration of the RVG-mediated transcytosis of NPs via BBB. 

Fig. 10A shows the inoculation of the compact cell monolayer on the transwell insert. Three different samples were introduced to the 
insert and left to incubate for 4 h: Cy5/TMZ, Cy5/TMZ@Zein, and Cy5/TMZ@RVG-Zein. Fig. 10B displayed that the BBB monolayer’s 
transendothelial electrical resistance (TEER) remained relatively unchanged following incubation. Treatments with Cy5/TMZ, Cy5/ 
TMZ@Zein, and Cy5/TMZ@RVG-Zein did not degrade or affect the integrity of the BBB monolayer cells, according to the results. The 
fluorescence of the transwell’s bottom chamber and insert well are shown in Fig. 10B, respectively. Fluorescence from the insert well 
following a PBS wash revealed that the NPs had been uptake by bEnd.3 cells, as evidenced by their fluorescence. Although the bottom 
chamber’s fluorescence was caused by the NPs there, it had passed through the bEnd.3 monolayer. Cy5/TMZ could not cross the in 
vitro BBB because it did not glow in the bottom chamber. bEnd.3 cell monolayer and bottom chamber fluorescence were observed in 
Cy5/TMZ@Zein groups. Zein’s capacity to penetrate cell membranes suggests it may help transport the NPs across the cell monolayer 
of bEnd.3. The Cy5/TMZ@RVG-Zein group showed a much more significant (~2-fold) fluorescence intensity in the bottom chamber 
and bEnd.3 monolayer compared to the Cy5/TMZ@Zein groups. The results showed that RVG and Zein in TMZ@RVG-Zein helped the 
compound pass through the blood-brain barrier, although RVG29 was more successful. 

5. Conclusions 

Here, we effectively developed a new way to deliver drugs to the brain by encapsulating TMZ and RVG29 on the surface of Zein NPs 
in a self-assembled manner. The result was TMZ@RVG-Zein NPs. In addition to confirming that TMZ was encapsulated in the 
TMZ@RVG-Zein NPs, the FTIR data also showed that Zein and RVG29 were successfully conjugated. Investigation on TMZ’s cyto-
toxicity in vitro showed that, during the 10–50 nM TMZ comparable concentration range, TMZ@RVG-Zein NPs were equally cytotoxic 
to U87 cells as pure TMZ. Even though Zein and RVG29 improved NP absorption by U87 cells, RVG29 was more effective. Lastly, the 
RVG29-clocking Zein NPs show great promise in delivering drugs to the brain to treat diseases affecting the glioblastoma. 

Fig. 9. Live/Dead double staining and Annexin V-FITC double staining. A) U87 cells treated with TMZ, RVG-Zein NPs, and TMZ@RVG-Zein 
NPs for 24 h for live/dead double staining. The scale bar is 100 μm. B) The bar diagram represents the cell death ratio of the samples. C) U87 
cells treated with TMZ, RVG-Zein NPs, and TMZ@RVG-Zein NPs for 24 h for annexin V-FITC double staining. D) The bar diagram represents the 
apoptosis ratio of the samples. Data were stated as means ± SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, compared with control group. 
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[1] A.C. Tan, D.M. Ashley, G.Y. López, M. Malinzak, H.S. Friedman, M. Khasraw, Management of glioblastoma: State of the art and future directions, CA, Cancer J. 
Clin. 70 (2020) 299–312. 

[2] A. Bikfalvi, C.A. da Costa, T. Avril, J.-V. Barnier, L. Bauchet, L. Brisson, P.F. Cartron, H. Castel, E. Chevet, H. Chneiweiss, Challenges in glioblastoma research: 
focus on the tumor microenvironment, Trends Cancer 9 (2023) 9–27. 

[3] M.T. Luiz, L.D. Di Filippo, L.B. Tofani, J.T.C. de Araújo, J.A.P. Dutra, J.M. Marchetti, M. Chorilli, Highlights in targeted nanoparticles as a delivery strategy for 
glioma treatment, Int. J. Pharm. 604 (2021) 120758. 

[4] L. Gallego, V. Ceña, Nanoparticle-mediated therapeutic compounds delivery to glioblastoma, Expet Opin. Drug Deliv. 17 (2020) 1541–1554. 
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