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Purpose: This study aimed to evaluate the pharmaceutical and pharmacokinetic effects of 
the natural nanoparticles (Nnps) isolated from Coptidis Rhizoma extract on berberine hydro
chloride (BBR) and systematically explore the related mechanisms.
Methods: Firstly, Nnps were isolated from Coptidis Rhizoma extract and then an Nnps-BBR 
complex was prepared. After qualitative and quantitative analysis in terms of size, Zeta potential, 
morphology, and composition of the Nnps and the Nnps-BBR complex, the effects of the Nnps on 
the crystallization of BBR were characterized. The effects of the Nnps on the solubility and 
dissolution of BBR were then evaluated. In addition, the effects of the Nnps on BBR in terms of 
cellular uptake, transmembrane transport, metabolic stability, and pharmacokinetics in mice were 
studied.
Results: The Nnps had an average size of 166.6 ± 1.3 nm and Zeta potential of −12.5 ± 0.2 mV. 
The Nnps were formed by denaturation of co-existing plant proteins with molecular weight < 30 
kDa. The Nnps adsorbed or dispersed BBR, thereby promoting BBR transformation from 
crystal to amorphous form and improving its solubility and dissolution. The Nnps carried and 
promoted BBR uptake by human colonic adenocarcinoma (Caco-2) cells via caveolae-mediated 
endocytosis, reducing P-gp-mediated efflux of BBR in mice gut sacs and Madin-Darby canine 
kidney cells stably expressing the transporter P-gp (MDCK-MDR1) cells. Moreover, the Nnps 
improved BBR metabolic stability in mouse intestinal S9, promoting BBR intestinal absorption 
in mice, as shown by increased peak BBR concentration (Cmax, 1182.3 vs 310.2 ng/mL) and 
exposure level (AUC0–12 h, 2842.8 vs 1447.0 ng·h/mL) in mouse portal vein. In addition, the 
Nnps increased BBR exposure level in mouse livers (95,443.2 vs 43,586.2 ng·h/g liver).
Conclusion: The proteinaceous nanoparticles isolated from Coptidis Rhizoma extract can 
form a natural nano-drug delivery system with BBR, thereby significantly improving the 
pharmacokinetics of oral BBR.
Keywords: natural nanoparticles, drug delivery system, pharmacokinetic synergy, berberine 
hydrochloride, herbal extract

Introduction
Herbal extracts are an important part of traditional medicines and used worldwide.1 

In addition, herbal extracts are important sources of new drugs because they contain 
various compounds with novel structures and significant biological activities.2 

Unfortunately, many compounds purified from herbal extracts are difficult to absorb 
after oral administration, which seriously limits their clinical applications. For 
example, the oral bioavailability of some representative active constituents of 
traditional Chinese medicines (TCMs), such as tanshinone IIA,3 berberine 
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hydrochloride (BBR),4 astragaloside IV,5 baicalin,6 

curcumin,7 ginsenoside Rb1, Rb2, Rb3,8 glycyrrhizin,9 

and platycodinD10 are all less than 5%. However, the 
absorption of these compounds is usually better after oral 
administration of the corresponding herbal extracts.11 In 
the case of tanshinone IIA, the exposure level of tanshi
none IIA in rats receiving oral Salviae Miltiorrhizae Radix 
et Rhizoma extract was more than 19 times higher than 
that in rats receiving oral tanshinone IIA.3

Pharmacokinetic synergy occurs in herbal extracts.11 

For example, some secondary metabolites contribute to 
the synergy.11 More importantly, there are some primary 
metabolites in herbal extracts, including proteins and poly
saccharides, which are usually high in content. The role of 
primary metabolites in herbal extracts has attracted 
increasing attention.11 For example, some polysaccharides 
have prebiotic-like effects, which can increase the hydro
lysis of saponins by promoting the proliferation of intest
inal bacteria and improving their metabolic capacity, thus 
producing glycoside ligands that are more easily 
absorbed.12,13 More importantly, proteins and polysacchar
ides may directly modify the existing forms and intestinal 

absorption of active constituents. In Zhuang’s study, nat
ural nanoparticles (Nnps) were observed in the water 
extracts of 60 types of TCMs and 24 types of TCM 
formulas.14 Nnps are usually composed of proteins, poly
saccharides, and lipids.15–19 Importantly, Nnps can adsorb 
active constituents,17,20–22 carry them for 
absorption,20,23,24 and distribute them to target tissues.17 

These results suggest that Nnps may affect the pharma
ceutical and pharmacokinetic properties of the active con
stituents in herbal extracts. However, no systematic studies 
have been conducted to date.

Coptidis Rhizoma is the dried rhizome of Coptis chi
nensis Franch, Coptis deltoidei C. Y. Chen et Hsiao, or 
Coptis teeta Wall. It is one of the most commonly used 
TCMs. BBR has a wide range of pharmacological effects 
and is the main active constituent of Coptidis Rhizoma.25 

However, after oral administration, owing to poor water 
solubility, approximately 56% of BBR is excreted directly 
with feces.4,26,27 In addition, BBR is excreted by intestinal 
efflux transporters such as p-glycoprotein (P-gp), and 
metabolized by intestinal drug-metabolizing enzymes, 
resulting in an intestinal elimination of 43.5% of the oral 
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dose.4,26,27 After entering the liver through the portal vein, 
it is further metabolized by the liver and excreted via 
bile.4,26,27 In short, owing to poor solubility and significant 
first-pass elimination, the bioavailability of oral BBR is as 
low as 0.36%.4,26,27 However, it was found that the expo
sure level of BBR in mice receiving oral Coptidis Rhizoma 
extract could be 15 times higher than that in mice receiv
ing oral BBR.20,28 Moreover, Nnps are spontaneously 
formed by proteins in Coptidis Rhizoma extract, and 
these Nnps can adsorb and carry BBR to be absorbed by 
intestinal epithelial cells.20 However, the effects and 
mechanisms of these Nnps on the pharmaceutical and 
pharmacokinetic properties of BBR remain to be 
elucidated.

Therefore, this study aimed to evaluate the pharmaceu
tical and pharmacokinetic effects of the Nnps isolated 
from Coptidis Rhizoma extract on BBR and systematically 
explore the related mechanisms. In view of the widespread 
existence of Nnps in herbal extracts, this study is expected 
to promote more research on the interactions between 
Nnps and small-molecule constituents in herbal extracts.

Materials and Methods
Materials
The dried Coptidis Rhizoma was purchased from Shanghai 
Kang Qiao Herbal Pieces Co., Ltd. (Shanghai, China). The 
herbal pieces were collected and produced in Sichuan 
province, China. According to the Pharmacopeia of the 
People’s Republic of China (2015 edition), the herbal 
pieces were identified as the root of C. chinensis. 
A voucher specimen (No.180305) was deposited at the 
Department of Pharmacology, School of Pharmacy, 
Shanghai University of Traditional Chinese Medicine, 
China. Further study approvals were not required accord
ing to regional guidelines.

The purity of all the reference compounds used in this 
study was more than 98%. BBR, coptisine, epiberberine, 
palmatine, demethyleneberberine, carbamazepine, verapamil 
hydrochloride, filters (0.22 μm), and dialysis membranes 
(3500 D) were purchased from Shanghai Yuanye Biological 
Co., Ltd. (Shanghai, China). Amiloride, cytochalasin D, and 
indomethacin were purchased from Dalian Meilun 
Biotechnology Co., Ltd. (Dalian, China). Chlorpromazine, 
dimethyl sulfoxide, and acetonitrile were purchased from 
Merck & Co., Inc. (New Jersey, USA). The BCA (diquino
linic acid) protein test kit was obtained from Shanghai 
Biyuntian Biotechnology Co., Ltd. (Shanghai, China). The 

pooled CD-1 mouse intestine S9 fraction was obtained from 
SEKISUI Medical Co. Ltd (Tokyo, Japan). Formic acid, 
ammonium formate, fetal bovine serum, and Dulbecco’s 
modified Eagle’s medium (DMEM) were the product of 
Thermo Fisher Scientific (Massachusetts, USA). Trypsinase 
and penicillin-streptomycin solutions were obtained from 
Biosharp (Hefei, China). The pure water used in the current 
study was prepared using a Millipore Milli-Q system 
(Massachusetts, USA).

Cell Culture
Human colonic adenocarcinoma cells (Caco-2) and 
Madin-Darby canine kidney cells stably expressing the 
transporter P-gp (MDCK-MDR1) were provided and 
authenticated by Sandia Pharmaceutical Technology 
(Shanghai) Co., Ltd. (Shanghai, China). The cells were 
cultured at 37°C in DMEM supplemented with 10% 
FBS, penicillin-streptomycin solution, and HEPES (15 
mM) in a humidified atmosphere of 5% CO2. Hank’s 
balanced salt solution (HBSS) [consisting of (mM) 135 
NaCl, 1.2 MgCl2, 0.81 MgSO4, 27.8 glucose, 2.5 CaCl2, 
and 25 HEPES, pH 7.2)] was used to replace the culture 
medium in the incubation experiments. When dimethyl 
sulfoxide (DMSO) was used, its final concentration in 
HBSS was restricted to less than 1‰.

Animals
ICR mice (Grade II, male and female, 24 ± 2 g body 
weight) were purchased from Shanghai Slac Laboratory 
Animal Co., Ltd. (Shanghai, China). The mice were 
housed in an air-conditioned room at 22–24°C with 
a dark/light cycle of 12/12 h. Before the experiment, the 
mice were fasted for approximately 12 h, but were allowed 
to drink water freely. All animal experimental protocols 
were approved by the Institutional Animal Care and Use 
Committee of Shanghai University of Traditional Chinese 
Medicine (PZSHUTCM19011105). All experiments were 
performed in accordance with the Guidelines for Care and 
Use of Laboratory Animals of Shanghai University of 
Traditional Chinese Medicine.

Liquid Chromatography-Mass 
Spectrometry (LC-MS) Assay
The LC-MS system was composed of a Shimadzu HPLC 
(LC-20AD) system (Kyoto, Japan) and a Thermo Scientific 
LCQ fleet mass spectrometer (Massachusetts, USA) 
equipped with an electrospray ionization (ESI) source. An 
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Eclipse XDB-C18 (4.6 × 150 mm, 5 µm) maintained at 
room temperature was used for chromatographic separation 
of the analytes. Water containing formic acid (0.0625%) 
and ammonium formate (4 mM) was used as mobile phase 
A, and methanol was used as mobile phase B. The following 
elution gradient was used at a flow rate of 0.3 mL/min: 0–7 
min, 20% to 30% B; 7.01–10 min, 20–20% B. Data acquisi
tion was performed in the selected ion monitoring mode. 
The protonated [M+H]+ ions of berberine and epiberberine 
(m/z 336.2, with different retention times), coptisine (m/z 
320.2), palmatine (m/z 352.1), and carbamazepine (internal 
standard, m/z 237.0) were generated. The linear dynamic 
ranges for berberine, epiberberine, coptisine, and palmatine 
ranged from 0.156 to 10 μg/mL. The method was validated 
in terms of accuracy, precision, recovery, repeatability, and 
stability (data not shown), and it met the requirements of 
quantitative analysis of the alkaloids in samples with rela
tively high concentrations.

Liquid Chromatography Tandem Mass 
Spectrometry (LC-MS/MS) Assay
The biological samples in this study were precipitated in 
three volumes of acetonitrile. After centrifugation at 
16,000 rpm for 10 min at 4°C, an equal volume of 
water was added and mixed with the supernatant. 
Then, 10 μL of each sample was injected for analysis 
using an LC-MS/MS system, which was composed of an 
HPLC (LC-20AD) from Shimadzu and a Thermo 
Scientific TSQ Quantum Ultra mass spectrometer 
(Massachusetts, USA). A C18 analytical column 
(Hypersil Gold, 5 µm, 100×2.1 mm) was used for chro
matographic separation of the analytes. The mobile 
phase was composed of solvent A (formic acid 
[0.08%, v/v] and ammonium acetate [2 mM] in water) 
and solvent B (acetonitrile). The following elution gra
dient was used at a flow rate of 0.3 mL/min: 0−7 
min, 15% to 68% B; 7.01−10 min, 15–15% B. The 
positive ion mode was used for the ESI source, and 
data acquisition was performed in the multiple reaction 
monitoring mode: m/z 336.2→322.3, m/z 
324.3→308.0, m/z 237.0→194.3 for berberine, demethy
leneberberine, and carbamazepine (internal standard), 
respectively. The linear range of berberine was 1.95– 
1000 ng/mL. The validated method was used in our 
published studies, and it met the requirements of quan
titative analysis of the alkaloids in biological samples 
having relatively low concentrations.29,30

Preparation and Quality Control of 
Coptidis Rhizoma Extract
Briefly, the herbal pieces of Coptidis Rhizoma were 
extracted twice with 10 times the volume of boiling 
water (1.5 h for the first and 1 h for the second extraction). 
The obtained aqueous extract was then filtered through 
eight layers of gauze and vacuum-dried at 60°C.

The contents of berberine, epiberberine, coptisine, and 
palmatine in Rhizoma Coptidis extract were detected for qual
ity control. Briefly, the powder of the extract was dissolved in 
methanol (1 mg/mL) and ultrasonicated for 60 min. After 
centrifugation at 16,000 rpm for 10 min, the obtained super
natant was injected into the LC-MS system for quantitative 
analysis.

Preparation and Characterization of Nnps 
and Nnps-BBR Complex
The powder of Coptidis Rhizoma extract was dissolved in 
water. After ultrasonic treatment for 1 h, the solution was 
centrifuged at 3000 rpm for 10 min. The obtained super
natant was filtered through a 0.22-μm filter. The filtered 
solution was then dialyzed in a dialysis bag (3500 D) against 
water for five consecutive days. Nnps were obtained by 
freeze-drying the residues in the dialysis bag. In addition, 
the Nnps and BBR were dissolved in water at a weight ratio 
of 1:1. The solution was then boiled for 1 h and then 
lyophilized to obtain the Nnps-BBR complex powder.

The particle size and Zeta potential in the aqueous solution 
of the Nnps or the Nnps-BBR complex were determined using 
a Malvern Zetasizer Nano analyzer (Worcestershire, UK). The 
powder of the Nnps or the Nnps-BBR complex was sprayed 
with gold, dried in vacuum, and then observed under an FEI 
Quanta 250 scanning electron microscope (SEM) (Oregon, 
USA) operating at 10 kV. A Leica SP8 laser confocal fluores
cence microscope (LCFM) (Wetzlar, Germany) was used to 
observe the morphology of the powder of the Nnps or the 
Nnps-BBR complex. The protein content in the Nnps was 
determined using a BCA kit. The content of polysaccharide 
in the Nnps was determined by phenol sulfuric acid method 
using glucose as a reference standard. The content of alkaloids 
in the Nnps or the Nnps-BBR complex was determined using 
the LC-MS method.

Isolation and Identification of 
Nnps-Forming Protein
To obtain the undenatured Nnps-forming proteins, a new 
Coptidis Rhizoma extract was prepared according to the 
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method described in section “Preparation and quality con
trol of Coptidis Rhizoma extract”, but the extraction tem
perature was maintained at 50°C. The proteins in the 
extract were obtained by dialysis according to the method 
described in section “Preparation and characterization of 
Nnps and Nnps-BBR complex”. After dissolving, the pur
ity and molecular weight of the proteins were determined 
by standard gel electrophoresis (SDS-PAGE) in 4% con
centrating gel and 10% separating gel and stained with 
silver, with a protein gel electrophoresis device (Bio-Rad, 
USA). In addition, after the protein solution was boiled for 
1 h, the particle size and Zeta potential of the formed 
particles were measured using the Malvern Zetasizer 
Nano analyzer.

Effect of Nnps on the Crystal Form of 
BBR
The morphologies of BBR, the Nnps, and the Nnps-BBR 
complex were observed by SEM. Differential scanning 
calorimetry (DSC) and powder X-ray diffraction (PXRD) 
were also performed to verify the effect of the Nnps on the 
crystal form of BBR. For the DSC analysis, approximately 
1.5 mg of powder samples were placed in open aluminum 
crucibles and heated from 20°C to 320°C at 10°C/min using 
a TA DSC Q2000 differential scanning calorimeter 
(Delaware, USA). For the PXRD analysis, a Bruker D2 
phaser (Rheinstetten, Germany) system was used. The run
ning conditions were maintained at a voltage of 30.0 kV and 
a current of 10.0 mA. The increment was 0.02°, the scan 
range was from 3° to 40°, and the scan speed was 0.1 s/step.

Effect of Nnps on the Solubility of BBR
Supersaturated aqueous solutions of BBR, the Nnps, and 
the Nnps-BBR complex were prepared. The concentration 
of BBR in each group was equal, that is, 10 mg/mL. After 
ultrasonic treatment for 1 h, the solutions were centrifuged 
at 16,000 rpm for 10 min to obtain the supernatant. The 
concentration of BBR in the supernatant was determined 
using the LC-MS method.

Effect of Nnps on the Dissolution of BBR
The experiments were performed using a Tianda RC-MD 
dissolution tester (Tianjin, China) based on a rotating bas
ket method, where the speed of the basket was maintained 
at 50 rpm and the temperature of the dissolution medium 
was maintained at 37 ± 0.5°C. The samples (BBR, the 
Nnps, the Nnps-BBR complex) containing 10 mg of BBR 

were enclosed in blank capsules and placed in the baskets. 
The baskets were then placed into the dissolution vessel 
containing 900 mL of hydrochloric acid buffer (2.0 
g sodium chloride, pH 1.2), mimicking the gastric fluid 
or 900 mL of phosphate buffer (0.2 M sodium phosphate, 
pH 6.8), mimicking the intestinal juices. For the experi
ments in hydrochloric acid buffer, samples were collected 
at 5, 10, 15, 20, 30, 45, 60, and 90 min. For experiments in 
phosphate buffer, samples were collected at 2.5, 5, 15, and 
30 min, and 1, 2, 3, 4, and 6 h, respectively. The samples 
were filtered through a 0.22-μm filter. After centrifugation 
(16,000 rpm, 10 min), the concentration of BBR in each 
sample was determined using the LC-MS method.

Endocytosis of Nnps
Caco-2 cells were cultured until they reached 80–90% 
confluence. The culture medium was changed 2 h prior 
to the experiment. After washing with warmed HBSS, the 
cells were incubated with BBR (10 μg/mL), the Nnps 
(containing 10 μg/mL BBR), or the Nnps plus various 
endocytosis inhibitors (2.5 mm amiloride, 
a macropinocytosis inhibitor;31 100 μg/mL indomethacin, 
an inhibitor of caveolae-mediated endocytosis;32 10 μg/mL 
chlorpromazine, an inhibitor of clathrin-mediated 
endocytosis;32 5 μM cytochalasin D, a phagocytosis 
inhibitor31). After incubation for 4 h, the culture medium 
was removed, and the cells were washed with HBSS. After 
trypsin digestion, the cells were collected by centrifugation 
at 1000 rpm for 2 min. The cells were then washed twice 
with HBSS. Then, the cells were resuspended in chilled 
water and were broken by repeated freezing and thawing. 
The concentration of BBR was determined using the LC- 
MS/MS method, and the protein concentration of each 
sample was determined using a BCA kit. The concentra
tion of BBR in each group was normalized to the protein 
content.

Effect of Nnps on the Transportation of 
BBR in Gut Sacs
A segment of the ileum approximately 12 cm long was 
washed with chilled Krebs-Ringer buffer (118 mM NaCl, 
25 mM NaHCO3, 1.2 mM MgSO4, 2.5 mM CaCl2, 11 mM 
glucose, 1.2 mM KH2PO4, and 4.7 mM KCl, pH 6.8), and 
then ligated at one end. To study the transportation of BBR 
from the mucosal side to the serosal side, the inner mucosal 
side of the gut sac was filled with 1 mL of Krebs-Ringer 
buffer containing BBR (10 mg/mL), the Nnps, or the Nnps- 
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BBR complex, which has the corresponding concentration of 
BBR. To study the transportation of BBR from the serosal 
side to the mucosal side, the gut sac was everted and filled on 
the inner serosal side with 1 mL Krebs-Ringer buffer con
taining BBR (200 µg/mL BBR) or the Nnps, or the Nnps- 
BBR complex, which has the corresponding concentration of 
BBR. The other end of the ileum was ligated tightly. The sac 
was incubated at 37°C in a Magnus bath containing 20 mL of 
blank Krebs-Ringer buffer. Aliquots of buffer (100 μL) were 
sampled from the Magnus bath after incubation for 15, 30, 
45, or 60 min. An equal volume of blank Krebs-Ringer buffer 
was immediately added. The concentrations of BBR in the 
obtained samples were determined and normalized using the 
lengths of the sacs that were measured after incubation.

Effect of Nnps on the Transportation of 
BBR Across MDCK-MDR1 Cell 
Monolayer
MDCK-MDR1 cells were seeded on a Merck Transwell 
polycarbonate membrane (New Jersey, USA) at a density 
of 2×105 cells/mL. The cells were cultured until tight junc
tions were formed (trans-epithelial electrical resistance value 
> 500 Ω·cm2). Before the experiment, the medium on both 
sides of the chamber was replaced with a warmed HBSS 
solution. The cells were then equilibrated for 20 min in an 
incubator. For the transportation test from the apical (AP) to 
the basolateral (BL) sides, 0.2 mL of HBSS solution con
taining BBR or the Nnps (both have 10 μg/mL the final 
concentration of BBR) was added to the AP side, and 
0.7 mL blank HBSS solution was added to the BL side. 
For the transportation test from the BL to AP side, 0.2 mL of 
blank HBSS solution was added to the AP side and 0.7 mL 
of HBSS solution containing BBR or the Nnps (both have 
10 μg/mL the final concentration of BBR) was added to the 
BL side. After incubation for 2 or 4 h, the solutions on both 
sides were aspirated, and the concentration of BBR was 
determined using the LC-MS/MS method.

Effect of Nnps on the Metabolism Stability 
of BBR in Intestinal S9
The test materials (BBR and the Nnps, both with 10 μg/mL 
final concentration of BBR) were mixed with the intestinal 
S9 (2 mg/mL) in 100 μL Tris-HCl (50 mM, pH 7.4) buffer 
solution and then preincubated at 37°C for 5 min. Then, 
reduced nicotinamide adenine dinucleotide phosphate 
(NADPH, 1 mg/mL) was added to start the reaction. After 
incubation for 0.5 or 1 h, the incubation was terminated with 

the same amount of chilled methanol, which contained the 
internal standard carbamazepine. After centrifugation at 
16,000 rpm for 6 min, the obtained supernatant was diluted 
to determine the concentration of BBR and demethylber
berine using the LC-MS/MS method. The metabolic stabi
lity of BBR was characterized by the concentration of 
residual BBR and the produced demethylberberine.

Effect of Nnps on the Pharmacokinetics 
of Oral BBR in Mice
Mice were randomly divided into three groups, which 
were orally administered the water solution of BBR, the 
Nnps-BBR complex, or Coptidis Rhizoma extract. BBR 
dosage in each group was 200 mg/kg. The dose of BBR 
was consistent with its dosage in reported studies in mice, 
ie, 0.1–0.3 g/kg.27 Six mice in each group were anesthe
tized using diethyl ether at 0.5, 1, 2, 4, 8, or 12 h after 
administration. Blood samples were collected from the 
portal vein or the posterior orbital venous plexus to 
heparin-containing tubes. Plasma samples were obtained 
by centrifugation of blood samples at 3000 rpm for 10 min 
at 4°C. The livers of the mice were collected and homo
genized in 10 volumes of water. At the end of the experi
ment, the mice were euthanized by cervical dislocation. 
The plasma and liver homogenate samples were stored at 
−80°C. The concentration of BBR in each sample was 
determined using the LC-MS/MS method.

Data Analysis
The permeability of BBR in the MDCK-MDR1 experi
ment was calculated using the equation:

Papp ¼ ΔQ= Δt � A � C0ð Þ (1) 

where ΔQ is the amount of drug transported within Δt 
time, A is the surface area (0.33 cm2 in this experiment), 
and C0 is the initial concentration of BBR on the donor 
side. The unit of Papp was cm/s.

The efflux rate (ER) of BBR in the MDCK-MDR1 
experiment was calculated using the following equation:

ER ¼ Papp ðBL � APÞ=Papp ðAP � BLÞ (2) 

A non-compartmental analysis using the WinNonlin® 

software (Pharsight, CA, USA) was performed to obtain 
the pharmacokinetic parameters. It should be noted that 
the pharmacokinetic parameters were calculated based on 
the average drug concentration at each time point because 
the mice were not continuously sampled.
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The results were expressed as mean ± SD, and statistical 
significance was determined with one-way or two-way ana
lysis of variance (ANOVA) for multiple comparisons with 
the minimum level of significance (p < 0.05).

Results
Characterization of the Nnps
The residues in the dialysis bag were obtained via dialysis 
of Coptidis Rhizoma extract. The content of the residues in 
the Coptidis Rhizoma extract was 6.2% (Figure 1A). The 
residues were mainly composed of proteins (>90%). In 
addition, the content of polysaccharide in the residues 
was above 30%. It should be noted that the presence of 
glucose could lead to overestimation of protein 
quantification.33 This may be one of the reasons why the 
total content of protein and polysaccharides exceeded 
100%. Furthermore, the residues contained approximately 
8% BBR, which was difficult to remove even after 5 days 
of dialysis. The freeze-dried powder of the residues dis
persed into 166.6 ± 1.3 nm nanoparticles (ie, Nnps) in 
water, with a Zeta potential of approximately −12.5 ± 0.2 
mV (Figure 1B). Owing to insolubility after denaturation, 
it was impossible to directly determine the purity and 
molecular weight of the protein forming the Nnps by gel 
electrophoresis. From the Coptidis Rhizoma extract 
obtained by decocting the herbal pieces at temperatures 
below 50°C, a purified and soluble protein with 
a molecular weight < 30 kD was obtained (Figure 1C). 
After decocting the protein in boiling water for 1 h, nano
particles with a size of 176.1 ± 10.1 nm and a Zeta 
potential of −19.3 ± 0.6 mV were formed, indicating that 
the Nnps were formed by the denaturation and self-assem
bly of the protein. Under SEM, spherical particles were 
observed in the Nnps powder, and smaller particles were 
distributed around them (Figure 1D). The drug mass 
formed by small, green fluorescent particles was observed 
under LCFM (Figure 1E), and dispersed green fluorescent 
particles were observed in the aqueous solution 
(Figure 1F). Green fluorescence originates from BBR, 
according to literature.34 In short, the Nnps isolated from 
Coptidis Rhizoma extract were mainly formed by dena
turation of a protein and can firmly adsorb BBR.

The Nnps Changed the Crystal Form of BBR
Under SEM (Figure 2A) and LCFM (Figure 2Ca), long 
columnar crystals were observed in the BBR powder, but 
not in the Nnps-BBR complex powder (Figures 2B and Cc). 

Under LCFM, bamboo leaf-like crystals were observed in 
the BBR solution (Figure 2Cb), but green fluorescent parti
cles were found in the Nnps-BBR complex solution 
(Figure 2Cd). DLS analysis showed that the Nnps-BBR 
complex was dispersed into nanoparticles with a size of 
151.3 ± 1.2 nm and a Zeta potential of –11.6 ± 1.2 mV in 
water. DSC analysis showed that the melting point of BBR 
was approximately 194.97°C, which is consistent with that 
in literature,35 whereas the melting point of the Nnps-BBR 
complex decreased to 175.22°C (Figure 2D). BBR had 
many characteristic sharp interference peaks in its PXRD 
pattern, but reduced or disappeared in the PXRD pattern of 
the Nnps-BBR complex (Figure 2E). The above results 
indicated that the Nnps acted as nanocarriers to adsorb or 
disperse BBR, thereby promoting its transformation from 
crystal to amorphous form.

The Nnps Improved the Solubility and 
Dissolution Rate of BBR
When a drug is in an amorphous form, it often has a better 
solubility and dissolution than that in the crystal form.36 

As shown in Figure 3A, the solubility of BBR in the Nnps- 
BBR complex was significantly higher than that of pure 
BBR. The dissolution rates of BBR in artificial gastric 
juice (Figure 3B) and intestinal juice (Figure 3C) were 
only 7.5% and 1.8% at 15 min, and 35.3% and 60.9% at 
the end point (1.5% or 6 h), respectively. However, the 
dissolution rate of BBR in the Nnps increased to 50.8% 
and 31.5% at 15 min and 69.1% and 85.4% at the end 
point, respectively. In addition, the dissolution rate of BBR 
in the Nnps-BBR complex increased to 54.55% and 
22.55% at 15 min, and 60.0% and 81.37% at the end of 
dissolution, respectively.

The Nnps Improved the Intestinal 
Absorption of BBR
Nanoparticles are mainly absorbed via endocytosis.37 

Indomethacin significantly reduced the uptake of BBR in 
Caco-2 cells (Figure 4A, p < 0.01), indicating that BBR 
carried by the Nnps was absorbed mainly by caveolae- 
mediated endocytosis. Based on the in vitro absorption 
experiment using mouse gut sacs, it was found that the 
intestinal absorption of BBR in the Nnps and the Nnps- 
BBR complex was significantly better than that of pure 
BBR (Figure 4B, p < 0.01), indicating that the Nnps could 
adsorb BBR and act as a nanocarrier to promote the absorp
tion of BBR. Furthermore, the Nnps significantly reduced 
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BBR efflux from the gut sacs (Figure 4C, p < 0.01). 
Verapamil, a typical P-gp inhibitor,38 significantly reduced 
the efflux of BBR in both the BBR and the Nnps groups 
(Figure 4C). However, the effect on the Nnps group was 
less than that on the BBR group, suggesting that the Nnps 
could reduce the P-gp-mediated efflux of BBR (Figure 4C). 
The results of in vitro experiments based on MDCK-MDR1 
cells (Table 1) showed that the Papp of BBR was lower than 
10−6 cm/s, indicating that its permeability was poor. The 
ERs of BBR were as high as 25.8 at 2 h and 39.5 at 4 h, 
respectively. According to the recommendations of the 
International Transporter Consortium, a compound is con
sidered to be a potential P-gp substrate if the ER is ≥ 2.39 

The ERs of BBR were far greater than the critical value of 2, 
indicating that P-gp-mediated efflux significantly restricted 
BBR uptake. In contrast, the Nnps significantly reduced the 
Papp from BL to AP as well as the ERs (all p < 0.01), 
confirming that the Nnps inhibited P-gp-mediated BBR 
efflux. The results of in vitro metabolism experiments 
showed that the metabolic rate of BBR (Figure 4D) and 

the production of demethylberberine (Figure 4F) in the 
Nnps were significantly decreased compared with those in 
the BBR group, and the metabolic rate of BBR decreased by 
29.27%, whereas the production of demethylberberine 
decreased by 22.39%. The elimination half-life of BBR 
was significantly prolonged from 149 min to 216 min 
(Figure 4E). In brief, these results indicated that the Nnps 
changed the absorption form of BBR, reduced its intestinal 
efflux, and improved its intestinal metabolic stability.

Effects of the Nnps on the 
Pharmacokinetics of Oral BBR in Mice
The Nnps had no significant effect on the pharmacoki
netics of oral BBR in systemic circulation (Figure 5A, 
Table 2). However, compared with those in the BBR- 
treated group, the peak concentration (Cmax, 1182.3 vs 
310.2 ng/mL) and exposure level (AUC0–12 h, 2842.8 vs 
1447.0 ng·h/mL) of BBR were significantly increased in 
the portal vein of mice in the Nnps-BBR-treated group 
(Figure 5B, Table 2), indicating that the Nnps promoted 

Figure 1 Characterization of the natural nanoparticles (Nnps) isolated from Coptidis Rhizoma extract; (A) Content of Nnps in Coptidis Rhizoma extract; (B) Size and Zeta 
potential of Nnps; (C) Purity and molecular weight of the protein molecules (CRP, Coptidis Rhizoma protein) forming Nnps; (D) Scanning electron microscope observation of 
Nnps powder (10,000 ×); (E) Observation of Nnps powder by laser confocal fluorescence microscopy (6000 ×); (F) Observation of the water solution of Nnps by laser 
confocal fluorescence microscopy (6000 ×). In Figure 1D, the large red rectangle showed an enlarged image of the Nnps contained in the small red rectangle. In Figure 1E and 
F, the red dotted rectangle showed an enlarged image of the Nnps contained in the small red dotted circle, respectively.
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the intestinal absorption of BBR. Furthermore, the Nnps 
caused higher exposure level of BBR in mouse livers 
(95,443.2 vs 43,586.2 ng·h/g liver) (Figure 5C, Table 2). 
In addition, the pharmacokinetic parameters (Table 2), 
including Cmax and AUC0–12 h, in the Nnps-BBR group 
were similar to or slightly better than those in the Coptidis 
Rhizoma-treated group. In short, the Nnps improved the 
pharmacokinetics of oral BBR in mice.

Discussion
In this study, the Nnps isolated from Coptidis Rhizoma 
extract were mainly formed by denaturation of a protein 
(possibly glycosylated protein) having a molecular 
weight slightly smaller than 30 kDa. Because the protein 
was very pure, the Nnps with a relatively uniform size 
were quickly obtained by simple methods, including cen
trifugation, filtration, and dialysis, instead of further 

Figure 2 Natural nanoparticles (Nnps) changed the crystal form of berberine hydrochloride (BBR). Scanning electron microscopy images of BBR (A) and Nnps-BBR (B) 
(10,000 ×); (C) Laser confocal fluorescence microscope observation (6000 ×) of BBR powder (a), BBR solution (b), Nnps-BBR powder (c), and Nnps-BBR solution (d); (D) 
Differential scanning calorimetry images of BBR, Nnps, the physical mixture of Nnps and BBR (Mix), and Nnps-BBR complex; (E) Powder X-ray diffraction images of BBR, 
Nnps, physical mixture of Nnps and BBR (Mix), and Nnps-BBR complex.

Figure 3 Effect of the natural nanoparticles (Nnps) on the solubility (A) and dissolution profile of berberine hydrochloride (BBR) in simulated gastric (B) or intestinal (C) 
fluid (Mean ± SD, n = 6). **p < 0.01 vs BBR.
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purification using size-exclusion high-performance liquid 
chromatography (SEC-HPLC).18 The size of the Nnps 
was less than 200 nm, which helps prevent them from 
being swallowed by reticuloendothelial phagocytes 

(macrophages).40 The Zeta potential of these nanoparti
cles indicated that their stability was insufficient, which 
led to the aggregation of nanoparticles observed in 
Figure 2Cd. However, given that the Nnps would be 
taken immediately after preparation, extensive aggrega
tion of the Nnps can be avoided. SEM observations, 
DSC, and PXRD experiments showed that the Nnps 
promoted the transformation of BBR into an amorphous 
form. Therefore, in Coptidis Rhizoma extract, the Nnps 
may act as a crystallization inhibitor of BBR. In other 
words, Coptidis Rhizoma extract could be regarded as 
a solid dispersion of BBR, where the Nnps act as car
riers. In addition, the Nnps was able to form complex 
with BBR. According to the literature,41 hydrophobic 
interactions could be formed between the Nnps and 

Figure 4 Effect of the natural nanoparticles (Nnps) on the intestinal absorption of berberine hydrochloride (BBR) (Mean ± SD); (A) Effects of endocytosis inhibitors on the 
uptake of BBR (10 μg/mL) in Caco-2 cells (n = 3); (B) Absorption of BBR (10 mg/mL) in the gut sacs (n = 4); (C) Efflux of BBR (200 μg/mL) in the gut sacs in the presence or 
absence of 100 μg/mL verapamil (n = 4); (D) Elimination of BBR (10 μg/mL) in intestinal S9 (n = 3); (E) Elimination half-life of BBR (10 μg/mL) in intestinal S9 (n = 3); (F) 
Production of demethylberberine after BBR (10 μg/mL) was incubated with intestinal S9 (n = 3). AMI, amiloride (2.5 mM); BBR, berberine hydrochloride; CHL, 
chlorpromazine (10 μg/mL); CYT, cytochalasin D (5 μM); IND, indomethacin (100 μg/mL); Nnps, natural nanoparticles. A, * or **p < 0.01 vs Nnps. E, *p < 0.05 vs BBR.

Table 1 Effect of Natural Nanoparticles (Nnps) on the Apparent 
Permeability (Papp) and Efflux Rate (ER) of Berberine Hydrochloride 
(BBR) (Mean ± SD, n = 3)

Groups Incubation 

Time (h)

Papp (AP- 

BL) (×10−6 cm/sec)

Papp (BL- 

AP) (×10−6 cm/sec)

ERs

BBR 2 0.71 ± 0.03 18.2 ± 1.9 25.8

4 0.39 ± 0.02 15.3 ± 1.6 39.5

Nnps 2 0.64 ± 0.09 10.7 ± 0.6** 17.1**

4 0.41 ± 0.02 8.6 ± 0.3** 20.8**

Note: **p <0.01 vs BBR.
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BBR. The Nnps-BBR complex was dispersed into nano
particles in water, which once again showed that the 
Nnps had a significant and fundamental impact on the 
existing form of BBR.

Approximately 56% of BBR is directly discharged 
from the body after oral administration, which is related 
to the poor solubility of BBR.27 The common dosage of 
BBR in mice is 200 mg/kg.27 Therefore, if BBR is admi
nistered at 0.2 mL/10 g body weight, its concentration 
should be 10 mg/mL. However, the solubility of BBR in 

this study was only approximately 3.7 mg/mL, which 
meant that more than half of BBR was not dissolved. 
Through the formation of solid dispersions with BBR, 
the Nnps significantly improved the solubility and dissolu
tion of BBR.

Nanoparticles are taken up by intestinal cells mainly 
via mechanisms including phagocytosis, macropinocyto
sis, caveolae-mediated endocytosis, and clathrin-mediated 
endocytosis,37 which are inhibited by cytochalasin D,31 

amiloride,31 indomethacin,32 and chlorpromazine,32 

respectively. Based on the experiments using Caco-2 
cells, it was found that the Nnps carried BBR and pro
moted its uptake via an indomethacin-sensitive endocyto
sis mechanism. In other words, the Nnps changed the 
absorption form of BBR in the intestinal tract, that is, 
from passive diffusion26 to endocytosis. Usually, caveolae 
mediate the uptake of nanoparticles sized less than 100 
nm.42 However, some studies have shown that caveolae 
mediate the endocytosis of nanoparticles larger than 200 
nm43 or even 500 nm.44 Importantly, caveolae-mediated 
endocytosis can bypass lysosomal degradation,37 suggest
ing that the Nnps can be transported into the circulation in 
the form of nanoparticles after being taken up by intestinal 
epithelial cells. Chlorpromazine and cytochalasin 
D promoted the uptake of BBR by the Nnps in this 
study, which might be related to their inhibitory effect on 
the efflux transporter P-gp. Given that chlorpromazine and 
cytochalasin D are substrates of P-gp,45,46 they can com
petitively inhibit the efflux of BBR.

According to literature, 43.5% of oral BBR is elimi
nated in the intestine.27 Cytochrome P450 enzymes 
(CYPs), especially CYP3A, play a major role in the 
Phase I metabolism of BBR.47 There are various CYPs 
in intestinal epithelial cells, especially CYP3A, which is 
highly expressed in the intestine.48 Our results showed that 
the Nnps significantly inhibited the phase I metabolism of 
BBR in the intestine, which was beneficial for increasing 
its intestinal absorption. This result was consistent with 
a previous report that curcumin loaded in polymer nano
particles was not metabolized.49 In addition, there are 
many efflux transporters in intestinal epithelial cells, such 
as P-gp, which significantly reduces the uptake of their 
substrates. Moreover, there are synergistic effects between 
efflux transporters and metabolic enzymes, which jointly 
mediate the intestinal elimination of some drugs.50 For 
example, the phase I metabolic enzymes CYP3A4 and 
P-gp have many overlapping substrates. P-gp can affect 
drug metabolism in the intestine by decreasing trans-cell 

Figure 5 Concentration-time curves of berberine hydrochloride (BBR) in the 
systemic circulation (A), portal vein (B), and livers (C) of mice receiving 200 mg/ 
kg oral BBR, the complex of the natural nanoparticles (Nnps) and BBR (Nnps-BBR), 
and Coptidis Rhizoma extract, which all contained the corresponding dosage of BBR 
(Mean ± SD, n = 6).
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transport and increasing the contact between the substrate 
and CYP3A4 at the tip of intestinal cells.51 Unfortunately, 
BBR is the substrate of both CYP3A4 and P-gp; thus, it is 
eliminated by the joint action of both in the intestinal 
absorption process.27 In this study, the Nnps significantly 
reduced the efflux of BBR in the gut sacs of mice. In 
addition, the Nnps significantly reduced the Papp of BBR 
from the basal side to the lumen side and significantly 
reduced the ERs of BBR in MDCK-MDR1 cells. 
Because MDCK-MDR1 cells solely express P-gp, this 
result confirmed that the Nnps significantly inhibited 
P-gp-mediated BBR efflux. Similarly, after being loaded 
into the nanoparticles isolated from green tea infusions, 
doxorubicin was able to bypass the efflux function of 
P-gp.18,52

A pharmacokinetic study in mice showed that the Nnps 
significantly promoted the intestinal absorption of BBR, 
which was manifested by a significant increase in BBR 
exposure levels (AUC0-t and Cmax) in the portal vein. 
Thereafter, BBR distributed in the liver increased owing 
to increased intestinal absorption. However, the increase in 
BBR in systemic circulation was not as significant as that 
in the portal vein and liver. This result may be related to 
the active uptake of BBR by tissues, including liver tissue, 

which leads to the poor dose-exposure relationship of BBR 
in systemic circulation.28 The pharmacological effects of 
BBR in lowering blood sugar and lipids are the focus of 
the current research.53 The liver is the main tissue 
involved in glucose and lipid metabolism.54 Therefore, 
the increase in the exposure level of BBR in the liver 
suggests that the Nnps can enhance the pharmacological 
effects of BBR in reducing blood sugar and lipids. In 
addition, the exposure levels in the portal vein and livers 
of the mice in the Nnps-BBR-treated group were equiva
lent to those in the Coptidis Rhizoma extract-treated group, 
showing the high capability of the Nnps to improve the 
pharmacokinetic properties of BBR.

The interactions between the constituents of herbal 
extracts have always attracted much attention and are 
often used to explain the mechanism of synergy or toxi
city reduction of TCMs.55 These interactions could occur 
at the levels of pharmacodynamics, pharmacokinetics, 
and chemistry. At the pharmacodynamic level, a multi- 
component, multi-target point of view has been 
proposed.56 At the level of pharmacokinetics, interac
tions between the constituents based on drug-metaboliz
ing enzymes and transporters are commonly reported.57 

At the chemical level, it has been reported that some 

Table 2 Pharmacokinetic Parameters of Berberine Hydrochloride (BBR) in the Systemic Circulation, Portal Vein, and Livers of Mice 
Receiving 200 mg/kg Oral BBR, The Complex of the Nanoparticles and BBR (Nnps-BBR), and Coptidis Rhizoma Extract, Which All 
Contained the Corresponding Dosage of BBR (Mean ± SD, n = 6)

Samples Parameters BBR Nnps-BBR Coptidis Rhizoma

Systemic circulation Tmax (h) 2.0 4.0 1.0
Cmax (ng/mL) 37.6 44.4 45.9

T1/2 (h) 1.66 2.41 3.20

AUC0–12h (ng·h/mL) 199.3 268.9 351.2
AUC0-∞ (ng·h/mL) 201.1 285.1 393.9

MRT (h) 3.95 4.67 5.34

Portal vein T1/2 (h) 1.60 2.89 1.43
Tmax (h) 2.0 1.0 1.0
Cmax (ng/mL) 310.2 1182.3 970.5

AUC0–12h (ng·h/mL) 1447.0 2842.8 2480.9

AUC0-∞ (ng·h/mL) 1460.7 2902.8 2489.1
MRT (h) 3.22 2.21 2.47

Livers T1/2 (h) 2.63 3.48 1.45
Tmax (h) 2.0 1.0 1.0

Cmax (ng/g liver) 9137.7 33,677.8 30,878.4

AUC0–12h (ng·h/g liver) 43,586.2 95,443.2 112,942.0
AUC0-∞ (ng·h/g liver) 45,841.1 101,503.0 113,426.1

MRT (h) 3.64 2.89 2.85

Abbreviations: AUC, the area under the concentration time curve; Cmax, peak concentration; MRT, mean retention time; T1/2, elimination half-life; Tmax, time to reach 
peak concentration.
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constituents, such as BBR and glycyrrhizic acid,58 can 
form complexes based on intermolecular interactions. In 
addition, BBR can form nanoparticles with baicalin and 
wogonin, which have a significant impact on their anti
bacterial effects.59 However, the abovementioned studies 
are limited for investigating the interactions between 
small-molecule constituents in herbal extracts. In this 
study, we found that a protein in Coptidis Rhizoma 
extract could interact with BBR, and the interaction 
mechanism was studied systematically from the chemical 
and pharmacokinetic levels for the first time. Given that 
Nnps formed by macromolecules are widespread in her
bal extracts, we believe that this study will inspire more 
relevant research and contribute to revealing the mechan
isms of intra-herb interactions.

Conclusions
In summary, the Nnps in Coptidis Rhizoma extract changed 
the existing form of BBR and promoted its transformation 
from crystal to amorphous form, thereby improving its 
solubility and dissolution. The Nnps also carried BBR and 
promoted its uptake by intestinal epithelial cells through 
caveolae-mediated endocytosis, and significantly reduced 
the intestinal metabolism and P-gp-mediated efflux of BBR. 
The mechanisms acted synergistically and ultimately pro
moted the intestinal absorption of BBR and increased its 
in vivo exposure levels. The study contributes to revealing 
the mechanisms of intra-herb interactions in Coptidis 
Rhizoma extract.

Abbreviations
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