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Introduction: Piperine, the major component in Piper retrofractum and Piper nigrum, had potential therapeutic effects on central 
nervous system diseases such as Alzheimer’s disease, Parkinson’s disease, epilepsy and fragile X-associated tremor/ataxia syndrome. 
However, its low aqueous solubility (0.04 mg/mL) limits brain uptake and pharmacological investigations at higher doses. In the 
current study, formulation strategies and routes of administration were assessed to enhance systemic and brain uptake of piperine.
Methods: Formulation of piperine nanoparticles (PIP NPs) was developed to enhance its solubility. PIP NPs were prepared using 
flash nanoprecipitation via a four-stream Multi-Inlet Vortex Mixer, employing an aqueous solution of poloxamer 188 and an ethanolic 
solution containing piperine and Eudragit L100-55. The process was optimized using the Design of Experiments to minimize the 
particle size and maximize the encapsulation efficiency of piperine. Additionally, we investigated the impact of administrating PIP NPs 
via oral and intranasal routes on its systemic and brain uptake.
Results: The optimized PIP NPs formulation exhibited a particle size of 171.45±2.38 nm, polydispersity index of 0.27±0.01, zeta 
potential of −43.71±5.11 mV, encapsulation efficiency of 92.49±1.92% and drug loading of 15.07±0.09%. Fourier-transform infrared 
spectroscopy confirmed the successful encapsulation of piperine into nanoparticles. The PIP NPs could significantly increase the 
aqueous solubility of piperine from 0.04 mg/mL to 52.31±0.9 mg/mL and release piperine with a 12.83-fold higher rate than that from 
piperine suspension. Both oral and intranasal administrations of PIP NPs to C57BL/6 mice at 20 mg/kg demonstrated an increase in 
AUC0-120min for both plasma (7.9–10 times) and brain (4.7–5.0 times) comparing to that from piperine suspension, with no significant 
difference between these two routes.
Discussion: Our findings suggested that increasing solubility rather than changing the administration route served as the most critical 
step to enhance the brain uptake of piperine.
Keywords: piperine, nanoparticles, aqueous solubility, brain uptake, oral administration, intranasal administration

Introduction
Piperine, 1-(5-(1,3-benzodioxol-5-yl)-1-oxo-2,4-pentadienyl), is a natural compound found in Piper retrofractum and 
Piper nigrum. It had a molecular weight of 285.34 and a water solubility of 0.04 mg/mL.1 Research demonstrated that 
piperine had potential therapeutic effects on various central nervous system (CNS) diseases including Alzheimer’s 
disease via improvement of cognitive abilities,2–4 Parkinson’s disease via inhibition of apoptosis and inflammation,5 
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epilepsy and seizure via activation of the transient receptor potential vanilloid 1 receptor6 and Fragile X-associated 
tremor/ataxia syndrome (FXTAS) via inhibition of the r(CGG)exp RNA.7

To improve the efficacy of drug treatment for a CNS disease, increasing the drug brain uptake is one of the most 
adopted strategies. Previous studies have indicated that piperine had a very efficient intestinal permeability with 
a Papp,a→b of 4.78×10−5 cm/s and efficient distribution with similar AUC0-10h in both brain and plasma.8 In addition, 
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piperine had limited first-pass metabolism with a Clint of 8.15 μL/min/mg for its Phase I hepatic metabolism and limited 
urine excretion.8,9 The oral bioavailability of piperine was 23.2% in mice10 and 19.7%–24.1% in rat.11,12 Although these 
ADME properties of piperine suggested that the intestinal/brain permeability and liver first-pass effect may not be the 
barriers to its brain uptake, the limited aqueous solubility of piperine (0.04 mg/mL) restricted its use at higher dosage 
levels for further in vivo pharmacological investigations. As a BCS Class II compound, the low solubility and dissolution 
rate of piperine could limit its in vivo bioavailability.13 Therefore, enhancing the solubility of piperine is hypothesized to 
be one of the effective approaches to improve its systemic bioavailability and brain uptake so as to enhance its efficacy 
for CNS disease treatment. Various approaches including SEDDS, liposomes, inclusion complexes and nanoparticles had 
been tried to increase the solubility of piperine,14 among which formulating it into nanoparticles could achieve the 
highest piperine concentration of 2 mg/mL with 3.7–4.7 folds increase in AUC0-10h.15

Besides the formulation strategy, changing the route of administration of piperine had also been tried to increase its 
brain uptake.16,17 In recent years, the intranasal delivery route is well known for its capability of directly delivering 
drugs to the brain via the olfactory region and trigeminal nerves.18 However, the low aqueous solubility of piperine 
together with the small handling volume of drug formulation allowed to make the intranasal administration of piperine 
to achieve therapeutic dosing levels challenging.19 So far, none of the previous approaches to increase the solubility of 
piperine14 could achieve a target concentration of 40–50 mg/mL for its intranasal use in less than 20 μL. Recently, we 
had prepared a piperine nanoparticles (PIP NPs) with a concentration of 0.87 mg/mL via a flash nano participation 
technique to enhance its oral bioavailability for anti-epileptic treatment,15 however, piperine concentration remains 
insufficient for its intranasal delivery. Considering that solvent evaporation of the formulation could further increase 
piperine concentration, we aimed to condense the nanocarrier formulations of piperine via such approach. Based on the 
nature of the formulations, SEDDS and liposome were excluded due to potential instability of the formulation after 
solvent evaporation, leaving nanoparticles as the only possible nanocarrier for piperine in achieving its targeted 
concentration. Thus, in the current study, we utilized the four-stream Multi-Inlet Vortex Mixer to refine the preparation 
method of nanoparticles, aiming to achieve a piperine concentration in the range of 40–50 mg/mL, so as to enable us to 
conduct further in vivo pharmacokinetic evaluations via both oral and intranasal administration routes. The findings 
will provide important insights for the selection of a suitable administration route for future pharmacological 
evaluations of PIP NPs.

Materials and Methods
Materials
Piperine (purity > 97%) was sourced from Sigma-Aldrich Chem. GmbH (Riedstr, Germany). Poloxamer 188 was 
obtained from Sigma-Aldrich Chem. GmbH (Steinheim, Germany). Sodium phosphate monobasic was purchased from 
Sigma-Aldrich Chem. GmbH (Riedstr, Germany). Sodium phosphate dibasic was bought from Aladdin (Shanghai, 
China). Potassium bromide (KBr) was acquired from Sigma-Aldrich Co. (St. Louis, MO). Eudragit L100-55 was 
purchased from Evonik Röhm GmbH (Darmstadt, Germany). Phosphotungstic acid was purchased from Merck 
(Merck KGaA, Darmstadt, Germany). Formic acid was obtained from BDH Laboratory Supplied Ltd. (Kampala, 
Ukraine). Acetonitrile (ACN) was purchased from RCI Labosan Ltd. (Bangkok, Thailand). Ethanol (EtOH) was bought 
from DAEJUNG (Gyeonggi-do, Korea) and methanol (MeOH) from Merck (Darmstadt, Germany) were both in HPLC 
grade without further purification. Berberine was bought from Sichuan Weikeqi Biological (Sichuan, China). Milli-Q 
water from the Millipore water purification system (Millipore, Milford, MA, USA) was used in the preparation of 
nanoparticles and all other solutions.

Animals
C57BL/6 mice (female, 20–25 g) were provided by the Laboratory Animal Services Centre at The Chinese University of 
Hong Kong. All procedures were consistently conducted in strict compliance with the Guide for the Care and Use of 
Laboratory Animals from the National Institutes of Health in USA.20 The animal experiments were conducted under the 
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approval of the Animal Ethics Committee of The Chinese University of Hong Kong (Animal ethical approval number: 
20–035-GRF).

Preparation and Optimization of the PIP NPs Formulation via the Flash 
Nanoprecipitation Technique (FNP)
PIP NPs were prepared through flash nanoprecipitation employing a four-stream Multi-Inlet Vortex Mixer (MIVM) 
system as shown in Figure 1 with the ethanolic solution containing piperine and Eudragit L100-55 and the aqueous 
solution containing poloxamer 188. Briefly, a volume of 1 mL ethanolic solution and 2.5 mL aqueous solution was 
introduced to the mixer chamber of the MIVM via syringe pumps (Model PHD 2000, Harvard Apparatus, MA, USA) to 
induce particle precipitation.

The nanoparticle formulation of piperine was optimized using a response surface methodology-based method through 
Design-Expert® software, employing a 3-factor, 3-level Box-Behnken design as shown in Table 1. A total of 17 experiments 

Figure 1 Schematic diagram of MIVM set-up for piperine nanoparticle preparation.

Table 1 Matrix of Three-Factor, Three-Level Response Surface Design and Observed Particle Size and Encapsulation Efficiency of PIP 
NPs

Run Conc. of Eudragit L100-55 
(mg/mL)

Aqueous Solution: Ethanolic 
Solution (v/v)

P188: Piperine 
(w/w)

Particle Size 
(nm)

Encapsulation 
Efficiency (%)

1 20 1.8 3 349 ± 15.70 71.63 ± 4.31
2 25 1.8 2 259 ± 36.48 90.80 ± 4.45

3 20 2.5 2 203 ± 27.84 91.09 ± 2.08

4 20 2.5 2 188 ± 20.59 91.72 ± 5.52
5 20 2.5 2 191 ± 29.64 89.82 ± 1.36

6 20 2.5 2 269 ± 32.07 91.01 ± 1.97

7 25 2.5 1 219 ± 34.01 92.80 ± 1.27
8 20 3.2 3 231 ± 4.32 92.98 ± 1.13

9 20 3.2 1 260 ± 30.72 94.71 ± 0.28
10 15 2.5 3 235 ± 16.62 85.19 ± 0.74

11 20 1.8 1 215 ± 26.74 81.59 ± 6.40

12 15 2.5 1 141 ± 10.01 90.06 ± 2.19
13 20 2.5 2 178 ± 9.74 91.91 ± 3.27

14 15 3.2 2 225 ± 26.29 91.51 ± 1.57

15 25 2.5 3 218 ± 6.11 91.23 ± 4.31
16 15 1.8 2 217 ± 8.31 91.12 ± 3.21

17 25 3.2 2 225 ± 29.83 93.58 ± 1.74
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were conducted with three replicates (n=3) for predictive modeling. Preliminary trials were conducted to identify the key 
factors for formulating nanoparticles. Briefly, the effect of independent variables was studied at three levels, namely high 
(+1), medium (0) and low (−1) levels, with the concentration of Eudragit L100-55 in EtOH (15–20 mg/mL), the aqueous 
solution to the ethanolic solution ratio (1.8–3.2, v/v), and Poloxamer 188 to piperine ratio (1–3, w/w) selected as the final 
independent variables for further optimization. Particle size (Y1) and encapsulation efficiency (Y2) were the dependent 
variables to serve as the quality control parameters of nanoparticles. The optimization of PIP NPs aimed to minimize the 
particle size and maximize the encapsulation efficiency. The optimized PIP NPs were concentrated using a vacuum 
centrifugation concentrator (SpeedVac, Thermo Scientific, USA) at 45 °C for 1 to 2 hours to prepare the oral formulation 
of piperine and further concentrated another 1 hour to prepare the intranasal formulation of piperine.

Characterization of the Optimized PIP NPs Formulation
Quantification of Piperine via High-Performance Liquid Chromatography
To determine the concentrations of piperine in different preparations, HPLC analyses performed on the Agilent HPLC 
system (Agilent Technologies, Inc., Santa Clara, CA, USA) were adopted. Separations of the analytes were achieved 
with an Agilent ZORBAX RR Eclipse XDB-C18 column (4.6 × 150 mm, 3.5 µm) via a mobile phase consisting of 
0.1% TFA in water (A) and 0.1% TFA in ACN (B). The gradient elution of B started at 50% for 5 minutes and then 
increased to 59% at 8 minutes, followed by a drop back to 50% at 10 minutes. The flow rate was maintained at 
1.0 mL/min with an injection volume of 13 μL. The DAD detector wavelength was set at 343 nm. The auto-sampler 
and the analytical column temperatures were set at 4 °C and ambient, respectively. Linearity of piperine was observed 
in the concentration range from 10 to 2560 ng/mL with a correlation coefficient R2 = 0.9997 and 10 ng/mL as the 
lowest limit of quantitation.

Particle Size, Polydispersity Index and Zeta Potential of PIP NPs
A submicron particle size analyzer (DelsaNano C, Beckman Coulter, Osaka, Japan) was utilized to determine the particle size 
and polydispersity index (PDI) of the prepared PIP NPs. The optimized PIP NPs or concentrated PIP NPs (diluted 1:40 in 
water) were diluted 20 times with water, and the dynamic light scattering (DLS) technique was employed for the analysis. 
Additionally, the zeta potential of PIP NPs was also characterized by using the same instrument under an electrical field.

Encapsulation Efficiency (EE) of PIP NPs
To determine the encapsulation efficiency of the optimized PIP NPs and concentrated PIP NPs, the ultracentrifu-
gation method was employed. The total content of piperine in the nanoparticles was first quantified by HPLC-DAD 
after dissolving the 5 μL optimized PIP NPs or diluted concentrated PIP NPs (1:40 in water) in 995 μL EtOH. To 
measure the unencapsulated piperine concentration, 3 mL of the optimized PIP NPs or diluted concentrated PIP 
NPs (1:40 in water) was centrifuged at 19,700 rpm for 1.5 hours at 4 °C using a Beckman Coulter centrifuge 
(Fullerton, CA, USA) followed by determining the unencapsulated piperine amount in the supernatants by HPLC/ 
DAD as mentioned above. EE of the piperine into nanoparticles was calculated using the following equation:

Drug Loading of PIP NPs
To evaluate the drug loading, optimized PIP NPs and concentrated PIP NPs were first freeze dried for the testing. About 
5 mg of the optimized PIP NPs or concentrated PIP NPs was dissolved in 5 mL EtOH solution containing 0.01 mg/mL 
berberine (internal standard for HPLC/DAD assay), followed by centrifugation at 13,000 rpm for 10 minutes. The total 
piperine concentration was then determined using the HPLC/DAD method mentioned above. Based on the total PIP 
amount in freeze-dried nanoparticles (optimized or concentrated) and its encapsulation efficiency, the mass of encapsu-
lated PIP in the nanoparticles and the drug loading were calculated using the following equation:
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Morphology Characterization of PIP NPs by Transmission Electron Microscopy (TEM)
PIP NPs of the optimized formulation before and after evaporative concentration were observed with TEM. The 
optimized or diluted concentrated PIP NPs (1:40 in water) PIP NPs was first diluted with 50-time volumes of water 
followed by vortex mixing. A 10 μL aliquot of the diluted sample was placed on a carbon-coated copper grid (230 mesh, 
7–20 nm, Beijing Zhongjingkeyi Technology Co., China) and air-dried at room temperature. The resulted sample was 
subsequently stained with 10 μL of 1% phosphotungstic acid solution (w/v) for 2 minutes with excess stain removed 
using filter paper. The stained sample was examined using a Hitachi HT7700 TEM system (Hitachi High-Technologies 
Corporation, Japan).

Fourier Transforms Infrared Spectroscopy Analysis (FT-IR)
FT-IR analyses were performed on piperine (1 mg), Eudragit L100-55 (3.33 mg), Poloxamer 188 (1.66 mg), physical 
mixture of piperine, Eudragit L100-55, and Poloxamer 188 (1:3.33:1.66, w/w, total 6 mg), optimized PIP NPs (6 mg) and 
concentrated PIP NPs (6 mg) using a FT-IR spectrometer (Spectrum BX, MA, USA). All samples were freeze-dried 
before testing. Each freeze-dried sample was mixed with 100 mg KBr to compress into a pellet. Each pellet was scanned 
against a blank KBr pellet at wavenumbers ranging from 4000 to 400 cm−1 with a resolution of 4 cm−1 for 8 times/scan.

Crystallographic Characterization by Powder X-Ray Diffraction (PXRD)
The crystallographic characterization of piperine, Poloxamer 188, Eudragit L100-55, physical mixture of piperine, 
Eudragit L100-55, and Poloxamer 188 (1:3.33:1.66, w/w), optimized PIP NPs and concentrated PIP NPs were conducted 
using an X-ray diffractometer (XRD, Rigaku, mini flex 600, Tokyo, Japan) with a Cu kα radiation source (λ = 0.154 nm), 
operating at a constant voltage of 40 kV and a tube current of 15 mA, across a 2θ range of at 3–90°. All samples were 
freeze-dried before testing.

Thermal Properties by Differential Scanning Calorimetry (DSC)
Thermal analysis was performed using DSC (TA Discovery DSC 2500, TA Instruments, New Castle, DE, USA). 
Optimized PIP NPs and concentrated PIP NPs were first freeze dried for testing. Samples of piperine (1 mg), Eudragit 
L100-55 (3.33 mg), Poloxamer 188 (1.66 mg), a physical mixture of piperine, Eudragit L100-55, and Poloxamer 188 
(1:3.33:1.66, w/w, total 6 mg), optimized PIP NPs (6 mg, equivalent to 1 mg of PIP), and concentrated PIP NPs (6 mg, 
equivalent to 1 mg of PIP) were placed in aluminium pans with lids, respectively. The samples were first heated to 110 
°C, followed by cooling down to 20 °C and heating again to 200 °C at a heating rate of 10 °C/min and nitrogen flow rate 
of 30 mL/min.

In Vitro Release of Piperine From Various Dosage Forms
In vitro drug releases of piperine from suspension (prepared by dispersing piperine in water), optimized PIP NPs and 
concentrated PIP NPs were assessed using the dialysis bag-diffusion technique via a dissolution tester (708-DS 
Dissolution Apparatus, Agilent, Germany). Briefly, about 0.4 mg of piperine from optimized PIP NPs (0.2 mL * 
2 mg/mL), 0.4 mg of piperine from concentrated PIP NPs (0.01 mL * 40 mg/mL) or 0.4 mg of piperine was added 
into a dialysis bag with a molecular weight cut-off of 12–14 kDa (Spectrumlabs, CA, USA), which was then immersed in 
500 mL of 0.1 N HCL (pH 1.2) or phosphate buffer (0.1M, pH 6.5, containing 8.868 g sodium phosphate monobasic 
monohydrate and 5.06 g sodium phosphate dibasic in 1 L Milli-Q water) and maintained at 37 ± 0.5 °C with the paddle 
speed of 50 rpm or 100 rpm. A volume of approximately 3 mL samples was withdrawn at 0, 5, 10, 20, 30, 60, 120, 240 
and 300 minutes, followed by replacement with an equal volume of prewarmed phosphate buffer. In vitro drug release of 
piperine was also conducted under pH transition conditions. Briefly, the dialysis bag containing 0.4 mg of piperine from 
optimized PIP NPs (0.2 mL * 2 mg/mL), 0.4 mg of piperine from concentrated PIP NPs (0.01 mL * 40 mg/mL) or 
0.4 mg of piperine was first immersed in 500 mL of 0.1 N HCl (pH 1.2). At 0, 5, 10, 20, 30, 60, and 120 minutes, 
approximately 3 mL samples were withdrawn followed by replacement with an equal volume of prewarmed buffer (pH 
1.2). After sampling at 120 minutes, pH of the dissolution media was adjusted to 6.5 by adding 200 mL of 0.3 M dibasic 
sodium hydrogen phosphate and 10.4 mL of 1 N NaOH solution as described before.21 Subsequently, approximately 
3 mL samples were withdrawn at 5, 10, 20, 30, 60, 120 and 180 minutes followed by replacement with an equal volume 
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of prewarmed buffer (pH 6.5). Concentrations of piperine in all collected samples were subjected to HPLC-DAD 
analyses as described above. As piperine is sensitive to light, the entire process was protected from light as suggested 
before.22

Stability of PIP NPs
To evaluate their storage stability, the prepared PIP NPs were stored at room temperature (prevent from light) for one 
month followed by the measurement of their particle size and encapsulation efficiency as described above.

Selection of the Route of Administration for PIP NPs in C57BL/6 Mice
C57BL/6 mouse was selected due to its common use in nasal administration studies23–27 and relevance to the disease 
model for our future pharmacology evaluation. A total of three groups of C57BL/6 mice (30 mice per group: 6 mice/time 
point for 5 time points) were utilized in this study, with six mice examined at each time point for a total of five time 
points at 5, 10, 20, 60, and 120 minutes post-dosing. The first two groups received a bolus dose of the PIP suspension or 
PIP NPs orally, while the third group received the concentrated PIP NPs intranasally. For the oral administrations, the 
first and second groups of C57BL/6 mice were administered with PIP NPs and PIP suspension (0.2 mL of 2 mg/mL) via 
oral gavage at a dose of 20 mg/kg, respectively. For intranasal administration, C57BL/6 mice were administered with PIP 
NPs of 40 mg/mL piperine at a dose of 20 mg/kg. To facilitate the administration, the mice were briefly anesthetized by 
inhaling 95% CO2 (recovery within 5 minutes). A total volume of 10 µL of concentrated PIP NPs was then delivered into 
both nostrils using a micropipette as previously described by us.28

At 5, 10, 20, 60, and 120 minutes post-dosing, mice were sacrificed followed by collecting blood and brain for further 
analyses. Blood samples were obtained via cardiac puncture, while brain samples were collected after an immediate 
infusion of 20 mL of ice-cold saline to ensure no blood residue was left in the tissue. The blood samples were then 
centrifuged at 13,000 rpm for 10 minutes to obtain plasma samples, while the collected whole brain was further rinsed 
with ice-cold saline followed by removing excess water using tissue paper. All the collected plasma and brain samples 
were stored at −80 °C till further analyses.

For sample analyses, the collected brain tissue was homogenized with 3 times the volume of water containing 0.2% 
formic acid to obtain the related brain homogenate. About 50 μL of the collected plasma or brain homogenates was added 
with 150 μL of berberine (200 ng/mL, as Internal Standard) for piperine quantification by HPLC-MS/MS as described in 
our previous study.8 The HPLC-MS/MS method was validated following the Bioanalytical Method Validation Guidance 
for Industry from FDA.29 The pharmacokinetic parameter of AUC0-120 min was calculated based on the obtained piperine 
plasma and brain concentration versus time profiles using Phoenix WinNonlin 8.1 software.

Data Analyses
All in vitro samples obtained from PIP NPs characterizations were analyzed in triplicate. The mean plus or minus one 
standard deviation was used to express the experimental data in both in vitro and in vivo studies. Statistically significant 
difference was evaluated by comparing the means between two groups via the Student’s t-test, whereas ANOVA 
followed by post hoc Tukey’s test was used to compare the means for multiple groups. All statistical analyses were 
performed using GraphPad Prism (version 9.5.1, GraphPad Software, La Jolla, CA). A p-value of less than 0.05 was 
considered statistically significant.

Results
Preparation of PIP NPs and Formulation Optimization
PIP NPs were successfully produced using the flash nanoprecipitation technique via a MIVM system. The PIP NPs were 
appeared as colloidal dispersions without any precipitation observed. The nanoparticle formulation was optimized based 
on the formulation and processing parameters yielding the smallest particle size with the high encapsulation efficiency of 
piperine. During our preliminary experiments, the ratio of piperine to Eudragit L100-55 was fixed at 1:3.33 (w/w) to 
maximize the drug loading of piperine in nanoparticles. In addition, the concentration of Eudragit L100-55 in EtOH (mg/ 
mL), aqueous solution to ethanolic solution ratio (v/v) and Poloxamer 188 to piperine ratio (w/w) were identified as the 
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most critical factors affecting the stability of the PIP NPs. In addition, the suitability for further concentration by solvent 
evaporation for the intranasal administration was included for consideration.

Based on the identified critical factors and their possible range, seventeen runs of experiments were conducted to 
optimize the nanoparticle formation with the concentration of Eudragit L100-55 in EtOH (A, 15–25 mg/mL), aqueous 
solution to ethanolic solution ratio (B, 1.8–3.2, v/v) and Poloxamer 188 to piperine ratio (C, 1–3, w/w) as independent 
variables at three levels and particle size (Y1) together with encapsulation efficiency (Y2) as dependent variables. The 
full design used for optimization was shown in Table 1.

The 3D surface plots and contour plots for particle size and encapsulation efficiency were displayed in 
Figure 2A–F to visualize interactions between independent and dependent variables. Each plot simultaneously 
evaluated the combined effect of two variables while keeping the third factor at its central point. The statistical 
experimental design indicated that the quadratic model was the most suitable model to represent the relationship 
between independent variables and dependent variables. Figure 2B revealed that decreasing Eudragit L100-55 in 
EtOH (mg/mL) and/or Poloxamer 188 to piperine ratio resulted in reduced particle size. Figure 2D and E indicated 
that increasing the aqueous solution to ethanolic solution ratio could result in higher EE. The optimized 
parameters suggested by the Design Expert to obtain the desired responses were 15 mg/mL of Eudragit L100- 
55 in EtOH, aqueous solution to ethanolic solution ratio as 2.8:1 (v/v), and Poloxamer 188 to piperine ratio as 1.67 
(w/w). The predicted particle size and EE of the optimized formulation were 173.99 nm and 94.10%, respectively.

Characterization of Optimized PIP NPs
Particle Size, Polydispersity Index, Zeta Potential and Encapsulation Efficiency of PIP NPs
PIP NPs were prepared according to the optimized conditions identified in Preparation of PIP NPs and Formulation 
Optimization. The optimized PIP NPs had an average particle size of 171.45 ± 2.38 nm with a PDI value of 0.27 ± 0.01, an 
encapsulation efficiency of 92.49 ± 1.92% and a drug loading of 15.07 ± 0.09%, which were comparable to the predicted values 
of particle size (173.99 nm) and EE 94.10%), confirming the reliability of our optimization processes. Since the zeta potential 
(−43.71 ± 5.11 mV) of the nanoparticles was greater than |30| mV, the optimized PIP NPs were considered stable colloidal 
suspensions that could prevent nanoparticle aggregation as suggested before.30 After solvent evaporation, no significant 
difference was observed in particle size, PDI, encapsulation efficiency and drug loading, indicating that the process of solvent 
evaporation had not changed the parameter of PIP NPs. The decrease of zeta potential in concentrated PIP NPs (−22.51 ± 4.29 
mV, p<0.05) compared with it in the optimized PIP NPs suggested that the stability of PIP NPs could be decreased after solvent 
evaporation. The maximum concentration of piperine in concentrated PIP NPs was 52.31 ± 0.9 mg/mL.

Figure 2 Diagrams of the 3D surface and contour plot showing effects of i) Aqueous solution to Ethanolic solution ratio, ii) Poloxamer 188 to piperine ratio and iii) 
Concentration of Eudragit L100-55 in EtOH on particle size (A): i and ii, (B): ii and iii, (C): i and iii) and encapsulation efficiency (D): i and ii, (E): ii and iii, (F): i and iii).
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Morphology Characterization of Optimized PIP NPs by Transmission Electron Microscopy (TEM)
The surface morphology was shown in Figure 3A for the optimized PIP NPs (i) and concentrated PIP NPs (ii, 1:40 in 
water). The TEM indicated that the particles were discrete, uniform, and exhibited a spherical shape with a smooth 
surface. It is noted that their particle sizes in the TEM image were smaller than 200 nm, which were similar to those 
obtained from DLS detection (171.45 ± 2.38 nm and 185.24 ± 11.91 nm respectively).

Fourier Transforms Infrared Spectroscopy Analysis (FT-IR) of Optimized PIP NPs
The FT-IR spectra of piperine, Eudragit L100-55, Poloxamer 188, physical mixture, optimized PIP NPs and concentrated 
PIP NPs were presented in Figure 3B. The FT-IR spectrum of piperine showed characteristic peaks at various 
wavenumbers, which correspond to different functional groups.31,32 These peaks were observed at different wavenum-
bers: 3009 cm−1 (aromatic –C–H stretching), 2940 cm−1 (C–H symmetric and asymmetric stretching), 2862 cm−1 (C–H 
stretching), 1634 cm−1 (stretching of –CO–N), 1612 cm−1 (symmetric and asymmetric stretching of C=C diene), 
1584 cm−1 (aromatic stretching of C=C), 1492 cm−1 (aromatic stretching of C=C), 1449 cm−1 (methylenedioxy CH2 

bending), 1253 cm−1 (asymmetric stretching of =C–O–C), 1194 cm−1 (asymmetric stretching of =C–O–C), 1114 cm−1 

(stretching of C-O), 1032 cm−1 (symmetric stretching of =C–O–C), 997 cm−1 (C-H bending of trans –CH=CH-), 
929 cm−1 (C–O stretching), and 847 ~ 805 cm−1 (out of plane C–H bending). In the spectrum of the physical mixture 
of piperine, Eudragit L100-55 and Poloxamer 188 (1:3.33:1.66, w/w), peaks observed from piperine at 3009 cm−1 and 
2862 cm−1 were absent. In the spectrum of PIP NPs, the following characteristic peaks of piperine as: 3009 cm−1, 
2862 cm−1, 1612 cm−1, 1584 cm−1, 1492 cm−1, 1194 cm−1, 1032 cm−1, 997 cm−1, 929 cm−1, and 847 ~ 805 cm−1 were 
absent, indicating the encapsulation of piperine into nanoparticles carriers.

Figure 3 Characterization of the PIP NPs via (A) morphology image of (i) optimized PIP NPs and (ii) concentrated PIP NPs, (B) FT-IR spectra; (C) PXRD patterns(i) 
Poloxamer 188, (ii) Eudragit L100-55, (iii) Piperine, (iv) Physical mixture of Piperine, Eudragit L100-55 and Poloxamer 188 (1:3.33:1.66, w/w/w), (v) Optimized PIP NPs and 
(vi) Concentrated PIP NPs; (D) DSC thermograms of (i) Poloxamer 188, (ii) Eudragit L100-55, (iii) Piperine, (iv) Physical mixture of Piperine, Eudragit L100-55 and 
Poloxamer 188 (1:3.33:1.66, w/w/w), (v) Optimized PIP NPs and (vi) Concentrated PIP NPs, and (E) in vitro release profiles at different paddles speed (50 or 100 rpm) in 
buffer of different pH (pH 1.2 or 6.5) under 37 °C.
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Crystallographic Characterization of PIP NPs by PXRD
The PXRD method is commonly utilized to identify the crystallinity of solids and to characterize amorphous substances 
by observing amorphous halo patterns. Crystalline PIP appeared characteristic diffraction peaks at 14.14, 14.72, 19.22, 
19.63, 22.28, 22.61 and 25.75 ° in both piperine and physical mixture as shown in Figure 3C. In contrast, the 
characteristic amorphous halo, indicating a lack of crystallinity, was observed in the PXRD patterns of both optimized 
and concentrated PIP nanoparticles, demonstrating the amorphization of piperine in these nanoparticles as shown in 
Figure 3C.

Thermal Properties of PIP NPs by DSC
As shown in Figure 3D, the melting temperature of piperine was observed in the pure piperine and the physical mixture 
of piperine, Eudragit L100-55 and Poloxamer 188 (1:3.33:1.66, w/w), whereas it was absent in the optimized PIP NPs 
and concentrated PIP NPs. Additionally, the glass transition temperature was observed in the optimized PIP NPs and the 
concentrated PIP NPs as shown in Figure 3D, indicating the amorphization of piperine in these nanoparticles.

In Vitro Release of PIP NPs
The release profiles of piperine from its suspension and nanoparticles were shown in Figure 3E, and the accumulated 
percentage of drug release from PIP NPs under different conditions was listed in Table S1. It was noted that, regardless of 
the pH or paddle speed, in vitro releases of piperine at 300 minutes from optimized PIP NPs (ranged from 48.55% to 
80.79%) and concentrated PIP NPs (ranged from 52.48% to 85.79%) were all significantly higher (p<0.001) than that 
from piperine suspension (ranged from 5.36% to 8.40%). For the dissolution study in pH 1.2 with a paddle speed of 
100 rpm, the drug release after 300 minutes from piperine suspension, optimized PIP NPs, and concentrated PIP NPs was 
5.36%, 48.55% and 52.49%, respectively. For the dissolution study in pH 6.5 with the paddle speed of 100 rpm, the drug 
release after 300 minutes from piperine suspension, optimized PIP NPs and concentrated PIP NPs were 6.69%, 80.79% 
and 85.79%, respectively. Although there was no significant difference observed in in vitro piperine release optimized 
PIP NPs and concentrated PIP NPs at the same pH, significantly higher drug release was observed in optimized PIP NPs 
or concentrated PIP NPs in pH 6.5 than that in pH 1.2 at all time points till 240 minutes (p<0.001), suggesting that the 
in vitro release of PIP NPs and concentrated PIP NPs could be significantly influenced by the pH. Such phenomenon was 
double confirmed by the in vitro release of piperine from both optimized PIP NPs and concentrated PIP NPs under the 
pH transition method shown in Figure 3E. The piperine release under pH 1.2 after 120 minutes from optimized PIP NPs 
and concentrated PIP NPs was 27.54% and 29.20%, respectively, which was significantly increased to 76.51% and 
71.09%, respectively, under pH 6.5 at 300 minutes. Besides the impact of pH, a significantly increased in vitro release of 
piperine was also observed in PIP NPs or concentrated PIP NPs under the paddle speed of 100 rpm than that under 
50 rpm at all time points till 240 minutes (p<0.05), suggesting that the in vitro release of piperine from optimized PIP 
NPs and concentrated PIP NPs could be significantly influenced by the paddle speed.

Stability of PIP NPs
After one month of storage, no significant difference was observed in particle size and encapsulation efficiency in both 
the optimized PIP NPs and concentrated PIP NPs, with no aggregation and sedimentation observed, suggesting the 
favorable stabilities of both PIP NPs.

Significantly Enhanced Systemic and Brain Exposures of Piperine by PIP NPs with No 
Difference Between Oral and Intranasal Administrations
The maximum concentration of 52.31 ± 0.9 mg/mL piperine in concentrated PIP NPs could be achieved through the 
solvent evaporation method. Such significantly increased concentrations of piperine could lead to an intranasal formula-
tion of concentrated PIP NPs at 40 mg/mL. The plasma Figure 4A and brain Figure 4B concentration profiles of piperine 
over time following oral administration of the piperine suspension and the optimized PIP NPs, as well as intranasal 
administration of the concentrated PIP NPs were obtained and compared. Following oral administration of the piperine 
suspension at 20 mg/kg, the AUC0-120min was 7519.25 ± 1263.33 ng·min/mL in plasma and 5992.88 ± 1945.48 ng·min/g 
in the brain, which was much lower than that after oral administration of PIP NPs (AUC0-120min of 75,256.67 ± 16,111.65 
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Figure 4 Comparisons of plasma (A) and brain (B) concentration versus time profiles of piperine in mice after oral administrations of the piperine suspension and the 
optimized PIP NPs, and intranasal administration of the optimized PIP NPs at 20 mg/kg. Each point represents mean ± S.D. (n = 6).
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ng·min/mL for the plasma and 29,694.63 ± 6936.30 ng·min/g for the brain) (p<0.0001 for both plasma and brain). 
Regarding the intranasal administration of the concentrated PIP NPs, the AUC0-120min was determined to be 59308.84 ± 
13,772.13 ng·min/mL in plasma and 27,899.90 ± 6763.10 ng·min/g in the brain, which were significantly higher than 
those observed in the oral administration of piperine suspension group (p<0.0001 for both plasma and brain). Regardless, 
no significant difference in AUC0-120min (for both plasma and brain) was observed between the intranasally administered 
and the orally administered concentrated PIP NPs.

Discussion
Since brain uptake of a drug is highly dependent on its physical chemical properties as well as its route of administration, 
strategies to improve drug brain uptake commonly included increasing the drug aqueous solubility, enhancing drug 
intestinal/brain permeability or utilizing alternative route of administration such as intranasal administration, etc. Based 
on the physical/chemical and ADME properties of piperine, we for the first time adopted the approach of increasing its 
aqueous solubility together with administration via intranasal route to enhance its brain uptake. Our findings indicated 
that increasing the solubility of piperine rather than changing the route of administration served as the most critical factor 
for its brain uptake enhancement, which provided essential guidance for its further pharmacological effect evaluations.

We started with converting piperine into nanoparticles to enhance its aqueous solubility. In our previous study, we 
prepared a PIP NPs via the FNP technique by adding the solvent (piperine and Eudragit S100 in EtOH) drop-wisely via 
a syringe pump into the stirring anti-solvent (Poloxamer in water) and obtained a piperine solution of 0.86 mg/mL for 
oral administration.15 However, such solvent delivery procedure could lead to batch-to-batch inconsistency. Moreover, 
the use of Eudragit S100 could result in delayed drug release at the pH of 7 in the distal ileum and colon of human 
gastrointestinal tract.33,34 In our current study, PIP NPs were further optimized by utilizing Eudragit L100-55 as 
a stabilizer instead of Eudragit S100. Eudragit L100-55, being readily soluble at pH above 5.5, leads to rapid drug 
release in the proximal small bowel.34,35 During the formulation optimization, we have also tried to use other types of 
stabilizers or surfactants, including ionic polymer (Eudragit RS 100), linear polymer (PEG 400), and non-ionic surfactant 
(TPGS). However, none of them could form nanoparticles or remain as stable nanoparticles after solvent evaporation. 
Our currently observed significant increase in piperine released from nanoparticles under pH 6.5 (than that under pH 1.2) 
could possibly be due to the pH-sensitive of Eudragit L100-55 as previously described.36 The use of Eudragit L100-55 
can also prevent the gastric release of piperine, which may induce hemorrhagic ulceration in the stomach.37 In the 
meantime, considering the intranasal administration and pH in human nasal mucosa (ranged from 5.5 to 6.5),38 Eudragit 
L100-55 was more suitable for the current development of NPs instead of Eudragit S100 which was soluble at pH levels 
above 7.15,33 Once we selected the stabilizer and surfactants, PIP NPs were then prepared via a four-stream MIVM- 
driven FNP technique. MIVM was selected due to its high mixing efficiency39 and scalability,40 making it highly suitable 
for commercial applications.40

For the PIP NPs preparation optimization, 17 experiments were designed by Design of Experiments (DOE) in our 
current investigations. The DOE was a widely recognized and efficient method that offers several benefits, including the 
reduction of required experiments for formulation optimization. It enables the construction of mathematical models to 
assess the relevance and statistical significance of the factor effects under study and evaluate the interaction effects 
between these factors.41 Response surface designs were experimental designs used to model the curvature in the 
relationship between the factors and the response. A comparative analysis of the Box-Behnken Design (BBD) with 
other response surface designs (central composite, Doehlert matrix and three-level full factorial design) demonstrated that 
the BBD and Doehlert matrix were marginally more efficient than the central composite design and much more efficient 
than the three-level full factorial designs.42 Another advantage associated with the BBD was that it avoids combinations 
for which all factors were at their highest or lowest levels simultaneously, thereby preventing experiments under extreme 
conditions that might produce unsatisfactory results.42 Considering the need for further concentration of PIP NPs by 
solvent evaporation for the intranasal administration, the factors for formulating PIP NPs were limited to a specific range 
to maintain their stability and suitability for such process. Therefore, BBD was chosen to minimize the particle size and 
maximize the encapsulation efficiency of PIP NPs. During the optimization, it was noted that the particle size of run #12 
was smaller and had lower encapsulation efficiency compared to that from the optimized PIP NPs. However, such 
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differences between the two formulations were considered to have no impact on the penetration across olfactory region 
due to their small particle sizes (<200 nm). Previous cellular uptake studies indicated that nanoparticles smaller than 200 
nm could effectively penetrate across both the gastrointestinal and blood–brain barrier.43 The optimized PIP NPs were 
eventually selected for the subsequent pharmacokinetic evaluation due to its higher encapsulation efficiency. After 
solvent evaporation concentration, the final piperine concentration in optimized PIP NPs could reach to over 50 mg/mL, 
achieving 1250-fold enhancement, which could enable us to further increase the oral dose of PIP NPs in rats from 
3.5 mg/kg in our previous study15 to up to 1000 mg/kg. Such a significant increase in the dose of piperine would 
definitely help to further explore its efficacy. In addition, compared to our previous research, the optimized and 
concentrated PIP NPs demonstrated a significantly faster release, reaching a plateau at 4 hours, 20 hours quicker than 
our earlier PIP NPs.15 Such significantly increased in vitro release of piperine from PIP NPs could be possibly due to the 
use of surfactant of Poloxamer 188 in PIP NPs and amorphization of piperine shown in Figure 3C and D.

In addition to further increasing the solubility, our current studies also evaluated whether intranasal administration can 
further increase the brain uptake of piperine. After administrations of PIP NPs or piperine suspension to mice, our current 
findings indicated that formulating piperine into nanoparticles can significantly increase the AUC0-120min in both plasma 
(p<0.0001) and brain (p<0.0001), whereas changing the route of administration to intranasal administration does not lead 
to additional improvement in brain uptake. It was noted in our current study that the peak concentration of piperine was 
reached in about 5 minutes after oral administration. Such fast absorption of PIP NPs was due to not only the fast 
intestinal permeability of piperine but also the quick arrival of our prepared PIP NPs at duodenum via oral gavage of 
such liquid formulations.44 In the meantime, the pH of 6.8 at the duodenum in mice45 would also allow Eudragit L100-55 
in PIP NPs to dissolve so as to release piperine as shown in Figure 3E. Additionally, almost identical piperine 
concentration versus time profiles were found in both plasma and brain tissue, which could be explained by the efficient 
tissue distribution of piperine to brain as we described previously.8 Moreover, it was found that the concentration of 
piperine dropped quickly in both plasma and brain tissue from 10 to 20 minutes, which could be also contributed by the 
fast distribution of piperine to other tissues as we observed in our previous study.15

Although there was no significant difference in AUC0-120min, it was noticed that both plasma and brain concentra-
tions of piperine at the initial 5 minutes via intranasally administrated PIP NPs (1197.06 ±159.98 ng/mL in plasma and 
375.79 ± 78.85 ng/g in brain) were lower (p<0.001) than that via orally administrated PIP NPs (3062 ± 778.60 ng/mL 
in plasma and 941.90 ± 185.34 ng/g in brain). To facilitate the intranasal administration, we had tried to use short-term 
anaesthesia to minimize the impact of anaesthesia in pharmacokinetic study in nasal drug delivery, as we suggested 
before.46 Thus, the absorption of piperine via intranasal administration would not be impacted by the short-term 
anaesthesia. On the other hand, it was noted that the in vitro releases of our prepared PIP NPs were significantly 
increased under the paddle speed of 100 rpm compared with that under 50 rpm, which was consistent with previous 
findings on the higher dissolution rate resulted from the enhanced fluid velocity via increasing paddle speed.47,48 The 
observed lower piperine concentration at 5 minutes via nasal administration could possibly be related to the weaker 
motility of nasal cavity (with pressures ranged from 4.6 to 6.6 mm Hg49) compared to that of peristaltic movement in 
the gastrointestinal tract (with pressure of small intestinal contractions exceed 20 mm Hg).[50] Nevertheless, the 
similar AUC0-120min between orally administrated PIP NPs and intranasally administrated PIP NPs can be attributed to 
the high brain penetration potency of piperine as demonstrated in our previous study.8 Therefore, in our future 
pharmacological evaluations for piperine, orally administered PIP NPs would be used as it is more convenient for 
the long-term drug administrations in mouse models.

Conclusion
We had successfully formulated piperine into nanoparticles to further enhance its solubility to 52.31 ± 0.9 mg/mL after 
vacuuming solvent evaporation. Both oral and intranasal administrations of the optimized PIP NPs at 20 mg/kg could 
significantly increase systemic (7.9–10 times) and brain (4.7–5.0 times) exposures of piperine than that from its 
suspension dosage form, with no significant difference between the two routes of administrations. Our findings suggested 
that increasing the solubility of piperine rather than changing the route of administration as the most critical step to 
enhance the brain uptake of piperine in vivo.
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