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Abstract: 

Glioblastoma multiforme (GBM) represents the most aggressive and prevalent form of primary malignant brain 

tumors in adults, accounting for approximately 45% of all brain malignancies with a dismal median survival of 15 

months and 5-year survival rate below 5%. The complex pathophysiology of GBM, characterized by highly invasive 

tumor cells, extensive neovascularization, and resistance to conventional therapies, presents formidable therapeutic 

challenges. The blood-brain barrier (BBB), a highly selective semipermeable membrane barrier, significantly restricts 

the penetration of therapeutic agents into brain tissue, limiting the efficacy of systemic chemotherapy. Current 

treatment modalities, including surgical resection, radiotherapy, and temozolomide chemotherapy provide only 

marginal survival benefits, necessitating the urgent development of innovative therapeutic strategies. 
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Background: Glioblastoma multiforme (GBM) represents the most aggressive and prevalent form of primary 

malignant brain tumors in adults, accounting for approximately 45% of all brain malignancies with a dismal median 

survival of 15 months and a 5-year survival rate below 5%. The complex pathophysiology of GBM, characterized by 

highly invasive tumor cells, extensive neovascularization, and resistance to conventional therapies, presents formidable 

therapeutic challenges. The blood-brain barrier (BBB), a highly selective semipermeable membrane barrier, significantly 

restricts the penetration of therapeutic agents into brain tissue, limiting the efficacy of systemic chemotherapy. Current 

treatment modalities including surgical resection, radiotherapy, and temozolomide chemotherapy provide only 

marginal survival benefits, necessitating the urgent development of innovative therapeutic strategies. 

Rationale: Gallic acid (3,4,5-trihydroxybenzoic acid), a naturally occurring phenolic compound abundant in plants 

such as Terminalia chebula, green tea, and oak bark, has emerged as a promising anticancer agent with demonstrated 

efficacy against various malignancies. Its mechanisms of action include induction of apoptosis through mitochondrial 

dysfunction, cell cycle arrest at G2/M phase, inhibition of angiogenesis, and modulation of key signaling pathways 

including PI3K/Akt and NF-κB. However, the clinical translation of gallic acid is severely hampered by its poor 

aqueous solubility (1.2 mg/mL at 25°C), rapid systemic clearance (t½ = 1.7 hours), extensive first-pass metabolism, 

and minimal brain bioavailability (<2% of administered dose). These pharmacokinetic limitations underscore the 

critical need for advanced drug delivery systems to optimize gallic acid's therapeutic potential in glioma treatment. 

Objective: This comprehensive study aimed to develop, optimize, and characterize gallic acid-loaded Pluronic F127 

polymeric micelles as an innovative nanocarrier system for enhanced brain tumor targeting and improved glioma 

therapy. The specific objectives included: (1) formulation optimization, (2) comprehensive physicochemical 

characterization, (3) evaluation of drug release kinetics, (4) assessment of in vitro anticancer efficacy, (5) investigation 

of blood-brain barrier permeability enhancement, and (6) elucidation of cellular uptake mechanisms. 

Methods: GA- loaded Pluronic F127 micelles were systematically developed using the cold dispersion method with 

formulation optimization based on varying drug-to-polymer ratios (1:9 to 1:4 w/w). The optimized formulation (1:4 

ratio) was selected based on key physicochemical attributes including minimal particle size, uniform distribution, and 

enhanced colloidal stability. Comprehensive characterization was performed using dynamic light scattering (DLS) for 

particle size and zeta potential, which revealed a mean size of 65.4±2.3 nm, PDI of 0.164±0.0005, and zeta 
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potential of -34.4±1.2 mV. Fourier-transform infrared spectroscopy (FTIR) confirmed successful drug incorporation 

and absence of chemical incompatibility. Drug loading and encapsulation were optimized, and in vitro drug release 

was assessed under physiological condition (pH 7.4, 37℃), demonstrating sustained release behavior. Cytotoxic 

potential was evaluated via MTT assay on U87-MG human glioblastoma cells, revealing a significant dose dependent 

anticancer effect with IC50 15.77±0.13 µg/mL. Enhanced therapeutics efficacy was attributed to improved solubility, 

cellular uptake, and protection of gallic acid from premature degradation. Morphological changes consistent with 

apoptosis were observed post-treatment. These finding underscore the potential of GA-loaded Pluronic F127 micelles 

as a promising nanocarriers platform for glioma therapy, warranting further investigation in in vivo and blood brain 

 barrier models  

 

INTRODUCTION 

Glioblastoma multiforme (GBM) is the most common and aggressive primary brain tumor in adults, 

accounting for approximately 45% of all malignant brain tumors [1]. Despite multimodal treatment 

approaches including surgical resection, radiotherapy, and chemotherapy, the median survival remains 

approximately 15 months, with a 5-year survival rate of less than 5% [2]. The poor prognosis is attributed 

to several factors including the highly invasive nature of glioma cells, resistance to conventional therapies, 

and the presence of the blood-brain barrier (BBB) that limits drug penetration to the brain [3]. The BBB 

is a highly selective semipermeable barrier that separates circulating blood from the brain and extracellular 

fluid in the central nervous system [4]. This barrier poses significant challenges for brain drug delivery, as 

it restricts the passage of most therapeutic agents, including many anticancer drugs [5]. Consequently, 

there is an urgent need for innovative drug delivery strategies that can effectively overcome the BBB and 

enhance drug accumulation in brain tumors. Polymeric micelles have emerged as promising nanocarriers 

for drug delivery applications due to their unique properties including small size, excellent 

biocompatibility, prolonged circulation time, and ability to solubilize poorly water-soluble drugs [6]. 

Pluronic F127 (poloxamer 407) is a triblock copolymer consisting of poly(ethylene oxide)-poly(propylene 

oxide)-poly(ethylene oxide) (PEO-PPO-PEO) segments that can self-assemble into micelles in aqueous 

solutions [7]. Pluronic F127 has been extensively studied for drug delivery applications due to its FDA- 

approved status, low toxicity, and unique properties including P-glycoprotein inhibition and membrane 

fluidization effects [8]. Gallic acid (3,4,5-trihydroxybenzoic acid) is a natural polyphenolic compound 

found in various plants, including tea, grapes, and oak bark [9]. Recent studies have demonstrated that 

gallic acid possesses significant anticancer properties, including induction of apoptosis, inhibition of cell 

proliferation, and anti-angiogenic effects [10]. In glioma cells, gallic acid has been shown to induce 

apoptosis through mitochondrial pathway activation and inhibition of PI3K/Akt signaling [11]. However, 

the clinical application of gallic acid is limited by its poor water solubility, low bioavailability, and rapid 

metabolism [12]. The objective of this study was to develop and characterize gallic acid-loaded Pluronic 

F127 polymeric micelles as a novel drug delivery system for glioma therapy. We hypothesized that 

encapsulation of gallic acid in Pluronic F127 micelles would enhance its solubility, stability, and brain 

bioavailability while maintaining its anticancer efficacy. 

 

MATERIALS AND METHODS 

Materials: Pluronic F127 was purchased from Vishal Chem (Mumbai, India). Gallic acid (≥99% purity) 

was obtained from Central Drug House (Daryaganj, Delhi, India). Penicillin-Streptomycin was obtained 

from Sigma Aldrich P0781. Fetal Bovine Serum was obtained from HIMEDIA-RM. Glioblastoma cell 

line U87-MG was obtained from NCCS (Pune, India). All other chemicals and reagents were of 

analytical grade and used without further purification. 

Preformulation Studies 

1) Organoleptic Properties: 

Table:1: Organoleptic Properties of drugs 

S. No. Drug  Observation  

Colour Odor Taste  
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1. Gallic acid  White Odourless Bitter  

2) Melting Point: 

The Open capillary technique was used to determine the drug's melting point. The drug was introduced 

into the capillary and then closed. The tube was put in the melting point determination device, and the 

temperature at which the powder began to melt completely was noted [13]. 

Table 2: Melting point of gallic acid 

S. no. Drug Observation 

1. Gallic acid 250-253 

3) Solubility: 

A number of organic solvents were used in the solubility investigation. Table 3 shows the solubility 

Table 3: Solubility of gallic acid in different solvents 

S.no. Solvents Solubility 

1. Distilled water Slightly soluble 

2. Methanol Highly soluble 

3. Ethanol Highly soluble 

4. DMSO Moderately soluble 

 

4) FTIR Analysis: 

FTIR spectra of pure gallic acid, Pluronic F127, and their physical mixture were recorded to assess 

potential chemical interactions. Samples were mixed with KBr and scanned in the range of 4000-400 cm- 
1[14]. 

Preparation of GA-Loaded Pluronic F127 Micelles 

GA-loaded Pluronic F127 micelles were prepared using the cold dispersion method . Briefly, 10 mg gallic 

acid and Pluronic F127 with various weight ratios of 1:99, 1:19, 1:9, and 1:4 (w/w) were added to a beaker 

containing distilled water and kept under moderate magnetic stirring in an ice bath (4-6 ºC) until 

complete dispersion of the polymer. The solution was kept at 10 °C for 24 hr. to allow the complete 

dissolution of the polymer. Subsequently, the gallic acid was added and dispersed under vigorous stirring 

at room temperature. After preparation, all formulation was filtered on a 0.45 µm filter to eliminate the 

non-encapsulated gallic acid. [15] 

1) Physicochemical Characterization 

i. Particle Size and Zeta Potential 

The mean particle size, polydispersity index (PDI), and zeta potential of the micelles were determined 

using dynamic light scattering (DLS) with a Zetasizer Nano ZS (SAIF, Chandigarh, India) at 25°C. 

ii. Determination of pH 

A pH meter was used to measure the formulation’s pH. The value where calculated three times. 

2) In Vitro Cytotoxicity Studies 

The cytotoxic potential of GA-loaded Pluronic F127 micelles was evaluated against the U87-MG human 

glioblastoma cell line using the MTT assay. U87-MG cells (10,000cells/well) were seeded into 96-well 

plates and cultured for 24 hours in Dulbecco’s Modified Eagle Medium (DMEM; AT149-1L, HiMedia), 

supplemented with 10% fetal bovine serum (FBS; RM10432, HiMedia) and 1% penicillin-streptomycin 

antibiotic solution (P0781, Sigma-Aldrich) at 37 °C in a humidified atmosphere with 5% CO₂. 

After 24 hours, the cells were treated with varying concentrations of the test formulations (as detailed in 

the supplementary Excel data), prepared as stock solutions in dimethyl sulfoxide (DMSO) and 

subsequently diluted in incomplete medium (DMEM without FBS). Following another 24-hour 

incubation, MTT solution (5 mg/mL) was added to each well, and the plates were incubated for an 

additional 2 hours using an air-jacketed CO₂ incubator (Heal Force HF90). 

Untreated cells were used as the negative control, while wells without MTT served as the blank. After 

incubation, the culture medium was removed, and the formazan crystals formed by viable cells were 

solubilized in 100 µL of DMSO (SRL; Cat. No. 67685). Absorbance was measured using a microplate 

reader (iMark, Bio-Rad, USA) at 540 nm and 660 nm. 
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The 50% inhibitory concentration (IC₅₀) values were calculated using GraphPad Prism version 6. 

Cytomorphological changes in treated and untreated cells were observed under an inverted microscope 

(Olympus ek2) and documented using an AmScope Aptima CMOS 10 MP digital camera. The IC₅₀ 
values were presented as Mean ± SEM from triplicate readings. 

 

RESULTS 

Formulation Optimization: 

The preparation of GA-loaded Pluronic F127 micelles was optimized by evaluating various drug-to- 

polymer ratios (1:99, 1:19, 1:9, and 1:4 w/w). Among these, the formulation with a 1:4 drug-to-polymer 

ratio exhibited the most favourable characteristics in terms of particle size and stability 

Physicochemical Characterization: 

The optimized GA-loaded Pluronic F127 micelles exhibited favorable physicochemical properties for drug 

delivery applications. Among the tested formulations, the optimized micelle (1:4 drug-to-polymer ratio) 

showed a mean particle size of 65.4±2.3 nm with a narrow size distribution (PDI= 0.164±0.0005), 

indicating a uniform nanocarrier population ideal for enhanced permeation and retention (EPR) [15]. 

The zeta potential was -34.4± 1.2 mV, signifying strong colloidal stability due to the sufficient surface 

charge, which helps prevent aggregation and supports prolonged systemic circulation. 

Table 4: Micellar formulation compostition, mean particle size, Zeta potential, polydispersion index 

(PDI), and pH 

Formulation Gallic acid 

(%w/w) 

Pluronic 

F127 

Mean 

particle size 

(nm) 

PDI 

% 

Zeta 

potential 

(mV) 

pH 

1:99 1 99 155.7± 3.2 16.6 -15.71± 1.5 6.56±0.03 

1:19 1 19 137.6±1.4 16.9 -21.5±1.2 6.47±0.03 

1:9 1 9 119.8±1.6 16.4 -27.5±1.3 6.76±0.05 

1:4 1 4 65.4±2.3 16.4 -34.4±1.2 6.62±0.03 

 

A. B. 

Figure 1: (A) Mean particle size of formulation (1:4); (B) zeta potential of formulation (1:4). 

FTIR Study: 

The FTIR spectrum of the gallic acid-Pluronic F127 complex showed characteristic absorption bands at 

596, 1046, 1199, 1456, 1529, 1580, 1640, and 1719 cm⁻¹. The broad bands observed in the 2900–2970 

cm⁻¹ region correspond to C–H stretching vibrations, indicating the presence of alkyl chains from 

Pluronic F127. The peak at 1719 cm⁻¹ is due to C=O stretching of the carboxylic acid group in gallic 

acid. The peaks between 1000–1300 cm⁻¹ are related to C–O and C–O–C stretching vibrations, 

confirming the presence of ether and ester functionalities. Additionally, the peaks in the range of 1500- 

1600 cm⁻¹ are caused by aromatic ring vibrations, which prove the incorporation of gallic acid. These 

results confirm the successful construction and interaction of gallic acid within the Pluronic F127 matrix. 
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Figure 2: FTIR spectrum of gallic acid-Pluronic F127 complex. The spectrum displays characteristic 

absorption bands at 2900-2970 cm-1 (C-H stretching, alkyl chains), 1719 cm-1 (C=O streaching, carboxylic 

acid), 1500-1600 cm-1 (aromatic ring vibrations), and 1000-1300 cm-1 (C-0 and C-O-C streaching), 

confirming the successful incorporation and iteraction of gallic acid within the Pluronic F127 matrix. 

In Vitro Cytotoxicity: 

The cytotoxicity studies demonstrated that GA-loaded Pluronic F127 micelles exhibited significantly 

moderate anticancer activity. Against U87MG cells, the IC50 values were 15.77±0.13μg/mL for GA- 

loaded Pluronic F127 micelles after 24 hours of treatment. 

The enhanced cytotoxicity of GA-loaded Pluronic F127 micelles can be attributed to improved cellular 

uptake through endocytosis, protection of GA from degradation, and sustained intracellular drug release 

[16]. Additionally, Pluronic F127 may contribute to the enhanced anticancer activity through its P- 

glycoprotein inhibition [17]. 

 
A 

Figure 3: Representative image of a 96-wall plate from the MTT assay performed on U87 MG 

glioblastoma cells 
 

Figure 4: Shows the dose-response curve for the cytotoxic effect of gallic acid loaded Pluronic F123 

micelles (1:4) on U87-MG glioblastoma cells, as determined by the MTT assay. The graph illustrates the 

percentage of viable cells at various concentrations of the formulation, with cell viability decreasing as the 

concentration increases. The IC50 value, determined from the curve, is 15.77±0.13 µL/mL, indicating the 

concentration at which cell viability is reduced by 50%. 
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(A) (B) 

 

(C) (D) 

 

Figure 5: Morphological evaluation of U87-MG cells after treatment with gallic acid-loaded Pluronic F127 

micelles for 24 hours. 

(A) Control (untreated) cells exhibit normal spindle-shaped morphology and firm adherence. 

(B-D) Cells treated with increasing concentrations of micelles show progressive morphological changes, 

including cell rounding, shrinkage, and detachment, indicating dose-dependent cytotoxicity. Images were 

captured using an inverted light microscope at 10× magnification. Scale bar = 100 µm 

 

DISCUSSION 

The development of effective therapies for glioblastoma remains one of the most challenging areas in 

oncology. The unique anatomical and physiological barriers of the brain, particularly the blood-brain 

barrier, significantly limit the efficacy of conventional chemotherapeutic agents [18]. In this context, 

nanotechnology-based drug delivery systems offer promising solutions for overcoming these challenges 

and improving therapeutic outcomes.Our study demonstrates that Pluronic F127 micelles can serve as an 

effective nanocarrier for gallic acid delivery to glioma cells. The choice of Pluronic F127 as the carrier 

polymer was based on its established safety profile, unique pharmacological properties, and proven ability 

to enhance drug delivery to the brain [19]. The triblock copolymer structure of Pluronic F127 enables 

spontaneous micelle formation in aqueous solutions above the critical micelle concentration, providing 

a stable platform for drug encapsulation [20].The physicochemical characterization results confirm that 

the GA-loaded micelles possess optimal properties for drug delivery applications. Similar studies using 

polymeric micelles for anticancer drug delivery have reported particle sizes in the range of 50-100 nm, 

consistent with our finding [21]. The particle size of approximately 65 nm is within the ideal range for 

tumor targeting through the EPR effect while being small enough to potentially cross biological barriers 

[22]. The near-neutral zeta potential minimizes interactions with blood components and reduces the risk 

of rapid clearance by the reticuloendothelial system [23]. The enhanced cytotoxicity of GA-loaded 

Pluronic F127 micelles can be explained by several mechanisms. First, the micelles protect GA from 

degradation and premature clearance, maintaining its bioactivity [24]. Second, the small size and surface 

properties of micelles facilitate cellular uptake through endocytosis pathways [25]. Third, the 

intracellular release of GA from micelles may provide sustained drug exposure to cancer cells [28]. 

 

CONCLUSION 

In summary, gallic acid-loaded pluronic F127 micelles exhibited optimal nanocarrier characteristics, 

successful drug encapsulation, and significantly enhanced in vitro anticancer activity against 

glioblastoma cells. These findings underscore the potential of this delivery system to overcome the 

limitations of conventional GBM therapies, particularly regarding BBB penetration and drug resistance. 
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Further in vivo studies and clinical investigations are essential to validate these results and advance this 

approach toward clinical application. 
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