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Abstract

Background: Plant-based pain-relieving formulations have garnered attention in drug discovery, particularly those with a

traditional background, often considered essential remedies for communities that rely on plant-based therapies for pain relief.

Objectives: This study aimed to develop and evaluate a semisolid nanoemulsion using Piper nigrum L. (black pepper) fruit

essential oil, known for its analgesic properties, as the active ingredient.

Methods: A topical nanoemulsion was prepared under standard conditions using black pepper essential oil, emulsifiers, and

excipients. Various combinations of Span 80 and Tween 80 were screened to achieve the desired hydrophilic-lipophilic balance

(HLB) value. Among the several formulations prepared, a nanoemulsion sample was selected for detailed analytical and

pharmaceutical evaluations. Gas chromatography with flame ionization detection (GC/FID) was used to identify and quantify

major chemical constituents of the essential oil and the formulated nanoemulsion.

Results: An optimized combination of Span 80 and Tween 80, with an HLB of 11, contributed significantly to the physical

stability of the formulations. A concentration of 2.7% P. nigrum essential oil in the nanoemulsion containing 3793.33 ± 222.75

µg/mL of caryophyllene, the major bioactive monoterpene, rendered a stable and acceptable nanoemulsion product. The

nanoemulsion formulation ST42 was declared to have a viscosity of 1.8 MPa.s, ST mix (Span 80/Tween 80, 1.5:2.5), and a ratio of

surfactant/essential oil (40:60), demonstrated optimal consistency and physical stability. The zeta potential (Z) of the optimized

formulation ST42 was found to be close to neutral (-8.12 ± 2.0 mV), minimizing potential tissue irritation. The nanoemulsion was

ultimately validated using a modified homogenization technique to improve droplet size, stability, and rheological

characteristics.

Conclusions: The formulated black pepper nanoemulsion successfully passed key pharmaceutical quality tests, indicating its

potential as a natural topical pain-relieving agent. Further in vivo studies and subsequent clinical trials may lead to the

development of a plant-based product for managing neuropathic pain.
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1. Background

Pain, often resulting from conditions like tumors,

surgery, or trauma (1), initially serves as a warning signal

and a protective tool. However, when severe, it can lead

to complications such as anxiety, palpitations, nausea,

and a reduced quality of life (2). Conventional

treatments for pain and inflammation commonly

include aspirin, acetaminophen, NSAIDs (ibuprofen and

naproxen), corticosteroids, and opioids (3). The main

disadvantage of these drugs is the well-documented
toxicity linked to the inhibition of cyclooxygenase and

the decline in prostaglandin levels, leading to renal

toxicity and the development of gastrointestinal and
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cardiovascular side effects (4). Long-term treatment

with systemic corticosteroids may cause severe

unwanted reactions, such as high blood pressure,
diabetes, gastric ulcers, osteoporosis, and some have the

potential for addiction (5).

In Traditional Persian Medicine, essential oils and

plant-based remedies are widely used for pain relief (6).

Essential oils contain mono- and sesquiterpenoids that

exhibit analgesic effects by inhibiting the peripheral

and central nervous systems, thereby blocking the

transmission of pain signals (7). Black pepper (Piper

nigrum L.), a member of the Piperaceae family, has been

traditionally used in Persian medicine for various

ailments, including pain and inflammation, and was

selected for this study. Studies have shown that black

pepper essential oil reduces pain intensity. The α-Pinene,

a marker constituent of the oil, has exhibited anti-

inflammatory, anti-osteoarthritic, and antinociceptive

properties in animal models (8, 9). The α-Pinene has

demonstrated strong anti-inflammatory properties in

human chondrocytes, as well as anti-osteoarthritic

effects and potent inhibition of IL-1β-induced

inflammatory pathways (9).

A topical nanoemulsion form was selected as the

route of administration to achieve the most efficient

therapeutic efficacy, including superior dispersibility,
localized therapeutic action, reduced systemic side

effects, higher effectiveness, and improved patient

compliance (10). Nanoemulsions enhance skin

permeability and controlled drug release, exhibiting

exceptional physicochemical characteristics that make
them ideal for topical use (11). Their small droplet size

increases the solubility and skin absorption of lipophilic

drugs, improving bioavailability and therapeutic

effectiveness (11). Thus, they offer a promising

alternative to conventional drug delivery systems.

2. Objectives

This study aimed to develop a nanoemulsion as a

topical pain-relief formulation, based on black pepper

essential oil, targeting enhanced bioavailability,
solubility, and skin penetration to improve therapeutic

efficacy and patient acceptance, in line with traditional
Persian medicine and pharmaceutical principles.

3. Methods

3.1. Plant Material

Black pepper (P. nigrum L.) fruits were procured from

a certified market in Shiraz and authenticated by the

taxonomist of the Department of Traditional Pharmacy,

Faculty of Pharmacy, Shiraz University of Medical

Sciences.

3.2. Essential Oil Extraction

Dried fruits were procured from an authorized
herbal store in Shiraz, milled, and essential oil was

extracted for 5 hours using a Clevenger-type apparatus.

The extracted oil was then stored at -20°C before
undergoing GC/MS analysis.

3.3. Identification of Essential Oil Components-GC/MS
Analysis

Identification of volatile components in black pepper

essential oil was performed using an earlier reported

standard GC/MS procedure (12). The Kovats Index of each

volatile component was calculated and compared with

data from the nl7 library, Adams' book of essential oil

components (13), NIST, and Pherobase databases (14, 15),

as well as relevant reported data.

3.4. Identification of Volatile Constituents of the
Nanoemulsion-GC/MS Analysis

The volatile oil from the nanoemulsion was extracted
by hydrodistillation using a Clevenger apparatus, then

diluted to 47,000 µg/L for GC/MS analysis to identify its
chemical components.

3.5. Preparation of Oil-in-Water Emulsion

An oil-in-water emulsion was prepared by mixing

heated black pepper essential oil with a surfactant-water
mixture at 40°C, followed by homogenization at 13,000

rpm for 10 minutes (16). Three surfactant types were

used: Tween 80, Span 80, and a Tween 80 - Span 80
mixture adjusted to a hydrophilic-lipophilic balance

(HLB) of ~11 for optimal stability (17). The HLB was used
to determine the optimal ratio of Tween 80 and Span 80

for a stable oil-in-water emulsion. A suitable HLB value

for preparing an oil-in-water emulsion has been
reported, ranging from 8 to 16 (17). Various emulsions

prepared were analyzed to determine the optimal ratios
of ingredients in the final formulation. A ternary phase

diagram relevant to stability, transparency, single-phase

uniformity, and droplet size was drawn (18).

3.6. Standardization of Nanoemulsion-Gas Chromatography
with Flame Ionization Detection

Caryophyllene content in the nanoemulsion was

quantified using gas chromatography with flame

ionization detection (GC/FID) (Agilent 7890A/5975C)

after GC/MS identification of volatile components.

Analysis was performed using an HP-5 column with a
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temperature gradient from 60°C to 280°C (6°C/min),

with nitrogen as the carrier gas. A 47 mg/L solution of

the volatile fraction was analyzed alongside standard

caryophyllene dilutions (1700 - 27200 μg/mL). Injections

(1 μL, split 1:50) were performed in triplicate, and
quantification was based on calibration curves.

Accuracy was validated via coefficient of variation and

relative standard deviation (SD) (19).

3.7. Evaluation of the Pharmaceutical Characteristics of the
Emulsions

The nanoemulsion's organoleptic properties, pH,

conductivity, and viscosity were examined in triplicate

on days 1, 2, 3, 8, 15, and 30 after production, and the

viscosity was measured (20). Physical stability and phase

separation were monitored at room and refrigerated

temperatures. The stability test was performed upon

centrifugation using a Z200A centrifuge (Hermle

LaborTechnik GmbH) at a speed of 3000 rpm at different

intervals between 5 and 30 minutes (20). To assess

emulsion stability, the droplet size and zeta potential (Z)

were evaluated using a Shimadzu Particle Size Analyzer

(SLAD-2101, Japan) on days 0, 1, 3, 6, 7, and 15, with three

reproducible measurements (17, 21).

3.8. Statistical Analysis

All experiments were performed in triplicate over a

minimum of three independent trials. Results are

displayed as mean ± SD. Statistical significance was

assessed through one-way ANOVA, and a P-value < 0.01

was considered significant. The data analysis was

performed using GraphPad Prism 6.00 software.

4. Results

4.1. Identification of Chemical Constituents of Essential Oil

The essential oil yield from black pepper seeds was

0.7%, with 16 compounds identified via GC/MS analysis,

as shown in Figure 1.

The GC/MS analysis results of black pepper fruit

essential oil are presented in Table 1, which indicates

that the predominant constituents of the oil are δ-3-

Carene (22.97%) and caryophyllene (21.33%).

4.2. Formulation of the Nanoemulsion

Formulations with varying essential oils, surfactants

(Tween 80, Span 80, or their mix at HLB 11), and water

were tested. Emulsion states were analyzed, and ternary

phase diagrams of 330 samples (Chemix v11.5) were

generated, showing monophasic (green) and biphasic

(red) points, as illustrated in Figures 2 - 4.

Among all 330 formulations prepared, the

monophasic formulations with smaller droplet sizes

were selected for further analysis (Table 2).

Formulations with smaller droplet sizes (based on
both number and volume) and more suitable surfactant

combinations were selected for further evaluation

(Table 3).

Five formulations (T22, S61, S71, ST42, and ST71) were

selected for pharmaceutical analysis after meeting

initial specifications (Table 3). These formulations were
scaled up and evaluated, with results shown in Table 4.

Of the five, three (T22, ST42, and ST71) demonstrated

properties closest to standard values and were selected

for further analysis.

4.3. Evaluation of the Pharmaceutical Properties of the
Emulsion

The organoleptic properties of the selected

formulations, T22, ST42, and ST71, were monitored over

time, showing no significant changes in color or

appearance during the first 14 days. However, on day 15,

the T22 sample exhibited a slight increase in droplet

size. By day 30, the physical appearance of the two stable

samples (ST42 and ST71) remained unchanged, whereas

T22 showed a further increase in droplet size and early

signs of phase separation.

4.4. The Nanoemulsion's pH

The acidity of skincare formulations is crucial for
maintaining skin integrity, as pH changes can affect

barrier function and lead to various skin disorders. The

pH of formulation ST71 was evaluated and found to be
3.64 ± 0.13, a level considered acceptable for topical use

(Table 4).

4.5. Conductivity Test

The nanoemulsion's electric conductivity was

measured to assess ion content and formulation

stability. A sharp change in conductivity indicates a
possible disorder in the formulation components. A

value of 196.56 ± 6 μS/cm2 was recorded over 30 days,

indicating stable conductivity. According to USP

monograph criteria, the formulation qualified as an oil-

in-water emulsion (22). The centrifugation testing,

which simulates aging, was used to assess the

emulsion's long-term stability (17). At 3000 rpm for 5

and 30 minutes, no phase separation was observed in

formulation ST71. As shown in Table 4, the zeta potential
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Figure 1. GC Chromatogram of black pepper seed essential oil

was close to neutral, indicating low tissue irritation,

which supports findings from similar studies (21).

4.6. Components of the Final Nanoemulsion

Table 5 presents the proportions and weight

percentages of the components in the nanoemulsion

formulations. These formulations were then examined

for compatibility with standard pharmaceutical data.

4.7. Evaluation of the Rheological Properties

The nanoemulsion's viscosity behavior was studied

and analyzed using an Ostwald viscometer, based on

flow resistance (17, 23). The times recorded were applied

to the relevant formula (Equation 1) to calculate

viscosity, and the results were expressed in seconds

(Table 6).

The density of the samples was determined by

measuring the weight of 1 mL of the sample, as shown in

Equation 1.

- T22: 1.18

- ST42: 1.25

- ST71: 1.29

- For T22, considering that the viscosity of water at

25˚C is 1.0: 1/(Formulation Viscosity) = (10.27 × 1.0)/(10.47

× 1.18) so viscosity = 1.20 MPa.s.

- For ST42, considering that the viscosity of water at
25˚C is 1.0: 1/(Formulation Viscosity) = (10.27 × 1.0)/(11.23 ×

1.25) so viscosity = 1.37 MPa.s.

- For ST71, considering that the viscosity of water at

25˚C is 1.0: 1/(Formulation Viscosity) = (10.27 × 1.0) / (1.29

× 14.37) so viscosity = 1.8 MPa.s.

4.8. Evaluation of Physical Stability

The nanoemulsion's physical stability was assessed at

various time intervals, including 0, 1, 3, 6, 7, 15, and 30

days at room temperature and 4°C (11). No significant

changes in appearance or stability were observed,

indicating that formulation ST71 maintained optimal

consistency and stability.

4.9. Determination of Droplet Size

Figure 5 shows that the formulated nanoemulsion

droplets are in the nanometer range, achieved through

homogenization at 13,000 rpm. Droplet size is a critical

factor influencing emulsion stability (17).

Equation 1: =
η1

η2

t1d1

t2d2
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Table 1. Volatile Components of Black Pepper Fruit Essential Oil

Components Area (%) RICal Ref

α-Pinene 7.03 936 936

Sabinene 0.45 975 975

β-Pinene 9.86 981 981

β-Myrcene 2.43 992 992

Phellandrene 4.89 1008 1008

δ-3-Carene 22.97 1015 1015

Limonene 16.42 1032 1032

Isoterpinolene 0.36 1088 1088

Linalool 0.30 1100 1100

δ-Elemene 2.79 1341 1341

α-Copaene 1.93 1380 1380

trans-Caryophyllene 21.33 1428 1428

α-Humulene 1.26 1459 1459

Germacrene D 0.46 1486 1486

α-Selinene 0.42 1500 1498

δ-Cadinene 0.72 1547 1543

Total identified compounds (%) 95.08

Monoterpenes 66.17

Sesquiterpenes 28.91

Abbreviations: RICal, Calculated Retention Index; RIRef, Reported Retention Index.

Figure 2. Ternary phase diagram for the emulsions with Tween 80

4.10. Caryophyllene Content of the Final Nanoemulsion
Product-Gas Chromatography with Flame Ionization
Detection

The density of 1 mL of the nanoemulsion's volatile

fraction was approximately 0.80 g/cm3. The

caryophyllene content of this portion (1 mL) was

measured as 3793.33 ± 222.75 µg/mL (Table 7). A 2.7%

concentration of P. nigrum fruit essential oil was used to

develop a stable and acceptable nanoemulsion.

5. Discussion

Research prioritizes finding safe alternatives to

NSAIDs and opiates, and among natural alternative

https://brieflands.com/articles/ijpr-159933
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Figure 3. Ternary phase diagram for the emulsions with Span 80

Figure 4. Ternary phase diagram for the emulsions with Tween and Span mixture

agents, Piper species offers a hopeful and optimistic

outlook for the future of pain management (24). Piper

nigrum fruits are deeply rooted in Persian, Ayurvedic,

and Unani medicine for fever, pain, and inflammation.

This traditional context adds a logical sense of

connection and continuity to the present research (25).

Considering the crucial need for new pain-relieving

drugs, particularly those of natural origin, this study

successfully developed a topical nanoemulsion

containing black pepper fruit essential oil, a widely

accepted analgesic agent, as noted in Qarabadin's text,

an authentic traditional medicine source. Using the

Chemix school software to draw triangle diagrams

facilitated the process of creating the formulations.
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Table 2. Monophasic Formulations in the Middle of the Monophasic Zone of the Diagram a

Formulations Ess. Oil/Surf. H2O (mL) Ess. Oil (%) Droplet Size µm (N) Droplet Size µm (V) Homogeneity Approval Disapproval (Reasons)

T21 8:2 T 1 7.2 0.55 0.96 + × HEOC

T22 8:2 T 2 3.8 0.72 1.2 + -

T51 5:5 T 1 4.5 0.44 1.4 + × HEOC

T61 4:6 T 1 3.64 1.00 4.9 + × Droplet size

T71 3:7 T 1 2.69 1.00 5.00 + × Droplet size

S11 9:1 S 1 8.3 0.58 2.00 + × HEOC

S12 9:1 S 2 4.3 0.66 2.30 + × HEOC

S13 9:1 S 3 3.0 0.60 4.20 + × Droplet size

S21 8:2 S 1 7.27 0.49 0.80 + × HEOC

S22 8:2 S 2 3.8 0.84 1.40 -+ × Homogeneity

S31 7:3 S 1 6.4 0.43 12.10 - × Homogeneity

S32 7:3 S 2 3.3 0.60 18.11 - × Homogeneity

S41 6:4 S 1 5.4 0.98 8.40 - × Homogeneity

S42 6:4 S 2 2.9 0.45 7.90 -+ × Homogeneity

S51 5:5 S 1 4.5 0.35 0.88 + × HEOC

S61 4:6 S 1 3.6 0.57 1.30 + -

S71 3:7 S 1 2.7 0.53 1.00 + -

ST21 8:2 M 1 7.27 0.73 1.60 + × HEOC

ST22 8:2 M 2 3.8 0.75 1.80 + × Droplet size

ST31 7:3 M 1 6.4 0.38 1.10 + × HEOC

ST32 7:3 M 2 3.3 0.50 1.90 + × Droplet size

ST41 6:4 M 1 5.5 0.13 0.74 + × HEOC

ST42 6:4 M 2 2.8 0.51 1.40 + -

ST51 5:5 M 1 4.5 0.56 2.20 + × HEOC

ST71 3:7 M 1 2.7 0.67 0.74 + -

Abbreviation: HEOC, high essential oil content.

a T: Tween-80; S: Span-80; M: Mixed surfactant; part size: Droplet; N: Number-based; V: Volume-based.

Table 3. Further Detailed Pharmaceutical Evaluation of the Selected Formulations

Formulations Sodium Metabisulfite (mg) Methylparaben (mg) Propylparaben (mg) Water (mL) Surfactant (µL) Ess. Oil (µL)

T22 2.1 0.63 0.21 2.0 20 80

S61 1.1 0.33 0.11 1.0 60 40

S71 1.10 0.33 0.21 1.0 70 30

ST42 2.1 0.63 0.21 2.0 40 (T/S 25:15) 60

ST71 1.1 0.33 0.11 10 70 (T/S 43.7:26.3) 30

Specific ratios of Span 80 and Tween 80 enabled the

formation of a stable oil-in-water emulsion. Optimal

stability of the nanoemulsion was achieved with a 2.7%

essential oil content, proper surfactant ratio, and

homogenization parameters within the single-phase

region of the ternary phase diagram (Figures 2 - 4).

Several single-phase formulations were compared for oil

content, droplet size, and consistency. The zeta potential

of the formulated nanoemulsion was found to be close

to neutral, which reflects the particle surface charge,

emulsion stability, and cellular absorption by

influencing the electrostatic interactions of moving

droplets. The resulting nano-sized emulsions revealed

improved stability and reduced tissue irritation, as

confirmed by similar studies (17).
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Table 4. Pharmaceutical Characteristic Tests of Selected Formulations a

Formulations
pH Conductivity (mV) Centrifuge

Average Potential (Z)
Day 1 Day 3 Day 7 Day 15 Day 1 Day 3 Day 7 Day 15 5.0 min 30 min

T22 3.17 ± 0.09 3.21 ± 0.01 3.21 ± 0.02 3.25 ± 0.03 181.1 ± 1.1 188.4 ± 1.27 191.8 ± 0.8 191.5 ± 0.7 BP BP -2.11 ± 4.0

ST42 3.30 ± 0.03 3.17 ± 0.02 2.97 ± 0.02 2.99 ± 0.02 186.7 ± 1.1 197.4 ± 0.8 209.4 ± 0.6 208.1 ± 0.8 ST BP -8.12 ± 2.0

Abbreviation: ST, standard.

a Values are expressed as mean ± standard deviation (SD).

Table 5. The Components' Proportions of the Final Nanoemulsions

Formulation Span 80 (μL) Tween 80 (μL) Methyl Paraben (w/w %) Propyl Paraben (w/w %) Sodium Sulfite (w/w %) Essential Oil (μL) Water (μL)

T22 0 20 0.03 0.01 0.1 80 2

ST42 15 25 0.03 0.01 0.1 60 2

ST71 26.3 43.7 0.03 0.01 0.1 30 1

Table 6. Determination of the Time Recorded for Each Formulation

Sample Volume (mL)
Emulsion Type (s)

T22 ST42 ST71 Water

7.0 9.91 ± 0.04 10.84 ± 0.05 14.21 ± 0.1 9.89 ± 0.06

10.0 10.47 ± 0.02 11.23 ± 0.01 14.37 ± 0.05 10.27 ± 0.05

a Values are expressed as mean ± standard deviation (SD).

Figure 5. Determination of droplet size of the nanoemulsion formulation

The GC/FID proved effective for identifying and

quantifying key oil components. Results indicated that

black pepper fruit essential oil comprises monoterpenes

(70%) and sesquiterpenes (30%), which align with

previous studies (26). The oil's marker components were

δ-3-carene (23%), caryophyllene (21.3%), and limonene

(16.4%). β-Caryophyllene acts as a cannabinoid receptor 2

agonist, functioning as a pain-relief agent (27). δ-3-

Carene and caryophyllene also exhibit anti-

inflammatory activity (IC50 0.0008 - 0.02%), reducing IL-

6 secretion by up to 60% at a concentration of 0.01% (28).
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Table 7. Caryophyllene Content of the Volatile Fraction of the Nanoemulsion

No. Area (%) Con. (μg/mL) Mean ± SD (μg/mL) LOD (μg/mL) LOQ (μg/mL)

1 1627.48 3536.19

3793.33 ± 222.75 60 1802 1830.32 3916.50

3 1836.07 3927.30

Earlier research also reported that δ-3-Carene and β-

caryophyllene, isolated from Qianghuo volatile oil — a

currently used Chinese herbal anti-inflammatory drug

— demonstrated in vitro inhibition and in vivo anti-

inflammatory activity, and were found to be potent

inhibitors of COX-2, with IC50 values of 13.5 and 10.1 μM,

respectively (29). Thus, the notable pain-relieving

properties of black pepper oil may be attributed to these

terpenes.

In the present study, the five key components of P.

nigrum fruits essential oil, identified by GC/MS analysis,

were δ-3-carene, trans-caryophyllene, limonene, β-

pinene, and α-pinene — all of which are known for their

anti-inflammatory and analgesic properties. The α-

Pinene, δ-3-carene, and limonene, the abundant

components of Angelica archangelica essential oil,

induced significant apoptosis and necrosis in human

histiocytic lymphoma cells (30). δ-3-Carene, a bicyclic

monoterpene, was the most abundant compound in

both black pepper essential oil and the optimized

nanoemulsion formulation, significantly contributing

to its anti-inflammatory activity. This compound

contributed to the anti-inflammatory effects of the

essential oil of Bupleurum gibraltaricum on

carrageenan-induced pedal edema in rats (31).

The β-Caryophyllene, a bicyclic sesquiterpene and

non-toxic compound with an LD50 greater than 5000

mg/kg, reduces inflammation by inhibiting

inflammatory mediators and regulating cell

proliferation (32). Limonene alleviates conditions like

colitis and pneumonia by modulating inflammatory

signaling (33). The α- and β-Pinene exhibit anti-

inflammatory and anti-apoptotic effects by suppressing

related cytokines and pro-apoptotic genes (34).

5.1. Conclusions

The nanoemulsion fabricated in the present research

demonstrates the capacity to overcome the limitations

associated with conventional topical drug delivery

systems. These efforts may ultimately lead to an

improved mode of administration of a pain-relieving

product based on P. nigrum essential oil components,

potentially enhancing patient compliance and reducing

side effects. The nanoemulsion has successfully passed

the necessary physicochemical evaluation tests,

instilling confidence in its potential. However, it must

undergo further comprehensive in vivo assessments

and standard pharmaceutical quality assays before its

use as a topical formulation to manage pain and

inflammation.
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