International Journal of Nanomedicine Dove

ORIGINAL RESEARCH

Cellular Uptake and Transport Mechanism of
6-Mercaptopurine Nanomedicines for Enhanced
Oral Bioavailability

Yaru Zou"z, Wei Gao3, Huizhen Jin2, Chenmei Maoz, Yi Zhang', Xiaoling Wang', Dong Mei ',
Libo Zhao(®'*

'Department of Pharmacy, Beijing Children’s Hospital, Capital Medical University, National Center for Children’s Health, Beijing, 100045, People’s
Republic of China; 2Department of Pharmacy, Children’s Hospital of Soochow University, Suzhou, Jiangsu, 215025, People’s Republic of China;
3Department of Pharmaceutical Sciences, College of Pharmacy, Rogel Cancer Center, University of Michigan, Ann Arbor, MI, 48109, USA;
“Department of Pharmacy, Peking University Third Hospital, Beijing, 100191, People’s Republic of China

Correspondence: Dong Mei; Libo Zhao, Email meidong!1290926@ |26.com; libozhao201 @ 163.com

Background: Nanomedicines have significant advantages in enhancing the oral bioavailability of drugs, but a deeper understanding
of the underlying mechanisms remains to be interpreted. Hence, the present study aims to explain the uptake and trafficking
mechanism for 6-MP nanomedicines we previously constructed.

Methods: 6-MP loaded poly(lactide-co-glycolide) (PLGA) nanomedicines (6-MPNs) were prepared by the multiple emulsion
method. The transcytosis mechanism of 6-MPNs was investigated in Caco-2 cells, Caco-2 monolayers, follicle associated epithelium
(FAE) monolayers and rats, including transmembrane pathway, intracellular trafficking, paracellular transport and the involvement of
transporter.

Results: Pharmacokinetics in rats showed that the area under the curve (AUC) of 6-MP in the 6-MPNs group (147.3 + 42.89 ng/L-h)
was significantly higher than that in the 6-MP suspensions (6-MPCs) group (70.31 + 18.24 pg/L-h). The uptake of 6-MPNs in Caco-2
cells was time-, concentration- and energy-dependent. The endocytosis of intact 6-MPNs was mediated mainly through caveolae/lipid
raft, caveolin and micropinocytosis. The intracellular trafficking of 6-MPNs was affected by endoplasmic reticulum (ER)-Golgi
complexes, late endosome-lysosome and microtubules. The multidrug resistance associated protein 4 (MRP4) transporter-mediated
transport of free 6-MP played a vital role on the transmembrane of 6-MPNs. The trafficking of 6-MPNs from the apical (AP) side to
the basolateral (BL) side in Caco-2 monolayers was obviously improved. Besides, 6-MPNs affected the distribution and expression of
zona occludens-1 (ZO-1). The transport of 6-MPNs in FAE monolayers was concentration- and energy-dependent, while reaching
saturation over time. 6-MPNs improved the absorption of the intestinal Peyer’s patches (PPs) in rats.

Conclusion: 6-MPNs improve the oral bioavailability through multiple pathways, including active transport, paracellular transport,
lymphatic delivery and MRP4 transporter. The findings of current study may shed light on the cellular uptake and transcellular
trafficking mechanism of oral nanomedicines.
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Introduction
6-Mercaptopurine (6-MP) is one of the most commonly used drugs in clinical practice, which comprises the backbone of
oral continuing therapy of childhood acute lymphocytic leukemia (ALL).! However, its low water solubility, short half-
life, poor bioavailability and serious side effects have limited its clinical efficacy.” Thus, it is necessary to develop
appropriate formulations to overcome these defects.

In recent years, researchers have employed different effective methods to improve the delivery of 6-MP.*>> The
application of nanotechniques in oral drug delivery shows unique advantages for increasing the bioavailability of poorly
water-soluble drugs. In our previous study, we constructed the 6-MP loaded nanomedicines (6-MPNs) with poly(lactide-
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co-glycolide) (PLGA) through the modified double emulsion method. It has been confirmed that 6-MPNs enhanced the
oral bioavailability of 6-MP because of its increased duodenal absorption.® Nevertheless, 6-MPNs need to overcome the
intestinal epithelial cell barriers before being absorbed into the blood circulation. How nanomedicines promote trans-
membrane absorption and transport remains to be further studied.

A recent study demonstrated that nanomedicines entered the cells through the following different pathways: (1)
Traditional opinions suggested that the drugs in nanomedicines were transmitted via intestine barrier in the molecular
form.” (2) Some other perspectives demonstrated that nanomedicines might alter the traditional absorption pathways of
drugs. In particular, nanomedicines were able to trigger endocytosis, thereby enhancing the capability of drugs to cross
the intestinal epithelial cell membrane.® (3) The microfold cells (M cells) in the intestinal Peyer’s patches (PPs) constitute
a natural epithelial barrier together with normal intestinal epithelial cells. Orally administered nanomedicines were taken
up by M cells when the particle size is less than 200 nm, which could increase the targeted lymphatic delivery of drugs.’
(4) The epithelial intercellular tight junctions (TJs) also constitute a natural physiological barrier and affect the

permeability of drugs. Yu SH et al'

reported that nanomedicines might affect the tight junctions and promote the
paracellular pathway of drugs. (5) In addition, the drugs are translocated into and out of cells by drug transporters, which
influence the drug accumulation within cells."' In consideration of above aspects, they all might play important roles in
affecting bioavailability. However, their detailed functional mechanisms in the absorption process of nanomedicines are
seldom mentioned. Moreover, the absorption mechanisms of different nanomedicines are not exactly the same.

It is known that 6-MP is a biopharmaceutic classification system (BCS) class II drug with the characteristics of low
solubility and high permeability, which limits its absorption.'* 6-MPNs ameliorated the poor water solubility of 6-MP,
potentially allowing more free drugs to enter intestinal cells. We also speculated that 6-MPNs might enter the cells via
different endocytic pathways and that there exist multiple pathways for intracellular trafficking after internalization."? Tt
has been reported that 6-MP and its metabolites are transferred by a multidrug resistance-associated protein 4 (MRP4)
transporter. MRP4 polymorphisms are related to 6-MP dose tolerance during maintenance therapy.'*'> We assumed that
6-MPNs might affect the direct binding of the drugs to MRP4, thereby influencing the efflux of 6-MP.

In order to explain the absorption and transport mechanism of 6-MPNs completely and deeply, we investigated the
processes of intestinal uptake and the transport characteristics of 6-MPNs utilizing three cell models, including Caco-2
cells, polarized Caco-2 monolayers and follicle-associated epithelium (FAE) monolayers. Uptake experiments of 6-MPNs
through the PPs in the intestines of rats were performed to evaluate the absorption mechanisms of 6-MPNs in vivo.

Materials and Methods

Materials

6-Mercaptopurine (assay purity 98.0%) was provided by Toronto Research Chemicals Inc (Toronto, Canada). Poly
(lactide-co-glycolide) (PLGA), poly(vinyl alcohol) (PVA), dichloromethane (DCM), ethyl acetate (EA), dimethyl sulf-
oxide (DMSO), genistein, ethyl-isopropyl-amiloride (EIPA), chlorpromazine hydrochloride (CPZ), cytochalasin D (Cyt
D) and indomethacin were obtained from Sigma-Aldrich Co., Ltd (St. Louis, MO, USA). Pluronic F68 was purchased
from Yuan Ye Bio-Technology Co., Ltd (Shanghai, China). Methyl-beta-cyclodextrin (MBCD) was provided by J&K
Scientific Ltd. (Beijing, China). Brefeldin A (BFA), nocodazole and dynasore were obtained from Cayman Chemical
Company (Ann Arbor, MI, USA). Monensin was bought from MP Biomedicals (Santa Ana, CA, USA). Bafilomycin Al
(Baf-A1) was purchased from Aladdin Bio-Chem Technology Co., Ltd (Shanghai, China).

The primary antibody for ZO-1 was obtained from Abcam Trading Company Ltd (Shanghai, China). Various
secondary antibodies were purchased from Invitrogen (Carlsbad, CA, USA). The Cell Counting Kit-8 (CCK-8) was
purchased from Dojindo (Shanghai, China). Alkaline Phosphatase (ALP) assay kit was bought from the Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). Bicinchoninic acid (BCA) protein assay kit was provided by
BestBio Biological Reagent Co., Ltd (Shanghai, China). Nonessential amino acid (NEAA) and fetal bovine serum
(FBS) were obtained from Gibco Invitrogen Co. (Carlsbad, USA). Triton X-100, goat serum and 4% paraformaldehyde
were obtained from Solarbio Technology Co., Ltd (Beijing, China). Radio-immunoprecipitation assay (RIPA) lysis buffer
and phenyl methyl sulfonyl fluoride (PMSF) were purchased from BioDee Biotechnology Co., Ltd (Beijing, China).
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Transwell chambers (3 pm pore size, 12 wells) were purchased from Corning Costar, Inc. (Cambridge, MA, USA). All
other reagents were analytical or chromatography grade.

Cell Lines and Animals

The Caco-2 cell line and the Raji cell line were gained from the Type Culture Collection of Chinese Academy of
Sciences (Shanghai, China). Sprague-Dawley (SD) rats weighing about 250 g were obtained from Beijing Vital River
Laboratory Animal Technology (Beijing, China). The SD rats were divided into 6-MP suspensions (6-MPCs) group and
6-MPNs group. SD rats were housed under standard animal feeding conditions with ad libitum access to water and food.
All care and handling of animals were strictly in accordance with the Animal Welfare Act and the Guide for the Care and
Use of Laboratory Animals protocols. Animal studies were approved by the Animal Ethics Committee of Capital
Medical University (Approval Number: AEEI-2020-072).

Preparation and Characteristics of 6-MPNs

Preparation of 6-MPNs and 6-MP Suspensions

6-MPNs were prepared by a modified double-emulsion solvent evaporation method.® Briefly, 6-MP and poly(vinyl
alcohol) (PVA) were dissolved in ammonia water to form the aqueous phase. The drug-containing solution was added
dropwise into the ethyl acetate containing PLGA while stirring to achieve w/o emulsion. The primary emulsion was
sonicated and then poured into the aqueous phase containing 1% w/v Pluronic F68. The mixed emulsion was sonicated
again to obtain the w/o/w emulsion. Finally, we removed the organic solvent in the double emulsion by rotary
evaporation. The prepared nanomedicines were centrifuged, washed and lyophilized using mannitol as
a cryoprotectant to formulate 6-MPNs. We added 6-MP into 0.5% (w/v) sodium carboxymethyl cellulose solution (CMC-
Na) to prepare 6-MPCs.

Physicochemical Properties and Morphology Characterization

The particle size and zeta potential of 6-MPNs were measured using dynamic laser scattering (DLS, Malvern Instruments
Ltd., Malvern, UK). The morphologies of the 6-MPNs were characterized by Transmission Electron Microscope (TEM,
JOEL, JEM 2100). 6-MPNs were dispersed in different media including DMEM and DMEM with 10% FBS. The
physicochemical stability was assessed by measuring their particle size at 37°C for different incubation times.

In vitro Release of 6-MPNs
The in vitro release of 6-MPNs was analyzed by the dialysis method.'® 6-MPNs or 6-MPCs (2 mg/mL) were added into
dialysis bags, then dialyzed against PBS (pH 7.4) containing 0.02% (v/v) tween 20 at 37 + 2°C. At predetermined
intervals, we withdrew PBS (1.0 mL) and refilled it with equal amounts of fresh PBS. The samples were centrifuged
(12,000 g, 15 min) to collect the supernatants.

The drug content in 6-MPNs was quantified by HPLC (Shimadzu, Kyoto, Japan) performed on Diamonsil C;g column
with mobile phase of phosphate buffer (pH = 3.31)-acetonitrile (75%: 25%, v/v) at flow rate of 1.0 mL/min. The column

oven temperature was set at 40°C, and the UV detection wavelength was 325 nm."”

In vivo Pharmacokinetics in SD Rats

The SD rats were orally administered 6-MPCs or 6-MPNs at a dose of 15.75 mg/kg. At various time points after
administration, blood samples were collected from the orbit of the rats and centrifuged at 5000 g for 10 min at 4°C. The
plasma samples were added with methanol to precipitate protein and then centrifuged at 16,000 g for 10 min.'® The
concentration of 6-MP in the supernatants was determined by HPLC-MS/MS.

MS analysis was performed using an API 5500 triple-quadrupole mass spectrometer (Applied Biosystems-Sciex,
Toronto, Canada). The mobile phase consisted of methanol containing 0.5% v/v formic acid and water. Chromatographic
separation was achieved with gradient elution on an Atlantis T3 column (2.1 mm x 100 mm, 5 pm) with gradient elution.
We employed that a flow rate was 0.4 mL/min, a sample injection volume was 3 puL and a run time was 5 min. The
column oven and autosampler were set at 37°C and 10°C, respectively. Multiple reaction monitoring transition was
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performed for quantitation at m/z 153.0 > 118.9 for 6-MP."® The pharmacokinetic parameters were calculated by the
standard noncompartmental analysis (NCA) in Phoenix WinNonlin version 7.0 (Certara, Princeton, NJ).

The Uptake and Transport Mechanism of 6-MPNs in Caco-2 Cells

Cytotoxicity Study

The viability of Caco-2 cells was analyzed by the CCK-8 method.?® Caco-2 cells were seeded in 96-well culture plates at
a density of 1x10° cells/mL. When Caco-2 cell culture reached about 90% confluency, the cells were intervened with
6-MPNs or 6-MPCs at different concentrations for 4 h. The negative control group was treated with DMEM media
without drugs. After incubation, the media were discarded and the cells were subsequently treated with 100 pL fresh
serum-free DMEM containing 10 ul. CCK-8 solution for another 1 h at 37°C. The absorbance was measured at 450 nm
using a Spectra MAX 190 microplate reader.

Determination of Total Protein and Drug Content in Caco-2 Cells

The total protein contents of Caco-2 cells were determined by BCA assay.”' When Caco-2 cells were incubated with the
drugs, we discarded the drug-containing media and washed the cell surface three times with PBS. Caco-2 cells were
extracted with RIPA lysis buffer containing 1% PMSF for 0.5 h on ice. The lysed cell suspensions were transferred into
Eppendorf (EP) tubes and vortexed at 10 min intervals followed by centrifugation at 12,000 g for 15 min. The
supernatants were collected, and the total proteins were determined by BCA protein assay kit. 100 pL of cell lysates
were mixed with 300 uLL of methanol to promote protein precipitation. Then, the samples were centrifuged at a speed of
14,000 g for 10 min, and the drugs in supernatants were detected by HPLC.

Effects of Different Factors on Endocytosis
To study the time dependence of endocytosis, Caco-2 cells were seeded in 6-well plates in a density of 1x10° cells/mL.
After the cell fusion degree reaching approximately 90%, the cells were treated with 100 uM of 6-MPNs or 6-MPCs for
0.5h, 1 h, 2 h, 3 h and 4 h. Similarly, the cultured Caco-2 cells were incubated with 6-MPNs or 6-MPCs at different
concentrations (50 uM, 100 uM, 200 uM and 400 uM) for 2 h. Separately, for energy dependence investigation of
endocytosis, Caco-2 cells were cultured as previously described and pre-incubated at 4°C or 37°C for 1 h. Then, 100 pM
6-MPNs or 6-MPCs were added, respectively, and cultured at 4°C or 37°C for 2 h.?

After incubation, drug-containing media were discarded and pre-chilled PBS buffer were added to complete the Caco-
2 cellular uptake. The cells were lysed by RIPA lysis buffer containing 1% PMSF at 4°C. The total protein contents of
cells lysates were determined by the BCA assay, and the 6-MP in lysis solution was examined by HPLC as previously
described. All data of concentrations were normalized to the total protein contents per well.

Endocytosis and Trafficking Mechanism Analysis
The endocytic pathways and intracellular trafficking mechanism of 6-MPNs were explored using different inhibitors with
endocytosis/transport functions or signal transduction pathways (details in Supplementary Materials). 23 Caco-2 cells

were seeded in 12-well plates at a density of 1x10° cells/mL. After attaining 90% confluency, the cells were pre-
incubated with different inhibitors for 0.5 h, respectively. The media were discarded, and the cells were washed three
times with PBS. Then, 100 pM 6-MPNs or 6-MPCs were co-incubated with different endocytosis inhibitors containing
MBCD, Genistein, EIPA, Cyt D, CPZ and Dynasore at 37°C for 0.5 h. Similarly, 200 uM 6-MPNs or 6-MPCs with
different intracellular trafficking inhibitors (BFA, Monensin, Baf-A1 and Nocodazole) were added and incubated at 37°C
for 2 h. Concentrations of inhibitors were the same as that of pre-incubation. The intracellular 6-MP contents were
measured according to the HPLC method described above.

The Effect of MRP4 Transporter on the Transport of 6-MPNs

Indomethacin is an inhibitor of MRP4 transporter. It is used to study the effect of MRP4 transporter on 6-MP’s uptake.**
Caco-2 cells were seeded in 6-well plates and cultured to 90% confluency. The cells were preincubated with indometha-
cin (30 uM) at 37°C for 0.5 h. The media were removed, and the cells were washed 3 times with PBS. Then, 100 pM
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6-MPNs or 6-MPCs with indomethacin (30 uM) were cultured with cells for 2 h. The control group was treated without
indomethacin. The intracellular 6-MP contents were determined using the HPLC method as described above.

Bidirectional Transport Experiments of 6-MPNs in the Caco-2 Monolayers

Assessment of the Polarization of Caco-2 Monolayers

Caco-2 cells were seeded on the transwell filters and cultured for 21 days to form Caco-2 monolayers (details in
Supplementary Materials). *° The differentiation levels of Caco-2 monolayers were estimated by measuring alkaline
phosphatase (ALP) activity. DMEM media were collected from the apical (AP) side and the basolateral (BL) side of the
transwell chambers before media changed on days 7, 14 and 21. The ALP activity was determined by ALP activity assay
kit, and the ratio of ALP activity on the AP sides to the BL sides was calculated.

Bidirectional Transport Assay of 6-MPNs
Bidirectional transport experiments from the AP sides to the BL sides (AP-BL) and from the BL sides to the AP sides
(BL-AP) were performed in Caco-2 monolayers. In the AP-BL direction experiments, 200 uM 6-MPNs or 6-MPCs were
added to the AP sides as the supplier phase and 1.5 mL blank PBS was added to the BL sides as acceptor phase. For the
BL-AP direction experiments, 1.5 mL 6-MPNs or 6-MPCs media and 0.5 mL blank PBS were added to the BL sides and
AP sides, respectively. At a predetermined time (0.5, 1, 1.5 and 2 h), 100 pL aliquots were collected from the acceptor
phase. Equal volumes of blank PBS were supplemented with each withdrawal. The samples were centrifuged at 15,000
g for 15 min, and the concentrations of 6-MP in the supernatants were analyzed by HPLC to calculate the apparent
permeability coefficient (Papp) and efflux ratio (ER).*®

We also investigated the effect of MRP4 transporter on the bidirectional transport of 6-MPNs. The Caco-2
monolayers were preincubated with indomethacin for 0.5 h at 37°C to inhibit MRP4 transporter. After that,
6-MPNs or 6-MPCs containing 30 uM indomethacin were added to the AP sides or the BL sides as the supplier
compartments. Three transwell inserts were used for each treatment in parallel. Other processes were the same as
described above.

The Effect of 6-MPNs on Tight Junction Protein (ZO-1) Expression

Immunofluorescence Staining

The expression of tight junction protein (ZO-1) in Caco-2 monolayers was assessed by immunofluorescence staining.?’
The donor chambers in each transwell were added with 100 UM 6-MPNs or 6-MPCs and the lower chambers were filled
with 1.5 mL of PBS, which was then incubated at 37°C for 2 h. The media were discarded, and the cell monolayers were
washed three times with PBS. After immobilization with 4% paraformaldehyde for 15 min, the cell monolayers were
permeabilized with 0.1% Triton X-100 for 15 min and blocked with 5% goat serum at 37°C for 60 min to eliminate
nonspecific staining. The cells were incubated overnight at 4°C with the primary antibody of ZO-1. The next day, the
cells were incubated with the secondary antibody at 37°C for 60 min. The cell nuclei were stained with Hoechst for 15
min. The staining was observed by a laser confocal microscope.

Western Blot Analysis

Caco-2 cell monolayers were treated with 6-MPNs or 6-MPCs in the same procedures as described in immunofluores-
cence staining. The cell suspensions were gently scraped into EP tubes and centrifuged at 6000 g for 5 min at 4°C. The
lower cells were lysed on ice for 0.5 h in a RIPA buffer containing 1% PMSF, and the total protein contents were
detected using BCA Protein assay kit. The proteins and markers were initially subjected to sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) in 4% stacking gel at 80 V for 15 min and then separated using SDS-
PAGE in 7.5% separating gel at 120 V for 1.5 h. The separated proteins were transferred to polyvinylidene fluoride
(PVDF) membranes and blocked with 5% skim milk for 1 h at room temperature. The membranes were incubated with
Z0-1 antibody overnight at 4°C followed by secondary antibody in the dark for 1 h. After washing twice with PBST, the
signals were analyzed using Odyssey CLx imager (Gene Company Limited). The images were analyzed by Image J. The
relative amounts of protein were normalized to tubulin.?’
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Uptake and Transport Mechanism Analysis in the FAE Monolayers
Uptake Characteristics and Transport Mechanism of 6-MPNs
FAE monolayers were grown under transport experimental conditions (details in Supplementary Materials). *® The transwell

chambers were transferred to clean 12-well plates. The different concentrations of 6-MPNs or 6-MPCs were added to the AP
insert compartments and incubated at 37°C for 2 h. The upper chambers of FAE monolayers were treated with 200 pM
6-MPNs or 6-MPCs and cultured at 37°C for 0.5 h, 2 h, and 4 h, respectively. The FAE monolayers were pre-incubated for 1
h at 4°C or 37°C, respectively. Then, AP sides of FAE monolayers were added with 200 uM 6-MPNs or 6-MPCs and
cultured at the corresponding temperature for 2 h. After incubation, the media in the upper and lower chambers were
discarded. The cell monolayers were rinsed three times with cold PBS to complete the uptake and lysed with RIPA Lysis
buffer containing 1% PMSF for 0.5 h on ice. The obtained cell suspensions were sonicated and centrifuged at 12,000 g for 15
min. The supernatants were collected and their protein contents were determined by BCA assay. The concentrations of 6-MP
in the lysates were determined by HPLC. All concentrations were normalized to the total protein content per well.

The incubation experiments described above were repeated to evaluate the cumulative transport of 6-MPNs in FAE
monolayers. At different incubation times (0.5, 1, 1.5, 2 and 4 h), 100 uL samples were taken from the BL sides and
supplied with equal volumes of PBS at different times. The concentrations of 6-MP were detected by HPLC.

Comparison of Cumulative Transport in the Caco-2 Monolayers and FAE Monolayers

Caco-2 monolayers and FAE monolayers were cultured according to the methods as previously described. 200 pM
6-MPNs or 6-MPCs were added to the upper chambers of Caco-2 monolayers and FAE cell monolayers and incubated at
37°C for 2 h. Samples were taken from the lower chambers at different times, while equal volumes of PBS were added.
The cumulative transport of 6-MPNs and 6-MPCs was calculated in both cell monolayer models.

Absorption of 6-MPNs in the Intestinal Peyer’s Patches

Absorption experiments of intestinal Peyer’s patches (PPs) were carried out using Sprague-Dawley (SD) rats. The SD
rats were administrated with 6-MPNs and 6-MPCs by gavage at a dose of 15.75 mg/kg. After 0.5 h, the rats were
sacrificed to take the proximal and distal portions of Peyer’s patches and the adjacent Peyer’s patch-free intestinal
tissues.”” The removed intestinal tissues were prepared into 10% homogenates, and the concentrations of 6-MP were
analyzed by HPLC-MS/MS.

Statistical Analysis
All data were reported as the mean + SD and the data were analyzed using GraphPad Prism 7.0. Prism software was also
used for the unpaired #-test and P values <0.05 were considered significant.

Results and Discussion

Preparation and Characterization of 6-MPNs
6-MPNs were successfully constructed by a double emulsion solvent evaporation method. The recently reported

*! silica,? magnetic materials,’”

nanomedicines are prepared with polymers,*® metal vector, etc. Preparations of these
nanoparticles require complicated experimental procedures and involve safety concerns caused by crosslinkers, surfac-
tants or organic solvents. However, there are limited reports on the 6-MP-loaded oral nanomedicines. Herein, we
developed the 6-MPNs with a relatively simple and safe strategy. The obtained 6-MPNs had the superiority for good
physicochemical properties, high encapsulation efficiency and exhibited good practical application prospect.

The morphologies of 6-MPNs were observed by TEM. As indicated in Figure 1A, 6-MPNs were uniform spherical in
shape. The particle size determined by DLS was 142.56 + 1.34 nm, with low polydispersity index (PDI) of 0.135 + 0.011.
The surface charge of 6-MPNs was slightly negative of —1.0 mV. We also evaluated the stability of 6-MPNs in different
media. Figure S1 shows that the particle size of 6-MPNs could be maintained in a proper range within 48 h in DMEM
media and DMEM with 10% FBS media. The results demonstrated that 6-MPNs had sufficient stability to use in the
following cellular uptake and transport experiments because the studies were all less than 48 h long. In General, 6-MPNs

had appropriate physicochemical properties and dispersion stability.
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Figure | Characterization of 6-MPNs in vitro and in vivo. The morphology of 6-MPNs measured by Transmission Electron Microscope (TEM) (A). (B) In vitro release of
6-MP from 6-MPNs and 6-MPCs in PBS containing 0.02% Tween 20. (C) In vivo plasma concentrations (ng/mL) of 6-MP vs Time (h) profiles after a single oral administration
of 6-MPNs or 6-MPCs in SD rats.

Figure 1B shows that 6-MPCs were gradually released to 98.77 + 2.84% within 10 h. In contrast, the cumulative
release of 6-MPNs could achieve 63.64 + 3.95% in 2 h. The remaining 6-MPNs were released constantly and slowly,
finally reaching cumulative release of 86.26 = 4.70% within 24 h. The results exhibited that 6-MPNs had biphasic
release profile with an initial burst release followed by a continuous release. A part of free 6-MP adsorbed on the surfaces
of 6-MPNs could be released rapidly, while the drug entrapped within nanomedicines showed a sustained release.>

Pharmacokinetic Studies

We further confirmed that 6-MPNs were able to improve the peak concentration (C,,.¢) and the area under the curve (AUC) of
6-MP in SD rats.® The Cpnax (128.10 ng/mL) and AUC (147.3 + 42.89 ug/L-h) of 6-MP in the 6-MPNs group were significantly
higher than the C,.x (44.03 ng/mL) and AUC (70.31 £ 18.24 pg/L-h) of 6-MP in the 6-MPCs group (Figure 1C). There was little
difference in the half-life (t1/2) of 6-MP between the 6-MPNs and 6-MPCs groups (1.25+0.33 hand 1.27 £0.39 h, respectively).
The Tpax of 6-MPNs group (0.81 & 0.53 h) was shorter than that of 6-MPCs group (1.50 £ 0.56 h). The elimination rate of
6-MPNs group and 6-MPCS group were 42.51 +£4.00 L/h and 99.12 + 16.96 L/h, respectively (P = 0.0058). The mean residence
time (MRT) (5.33 + 0.20 h) of 6-MP in the 6-MPNs group was significantly higher than the MRT (4.22 + 0.34 h) of 6-MP in the
6-MPCs group (P =0.0129). One could attribute this to the facts that 6-MPNs exhibited the biphasic release characteristics. The
initially rapid release of nanomedicines is conducive to achieving effective blood concentrations, while the sustained release
helps extend the retention time in vivo.>* Nanomedicines could also promote intestinal absorption to increase oral
bioavailability.”> The explanations for the improved oral bioavailability of 6-MPNs were further illustrated in the following
analysis.

The Endocytosis Mechanism of 6-MPNs in Caco-2 Cells

Cytotoxicity Analysis of 6-MPNs

We used Caco-2 cells as a cell model to elucidate the endocytosis and transmembrane trafficking mechanism of 6-MPNs.
The effect of 6-MPNs on Caco-2 cellular activity was analyzed by CCK-8 assay. We discovered that the survival rate of
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Caco-2 cells was greater than 90% after treatment with different concentrations of 6-MPNs and 6-MPCs for 4
h (Figure 2A). The results indicated that 6-MPNs in the concentrations of 5 pM - 400 pM would not significantly affect
the activity of Caco-2 cells in subsequent experiments.

Effects of Different Factors on Cellular Uptake

In order to assay the uptake particularity of 6-MPNs, we determined the concentrations of 6-MP in Caco-2 cells at
different incubation factors. As displayed in Figure 2B-D, the uptake of 6-MP was gradually enhanced with increase in
time, concentration and temperature. Significantly, the cellular uptake of 6-MPNs was greater than that of 6-MPCs at
each time point (Figure 2B). The improved uptake of 6-MPNs was the most pronounced at 2 h, so 2 h was chosen as the
incubation time for subsequent uptake experiments. The cellular uptake of 6-MPNs was obviously higher than that of
6-MPCs at 100 pM and 200 uM (Figure 2C). However, there was no significant difference in the uptake between
6-MPNs and 6-MPCs at 400 uM, possibly due to the saturated uptake of 6-MPNs. The assimilation of the 6-MPNs was
higher than that of 6-MPCs at 4°C and 37°C. The uptake of the 6-MPNs at 4°C was lower than that at 37°C, while there
was no significant difference in the uptake of the 6-MPCs at 4°C and 37°C (Figure 2D). The results indicated that the
endocytosis of nanomedicines was obviously energy-dependent active transport process, but the uptake of free drugs
might be a passive transport process.”> Overall, 6-MPNs significantly increased the uptake of 6-MP in a time-,
concentration- and energy-dependent manner. This might be an explanation that 6-MPNs improved the oral bioavail-
ability of 6-MP.

Endocytosis Mechanism
The endocytosis pathways of 6-MPNs were investigated with various pathway inhibitors. The dosage and function of
different inhibitors were displayed in Table S1. Caco-2 cells were incubated with the inhibitors for 4 h to analyze the
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Figure 2 Uptake mechanisms study of 6-MPNs in Caco-2 cells. (A) Cytotoxicity analysis of Caco-2 cells incubated with 6-MPNs for 4 h by the Cell Counting Kit-8 (CCK-8)
method. (B) The effects of time on the uptake of 6-MPNs by Caco-2 cells (*P value < 0.05, **P value < 0.01). (C) The effects of concentration on the uptake of 6-MPNs by
Caco-2 cells (*P value < 0.05). (D) Analysis of energy dependence of endocytosis of 6-MPNs in Caco-2 cells (*P value < 0.05).
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cytotoxicity. Our results showed that the viability of Caco-2 cells was greater than 90%, indicating that inhibitors did not
significantly affect the activity of Caco-2 cells under the experimental conditions (Figure S2).

After intervention with endocytosis inhibitors, 6-MPNs were co-cultured with cells for 0.5 h and intracellular 6-MP was
measured with HPLC. As shown in Figure 3A, MBCD, Dynasore and EIPA obviously reduced the internalization of 6-MPNS,
while Cyt D, Genistein and CPZ had less influence on the uptake level. MBCD can deplete cholesterol on membranes of cells
to inhibit caveolin/lipid raft-dependent endocytosis.*® Dynasore can block clathrin and caveolin mediated endocytosis
pathways.>” CPZ is an inhibitor of clathrin mediated endocytosis,”® which had less effect on the uptake of 6-MPNs. The
results indicated that the endocytosis of 6-MPNs was related to caveolin and caveolin/lipid raft. Furthermore, EIPA could
significantly attenuate the intracellular content of 6-MP by blocking Na'/H" exchange on the cell membrane to inhibit
micropinocytosis.>® Conversely, Cyt D had little effect on endocytosis of 6-MPNs by disrupting actin polymerization to
prevent micropinocytosis.*’ The result suggested that the entry of 6-MPNs had poorly correlated with actin-mediated
micropinocytosis. Genistein is an inhibitor of tyrosine-specific protein kinases (PTK) and inhibited the expression of
caveolin-1 (cav-1).*! The uptake of 6-MPNs showed no significant difference after intervening with Genistein.

We report cellular endocytosis pathways of nanomedicines including clathrin-dependent endocytosis, caveolin-
dependent endocytosis, clathrin- and caveolin-independent endocytosis, phagocytosis and micropinocytosis.® Different
nanomedicine exhibit different properties and have multiple endocytosis pathways or mechanisms. The cellular inter-
nalization pathways of nanomedicines are affected by multifaceted factors. The physicochemical properties of nanome-
dicines including size, shape, surface charge, composition and architecture, as well as the nature of drug itself, such as
molecular weight and solubility, are one of the most important elements.** However, there are few researches on the
uptake and transport mechanisms of purine analogue nanomedicines. Hence, it is critical to further understand and
explore the uptake mechanisms of 6-MPNs. Our findings indicated that the endocytosis of 6-MPNs were mainly
mediated by caveolae/lipid raft, caveolin and micropinocytosis, providing the basis for the design of efficient and

multifunctional nanomedicines.

Intracellular Trafficking Mechanism

When the uptake is constant, the content of intracellular 6-MP could reflect the exocytosis of 6-MPNs in some extent. We
utilized different transport inhibitors to intervene the transport of 6-MPNs, aiming to analyze the classical exocytosis-
related intracellular trafficking pathways. Brefeldin A (BFA), Monensin, Bafilomycin Al (Baf-A1l) and Nocodazole all
significantly enhanced the content of intracellular 6-MP (Figure 3B). BFA and Monensin are inhibitors of the endoplas-
mic reticulum-Golgi complex pathway. BFA can specifically inhibit the vesicle trafficking of 6-MPNs from endoplasmic
reticulum to Golgi apparatus.*> Monensin is able to block the transport of 6-MPNs from Golgi to plasma membrane by
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Figure 3 Endocytosis and transport mechanism analysis of 6-MPNs in Caco-2 cells. (A) The effect of different endocytosis inhibitors on the internalization of 6-MPNs in
Caco-2 cells (**P value < 0.01). (B) The effect of different intracellular transport inhibitors on the internalization of 6-MPNs in Caco-2 cells (**P value < 0.01, ***P value <
0.001, ****P value < 0.0001). (C) The effect of indomethacin on the transport of 6-MPNs in Caco-2 cells (*P value < 0.05, **P value < 0.01).
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disturbing the Golgi apparatus directly.** The Golgi apparatus plays an important role in the intracellular trafficking of
6-MPNss.

Furthermore, Baf-A1 is a canonical inhibitor of lysosomal acidification.*> The increase of intracellular 6-MP content
was attributed to late endosome-lysosome pathway mediated by Baf-A1. More 6-MPNs were involved in transmembrane
trafficking, rather than directly entering lysosomes for degradation. Nocodazole can disturb the function of microtubules
and promote the depolymerization of microtubules.*® There was a significant increase in intracellular 6-MP content after
nocodazole intervention, suggesting that microtubules were significantly associated with the trafficking of 6-MPNs in
cells. Hence, 6-MPNs were mainly transmitted from endoplasmic reticulum to Golgi apparatus after entering the cells,
and then to the plasma membrane. Lysosomes were involved in the late stage of transport, and microtubules were also
involved in 6-MPNs related transport.

After cellular internalization via endocytic pathways, nanomedicines could trigger intracellular trafficking. Membrane
vesicles are transported by cell’s cytoplasm and intracellular organelles.*” Similar to nanomedicine cellular uptake, the
intracellular trafficking patterns are also mainly dependent on the properties of nanomedicine and the drug itself. Our
findings revealed that the intracellular trafficking of 6-MPNs was affected by endoplasmic reticulum (ER)-Golgi
complexes, late endosome-lysosome and microtubules. A further profound understanding of 6-MPNs’ cellular uptake
and trafficking would provide valuable resources for the development of purine analogue nanomedicines.

The Effect of MRP4 Transporter on the Transport of 6-MPNs

Multi-drug resistance-associated protein 4 (MRP4) transporter is an organic anion transporter that transports nucleotide
analogs.”® MRR4 transporter expressed in gut of human and rats and also in the Caco-2 cells.*™® We selected
indomethacin as the inhibitor of MRP4 transporter to evaluate the effect of MRP4 transporter on the delivery of
6-MPNs.”" As shown in Figure 3C, we discovered that the intracellular accumulation of 6-MP increased when the
function of MRP4 transporter was attenuated by indomethacin. It has been reported that 6-MP was the substrates of the
MRP4 transporter, and the efflux of 6-MP was increased in 6-MP resistant cells, in which MRP4 transporter was
upregulated.'* Thus, the impeded cellular efflux of 6-MP leads to the intracellular accumulation of 6-MP after the
function of MRP4 transporter was attenuated. The intracellular accumulation of 6-MPNs was more than 6-MPCs after
incubated with Caco-2 cells in the presence of indomethacin, suggesting that MRP4 transporter had a significant
influence on the trafficking of 6-MPNs. A part of free 6-MP was gradually released from 6-MPNs, possibly due to the
increased uptake of 6-MPNs after incubation for 2 h. Overall, intracellular 6-MP for 6-MPNs might originate from
passive diffusion, transporter mediated molecular delivery and nanoparticles triggered vesicle transport.*

Bidirectional Transport Analysis of 6-MPNs on a Caco-2 Monolayer

Polarity Assessment of Caco-2 Monolayer

Alkaline phosphatase (ALP) is a marker enzyme of brush border cells in the small intestine, and ALP activity is an
important indicator for Caco-2 monolayer differentiation.’> Table S2, showed the ratio of ALP activity of AP side and
BL side in Caco—2 monolayer at different times. The ratio of ALP activity progressively increased over time. The value
was significantly higher on day 21 (5.36 = 0.24) than day 9 (3.53 + 0.46) and day 15 (2.40 + 0.09), which was consistent
with literature reports.”> ALP was mainly concentrated on the AP side of the Caco-2 monolayer on day 21. The results
revealed that the Caco-2 monolayer appeared distinctly differentiated with polar characteristics.*’

Bidirectional Transport Assay of 6-MPNs

The apparent permeability coefficient (Papp) value has been reported to be well related to the human absorption data
in vivo for many drugs.>* The Papp value was also used to evaluate the absorption rate of drugs.”> As shown in Table 1,
6-MPCs gave a Papp (AP-BL) value of 1.952 x 10® cm/s, which suggested that the malabsorption of 6-MPCs caused by
the low water solubility of 6-MP. It could be seen that the Papp (AP-BL) values of 6-MPNs and 6-MPCs were higher
than that of Papp (BL-AP), indicating that 6-MP in the monolayers was mainly transmitted from the AP side to the BL
side. Meanwhile, the Papp (AP-BL) value of 6-MPNs was significantly increased compared with 6-MPCs. It has been
speculated that 6-MPNs could improve the trafficking of 6-MP from the AP side to the BL side. The efflux rate (ER) of
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Table | Results of the Bidirectional Transport of 6-MPNs and the
Effects of Efflux Inhibitors on the Transport

Samples Papp (* 107¢) (cmls) ER
AP-BL BL-AP

6-MPCs 1.952 £ 0.051* | 0.313 £0.233 | 0.154 £ 0.113

6-MPNs 8.494 £ 1.447% | 0.196 £ 0.039 | 0.023 + 0.004

Indomethacin + 6-MPCs | 1.780 + 0.447 | 0.308 £ 0.116 | 0.138 + 0.042

Indomethacin + 6-MPNs | 2.800 + 0.963* | 0.249 + 0.050 | 0.112 + 0.046

Notes: each value represents the mean + SD (n = 3), * P value < 0.05, 6-MPNs vs 6-MPCs
or Indomethacin + 6-MPNs vs.6-MPNs.

Abbreviations: Papp, apparent permeability coefficient; ER, efflux ratio; AP-BL, from the
AP sides to the BL sides; BL-AP, from the BL sides to the AP sides.

6-MPNs was also lower than that of 6-MPCs, indicating that 6-MPNs may have the ability to reduce the efflux of 6-MP
and promote the absorption of 6-MP.*

MRP4 is one of the major transporters mediating 6-MP delivery and is distributed in the basolateral side of polarized
Caco-2 monolayers expressed in intestinal cells.’® We found that the Papp (AP-BL) value of 6-MPNss in the presence of
indomethacin was significantly lower than that in the absence of indomethacin, indicating that MRP4 inhibitor could
inhibit the efflux of 6-MPNs. When 6-MPNs entered the Caco-2 monolayers from AP side, free 6-MP would be partially
released from 6-MPNs, and could be excreted from the BL side via MRP4, resulting in the accumulation of the 6-MP on
the AP side of the monolayers.’® Therefore, 6-MP was made into nanoparticles with enhanced transmembrane trafficking
capacity and reduced efflux, thereby increasing intestinal absorption.

Effect of 6-MPNs on the Expression of ZO-|

The effect of 6-MPNs on the expression of ZO-1 was investigated by immunofluorescence. We observed that ZO-1 was
tightly connected into a network structure in the untreated control group (Figure 4A) and 6-MPCs group (Figure 4B). In
contrast, the distribution of ZO-1 in the 6-MPNs group was discontinuous (Figure 4C), and the fluorescence intensity
decreased. The results may be due to the electrostatic repulsion between the slightly negative charge 6-MPNs and the
negatively charged cell membrane. We inferred that 6-MPNs affected the expression of ZO-1, thereby enhancing
intestinal permeability and promoting the paracellular transport.

Additionally, the expression of ZO-1 in Caco-2 monolayers treated with 6-MPNs or 6-MPCs was detected by Western
blot. As displayed in Figure 5, the 6-MPCs group had little effect on the expression of ZO-1, while the 6-MPNs group
significantly decreased the expression of ZO-1, compared to the control group. Combined with the above immunofluor-
escence results, 6-MPNs could inhibit the expression of ZO-1, thereby promoting more drugs to enter the cells through

A Control B 6-MPNs

6-MPCs C

Figure 4 Immunofluorescence images of tight junction protein (ZO-1) in the untreated control group (A), 6-MPCs group (B) and 6-MPNs group (C), respectively (scale
bar: 5 um).
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Figure 5 Effects of 6-MPNs on the expression of tight junction protein (ZO-1) in Caco-2 monolayers detected by Western blot. (A) Representative immunoblot images
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paracellular transport pathway. The nanomedicines could increase the paracellular permeability in Caco-2 monolayers,
concomitantly to tight junction protein ZO-1 redistribution.?’”

Uptake and Trafficking Mechanism in the FAE Monolayers

Assessment of TEER of FAE Monolayers

M cells act as antigen-sampling cells of the intestinal innate immune system, which can constitute the follicle-associated
epithelium (FAE) in Peyer’s patches (PPs).” M cells have good transcytosis capabilities to transmit various materials,
such as bacteria, viruses, large molecules and particles from the intestinal lumen to immune cells of the underlying
lymphoid tissues.”® Several studies have reported that an in vitro model of FAE could be obtained by a co-culture of
Caco-2 cells and Raji B lymphocytes.”® The differentiation of M cells in the FAE model was evaluated by measuring the
TEER value. As shown in Figure S3, the TEER value of Caco-2 cells and Raji B cells co-cultured for 21 days was 224.41
+ 20.84 Q.cm?, which was approximately half of the TEER value of the Caco-2 monolayer. The TEER values of FAE
model were significantly reduced, indicating that Caco-2/Raji B co-culture could successfully differentiate M cells.*

Uptake Characteristics of 6-MPNs

We examined the uptake mechanism of 6-MPNs in FAE monolayers under different factors of concentrations, times and
temperatures. As exhibited in Figure 6A-C, the uptake contents of 6-MP in FAE monolayers increased gradually with
increasing concentration, time and temperature. Significantly, the uptake amounts of 6-MPNs were obviously higher than
that of 6-MPCs at 100 uM (Figure 6A). Meanwhile, the absorption of 6-MPNs was significantly enhanced compared with
6-MPCs at 0.5 h (Figure 6B). However, the cellular uptake between 6-MPNs and 6-MPCs had no significant difference at
4 h, probably due to the saturation of 6-MP uptake. Figure 6C displays the assimilation of 6-MPNs was better than that of
6-MPCs both at 4°C and 37°C, suggesting that the process might be an energy-consuming active transport.”’® Overall,
6-MPNs promoted the entry of 6-MP into M cells in a time-, concentration- and temperature-dependent manner, but the
process of uptake might reach saturation at 4 h. The specific endocytic mechanism of 6-MPNs in M cells would be
further studied in the future.

Transport Mechanism of 6-MPNs

In order to assess the transport characteristics of 6-MPNs in FAE monolayers, we investigated the effect of different
conditions on the cumulative trafficking content of 6-MP. As exhibited in Figure 6D-F, the content of 6-MP increased
with increasing concentration, time and temperature. The cumulative transport content of 6-MPNs was evidently higher
than that of 6-MPCs (Figure 6D), especially at the concentrations of 200 uM and 400 uM. The cumulative transport of
6-MPNs also significantly improved compared with 6-MPCs at the time of 0.5 h and 2 h. However, the trafficking of
6-MPNs and 6-MPCs had no significant difference at 4 h (Figure 6E), indicating that the delivery of 6-MP in the FAE
monolayers had become saturated. The cumulative transport of 6-MPNs was significantly higher than that of 6-MPCs at
both 4°C and 37°C (Figure 6F). The results showed that 6-MPNs enhanced the uptake and transport of 6-MP in M cells.
Therefore, 6-MPNs could be absorbed by M cells of Peyer’s patches, which improved the passive lymphatic targeting
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Figure 6 (A) Relationship between uptake amounts of 6-MPNs and concentration (*P value < 0.05). (B) Relationship between uptake amounts of 6-MPNs and time (*P value
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P value < 0.0001). (E) Relationship between cumulative transport of 6-MP and time (**P value < 0.01). (F) Relationship between cumulative transport of 6-MP and
temperature (*P value < 0.05, **P value < 0.01).

and subsequently increased the systemic drug delivery.” Additionally, we compared the cumulative transport content of
6-MPNs between the FAE monolayers and Caco-2 monolayers. The results illustrated that the cumulative transport
amount of 6-MPNs in FAE monolayers was higher than that in Caco-2 monolayers (see Figure 7A), indicating that
M cells significantly enhanced the trafficking of 6-MPNs compared to the intestinal epithelial cells.

Uptake of 6-MPNs in the Peyer’s Patches in vivo

We investigated the uptake of 6-MPNs in the PPs of rats to further demonstrate the enhanced absorption of nanomedi-
cines through M cells. Figure 7B presents the concentrations of 6-MP in the PPs and the adjacent small intestinal tissue
without the PPs. We discovered that the 6-MP concentration for 6-MPNs (46.2 + 14.73 pg/mL) in the PPs was
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Figure 7 (A) The cumulative transport of 6-MP on follicle associated epithelium (FAE) monolayers and Caco-2 monolayers at 2 h, respectively (*P value < 0.05). (B)
Absorption of 6-MPNs in Peyer’s patch and Peyer’s patch-free small intestine (*P value < 0.05).
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significantly more than the 6-MP concentration for 6-MPCs (5.52 £ 5.73 pug/mL). The results showed that the absorption
of 6-MPNs through the PPs significantly increased. Interestingly, the concentrations of 6-MP in the PPs were also higher
than that in the adjacent small intestine. Whereas the number and surface area of PPs in the intestinal tract of rats are
small, the absorption of 6-MP would be mainly through small intestinal mucosal epithelial cells.

Conclusions

In this study, the superiority of 6-MPNs in cell uptake, transmembrane trafficking and bioavailability improvement was
verified. The comprehensive uptake and transport mechanisms of 6-MPNs through Caco-2 cells, polarized Caco-2
monolayers and FAE monolayers were clarified. The uptake of 6-MPNs in Caco-2 cells was a time-, concentration-
and energy-dependent pathway. 6-MPNs entered cells through caveolae/lipid raft, caveolin or micropinocytosis mediated
endocytosis, which was a nanomedicines-triggered vesicle transport process. The internalized 6-MPNs underwent
a vesicle-mediated transmembrane trafficking through the ER-Golgi complex pathway, late endosome-lysosome pathway
and microtubule pathway. With the prolonged incubation time, 6-MP would be gradually released from the nanomedi-
cines. Thus, the efflux of 6-MP was significantly inhibited by the inhibitor of MRP4 transporter. The Papp (AP-BL) value
of 6-MPNs was increased and the efflux rate of 6-MPNs decreased in Caco-2 monolayers. After the incubation with the
inhibitor of MRP4 transporter, the Papp (AP-BL) value of 6-MPNs was significantly reduced. Additionally, 6-MPNs
promoted the paracellular transport, thereby increasing the absorption of 6-MP. The uptake and trafficking of 6-MPNs in
FAE monolayers were concentration- and energy-dependent, while reaching saturation with time. In vivo, the absorption
of 6-MPNs increased by the PPs in the gut, further confirming the superiority of 6-MPNs in enhancing oral bioavail-
ability. Overall, the transmembrane uptake and transport of 6-MPNs are increased in different epithelial cell models and
in the gut of rats. These findings may shed light on the oral absorption mechanisms of PLGA nanomedicines.
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