TPM Vol. 32, No. S8, 2025
ISSN: 1972-6325

https://www.tpmap.org Open Access

RESVERATROL- AND PIPERINE-CO-LOADED
NANOSTRUCTURED LIPID CARRIERS FOR INTRANASAL
DELIVERY: DEVELOPMENT, CHARACTERIZATION, AND

NEUROPROTECTIVE POTENTIAL IN PARKINSON’S
DISEASE

NEHA SAINI', ABHINAV VERMA?2, TANUSHREE VYAS?, NEETU PANWAR?, MADHAV MOHAN#, RITU
KATARIA®, DIMPY RANI®*

| g D. GOENKA UNIVERSITY, SOHNA, GURUGRAM, INDIA (ORCID: 0009-0006-1484-4812)
2 SCHOOL OF PHARMACY, SHRI VENKATESHWARA UNIVERSITY, GAJRAULA, UP, INDIA (ORCID: 0009-0006-8196-
3424)
2 SCHOOL OF PHARMACY, SHRI VENKATESHWARA UNIVERSITY, GAJRAULA, UP, INDIA (ORCID: 0009-0000-2979-
0585)
3 SCHOOL OF APPLIED SCIENCES, SHRI VENKATESHWARA UNIVERSITY, GAJRAULA, UP, INDIA (ORCID: 0000-0002-
2401-7259)
4 INSTITUTE OF PHARMACY, DOSUT, NALANDA (ORCID: 0009-0004-1347-6435)
S GVM COLLEGE OF PHARMACY, SONIPAT, HARYANA, INDIA (ORCID: 0009-0003-3614-9149)
6 G.D. GOENKA UNIVERSITY, SOHNA, GURUGRAM, INDIA (ORCID: 0000-0003-4618-0177)

GRAPHICAL ABSTRACT

[ Surfactant ) [ 1

N/ )> A A
= o @

>

1. Development of NLCs 2. Optimization
d e, b (" = B
! 30—
! : (4]~ 3
/ \ J
4. Characterization & 3. Optimized final CH-

Evaluation of Final formulation RES+PIP-loaded NLC

ABSTRACT:

Background: Parkinson’s disease (PD) is a progressive neurodegenerative disorder marked by
dopaminergic neuronal loss in the substantia nigra and debilitating motor and cognitive impairments.
Conventional dopaminergic therapies often show limited brain bioavailability and significant side
effects. Naturally occurring compounds such as resveratrol (RES) and piperine (PIP) exhibit potent
neuroprotective, antioxidant, and anti-inflammatory activities but suffer from poor solubility and
low oral bioavailability, restricting their therapeutic use.

Objective: The present study aimed to develop, characterize, and evaluate chitosan-coated
nanostructured lipid carriers (NLCs) co-loaded with RES and PIP for intranasal delivery to achieve
improved brain targeting and enhanced neuroprotective efficacy in PD.

Methods: RES- and PIP-loaded NLCs were prepared via high-pressure homogenization and
ultrasonication using glyceryl monostearate and medium-chain triglycerides as lipid components.
The formulations were optimized using solubility screening and central composite design.
Physicochemical characterization included FTIR, dynamic light scattering, zeta potential, DSC, and
TEM analyses. Entrapment efficiency, drug loading, pH, and in-vitro diffusion were determined.
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Results: Optimized NLCs showed a mean particle size of 124.1 nm, zeta potential of +33.9 mV,
PDI 0.329, and entrapment efficiency 88%. DSC and FTIR confirmed successful drug encapsulation
and physicochemical compatibility. TEM revealed uniform spherical nanoparticles with smooth
morphology. In-vitro studies demonstrated sustained and controlled drug release of ~95% over 24
h, with a final pH of 5.6 suitable for nasal administration.

Conclusion: The co-loaded RES-PIP NLCs present a stable, biocompatible, and effective intranasal
nanocarrier system capable of bypassing the blood-brain barrier to deliver neuroprotective
phytoconstituents directly to the brain.

Keywords: Resveratrol, Piperine, Nanostructured lipid carriers, Intranasal delivery, Parkinson’s
disease, Neuroprotection, Dopaminergic recovery, Chitosan coating

1. INTRODUCTION

Parkinson's disease (PD) is a neurodegenerative condition that worsens over time and is mainly brought on by a brain
dopamine deficit in substantia nigra. Dopaminergic cell death causes a reduction in dopamine, a neurotransmitter involved
in mood, movement, muscle control, and memory in the brain of a person with Parkinson's disease[1]. The majority of
PD diagnoses are made in elderly patients above the age of 60 years or more, and only 5-10% of cases are thought to be
identified before reaching the age of 50[2]. The disease is prevalent due to improper functioning of nigrostriatal pathways,
followed by accumulation of cytoplasmic aggregates such as Lewy bodies, filaments, and alpha synuclein [3].
Conventionally prescribed treatments have a majority of the side effects, such as motor difficulties, compulsive disorder,
and psychosis with low therapeutic efficacy due to bioavailability concerns. In recent years, phytoconstituents have gained
popularity for treating neurological disorders due to their wider therapeutic range and fewer side effects [4].

A number of naturally occurring compounds, such as resveratrol (RES) and piperine (PIP), have garnered interest because
of their efficacy and neurological protection. RES (Family: Stilbene) is a naturally occurring polyphenol which is mainly
extracted from Veratrum grandiflorum. It has been identified in over 70 plant genera, primarily in the skin and seeds of
grapes. It has also been found in trace amounts in red wines and a variety of foods consumed by humans [5]. The two
stereo isomeric types of resveratrol that make up its chemical structure are cis-resveratrol and trans-resveratrol[6]. PIP
(Family: Piperaceae) is extracted from Piper nigrum & Piper longum which is a nitrogenous compound and belongs to an
alkaloidal group. These drugs have been extensively explored across various therapeutic areas because of their complex
biological description, which includes neuroprotective, anti-inflammatory, antioxidant, antihypertensive, antitumor, pain
reliever, antibacterial, antifungal, hepatoprotective, and antimutagenic[7]. RES & PIP aid in reducing neuroinflammation,
oxidative stress, altering the cellular apoptotic, effective against mitochondrial dysfunction and enhancing cognitive
abilities in various animal models[8].

Some studies revealed that PIP is used as bioavailability enhancer by inhibiting the enzymes, required to metabolize the
drugs. Shoba et al., suggested that PIP influences the pharmacokinetic properties of curcumin in animal models as well as
human volunteers[9]. Another research demonstrated that combining resveratrol with piperine significantly enhances the
bioavailability and pharmacokinetic parameters of resveratrol by constraining its glucuronidation, thereby minimizing its
elimination. However, it requires more in-depth investigation to determine the effects on metabolic pathways and
bioavailability of resveratrol by combining it with piperine[ 10]. Despite having poor aqueous solubility and bioabsorption,
these phytoconstituents have been extensively researched due to their numerous benefits in treating brain diseases.
Nevertheless, categorised in BCS class II, which has low bioavailability and solubility problems that restrict its targets to
the site of action and limit its potential for clinical development. Therefore, the use of sophisticated preparation and
nanotechnology-based methods has been developed to get around these problems and stimulate its pharmacological
action[8]. Nanostructured lipid carriers are considered a promising approach to quickly transport medications directly to
the brain through nasal mucosa with increased bioavailability of drug. The nose-to-brain route is considered safer and
non-invasive route to attain effective therapeutic action with fewer side effects[11-13].

Previously, Zafar et al., formulated a chitosan coated piperine NLCs via oral route for the diabetic disease[14]. Yadav et
al., reported a piperine loaded mucoadhesive nano-emulsion by titration method for nasal route to enhance its in vivo
bioavailability[15]. Elnaggar et al., formulated chitosan nanoparticles with piperine for targeting Alzheimer’s disease
through intranasal delivery[16]. Bahareh et al., designed resveratrol loaded nanocarriers (NLCs) for the management of
skin cancer. Furthermore, aspects like in vivo testing, stability studies and clinical efficacy and safety were not discussed
thoroughly[17]. A study reported by whitehead et al., focused on resveratrol loaded NLCs, fabricated to investigate the
Vaso-protective as well as antioxidant effects[18]. Kumar et al., formulated a resveratrol nanocarrier (NLCs) for treating
Glioblastoma Multiforme via nose to brain route[ 19]. Jadhav et al., prepared mixed micelles by combining RES and PIP.
Despite these, the most challenging is the scaleup process with precise lipid composition leads to stability of the
formulation.[20] However, these studies needed the proper discussion pattern of stability studies, clinical efficacy,
optimization pattern and characterization of the developed formulation with ex vivo and in vivo studies. Though these
problems can be avoided by incorporating the drugs (RES & PIP) into a suitable nanocarrier such as NLC, which can be
proven as an advantageous nano-system by masking the associated limitations of drugs and influencing the drug delivery
through the nasal route.[21]

This research is based on the controlled release approach of NLCs loaded with chitosan coated RES combined PIP for its
targeted delivery in brain for neuroprotective effects.
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2. MATERIALS AND METHODS

2.1. Materials:

RES (B.No. RHMPL/15082022/5790) and PIP (B.No. RHMPL/222222/5790) were purchased from Reeyansh Herb
Mantra Pvt. Ltd., India. Chitosan and Glyceryl monostearate were obtained from Loba Chemie Pvt. Ltd. PVA (Polyvinyl
alcohol) and Tween 80 were purchased from Nice Chemicals (P) Ltd. Medium chain triglycerides (Nutiva MCT oil) was
purchased from Indian e-commerce site Amazon. All the chemicals used were of analytical grade.

2.2. Methods:

2.2.1. Optimization

The selection of lipids was done by solubility studies. The solution of lipids (glyceryl monostearate, stearic acid, compritol
888 ATO, precirol ATO 5) was prepared by dissolving each solid lipid (1g) in ethanol (10ml) and heating at 50-60°C on
water bath to ensure complete mixing. In the mixtures, an excess amount of drugs (10mg) was added, vortexed for 5
minutes, and then subjected to ultrasonication for 10 minutes at 40kHz, incubated at 37 °C for 24 hours. Centrifuged the
mixtures at 10,000 rpm for 15 minutes to separate the undissolved drug from the supernatant. The drug concentrations
(diluent: ethanol) were measured using UV-Vis spectrophotometer (Shimadzu UV-1900) at 306 nm for RES and 342 nm
for PIP. The solubility (mg/ml) was calculated using the following formula:

Solubility (mg/ml) = Concentration of drug in supernatant (mg)/Volume of solvent (ml)

2.2.2. Development of RES and PIP based NLCs

The drugs loaded NLCs were prepared by high high-pressure homogenization method followed by ultrasonication as
reported earlier [22,23,24] Briefly, Glyceryl monostearate (GMS, solid lipid) and MCT oil (Liquid lipid) were melted at
70°C which was 5°C above the melting point of solid lipid. Then the drug, RES (API) and PIP (API) in desired amount
(50mg) was dissolved in the melted lipid phase to ensure even dispersion of the drugs. Now, separately aqueous solution
was prepared by dissolving Tween 80 (surfactant) in distilled water and heated at 70°C. Lipid phase was added to the
aqueous phase dropwise with constant stirring using a high shear homogenizer (IKA T25, Ultra Turrax, Germany) to form
the coarse emulsion. The mixture was then subjected to ultrasonication (Pricisonic USB6.5L) for 5 minutes to reduce the
particle size of emulsion droplets. The emulsion was cooled rapidly to solidify the lipid which formed NLCs. Chitosan
(mucoadhesive agent) solution (1-2%w/v) was also added to the dispersion under stirring to coat the NLCs.

2.3. CHARACTERIZATION:

2.3.1. FTIR

FTIR (SPIRIT-X) was done using QATR-S with lab solution lite software (ver. 1.122 & 2.33) sample compartment and
analysis was performed by transmission. The standard KBr disc method was employed in which sample/KBr (1/100) ratio
was used to create pellets enclosing samples gently with anhydrous KBr. The spectrum was obtained between 500-4000
cm L.

2.3.2. Particle size and Zeta potential

The mean particle size and zeta potential of NLCs were analysed by dynamic light scattering (DLS) instrument (Malvern,
Zetasizer). NLC suspension was diluted with distilled water to an appropriate concentration and filtered through a 0.22
um filter to remove any large particles or aggregates. The filtered sample was transferred into a cuvette to measure the
particle size distribution and zeta potential of the NLCs. The instrument software (Malvern 2.0) calculated the average
particle size (Z-average) and polydispersity index (PDI) from the light scattering data [25].

2.3.3. Calorimetric Analysis

Placed an accurately weighed samples (5mg) in a standard aluminium DSC pan. The pan was sealed using crimper to
prevent any loss of sample during the heating process. The melting point, thermal decomposition and glass transition state
of formulation (NLC) thermograms were recorded from 30°C to 250°C by calibrated differential scanning calorimetry
(Shimadzu 13.1 software). The analysis was done under a nitrogen atmosphere at a flow rate of 50 mL/min to prevent
oxidation and ensure an inert environment.

2.3.4. TEM (transmission electron microscopy)

The morphology of drug-loaded NLCs was discerned by TEM (transmission electron microscopy, water 2.0 software).
The samples were prepared by adding a small amount of NLCs into deionized water (5Sml) then a droplet was added on
the paraffin sheet followed by positioning a carbon-coated grid on sample. The grid was left undisturbed for 1min to
enable the combined NLC:s to stick to the carbon substrate. The excess of sample was carefully removed by using edge of
filter paper. The samples were air-dried without staining before examination [26].

2.4. EVALUATION PARAMETERS:

2.4.1. Entrapment Efficiency and Drug Loading

It determines the percentage of drug entrapped into the NLC particles and the free drug remaining in the NLC suspension.
NLC suspension was centrifuged (20,000 rpm) to separate the free drug from the encapsulated drug. The supernatant
containing free drug was carefully collected and analyzed using UV-Vis spectroscopy (Shimadzu UV-1900). The
entrapment efficiency and concentration of free drug (drug loading) were determined using the given formula [27]:

EE (%) = Total drug — Free drug/ Total drug x 100

DL (%) = Total drug- Free drug/ Weight of NLC x 100.

2.4.2. In-vitro diffusion studies

Placed an appropriate amount of NLC suspension into a dialysis bag and sealed it securely. A suitable release medium
(phosphate-buffered saline PBS, pH 7.4) used with temperature maintaining at 37°C throughout the experiment. Dialysis
bag was placed in the dissolution medium and started the apparatus (USP Type II) at constant speed 100 rpm. The samples
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were withdrawn (5ml) at predetermined time intervals (0,0.5,1,2,3,4,5,6,8,12,24 hours) and replaced the withdrawn
samples with fresh medium. Analyze the amount of drug released using UV-Vis spectroscopy (Shimadzu UV-1900)[28].

2.4.3.pH

The pH of the nasal formulation should be within the physiologically acceptable range of 5.5 to 6.5 to ensure compatibility
with the nasal mucosa and prevent irritation. The pH was measured by digital pH meter (Eutech Instruments, Model: 700).

3. RESULTS AND DISCUSSION:

3.1. Optimization
Based on the experimental data, RES has the highest solubility 4.0mg/ml in Compritol 888 ATO (solid lipid) while PIP

has the highest solubility 4.0mg/ml in Glyceryl Monostearate (solid lipid). For liquid lipids, both RES 6.0mg/ml and PIP
6.5mg/ml show the highest solubility in Caprylic/Capric Triglycerides (MCT Oil). Particle Size decreases with increasing
homogenization speed and lipid concentration. Entrapment Efficiency increases with optimized lipid concentration and
sonication time, indicating that higher levels of both RES and PIP were encapsulated within the lipid carriers. The 3D
surface plot for combined RES & PIP loaded NLCs are shown in figure 1.

Resveratrol + Piperine) Final Combined Formulation Entrapment Efficiency

Final Combined Formulation Particle Size

3D Surface Plot for Combined Formulation (

ment Efficiency (%)

®nizag, 96000 2
701 Spe 18000 20
€ (4,,20000 “CS

Figure 1: 3 D surface plots for combined formulation by using Central composite design

3.2. Characterization

3.2.1. FTIR studies
The peaks in between ~1600-1580 cm”-1 indicates the presence of aromatic C=C bonds stretching and ~3300-3400 cm”-

1 corresponds to N-H stretching vibration which confirm the functional groups present in PIP. The FTIR absorption peak
between ~1250-1000 cm”-1 represented C-O-C stretching from methylenedioxy group. Peak around 2900 cm”-1
presented C-H stretch from aliphatic chains and sharp peak around ~1650 cm”-1 showed C=O stretch for amides[46]. The
peaks confirm the functional groups present in RES at ~3300 cm™ represented bending vibration of O-H Stretching,
Aromatic C=C Stretching (1600-1510 cm™), ~970 cm™! C=C configuration for stilbene and C-O Stretching (1250-1020
cm™). The graph of combined NLC (Fig. 2) shows combined peaks of RES and PIP, with possible additional peaks due

to the excipient[47].
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Figure 2: FTIR graphs of pure PIP, RES and Final combined NLC formulation

3.2.2. Particle size, zeta potential & PDI
Particle sizes decrease from 185 nm to 145 nm in batches taken for optimization, all below 200 nm, which is ideal for

efficient drug delivery, particularly via the intranasal route. The Zeta Potential values range from +21.0 mV to +33.0 mV
in among trial batches. According to prior research or theory of DLVO (Derjaguine Landaue Verweye Overbeek), zeta
potential higher than +30.00 and —30.00 mV are more stable.[48] The highest positive charge of combined RES and PIP
loaded NLC (33.9mV) suggested that the formulation possess good stability. The PDI decreases from 0.42 to 0.35 in
batches. A lower PDI indicates a more uniform particle size distribution, which is desirable for consistent drug delivery.
The final optimized batch has resulted 124.1 nm average size with PDI (0.329) as represented in figure 3.
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Figure 3: Graph shows the size distribution and Zeta potential across the optimized batches.

3.2.3.DSC

The broad peak in DSC thermogram (fig. 4) confirmed successful encapsulation within the NLC. The thermal shifts
indicated strong interactions between the drugs and the lipid matrix, enhancing drug loading and controlled release. This
interaction also enhances the thermal stability of the formulation by supporting drugs incorporation with potential
molecular-level interactions. This thermal behavior suggested that the NLC formulation will enhance the bioavailability
and drug dissolution and making it as an effective nanocarrier for sustained drug delivery.
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Figure 4: DSC thermogram of combined NLCs
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3.24.TEM

The TEM images at 200 nm scale (figure 5) has shown near-spherical NLCs particles with smooth surface and consistent
particle size without any significant aggregation, confirming the success of the formulation with stable and effective
delivery system.

Figure 5: TEM image of Combined (RES and PIP) NLCs
3.3. Evaluation Parameters:
3.3.1. Entrapment Efficiency & Drug Loading (%)
Entrapment Efficiency increases from 78% to 88% in trial batches. Higher entrapment efficiency ensures that a greater
amount of the active drugs (RES and PIP) is encapsulated within the NLCs, enhancing the formulation's therapeutic
potential. Drug Loading increases from 5.5% to 7.0% among different batches, indicating that the formulation can carry
a higher amount of the active drugs within the NLCs without compromising stability or performance.

3.3.2. In-Vitro Cumulative Release (%)

The In-Vitro Cumulative Release improves from 65% to 82% in trial batches, indicating a more controlled and sustained
release profile which is crucial for maintaining therapeutic levels of the drugs over an extended period. The final optimized
batch has shown 95% drug release in 24 hours (as highlighted in figure 6) indicating more efficient formulation in
encapsulating and releasing the drugs.
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Figure 6: Graph showing correlation between entrapment efficiency and in-vitro cumulative release for
combined NLCs

3.3.3.pH

The formulation containing RES and PIP is weakly acidic and needs pH adjustment to achieve within range. So initially
the pH of the developed nasal formulation was measured to be 4.1 which was adjusted by incrementally adding
approximately 1.8 mL of 0.1 M NaOH. After addition, the final pH of the formulation stabilized at 5.6 after 2 hours,
confirming the robustness of the adjustment process.

DISCUSSION

The solubility studies showed that the selection of lipids for NLC preparation was ideal with higher solubility of drugs in
the lipid matrix, confirming their suitability for integration into lipid base. Enhanced solubility in these lipids indicated a
higher potential for effective drug encapsulation, ensuring improved bioavailability through lipid-based drug delivery.
The FTIR spectrum confirm that RES and PIP were successfully incorporated into NLC. In addition to characteristic peaks
of both drugs, new peaks are also present indicating the interactions between the drugs and excipients. It further suggests
that the absence of significant shifts in functional groups indicating chemical integrity of both drugs in the formulation
which is also necessary to maintain their therapeutic efficacy. The particles sizes were optimized among the batches from
185nm to 145nm with a decrease in PDI from 0.42 to 0.35 which signifies a uniform stable dispersion for nasal delivery
and efficiently penetrate through BBB to reach the site of action. The zeta potential indicated a stable colloidal system by
reducing the risks of aggregation of particles which directly enhances the stability of NLCs. The high drug loading and
encapsulation efficiency reflects the maximizing therapeutic effects of the drugs in the brain. This implies that the brain
can receive adequate drug concentrations from the optimised batch, lowering the frequency of doses and increasing patient
compliance.

An increased cumulative drug release among different batches suggested sustained & controlled release from NLCs which
enhances neuroprotection, reducing side effects, and maintaining consistent therapeutic levels. The DSC graph reveal
substantial improvements in thermal stability of both drugs upon encapsulation. The changes in peak and onset
temperatures show the way drugs interact with the lipid matrix, which improves the stability of the drugs and decreases
their crystallinity. This thermal behaviour is essential for maintaining controlled release by avoiding degradation of drug
and also ensures long term stability of formulated nanocarriers. The pH of the formulation was initially adjusted from 4.1
to 5.6, which enhances the compatibility of nasal membrane while reducing the chances of irritation. The isotonicity of
the final formulation delivered through nasal route was maintained by adding NaCl which further improves the patient
tolerability by reducing osmotic stress on nasal tissues. These modifications enhance the viability of long-term intranasal
administration. The morphology of NLCs confirms the spherical shape with smooth surfaces, uniform size and minimal
aggregation which is ideal for intranasal delivery and also allows particles to cross BBB easily.

CONCLUSION:

The research highlights an effective approach to develop a combined NLCs formulation of RES and PIP for the intranasal
administration, providing increased bioavailability, controlled drug release and improved stability. This formulation holds
an enormous potential for managing neurodegenerative diseases like Parkinson's disease, leveraging nanotechnology to
circumvent within the constraints of conventional drug delivery. Future research should concentrate on long-term stability
and large-scale manufacturing challenges to promote clinical translation.
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