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ABSTRACT: Piperine is an alkaloid, but its therapeutic efficacy is limited due to poor aqueous solubility. In this study, piperine
nanoemulsions were prepared using oleic acid (oil), Cremophore EL (surfactant), and Tween 80 (co-surfactant) using the high-
energy ultrasonication approach. The optimal nanoemulsion (N2) was further evaluated using transmission electron microscopy,
release, permeation, antibacterial, and cell viability studies based on minimal droplet size and maximum encapsulation efficiency. The
prepared nanoemulsions (N1−N6) showed a transmittance of more than 95%, a mean droplet size between 105 ± 4.11 and 250 ±
7.4 nm, a polydispersity index of 0.19 to 0.36, and a ζ potential of −19 to −39 mV. The optimized nanoemulsion (N2) showed
significantly improved drug release and permeation compared with pure piperine dispersion. The nanoemulsions were stable in the
tested media. The transmission electron microscopy image showed a spherical and dispersed nanoemulsion droplet. The
antibacterial and cell line results of piperine nanoemulsions were significantly better than the pure piperine dispersion. The findings
suggested that piperine nanoemulsions may be a more advanced nanodrug delivery system than conventional ones.

1. INTRODUCTION
With a predicted rise in cancer incidence and death rates, 1.9
million cancer-related deaths were reported in 2018.1,2 Cancer-
related deaths significantly increased in 2020, reaching
approximately 10 million (World Health Organization).
Among the different types of cancer, cervical cancer accounts
for the highest death rate. Breast, lung, and prostate cancers are
the most common types in new cases. Approximately 2.2
million new lung cancer cases are reported annually.3,4

Chemotherapy, radiation therapy, and surgery are the three
basic forms of cancer treatment. However, chemotherapy
damages healthy cells and promotes the growth of
malignancies that are resistant to treatment.5 Therefore, the
active targeting of cancer cells with anticancer medications has
been investigated. Approximately 60% of the anticancer drugs
clinically used are natural medicines.2 Natural drugs are safe,
affordable, and have versatile biological-medicinal activities
offered by natural prodrugs.6,7 The bitter alkaloid piperine is
found in various Piper species and is the main bioactive
component in black pepper. Its pharmacological activities
reported in different diseases like anti-inflammatory,8 anti-
oxidants,9 neuroprotective activities,10 and various malignan-
cies.11−14 It has also shown its in vitro and in vivo activities
against different cancers, including breast, ovarian, colon, lung,

liver, and prostate.2,9,15−17 It revealed a higher Bax/Bcl-2 ratio
caused by a lower amount of Bcl-2 proteins and a higher level
of Bax proteins.18 Piperine can decrease lung cancer cell
proliferation and differentiation and trigger death through
some of these signaling pathways. Moreover, its restricted use
as a delivery system is due to its poor water solubility.13,19

Different nanodelivery systems like nanovesicles,20 solid lipid
nanoparticles,21 and nanoparticles13 were prepared to over-
come the solubility-related issues.

Oral administration is the most recommended route among
the different delivery systems.22 However, most of the drugs
are water-insoluble, which typically results in limited oral
bioavailability and creates serious difficulties in developing new
delivery systems.23 To overcome the drawbacks associated
with piperine, a formulation strategy needs to be designed to
enhance the aqueous solubility and avoid using organic
solvents to ensure better therapeutic efficacy.

Received: December 26, 2022
Accepted: June 1, 2023
Published: June 15, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

22406
https://doi.org/10.1021/acsomega.2c08187

ACS Omega 2023, 8, 22406−22413

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sultan+Alshehri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+I.+Bukhari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Syed+Sarim+Imam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Afzal+Hussain"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adel+F.+Alghaith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+A.+Altamimi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+A.+Altamimi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdullah+S.+AlAbdulkarim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alanood+Almurshedi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c08187&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08187?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08187?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08187?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08187?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08187?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08187?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08187?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/25?ref=pdf
https://pubs.acs.org/toc/acsodf/8/25?ref=pdf
https://pubs.acs.org/toc/acsodf/8/25?ref=pdf
https://pubs.acs.org/toc/acsodf/8/25?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c08187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


The use of nanoemulsion was reported as a delivery system
to enhance drug solubility and therapeutic efficacy.24−26 It is a
single-phase, isotropic, and kinetically stable nanocolloidal
dispersion system. Due to the nanodroplet size with a greater
surface area to volume ratio, the solubility and permeability of
drugs increased.25,26 Compared with other delivery systems, it
has numerous advantages such as enhanced drug solubilization,
rapid onset of action, less variation in gastrointestinal fluid
volume, a longer shelf life, toxicological safety, and the
potential for large-scale production.27,28 Nanoemulsions may
be of two types: oil-in-water (oil dispersed in water) or water-
in-oil (water dispersed in oil). It can encapsulate hydrophilic
and hydrophobic drugs to enhance solubility, permeability, and
systemic absorption.29 The nanosize range and low interfacial
tension due to the presence of surfactant lead to lesser
agglomeration and better stability.30

The study was designed to formulate piperine nano-
emulsions using oleic acid, Cremophore EL, and Tween 80
using ultracentrifugation. The prepared nanoemulsions were
evaluated to select the optimum composition and then further
evaluated for other parameters. Finally, antimicrobial and cell
viability studies were performed to check the in vitro efficacy of
the piperine nanoemulsions.

2. MATERIALS AND METHODS
2.1. Materials. Oleic acid was procured from Avonchem

(Cheshire, England). Cremophore EL was procured from
BASF (Ludwigshafen, Germany). Transcutol and labrafil were
provided by Gattefosse. CAPMUL was supplied by ABITEC.
PEG 400 and eucalyptus oil were procured from BDH. Ethyl
oleate, Tween 80, Poloxamer 188, and Poloxamer 127 were
procured from Sigma Aldrich. The drug (piperine) was
purchased from Beijing Mesochem Technology Co. Pvt. Ltd
(Beijing, China).
2.2. Screening of Components. Each component (oil,

surfactant, and co-surfactant) was selected to prepare the
nanoemulsion based on maximum solubility. Different oils
(oleic acid, eucalyptus oil, ethyl oleate, capmul, and labrafil),
surfactants (poloxamer 188, poloxamer 127, and Cremophore
EL), and co-surfactants (Tween 80, transcutol, PEG 400) were
used for the solubility test. Each vial contained oil, surfactant,
and a co-surfactant, with excess piperine. The samples were
vortexed to homogenized and then shaken in a water bath for
72 h. To separate the supernatant, the samples were
centrifuged at 5000 rpm for 1 h and the supernatant was
separated. The supernatant was diluted with methanol, and the
piperine concentration in each component was measured using
an ultraviolet (UV) spectrophotometer.
2.3. Formulation of Nanoemulsion. Based on the

maximum solubility of piperine, oleic acid, Cremophore EL,
and Tween 80 were chosen as the oil, surfactant, and co-
surfactant for nanoemulsions, respectively. The emulsification
efficiency determined the selection of the Smix phase
(surfactant and co-surfactant mixture). The nanoemulsion
was prepared using the high-energy ultrasonication approach
with slight modifications.31 The coarse emulsion was prepared
by adding piperine to the selected oil and Smix mixture. The
aqueous phase was added to the oil phase mixture with
continuous vortexing for 1 min using a vortex mixture.32 Then,
the prepared coarse emulsion phase underwent additional
ultrasonication (30 s/cycle) in a water bath at a sonication
amplitude of 40%.33 The prepared nanoemulsions were
transferred to a glass vial and evaluated to select the optimum

composition. Finally, the stable nanoemulsions were further
characterized for different parameters.

2.4. Droplet Evaluation. The nanoemulsions were
assessed for droplet diameter, polydispersibility index (PDI),
and zeta potential (ZP) using a size analyzer (Malvern, ZS90,
Malvern, U.K.). The nanoemulsions were diluted with double-
distilled water, and the mean diameter and PDI were
measured. Using a specific cuvette, the same sample was
used to evaluate the ZP. The PDI and ZP values must be in the
standard range for a stable formulation.34

2.5. Thermodynamic Stability. The transparent nano-
emulsion is thermodynamically stable if the globule diameter is
between 100 and 200 nm. Therefore, the thermodynamic
stability was assessed by analyzing the samples under various
stress conditions (heating and cooling, centrifugation, and
freeze-thaw cycles).35 The prepared piperine nanoemulsions
were evaluated for a heating and cooling cycle by keeping the
sample at a high temperature (45 °C) and then transferring it
to a cold temperature (4 °C). The sample was exposed to
centrifugation at 3500 rpm for 30 min and then assessed for
homogeneous distribution. Furthermore, the samples were
evaluated for the freeze/thaw cycles. The nanoemulsion was
stored at −21 °C and then thawed at room temperature for
three cycles. The sample without turbidity and the single phase
was selected as a stabilized formulation.

2.6. Encapsulation Efficiency. The nanoemulsion was
estimated for the piperine encapsulation using the ultra-
centrifugation process.21 The sample was diluted in methanol
and sonicated for 15 min. Then, samples were centrifuged
(Centurion Scientific, West Sussex, U.K.) at 10,000 rpm for 30
min, and the supernatant was collected. The amount of drug
entrapped was analyzed using a spectrophotometer at 342 nm.

2.7. pH and Transmittance. The prepared nanoemulsion
was used to evaluate the transmittance (%) using the
spectrophotometer at 540 nm. Before analysis, the nano-
emulsion was diluted in double-distilled water (1:100), and
then, the diluted sample was transferred to a cuvette to analyze
the percentage transmittance using double-distilled water as a
blank.36 The nanoemulsions were also evaluated for pH using a
pH meter.

2.8. Piperine Release Study. The piperine release was
evaluated to check the release pattern from the nanoemulsions.
The dialysis bag (12−14 kDa) was filled with piperine
nanoemulsion (N2) (equivalent to 5 mg of piperine).37 The
bag was dipped into phosphate buffer saline (PBS; pH 6.8) as
release media, and the temperature was fixed at 37 ± 0.5 °C
with continuous stirring. The released content (3 mL) was
collected at a fixed time, and an equal volume of blank PBS was
replenished to maintain the uniform study condition. The
collected released content was filtered and diluted to measure
the piperine concentration using a UV spectrophotometer. The
release study was also performed for pure piperine dispersion
with the same dose (equivalent to 5 mg) in the same condition
to compare the release pattern.

2.9. Piperine Permeation Study. The study protocol was
approved by the IAEC, College of Pharmacy, King Saud
University (Ethical Reference No. KSU-SE-21-09). The rats
were sacrificed, and the intestine was excised and rinsed with
cold Krebs bicarbonate buffer (4 °C) to remove the food
residue. Then, the intestine was cut into small pieces and
mounted in the diffusion cell. The mucosal side of the
membrane faced the donor phase, and the serosal side faced
the receiver phase. The receiver phase was filled with Krebs−
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Ringer bicarbonate buffer, and a continuous supply of oxygen
(95%) and CO2 (5%) was applied. The donor cell was filled
with pure piperine dispersion and piperine nanoemulsions
(N2), which had a dose of 2 mg of piperine. 1 mL of
permeated content was withdrawn from the receptor chamber
and replenished with the fresh buffer. The collected sample at
each time point was filtered and diluted to measure the
piperine concentration using a UV spectrophotometer. Differ-
ent parameters, such as flux and enhancement ratio, were
calculated from the permeated piperine concentration.
2.10. Transmission Electron Microscopy (TEM). TEM

examination of the prepared piperine nanoemulsions (N2) was
conducted to assess their shape. One drop of nanoemulsions
was applied to a carbon-coated grid, and then, the staining
agent uranyl acetate (2% w/v) was added. It was set aside for 5
min to finish the staining procedure. Finally, the sample was
visualized under a microscope (Joel JEM1010, Japan).
2.11. Stability Study. The stability study was performed in

simulated gastric fluid (SGF) and simulated intestinal fluid
(SIF) to evaluate the piperine nanoemulsion. SGF was
prepared by adding HCl (0.35 mL) and NaCl (100 mg) to
double-distilled water (50 mL). Pepsin (100 mg) was then
added, and the pH was adjusted to 1.2 using HCl. SIF was
prepared by adding KH2PO4 (340 mg) to double-distilled
water (50 mL). Pancreatin (500 mg) and 0.2 M NaOH (3.85
mL) were mixed uniformly. The pH of the medium was
adjusted to 6.8 using NaOH.38 The prepared sample (2 mL)
was mixed with SGF (10 mL) and SIF (10 mL) and incubated
for 2 h. After incubation, the samples were collected, and their
size, PDI, and encapsulation efficiency (EE) were measured.
The initial values of these parameters were compared with the
final values.39

2.12. Antimicrobial Study. Pure piperine, piperine
nanoemulsion (N2), imipenem, ceftazidime, and nystatin
were tested for their antibacterial effects against various
pathogens. Candida albicans, Pseudomonas aeruginosa, Escher-
ichia coli, Bacillus subtilis, and Staphylococcus aureus micro-
organisms were obtained from the microbiology lab (American
Type Culture Collection). Each sample was completely
dissolved in distilled water, and each bacterial strain was
grown to an optical density of 600 with a bacterial load of 5 ×
10−4 CFU/mL. The bacterial cultures were grown in a nutrient
broth medium. After 24 h of incubation, the media were
thoroughly mixed with 1 mL of the culture suspension. The
liquid was poured into a sterile Petri plate and set aside to
solidify. The wells were prepared aseptically using a sterile
stainless steel borer. Each test sample was added to the well,
and the plate was covered. The samples were incubated, and
the zone of inhibition (ZOI) was measured and reported as
mean ± SD.
2.13. Cell Lines and Culture. Cell viability was evaluated

using a tetrazolium salt-based (MTT) cell viability assay
following the manufacturer′s instructions. Cell line A549 (lung
cancer) was plated in 24-well plates (Nunc) with a density of
1.5 × 105 cells/well. Subsequently, 1 mL media was added at
37 °C with 5% CO2. The cells were incubated for 48 h before
the experiment with Dulbecco’s Modified Eagle’s Medium,
supplemented with 10% FBS, L-glutamine (4500 mg/L), 1%
nonessential amino acids (100×), and penicillin/streptomycin.
After removing the media, 1 mL of piperine and piperine
nanoemulsion (N2) was added to the culture media. The cells
in each well were diluted to 1:100, 2:100, 3:100, 4:100, and
5:100. The media containing piperine and piperine nano-

emulsion (N2) were removed from the wells. Cells were
collected after treatment with trypsin-EDTA and resuspended
in 1 mL of PBS and centrifuged at 1500 rpm for 3 min. The
treated cells were incubated with an MTT solution at 37°C for
4 h. The MTT solution was prepared with a 5 mg/mL
concentration in PBS. The formazan crystals were synthesized
in wells having cells. After that, the formazan crystals were
suspended and dissolved in DMSO (100 μL in each well). The
viable cells were measured by measuring absorbance at 570 nm
using a microplate reader (Bio-Rad, Richmond, CA). The
measuring was done in triplicate, and the data were calculated
using a previously described formula.40

3. RESULTS AND DISCUSSION
3.1. Screening of Components. The selection of oil,

surfactant, and co-surfactant is a very important criterion for
determining the solubilizing capacity of a drug. A higher-
solubilizing capacity leads to a higher drug loading. The
solubility data for different oils (Oleic acid, Eucalyptus oil,
Ethyl oleate, Capmul, and Labrafil), surfactants (Poloxamer
188, Poloxamer 127, and Tween 80), and co-surfactants
(Transcutol, PEG 400, and Cremophore EL) are displayed in
Figure 1. The solubility of the oils was found to be oleic acid >

ethyl oleate > labrafil > capmul > eucalyptus oil. The maximum
solubility was shown using oleic acid (77.11 ± 4.7 mg/g). The
selection of surfactant and co-surfactant was also determined
from the solubility result. The maximum solubility was found
in Tween 80 (38.54 ± 4.5 mg/g) and Cremophore EL (29.8 ±
2.9 mg/g). Finally, oleic acid, tween 80, and cremophore EL
were selected as formulation components based on the high
solubility of piperine.

3.2. Formulation of Nanoemulsion. The ultrasonication
process developed various piperine nanoemulsions by varying
the ingredients (Table 1). Six formulations (N1−N6) have
been selected from the different nanoemulsions for further
characterization. The mean droplet size of the prepared
nanoemulsions was significantly (p < 0.05) influenced by the
Smix ratio. As the Smix ratio increases, the droplet size of
nanoemulsions decreases. Smix at a ratio of 1:1 generates
nanoemulsions with a higher droplet size (121 ± 3.8 nm) than
Smix (2:1; 105 ± 4.11 nm). The droplet size gradually
increased when the Smix ratio increased (1:2, 1:3, and 3:2).

3.3. Droplet Characterization. All of the prepared
nanoemulsions exhibited a mean diameter in the nanorange,
as shown in Table 2. The size of the nanoemulsion was found

Figure 1. Solubility data of piperine in different nanoemulsions
components. Data shown as mean ± SD (n = 3).
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in the range of 105 ± 4.1 (N2) to 250 ± 7.4 nm (F7). A
significant (p < 0.05) variation in the mean diameter was found
in the prepared nanoemulsions. The difference in size can be
attributed to the variation in nanoemulsion composition.
Moreover, the nanoemulsions (N2) exhibited the lowest
droplet size due to the optimum Smix ratio present, and the
co-surfactant concentration was lesser than the surfactant
(Figure 2). Smix helped to reduce the droplet size by forming a
barrier between small droplets. In addition, the formulations
were assessed for PDI, and the results showed a low value
(<0.7). The low PDI value shows a greater homogeneity of
formulations.34 The ζ potential of the piperine nanoemulsion
is presented in Table 2. The formulations showed negative ζ
potential (−19 to −39) due to an anionic group in the co-
surfactant. The selected piperine nanoemulsion (N2) displayed
a ζ potential value of −32 mV. The higher negative or positive
value (±30 mV) of ζ potential gives greater stability.41

3.4. Thermodynamic Stability. The piperine nano-
emulsions were evaluated to check their capability to withstand
the stress test (Table 3). The samples were assessed at
different temperatures (−21, 40 °C, and room temperature) to
select a stable composition. The prepared nanoemulsions were
stable under mechanical and thermal stress. Due to a potential
metastable formulation, the samples that were determined to
be unstable (phase separation, turbidity, nucleation, and
precipitation) were discarded from further analysis. The
formulations N4 and N6 failed as a result of high turbidity.
The failed formulations lost their original transparency,
isotropic behavior, and physical stability. This test shows that
nanoemulsions have a longer shelf life than traditional
emulsions.42

3.5. Encapsulation Efficiency. EE of piperine nano-
emulsions was found in the range of 76.85 ± 2.2 to 89.32 ±
1.9% (Table 2). A significant (p < 0.05) variation in the EE
was observed between the prepared nanoemulsions. The
change in the results can be attributed to variations in the
formulation composition. The lowest encapsulation occurred
in the formulation (N3) prepared with oil 20%, Smix 3:1, and
water 48%, whereas the highest encapsulation was shown in
the composition (N2) prepared with oil 20%, Smix 2:1, and

water 58%. The maximum encapsulation rate was observed
when the Smix ratio was 2:1. In contrast, 1:1, 3:1, 1:2, 1:3, and
3:2 demonstrated lesser encapsulation. The optimum concen-
tration of Smix helped to achieve increased solubility and
stability of nanoemulsions.

3.6. pH and Transmittance. The piperine nanoemulsions
showed a pH value within the normal range, as shown in Table
2. The formulations were also evaluated for % transmittance,
and the values were found to be close to 100%. The
transmittance result confirms the formation of a transparent
and clear formulation. The change in the composition of
nanoemulsions showed a nonsignificant variation in the %
transmittance. The enhancement in the surfactant concen-
tration leads to a slight decrease in the % transmittance.

3.7. Piperine Release Study. The release pattern from the
prepared piperine nanoemulsions (N1−N6) was compared
with pure piperine under the same conditions, as shown in
Figure 3. The nanoemulsions displayed significantly enhanced
piperine release (72.5 ± 2.9 to 96.2 ± 3.5%) than pure
piperine. Piperine nanoemulsions exhibited a relatively rapid
release. The drug release (%) from the prepared nano-
emulsions was as follows: N2 > N3 > N1 > N6 > N4 > N5.
The formulation (N2) demonstrated a maximum release of
96.2 ± 3.5% among the prepared nanoemulsions. This
enhanced release of piperine may correlate with enhanced
piperine solubility in the carriers. The nanodroplet size, low
viscosity, and PDI greatly enhanced drug release. The
nanosized droplet has an increased effective surface area for
release, leading to better and faster release.43 The poor
solubility of piperine may lead to limited drug release.
Nanoemulsions containing surfactants and co-surfactants
enhance drug solubilization and subsequently promote drug
release. The nanoemulsion droplets release the drug in the
dissolution medium by partitioning the drug between the oil
and water phase in the release medium.28

3.8. Piperine Permeation Study. The intestinal per-
meation study assessed the variation in the permeation data
from the pure piperine and piperine nanoemulsions (N2). The
results revealed a significant (p < 0.001) difference in the
permeation flux. The permeation flux of pure piperine was
249.6 ± 11.4 μg/cm2/h, whereas the piperine nanoemulsion
(N2) depicted a significantly (p < 0.001) enhanced flux (856.4
± 19.3 μg/cm2/h). The nanoemulsion demonstrated an
enhancement ratio of 3.4 fold compared with the pure
piperine dispersion. The nanoemulsion can improve the
intestinal permeation of drugs through various mechanisms,
including improved drug solubility, protection from chemical
and enzymatic degradation in the gastrointestinal fluid, and
increased interaction with the intestinal membrane or mucus
layer.44,45 Moreover, these nanoemulsions provide extra drug
transport mechanisms such as endocytosis. The combined

Table 1. Formulation Composition of Piperine
Nanoemulsion

code oil (%) Smix water (%) piperine (mg)

N1 20 1:1 65 25
N2 20 2:1 58 25
N3 20 3:1 48 25
N4 20 1:2 53 25
N5 20 1:3 57 25
N6 20 3:2 61 25

Table 2. Evaluation Parameters of Piperine Nanoemulsiona

code mean diameter (nm) polydispersibility index ζ potential (mV) pH transmittance (%) encapsulation efficiency (%)

N1 121 ± 3.8 0.34 −24 7.1 99.1 79.94 ± 3.3
N2 105 ± 4.1 0.21 −32 7.0 98.7 89.32 ± 1.9
N3 153 ± 3.8 0.19 −27 6.9 98.3 76.85 ± 2.2
N4 178 ± 5.7 0.27 −19 7.0 99.4 86.03 ± 1.4
N5 250 ±7.4 0.36 −22 7.6 99.1 87.88 ± 4.1
N6 236 ± 6.3 0.24 −28 7.5 98.6 79.1 ± 1.2

aData shown as mean ± SD (n = 3)
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influence of formulation parameters such as nanosize, electro-
static interaction, and the presence of surfactants and lipids
may have increased penetration. These components increase
the solubility and permeability of drugs.
3.9. TEM Evaluation. To evaluate the morphological size,

shape, and nature of the globular distribution, TEM was used
to check the aggregation of droplets and heterogeneous
globule distribution. The developed nanoemulsion was
spherical, clearly dispersed, and highly stable (not shown).
3.10. Gastrointestinal Stability. The prepared piperine

nanoemulsion (N2) for oral delivery was evaluated for
gastrointestinal stability to evaluate the effect of acidic and
enzymatic degradation. The sample was incubated in SGF and
SIF fluid, and their size, PDI, and EE were evaluated (Table 4).
The prepared samples were stable, and no noticeable difference

in the results was observed. The initial size, PDI, and EE were
found to be 107 ± 2.1 nm, 0.18 ± 0.02, and 88.14 ± 3.65%,
respectively. As a result of the incubation in SGF, there was a
slight change in size, PDI, and EE that were 111 ± 2.8 nm,
0.21 ± 0.01, and 84.33 ± 4.21%, respectively. Similarly,
piperine nanoemulsions (N2) incubated with SIF showed a
nonsignificant changed size (119 ± 2.6 nm), PDI (0.29 ±
0.02), and EE (81.21 ± 3.38%). The outcomes of the study
revealed that the prepared nanoemulsions were stable in both
tested fluids.

3.11. Antimicrobial Activity. Figure 4 shows the results
of the antibacterial analysis of piperine nanoemulsions and
pure piperine against several pathogens. Pure piperine showed
a ZOI for S. aureus, B. subtilis, E. coli, P. aeruginosa, and C.
albicans of 16 ±1.6, 19 ± 1.4, 17 ± 1.3, 15 ± 1.8, and 16 ± 1.7
mm, respectively. The limited solubility of piperine results in a
diminished impact on the studied organisms due to poor
permeability to the organism′s cell wall. The activity of
piperine nanoemulsion (N2) was significantly (p < 0.001)
higher than that of pure piperine. It displayed ZOI against S.
aureus, B. subtilis, E. coli, P. aeruginosa, and C. albicans of 22 ±
1.7, 21 ± 1.5, 19 ± 1.4, 20 ± 2.3, and 19 ± 1.9 mm,
respectively. Compared with E. coli, B. subtilis, and C. albicans,
the activity against S. aureus and P. aeruginosa was significantly
higher (p < 0.05). According to Parekh and Chanda (2007)
and Hanumantappa et al. (2014), the difference in activity
against different organisms is caused by the permeability
barrier created by either the multilayer cell walls present in
gram-negative bacteria or the membrane accumulation
mechanism or the presence of periplasmic space enzymes
that can degrade externally presented foreign molecules.46,47

Due to the high solubility of piperine in oil, piperine
nanoemulsion (N2) has been proven to have better action.
The effective surface area for permeation is higher for smaller
particles. The standard drugs (imipenem, ceftazimide, and
nystatin) were also tested for their antibacterial properties.

Figure 2. Droplet size of the optimized piperine nanoemulsion (N2).

Table 3. Thermodynamic Stability of the Prepared Piperine
Nanoemulsionsa

code heating cooling cycle centrifugation freezing inference

N1 + + + pass
N2 + + + pass
N3 + + + pass
N4 + − + fail
N5 + + + pass
N6 − + − fail

aPass (+); fail (−).

Figure 3. Drug release study data of piperine nanoemulsions (N1−
N6). Data shown as mean ± SD (n = 3).

Table 4. Stability Study Data of the Prepared Piperine
Nanoemulsion (N2)

parameters initial final (SGF) final (SIF)

size (nm) 107 ± 2.1 111 ± 2.8 119 ± 2.6
PDI 0.18 ± 0.02 0.21± 0.01 0.29 ± 0.02
encapsulation

efficiency (%)
88.14 ± 3.65% 84.33 ± 4.21 81.21 ± 3.38
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Imipenem showed activity against S. aureus (22 ± 2.1 mm) and
B. subtilis (23 ± 1.2 mm). Nystatin displayed a ZOI of 18 ± 0.9
mm against C. albicans, whereas ceftazidime displayed a ZOI of
20 ± 2.1 mm against E. coli and 19 ± 1.4 mm against P.
aeruginosa. The findings revealed that nanoemulsion showed
higher antibacterial activity than pure piperine and was closer
to the standard drugs.
3.12. Cell Viability. The developed piperine nanoemulsion

(N2) and pure piperine were tested for cell viability against
lung cancer A549 cells (Figure 5). Concentration-dependent

effects were observed. In the 0.01−0.05 mM concentration
range, study revealed a highly significant (p < 0.001) effect
against the cell line compared with control. A substantial
variation in the activity was observed between pure piperine
and piperine nanoemulsion (N2). The pure piperine showed
cell viability (%) of 97, 54, 33, and 20% at 0.02, 0.03, 0.04, and
0.05 mM. Moreover, the prepared nanoemulsion (N2) showed
enhanced activity at the same concentration of 0.02 (85%),
0.03 (43%), 0.04 (22%), and 0.05 (16%) mM. A significant
effect at each tested concentration was observed compared
with the control. The most significant (p < 0.001) activity was
observed at concentrations of 0.03 and 0.04 mM. A slight
difference in the activity was observed at a concentration of
0.05 mM. There was no significant difference in the activity at

lower concentrations of 0.01 and 0.02 mM. This study
indicated that the produced formulation (N2) had significantly
(p < 0.001) higher activity due to the increased solubility of
piperine in the presence of the surfactants.

4. CONCLUSIONS
The piperine-loaded nanoemulsion was prepared using ultra-
sonication to improve solubility and physicochemical charac-
teristics. The developed nanoemulsions displayed nanodroplet
size, optimum ζ potential, greater stability, and transmittance
(%). The drug release analysis demonstrated a considerable
increase in the piperine release. The nanoemulsions also
passed the stability assessment at the tested conditions. The
antibacterial and cell viability tests revealed that the prepared
nanoemulsion has a better effect than pure piperine. From this
study, it can be concluded that the prepared nanoemulsion
system is an ideal oral delivery system to treat bacterial
infection and lung cancer.
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