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Purpose: Reducing the first-pass hepatic effect via intestinal lymphatic transport is an effective way to increase the oral absorption of
drugs. 2-Monoacylglycerol (2-MAG) as a primary digestive product of dietary lipids triglyceride, can be assembled in chylomicrons
and then transported from the intestine into the lymphatic system. Herein, we propose a biomimetic strategy and report a 2-MAG
mimetic nanocarrier to target the intestinal lymphatic system via the lipid absorption pathway and improve oral bioavailability.
Methods: The 2-MAG mimetic liposomes were designed by covalently bonding serinol (SER) on the surface of liposomes named
SER-LPs to simulate the structure of 2-MAG. Dihydroartemisinin (DHA) was chosen as the model drug because of its disadvantages
such as poor solubility and high first-pass effect. The endocytosis and exocytosis mechanisms were investigated in Caco-2 cells and
Caco-2 cell monolayers. The capacity of intestinal lymphatic transport was evaluated by ex vivo biodistribution and in vivo
pharmacokinetic experiments.

Results: DHA loaded SER-LPs (SER-LPs-DHA) had a particle size of 70 nm and a desirable entrapment efficiency of 93%. SER-LPs
showed sustained release for DHA in the simulated gastrointestinal environment. In vitro cell studies demonstrated that the cellular
uptake of SER-LPs primarily relied on the caveolae- rather than clathrin-mediated endocytosis pathway and preferred to integrate into
the chylomicron assembly process through the endoplasmic reticulum/Golgi apparatus route. After oral administration, SER-LPs
efficiently promoted drug accumulation in mesenteric lymphatic nodes. The oral bioavailability of DHA from SER-LPs was 10.40-fold
and 1.17-fold larger than that of free DHA and unmodified liposomes at the same dose, respectively.

Conclusion: SER-LPs improved oral bioavailability through efficient intestinal lymphatic transport. These findings of the current
study provide a good alternative strategy for oral delivery of drugs with high first-pass hepatic metabolism.

Keywords: intestinal lymphatic transport, biomimetic liposomes, first-pass hepatic metabolism, oral delivery, dihydroartemisinin

Introduction

Oral delivery is the most common and acceptable administration for patients and thus has a high market share.' > However,
a majority of oral drugs show low bioavailability due to their low solubility in gastrointestinal (GI) fluids, degradation by strong
acids and enzymes in the GI tract, poor absorption by intestinal epithelial cells, and first-pass hepatic metabolism.*” A typical
example is dihydroartemisinin (DHA), the first-line drug used for the treatment of malaria in the clinic.® Recently, numerous
literature reports have emerged that DHA possesses the potential to become a new generation of drugs for treating systemic lupus
erythematosus.” '! In addition to its prominent antimalarial and immunoregulatory effects, DHA has been reported to have
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Graphical Abstract
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effective anticancer activity.''® However, concerning the oral administration of DHA, there remains a critical challenge in the
low oral bioavailability due to the reasons of poor water solubility and extremely high first-pass effect.!” "

It is widely known that oral drugs can be transported in systemic circulation by either the portal vein or the intestinal
lymphatic system. After transport across the enterocyte, the majority of drugs (including DHA) prefer to enter the liver
via the hepatic portal vein pathway and are then metabolized and inactivated by hepatic microsomal enzymes.?>*' Such
a serious first-pass hepatic metabolism is certain to lower drug concentrations in the systemic circulation. Some highly
lipophilic drugs are known to be transported to the bloodstream via the intestinal lymphatic pathway, which can
completely bypass the liver.”?>* Thus, enhancing the intestinal lymphatic transport of DHA is undoubtedly an effective
way to reduce its first-pass hepatic metabolism.

In the daily diet, dietary lipids such as triglyceride (TG) are primarily transported into the intestinal lymphatic
system.?® In the GI tract, dietary TG is emulsified into droplets and then hydrolyzed by lipase to 2-monoacylglycerol
(2-MAG) and fatty acids.””** After being absorbed into intestinal cells, 2-MAG and fatty acids re-esterify into TG, bond
with apolipoprotein B-48 (Apo B-48) to assemble in chylomicrons (CM), and then secret into the intestinal lymphatic
vessels and circulate throughout the body.?*° This means that it is feasible for drugs to utilize lipid absorption pathways
by participating in the assembly process of CM to target the lymphatic system. To increase intestinal lymphatic transport,
the coadministration of drugs with lipid-based formulations including liposomes,®' self-micro emulsifying drug delivery

systems,”> >* solid lipid nanoparticles,’~° nanostructured lipid carriers,’” and micro/nano emulsions,’®> is perhaps the
most studied and successful approach. In recent years, researchers have found that harnessing biomimetic nanocarriers to
simulate the structure of key components (such as TG and CM) in lipid absorption pathways could be effectively

transported into the intestinal lymphatic system.?'**> Compared with conventional lipid-based formulations, biomimetic
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nanocarriers not only promote the oral bioavailability of the encapsulated drugs by avoiding first-pass hepatic metabo-
lism, but also accumulate drugs in lymph and mesenteric lymphatic nodes (MLNs) for the treatment of lymphatic system-
related diseases.*'"**

Notably, it is difficult for TG to be directly absorbed in the GI tract after oral administration. TG is first digested into
2-MAG and fatty acids, and then the obtained products, together with bile salts and phospholipids, are efficiently taken up by
enterocytes.”>"** Therefore, compared to TG, utilizing 2-MAG as a targeted mimetic molecule for lipid absorption pathways is
more promising. In this study, 2-MAG mimetic liposomes are designed to promote intestinal lymphatic transport of DHA for
high oral bioavailability. To seek a similar structure with 2-MAG, serinol (SER) is covalently bonded on the surface of
liposomes. As shown in Figure 1, the 2-MAG mimetic superficially modified liposomes named as SER-LPs will show distinct
advantages for oral delivery of DHA: (i) liposomal encapsulation can improve the stability and solubility of DHA in the GI
tract before absorption by enterocytes; (ii) SER-LPs are expected to perform similarly to 2-MAG, participating in the synthesis
process of CM, and successively assembling into TG-LPs and CM-LPs. Subsequently, CM-LPs are secreted out of cells,
transported into the lymphatic system, and directly to the systemic circulation, avoiding the first-pass effect in the liver and
improving the oral bioavailability of DHA.
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Figure | Schematic illustration of the construction process of CM-LPs-DHA and the lymphatic transport process of SER-LPs-DHA in enterocytes.
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Materials and Methods

Materials

Lipoid E80 (egg yolk phospholipids with 80% phosphatidylcholine) was purchased from Lipoid GmbH (Ludwigshafen,
Germany). Cholesterol was purchased from Avanti Polar Lipids, Inc. (Shanghai, China). 1,2-Dioleoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy poly(ethylene glycol)2000](DSPE-mPEG,) and 1,2-Dioleoyl-sn-glycero-3-phosphoethano-
lamine-N-[poly(ethylene glycol)2000]- hydroxy succinimide (DSPE-PEG;0o-NHS) were purchased from Ponsure
Biological Co., Ltd. (Shanghai, China). Dihydroartemisinin (DHA) was purchased from Huali Wulingshan Pharmaceutical
Co., Ltd. (Chongqing, China). Cycloheximide (CHX, 95%) and 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindotricarbocyaine
iodide (DiR) were purchased from Aladdin (Shanghai, China). Methyl-B-cyclodextrin (M-B-CD) and chlorpromazine
hydrochloride (CPZ) were purchased from Macklin (Shanghai, China). Fetal bovine serum (FBS) was purchased from
Cellmax (Beijing, China). Phosphate buffer saline (PBS), 4% paraformaldehyde, lomitapide, and penicillin/streptomycin
solution were obtained from Meilun Bio Company (Dalian, China). 4’,6-Diamidino-2-phenylindole dihydrochloride (DAPI),
Hanks’ balanced salt solution (with Ca®" & Mg**, HBSS) and Dulbecco’s modified Eagle’s medium (DMEM) were acquired
from Boster Bio Company (Wuhan, China). Trypsin-EDTA (0.25%), pure methanol, and acetonitrile for chromatography
were obtained from Thermo Fisher Scientific (Waltham, MA, USA). 1,1’-Dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine
perchlorate (Dil), ER-Tracker Green, Lyso-Tracker-Green, Golgi-Tracker-Green were acquired from Beyotime
Biotechnology (Shanghai, China). Bafilomycin Al, ethylisopropylamiloride (EIPA), brefeldin A, monensin sodium salt,
dynasore, and Cell Counting Kit-8 (CCK-8) were acquired from MedChemExpress (New Jersey, USA). All other analytical
reagents were commercially obtained in analytical grade or better.

Cells

Human colon carcinoma cells (Caco-2 cells) were purchased from the American Type Culture Collection (ATCC). Caco-
2 cells were grown in complete high-glucose Dulbecco’s Modified Eagle’s Medium (DMEM) containing 20% (v/v) fetal
bovine serum (FBS), 1% (v/v) nonessential amino acids (NEAA), 1% (v/v) L-glutamine, 1% penicillin, and streptomycin
(P/S). The cells were cultured at 37°C in a humidified 5% CO, incubator.

Animals

Institute for Cancer Research (ICR) male mice (20 = 2 g) and Sprague-Dawley (SD) male rats (200 £ 20 g) were
provided by the Experimental Animal Center of Shanxi Medical University (Taiyuan, China). All mice and rats were
housed at a temperature of 25 + 2°C under a 12 h light/dark cycle with free access to water and food for 1 week before
the experiment. The experimental protocol was approved by the Institutional Animal Care and Use Committee of Shanxi
Medical University (license No. SCXK (Jin) 2019—0007) and performed under the Guidelines for Ethical Review of
Laboratory Animal Welfare of China (GB/T 35892-2018). Before the experiments, the ICR mice and SD rats were fasted
for over 12 h and had free access to water.

Synthesis of DSPE-PEG,000-SER

DSPE-PEG;0o-SER was synthesized by the amide reaction between the succinimidyl ester of DSPE-PEG»0o-NHS and
the amino of SER. Briefly, 580.0 mg of DSPE-PEG;(0o-NHS (0.2 mmol) was dissolved in 10 mL of chloroform. SER
(20.0 mg, 0.22 mmol) was dissolved in 1 mL dimethyl sulfoxide. Then, the SER solution and 56 pL triethylamine (0.4
mmol) were added dropwise into the DSPE-PEG,p0o-NHS solution at 40°C under magnetic stirring and nitrogen
protection for 6 h. After the reaction, the reaction solution was washed thrice with distilled water and evaporated by
reducing the pressure for solvent removal. Finally, the product was precipitated with cold ether, filtered, collected, and
dried under vacuum to obtain purified DSPE-PEG;(oo-SER. The structure of DSPE-PEG,00-SER was confirmed by
"H NMR and FT-IR.
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Preparation of DHA-Loaded Liposomes

DHA-loaded liposomes (LPs-DHA) were manufactured by using the ethanol injection method. In brief, to prepare SER-
modified LPs-DHA (SER-LPs-DHA), 10 mg of Lipoid E80, 2 mg of cholesterol, 2 mg of DSPE-PEG;(o-SER, and 3 mg
of DHA were dissolved in 0.5 mL of anhydrous ethanol and ultrasonicated for 10 min to obtain lipid solution; then, the
resulting lipid solution was added dropwise into 5 mL of distilled water under stirring (1000 rpm). The mixture was
continuously stirred at 55°C for 1 h and then evaporated by reducing the pressure to remove the residual ethanol. To
prepare PEG-modified LPs-DHA (PEG-LPs-DHA), 2 mg of DSPE-PEG;¢00-SER was replaced by 1.9 mg of DSPE-
mPEG;(go under the same conditions.

In addition, SER-LPs and PEG-LPs were also prepared as described above without adding DHA. For the preparation
of fluorescence-labeled LPs (Dil-LPs and DiR-LPs) used in animal experiments, the hydrophobic fluorescent dye Dil or
DiR (8% w/w) was blended with Lipoid E80 and cholesterol in lipid solution. In cell experiments, Dil (1% w/w) was
added to the lipid solution. The prepared liposomes mentioned above were stored at 4°C.

Characterization

The particle size and zeta potential of LPs-DHA were determined by a dynamic light scattering analyzer (Zetasizer Nano
ZS, Malvern, UK). The morphological features of LPs-DHA were investigated by transmission electron microscopy
(TEM) (JEM-1200EX, JEOL, Japan). The samples were pretreated with negative staining using uranyl acetate on
a copper grid. The low-speed centrifugation method (10,000 rpm, 10 min) was used to separate LPs-DHA and non-
entrapped DHA. 50 puL of supernatant were taken and dissolved in 800 pL of anhydrous ethanol. The concentration of
DHA in the supernatant was measured by the UV-Vis spectrophotometric method. The entrapment efficiency (EE) and
the drug loading capacity (DL) of LPs-DHA were calculated using equations (1) and (2), respectively:

EE (%) = Wg/W1x 100 (1)

where Wt was the weight of DHA added in the preparation process, and Wg was the weight of DHA entrapped in LPs-
DHA, which was derived from the supernatant of LPs-DHA after centrifugation at 10,000 rpm for 10 min.**

DL (%) = Wg/Wyx 100 )

where Wi was the weight of DHA entrapped in LPs-DHA, and W was the total weight of LPs-DHA.

Storage and Medium Stability Study

The storage stability of LPs-DHA was evaluated by measuring the changes in EE and particle size for up to 28 days at
4°C. To test the stability of LPs in the gastrointestinal tract in vitro, freshly prepared LPs-DHA were dispersed in
simulated gastric fluid (SGF, pH 1.2), simulated intestinal fluid (SIF, pH 6.8), or phosphate buffer saline (PBS, pH 7.4).
These suspensions were incubated at 37 + 0.5°C and shaken at 150 rpm. At predetermined time points (0, 1, 2, and 4 h),
the particle size of LPs-DHA in SGF and PBS was measured as described above. For the stability of LPs-DHA in SIF,
the particle size was measured at 0, 8, 16, and 24 h.

In vitro Release Assay

An in vitro release assay was carried out by a dynamic dialysis method in a gas bath constant temperature oscillator
(SHA-BA, Jintan Ronghua Instrument Manufacture Co., Ltd., Jiangsu, China) to evaluate the release behavior of DHA
from LPs. Two milliliters of LPs-DHA or control drug solution (DHA highly dispersed in 0.5% w/v carboxymethyl
cellulose sodium aqueous solution) were placed in a dialysis bag (MW cut-off 8—14 kDa).** To mimic the situation of
LPs-DHA in the gastrointestinal environment, LPs-DHA were first incubated in 20 mL of SGF for 2 h, and then
incubated in 20 mL of SIF for another 22 h at 37 & 0.5°C and shaken at 150 rpm. An aliquot of 0.3 mL release medium
was withdrawn at fixed time points (0.5, 1, 2, 3, 4, 6, 8, 12, and 24 h), and an equal volume of fresh release medium was
replenished.*® The concentration of DHA in the release medium was measured by the UV—Vis spectrophotometric
method.
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Cytotoxicity Study

The cytotoxicity of LPs was evaluated by a cell counting kit-8 (CCK-8) assay. Caco-2 cells were seeded at a density of
1.0 x 10* cells/well into a 96-well plate. After 72 h of culture, cells were incubated with PEG-LPs or SER-LPs at various
concentrations of Lipoid E80 (0.01, 0.04, 0.08, 0.12, 0.16, and 0.20 mg/mL) at 37°C for 24 h. Then, 10 uL. CCK-8
solutions were added and incubated for 2 h. The absorbance values were measured at 450 nm by a plate reader
(Varioskan Flash, Thermo Scientific, USA). All the experiments were performed in sextuplicate. Cell viability was
calculated using the following equation (3):

Cell viability (%) = [(Ar—Ag)/(Ay—Ag)] x 100 (3)

where Ar, Ay, and Ag were the absorbance of the incubated groups, the unincubated cells, and the blank medium,
respectively.

Cellular Uptake Study

The cellular uptake of LPs was quantitatively and qualitatively examined by flow cytometry (FCM) and confocal laser
scanning microscopy (CLSM), respectively. For FCM, Caco-2 cells were seeded at a density of 1.0 x 10° cells/well into 24-
well plates. After 72 h of culture, the cells were incubated with Dil-PEG-LPs or Dil-SER-LPs (corresponding to 0.20 mg/mL
Lipoid E80) at 37°C for 1, 2, 4, and 6 h. Cells treated with only high-glucose DMEM were used as a negative control. At the
end of the incubation period, the cells were washed thrice with cold phosphate buffer saline (PBS) (pH 7.4), trypsinized,
collected, and fixed with 4% paraformaldehyde. The fluorescence intensity in the cells was analyzed by FCM (FACSCelesta,
BD Biosciences, San Jose, CA, USA).

To investigate the effect of energy on the internalization of LPs in Caco-2 cells, the cells were maintained at 4°C for 1
h or pretreated with 0.6 mg/mL sodium azide at 37°C for 1 h. Then, the cells were incubated with Dil-PEG-LPs or Dil-
SER-LPs for another 4 h under the original conditions. After incubation, the fluorescence intensity in the cells was
analyzed by FCM as described above.

For CLSM, Caco-2 cells were seeded at a density of 2.0 x 10° cells/well into glass-bottomed 20-mm cell culture
dishes. After 72 h of culture, the cells were incubated with Dil-PEG-LPs or Dil-SER-LPs (corresponding to 0.20 mg/mL
Lipoid E80) at 37°C for 4 h. Then, the cells were washed thrice with cold PBS (pH 7.4) and fixed with 4%
paraformaldehyde. The cell nuclei were stained with 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI). The cells
were washed with PBS (pH 7.4) and observed by CLSM (FV3000, Olympus, Japan).

Endocytosis and Exocytosis Pathways in Caco-2 Cells

To explore the endocytosis pathway of LPs, Caco-2 cells were preincubated with different endocytosis inhibitors, including
chlorpromazine hydrochloride (CPZ) (30 uM), sucrose (200 mM), methyl-B-cyclodextrin (MBCD) (10 mM), dynasore (80
uM), and ethylisopropylamiloride (EIPA) (100 uM) at 37°C for 1 h. Then, the cells were incubated with Dil-PEG-LPs or Dil-
SER-LPs for another 4 h. During the incubation period of LPs, the concentrations of endocytosis inhibitors were maintained
constant. After co-incubation, the cells were washed thrice with cold PBS (pH 7.4), trypsinized, collected, and fixed with 4%
paraformaldehyde. The fluorescence intensity in the cells was analyzed by FCM.

For the transport pathway of LPs, Caco-2 cells were incubated with Dil-PEG-LPs or Dil-SER-LPs at 37°C for 3 h. Then,
the cells were washed thrice with cold PBS (pH 7.4) and incubated with different transport inhibitors, including bafilomycin
Al (150 nM), brefeldin A (25 pg/mL), monensin (32.5 pg/mL), and lomitapide (10 uM) for another 6 h. After incubation,
the fluorescence intensity in the cells was analyzed by FCM as described above.

Transport Across the Caco-2 Cell Monolayers

Caco-2 cells were seeded at a density of 1.0 x 10° cells/well on the 12-well transwell plate (membrane material: PET;
pore size: 0.4 um; growth area: 1.12 cm?®) and cultured for 21 days. The culture medium was replaced every 2 days in the
first week and every day since the second week. During 21 days of culture, the transepithelial electrical resistance
(TEER) value was measured using a cell resistance meter (RE1600, Kingtech, Beijing, China) to monitor the integrity of
cell monolayers. The Caco-2 cell monolayers could be used for the subsequent transcellular transport study when the
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TEER value was over 500 Q-cm?. Before the experiments, the medium in the apical side (AP) and basolateral side (BL)
were replaced with pre-warmed Hanks’ balanced salt solution (with Ca*" and Mg2+, HBSS).

After incubation at 37°C for 30 min, 0.5 mL of DHA solution (1% ethanol, v/v), PEG-LPs-DHA, or SER-LPs-DHA
(corresponding to 40 pg/mL DHA) were added to the AP. At predetermined time points (0.5, 1, 2, and 4 h), an aliquot of
0.3 mL transport sample was withdrawn from the BL, and an equal volume of fresh HBSS was replenished. Meanwhile,
the transport sample from the BL at the point of 4 h was collected and then dialyzed against Pluronic F127 solution
(0.1%, w/v) to remove the salts in the transport medium. After 24 h of dialysis, the sample was then prepared for TEM
observation. To validate the integrality of the Caco-2 cell monolayers during the incubation, the TEER values at different
time points were also measured. The concentration of DHA in the transport sample was determined by high-performance
liquid chromatography-tandem mass spectrometry (HPLC-MS/MS). The apparent permeability coefficient (P,,,) was
using the following equation (4):

Papp = Q/ACOt (4)

where Q was the accumulative amount of DHA in the BL, A was the membrane growth area, Cy, was the initial
concentration of DHA in the AP and t was the duration time.

To further explore the transport mechanism of LPs, Caco-2 cell monolayers were first incubated with Dil-PEG-LPs or
Dil-SER-LPs (corresponding to 0.20 mg/mL Lipoid E80) for 4 h. Then, the cell monolayers were washed thrice with
HBSS and both the apical and basolateral sides were added fresh HBSS containing different transport inhibitors,
including bafilomycin Al (150 nM), brefeldin A (25 pg/mL), monensin (32.5 pg/mL), and lomitapide (10 pM). After
4 h of incubation at 37°C, the fluorescence intensity in the BL side was analyzed by spectral scanning multimode reader
(Varioskan Flash, Thermo Scientific, USA).

Intracellular Colocalization in Caco-2 Cells

Caco-2 cells were seeded at a density of 2.0 x 10° cells/well into glass-bottomed 20-mm cell culture dishes. After 72 h of
culture, cells were incubated with Dil-PEG-LPs or Dil-SER-LPs at 37°C for 4 h. After incubation, the cells were washed
thrice with cold PBS (pH 7.4) and stained with cell trackers (Lyso-Tracker, ER-Tracker, and Golgi-Tracker) according to
the manufacturer’s protocol. Then, the cells were observed by CLSM.

Biodistribution in the Intestinal Tracts and Mesenteric Lymph Nodes

To determine the oral biodistribution of LPs in the intestinal tracts and mesenteric lymph (MLNSs), a single dose of 4 mg/kg DiR
solution, DiR-PEG-LPs, and DiR-SER-LPs were orally administered to mice. At predetermined time points (1, 2, 4, and 6 h), the
mice were sacrificed, and the intestinal tracts and MLNs were collected. Then, fluorescence images of the intestinal tracts and
MLNs were taken by an In-Vivo Imaging System (Xtreme, Bruker, Karlsruhe, Germany).

To evaluate the uptake of LPs in the intestinal tracts and MLNs, Dil solution, Dil-PEG-LPs, and Dil-SER-LPs were
orally administered to mice at a dose of 4 mg/kg. After 4 h, the mice were sacrificed, and intestinal segments
(including the duodenum, jejunum, ileum, and colon, approximately 1 cm each), and MLNs were collected. Then, the
intestinal segments were fixed with 4% paraformaldehyde, stained with DAPI, and observed by CLSM (FV3000,
Olympus, Japan). As for MLNs, Anti-ZO-1/FITC and DAPI were used to stain the intercellular tight junction and cell
nuclei, respectively.

To further investigate the intestinal lymphatic transport of LPs in vivo, mice were intraperitoneally administered
3.0 mg/kg cycloheximide (CHX) to block lymphatic transport.>* One hour post injection, Dil-PEG-LPs and Dil-SER-LPs
were orally administered to mice at a dose of 4.3 mg/kg. After 4 h, MLNs were collected and examined by CLSM as
described above.

Pharmacokinetic Study

The oral absorption of SER-LPs-DHA was systematically evaluated by comparing the pharmacokinetic profile with the DHA
suspension and PEG-LPs-DHA. Fifteen rats were randomly partitioned into three groups. One group received 10 mg/kg DHA
suspension dispersed in 0.5% w/v carboxymethyl cellulose sodium aqueous solution by oral administration, and the other two
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groups received oral administration of PEG-LPs-DHA and SER-LPs-DHA at a dose equivalent to 10 mg/kg DHA. Blood
samples of approximately 0.5 mL were collected into 1.5 mL heparinized centrifuge tubes from the fossa orbitalis vein before
drug administration and at 0.167, 0.333, 0.5, 0.75, 1, 2, 4, 6, 8, 12, and 24 h postdosing, and were centrifuged at 7000 rpm for
10 min to separate the plasma. All plasma samples were stored at —80°C until HPLC-MS/MS analysis.

The pharmacokinetic parameters for DHA, including maximum plasma concentration (C,,x), time of the maximum
concentration (T,,.), area under the plasma level-time curve (AUC), mean residence time (MRT), and relative
bioavailability (RBA) were calculated using the Drug and Statistics 2.0 program.

Intestinal Lymphatic Transport Inhibition Study

To investigate the intestinal lymphatic transport of LPs-DHA in vivo, an oral pharmacokinetic study was further
performed in the presence of the chylomicron flow blocker, CHX. The rats were pretreated with 3.0 mg/kg CHX
intraperitoneally.®® After 1 h, DHA suspension, PEG-LPs-DHA, and SER-LPs-DHA were orally administered to rats at
a dose equivalent to 10 mg/kg DHA. Then, at 0.167, 0.333, 0.5, 0.75, 1, 2, 4, 6, and 8 h, approximately 0.5 mL of blood
samples were collected and processed as described above.

In vivo Safety Evaluation

To evaluate the in vivo safety of LPs, eighteen mice were randomly divided into three groups (normal saline, SER-LPs, and
SER-LPs-DHA, n = 6 per group). The mice were orally administered once every other day for a total of 15 days (dose of
15 mg/kg DHA). The weight of the mice was measured every other day during administration. After the last administration, all
mice were sacrificed, and the heart, liver, spleen, lung, kidney, stomach, duodenum, and colon tissues were collected, weighed,
and preserved in 4% paraformaldehyde for hematoxylin and eosin (H&E) staining. Additionally, the effect of SER-LPs on
hepatic and renal functions was evaluated by the levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST),
serum alkaline phosphatase (AKP), creatinine (CRE), and blood urea nitrogen (BUN) in mice. Blood was collected after the
last treatment, and serum was separated by centrifugation (4°C, 5000 rpm, 10 min). Serum ALT, AST, AKP, CRE, and BUN
were determined according to the requirements of the instructions provided in reagent kits. The values were expressed as U/L,

pmol/L, or mmol/L of serum.

Assay Analysis
A UV-Vis spectrophotometric method was used for the determination of DHA content in the in vitro experiments. In
brief, the DHA samples were dissolved in an assay solution composed of 2% NaOH and ethanol (4:1, v/v), and incubated
in a water bath at 60°C for 30 min. Then the absorbance was measured at 238 nm by a UV—Vis spectrophotometer (UV-
1200, NAPADA, Shanghai, China).47

Since the low content in biological studies and the presence of protein in the samples interfered with quantification,
the concentration of DHA in samples obtained from the cell monolayers transport and pharmacokinetic studies was
measured with a validated HPLC-MS/MS method using artemisinin (ART) as an internal standard after extraction with
ether.'® The chromatographic separation of prepared samples was performed using an HPLC system (Agilent 1200,
Agilent Technologies Inc., California, USA) equipped with an Agilent SB-C18 column (4.6 mm X 50 mm, 1.8 pm) and
Dikma C18 precolumn (4.0 mm x 3.0 mm, 5.0 pm). The mobile phase was composed of acetonitrile and 10 mM
ammonium acetate (90:10, v/v) and was run at 0.3 mL/min. The injection volume was 10 pL, and the column temperature
was maintained at 30°C. The mass spectrometer (API 3000, AB SCIEX LLC., California, USA) was equipped with
electrospray ionization (ESI) and operated in positive mode. Multiple-reaction monitoring (MRM) transitions for DHA
and ART (internal standard) were m/z 302.5—163.3 and m/z 300.3—209.2, respectively. The instrument was operated
with an ion spray voltage of 5500 V, curtain gas pressure of 10 psi, nebulizer gas pressure of 65 psi, and heater gas
pressure of 30 psi. The heater gas temperature was set at 300°C. The declustering potentials used for the analysis of DHA
and ART were 24 V and 25 'V, respectively. The collision energies for DHA and ART were 21 V and 20 V, respectively.
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Statistical Analysis
All the data are expressed as the mean + standard deviation (SD). The identification of significant differences between
different groups was carried out with Student’s #-test. P < 0.05 was considered statistically significant.

Results and Discussion
Synthesis and characterization of DSPE-PEG;qpo-SER

In this study, to structure a nanocarrier containing a 2-MAG mimetic group on the surface, serinol (SER) was conjugated to
DSPE-PEG;(o-NHS via a simple amide bond to obtain a novel material which is named DSPE-PEG;(o-SER (Figure 2A). To
characterize the outcome of the synthesis, the chemical structure of DSPE-PEG,(o-SER was verified and compared with DSPE-
PEG5000-NHS and DSPE-mPEG;o by '"H NMR and FT-IR spectroscopy (Figure 2B and C). As shown in Figure 2B, the
characteristic peak corresponding to the NHS group of DSPE-PEG.o-NHS at 2.67 ppm was nondetectable from the 'H NMR
spectrum of DSPE-PEG.00o-SER, indicating that the NHS group was substituted by the SER. Compared with the 'H NMR
spectra of DSPE-PEG;(0o-NHS and DSPE-mPEG,, @ new peak at 5.7-5.8 ppm was observed in the "H NMR spectrum of
DSPE-PEG;000-SER, which was contributed by the resonance of the newly generated -CONH- group. Additionally, the narrow
peak at 2.61 ppm and the broad peak at 3.14 ppm observed in the 'H NMR spectrum of DSPE-PEG000-SER, were speculated to
be the characteristic peaks of the -N-CH-R2 group and -OH group, which were donated by SER.

FT-IR analysis was further carried out to verify the synthesis of DSPE-PEG,q0o-SER. Compared with DSPE-PEGqq, and
DSPE-PEG;(0o-NHS, the peak of DSPE-PEG;(0-SER at 3330 cm ! broadened and increased in strength, attributed to the
stretching vibration of the terminal O-H bonds (Figure 2C). The peak at 1540 cm ™' was mainly attributed to the coupling of the
C-N stretching vibration with N-H bending in the secondary amide bond.*® DSPE-PEG,0o-SER had a narrower and stronger
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peak at the same position due to the formation of a new secondary amide bond. The C=0 stretching vibration at 1740 cm ' in
DSPE-PEG;ggo became obscured by the appearance of a stronger absorption at 1715 cm ! in DSPE-PEG,000-SER and DSPE-
PEG;000-NHS. For DSPE-PEG,0o-NHS, the five-membered ring provided tertiary amide bonds. For DSPE-PEG»o-SER, this
might be attributed to the formation of a new secondary amide bond.

Preparation and Characterization of SER-LPs-DHA

The SER-modified LPs-DHA (SER-LPs-DHA) were prepared successfully by the ethanol injection method which is a simple,
economical, and reproducible technology. Briefly, the major lipid components, including Lipoid E80 and cholesterol, tended
to self-assemble into nanoscale vesicles with lipid bilayer structures similar to those of cell membranes. DHA was embedded
in the lipid bilayer through hydrophobic interaction. As a hydrophilic small-molecule compound, SER was modified on the
surface of liposomes by conjugation with DSPE-PEGqq to form 2-MAG mimetic liposomes. The PEG-modified LPs-DHA
(PEG-LPs-DHA) were also prepared as a comparison. As shown in Figure 3A, the prepared SER-LPs-DHA and PEG-LPs-
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Figure 3 Characterization of PEG-LPs-DHA and SER-LPs-DHA.

Notes: (A) Particle size distribution and appearance of PEG-LPs-DHA and SER-LPs-DHA. (B) Transmission electron microscopy (TEM) images of PEG-LPs-DHA and SER-
LPs-DHA. (C) Particle size, low polydispersity index (PDI), zeta potential, entrapment efficiency, and drug loading capacity of PEG-LPs-DHA and SER-LPs-DHA. (D) Storage
stability of PEG-LPs-DHA and SER-LPs-DHA after 28 days of storage at 4°C. The results are expressed as a percentage of the entrapment efficiency and particle size of initial
LPs. (E) Medium stability of PEG-LPs-DHA and SER-LPs-DHA after incubation in simulated gastric fluid (SGF, pH 1.2), simulated intestinal fluid (SIF, pH 6.8), or phosphate
buffer saline (PBS, pH 7.4). The results are expressed as a percentage of the particle size of initial LPs. (F) In vitro release profiles of DHA from free DHA, PEG-LPs-DHA,
and SER-LPs-DHA in SGF (pH 1.2) and SIF (pH 6.8) for 24 h. All data are means * SDs (n = 3).
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DHA were both slightly blue opalescent under the light. Dynamic light scattering (DLS) results showed that PEG-LPs-DHA
was 63.23 + 0.27 nm in particle size with a zeta potential of —22.7 + 0.55 mV. After DSPE-PEG,, was replaced by DSPE-
PEG;000-SER, the average size of SER-LPs-DHA slightly increased to 71.54 = 0.49 nm and the zeta potential became —24.9 +
1.11 mV, which further confirmed the surface modification of SER (Figure 3C). The polydispersity indexes (PDIs) of PEG-
LPs-DHA and SER-LPs-DHA were both ~0.2, demonstrating relatively uniform size distribution of the liposome droplets.
The transmission electron microscopy (TEM) images showed that PEG-LPs-DHA and SER-LPs-DHA presented spherical
shapes with nano diameter (40~80 nm), consistent with the DLS particle size result (Figure 3B). Additionally, the two kinds of
LPs-DHA both displayed distinct core-shell (LP core and PEG chain) structures which further proved that the PEG structure
was successfully covered on the surface of liposomes. The entrapment efficiencies (EEs) of DHA were determined to be
92.87% + 1.82% and 93.13% =+ 2.40%, and the drug loading capacities (DLs) were 16.60% =+ 0.27% and 16.63% = 0.36% for
PEG-LPs-DHA and SER-LPs-DHA, respectively (Figure 3C). It is worth noting that there were no significant differences in
EE and DL between the two types of LPs, suggesting that the surface modification of SER did not impair the EE and DL of
PEG-LPs. Moreover, the high EEs (>90%) of DHA in the two kinds of LPs indicated that the high hydrophobicity of DHA
strongly interacted with the lipid bilayer, resulting in an efficient entrapment.

Storage and Medium Stability of SER-LPs-DHA

To test storage stability, the physical stability of PEG-LPs-DHA and SER-LPs-DHA was evaluated by measuring EE and
particle size at 1, 7, 14, and 28 days at 4°C. As shown in Figure 3D, after 28 days of storage, the changes in EE and
particle size for the two kinds of LPs were both less than 6%, indicating that PEG-LPs-DHA and SER-LPs-DHA were
stable for 28 days at 4°C. LPs by oral administration experience a complex gastrointestinal environment including low
pH and various digestive enzymes before absorption. Thus, gastrointestinal stability is essential for oral LPs to maintain
their efficacy. First, the stability of PEG-LPs-DHA and SER-LPs-DHA was investigated in simulated gastric fluid (SGF,
pH 1.2) or simulated intestinal fluid (SIF, pH 6.8), respectively. As shown in Figure 3E, both LPs exhibited no significant
changes in particle size after incubation in SGF for 4 h or SIF for 24 h at 37°C (P > 0.05). Second, the stability of the two
LPs in PBS (pH 7.4) was also tested because the subsequent cell studies require the use of PBS to maintain the normal
morphology and function of cells. After incubation in PBS for 4 h at 37°C, the particle sizes of the two LPs were both
insignificantly different from that of the initial LPs. Based on the above results, PEG-LPs-DHA and SER-LPs-DHA
could maintain a relatively complete structure in the gastrointestinal environment, ensuring intestinal uptake of intact
nanocarriers.

In vitro Release Assay

The in vitro release profiles of DHA from free DHA, PEG-LPs-DHA, and SER-LPs-DHA in a continuous alternative
release medium are displayed in Figure 3F. Free DHA was rapidly released in SGF (pH 1.2) and SIF (pH 6.8) and almost
completely released at 12 h, with a cumulative release rate of 94.29%. After DHA was encapsulated, PEG-LPs-DHA and
SER-LPs-DHA exhibited similar sustained drug release behavior after incubation with SGF for 2 h and SIF for another
22 h at 37°C. During the first 2 h in SGF, more than 65% of DHA was released from free DHA, while only 18.22% and
12.02% of DHA were released from PEG-LPs-DHA and SER-LPs-DHA, respectively. After changing the release
medium to SIF and incubation for another 22 h, the cumulative release rates of DHA from PEG-LPs-DHA and SER-
LPs-DHA reached 54.68% and 48.71%, respectively, which were significantly less than that of free DHA. Consequently,
both PEG-LPs-DHA and SER-LPs-DHA could inhibit the burst release of DHA under acidic conditions and thus keep
DHA stable before intestinal absorption.

Cytotoxicity and Cellular Uptake Efficiency of SER-LPs

Many currently available data appear to confirm that oral liposomes have excellent biocompatibility and cell affinity for cells
and tissues. However, a toxicity study on intestinal epithelial cells is necessary for such a novel biochemical mimetic
liposome formulation. In this study, the cytotoxicity of PEG-LPs and SER-LPs in Caco-2 cells was investigated using a cell
counting kit-8 (CCK-8) assay. As shown in Figure S1, the cell viability after 24 h of incubation with the two blank LPs at
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Lipoid E80 concentrations of 0.01-0.20 mg/mL was near 100%. The results demonstrated that PEG-LPs and SER-LPs at
predetermined concentrations and incubation times did not significantly affect the biological activity of Caco-2 cells.

To assess the cellular uptake efficiency of SER-LPs in Caco-2 cells, the fluorescent dye Dil, flow cytometry
(FCM), and confocal laser scanning microscopy (CLSM) were applied. Dil-PEG-LPs, as unmodified liposomes,
were used as a comparison. As shown in Figure 4A and B, the cellular uptake of Dil-PEG-LPs and Dil-SER-LPs
increased significantly with prolonged incubation time, reaching a plateau after 4 h of incubation. Quantitative
results showed that the fluorescence intensity of the Dil-SER-LPs group was 1.25-fold as compared with that of
the Dil-PEG-LPs group after incubation for 4 h. In addition, Caco-2 cells were cultured at 4°C or treated with
sodium azide (an ATPase inhibitor) to study whether the cellular uptake of the two LPs was an energy-dependent
process. As shown in Figure S2, the fluorescence intensities of the Dil-PEG-LPs group and Dil-SER-LPs group
treated with the two incubation conditions mentioned above were dramatically lower than those of the control
group. These results indicated that the internalization processes of both Dil-PEG-LPs and Dil-SER-LPs in Caco-2
cells depend on time- and energy-dependent endocytic pathways. In addition, the intracellular distribution of Dil-
PEG-LPs and Dil-SER-LPs in Caco-2 cells was observed by CLSM. Compared with the Dil-PEG-LPs group, the
Dil-SER-LPs group showed a stronger red fluorescence signal around the nucleus of Caco-2 cells (Figure 4C),
which was consistent with the FCM results. Based on these results, the improvement of cellular internalization
efficiency from Dil-SER-LPs could be attributed to the modification of SER on the surface of liposomes.

Endocytosis and Exocytosis Pathways of SER-LPs

To better clarify the endocytosis mechanism of SER-LPs, clathrin-mediated endocytosis inhibitors (chlorpromazine hydro-
chloride, CPZ), caveolae-mediated endocytosis inhibitor (methyl-B-cyclodextrin, MBCD), dynamin inhibitor (dynasore), and
macropinocytosis inhibitor (ethylisopropylamiloride, EIPA) were added separately to the Caco-2 cells before treatment with
Dil-PEG-LPs or Dil-SER-LPs. As shown in Figure 5A, compared with control, CPZ, MBCD, and EIPA dramatically inhibited
the cellular uptake of Dil-PEG-LPs to 72.3%, 72.4%, and 65.0%, respectively, proving that clathrin-mediated, caveolae-
mediated, and macropinocytosis endocytosis were all involved for the internalization of Dil-PEG-LPs in Caco-2 cells. For Dil-
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Figure 4 Cellular uptake profiles of PEG-LPs and SER-LPs.

Notes: (A and B) Flow cytometric profiles and fluorescence intensity of Dil-PEG-LPs and Dil-SER-LPs in Caco-2 cells after incubation for various time intervals at 37°C.
Data are means + SDs (n = 3). (C) CLSM images of the cellular uptake of Dil-PEG-LPs and Dil-SER-LPs (red signal) in Caco-2 cells at 37°C after incubation for 4 h. Cell nuclei
were stained with DAPI (blue signal).
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Notes: (A) Impacts of various endocytosis inhibitors on the internalization of Dil-PEG-LPs and Dil-SER-LPs in Caco-2 cells. Data are means + SDs (n = 3). *P < 0.05, **P < 0.01, ¥*P <
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LPs, and Dil-SER-LPs at predetermined time points in Caco-2 cell monolayers. Data are means + SDs (n = 3). *P < 0.0, **P < 0.001, compared with SER-LPs-DHA. (E) CLSM images
of the colocalization of Dil-PEG-LPs and Dil-SER-LPs (red signal) with different organelles (green signal) in Caco-2 cells. The yellow dots in the merged images indicate the colocalization
of Dil-PEG-LPs and Dil-SER-LPs with the different organelles. (F) Schematic illustration of the internalization and transport pathway regulation effect of SER surface modification in
Caco-2 cells.

Abbreviation: ns, no significant difference.

SER-LPs, endocytosis was inhibited by MBCD and EIPA to different extents (34.5% and 75.0% compared with the control),
suggesting that macropinocytosis endocytosis is a minor pathway in the internalization of Dil-SER-LPs compared to caveolae-
mediated endocytosis. Notably, the internalization of Dil-PEG-LPs obviously decreased in the presence of CPZ, while no
effect was observed on the cellular uptake of Dil-SER-LPs. In addition, the distinct difference between Dil-PEG-LPs and Dil-
SER-LPs uptake was further confirmed by treatment with sucrose, another inhibitor of clathrin-mediated endocytosis. These
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results demonstrated that the surface modification of SER altered the endocytosis process of PEG-LPs away from the clathrin-
mediated pathway. It is reasonable that a prominent decrease in the cellular uptake of both Dil-PEG-LPs and Dil-SER-LPs
(43.5% and 41.3% compared with control) was observed with the addition of dynasore because dynasore can effectively
inhibit the function of dynamin, which is essential for both clathrin- and caveolae-mediated endocytosis. In summary, these
results demonstrated that the internalization of Dil-SER-LPs into Caco-2 cells primarily relies on the caveolae-mediated
endocytosis pathway.

After internalization into the cytoplasm via the vesicle-mediated pathway, nanocarriers such as liposomes and
nanoparticles usually fuse with early endosomes, and then they are transported out of the cells through a series of
organelles.**>* One possible transport route is that nanocarriers are delivered to lysosomes from early endosomes for
degradation because lysosomes are digestive organelles containing various hydrolytic enzymes. Bafilomycin Al,
a specific vacuolar-type H(+)-ATPase inhibitor that hinders the maturation process of early endosomes to lysosomes,’’
was applied to confirm the role of lysosomes in the exocytosis of SER-LPs. As shown in Figure 5B, the number of Dil-
PEG-LPs and Dil-SER-LPs remaining in the Caco-2 cells exhibited a significant 0.70-fold and 0.44-fold increase
compared with the control with the addition of bafilomycin A1, indicating that the maturation process of early endosomes
to lysosomes had an obvious effect on the exocytosis process of Dil-SER-LPs and especially, Dil-PEG-LPs. The different
inhibitory extent of exocytosis caused by bafilomycin Al between Dil-PEG-LPs and Dil-SER-LPs might be attributed to
the difference in endocytosis pathways. Dil-PEG-LPs internalized into Caco-2 cells through clathrin-mediated endocy-
tosis preferred lysosomes.?'**3%>? In addition to lysosomal degradation, another intracellular transport fate for nano-
carriers is exocytosis, which usually involves both the endoplasmic reticulum (ER) and Golgi apparatus. Brefeldin A, an
inhibitor of intracellular vesicle-dependent secretory transport, is used to block the pathway from the ER to the Golgi
apparatus. Monensin has been reported to disrupt the function of the Golgi apparatus and then inhibit intracellular
transport from the Golgi apparatus to the cell membrane. Compared with the control group, brefeldin A and monensin
dramatically increased the intracellular number of Dil-PEG-LPs and Dil-SER-LPs, revealing that both the ER and Golgi
apparatus played a critical role in the intracellular transport of both Dil-PEG-LPs and Dil-SER-LPs. Lomitapide,
a microsomal triglyceride transfer protein (MTP) inhibitor that blocks the MTP-mediated synthesis of intestinal
chylomicrons,’® was selected in this study to elucidate the relationship between SER-LPs and the chylomicron pathway
in Caco-2 cells. Surprisingly, the intracellular retention of Dil-PEG-LPs and Dil-SER-LPs in Caco-2 cells was enhanced
remarkably (1.85-fold and 2.56-fold compared with the control, respectively) with the addition of lomitapide, indicating
that the chylomicron pathway was also utilized by both Dil-LPs, especially Dil-SER-LPs.

During nanocarriers transport across the intestinal epithelial cells, the internalized nanocarriers were discharged via
the apical or basolateral membrane. For further illustrating the intracellular transport pathways of Dil-PEG-LPs and Dil-
SER-LPs, the Caco-2 cell monolayers model was established and the impact of various transport inhibitors (including
bafilomycin Al, brefeldin A, monensin, and lomitapide) on the discharge via both membrane sides was investigated in
accordance with the exocytosis pathway studies (Figure 5C). It was observed that bafilomycin Al had a significant
impact on the discharge of Dil-PEG-LPs to both apical and basolateral sides, but a minor impact on the discharge of Dil-
SER-LPs. Brefeldin A and monensin obviously inhibited the discharge of the two Dil-LPs via both membrane sides.
These results were in accordance with the exocytosis results of the two Dil-LPs in Caco-2 cells, which provided further
confirmation that the ER and Golgi apparatus were vital organelles in the discharge process of the two Dil-LPs from the
Caco-2 cell monolayers. Following lomitapide’s suppression of the chylomicron assembly process, there was a notable
decrease in the amount of the two Dil-LPs on the apical or basolateral sides, confirming that the chylomicron pathway
had a vital effect on the exocytosis in the Caco-2 cell monolayers. As demonstrated in the results of exocytosis pathways,
the intracellular trafficking of Dil-PEG-LPs and Dil-SER-LPs in Caco-2 cells and Caco-2 cell monolayers was intricate
and mediated by several pathways. The lysosomal, ER, and Golgi apparatus all played crucial regulatory roles in
controlling how the two Dil-LPs were exocytosed. It has been reported that the ER/Golgi apparatus route participates in
the assembly and secretion of chylomicron. Therefore, the intracellular transport of Dil-PEG-LPs and Dil-SER-LPs both
shared the chylomicron pathway.

To explore the potential of PEG-LPs and SER-LPs to improve trans-epithelial efficiency, the Caco-2 cell monolayers
were incubated with free DHA, PEG-LPs-DHA, and SER-LPs-DHA for 4 h, and the concentration of DHA in the
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basolateral side was determined by HPLC-MS/MS. The results of Figure 5D indicate that at all sampling points, the
apparent permeability coefficient (Pyp,) value of the SER-LPs-DHA group was considerably higher than that of the free
DHA group (P <0.001) and the PEG-LPs-DHA group (P < 0.01). At 2 h, the P, value of the SER-LPs-DHA group was
4.08- and 1.57-fold as compared with the free DHA group and the Dil-PEG-LPs group, respectively. Moreover, the
transport ratio of DHA in the three groups all showed time-dependent behavior (Figure S3). After 4 h of incubation, the
transport ratio of the SER-LPs-DHA group reached approximately 25.1%, which was 4.29- and 1.65-fold higher than that
of the free DHA group and the Dil-PEG-LPs group, respectively. During the entire process of transport experiment, the
TEER value of the Caco-2 cell monolayers was measured and exhibited unchanged, which indicated that the two LPs had
no effects on the integrity of the Caco-2 cell monolayers (Figure S4).3* The transportation of SER-LPs-DHA to the
basolateral side was clearly confirmed by the TEM image shown in Figure S5. SER-LPs-DHA still displayed a spherical
shape (~70 nm) and maintained the core-shell structure which proved that SER-LPs transported crossing the Caco-2 cell
monolayers remained intact. The P,,, and transport ratio results of PEG-LPs-DHA and SER-LPs-DHA were consistent
with the cellular uptake efficiency results presented in Figure 4B, where SER-LPs could remarkably enhance the trans-
epithelial efficiency of DHA compared with PEG-LPs.

To further test the intracellular pathway results of Dil-PEG-LPs and Dil-SER-LPs above, the intracellular destinations
including lysosomal, ER, and Golgi apparatus in Caco-2 cells were stained, and the colocalization between these
organelles and LPs was observed by CLSM. Figure 5E displays fluorescence-labeled structures in Caco-2 cells, where
the green color represents organelles, and the red color represents the two Dil-LPs. The yellow dots in the merged CLSM
images are the colocalization of fluorescence-labeled organelles and Dil-LPs. The clear distribution of Dil-PEG-LPs and
Dil-SER-LPs within the ER and Golgi apparatus is shown in Figure SE, thus confirming the actual transport of both Dil-
PEG-LPs and Dil-SER-LPs to the ER and Golgi apparatus. In addition, rare colocalization of Dil-SER-LPs with
lysosomes was observed, while a large number of Dil-PEG-LPs were observed on lysosomes, revealing that lysosomes
are a specific destination for Dil-PEG-LPs. The CLSM images qualitatively support the results of the endocytosis and
exocytosis pathways mentioned above.

Taken together, the uptake and transport pathways of PEG-LPs and SER-LPs in Caco-2 cells are shown in Figure SF.
The cellular uptake of PEG-LPs and SER-LPs both depended on time- and energy-dependent endocytosis. Similar to
conventional nanocarriers, the internalization of PEG-LPs involves multiple endocytic pathways including clathrin-
mediated, caveolae-mediated, and macropinocytosis endocytosis. With the surface modification of SER, SER-LPs are
transported primarily through the caveolac-mediated endocytosis pathway but do not rely on the clathrin-mediated
endocytosis pathway. After uptake and fusion with early endosomes, PEG-LPs and SER-LPs were further transported to
distinct subsequent destinations. PEG-LPs were preferred in lysosomes through clathrin-mediated endocytosis. These
early endosomes containing SER-LPs were usually transported to the ER and then onward to the Golgi apparatus. Within
the ER/Golgi apparatus route, SER-LPs integrate in the chylomicron assembly process and participate into the excretion
of chylomicrons from cells.

Biodistribution of SER-LPs in the Intestinal Tract and MLNs

The in vivo biodistribution of LPs in the intestinal tract was investigated after the oral administration of DiR solution,
DiR-PEG-LPs, and DiR-SER-LPs, and the entire intestinal tract was removed at predetermined time points (1, 2, 4, and 6
h) to obtain ex vivo fluorescence images by an In-Vivo Imaging System. As shown in Figure 6A, the fluorescence signals
of all groups could be observed in all segments of the intestine tract after oral administration for 1 h. At 4 h, both the
DiR-PEG-LPs group and DiR-SER-LPs group exhibited stronger fluorescence signals, while the fluorescence signal of
the free DiR group quickly faded without protection from LPs. Until 6 h, the fluorescence signals of the free DiR group
and DiR-PEG-LPs group almost completely disappeared, but there was still an intense fluorescence signal of the DiR-
SER-LPs group in the middle part of the intestinal tract. The quantification evaluation of the fluorescence signals in the
intestinal tract further revealed that the fluorescence intensity was highest at 1 h for all groups and gradually decreased
over time (Figure 6B). In addition, the fluorescence intensity of DiR-SER-LPs was significantly higher than that of free
DiR and DiR-PEG-LPs at all time points observed. The above results demonstrated that SER-LPs could notably enhance
the retention and adhesion in the intestinal tract.”
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Figure 6 Biodistribution of SER-LPs in the intestinal tract.

Notes: (A) Ex vivo fluorescence images of the distribution of DiR, DiR-PEG-LPs, and DiR-SER-LPs in the intestinal tract after oral administration at predetermined time
points. (B) The quality of DiR, DiR-PEG-LPs, and DiR-SER-LPs remained in the intestinal tract. Data are means * SDs (n = 3). *P < 0.05, **P < 0.01, compared with DiR-SER-
LPs. (C) CLSM images of Dil, Dil-PEG-LPs, and Dil-SER-LPs (red signal) in duodenum, jejunum, ileum, and colon sections after oral administration for 4 h. Cell nuclei were
stained with DAPI (blue signal).

Abbreviation: ns, no significant difference.
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To further investigate the permeation of LPs in various segments of the intestinal tract, sections of intestinal segments
(duodenum, jejunum, ileum, and colon) were stained with DAPI and observed by CLSM. The Dil solution was chosen as
a negative control and the time point was set to 4 h after oral administration. As shown in Figure 6C, the blue signal is
the nucleus, while the red signal represents the free Dil or Dil-LPs. Red fluorescence signals could be observed on the
surface of the intestinal mucosa in the entire intestinal tract for all groups. Consistent with the results of ex vivo
fluorescence images, the fluorescence signals from the Dil-PEG-LPs group and Dil-SER-LPs group were much higher
than those from the free Dil group in every segment. Importantly, compared with free Dil and Dil-PEG-LPs, much more
intense fluorescence signals were observed in the inner intestinal villi of the duodenum and jejunum segment treated by
Dil-SER-LPs. The villi lacteals located at the center of the intestinal villi are part of the lymphatic system and collect
chylomicrons secreted from the intestinal epithelial cells.’®>® The results revealed that SER-LPs, as a 2-MAG mimetic,
might be involved in the assembly process of chylomicrons, and then transported into the intestinal lymphatic vessels.

Lymphatic transport was further validated by the MLNSs distribution. As shown in Figure 7A and B, large amounts of DiR-
PEG-LPs and DiR-SER-LPs accumulated in the MLNs, while a rare fluorescence signal was observed in the free DiR group.
The fluorescence intensity in the MLNs from the DiR-SER-LPs group was higher than that in MLNs from the DiR-PEG-LPs
group at all time points observed. For both DiR-LPs groups, the fluorescence intensity in the MLNs showed a trend of first

A

DiR (1h) Meled
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Dil
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Figure 7 Biodistribution of SER-LPs in MLNs.

Notes: (A) Ex vivo fluorescence images of the distribution of DiR, DiR-PEG-LPs, and DiR-SER-LPs in MLNis after oral administration at predetermined time points. (B) The
quality of DiR, DiR-PEG-LPs, and DiR-SER-LPs accumulated in MLNs. Data are means * SDs (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, compared with DiR-SER-LPs. (C)
CLSM images of Dil, Dil-PEG-LPs, and Dil-SER-LPs (red signal) in MLN's after oral administration for 4 h. To block intestinal lymphatic transport, rats were intraperitoneally
pretreated with a dose of 3.0 mg/kg CHX | h prior to drug administration. Cell nuclei and intercellular tight junction were stained with DAPI (blue signal) and Anti-ZO-1/
FITC (green signal).

Abbreviation: ns, no significant difference.
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increasing and then decreasing gradually, and the maximum value was obtained at 2 h. After oral administration of DiR-PEG-
LPs for 4 h, the fluorescence signal in the MLNs was obviously reduced, while that in MLNs from the DiR-SER-LPs group
was still maintained at a high level. The quantification evaluation of the fluorescence signals in the MLNs showed that SER-
LPs exhibited a significantly increased accumulation in the MLNs by 0.94-fold compared with PEG-LPs at 4 h. The
fluorescence distribution of orally administered free Dil, Dil-PEG-LPs, and Dil-SER-LPs for 4 h in the MLNs was also
evaluated by CLSM (Figure 7C). The red fluorescence signal in the MLNs from the Dil-PEG-LPs group was weaker than that
in the MLNSs from the Dil-SER-LPs group, and the red fluorescence signal in the MLNs from the free Dil group was negligible.
After pretreatment with cycloheximide (CHX), the red fluorescence signal in the MLNs from the Dil-SER-LPs group
obviously weakened, which might be attributed to interference with the secretion process of chylomicrons by CHX.>
Interestingly, no significant change in the red fluorescence signal in the MLNs was observed for the Dil-PEG-LPs group.
This result could be explained by the fact that PEG-LPs were mainly ferried by M cells, absorbed at Payer’s patches, and
finally carried to MLNs.”” ®! Taken together, these results suggested that SER-LPs could enhance drug permeation through the
intestinal epithelial cells, promote drug accumulation within the lymphatic system via the chylomicrons transport pathway,
and deliver drugs directly into the systemic circulation bypass the liver.

Pharmacokinetic Study and Intestinal Lymphatic Transport Inhibition Study of SER-LPs
A comparative pharmacokinetic study was carried out on DHA suspension, PEG-LPs-DHA, and SER-LPs-DHA in SD rats.
Concentrations of DHA were analyzed in rat plasma after a single oral administration. The main pharmacokinetic parameters
of the three groups are presented in Table 1, and the mean plasma concentration-time curves of DHA are shown in Figure 8A.
As reported in our previous study, DHA suspension (free DHA) exhibited poor AUC_»4 (196.87 £ 27.09 ng/mL*h) and C,.x
(226.77 £ 38.18 ng/mL) after oral administration. PEG-LPs-DHA showed increased AUC_,4 and C,,,, by 4.25-fold and 0.27-
fold, respectively, compared with free DHA. These results indicated that the PEG-modified liposome formulation could
markedly enhance the oral absorption of DHA. The reasonable explanation for the improvement was that the liposome
formulation was able to enhance the poor solubility of DHA in the GI fluid and improve the transcellular permeability in the
intestine.®** More importantly, the AUC,_,4 and C,,,,x of DHA in the SER-LPs-DHA group exhibited a significant 1.17-fold
and 1.08-fold increase compared with those in the PEG-LPs-DHA group, respectively, which demonstrated that the 2-MAG
mimetic liposomes (SER-LPs) construction by modifying SER on the surface of PEG-LPs could further improve the oral
bioavailability of DHA by promoting intestinal lymphatic transport. In addition, the orally administered DHA suspension
group exhibited rapid absorption with a T, of 0.45 h, whereas the PEG-LPs-DHA group and SER-LPs-DHA group
exhibited a similar pharmacokinetic behavior but prolonged T, of 0.95 h and 1.15 h. The prolonged action time of DHA
in the PEG-LPs-DHA group and SER-LPs-DHA group could be derived from the delayed release from the liposomes, as one
might predict based on findings of the same in the above in vitro release study.®> Similarly, the MRT(_,4 (5.60 h and 6.44 h) of
the PEG-LPs-DHA group and SER-LPs-DHA group were delayed to a large extent compared with that of the DHA

suspension group (2.93 h), which suggested that the liposome formulation could decrease the elimination rates of DHA.**%°

Table | Pharmacokinetic Parameters of DHA in Rats After Oral
Administration of DHA Suspension or LPs-DHA (Means + SDs, n = 5)

DHA PEG-LPs-DHA SER-LPs-DHA
Crrax (ng/mL) 226.77 + 38.18 | 287.06 + 59.88 597.76 + 94.19
Tonax (h) 045 £ 0.10 0.95 % 0.10 115 + 0.44
AUCo.4 (ng/mlLxh) | 196.87 +27.09 | 103430 + 224. 35 | 2244.67 + 405.20
AUC,... (ng/mLxh) | 205.13 + 28.64 | 1130.77 + 219.97 | 2801.30 + 593.52
MRTo.24 (h) 2.93 + 0.67 5.60 + 1.08 6.44 % 1.05
RBA (%) 100 525 1140
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Figure 8 Pharmacokinetic study and intestinal lymphatic transport inhibition study of SER-LPs.

Notes: (A) Plasma concentrations of DHA in rats after a single oral administration of DHA, PEG-LPs-DHA, and SER-LPs-DHA at a dose of 10 mg/kg DHA. Data are means + SDs
(n =5). (B) Intestinal lymphatic transport inhibition study of SER-LPs-DHA. To block intestinal lymphatic transport, rats were intraperitoneally pretreated with 3.0 mg/kg CHX |
h prior to drug administration. Data are means * SDs (n = 4). *P < 0.05, **P < 0.001.

2-MAG is the hydrolysis product of TG in the intestinal tract and is mainly absorbed by the intestinal lymphatic
transport pathway. To further validate the transport mechanism of 2-MAG mimetic liposomes (SER-LPs), CHX (3.0 mg/
kg), an inhibitor of lymphatic transport through blocking the secretion process of chylomicrons in enterocytes, was
pretreated in rats before oral administration of DHA suspension, PEG-LPs-DHA, and SER-LPs-DHA. As shown in
Figure 8B, the AUC_g and C,,, of DHA in CHX pretreated rats were significantly decreased by 70.49% and 50.33%,
respectively, after oral administration of SER-LPs-DHA. The AUC of DHA in the PEG-LPs-DHA group was reduced by
27.40% because PEG-LPs, as a lipid-based formulation, could partly increase intestinal lymphatic transport. In contrast,
there was little influence on the AUC(_g and C,,,x of DHA after oral administration of the DHA suspension by CHX
pretreatment. These results indicated that SER-LPs preferred the chylomicron assembly process in enterocytes and then
tended to be transported through the intestinal lymphatic pathway. Due to the lack of SER for superficial modification,
the ability of PEG-LPs to target the intestinal lymphatic transport pathway was obviously reduced, while free DHA was
absorbed into systemic circulation via the portal vein transport pathway.

Based on the results of the pharmacokinetic study and transport mechanism study, we could summarize the following
three factors to explain the improved bioavailability of SER-LPs. (1) Encapsulating hydrophobic drugs into the liposome
formulation could improve the solubility of drugs and protect drugs against possible degradation from the harsh
physiological pH of the stomach as well as gastrointestinal digestive enzymes.®® (2) 2-MAG mimetic superficial
modification combined with a lipid-based formulation such as liposomes could markedly promote intestinal lymphatic
transport by assembling into chylomicron and then delivering drugs directly into the systemic circulation, thus avoiding
first-pass hepatic metabolism. (3) SER-LPs with small particle size (<100 nm) could be absorbed by M cells in Peyer’s
patches in the intestinal tract and then enter into the lymphatics surrounding Peyer’s patches,®”®® thus the M cell-to-
lymphatics pathway also played an important role in the lymphatic transport.*’

In vivo Safety Evaluation of SER-LPs

The in vivo safety evaluation of nanocarriers is necessary for their future clinical applications. In this work, we
systematically investigated the toxicity of SER-LPs in healthy ICR mice under repeated oral administration. No death
or unusual behaviors of the mice were observed during the 15 days of oral administration. The body weights of mice in
both the SER-LPs and SER-LPs-DHA groups increased slightly over time, similar to the normal saline group
(Figure 9A). Histopathological and hematological examinations in the main organs were then carried out to ensure
that SER-LPs were safe. The gastrointestinal tract is the main site for the body to absorb oral DDS; thus, gastrointestinal
safety is primarily considered. The H&E staining results (Figure 9B) showed that no obvious histopathological lesions or
hyperemia were observed in the stomach, duodenum, or colon after oral administration of SER-LPs and SER-LPs-DHA.
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Figure 9 In vivo safety evaluation of SER-LPs and SER-LPs-DHA.

Notes: (A) The body weight changes of mice in 15 days after the oral administration of normal saline, SER-LPs, and SER-LPs-DHA at a dose of 15 mg/kg DHA. Data are
means + SDs (n = 6). (B and C) Hematoxylin and eosin (H&E) staining images (40x) of tissue sections from stomach, duodenum, colon, heart, liver, spleen, lung, and kidney
after the oral administration of normal saline, SER-LPs, and SER-LPs-DHA at a dose of |5 mg/kg DHA.

Similarly, both the SER-LPs and SER-LPs-DHA groups showed no histopathological changes in other organs, including
the heart, liver, spleen, lung, and kidney, compared with the normal saline group (Figure 9C). Additionally, the levels of
serum ALT, AST, AKP, CRE, and BUN in the three groups were all in the normal range and were not significantly
different, indicating that SER-LPs did not cause damage to the liver and kidney (Figure S6). Overall, these results
demonstrated that this novel 2-MAG mimetic liposomes (SER-LPs) exhibited no systemic toxicity in vivo and could be

used for oral administration.
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Conclusion

In

summary, an innovative and convenient biomimetic liposome formulation named SER-LPs was successfully devel-

oped as a 2-MAG mimetic nanocarrier, which markedly promoted DHA intestinal lymphatic transport and enhanced the
oral bioavailability of DHA. SER-LPs with high DHA encapsulation efficiency exhibited excellent stability under the
simulated GI environment before intestinal absorption and prevented the premature release of DHA in the GI tract. In

addition, 2-MAG mimetic superficial modification combined with lipid-based liposomes facilitated the improvement of

intestinal lymphatic transport via the lipid absorption pathway and then delivered DHA directly into the systemic

circulation, thus avoiding the first-pass effect. Moreover, SER-LPs exhibited good tissue compatibility and could be

used for oral administration. These findings suggested that the 2-MAG mimetic strategy applied in this study is an

effective approach for other active substances with high hepatic metabolism or lymphatic system-targeting needs.
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