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Abstract: Oleanolic acid (OA), a pentacyclic triterpene, is used to safely and economically 

treat hepatopathy. However, OA, a Biopharmaceutics Classification System IV category drug, 

has low bioavailability owing to low solubility (,1 μg/mL) and biomembrane permeability. 

We developed a novel OA nanoparticle (OA-NP)-loaded lactoferrin (Lf) nanodelivery system 

with enhanced in vitro OA dissolution and improved oral absorption and bioavailability. 

The OA-NPs were prepared using NP albumin-bound technology and characterized using 

dynamic light scattering, scanning electron microscopy, X-ray powder diffraction, differ-

ential scanning calorimetry, and in vitro dissolution test. The in vivo pharmacokinetics was 

investigated in Sprague Dawley rats using liquid chromatography-tandem mass spectrometry. 

OA-NPs (OA:Lf =1:6, w/w%) exhibited spherical morphology, 202.2±8.3 nm particle 

size, +(27.1±0.32) mV ζ potential, 92.59%±3.24% encapsulation efficiency, and desirable in vitro 

release profiles. An effective in vivo bioavailability (340.59%) was achieved compared to the 

free drug following oral administration to rats. The Lf novel nanodelivery vehicle enhanced the 

dissolution rate, intestinal absorption, and bioavailability of OA. These results demonstrate that 

Lf NPs are a new strategy for improving oral absorption and bioavailability of poorly soluble 

and poorly absorbed drugs.

Keywords: oleanolic acid, nanoparticle, lactoferrin nanodelivery system, drug absorption, 

bioavailability

Introduction
Oleanolic acid (3β-hydroxyolean-12-en-28-oic acid; OA; Figure 1), a pentacyclic 

multifunctional triterpenoid, is widely distributed in the plant kingdom and frequently 

isolated as the free acid or aglycone of triterpenoid saponins.1,2 OA has promising 

pharmacologic activities including hepatoprotective,3 antioxidant,4 anti-inflammatory,5 

antiviral, and antitumor effects.6,7 In particular, OA is known in the treatment of liver 

diseases with different etiologies.6 However, the clinical use of OA formulations is 

partly restricted by its poor solubility. According to the Biopharmaceutics Classification 

System (BCS),8 OA belongs to the BCS IV category owing to its low aqueous solubility 

(,1 μg/mL) and biomembrane permeability (Papp =1.1–1.3×10-6 cm/s).9,10 BCS IV 

category drugs are not well absorbed through the intestinal mucosa and are inclined to 

show wide intra- and intersubject modifiability.11 Therefore, the most popular marketed 

oral formulations of OA have low oral absorption and bioavailability.

Recently, numerous drug delivery enhancing methods have been investigated, 

including solid dispersion,12,13 hydroxypropyl-β-cyclodextrin and γ-cyclodextrin 

inclusion compound,14,15 liposomes,16 self-microemulsion,17 nanosuspensions,18 solid 
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lipid nanoparticles, and nanoemulsions.19,20 Furthermore, 

additional studies on novel drug delivery systems for OA 

are still in progress.

Lactoferrin (Lf, isoelectric point =8.7) is a globular pro-

tein classified as an iron-binding member of the transferrin 

(Tf) family, which plays a driving role in iron absorption in 

the bowel, as well as in immune responses.21,22 In addition, 

it possesses antitumor, antioxidant, antiviral, and anti-

inflammatory activities and regulates cellular growth.21,22 

In particular, studies over the past decade have commonly 

reported that Lf acts as a ligand that modifies nanocarriers 

and crosses the blood–brain barrier via Lf receptor-mediated 

transcytosis.23,24 Furthermore, numerous studies have proven 

that Lf is a promising target for the treatment of brain 

diseases,25 as well as liver and lung tumors.26,27 In addition, 

Lf has numerous receptors and is relatively stable in the 

gastrointestinal tract.28 Furthermore, as a glycoprotein rich in 

cysteine, Lf also has a great propensity to form nanoparticles 

(NPs) using the NP albumin-bound technology (NAB).29 

In previous studies, Tf was reported to have been success-

fully used for the oral delivery of insulin,30 doxorubicin, and 

paclitaxel.31,32 Lf has shown superior biocompatibility to Tf 

and has been investigated as a potential oral delivery vehicle 

because of its ability to enhance saturation solubility and 

intestinal absorption.29,33,34

Based on the observations mentioned above, we used 

Lf to design a new protein drug delivery system for oral 

administration of OA in the present study. The OA-Lf NPs 

(OA-NPs) were prepared using NAB technology and char-

acterized by determining their particle size, polydispersity 

index (PDI), zeta potential (ZP), drug loading (DL) capacity, 

and entrapment efficiency (EE). Furthermore, scanning elec-

tron microscopy (SEM), X-ray powder diffraction (XRD), 

differential scanning calorimetry (DSC), and in vitro disso-

lution tests were carried out to evaluate the performance of 

the OA-NPs. Moreover, the in vivo pharmacokinetics was 

also investigated, and the potential underlying mechanism 

is illustrated in Figure 2.

Materials and methods
Preparation of Oa-nPs
The Lf NPs loaded into the OA (Zelang Co. Ltd, Nanjing, 

People’s Republic of China) were prepared using a slight 

modification of the NAB technology.29,35,36 Briefly, OA 

(0.2 g) was dissolved in 20 mL of a 7:3 solution of methylene 

dichloride and absolute ethyl alcohol at 60°C. Lf (Tianchun 

Technology Co. Ltd, Nanjing, People’s Republic of China) 

(0.2, 0.6, 1.2, and 1.8 g) was suspended in the required 

amount of water to obtain a concentration of 0.8% w/w and 

sonicated for 30 min for homogenous dissolution. The pH 

of the Lf solution was adjusted to 4.0 using a 10% citric acid 

(Qingxi Chemical Technology Co. Ltd, Shanghai, People’s 

Republic of China) solution. The OA solution was cooled 

to 25°C and then slowly added to the Lf solution. The 

mixture was slowly stirred at 200 rpm for 5 min to form a 

crude emulsion, which was obtained using AH110D high-

pressure homogenizer (ATS Engineering Inc., Shanghai, 

People’s Republic of China) with three cycles at 50 MPa. 

The dispersion was transferred to a round-bottomed flask, 

and the ethyl alcohol was rapidly removed at 45°C under 

reduced pressure using R206D rotary evaporator (SENCO 

Technology Co. Ltd, Shanghai, People’s Republic of China). 

The obtained dispersion was filtered through a 0.45 μm pore 

size Millipore membrane and subsequently lyophilized in 

Figure 1 structure of oleanolic acid.

Figure 2 The OA-NPs are prepared using a slight modification of NAB technology 
and absorbed in active targeting and endocytosis mechanisms.
Abbreviations: Lf, lactoferrin; LfR, lactoferrin receptor; NAB, nanoparticle 
albumin-bound; Oa, oleanolic acid; Oa-nPs, oleanolic acid nanoparticles.
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FD-2 freeze-drying system (Labconco, Kansas City, MO, 

USA) for 48 h without adding any cryoprotectant.

characterization of Oa-nPs
Particle size and ZP analysis
The mean particle size, PDI, and ZP of the OA-NPs were 

determined after lyophilization using dynamic light scattering 

with ZS90 Zetasizer Nano system (Malvern Instruments, 

Malvern, UK). The freeze-dried samples were suspended 

in deionized water and sonicated for 3 min before measure-

ments, which were performed in triplicate.

Oa-loading capacity and ee
An OA-NP sample was dissolved in water completely; the 

solution was filtered through a 0.22 μm pore size Millipore 

membrane, and the OA concentration was measured 

using high-performance liquid chromatography (HPLC). 

The percentage DL and EE were calculated using the 

following equations:

 

DL 
W

W
entrapped

OA-NPs

(%) = ×100

 

 

EE 
W

W
entrapped

total

(%) = ×100

 

where W
entrapped

 is the weight of OA entrapped in the OA-NPs, 

while W
OA-NPs

 and W
total

 are the weight of OA-NPs and the 

total OA entrapped in the NPs initially, respectively.

Considering the extremely low solubility of free OA, 

the amount of free OA in the NP solution was not taken 

into account.

The supernatant concentrations of OA were analyzed 

using Agilent 1200 HPLC system (Agilent Technologies, 

Santa Clara, CA, USA) with a variable wavelength detector 

absorbance detector and a Gemini C18 column (250×4.6 mm, 

5 μm; Phenomenex, Torrance, CA, USA) operated at 25°C. 

The mobile phase contained a mixture of methanol, water, 

and phosphoric acid at a ratio of 95:5:0.01 (v/v/v) and a flow 

rate of 1.0 mL/min. The detection wavelength was 210 nm.12 

The analysis was performed by injecting 20 μL samples, and 

the standard curve was linear over a concentration range 

of 10–60 mg/L (correlation coefficient, R2.0.9999). The 

coefficients of variation (relative standard deviation) for the 

intra- and interday variation were ,2% (n=5).

seM analysis
After gold coating the OA-NP samples using JFC-1600 auto 

fine coater (JEOL, Tokyo, Japan) for 3 min under vacuum, 

their surface morphology was characterized using JSM-5900 

scanning electron microscope (JEOL) at 18–300,000× 

magnification for imaging.

XrD analysis
The elemental surface compositions of selected OA samples 

were determined using a D8 Advance X-ray diffractometer 

system (Bruker, Karlsruhe, Germany) with a Cu anode 

(λ=1.5406°A). The 2θ range scanned was 3°–40° and the 

step size was 0.02. All the spectra were recorded over a range 

of binding energy of 0–1,400 eV, while the source tube was 

run at 40 kV and 40 mA.

Dsc analysis
Thermal analysis of pure OA, Lf, the physical mixture of OA 

and Lf, and the OA-NPs was performed using the NETZSCH 

DSC 204 system (NETZSCH Geraetebau GmbH, Bavaria, 

Germany). Accurately weighed samples (3.0–4.0 mg) were 

placed in pin-holed aluminum pans, which were sealed and 

heated from 40°C to 350°C at a heating rate of 10°C/min 

under a nitrogen purge.

in vitro dissolution of Oa-nPs
The powder dissolution study was performed using RC8MD 

paddle dissolution apparatus (Tianjin University Co., Ltd, 

Tianjin, People’s Republic of China). Samples contain-

ing equivalent amounts (20 mg) of OA were each added 

to 900 mL water with 0.5% (w/v) sodium dodecyl sulfate 

at 37.0°C±0.5°C and the paddle rotating speed was set to 

100 rpm.35 At appropriate time intervals (5, 10, 20, 30, 45, 60, 

and 120 min), 5 mL samples of the dissolution medium were 

withdrawn and replaced with equals volume of fresh medium. 

The dissolution medium OA content was determined using 

HPLC as described in the preceding section, after filtration 

using a 0.45 μm membrane.

in vivo pharmacokinetic study of Oa-nPs
Male Sprague Dawley rats weighing 200–220 g were pur-

chased from Slack Shanghai Laboratory Animal Co. Ltd 

(Shanghai, People’s Republic of China). All animal experi-

mental procedures were approved by the Institutional Animal 

Care and Use Committee of Chinese Nanjing Bioscikin Co. 

Ltd, which followed The Guide for the Care and Use of Labo-

ratory Animals published by the National Academies Press of 

United States. Male Sprague Dawley rats were housed under 

standard laboratory conditions, granted free access to standard 

rodent diet and water, and fasted 12 h prior to drug dosing. 

The rats were randomized into two groups of six rats each. 

After fasting, free OA and the OA-NPs formulations (OA:Lf, 
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1:6) were administered to groups 1 and 2, respectively, at an 

OA equivalent dose of 10.0 mg/kg by gastric gavage.

Then, blood samples (0.4 mL) were withdrawn at 0.17, 

0.33, 0.5, 0.75, 1, 2, 4, 6, 8, 10, and 24 h post-dosing, immedi-

ately transferred to heparinized Eppendorf tubes, centrifuged 

at 4,000 rpm for 5 min, and the plasma was collected. Then, 

the separated blood samples were stored at -20°C until the 

pharmacokinetic analysis.

Plasma OA concentrations were determined using liquid 

chromatography-tandem mass spectrometry, as previously 

described.35 The pharmacokinetic parameters of all the rats 

were analyzed using the WinNonlin 5.2 software (Pharsight 

Corporation, Sunnyvale, CA, USA) according to the standard 

noncompartmental modal.

statistical analysis
All parameters were expressed as the mean ± standard devia-

tion (SD). The statistical comparisons between groups were 

performed using the Student’s t-test. P-values ,0.05 were 

considered significant.

Results
Preparation of Oa-nPs
The final prepared OA-NPs freeze-dried particle samples 

were plate shaped, loose, and not collapsing. The results of 

the average particle size, PDI, and ZP determination of the 

NPs after resuspension are summarized in Table 1. The effects 

of other factors, including the pH value of the Lf solution as 

well as the duration and power used for the high-pressure 

homogenization, are shown in Figure 3, while the optimized 

results are shown in Figure 4. As seen in Table 1, an increase in 

the proportion of Lf produced samples with particle sizes that 

were very similar and almost invariable (about 200 nm), with a 

narrow size distribution range (PDI ~0.150). Furthermore, the 

ZP value increased gradually, but tended to stabilize eventu-

ally. When the ratio of OA and Lf was 1:6, the mean particle 

size showed a minimum value, the ZP was most stable with 

the highest point value, the EE attained a maximum value, 

and the DL value was very close to that of the theoretical 

standard. As seen in Figure 3, the ZP value was mainly influ-

enced by the pH of the Lf solution. When the pH was #4.0, 

the ZP was .25 mV, indicating that this condition benefited 

and stabilized the NP system. The duration and power of the 

high-pressure homogenization can have obvious effects on the 

mean particle size, and our results indicate that the particle 

size was ~200 nm and hardly changed when the duration and 

power were .3 cycles and 50 MPa, respectively.

The optimized preparation (Figure 4) was ultimately 

selected with an OA to Lf ratio of 1:6, Lf solution of pH 4.0, 

and three cycles of high-pressure homogenization performed 

at ~50 MPa. These conditions produced an NP formulation 

with a minimum mean particle size of 202.2±8.3 nm and a 

stable performance with an ZP value of +(27.1±0.32) mV, 

as well as the highest percentage EE and DL (92.59%±3.24% 

and 12.44%±2.52%, respectively).

seM analysis
The images of the SEM analysis are shown in Figure 5. The 

images in Figure 5A1 and A2 show the particles present 

in the original OA, which had a rod-like crystal structure 

and clustered agglomerates, while the macromolecular Lf 

exhibited a layered structure (Figure 5B1 and B2). When the 

ratio of OA to Lf was 1:1 (Figure 5C2), some changes were 

observed, including in the structure of the OA-NPs, which 

gradually transformed from the rod-like crystals to a spherical 

morphology. Increasing the content of Lf created spherical 

OA NPs, which were more uniformly distributed in the Lf 

layers. Furthermore, at an OA to Lf ratio higher than 1:6, 

the OA-NPs were continuously coated with much thicker Lf 

layers. The nanospheres were completely embedded in the 

Lf layers and encapsulated by the Lf membrane.

XrD analysis
The XRD powder diffractograms are shown in Figure 6, 

and the OA (Figure 6A) displayed several intensive dif-

fraction peaks, which reflected its characteristic crystalline 

structure. The Lf sample revealed no characteristic diffrac-

tion peaks due to its amorphous state. The XRD powder 

Table 1 effect of different ratios on the physicochemical characterization of Oa-nPs

Factor Levels Size (nm) PDI ZP (mV) EE (%) DL (%)

ratio of Oa and lf (w/w) 1:1 354.7±12.7 0.357±0.042 +(16.5±1.5) 37.11±8.1 37.69±4.4
1:3 210.2±7.0 0.163±0.014 +(21.7±0.5) 72.09±4.4 21.44±3.1
1:6 202.2±8.3 0.150±0.032 +(27.1±0.3) 92.59±3.2 12.44±2.5
1:9 212.8±5.0 0.119±0.041 +(27.8±0.2) 91.58±4.6 8.53±1.7

Note: Data presented as mean ± standard devia tion.
Abbreviations: DL, drug loading; EE, entrapment efficiency; Lf, lactoferrin; NP, nanoparticle; OA, oleanolic acid; OA-NPs, oleanolic acid nanoparticles; PDI, polydispersity 
index; ZP, zeta potential.
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diffractograms also revealed the weak peak of OA:Lf at 

1:1 and 1:3 (Figure 6B and C), which might indicate that 

the OA was not fully shielded by the protein. The intensive 

characteristic diffraction peaks decreased with an increasing 

Lf ratio. However, when the ratio of OA to Lf was $1:6 

(Figure 6D and E), the characteristic peaks of the crystalline 

OA completely faded. This result provided evidence support-

ing the notion that the OA was thoroughly dispersed in the 

NP formulations in a molecular or amorphous state.

Dsc analysis
Thermal analysis has been reported to be a powerful analytical 

tool for characterizing crystallinity. For instance, Figure 7A 

reveals an exothermic peak at 192.3°C and a sharp endo-

thermic peak at 309.9°C in the DSC profile, which denoted 

a crystal peak and the melting point of pure OA, respec-

tively. However, a comparison of the images of samples 

with OA:Lf ratios at 1:1 and 1:3 (Figure 7B and C) revealed 

that the intensity of the melting and crystal peaks decreased 

gradually with an increasing proportion of Lf. In addition, 

the endothermic peaks of the melting point of the OA-NPs 

(1:1 and 1:3) were distinctly shifted to 291.6°C and 285.4°C, 

respectively, which may be attributed to a close interaction 

between OA and Lf. Furthermore, the thermograms of the 

OA-NPs at ratios of 1:6 and 1:9 (Figure 7D and E), revealed 

that the DSC curves were similar in shape to that of the pure 

Lf. The crystal and melting peaks were absent, suggesting 

that OA was in a disordered crystalline form in NPs. The 

DSC analysis was consistent with the XRD.

in vitro dissolution study
The in vitro dissolution profiles of the different samples are 

illustrated in Figure 8. The free OA exhibited a low release 

behavior. The percentage of OA that dissolved was ,30% 

in first 10 min, and this reached ~40% at 20 min. The release 

profiles of the OA-NPs (1:1) were slightly higher than those 

of OA in the initial 10 and 20 min and attained 65% and 

80% release, respectively. The release of the OA-NPs with 

a 1:6 ratio was significantly faster than that of the other for-

mulations, with .90% of OA being released from the NPs 

Figure 3 Parameters of homogenization affect physicochemical characterization of Oa-nPs.
Notes: (A) pH value of the Lf solution influences the ZP value. As the pH value is less or equal to 4.0, the ZP is .25 mV and the nP system is more stable. (B) Times of 
homogenization effect obviously on the mean particle size if no more than three times. (C) Power of homogenization effect significantly on the mean particle size if no more 
than 50 MPa. all data are presented as mean ± sD (n=6).
Abbreviations: lf, lactoferrin; nP, nanoparticle; Oa-nPs, oleanolic acid nanoparticles; sD, standard deviation; ZP, zeta potential.
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within 10 min while the maximum (97.31%±2.04%) was 

achieved after 20 min.

in vivo pharmacokinetic study
The oral absorption of the OA-NPs (1:6) was evaluated 

and compared with that of the standard unformulated OA. 

Figure 9 shows the plasma concentration–time profiles of the 

OA-NP formulations assessed in this study, while the related 

pharmacokinetic parameters are summarized in Table 2.

As shown in Figure 9, the mean plasma concentrations of 

the OA-NPs at various time points were considerably higher 

than those of the standard OA were. A comparison of the 

plasma concentration–time profiles of the OA-NPs revealed 

that the addition of Lf effectively induced an initial boost of 

the OA concentration in the plasma, with a peak maximum 

plasma concentration (C
max

) of 126.14±37.93 ng/mL within 

0.33 h. Furthermore, the area under the curve from the initial 

to the last time point (AUC
last

) was extended from 37.15 to 

126.53 ng⋅h/mL. Finally, the effective bioavailability of 

OA-NPs (1:6) was improved by 340.59% (Table 2).

Discussion
This study of the developed OA-loaded Lf NPs mainly 

focused on three aspects, which were the physical charac-

terization and analysis of the drug dissolution properties as 

well as the in vivo pharmacokinetic parameters.

Preparation and characterization of 
Oa-nPs
The NAB technique has enabled expansion of the clinical 

use of numerous chemotherapeutics. NAB-paclitaxel 

(Abraxane®; Celgene Corp., Davis, CA, USA) was approved 

Figure 4 Optimized particle size, PDi, and ZP of Oa-nPs (1:6).
Notes: The optimized preparation was selected with an Oa to lf ratio of 1:6 and an lf solution of ph 4.0, and three cycles of high-pressure homogenization were performed 
at approximately 50 MPa.
Abbreviations: lf, lactoferrin; Oa, oleanolic acid; Oa-nPs, oleanolic acid nanoparticles; PDi, polydispersity index; ZP, zeta potential.
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by the US Food and Drug Administration in 2005 and 

has been clinically used for the treatment of metastatic 

breast cancer.37,38 Furthermore, techniques used to produce 

nanoscale particles can be categorized into top-down and 

bottom-up methods. Compared to traditional methods such 

as milling, high-pressure homogenization is relatively simple 

and easily generates a product with a particle size that is 

sufficiently uniformly distributed within the required range. 

Furthermore, the top-down method has a better chance of 

avoiding the problems of residual solvent and particle growth 

Figure 5 Different ratios of Oa to lf change the Oa-nPs morphology.
Notes: (A1 and A2) Oa raw material; (B1 and B2) pure lf; (C1 and C2) Oa:lf at 1:1; (D1 and D2) Oa:lf at 1:3; (E1 and E2) Oa:lf at 1:6; (F1 and F2) Oa:lf at 1:9.
Abbreviations: lf, lactoferrin; Oa, oleanolic acid; Oa-nPs, oleanolic acid nanoparticles.
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θ °

Figure 6 The intensive diffraction peak of Oa raw material in XrD patterns is 
gradually shielded with the lf ratio of Oa-nPs increasing.
Notes: (A) Oa raw material; (B) Oa:lf at 1:1; (C) Oa:lf at 1:3; (D) Oa:lf at 1:6; 
(E) Oa:lf at 1:9; and (F) pure lf.
Abbreviations: lf, lactoferrin; Oa, oleanolic acid; Oa-nPs, oleanolic acid nano-
particles; XrD, X-ray diffraction.

to microcrystals associated with the bottom-up methods.39–42 

In principle, the mean diameter and PDI are usually the most 

accepted defining characteristics of NP-based medicines 

because the particle size dramatically affects the in vitro 

release, in vivo bioavailability, and safety of drugs.43 Based 

on the factors mentioned above, the OA-NPs with Lf as 

the delivery system were prepared for oral administra-

tion using NAB technology with high-pressure homog-

enization method.

°
Figure 7 an exothermic peak and a sharp endothermic peak of Oa raw material in 
the DSC profile gradually disappeared as the Lf ratio of OA-NPs increased.
Notes: (A), Oa raw material; (B), Oa:lf at 1:1; (C), Oa:lf at 1:3; (D), Oa:lf at 1:6; 
(E), Oa:lf at 1:9, and (F), pure lf.
Abbreviations: Dsc, differential scanning calorimetry; lf, lactoferrin; Oa, oleanolic 
acid; Oa-nPs, oleanolic acid nanoparticles.

Figure 8 The release profiles of the OA-NPs are higher than those of OA (n=6).
Abbreviations: lf, lactoferrin; Oa, oleanolic acid; rW, raw material; Oa-nPs, 
oleanolic acid nano particles.

Figure 9 The mean plasma concentrations vs time curve of the Oa-nPs (1:6) is 
significantly higher than that of OA raw material after i.g. (n=6).
Abbreviations: i.g., intragastrically; lf, lactoferrin; Oa, oleanolic acid; Oa-nPs, 
oleanolic acid nanoparticles.

As indicated in Table 1 and Figure 3, the ratio of OA to 

Lf had a considerable effect on the mean particle size, ZP, 

EE, and DL. The ZP, which indicated the stability of the 

nanosystem, was particularly influenced by the pH of the Lf 

solution. Furthermore, the duration and power of homog-

enization were also considered as possible factors affecting 

the stability of the system. In summary, the results of the 

preparation and characterization of the OA-NPs revealed 

that the optimum formulation showing a suitable particle 

size, acceptable PDI, and stable ZP, as well as the highest 

EE and DL was achieved using a 1:6 ratio of OA to Lf, pH 

of 4.0, and homogenization performed thrice at a pressure 

of ~7,500 psi. The SEM images showed that OA-NPs were 

successfully prepared with regular and smooth spherical 

particle morphology. The results of the DSC and XRD 
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Table 2 summary of pharmacokinetic data in Oa raw material 
and Oa-nPs (1:6)

Pharmacokinetic 
parameters

OA group OA-NPs group

Tmax (h) 1.42±0.65 0.33±0.00
cmax (ng/ml) 12.60±2.25 126.14±37.93
aUclast (ng⋅h/ml) 37.15±6.39 126.53±22.00*
MrTlast (h) 2.19±0.25 1.27±0.41
relative bioavailability (%) – 340.59

Notes: Data presented as mean ± standard deviation. *P,0.05. ‘–’ indicates not 
calculated.
Abbreviations: aUclast, the area under the curve from the initial to the last time 
point; cmax, a peak maximum plasma concentration; MrTlast, mean residence time 
at the last time point; Oa, oleanolic acid; Oa-nPs, oleanolic acid nanoparticles; Tmax, 
the presence of lf in the nPs reduced the time to achieve.

analysis showed that OA was present in a highly dispersed 

molecular or amorphous state in the NP formulations.

Moreover, the SEM results of the standard OA samples 

prepared using the same method were also considered and 

compared with those of the test formulation. The images 

showed that the OA still possessed a rod-like crystal structure 

(data not shown). This strongly suggested that Lf altered 

the structures of the drug in the formulation or there was an 

interaction between OA and Lf, which may not be attribut-

able to the preparation method.

Drug dissolution properties
The in vitro dissolution study revealed that the NPs with 

the same content of OA showed a rapid drug release with 

an increase in the proportion of Lf. Approximately .90% 

of OA in the NP formulations (1:6) dissolved in 10 min 

and ~100% dissolution was attained in 20 min. These results 

could be attributed to the presence of Lf, which is a highly dis-

persed material with an enormous surface area. Moreover, the 

high degree of dispersity of OA and the interaction between 

OA and Lf decreased the drug surface tension, thereby 

producing NPs with good wettability. This property further 

improved the water solubility of the poorly soluble drug.

Notably, within 5–20 min, the dissolution rate of OA-NP 

formulations at a ratio of 1:6 was ~10% higher than that of 

the formulation at a ratio of 1:9. This observation could be 

attributable to the hydrophobicity and interfacial tension of 

the intrinsic characteristics of excess Lf. These character-

istics encouraged the formation of an elastic membrane at 

the oil–water interface that subsequently impeded the initial 

release of the drug.

in vivo pharmacokinetic study
The in vivo pharmacokinetic data obviously verified the oral 

absorption-enhancing effect of Lf. Oral administration of the 

OA-NPs resulted in an extremely rapid absorption of OA. 

As seen from Table 2, the presence of Lf in the NPs reduced 

the time to achieve (T
max

), mean residence time at the last time 

point (MRT
last

), and increased the AUC
last

 by 77, 42, and 71%, 

respectively, compared with the standard OA. Ultimately, 

OA-NPs rapidly dissolved and were readily absorbed in 

the gastrointestinal tract with an observed bioavailability 

of 340.59%. This suggests that the use of the Lf in this 

formulation not only considerably enhanced the dissolution 

rate of the NPs, but also provided an additional advantage 

of improving the bioavailability. This phenomenon may be 

attributed to the fact that Lf has a degree of antiproteolytic 

action in the gastrointestinal tract, and a large number of 

Lf receptors are present in the small intestine, which may 

further improve the function to promote the oral absorption 

of many hydrophobic drugs.28,44

The overall evaluation of the new formulation indicated 

that the use of Lf as a carrier had a positive impact on the 

absorption of this hydrophobic drug and rapidly enhanced the 

absorption of the drug in tandem with its own and, therefore, 

contributed to improving the in vivo bioavailability.

Conclusion
Based on the results of this study, a new type of OA-loaded 

Lf nanodelivery system has been successfully synthesized 

and characterized. The NPs (OA:Lf, 1:6) showed a spherical 

morphology, appropriate particle size, and stable ZP. 

Furthermore, OA was highly loaded in the Lf in an amor-

phous or molecular state. The OA-NPs were relatively stable 

and provided more flexibility in modulating the in vitro 

release. The results of the pharmacokinetic study confirmed 

that Lf performed adequately by enhancing the oral absorp-

tion and drug levels in the plasma. Therefore, this study 

demonstrated the feasibility of applying Lf as a potential 

nanocarrier to enhance the oral absorption and bioavailability 

of hydrophobic drugs.
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