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Introduction: In the previous study, nanoparticles coated with trimethyl chitosan (TMC) derivatives (PPTT-NPs) could promote the 
oral bioavailability of panax notoginseng saponins (PNS). Herein, we chose PPTT-NPs as a model drug to study the property and 
mechanism of intestinal absorption in vitro and in vivo.
Methods: The stability of PPTT-NPs was evaluated using simulated gastric fluid and simulated intestinal fluid. The uptake and 
transport of PPTT-NPs were investigated in Caco-2 and Caco-2&HT29 co-culture cells. The biosafety, intestinal permeability, 
adhesion, and absorption mechanism of PPTT-NPs were investigated using SD rats in vivo. The live imaging and biodistribution of 
PPTT-NPs were observed by IVIS. Furthermore, the effects on CYP3A4 of PPTT-NPs were investigated using testosterone as the 
probe substrate.
Results: The results of the stability assay showed that PPTT-NPs had a strong tolerance to the pH and digestive enzymes in the 
gastrointestinal environment. In vitro cell experiments showed that the uptake of drugs exhibited a time-dependent. When the ratio of 
TMC-VB12 and TMC-Cys was 1:3, the uptake capacity of PPTT-NPs was the highest. PPTT-NPs could enhance the paracellular 
transport of drugs by reversibly opening a tight junction. Animal experiments demonstrated that PPTT-NPs have good biological 
safety. PPTT-NPs had good adhesion and permeability to small intestinal mucosa. Meanwhile, PPTT-NPs needed energy and various 
protein to participate in the uptake of drugs. The live imaging of NPs illustrated that PPTT-NPs could prolong the residence time in the 
intestine. Moreover, TMC-VB12 and TMC-Cys could reduce the metabolism of drugs by inhibiting CYP3A4 to a certain extent.
Conclusion: The results show that TMC-VB12 and TMC-Cys are effective in the transport of PPTT-NPs. PPTT-NPs can increase the 
intestinal adhesion of drugs and exert high permeation by intestinal enterocytes which demonstrate significant and efficient potential 
for oral delivery of the BCS III drugs.
Keywords: Panax notoginseng saponins, TMC derivatives, nanoparticles, oral absorption, Caco-2&HT29 co-culture cells

Introduction
At present, oral administration is a safe, convenient, economical and widely used route of administration, which has good 
patient compliance, safety, tolerance and so on.1–4 Due to the physicochemical properties of drugs and gastrointestinal 
physiological barriers, the drugs cannot be effectively absorbed by the oral route. However, most drugs are absorbed in the 
small intestine after oral administration.5–7 The intestinal absorption of drugs is affected by many factors, including drug 
solubility and stability, uptake ability of intestinal epithelial cells, intestinal permeability to drugs, and multiple barriers of the 
digestive tract. Among them, the intestinal barrier is considered to be an important factor affecting the bioavailability of oral 
drugs.8–10 Furthermore, some active ingredients of Traditional Chinese Medicine such as Panax noteginseng saponins (PNS), 
Silymarin, and Puerarin have low permeability of intestinal mucosa, which is considered to be the main reason affecting its 
oral bioavailability. Due to its poor absorption and low bioavailability after oral administration, its clinical therapeutic effect 
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has been limited.11 Therefore, it is very important to improve the intestinal absorption capacity and oral bioavailability for low- 
permeability drugs.

As an effective method of drug delivery, the microparticle drug delivery system has been widely concerned.12–15 

Nano-carriers have many advantages when carrying drugs, such as higher biocompatibility and lower biotoxicity, 
controlled drug release, protection of drugs from the external environment, and promotion of oral absorption.16–20 

Moreover, the surface of nano-carriers can also be modified with polymers to achieve targeted drug delivery, reduced 
drug dose, improved physicochemical properties of drugs, and enhanced the therapeutic effect.21–23 Consequently, 
coating polymer materials on the surface of nanoparticles provides an effective method to solve the oral absorption 
problem of low-permeability drugs.

In previous studies, our research group prepared PNS nanoparticles coated with TMC-VB12 (Vitamin B12 modified 
TMC) and TMC-Cys (Cysteine modified TMC) (PPTT-NPs). The size of PPTT-NPs was 144.3 ± 0.99 nm, and the zeta 
potential was 22.3 ± 0.49 mV. In vivo pharmacokinetics, the Cmax values of Rg1 and Rb1 in PPTT-NPs were greater than 
those of Xueshuangtong, and the relative bioavailability of Rg1 and Rb1 was 383.06% and 267.40%, respectively. The 
results preliminarily showed that PPTT-NPs had a certain effect of promoting oral absorption.24 The mechanism of 
improved oral absorption may be related to the effect of cysteine on the mucus layer, which enhanced the intestinal 
mucosal adhesion of TMC and promoted more drugs to pass through the mucus layer. Meanwhile, VB12 can bind to 
intrinsic factor (IF) in the gastrointestinal tract to form a complex that can bind to the VB12-IF receptor on the surface of 
intestinal cells, thereby promoting the active transport of drugs in the ileum.25,26 In light of the above discussion, the 
coating proportion of TMC-VB12 and TMC-Cys was tested in cells, and the intestinal absorption capacity of PPTT-NPs 
and the absorption mechanism was clarified in vitro and in vivo.

In recent years, Caco-2 cell monolayers have been widely used to simulate the intestinal environment.27 Due to the 
lack of mucus layer, the mucus-producing HT29 cells for co-culture can provide a more biologically relevant model for 
evaluating the permeability of drugs in vitro.28 Therefore, the Caco-2&HT29 co-culture cell model is effective for 
exploring the mechanism of drug oral absorption in vitro. Furthermore, Caco-2 cells lack the expression of cytochrome 
P450 isozymes compared with normal cells.29 In cytochrome P450 isozymes, CYP3A4 has an important active role in 
the intestinal metabolism of drugs.30–32 Inhibition of CYP3A4 activity can affect drug metabolism in the body to increase 
its absorption. To further verify the effect of oral absorption, some biological indicators should be evaluated at the animal 
levels.
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In this study, the intestinal absorption capacity of PPTT-NPs and its mechanism had been preliminarily explored. The 
stability of PPTT-NPs was investigated using simulated gastric fluid (SGF) and simulated intestinal fluid (SIF). Caco-2 
and Caco-2&HT29 co-culture cell models were established to investigate the uptakes and transports of PPTT-NPs. 
Sprague-Dawley (SD) rats were used to evaluate the biosafety, adhesion, permeability, and absorption mechanisms of 
PPTT-NPs. The effect of PPTT-NPs on the metabolism of cytochrome P450 isoenzymes (CYP3A4) was investigated, in 
order to further prove its oral absorption effect.

Materials and Methods
Materials
PPTT-NPs and PP-NPs (PNS-PLGA nanoparticles) were prepared by our laboratory.24 DAPI, PMSF, 4% tissue cell 
fixative, 1×PBST buffer, 1×PBS buffer, trypsin, anti-fluorescence attenuation mounting tablets, ketoconazole and neutral 
gum were purchased from Soleibao Biotechnology Co., Ltd. BCA protein concentration determination kit, RAPI lysate 
and Alcian Blue were purchased from Beyotime Co., Ltd. 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindotricarbocyaine 
iodide (DiR) was purchased from Yeasen Biotechnology Co., Ltd. HE staining reagent was purchased from Nanchang 
Yu Lu Experimental Equipment Co., Ltd. The mixed SD rat liver microsomes, CYP450 enzyme metabolism phenotype 
research kit was purchased from Beijing Huizhi Taikang Pharmaceutical Technology Co., Ltd.

Preparation of Nanoparticles (NPs)
Cou-6/DiR Labeled PPTT-NPs (PPTT-NPs@Cou-6/DiR)
The NPs were prepared by the double emulsion solvent evaporation method and coated twice with TMC derivatives. 
Cou-6 or DiR, and PLGA were dissolved in ethyl acetate, and an emulsifier was added. The mixture was then sonicated 
at 190 W for 2 min in an ice bath (5 off for 5 s) to obtain macroemulsion. Then, it was poured into the outer water phase 
containing 1% PVA and 0.5 mg/mL coating material (TMC-VB12 and TMC-Cys). The phase was fully vortexed and 
sonicated to obtain a double emulsion. The prepared double emulsion was dispersed in the coating material dispersion 
liquid. The mixture was stirred at low speed for 2 h at room temperature, and the organic solvent was removed by rotary 
evaporation under reduced pressure at 30°C for 10 min. The upper layer was a drug-loaded nanoparticle suspension.24

Cou-6/DiR Labeled PP-NPs (PP-NPs@Cou-6/DiR)
PP-NPs@Cou-6/DiR were prepared by the above method. The obtained macroemulsion was poured into the outer water 
phase containing 1% PVA. Other preparation steps were the same as the preparation of PPTT-NPs@Cou-6/DiR.

Stability Assay in Simulated Gastric Fluid (SGF) and Simulated Intestinal Fluid (SIF)
PNS and PPTT-NPs were dispersed and incubated in SGF (pH1.5 HCl containing 1% (w/v) pepsin) and SIF (pH 6.8 PBS 
containing 1% (w/v) trypsin) at 37°C. Samples (500 μL) were withdrawn at predetermined intervals (0, 15, 30, 60 and 
120 minutes for SGF; 0, 15, 30, 60, 120 and 240 minutes for SIF), and then 1.0 mL methanol was added to terminate the 
reaction. The concentration of drug was determined by HPLC. The experiments were carried out in triplicate.

Cell Studies in vitro
Caco-2 and HT29 Cells Culture
Caco-2 and HT29 human colon adenocarcinoma cells were purchased from the Cell Bank of the Type Culture Collection 
Committee of the Chinese Academy of Sciences and cultured in Modified Eagle Medium (MEM) consisting of 100× non- 
essential amino acids, 1 mL of 100 mM sodium pyruvate and 20%FBS. Cells were incubated in a 5% CO2 incubator at 37°C.

Caco-2 and HT29 (9:1) cells were seeded on transwell polycarbonate membranes (0.4 μm pores, 0.33 cm2 growth 
area). Caco-2&HT29 cell monolayer could be developed after culture for 21 days. The transepithelial electrical resistance 
value (TEER) reached a certain range, indicating that the cell monolayer could be used for the transmembrane 
experiment.33
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Cellular Uptake Assay
The qualitative and quantitative evaluation of cellular uptake is necessary for the study of drug absorption in the 
intestine.8 The Caco-2 cells were combined with Cou-6 solution, PP-NPs@Cou-6 and PPTT-NPs@Cou-6 (The ratio of 
coating material TMC-VB12: TMC-Cys was 1:0, 5:1, 3:1, 1:1, 1:3, 1:5, 0:1) and incubated for 3 h. Then, 4% 
paraformaldehyde was used to fix the cells for 15 min. The cell nucleus was stained with DAPI for 8 min, and after 
that the cells were washed. The uptake of the sample on Caco-2 cells was observed the next day. For quantitative 
analysis, Caco-2 and HT29 cells (9:1, 1 × 105 cells/well) were transferred to 24-well plates. Caco-2 cells were used for 
comparison. The cell lysate was added to each well and lysed at 4°C for 30 min. The samples were analyzed by 
a fluorescence microplate reader (Ex = 466 nm, Em = 504 nm).

At the same time, the uptake of drugs by cells at different times was also investigated.34 The Caco-2 cells were 
combined with PP-NPs@Cou-6 and PPTT-NPs@Cou-6, and, respectively, incubated for 0.5, 1, 2, 3, and 4 h in the dark 
at 37°C. Other steps were the same as the above method.

Transport Through Caco-2&HT29 Cells Monolayers
Before the study, Caco-2&HT29 cells in the chambers were rinsed with HBSS three times, and then equilibrated with HBSS 
at 37°C for 30 min. 0.3 mL of PP-NPs@Cou-6 and PPTT-NPs@Cou-6 (Cou-6 at a concentration of 200 ng/mL) were added 
to the apical chambers. At different time intervals (0.5, 1, 1.5, 2, 3 h), samples (0.1 mL) were removed from the basolateral 
chamber and 0.1 mL HBSS was supplemented. The samples were analyzed by a fluorescence microplate reader (Ex = 466 
nm, Em = 504 nm). The apparent permeability coefficients (Papp, cm/s) of Cou-6 were calculated as follows.

Papp ¼
Q

A� C � T 

Q: The total quantity of Cou-6 permeated (ng)
A: The surface area of the apical chamber of cell monolayers (cm2)
C: The initial quality of Cou-6 in the apical chamber (ng/cm3)
T: The incubation time of the administration

Animal Evaluations in vivo
Animals
The SD rats, 220 ± 20 grams (Hunan Slack Jingda Experimental Animal Co., Ltd., China), were used in this study. All 
animal procedures were conducted in strict accordance with the National Institutes of Health Guide for the Care and Use 
of Laboratory Animals and were approved by the Laboratory Animal Ethics Committee of Guilin Medical University of 
China.

Assessment of Intestinal Membrane Damage
The SD rats were fasted for 12 h prior to the experiment with free access to water. PPTT-NPs (60 mg/kg) were given by 
oral administration. In the control group, normal saline was instead. After 3 h, the small intestine was taken out. The 
isolated tissue was fixed in 4% tissue cell fixative, dehydrated and immersed in wax for embedding. According to the 
operating method of the HE solution kit, the sliced tissue was stained and observed under a microscope.35

Intestinal Permeability Test
The intestinal permeability of NPs was studied using the intestinal permeability ligating model.36 Duodenum, jejunum 
and ileum (5 cm) were removed from the SD rats and ligated at both ends. PP-NPs@Cou6 and PPTT-NPs@Cou6 
(0.4 mL) were injected into the intestinal cavity of three intestine segments, respectively. The experiments were carried 
out in triplicate. The intestine segments were then placed in 10 mL of oxygenated KR buffer at 37°C and shaken at 
100 rpm. At different time intervals (0.5, 1, 1.5, and 2 h), samples (200 μL) were taken out to determine the content. The 
cumulative permeation amounts were calculated.
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Observation of Intestinal Villus Absorption
The intestinal villi absorption of NPs was studied using an in vivo intestinal ligation model.37 The SD rats were randomly 
divided into three groups of Cou-6, PP-NPs@Cou6 and PPTT-NPs@Cou6. The rats were anesthetized by intraperitoneal 
injection of 2% pentobarbital sodium. Both ends of the 2 cm jejunum were closed with a thin thread. Cou-6, PP-NPs 
@Cou6 and PPTT-NPs@Cou6 (0.1 mL) were injected into the jejunum segments. After 2 hours, the intestine segments 
were cut off and rinsed with PBS. Then, the intestinal tissue was fixed in 4% paraformaldehyde for 2 h, and sliced with 
cryostat. The sliced tissue was stained with DAPI and mounted with an anti-fluorescence quencher. The samples were 
observed under a fluorescence microscope to evaluate intestinal villus absorption.

Intestinal Absorption Mechanism
The intestinal absorption mechanism of NPs was studied using the everted intestine model.38 Duodenum (about 50– 
90 mg) was removed from of the SD rats and everted. The intestinal segments were placed in 24 well cell culture plates. 
Inhibitors (colchicine, chlorpromazine, indometacin and quercetin) were separately added and incubated at 37°C for 45 
minutes in an air oscillator. Then, PP-NPs@Cou6 and PPTT-NPs@Cou6 (1.0 mL) were injected into the wells, 
respectively. After 45 minutes, the reaction was stopped. 300 μL of KR solution was added to each well for 
homogenization. Samples (100 μL) were taken out to determine the content with a fluorescence microplate reader.

Live Imaging and Biodistribution of NPs
Prior to the experiment, the abdominal skin of the SD rats was shaved and cleaned to eliminate autofluorescence 
interference of hair and all rats were fasted overnight with free access to water. Rats were randomly divided into two 
groups of PP-NPs@DiR and PPTT-NPs@DiR. Fluorescence images of animals were captured at predetermined intervals 
by the IVIS System under anesthesia with isoflurane. At predetermined intervals, the rats were sacrificed by overdose of 
2% pentobarbital sodium (i.p.). The whole gastrointestinal tract was then dissected and visualized under IVIS.

Effect of Cytochrome P450 Isoenzyme (CYP3A4) on Metabolism
Testosterone was selected as the probe substrate of CYP3A4. The activity of CYP3A4 was evaluated by determining the 
amount of the metabolite 6β-hydroxytestosterone (6β-OHT).39 Probe substrate testosterone reference solution 2 μL 
(10 mg/mL) was added to an ice bath. At the same time, TMC-VB12, TMC-Cys, TMC-VB12: TMC-Cys=1:3, PP-NPs 
and PPTT-NPs (2 mg/mL) series of solutions (20, 50, 100 μL) were added. Ketoconazole was used as the control group. 
10 μL of NADPH(A) solution and 2 μL of NADPH(B) solution were added, and PBS was added to 195 μL. After 
preincubating for 5 min at 37°C, 5 μL of liver microsome solution was added to start the reaction. After 45 minutes, 
1.5 mL of pre-cooled ethyl acetate was added to terminate the reaction. After the samples were centrifuged, the upper 
ethyl acetate layer was taken out and dried with N2. The samples were redissolved in 200 μL methanol and determined by 
HPLC. The experiments were carried out in triplicate. Percent of inhibition was calculated using the following formula.

% Inhibition ¼
ðm1 � m0Þ � ðm � m0Þ

m1 � m0
� 100%

m: The amount of 6β-OHT produced in the test group
m1: The amount of 6β-OHT produced in the blank group
m0: The amount of 6β-OHT produced in the no NADPH(A) solution and no NADPH(B) solution group

Statistical Analysis
All experiment data were expressed as mean ± standard deviation (SD). Paired t-test was used to assess the statistical 
significance of the differences between the two groups, and variance analysis was used for comparison of multiple 
groups. P value of less than 0.05 was considered statistically significant.
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Results and Discussion
Stability Assay
PNS are unstable and rapidly degrade in gastrointestinal environment.40 In order to evaluate the protective effect of NPs 
coated with TMC-VB12 and TMC-Cys on PNS, the degradation ratio of drugs under acid conditions and digestive 
enzyme exposure was studied. As shown in Figure 1, free PNS degraded rapidly, the residual percentages of free PNS 
were 37.90% for R1, 41.40% for Rg1 and 48.11% for Rb1 after 2 h incubation in the SGF, while 61.12% for R1, 81.55% 
for Rg1, 79.32% for Rb1 after 4 h incubation in the SIF. For PPTT-NPs, the amount of residual drug significantly 
increased (P < 0.05). Specifically, the residual percentages of encapsulated PNS were 51.83% for R1, 54.09% for Rg1 
and 55.13% for Rb1 after 2 h incubation in the SGF, while 79.63% for R1, 92.29% for Rg1, 89.45% for Rb1 after 4 
h incubation in the SIF. These results demonstrated that PPTT-NPs could protect PNS from degradation by gastro-
intestinal acid and enzymes.

Cell Studies in vitro
Cellular Uptake Assay
As shown in Figure 2, the cellular uptake of Cou-6 solution, PP-NPs@Cou-6 and PPTT-NPs@Cou-6 (The ratio of 
coating material TMC-VB12: TMC-Cys was 1:0, 5:1, 3:1, 1:1, 1:3, 1:5, 0:1) was analyzed qualitatively and quantita-
tively. Figure 2A shows that the green fluorescence intensity of PPTT-NPs (TMC-VB12: TMC-Cys was 1:3) was the 
highest, indicating that PPTT-NPs (TMC-VB12: TMC-Cys was 1:3) could enhance the uptake of PNS in cells. The 
quantitative cellular uptake results are shown in Figure 2B and C. The cellular uptake of PPTT-NPs is always higher than 
that of PP-NPs. In Caco-2 cells, the cellular uptake of PPTT-NPs (TMC-VB12: TMC-Cys was 1: 3) was 2.13 times higher 
than that of PP-NPs. In Caco-2&HT29 cells, the cellular uptake of PPTT-NPs (TMC-VB12: TMC-Cys was 1: 3) was 3.79 
times higher than that of PP-NPs. This indicated that in the presence of mucus layer, PPTT-NPs could still effectively 
increase the cellular uptake of drugs. Furthermore, it was speculated that PPTT-NPs could adhere to the small intestinal 
cells, which would increase the residence time to promote the absorption of drugs.

The cellular uptake of PP-NPs@Cou-6 and PPTT-NPs@Cou-6 at different intervals was also investigated. As shown 
in Figure 2D, the cellular uptake of drugs was time-dependent and increased with the uptake time. At every different time 

Figure 1 Percentage of R1 (A), Rg1 (B), Rb1 (C) remained after incubation in SGF and percentage of R1 (D), Rg1 (E), Rb1 (F) remained after incubation in SIF. Data are 
presented as mean ± SD (n=3).
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point, the uptake of PPTT-NPs was higher than that of PP-NPs, which further verified that PPTT-NPs could promote the 
intestinal absorption.

Transport Through Caco-2&HT29 Cells Monolayers
The results of transport through Caco-2&HT29 cells monolayers are shown in Figure 3. As shown in Figure 3A, the 
growth of Caco-2 and HT29 cells were staggered and the dense cell monolayer was formed. Through alcian blue 
staining,41 it could be seen that the mucus layer was produced in Caco-2&HT29 cells model. It was reported that, when 
the TEER value was greater than 300 Ω/cm2, Caco-2&HT29 cells could be used to measure penetration of drugs.42 From 
Figure 3B, the value of TEER was above 450 Ω/cm2, indicating that the Caco-2&HT29 cells monolayers were 
successfully constructed. The penetration through the Caco-2&HT29 cells monolayers indicated that the transport of 
PPTT-NPs was significantly increased as cultivating prolonged and higher than that of PP-NPs (Figure 3C). The Papp 
value of PPTT-NPs was 1.21-fold higher than that of PP-NPs. It further confirmed that PPTT-NPs could enhance drugs 
transport through Caco-2&HT29 cells monolayers (Figure 3D). Figure 3E shows that the TEER value of Caco-2&HT29 
cells monolayers treated with PPTT-NPs dropped to about 74%. After removing the PPTT-NPs suspension, the TEER 
value increased gradually. However, the TEER value of Caco-2&HT29 cell monolayers treated with PP-NPs did not 
change significantly. These phenomena indicated that PPTT-NPs could enhance the paracellular transport of drugs by 
reversibly opening a tight junction.33

Animal Evaluation in vivo
Assessment of Intestinal Membrane Damage
The microscopic evaluation of intestinal membrane damage is shown in Figure 4A. The structure of the small intestine 
was clear. The small intestine was composed of four layers including mucosal layer, submucosa, muscle layer and serosal 
layer. Compared with the control group, no obvious lesions were found in each layer of the small intestine in the PPTT- 
NPs group. Therefore, it is illustrated that PPTT-NPs have good biocompatibility and biosafety.

Figure 2 Cellular uptake analysis in vitro. (A) The qualitative uptake of Cou-6, PP-NPs@Cou-6 and PPTT-NPs@Cou-6 in Caco-2 cells. (B) The quantitative uptake of Cou- 
6, PP-NPs@Cou-6 and PPTT-NPs@Cou-6 in Caco-2 cells. (C) The quantitative uptake of Cou-6, PP-NPs@Cou-6 and PPTT-NPs@Cou-6 in Caco-2&HT29 cells. (D) The 
cellular uptake of PP-NPs@Cou-6 and PPTT-NPs@Cou-6 at different intervals. Data are presented as mean ± SD (n=3), *p<0.05, ***p<0.001, #p<0.05, ##p<0.01.
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Intestinal Permeability Test
The permeability effect of PP-NPs@Cou6 and PPTT-NPs@Cou6 through the isolated small intestine were analyzed by 
fluorescence quantitative microplate reader (Figure 4B). The permeation amounts of drugs were time-dependent and 
increased with time. When incubated in the same ileum at the same interval, the permeation of PPTT-NPs was higher 
than that of PP-NPs. Comparing the permeation of PP-NPs@Cou6 in different intestine segments at 2 h, it was the least 
in the ileum. On the contrary, the permeation of PPTT-NPs@Cou6 was the highest in the ileum. It illustrated that TMC- 
Cys could provide strong mucoadhesion and increase the permeability of drugs in the mucus layer.43 In addition, TMC- 
VB12 can bind to intrinsic factor (IF) to form a complex that binds to specific IF receptors in the ileum, thereby 
promoting drug absorption in the small intestine.26

Observation of Intestinal Villus Absorption
The intestinal villus absorptions of Cou-6, PP-NPs@Cou6 and PPTT-NPs@Cou6 are shown in Figure 4C. The green 
fluorescence in the intestinal villus of PP-NPs@Cou6 was weak. PP-NPs might be blocked by the intestinal mucus layer, 
which could affect its absorption. However, the green fluorescence in the intestinal villus treated with PPTT-NPs@Cou-6 
was significantly stronger than that of Cou-6 and PP-NPs@Cou-6 at 1.5 h after administration. PPTT-NPs could increase 
the adhesion of the mucus layer on the intestinal villus to promote penetration. Combined with cellular uptake, it revealed 
that PPTT-NPs could act on the mucus layer and increase the adhesion of drugs to the intestine.

Intestinal Absorption Mechanism
To further clarify the absorption pathway of NPs, the intestinal absorption mechanism was studied in vivo (Figure 4D and E). 
The intestinal absorption of NPs required energy and a suitable temperature. As shown in Figure 4D, the uptake of PP-NPs 

Figure 3 Transport through Caco-2&HT29 cells monolayers. (A) Photomicrographs of Caco-2&HT29 co-cultured cells. (B) TEER of Caco-2&HT29 cells monolayers 
incubated for 21 days. (C) Permeation of PP-NPs@Cou-6 and PPTT-NPs@Cou-6 transport through Caco-2&HT29 cells monolayers at different intervals. (D) Papp of PP- 
NPs@Cou-6 and PPTT-NPs@Cou-6 transport through Caco-2&HT29 cells monolayers. (E) Percentage change in TEER value of PP-NPs@Cou-6 and PPTT-NPs@Cou-6 
transport through Caco-2&HT29 cells monolayers. Data are presented as mean ± SD (n=3), *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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@Cou-6 in the small intestine treated with colchicine was 84.30% of the control group, and other inhibitors had no obvious 
inhibitory effect. PP-NPs could only be absorbed by giant pinocytosis. The uptake of PPTT-NPs treated with four inhibitors 
(colchicine, chlorpromazine, indometacin and quercetin) were 62.32%, 50.49%, 61.84% and 34.74% of the control group 
(Figure 4E). All these indicated that the intestinal absorption of PPTT-NPs involved giant pinocytosis, clathrin, caveolin, non- 
clathrin and non-caveolin mediated endocytosis. Therefore, compared with PP-NPs, PPTT-NPs could enter cells through more 
endocytosis pathways to promote intestinal absorption.

Live Imaging and Biodistribution of NPs
The live imaging and biodistribution of NPs after oral administration are shown in Figure 5. In general, PPTT-NPs@DiR 
in the abdomen of rats gradually increased in the first 4 hours. At 4 hours, the fluorescence of PPTT-NPs@DiR was 
significantly stronger than that of PP-NPs@DiR. After 4 hours, the fluorescence of the abdomen in the two groups all 
gradually weakened. The biodistribution of PP-NPs@DiR reached the ileum at 2 hours, while that of PPTT-NPs@DiR 
was in the duodenum. At 4 hours, the biodistribution of PPTT-NPs@DiR reached the ileum, and some remained in the 
duodenum. This indicated that the drugs could still be absorbed at this interval. The fluorescence of PP-NPs@DiR in the 
intestines after 4 hours was weak, indicating that the drugs had been metabolized. Therefore, PPTT-NPs could prolong 
the residence time in the intestine to a certain extent.

Effect of Cytochrome P450 Isoenzyme (CYP3A4) on Metabolism
In this study, CYP3A4 activity was studied to investigate the absorption and metabolism of drugs in the body. The 
inhibition rate of CYP3A4 gradually increased with the concentration of materials/drugs (Figure 6). Among them, both 
TMC-VB12 and TMC-Cys inhibited CYP3A4, and the inhibition of TMC-VB12&TMC-Cys was stronger than that of 
TMC-VB12 or TMC-Cys. In different concentrations of drugs, the inhibition of PPTT-NPs was higher than that of PP- 

Figure 4 Animal evaluation in vivo. (A) Assessment of intestinal membrane damage. (B) Intestinal permeability of drugs. (C) Observation of intestinal villi absorption. (D) 
Intestinal absorption mechanism of PP-NPs@Cou-6. (E) Intestinal absorption mechanism of PPTT-NPs@Cou-6. Data are presented as mean ± SD (n=3), *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001.
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NPs. Moreover, the inhibition of PPTT-NPs was 1.21-fold times higher than that of PP-NPs at 1.0 mg/mL. In summary, 
PPTT-NPs could inhibit CYP3A4 to promote the absorption of drugs in the intestine.

Conclusion
The intestinal absorption property and mechanism of PPTT-NPs were investigated. The optimal modification ratio of 
TMC-VB12 and TMC-Cys is 1:3. PPTT-NPs have good gastrointestinal stability and biological safety. Our study 
evidences that TMC-VB12 and TMC-Cys are effective in the transport of PPTT-NPs. Importantly, PPTT-NPs can 
increase the intestinal adhesion of drugs, and exert high permeation by intestinal enterocytes. Therefore, PPTT-NPs 
demonstrate significant and efficient potential for oral delivery of the BCS III drugs.
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Figure 6 Effects of different components on CYP3A4 enzyme activity. Data are presented as mean ± SD (n=3), ****p<0.0001.

Figure 5 The live imaging and biodistribution of PP-NPs@DiR and PPTT-NPs@DiR after oral administration in SD rats.
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