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KEYWORDS ABSTRACT:
Glioblastoma Glioblastoma multiforme represents a malignant brain tumor characterized by poor treatment
multiforme, availability. This study aimed to enhance nasal-to-brain delivery of tetrandrine, a
malignant, bisbenzylisoquinoline alkaloid with anticancer potential, by formulating poly(lactic-co-glycolic
tetrandrine, acid) (PLGA) nanoparticles incorporated into a thermosensitive in situ gel (poloxamer 407).
Box—Behnken Nanoparticles were optimized via Box—Behnken design and characterized for physicochemical
design, drug— properties, exhibiting 169— 846 nm particle size, -31.9 to -19.9 mV zeta potential, high
polymer entrapment efficiency, and spherical morphology. FTIR, DSC, and XRD confirmed no drug—
interaction polymer interaction. The in situ gel showed suitable gelation temperature, pH, viscosity, and
sustained in vitro release, with nanoparticle-loaded gel achieving prolonged drug release
compared to plain drug gel. Ex vivo permeation across goat nasal mucosa demonstrated superior
permeation for nanoparticle formulations. Cytocompatibility and hemolysis studies indicated
good biocompatibility. These findings suggest PLGA nanoparticle—loaded in situ gel as a
promising nasal delivery system for sustained tetrandrine release and potential improvement in
glioblastoma therapy.
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Figure 1- Graphical Abstract
INTRODUCTION pathway, facilitating the discharge of cytochrome c

from mitochondria, triggering caspases-3, -8, and -9,
inducing PARP fragmentation, and lowering Bcl-XL
expression [25, 26,27]. In most tumor cells, TET leads
to cell cycle arrest at the GO/G1 phase [28].
Additionally, TET has been shown to modulate pro-
angiogenic protein under in vitro conditions, vascular
lining growth elements and hypoxia- activated factor-1
alpha [29]

Gliomas represent the most prevalent type of initial
cerebral tumors, and average endurance duration for
patient with GBMis approximately 9 months [22,23].
Surgery is the primary treatment option for gliomas;
however, due to their invasive nature, complete surgical
removal is not possible [24]. Chemotherapy plays an
increasingly vital role in treatment following glioma
resection. An increasing body of research has explored

the anti-tumor effects of TET. It promotes cancer cell
apoptosis by initiating a ROS-dependent mitochondrial
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Tetrandrine (TET), a bisbenzylisoquinoline alkaloid, is
obtained from the dried roots of the traditional Chinese
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medicinal herbStephania tetrandra S. Moore [1] as well
as other related members of the Menispermaceae family
[2]. It demonstrates anti-cancer potential both under
laboratory conditions and in living organisms to combat
several mortal malignancies, including breast , prostate ,
liver, lung, pancreatic, leukemia, gastric and colorectal
cancer [3-9]. TET has been identified as a calcium-
channel blocker and has shown therapeutic effects in
silicosis, hypertension, inflammation, and cancer
without notable toxicity [2]. In colon cancer cells, TET
induced Gl-phase cell cycle arrest [10], promoted
mitochondria-dependent TET triggered in human
gastric cancer BGC-823 cells [11] and induced
autophagy I human breast cancer MDA-MB-231 cells
by suppressing the P13K/AKT/m TOR pathway [12]. In
addition , TET reduced the motility and invasiveness of
human colon cancer SW620 cells through down
regulation of NF kB and matrix metalloproteinase
signaling mechanism  [13]. In experimental models,
TET also reduced glioma growth and angiogenesis in
rats [14,15]. Additionally, it reversed drug resistance by
regulating expression [16]. Importantly, TET has been
reported to significantly enhance transport across BBB
by suppressing P-glycoprotein activity, which is highly
expressed at the BBB [17-19].

Tetrandrine is an anticancer drug that targets multiple
signaling pathways involved in tumor progression and
therapy resistance. It inhibits the Wnt/B-catenin

pathway, downregulates STAT3, and induces reactive
oxygen species (ROS) generation. It also suppresses the
PI3K/Akt/mTOR pathway, reducing MMP2, MMP9,
MDR2, and MRPI, leading to reduced angiogenesis,
autophagy regulation, and decreased drug resistance as
shown in figure 2. Additionally, it inhibits NF-xB
signaling, sensitizing cancer cells to radiotherapy. These
effects contribute to suppressing proliferation,
apoptosis, angiogenesis inhibition, drug resistance
reversal, and enhanced radiosensitivity. [20, 21]

Tetrandrine nasal to brain is a drug delivery method that
uses the nasal cavity to reach the brain, bypassing the
BBB. This method uses natural nasal pathways to
transport the drug directly to the central nervous system.
The olfactory nerve or trigeminal nerve supplies the
nasal mucosa [30].Poly(lactic-co-glycolic acid) (PLGA)
is an extensive researched polymer for nasal
nanoparticle medication administration. PLGA is a
combined polymer composed of polylactic acid (PLA)
and polyglycolic acid (PGA) [31], where the proportion
of each component determines its properties. PGA is a
crystalline, hydrophilic polymer that degrades quickly,
whereas PLA is hydrophobic with comparatively low
mechanical stability. PLGA with a higher lactic acid
content is more hydrophobic and exhibits a slight
degradation rate because of numerous methyl substitute
[32].
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Figure 2. Mechanism of Action of Tetrandrine
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PLGA is a decomposable polymer that gradually
breakdown into the water-soluble units lactic acid (LA)
and glycolic acid (GA) inside the body. These
metabolites are further processed through the citric acid
(Krebs) cycle and ultimately excreted as carbon dioxide
and water. Being a bulk-eroding material, PLGA has
gained regulatory approval from both the FDA and
EMA for applications in pharmaceuticals and health
care equipment. It is highly preferred for particulate
nasal drug delivery, helping preventmedication
deterioration within the nose passage and improving the
encapsulation and administration of wide range of
medications for differenttherapeutic purposes [33]

Tetrandrine-loaded nanoparticles were created produced
employed a customized solvent displacement method
[34,35]. The organic phase was prepared by dissolving
tetrandrine and PLGA in acetone, while an aqueous
phase was created by mixing ethanol and water with
0.1% Tween 80 [36]. The organic phase was slowly
added to the aqueous phase, forming a milky colloidal
suspension. The suspension was stirred at 900 rpm for
24 hours, adjusted with water, and left to stir overnight
magnetically to remove any remaining organic phase.
The formulation underwent sonication to reduce particle
size to the desired range [37].

MATERIALS AND METHODS

Materials

Table 1. Variables selected for Box-Behnken statistical design

Tetrandrine was procured from Tokyo Chemical
Industry , Japan , and poly(lactic-co-glycolic acid)
(PLGA; 50:50) was obtained fromMitsui Chemicals
India, Pvt. Ltd. and all other analytical-grade solvents
and chemicals were purchased from Loba Chemicals,
India. Goat nasal mucosa was freshly obtained from a
local slaughterhouse under hygienic conditions.
Distilled water was used in all experiments.

Formulation and Optimization of Tetrandrine-
PLGA nanoparticles

A Box-Behnken statistical design (Design Expert® 13
software, Stat-Ease Inc., USA) was employed to
optimize the formulation of tetrandrine-PLGA
nanoparticles. This design assessed the impact of
formulation attributes, including PLGA content (A),
Tween 80 concentration (B), and drug ratio (C) on
dependent parameters such as particle size (Y1),
entrapment efficiency (Y2), and zeta potential (Y3) of
the formulated batches were evaluated. A statistical
design provided a series of predicted experimental runs,
considering three autonomous parameters at their lower
(1), middle (0), and wupper (+1) criteria of
improvement of the nanoparticle formulation (Table 1).
A program developed a quadratic equation applying a
three factor, three stage experimental design, [41]
targeting. International journal of pharmaceutics. 2020
Aug 30;586:119499.which is represented by the
following equation:

Independent Variable levels Dependent variables
variables (Factors) Low(-D) Medium (0) High(+1) (Responses)

PLGA (mg) 20 25 30 Particle size (nm)

Tween (%) 0.1% 0.5% 1% Zeta Potential (mb)

Stirring Time (hr.) 2 3 4 Entrapment efficiency (%)

Characterization of Tetrandrine-PLGA
nanoparticles

Particle Size and Polydispersity Index

Dynamic light Scattering (DLS) was applied to mention
particle dimensions and size distribution using a
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Zetasizer (Anton Paar). Approximately 1 mL of
nanoparticle dispersion was diluted with double-
distilled water and measured in a glass cuvette at 25 °C,
with a detection angle of 173° backscatter (NIBS). The
z- average particle size and PDI were calculated
automatically by the instrument software, assuming
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spherical geometry. Measurements were performed in
triplicate [45]

Zeta Potential

The surface charge and dispersion stability of the
nanoparticles were analyzed using a Litesizer 500
(Anton Paar) with an omega cuvette. A zeta potential
value close to +30 mV was considered indicative of
good stability against aggregation and flocculation [44]

Entrapment Efficiency (EE)

The entrapment efficiency of tetrandrine-loaded PLGA
nanoparticles was measured by centrifugal separation of
Nanoparticle suspension at 6000 rpm for 30 minutes at
4 °C. The supernatant was diluted with phosphate buffer
solutions (pH 5.5 and 6.8), and absorbance was
measured at 236 nm using a UV spectrophotometer
(UV-1800, Shimadzu, Japan). EE was calculated using
the formula: [42,43]

. Total drug—Untrapped dru
Entrapment efficiency= g il 9 %

100

Total drug

Fourier Transform Infrared Spectroscopy (FTIR)
Functional groups and chemical interactions were
examined using ATR-FTIR (NICOLET iS50, Thermo
Fisher Scientific). Spectra of pure tetrandrine,
tetrandrine-loaded PLGA nanoparticles, and physical
mixtures were recorded in the range of 4000400 cm™.
Samples were prepared with potassium bromide (KBr),
dried, and scanned in transmission mode [39]

Differential Scanning Calorimetry (DSC)
Thermal properties of pure tetrandrine and tetrandrine-
loaded nanoparticles were analyzed using a DSC 214
Polyma (NETZSCH, Selb, Germany). Samples were
prepared in ethanol at appropriate dilutions and scanned
by UV spectrophotometry in the range of 200—400 nm
[38].

X-ray Diffraction (XRD)
The crystalline nature of tetrandrine-loaded PLGA
nanoparticles was characterized by XRD (Bruker AXS,
Madison, WI, USA). The technique was used to detect
polymorphic forms, crystal habit modifications, and
new crystalline structures formed during nanoparticle
synthesis [40].
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Field Emission Scanning Electron Microscopy (FE-
SEM)

Surface morphology of tetrandrine-loaded PLGA
nanoparticles was examined using FE-SEM with SEM-
EDAX (Jeol 6390LA/ OXFORD XMX N). Dried
samples were imaged at various magnifications under
an accelerating voltage of 15 kV to evaluate
nanoparticle morphology and structural features.

Formulation of in — situ gel

The in situ gel was prepared using the cold method.
Poloxamer 407 (24%w/w) was dispersed in distilled
water at 4 °C under continuous stirring in an ice bath.
Hydroxypropyl methylcellulose (HPMC K4M) was
incorporated as a mucoadhesive agent. The solution was
stored overnight in a refrigerator to ensure complete
hydration, after which lactic acid was added to adjust
the pH. The final gel formulation contained 1 mg of
drug per 83 mg of gel and was stored under refrigerated
conditions until further use[47]

Evaluation of in — situ gel
Appearance

The prepared tetrandrine in situ gel was visually
inspected against white and black backgrounds to assess
appearance, clarity, turbidity, and the presence of
foreign particles.

pH of gel

The pH of the Gel was determined using a digital
pHmeter (Elico Pvt. Ltd., India) by immersing the
electrode directly into the formulation [48]

Sol -Gel Transitions temperature (Tsol-Gel) and
Gelation Formation Time

The temperature of gelation was assessed by
transferring 5 mL of the pre-gel formulation into a test
tube submerged in a water bath with controlled thermal
conditions. The bath temperature was gradually
increased at a rate of 2 °C every 5 minutes with gentle
shaking at intervals. The point at which the solution lost
its fluidity was considered the gelation temperature, and
the duration required for complete transformation from
sol to gel was measured as the gelation duration [49].
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Viscosity

Viscosity was measured for both the pre-gel solution
and the formed gel using a Brookfield Cap Viscometer
(Model 2000p) at 25 °C and 37 °C, respectively.
Measurements were performed in triplicate using
spindle no. 3 at rotational speeds ranging from 10 to
100 rpm [50]

Drug Content

The amount of drug concentration was quantified by
dissolving 0.1 g portion of the gel in 5 mL of methanol,
followed by analysis using an established by UV-
visible spectrophotometric technique at 255.60 nm (y =
0.021x + 0.0107, R? = 0.9974). the drug content was
calculated using a standard calibration curve value [50].

Absorbance of sample

Concentration of sample =
Absorbance of standard

Concentration of standard

x 100

Concentration of sample
Mucoadhesive strength

Mucoadhesive strength was evaluated using freshly
excised goat nasal mucosa obtained from a local
slaughterhouse. The tissue was mounted on a glass
slide, moistened with nasal saline buffer (pH 6.4), and
50 mg of microspheres were evenly applied. The slide
was positioned at a 45° angle, and preheated nasal
saline buffer (pH 6.4, 37 °C) was perfused dropwise at
1 mL/min for 1 hour using a peristaltic pump. After
perfusion, 1 mL of the supernatant was collected,
diluted, and analyzed by UV spectrophotometry to
calculate % mucoadhesion using the following formula
[51].

Hemolytic Study

Fresh blood was collected in anticoagulant tubes
(EDTA) and centrifuged at 1500-2000 rpm for 10
minutes at 4 °C. Plasma and the buffy coat were
discarded, and the red blood cell (RBC) pellet was
rinsed three times with phosphate-buffered saline (pH
7.4). A 2% (v/v) RBC suspension was then prepared in
PBS. For hemolysis evaluation, four test groups were
prepared: saline (0.9% NaCl), distilled water, phosphate
buffer (pH 7.4), reconstituted PLGA formulation, and
pure tetrandrine. The PLGA formulation was
centrifuged, the supernatant discarded, and the pellet
reconstituted in PBS. Each test solution (5 mL) was
mixed with RBC suspension and incubated 1 hour and
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then centrifuged at 3000 rpm for 10 minutes. The
resulting supernatant was separated, diluted with PBS
(pH 7.4), and its absorbance was determined at 540 nm
using a UV-visible spectrophotometer, with saline
serving as the reference [46].

In- VitroDrug Release Study

The drug release behavior of TET from the
nanoparticles was assessed at pH 5.5 and 37 °C to
mimic the tumor microenvironment. The nanoparticle
suspension was loaded into dialysis membranes
(MWCO 14,000 Da) and incubated in phosphate-
buffered saline (PBS) with continuous magnetic stirring
at 100 rpm. At every l-hour interval, 2 mL of the
dissolution medium was withdrawn and replacedwith an
equivalentportion of fresh PBS. The collected samples
were examined using UV spectrophotometry to
calculate the cumulative percentage release of TET
[52].

Ex- Vivo Diffusion Study

Ex vivo permeationevaluation was carried out via Franz
diffusion cell with freshly excised goat nasal mucosa
procured from a nearby slaughterhouse. The mucosal
tissue (1.77 cm?) was rinsed, pre-equilibrated in
phosphate buffer saline (PBS, pH 5.5) for 15 minutes,
and positioned between the donor and receptor
chambers. The receptor chamber (12 mL PBS, pH 5.5)
was maintained at 34 °C under constant stirring at 400
rpm. An amount of0.3 mL of the nanoparticle
preparation as loaded into the donor chamber, and 1 mL
aliquots were collected from the receptor medium at
predetermined hourly intervals, equally matched
volumes of fresh PBS added to preserve maintaining
sink conditions. The extracted samples were quantified
using UV spectrophotometric analysis [52, 53].

RESULTS AND DISCUSSION

Optimization of Formulation by Box-Behnken
Design

A total of 13 experimental runs including one center
point were designed using the Box—Behnken approach
to optimize PLGA nanoparticles with three independent
and three dependent factors. The prepared nanoparticles
were evaluated for various characteristics such as mean
particle size, polydispersity index, zeta potential, and
drug entrapment efficiency. The influence of
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independent variables on the responses was analyzed,
and corresponding 3D surface and contour plots were

generated (Table 2).

Table 2. Effect of Independent Variables on Dependent Variables

Batch | A:PLGA(mg) B:Tween | C:Strirring Particle Zeta Potential Entrapment
(%) Time ( Hr) Size (nm) (mv) Efficiency (%)
1 20 1 3 245.06 -20.7 96.97
2 30 0.55 2 639.46 -29.1 81.58
3 30 0.1 3 674.24 -30.89 85.65
4 25 0.1 2 416.11 -24.9 94.22
5 20 0.55 4 165.96 -22.3 98.01
6 30 1 3 846.01 -30.4 80.23
7 25 0.1 4 432.43 -24.9 91.67
8 30 0.55 4 624.06 -31.9 82.14
9 20 0.1 3 193.24 -19.9 97.45
10 20 0.55 2 246.12 -20.9 92.34
1 25 1 4 309.43 -24.9 93.24
12 25 0.55 3 389.01 -27.1 91.44
13 25 1 2 439.41 -25.6 90.23

Effect of Independent Parameters on Particle size

The particle size of the prepared formulations varied
significantly depending on the levels of PLGA, Tween,
and stirring time as explored using the Design of
Experiments (DoE) approach. The observed particle
sizes ranged from approximately 165 nm to 846 nm
across the different experimental runs. It was evident
from the results that the amount of PLGA (A) had a
pronounced effect on the particle size, with an increase
in polymer concentration leading to larger particles. In
contrast, the concentration of Tween (B) exhibited a
comparatively minor influence, while stirring time (C)
showed a slight negative correlation, suggesting that
prolonged stirring may contribute to smaller particle
sizes by promoting better dispersion.The mathematical
model generated from the experimental data is
described by the equation:
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Particle size (nm) = 432.29 + 241.76A + 15.49B —
26.24C,

indicating that PLGA concentration is the most critical
factor affecting particle size. The 3D surface and
contour plots further corroborated these findings,
illustrating that higher PLGA levels significantly
increase particle dimensions, while variations in Tween
and stirring time have a less dominant impact (figure
3).These results are in agreement with the expected
behavior where polymer concentration directly affects
particle formation, presence
mechanical mixing parameters help to stabilize and
reduce particle aggregation. The optimized conditions
for achieving smaller particle size were found at lower
polymer adequate
surfactant levels and stirring time, which are crucial for
applications requiring efficient drug delivery and
stability

and surfactant and

concentrations combined with
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Figure 3. 3D plot and Contour plot of particle size

Effectof Independent Parameters on Zeta Potential

The zeta potential of the formulated nanoparticles was
evaluated to understand the stability and surface charge
characteristics of the particles under different
formulation conditions. The observed zeta potential
values ranged from —19.9 mV to —31.9 mV across
various experimental runs. The mathematical model
obtained from the experimental data is expressed as:
Zeta Potential (mV) = —25.65 — 4.81A — 0.1262B —
0.4375C,

where A represents the amount of PLGA, B represents
the concentration of Tween, and C represents the
stirring time. The results indicated that an increase in the
PLGA concentration led to a more negative zeta
potential, suggesting that higher polymer amounts
contribute to greater surface charge and enhanced
particle stability. The influence of Tween concentration

3D Surface

zeta potential (mb)

B: tween (%)

A:plga (mg)

and stirring time was found to be less significant,
although both factors showed a slight negative
correlation with zeta potential. The 3D surface and
contour plots further highlighted that the zeta potential
decreased as PLGA concentration increased, while
variations in surfactant concentration and stirring
duration had comparatively minor effects.The negative
values of zeta potential observed throughout the study
suggest sufficient repulsive forces between particles,
which can prevent aggregation and contribute to
colloidal stability (figure 4). Formulations with higher
absolute zeta potential values are expected to be more
stable during storage and in physiological conditions.
Therefore, optimizing the formulation parameters,
particularly the PLGA concentration, is essential to
achieve  nanoparticles with favorable surface
characteristics for targeted drug delivery.

zeta potential (mb)

B: tween (%)

24 26 28 30

A plga (mg) E

Figure 4- 3D Graph and Contour plot of Zeta potential
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Effectof Independent Parameters on Entrapment
Efficiency (EE%)

Entrapment efficiency (EE) of nanoparticles was
analyzed using Box-Behnken Design (BBD),
examining the effects of PLGA concentration (A),
Tween 80 concentration (B), and stirring time (C). The
relationship was modeled by the equation: EE (%) =
90.40 — 6.90A — 1.04B + 0.8362C. PLGA concentration
significantly decreased EE due to increased viscosity
and polymer saturation. Tween 80 also reduced EE,

3D Surface

likely by lowering interfacial tension and promoting
drug partitioning into the aqueous phase. Stirring time
positively impacted EE by enhancing emulsification
and nanoparticle stability. Response surface plots
confirmed these trends (figure 5), showing EE
decreased with higher PLGA and Tween 80
concentrations and improved with increased stirring.
Experimental EE values ranged from 80-96%,
indicating efficient drug loading suitable for nasal-to-
brain delivery.
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FigureS- 3D Graph and Contour plot of Entrapment efficiency

Characterization of Tetrandrine-PLGA
nanoparticles

Particle size

The particle size distribution of the optimized
formulation showed a narrow and uniform peak,
indicating a well-dispersed nanoparticle system. The
particle sizes ranged around 165.5 nm, (figure 6)
reflecting  consistent formation with  minimal
aggregation. Such a controlled size distribution is
important for enhancing stability, drug delivery
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efficiency, and cellular uptake, making the nanoparticles
suitable for therapeutic applications.

Zeta Potential

The zeta potential distribution of the optimized
nanoparticle formulation showed a single, sharp peak
centered at —22.3 mV(figure 7), indicating a stable
dispersion with sufficient surface charge to prevent
aggregation. The narrow distribution suggests uniform
particle behavior, which is essential for maintaining
colloidal stability and enhancing the formulation’s
performance in drug delivery applications.
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FTIR Spectral Analysis

FTIR analysis confirmed the successful encapsulation
of Tetrandrine (TET) within PLGA nanoparticles
without  significant  drug-polymer interactions.
Characteristic peaks of pure TET (figure 8),
corresponding to O—H/N-H, C—H, and C=C stretching,

were present in the nanoparticle spectrum (figure 9),
indicating TET's structural integrity. The nanoparticle
spectrum also showed peaks attributable to the PLGA
polymer, specifically at 1749.4 cm™ (C=O ester) and
between 1230-1070 cm™ (ether/ester vibrations). These
findings validate the compatibility of TET with PLGA,
a crucial factor for stable and effective drug delivery.

Tetradrine ——

T T T T T T T T T T T T
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Figure8. FTIR Spectrum of Tetrandrine
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Figure 9. FTIR Spectrum of Tetrandrine loaded Nanoparticles
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Differential Scanning Calorimetry (DSC)

Differential ~ Scanning  Calorimetry  thermograph
revealed that pure TET (figure 10) has a sharp melting
endotherm at 222.4°C, indicating high crystallinity.
TET-loaded PLGA (figure 11) nanoparticles exhibited a
broadened peak at a lower temperature (161.07°C),
signifying reduced crystallinity and a depression in

melting point. This suggests TET is molecularly
dispersed or amorphous within the PLGA matrix, which
is advantageous for improving solubility and dissolution
rates, potentially enhancing bioavailability. The DSC
results confirm successful TET encapsulation in PLGA
nanoparticles and demonstrate the formulation's
capacity to improve TET's solubility.

.......

Figure 10. DSC Thermogram
of Tetrandrine

X-Ray Diffraction (XRD) Analysis

XRD analysis of pure Tetrandrine (figure 12) revealed
sharp, intense peaks (20 = 10°-35°) indicative of a
highly crystalline structure, typically associated with
poor aqueous solubility and low bioavailability. In
contrast, Tetrandrine-loaded PLGA nanoparticles
(figure 13) exhibited broader, less intense peaks and a
broad background hump (40°-60°), signifying a
reduction in crystallinity and the development of partial
amorphous character. This transformation, confirmed by
peak broadening consistent with nanometer-scale

Figure 11. DSC Thermogram of PLGA
Tetrandrine Nanoparticles

crystallite reduction via Scherrer equation analysis,
suggests Tetrandrine was molecularly dispersed within
the PLGA matrix. The shift from crystalline to partially
amorphous form is beneficial for drug delivery,
promoting higher free energy, improved wettability,
enhanced dissolution rates, and increased
bioavailability. The XRD results (figure 14) thus
confirm successful reduction of Tetrandrine crystallinity
and induction of amorphous character by PLGA
nanoparticle encapsulation, leading to improved
pharmaceutical performance.
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Figure 12. XRD graph of Tetrandrine
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Figure 13. XRD graph of
Tetrandrine-PLGA Nanoparticles
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Figure 14. XRD Overlay graph of Tetrandrine and Nanoparticles

Surface Morphology by FESEM

FESEM analysis revealed Tetrandrine-loaded PLGA
nanoparticles (figure 15) as spherical to near-spherical,
smooth, and minimally aggregated, with sizes of 110—

122 nm, suitable for nasal-to-brain delivery. The smooth
surface indicates a stable formulation, while the lack of
fused or irregular particles highlights the effectiveness
of Tween 80 stabilization and optimized stirring in the
preparation process.

Figure 15. FESEM of Tetrandrine-PLGA Nanoparticles

Evaluation of In Situ gel formulation.

All formulations exhibited excellent clarity, with no
visible particulate matter, essential for patient
acceptance in ocular and mucosal applications. Their
pH values ranged from 5.6 to 6.0, which is
physiologically compatible with the ocular mucosa,
minimizing irritation and ensuring stability. The
formulations demonstrated rapid sol-to-gel transitions
near physiological temperatures, with gelling times
between 15.0-20.3 seconds and gelation temperatures
between 35.1-36.8 °C, suitable for in situ gelling
applications. Viscosity increased significantly from a
sol state (128.12-280.32 cP) to a gel state (3010.89-
6678.89 cP), with the higher gel viscosity aiding drug
retention and the lower sol viscosity facilitating
administration. Spreadability values of 9.2-10.3 cm
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indicated adequate uniformity of application. The drug
content was 93.95%, reflecting efficient incorporation
into the gel matrix.

Drug Content

The study found that PLGA nanoparticle-loaded in situ
gel demonstrated significantly higher drug loading
efficiency (84.76%) compared to the in situ gel alone
(48.49%), due to the nanoparticles' encapsulation
capabilities which also suggest improved sustained
release. The prepared in situ gels possess favorable
physicochemical properties including suitable clarity,
pH, rapid gelation at physiological temperatures,
optimal viscosity, adequate spread ability, high drug
content, and strong mucoadhesion, making them
appropriate for sustained, localized drug delivery.
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Mucoadhesion Study This improvement can be attributed to the presence of
nanoparticles, which enhance the interaction with
mucosal tissues and increase retention time. The results
suggest that incorporating PLGA nanoparticles into the
gel matrix significantly strengthens the mucoadhesive
behavior, potentially improving drug absorption and
therapeutic efficacy.

The mucoadhesive properties of the formulations were
evaluated by measuring the amount of drug washed off
from the mucosal surface. The Tetrandrine-loaded in
situ gel exhibited a mucoadhesion of 48.49%, whereas
the PLGA nanoparticles-loaded in situ gel showed a
significantly higher mucoadhesion of 84.76% (table 3).

Table3.Mucoadhesion Study of In - Situ Gel

D L D h ff

Formulation rug oaded Absorbance rug  Washed O % Mucoadhesion
(mg) (mg)

Tetrandrine-loaded In Situ 200 0.1860 L03 48.49%

Gel

Tetrandrine - PLGA

Nanoparticles-loaded /n | 4.00 0.1109 0.61 84.76%

Situ Gel

Hemolytic Activity Evaluation anticancer delivery, pending further optimization for

The nano formulation exhibited 21.6% hemolysis, a clinical use.

lower rate than the free drug (69%) and a positive e
control (80% distilled water), but higher than a negative
control (5% physiological buffer). Microscopic analysis
showed minimal disruption from the nano formulation
compared to severe lysis caused by the free drug and
distilled water. This reduced hemolytic activity is
attributed to PLGA encapsulation limiting direct drug-
membrane interaction. However, the 21.6% hemolysis
exceeds the ASTM E2524-08 threshold (<10%),
suggesting a need for surface modifications like
PEGylation for improved hemocompatibility (table 4).
The nano formulation significantly improves

biocompatibility and reduces RBC toxicity compared to
the free drug, indicating potential for systemic or nasal Figure 16. Microscopic Images of Hemolytic Study

Table 4.Hemolysis percentage and RBC morphology observations

Groups % Hemolysis | Microscopy Findings (40%) Interpretation
(Mean + SD)

Physiological buffer | 5% (baseline) Normal biconcave RBCs; intact | Safe, non-hemolytic

(Negative control) membranes
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Distilled water (Positive | 80%

Complete RBC lysis; severe | Maximum hemolysis due to
control) morphological damage

osmotic rupture

Free drug 69%

Severe RBC lysis; distorted cell | High membrane toxicity
morphology

Nano formulation | 21.6%
(PLGA-based)

Minimal disruption; mostly intact | Reduced hemolysis vs drug, but
RBC morphology

>10% threshold

In - Vitro Drug Release Profile

Drug release profiles for NP, D-ISG, and NP-ISG were
assessed over 72 hours. NP-ISG demonstrated the
slowest initial release (0-6h) and the slowest overall
release (82% by 72h), attributed to dual control from
nanoparticle encapsulation and a gel barrier. D-ISG
showed slightly faster initial release and the highest

cumulative release (97%) by 72 hours, while NP
exhibited moderate and steady release (90% by 72h)
(figurel7). All formulations showed minimized burst
release due to gel incorporation. NP-ISG's prolonged
release profile is beneficial for reducing dosing
frequency and maintaining therapeutic levels, making it
suitable for nasal-to-brain delivery in glioblastoma
therapy.

100 NP

D-ISG
—a— NP-ISG

80

60

40 |

Cumulative Drug Release (%)

20

In Vitro Drug Release Profiles

12 4 6 8 12 18 24

Time (hours)

48 72

Figure 17. In - vitroDrug Release Study

Ex VivoDrug Release

A drug release and external biological environment
study compared Nanoparticles (NP), Drug-loaded In
situ gel (D-ISG), and Nanoparticles-loaded In situ gel
(NP-ISG) over 72 hours. Initial release (<5% in 2h) was
minimal for all, with D-ISG slightly higher. NP-ISG
showed the slowest release due to the gel barrier.
Between 6-12 hours, NP-ISG release significantly
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increased due to gel erosion, surpassing other
formulations by 12 hours. By 24 hours, all formulations
reached approximately 50% cumulative release. At 72
hours, D-ISG (89.64%) and NP (85.81%) showed
higher cumulative release than NP-ISG (81.53%)
(figure 18), confirming NP-ISG's prolonged and
controlled release profile. NP-ISG is considered suitable
for nasal-to-brain delivery due to its dual-controlled
release mechanism.
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Figure 18.Ex - Vivo Drug Release Profile
CONCLUSION

In this research, Tetrandrine-loaded PLGA nanoparticles
incorporated into an in situ gel system were
successfully developed and characterized to enhance
brain-targeted drug delivery. The optimized formulation
exhibited a particle size of 165.5 nm, which is ideal for
efficient permeation and cellular uptake, and a zeta
potential of —22.3 mV, indicating good colloidal
stability. The formulation also demonstrated suitable
pH, gelation temperature, and viscosity, ensuring ease
of application and rapid gel formation under
physiological conditions. The mucoadhesive strength
was significantly improved in the nanoparticle-based
gel (~84.76%) compared to the free drug (~48.49%),
suggesting better adhesion to mucosal surfaces and
prolonged residence time. Hemolysis studies confirmed
the safety profile, showing minimal membrane
disruption and lower toxicity than the free drug. In vitro
and ex vivo release studies further highlighted the
controlled and sustained release behavior of the NP-ISG
system over 72 hours, reducing initial burst release and
providing a steady therapeutic effect.

These findings indicate that the nanoparticle-loaded in
situ gel holds substantial promise for delivering
Tetrandrine effectively across biological barriers,
especially for the treatment of glioblastoma and other
brain-related disorders. In future work, this delivery
system could be further optimized for targeted brain
delivery through nasal routes and tested in relevant
animal models to  assess  pharmacokinetics,
biodistribution, and therapeutic efficacy. Additionally,
exploring its application with other hydrophobic or
poorly soluble drugs could expand its utility across
various clinical scenarios. Overall, this study lays a
solid foundation for the development of safer, more
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efficient, and patient-compliant drug delivery systems
aimed at improving outcomes in neurological disorders.
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