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ABSTRACT
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The oral absorption of exenatide, a type 2 diabetes medication, can be increased by employing
lipid nanocapsules (LNC). To increase mucus permeability and exenatide intestinal absorption,
reverse micelle lipid nanocapsules (RM-LNC) were prepared and their surface was modified with
DSPE-PEG-FA. The RM-LNC with surface modification of DSPE-PEG-FA (FA-RM-LNC) were able to
target enterocytes and reduce mucus aggregation in the intestine. Furthermore, in vitro absorption
at different intestinal sites and flip-flop intestinal loop experiments revealed that LNCs with surface
modification significantly increased their absorption efficiency in the small intestine. FA-RM-LNC
delivers more drugs into Caco-2 cells via caveolin-, macrophagocytosis-, and lipid raft-mediated
endocytosis. Additionally, the enhanced transport capacity of FA-RM-LNC was observed in a study
of monolayer transport in Caco-2 cells. The oral administration of exenatide FA-RM-LNC resulted
in a prolonged duration of hypoglycemia in diabetic mice and a relative bioavailability (BR) of up
to 7.5% in rats. In conclusion, FA-RM-LNC can target enterocytes and has promising potential as
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a nanocarrier for the oral delivery of peptides.

1. Introduction

Biologically active proteins and peptides play a prominent
role in clinical settings owing to their high degree of selec-
tivity and potency in addition to their relative safety and
well-tolerability (Fosgerau & Hoffmann, 2015). The study of
peptides for drug research and development has garnered
increasing attention, with more peptide-based therapeutic
products being developed (Lau & Dunn, 2018). Notably, pep-
tides (e.g. exenatide) have shown significant performance in
the treatment of diabetes. GLP-1 analogs enhance
hyperglycemia-induced insulin secretion, inhibit glucagon
secretion during hyperglycemia, decelerate gastric emptying
to prevent large increases in postprandial blood glucose,
reduce calorie intake and body weight and have no inherent
risk of hypoglycemic episodes (Nauck et al., 2021). The admin-
istration of GLP-1 analogs via injection is a recommended
mode for glucose lowering. Although peptides and proteins
have excellent therapeutic potential, they present significant
challenges in terms of drug delivery (Jain et al., 2019; Jain,
2020). Currently, a majority of protein-peptide-based drug
formulations on the market are administered frequently by
intravenous or subcutaneous injection, which greatly reduces
patient compliance (Zaman et al.,, 2019). Therefore, this

studies focus on identifying non-injectable delivery routes,
with oral delivery being the major focus (Drucker, 2020).
However, oral delivery also presents challenges associated
with the structural organization and physiological function
of the gastrointestinal tract.

These drugs must overcome various barriers including
enzymes, mucus and epithelium before they can reach cir-
culation (Haddadzadegan et al.,, 2022). Therefore, the oral
delivery of peptides and proteins via oral nanocarriers can
be considered a suitable option. Lipid nanocapsules (LNC)
are a promising nano-delivery vehicle prepared by the phase
inversion temperature (PIT) method, which is a simple and
low-energy preparation process that does not use organic
solvents (Nasr & Abdel-Hamid, 2015). The nanoparticles can
be controlled in terms of uniform size and are highly stable.
The particles can be modified in various forms to obtain
desirable delivery properties (Huynh et al., 2009). LNC can
be administrated in varying routes to treat a wide variety of
diseases, with oral delivery being considered the most effec-
tive. LNCs improve drug transport in the mucus layer and
stabilize the particle properties over a long period (Groo
et al,, 2013). Furthermore, the LNC surface material also pro-
tects the particles from mucin interference in the mucus
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layer. Moreover, LNCs are majorly endocytosed by Caco-2
cells and can be transported intact to the extracellular com-
partment, thereby increasing drug uptake by the epithelial
tissue (Roger et al., 2009, 2017). Notably, LNCs can deliver
both hydrophilic and lipophilic drugs. Thus, it is feasible to
prepare a reverse micelle to encapsulate a hydrophilic drug
and then incorporate it into LNCs for delivery (Radwan
et al., 2020).

Despite the significant effects of oral administration effects,
it remains vital to develop new strategies to improve the
ability of LNCs in delivering GLP-1 analogues to facilitate their
clinical translation. Many studies report that LNCs with surface
PEGylation alter the biodistribution of the particles and exhibit
longer circulation times and good structural stability after
intravenous injection (Laine et al., 2014). Additionally, LNCs
can be modified on the surface to improve drug delivery
efficiency by post-insertion methods. 1, 2-Distearoyl-sn-glycero-
3-phosphoethanolamine-Poly(ethylene glycol) (DSPE-PEG) is a
commonly used modification material that can be inserted
into the shell of LNCs (Topin-Ruiz et al., 2021). Furthermore,
therapeutic molecules or antibodies can be coupled to
DSPE-PEG to achieve synergistic or targeting effects via
post-insertion methods (Labrak et al., 2022). Among the dif-
ferent receptors expressed in the gastrointestinal tract, folate
(FA) receptors are abundant and can improve the absorption
and transport of bioactive substances in the gastrointestinal
tract (Agrawal et al., 2014). Additionally, folic acid supplemen-
tation may be required for patients with diabetics having
long-term metformin use (Valdes-Ramos et al., 2015). Moreover,
a significant upregulation in the expression of FA transporters
in the intestine of diabetic rats, which could mediate the
absorption of FA-modified nanoparticles and thus exhibit sig-
nificant bioavailability, has been reported (Li et al., 2022).

In this study, we aim to prepare exenatide reverse micelle
lipid nanocapsules (RM-ELNC) by adding exenatide reverse
micelles to the oily core of LNC (Tsakiris et al.,, 2019).
Furthermore, to enable the targeted delivery of the particles
and extend their circulation time in vivo, folic acid-modified
exenatide reverse micelle lipid nanocapsules (FA-RM-ELNC)
could be prepared by modifying DSPE-PEG-FA on the surface
of the particles by post-insertion. This study also aims to
compare the efficiency of the two nanocapsules as oral exen-
atide carriers before and after modification.

2. Materials and methods
2.1. Materials

Labrafac’WL1349, Phospholipon90H and Kolliphor’HS15 were
obtained from Shanghai Macklin Biochemical Technology Ltd
(Shanghai, China). 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-(folate(polyethylene glycol)2000)
(DSPE-PEG2000-FA) was obtained from Chongqging Yusi
Pharmaceutical Technology Ltd (Chongging, China). The exen-
atide kit was obtained from Hangzhou Qiyu Biotechnology
Ltd (Zhejiang, China). Fetal bovine serum and Dulbecco’s
Modified Eagle Medium were obtained from Wuhan Punosai
Life Sciences Ltd (Hubei, China). Db/db type Il diabetic mice
and Sprague-Dawley (SD) rats were obtained from Jiangsu

Jizui Pharmaceutical Biotechnology Co Ltd (Jiangsu, China).
1,1"-Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine,4-Ch
lorobenzenesulfonate Salt (DID) was obtained from Biyuntian
Biotechnology Ltd (Shanghai, China).

2.2. Preparation and characterization of LNCs

2.2.1. Preparation of reverse micelles LNCs (RM-LNC)
RM-ELNCs comprised reverse micelles encapsulating exen-
atide (RM-EXE) and LNCs (Tsakiris et al., 2019). The RM-EXE
were prepared by mixing Span’80 and Labrafac"WL1349 in
a 1:5wt/wt ratio and then dropping 30uL of the drug solu-
tion under high-speed stirring. Following this, LNCs were
prepared using the PIT method. A mixture of 268.75mg
Labrafac’WL1349, 26.8 mg Phospholipon®90H, 206.1 mg
Slutol’HS15, 30mg NaCl and 0.7344mL ultrapure water was
stirred for 3 min. Then, three gradual heating/cooling cycles
(50-75°C) were performed. In the final cycle, when the tem-
perature was approximately 8-10°C above the phase inver-
sion zone, 300 uL of preheated reverse micelles were added
to the mixture. Finally, 3.625mL of cool water (0-4°C) was
added, stirred for 5min, then filtered through a 0.22 um filter
membrane and refrigerated. Blank reverse micelle LNCs were
prepared using the same process with the addition of a
drug-free solution for preparation.

2.2.2. Preparation of DID-labeled RM-LNCs

DID-labeled RM-LNC (DID-RM-LNC) was prepared by adding
DID to RM-LNC (Xu et al., 2020a). A total of 0.1 mL (10mg/
mL) of DID and 268.75mg Labrafac” WL1349 was added to
the vial, which was heated in a water bath until the organic
solvent had completely evaporated. The mixture was then
cooled to room temperature and the above preparation pro-
cess was continued with the addition of the other ingredients
used for the preparation of RM-LNC.

2.2.3. Preparation of DSPE-PEG-FA-modified RM-LNCs
DSPE-PEG2000-FA modified RM-LNCs were prepared using
the post-insertion method (Perrier et al., 2010). A total of750
pl of DSPE-PEG2000-FA solution (10mg/mL) was added to
1mL of RM-LNC in a centrifuge tube and stirred gently for
4h at 37°C. The mixture was vortexed every 15min during
preparation and then cooled in an ice bath for 1min.

2.2.4. Quantification of exenatide

Exenatide concentrations were measured using high perfor-
mance liquid chromatography (HPLC; Agilent Technologies,
Santa Clara, CA) using a CHIRALPAK AY-3 column (4.6 mm X
250 mm; 3 um). Phase A comprised 0.5% phosphoric acid/
water-acetonitrile (80:20, v/v) and phase B comprised 0.5%
phosphoric acid-acetonitrile. The flow rate was maintained
at 1 mL/min, while the detection wavelength was set at
210nm and the injection volume was 20 pL.

2.2.5. Characterization of nanopatrticles
The LNC, RM-LNC and FA-RM-LNC sizes, polydispersity index
(PDI) and zeta potential were characterized using a



Brookhaven nanoparticle size potential detector. The mor-
phology of LNCs was observed using transmission electron
microscopy (TEM) in a JEM-1230 system (Jeol, Tokyo, Japan).
Additionally, 10 L of the LNCs solution was dissolved in
990 uL of ultra-pure water prior to the characterization. All
measurements were performed thrice.

The encapsulation efficiency (EE, %) of the loaded particles
were also measured. A total of 50 uL of the LNC solution was
dissolved in 950 L of methanol and then vortexed strongly
to obtain the total amount of the drug (Xu et al., 2020a).
The free and encapsulated drug was separated using ultra-
filtration (10 KD, 6000rpm, 0.5h) (Millipore, Burlington, MA).
The quantification of the free and total drug was performed
using the HPLC method described above.

The EE was calculated using the following formula:

EE (%) = (total amount of exenatide—free exenatide)/

(total amount of exenatide) x 100.

2.3. LNC stability and drug release in stimulated
gastrointestinal fluids

2.3.1. Stability in a simulated biological milieu

The in vitro physical stability of RM-LNC and FA-RM-LNC was
assessed in four media: simulated gastric fluid (SGF) with
and without pepsin, simulated intestinal fluid (SIF) without
trypsin and phosphate-buffered solution (PBS) (Mittal et al.,
2011). The effect of the gastric and intestinal fluid and PBS
on the stability of LNCs was assessed based on changes in
particle size and PDI (Xu et al., 2020b). Both LNCs were tested
at 37°C in the above media (100 uL nanocapsules in 10 mL
of medium) under gentle shaking. Sampling was performed
at predetermined time points (SGF at 0, 0.5, 1, and 2h; SIF
at 0,05, 1,2, 4,and 6h; PBS at 0, 1, 2, 3, 5, and 7d) and
analyzed using DLS in triplicates.

2.3.2. Conformational stability

The conformational stability of exenatide in different prepa-
rations was determined using circular dichroism (Chirascan
VX, Applied Photophysics, Leatherhead, UK) (Agrawal et al.,
2014). A total of 1 mL of exenatide solution, RM-ELNC, and
FA-RM-ELNC (1 mg/mL) each were placed in dialysis bags
(100 KD, Spectrum) overnight and three dialysis solutions
were taken for detection. Then, a 100 L sample was placed
in a cuvette and analyzed at 190-260 nm using a 1 nm band-
width and 1nm step with a Time-per-point of 0.5s. Samples
were tested and baseline corrected using ultrapure water to
obtain CD spectra.

2.3.3. In vitro release

The drug release from LNCs with or without DSPE-PEG2000-FA
and exenatide solution was examined in enzyme-free SGF
and SIF for 8h, respectively. Briefly, three different solutions
were placed in dialysis bags (100 KD, Spectrum) and then
these bags were placed in 25mL tubes containing 10 mL of
deionized water and placed in a constant shaking water bath
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at 37°C. Samples were placed in SGF (pH 1.2) for the first
2h and then moved to the SIF media (pH 7.4) for 6h. At
predetermined times (0, 0.5, 1, 2, 3, 4, 6, and 8), 100 uL of
the sample was extracted and supplemented with the same
volume of release medium. Finally, cumulative release curves
were drawn after measuring drug concentrations using the
HPLC method described above.

2.4. In vitro cell studies

2.4.1. Cytotoxicity studies

The toxicity of RM-LNC and FA-RM-LNC to Caco-2 cells was
measured using the Thiazolyl Blue Tetrazolium Bromide (MTT)
method. Caco-2 cells were inoculated in 96-well plates at a
cell density of 3x10° cells/well and incubated at 37°C (5%
CO,) for 24h. The polymer concentration (0.5-10mg/mL) of
the LNC solution was substituted for the previous medium
and co-culturing was continued with the cells for 24h. The
control group was cultured in a medium without the addition
of polymer and cell activity was set at 100%, with three
parallel groups established for each concentration. Finally,
MTT solution (20uL) was added to each group, followed by
the addition of DMSO (200 L) to dissolve the methanogenic
crystals produced by the reduction of MTT in the cells. The
absorbance was measured using a CYTATION imager.

2.4.2. Cellular uptake

The cellular uptake of DID-labeled RM-LNC and FA-RM-LNC
(DID-FA-RM-LNC) was characterized using an imaging system.
Caco-2 cells were inoculated at 3x10* cells/well in 24-well
plates and incubated for 48 h. DID-labeled LNCs (100 ng/mL)
was added to the well-plates and incubated for 1, 2, and 4 h.
Cells were washed with PBS, fixed in 4% formaldehyde for
20min and then stained for nuclei using DAPI. Finally, the
cells were washed with PBS and then imaged for observation
(Liang et al., 2022).

Flow cytometry was used to quantify the uptake of
RM-LNCs and FA-RM-LNCs by cells. Caco-2 cells were incu-
bated in 6-well plates at 3 x 10%/well for 48 h. Then, the cells
were trypsinised after the addition of DID-labeled RM-LNC
and FA-RM-LNC (5ng/mL) for 1, 2, and 4h. Following this,
the samples were centrifuged at 1400rpm for 6 min, resus-
pended in 500pL of PBS and assayed using flow cytometry
(Guo et al., 2021).

2.4.3. Investigation of cellular uptake mechanisms

Caco-2 cells were inoculated in 6-well plates at a density of
2x10° cells/well and incubated for 48 h. The inhibitors chlor-
promazine (30umol/L), 5-N-ethyl-N-isopropylamine (EIPA;
20 pmol/L), formalin (20 umol/L), and methyl B -cyclodextrin
(M-B-CD; 2.5 mm) were added to the cells and incubated for
0.5h. No inhibitors were used in the control group.
DID-labeled RM-LNC and FA-RM-LNC solutions (5ng/mL) were
added to the cells and incubated for 2 h. Finally, the fluores-
cence intensity of the cells was measured using flow cytom-
etry and the measurements were performed in triplicates
(Zhu et al., 2016).
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2.4.4. Transmembrane transport

Caco-2 cells were seeded at 1x 10%/well in a transwell upper
chamber and cultured in a cell culture incubator for approx-
imately 21d until the cells reached a resistance value of
300-450 Q/cm?. Then, the medium was discarded from the
upper and lower chambers before initiating the experiment.
The cell monolayer was washed with pre-heated Hank'’s
Buffered Salt Solution (HBSS) and incubated in the incubator
for 0.5h. Following this, 250puL of DID-RM-LNCs,
DID-FA-RM-LNCs, DID-RM-LNCs + DSPE-PEG-FA, and
DID-FA-RM-LNCs + DSPE-PEG-FA were added to the transwell
upper chamber. The concentration of DID in all LNCs was
5ug/mL and the concentration of free DSPE-PEG-FA was
2mg/mL. Preheated HBSS was added to the transwell lower
chamber and placed in the incubator. At predetermined
time points (0.5, 1, and 3 h), samples (200 yL) were extracted
from the lateral edge of the lower chamber and supple-
mented with equal amounts of preheated HBSS (Sheng
et al, 2016). The cumulative transfer volume was calculated
after measuring the fluorescence intensity of DID in each
sample. Apparent permeability (P, ) was calculated using
the following formula:

app

P, =dQ/dtx1/(AxC,)
wherein dQ is the accumulated amount of DID permeating
the lower chamber (ug), A is the area of the cell monolayer
(cm?) and C, is the initial concentration of DID in the upper
chamber. Additionally, dQ/dt is the slope of the linear rela-
tionship between the accumulated transport of DID (ug) and
time (s).

2.5. In vitro intestinal experiments

2.5.1. Mucus aggregation

The fresh mucus from the rat small intestine was present
uniformly over the upper chamber fibrous membrane of the
transwell. A total of 1.0mL of PBS was added to the lower
chamber of the transwell, which was then balanced at 37°C
for 30min to simulate the mucus layer. After equilibration,
DID-labeled RM-LNCs and FA-RM-LNCs (500 ng/mL) were
added to the upper chamber of the transwell and incubated
for 3h. The PBS solution was removed from the lower cham-
ber and the mucus layer was washed with PBS to remove
the LNCs from the mucus surface. The upper chamber fibrous
membrane was imaged to observe the aggregation of par-
ticles in the mucus (Liang et al., 2022).

2.5.2. Different absorption sites in the intestine

Grouped rats were fasted for 12h and then administered
DID-labeled FA-RM-LNC or RM-LNC (200ng/mL) via gavage
and finally euthanized 150min after administration. Then,
1cm sections were obtained from different intestinal sites in
each group. The mesentery and fat on the surface of the
intestinal segment were rinsed with PBS, then embedded in
a frozen embedding medium, sectioned and observed under
a fluorescent microscope (Song et al., 2019).

2.5.3. In vitro intestine penetration

Fluorescently labeled RM-LNCs and FA-RM-LNCs were pre-
pared as solutions with concentration gradients of 1.25, 2.5,
5, 10, 20, and 40ng/mL. The fluorescence signal of the solu-
tion was determined using 100 uL of the sample, and the
standard curve was calculated to obtain the fluorescence
signal value versus the fluorescence concentration of the
solution.

After euthanasia, the rats were dissected from the midline
of the abdomen, and the duodenum, jejunum, ileum, and
colon (5cm) were placed in Tyrode’s solution. Any adhering
material was carefully removed from the surface of the intes-
tinal segment and washed off using cold Tyrode’s solution.
Tyrode’s fluid was injected into the intestinal segment, the
ends were tied and the segment was completely immersed
in Tyrode’s fluid containing fluorescently labeled RM-LNC and
FA-RM-LNC (2.5 ug/mL). Measurements for each group were
performed in triplicates. After incubation for 2.5h, the fluo-
rescence intensity of the solution in the intestinal ring was
measured (Guo et al., 2021).

2.6. In vivo pharmacokinetics

Male SD rats (190-2509) were fasted for 12h and randomly
divided into four groups (n = five/group). The subcutaneous
exenatide group (s.c.) was administered a dose of 10 ug/kg
and sampled after 0, 5, 15, and 30min; and 1, 2, 4, 6, 8, 10,
12, and 24 h of administration. Exenatide solution, RM-ELNCs
and FA-RM-ELNCs were administered orally at a dose of 100
ug/kg and sampled at 0, 30min, 1, 2, 4, 6, 8, 10, 12, and
24h after dosing. All blood samples were obtained through
the orbital vein of the rat and placed in centrifuge tubes
containing sodium heparin and peptidase. Blood samples
were centrifuged and the supernatant was stored in a refrig-
erator at —80°C for further testing (Jain et al., 2012).

The exenatide levels in the plasma were measured using
the exenatide ELISA kit. The blood concentration-time curve
of exenatide was drawn and the relative bioavailability (BR)
of the exenatide-loaded nanoparticles was calculated. The
BR was calculated using the following formula:

BR (%) = AUC (oral)xdose (s.c.)/AUC (s.c.) x Dose (oral) x 100%

where AUC is the area under the curve, oral is oral admin-
istration and s.c. is a subcutaneous injection.

2.6.1. Hypoglycemic activity in vivo

2.6.1.1. Single administration. The db/db diabetic mice
(6 weeks old) were randomly divided into five groups (n=5/
group). Subcutaneous administration group was exenatide
solution (10 ug/kg). The oral administration groups were
saline, exenatide solution, RM-ELNC, and FA-RM-ELNC (100
ug/kg). Blood samples were obtained from the tail vein of
mice at 0, 1, 2, 4, 6, 8, 10, 12, and 24 h after administration
and blood glucose values were measured (Agrawal et al.,
2014).

2.6.1.2. Multiple administrations. The same grouping and
dose as described for the single dose administration was



determined for multiple dosing, once daily for the oral dosing
group and twice daily (morning and evening) for the
subcutaneous dosing group. Blood glucose levels were
measured at predetermined time points (0, 1, 2, 3, 4, and
5d) after blood samples were collected from the tail vein.

2.7. Statistical analysis

Data are expressed as meanzstandard deviation (SD). The
statistical significance of the results was analyzed using a
two-tailed student’s t-test. A value of p<.05 was considered
statistically significant, p<.01 was considered highly signifi-
cant and p<.001 was considered extremely statistically
significant.

3. Results
3.1. Characterization of the LNCs

As shown in Table 1, the particle size of the LNCs was found
to increase by approximately 50 and 20 nm after the addition
of reverse micelles and the insertion of DSPE-PEG-FA on the
particle surface, respectively. The potential on the surface of
the unmodified nanoparticles was negative, while that on
the modified nanocapsules tended to be close to 0. Moreover,
the PDI of all formulations was less than 0.2. The formulations
encapsulated with exenatide had a high encapsulation rate.

TEM analysis confirmed the spherical morphology of the
particles in all LNCs (Figure 1(A)). Moreover, the addition of
both reverse micelles and DSPE-PEG-FA caused an increase
in particle size.

3.2. In vitro drug release and stability of LNCs

The physical stability of RM-LNCs and FA-RM-LNCs was exam-
ined by measuring the PDI and particle size of the nanopar-
ticles in four different simulated mediums at different time
points (Figure 2(A)). The data showed that the PDI and par-
ticle size of both nanoparticles did not change significantly
over time in the three media: SGF (with or without pepsin)
and SIF (without trypsin). The particle size of both particles
changed slightly in PBS after 7 d of incubation.

The graph (Figure 2(B)) shows the circular dichroism of
exenatide obtained after dialysis in the exenatide solution
and different preparation samples. Furthermore, the three
curves significantly overlap.

As peptides are unstable in simulated gastrointestinal flu-
ids containing enzymes, we used enzyme-free simulated
gastrointestinal fluids for in vitro release studies (Figure 2(C)).
During the first 0.5h in SGF, the release of the formulation
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group was lower than that of the solution group. After 2h
of SGF, the solution group released approximately twice as
much as the formulation group. After 6h of SIF action, the
solution group achieved 71% release, while the formulation
group achieved approximately 60% release. There were no
significant differences observed in the overall degree of
release between the two formulations. Furthermore, the
release profile was smoother in the formulation group com-
pared to the solution group.

3.3. Cytotoxicity evaluation

To investigate the cytotoxicity of RM-LNC and FA-RM-LNC
after administration, we evaluated Caco-2 cell viability using
the MTT method. The viability of the cells was assessed after
24h of incubation of each of the two preparations with
Caco-2 cells. As shown in Figure 3(A), the viability of the
preparations used ranged from 80 to 120% after incubation
with cells at concentrations between 0.5 and 8 mg/mL, indi-
cating that both preparations had no significant effect on
the viability of Caco-2 cells.

3.4. Cellular internalization and uptake mechanism

Caco-2 cells were used to examine the uptake of DID-labeled
RM-LNC and FA-RM-LNC (Figure 3(B)). DID-labeled LNCs exhib-
ited red fluorescence in the imaging system, with the FA-RM-
LNC group showing a higher fluorescence intensity than the
RM-LNC group at various time points. On labeling the nuclei
with DAPI, we could determine that LNCs were present in
the cytoplasm but not in the nuclei.

A quantitative study of the uptake of LNCs by Caco-2 cells
was performed using flow cytometry. As seen in Figure 3(C),
the fluorescence intensity of the FA-RM-LNC group was sig-
nificantly higher than that of RM-LNC at different time points.

The mechanism of LNC uptake by cells was examined
under different inhibitor conditions. LNCs were incubated
with different specific inhibitors to detect the endocytic path-
way. As shown in Figure 3(D), the uptake of both LNCs was
inhibited at varying levels following the action of these four
inhibitors. When formalin and M-3-CD were incubated with
RM-LNCs, the uptake inhibition was significant, indicating
that mainly caveolin- and lipid raft-mediated endocytosis
were involved in the endocytosis of RM-LNCs. Contrastingly,
the uptake inhibition was significant when formalin and EIPA
were incubated with FA-EM-LNCs, indicating that the caveo-
lin- and macropinocytosis-mediated endocytosis pathways
are involved in the endocytosis of more modified
nanocapsules.

Table 1. Size, polydispersity index (PDI), zeta potential (mV), and encapsulation efficiency (EE, %) of different formulations.

Formulations Mean size (nm) PDI Zeta potential (mV) EE (%)
LNC 60.74+2.09 0.082+0.017 -1.31£0.49 -
RM-LNC 112.26 £5.18 0.098+0.016 —-1.38+0.64 -
RM-ELNC 112.22+2.57 0.103+£0.024 -2.29+0.25 79.73+0.59
FA-RM-LNC 131.16 £3.08 0.088 +£0.035 0.22+0.32 -
FA-RM-ELNC 130.34+1.98 0.068+0.033 -0.31+£0.42 79.12+0.25
DID-RM-LNC 111.66+4.4 0.099£0.01 -1.51+£0.48 -
DID-FA-RM-LNC 132.12+£2.91 0.07 +£0.032 0.23£0.11 -
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Figure 1. (A) Diagram of the LNCs, RM-ELNCs, and FA-RM-ELNCs. (B) Transmission electron micrographs of the LNCs, RM-LNCs, and FA-RM-LNCs.

3.5. In vitro transepithelium transport analyses

The LNCs were absorbed into the circulatory system, indi-
cating their successful crossing of the intestinal epithelium
into the bloodstream. Table 2 shows the P, , values for DID
transport in the preparations under different conditions. The
P,pp Values of the four conditions indicate that the LNCs were
able to cross the cell monolayer and that the amount of
permeation of surface-modified LNCs was significantly
increased. To further verify the transport advantage of the
DSPE-PEG-FA modification, competitive transport experiments
were performed. Furthermore, the amount of DID transported
was significantly lower in the DSPE-PEG-FA + FA-RM-LNC group
than in the FA-RM-LNC group, with no significant difference
observed in the amount of DID transported in the

DSPE-PEG-FA + RM-LNC and RM-LNC groups.

3.6. Mucus aggregation and intestinal absorption

Rat intestinal mucus was uniformly spread over the transwell
membrane and the aggregation of nanoparticles was
observed in rat mucus using an imaging system. DID-labeled
LNCs are represented in red. DID-RM-LNC showed significant

aggregation in rat intestinal mucus, while DID-FA-RM-LNC
had no significant aggregation (Figure 4(A)).

We clarified the rate of absorption of LNCs in the intestine
by examining the absorption in different intestinal segments
of rats (Figure 4(B)). The fluorescence intensity in the duo-
denum was strong in both the DID-RM-LNCs and
DID-FA-RM-LNCs groups, which could be attributed to the
high concentration of LNCs in this region. In the jejunum,
the fluorescence intensity of FA-RM-LNC was significantly
stronger than that of RM-LNC, suggesting that FA-RM-LNC
has a higher uptake rate than RM-LNC. The fluorescence
intensity in the large intestine decreased in both groups
under the effect of the harsh gastrointestinal environment
and the disruption of LNCs by intestinal peristalsis, with the
RM-LNC group showing a slightly higher decrease than the
FA-RM-LNC group.

To further investigate the intestinal absorption of the dif-
ferent LNCs, a quantitative study of the intestinal absorptivity
of LNCs was performed using an in vitro flipped intestinal
loop method. The transport of FA-RM-LNCs in the duodenum,
jejunum, and ileum after 2.5h was approximately 1.24, 1.37,
and 1.19 times higher, respectively, than that of RM-LNCs
(Figure 4(Q)).
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Figure 2. (A) Nanocapsule stability in biomimetic fluids. Variation in particle size and polydispersity index(PDI) of LNCs in simulated gastric fluid without
pepsin, simulated gastric fluid with pepsin, simulated intestinal fluid without trypsin, and phosphate-buffered solution at predetermined time intervals
(mean *standard deviation; n=3). (B) Circular dichroism spectrum of different exenatide samples. (C) Cumulative release of exenatide from exenatide solution,

RM-ELNC, and FA-RM-ELNC. Data are presented as mean +standard deviation

3.7. Pharmacokinetics

We investigated the bioavailability of orally administered
RM-ELNC, FA-RM-ELNC, and exenatide solutions respectively
(Figure 5(A)). The subcutaneous exenatide solution group was
used as a positive control. As shown in Table 3, plasma exen-
atide concentrations in the oral exenatide solution group
were low while that in the subcutaneous group peaked at
0.25h. Moreover, in the oral RM-ELNC and FA-RM-ELNC
groups, the peak was reached at 6h post-dose. Additionally,
the maximum blood concentration values were higher in the
FA-RM-ELNC group than in the RM-ELNC group. Using sub-
cutaneous administration as a control, the bioavailability of
the oral FA-RM-ELNC group was observed to be 7.53%.
Furthermore, the bioavailability of the FA-RM-ELNC group
was 1.28 times higher than that of the RM-ELNC group.

3.8. Pharmacodynamics

The hypoglycemic effect after a single dose was examined.
Free exenatide solution and saline did not induce hypogly-
cemic effects, as free exenatide is readily destructed in the
gastrointestinal tract. The subcutaneous administration of
exenatide solution (10ug/kg) significantly reduced blood glu-
cose values in a short period, reaching 41% of the initial
value after 2 h. Notably, the treatment groups based on LNCs
produced different treatment effects. As illustrated in Figure
5(B), RM-LNC reduced blood glucose to 72% after 6h, while
FA-RM-LNC had a more significant glucose-lowering effect
(66%) at the same time point. Furthermore, 24h after

(n=3).

FA-RM-LNC administration, level
remained at 64%.

The hypoglycemic effect of the different dosing groups
was tested after multiple dosings. The blood glucose levels
in each group after multiple administrations are shown in
Figure 5(C). No hypoglycemic effect was observed after 5 d
of repeated oral exenatide solution and saline. Blood glucose
levels after subcutaneous exenatide solution administration
were maintained between 80 and 95%. Furthermore, blood
glucose levels in the RM-ELNC group ranged from 80 to 90%.
Notably, the FA-RM-ELNC group was able to maintain blood
glucose levels between 65 and 90%.

the hypoglycemic

4. Discussion

The addition of reverse micelles resulted in a larger oily core
and a smaller proportion of surfactant in the nanoparticles,
leading to a larger particle size (Aparicio-Blanco et al., 2019).
Consistent with previous studies, DSPE-PEG-FA modification
on the particle surface also led to an increase in particle
size, which indirectly indicates the successful grafting of
DSPE-PEG-FA on the particle surface. The particle sizes
observed using TEM correlate well with those obtained by
DLS analysis (Table 1). In the TEM image of FA-RM-LNC, the
surface of the particles was not smooth, which could be due
to the irregular grafting of the long chain of DSPE-PEG that
causes the particles to protrude from the surface (Figure
1(B)). Nanoparticles close to about 100nm and hydrophilic
electroneutral facilitate the penetration of mucus and epi-
thelial cell layers into the blood circulation (Guo et al.,, 2021).
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Figure 3. (A) Cell viability of Caco-2 cells after 24h incubation with RM-LNC and FA-RM-LNC (n=3). (B) Cellular uptake study. Images of RM-LNC and FA-RM-
LNC after co-incubation with Caco-2 cells. Scale bar: 100 um. (C) Relative fluorescence intensity of DID in Caco-2 cells. Data are presented as mean + standard
deviation (n=3). *p<.05, RM-LNC versus FA-RM-LNC. (D) Relative uptake of LNCs in the presence of different endocytosis inhibitors. Using the control group

as the benchmark of 100%. *p <.05; *p<.01; ***p <.001.

Table 2. P,,, values when incubating different formulations with cell mono-
layers (n=3).

Formulations Papplcm/s) X 1078

RM-LNC 6.81£0.4

FA-RM-LNC 8.36+0.41
DSPE-PEG-FA+RM-LNC 6.38+0.53
DSPE-PEG-FA+FA-RM-LNC 5.6+0.31

According to the literature, LNCs can be stored at low
temperatures for up to six months (Aparicio-Blanco et al.,
2019). Furthermore, the LNCs could maintain a stable particle
size in simulated gastrointestinal fluids, which could be due
to the fact that LNCs have a strong rigid shell that allows
them to maintain their particle morphology in harsh envi-
ronments. Even when the particles were subjected to PBS at
37°C, their size and PDI did not change significantly, which
indicates good stability (Figure 2(A)). Furthermore, CD anal-
yses showed that exenatide in nanoparticles prepared by
different formulations could maintain its original conforma-
tion (Figure 2(B)), ensuring that the drug could exert its
therapeutic effects in vivo. Based on the release profile

(Figure 2(C)), the LNCs prepared from polymeric materials
exerted a slow-release effect on exenatide. Moreover, the
modification of DSPE-PEG2000-FA did not significantly affect
the release behavior of the drug compared to the unmodified
formulation, which could be attributed to the fact that this
modification material is not present in large quantities on
the surface of the particles and does not affect the protective
and retarding effect of the other polymeric materials on the
drug. However, the stability of exenatide is affected to some
extent during the release process, wherein the final cumu-
lative release does not reach 100%. A similar release behavior
was observed for LNCs (Xu et al., 2020a,b). In vitro release
experiments also indirectly demonstrated that the reverse
micelles containing exenatide were encapsulated into LNCs,
with the particle structure as shown in Figure 1(A).
Cytotoxicity experiments showed that both RM-LNCs and
FA-RM-LNCs were not significantly cytotoxic (Figure 3(A)). In
Caco-2 cell uptake experiments, both modified and unmod-
ified LNC showed a time-dependent uptake by cells, sug-
gesting its strong association with the active transport system
(Figure 3(B)). The fluorescence intensity of the FA-RM-LNC
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Figure 4. (A) Aggregation of nanoparticles in the mucus. (B) Complete image of the different segments of the intestine using the CYTATION imaging reader.
(C) Absorption of LNCs in the flipped intestinal circulation in vitro. Compared with the RM-LNC group, n=3, *p <.05.

Table 3. Pharmacokinetic parameters of exenatide following the administration of different exenatide formulations (mean+standard deviation, n=5).

Exenatide solution (oral)

RM-ELNC (oral)

FA-RM-LNC (oral) Exenatide solution(s.c.)

Dose (ug/mL) 100 100 100 10

Cprax (PG/ML) 101.51£11.69 132.19+9.1 188.25+10.36 378.75+5.25
T ( 6 6 6 0.25
AUC (pgh/mL) 1534.48 2435.98 3121.93 4147.47
B, (%) 3.7 5.87 7.53 100

group was higher than that of the RM-LNC group when
observed at different time points, indicating that the
DSPE-PEG-FA modification facilitated the cellular uptake of
FA-RM-LNC. This phenomenon is likely to be driven by an
increase in the amount of nanoparticles transported into
Caco-2 cells, which was mediated by FA and induced more
FA-RM-LNCs to be recognized by cells for uptake through
specific recognition with small intestinal epithelial cells
(Agrawal et al., 2014). Overall, the uptake of FA-RM-LNC was
cellularly enhanced after modification with DSPE-PEG-FA com-
pared to that of RM-LNCs (Figure 3(C)). Moreover, the uptake
mechanism analysis suggests that active transport processes
involved in adsorption and endocytosis could play an import-
ant role in the uptake of both preparations (Figure 3(D)).
Notably, folic acid alters the uptake pathway of FA-RM-LNCs
through specific ligand-receptor interactions, thus promoting
the epithelial internalization of functionalized LNCs. The

results of trans-cellular transport (Table 2) suggest that the
transport of RM-LNCs is independent of the presence of
DSPE-PEG-FA and that the increase in FA-RM-LNC transport
is mediated by the specific affinity of DSPE-PEG-FA for Caco-2
cells (Granja et al., 2019). Free DSPE-PEG-FA inhibits FA-RM-
LNC transport by over-competing for Caco-2 cell surface
receptors (Ashokkumar et al., 2007).

The relatively low aggregation of FA-RM-LNC in the mucus
could be due to the fact that the particles themselves tend to
be more electrically neutral in potential compared to those of
RM-LNCs (Figure 4(A)). Nanocarriers smaller than 200nm and
with a PEG surface can exhibit high mucus permeability
(Haddadzadegan et al., 2022). These favorable conditions could
have weakened the aggregation of FA-RM-LNC in the mucus
layer, which could also be attributed to the involvement of PEG
in the composition of the surface rigid shell of LNCs (Figure
1(A)) and the involvement of PEG2000 in the modification of
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Figure 5. (A) Plasma levels of exenatide at different time points. The subcutaneous
injection of exenatide solution was used as a positive control (meanzstandard
deviation, n=5). (B) Blood glucose levels in diabetic rats after a single administration.
Subcutaneous injection of exenatide solution was used as a positive control
(mean+standard deviation, n=5). (C) Blood glucose levels in diabetic rats after
multiple dosing. The subcutaneous injection of exenatide solution was used as a
positive control (meanz+standard deviation, n=5).

the particle surface. The specific target binding of folic acid and
enterocytes also resulted in higher absorption of FA-RM-LNC in
the small intestine, especially at the duodenal and jejunal sites
(Figure 4(Q)). The better absorbability of the RM-LNC group at
the large intestinal location could be explained by the fact that

only a small proportion of functionalized LNCs reached the large
intestinal location via peristalsis compared to the amount of
unmodified LNCs entering the large intestine (Figure 4(B)).
Consistent with previous studies, the current results also suggest
that FA is specifically recognized in the intestine by interacting
with receptors on the surface of enterocytes, thus mediating
the specific binding of FA-RM-LNCs to enterocytes and facilitating
the absorption of nanoparticles in the small intestine.

These findings suggest that FA promotes interaction with
small intestinal epithelial cells and boosts increased drug delivery
into the small intestine. Moreover, the DSPE-PEG-FA modified
nanocapsules greatly increased the bioavailability of exenatide
via the oral route of administration (Table 3 and Figure 5(A)).
Based on these results, it can be concluded that encapsulation
with FA-RM-LNC is an effective method to protect exenatide and
improve its intestinal epithelial permeation. We observed a sig-
nificant hypoglycemic effect after the oral administration of
FA-RM-ELNC compared to that of oral exenatide solution (Figure
5(B)). The hypoglycemic effect could be maintained for a longer
period due to the modification of the particle surface with
PEG2000 (Figure 5(C)). These results suggest that the encapsu-
lation of FA-RM-LNC enhances the pharmacological effects of
exenatide. The long-term hypoglycemic effect of orally admin-
istered FA-RM-ELNC could be partly attributed to the slow release
of exenatide from the LNCs. The lack of significant changes in
blood glucose levels following subcutaneous administration in
multiple dosing trials could be related to the rapid absorption
and rapid hypoglycemic effect following subcutaneous admin-
istration. This resulted in a rebound of the already lowered blood
glucose levels at 12h of administration. Overall, the control of
blood glucose was more stable with oral FA-RM-ELNC. Xu et al.
report that LNCs triggered GLP-1 secretion in human and mouse
cells as well as in mice (Xu et al, 2020a,b). The ability of RM-LNCs
and FA-RM-LNCs to trigger endogenous GLP-1 secretion can be
analyzed in future studies using more innovative colon-targeting
preparations to enhance the level of endogenous GLP-1 secre-
tion. Thus, combining this innovative delivery system to increase
endogenous GLP-1 secretion and increase the oral bioavailability
of the GLP-1 analog exenatide provides new perspectives for
the treatment of diabetes.

5. Conclusion

In this study, LNCs were stable in vitro and had a good affin-
ity to epithelial cells, thus enhancing intracellularization and
transcellular transport. In vivo experiments also showed that
the oral administration of FA-RM-ELNC exhibited a good
hypoglycemic effect in type 2 diabetic mice. Furthermore,
the prepared FA-RM-LNC has promising therapeutic potential
for the oral delivery of exenatide. Nonetheless, further inves-
tigation should be undertaken into the biosafety of this
delivery system, its ability to be used to deliver other proteins
peptides and strategies to stimulate endogenous GLP-1



secretion. This study provides promising prospects for devel-
oping treatments for diabetes.
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