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ABSTRACT: Although several strategies have been applied for oral
insulin delivery to improve insulin bioavailability, little success has
been achieved. To overcome multiple barriers to oral insulin
absorption simultaneously, insulin-loaded N-trimethyl chitosan
chloride (TMC)-coated polylactide-co-glycoside (PLGA) nanopar-
ticles (Ins TMC-PLGA NPs) were formulated in our study. The Ins
TMC-PLGA NPs were prepared using the double-emulsion solvent
evaporation method and were characterized to determine their size
(247.6 £ 7.2 nm), {-potential (452 + 4.6 mV), insulin-loading
capacity (7.8 + 0.5%) and encapsulation efficiency (47.0 + 2.9%). The
stability and insulin release of the nanoparticles in enzyme-containing
simulated gastrointestinal fluids suggested that the TMC-PLGA NPs
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could partially protect insulin from enzymatic degradation. Compared with unmodified PLGA NPs, the positively charged TMC-
PLGA NPs could improve the mucus penetration of insulin in mucus-secreting HT29-MTX cells, the cellular uptake of insulin
via clathrin- or adsorption-mediated endocytosis in Caco-2 cells and the permeation of insulin across a Caco-2 cell monolayer
through tight junction opening. After oral administration in mice, the TMC-PLGA NPs moved more slowly through the
gastrointestinal tract compared with unmodified PLGA NPs, indicating the mucoadhesive property of the nanoparticles after
TMC coating. Additionally, in pharmacological studies in diabetic rats, orally administered Ins TMC-PLGA NPs produced a
stronger hypoglycemic effect, with 2-fold higher relative pharmacological availability compared with unmodified NPs. In
conclusion, oral insulin absorption is improved by TMC-PLGA NPs with the multiple absorption barriers overcome
simultaneously. TMC-PLGA NPs may be a promising drug delivery system for oral administration of macromolecular

therapeutics.
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1. INTRODUCTION

Insulin is commonly used to treat diabetes." Oral delivery has
become the most desirable method of insulin administration
because of its convenience and good patient compliance. More
importantly, the physiological mechanism of insulin secretion is
mimicked by oral administration.” In particular, insulin absorbed
in the intestine can go directly to the liver, the main target organ
of insulin, through the portal vein, and high exposure via the
peripheral circulation can be avoided.’ Consequently, oral
delivery of insulin results in fewer side effects. However, the
oral bioavailability of protein/peptide therapeutics such as
insulin is very poor, mainly due to the following three barriers:
(A) Enzyme barrier: insulin is susceptible to digestion by
proteases in the gastrointestinal (GI) tract.* (B) Mucus barrier:
the GI tract is coated with a mucus layer that may prevent
macromolecules or drug delivery systems from reaching beneath
the epithelial cells.® (C) Epithelial cell barrier: because of the
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poor cellular uptake of a hydrophilic macromolecule in epithelial
cells, insulin can hardly permeate the epithelial cell layer in the
intestine. Meanwhile, the tight junctions (T]s) between epithelial
cells prevent para-cellular transport of insulin.” To improve the
oral bioavailability of insulin, these multiple absorption barriers
have to be overcome simultaneously.

Previously, several strategies were used to improve oral insulin
absorption.*"* Among these strategies, nanoparticles (NPs)
may represent the most promising approach. Protein drugs
encapsulated in nanoparticles are protected from enzymatic
degradation in the GI tract. Moreover, the permeability of
protein drugs through the mucus or epithelial cell barrier is
enhanced due to the greater surface-area-to-volume ratio of
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nanoparticles or the modification of nanoparticles’ surface
properties.7'13’14

Polylactide-co-glycoside (PLGA) is approved by the U.S. FDA
and has been proven to be safe for clinical applications. PLGA
nanoparticles (PLGA NPs) have gained numerous popularities
in drug delivery.">" Controlled release can be achieved by using
PLGA NPs to protect effectively encapsulated protein drugs
from enzymatic degradation in the GI tract.'”~>* However, the
penetration of PLGA NPs through the mucus and epithelial
barriers is poor because the negative surface charge of PLGA NPs
limits the nanoparticles’ interactions with the negatively charged
mucus layer or cell membrane.'” >° Coating by cationic
polymers through electrostatic interactions could be an effective
method for modifying the surface charge of PLGA NPs.

N-Trimethyl chitosan chloride (TMC) is a partially
quaternized derivative of chitosan and can be prepared by
reductive methylation.”>** The positive charge, good solubility
and permeation-enhancing ability of TMC are maintained in
neutral-pH environments, where chitosan is insoluble and
ineffective as a permeation enhancer.>>*® As previously reported,
insulin loaded TMC nanoparticles (TMC NPs) were most
commonly prepared by ionic cross-linking method.”” " In the
process of preparation, the TMC NPs were formed by self-
assembly of cationic TMC and oppositely charged insulin or by
addition anionic low molecular cross-linker, such as tripolypho-
phate (TPP) to positively charged TMC. It was reported that the
insulin loaded TMC NPs possess a positively charged surface and
showed good mucoadhesive and intestinal epithelium-penetrat-
ing properties.”” However, TMC NPs disintegrate easily because
the electrostatic interaction between negatively charged insulin
and positively charged TMC decreases in media with an ionic
strength as high as that of intestinal fluid, resulting in the fast
release of insulin. In fact, up to 50% of encapsulated insulin is
released from TMC NPs in PBS in just 1 h.** With the presence
of enzymes in the GI tract, this release could be even faster due to
enzymatic degradation of the TMC NPs prepared by ionic cross-
linking method. Although para-cellular transport of insulin is
enhanced by the TJ-opening effect of TMC,* the limited area of
TJs relative to the intestinal epithelia still makes it difficult for
considerable amounts of insulin to be released to effectively
permeate the epithelial cell barrier. As a result, the released
insulin has poor absorption efliciency and undergoes enzymatic
degradation in the intestinal lumen. It was indicated that
although TMC NPs prepared by ionic cross-linking method is
beneficial for overcoming the mucus and epithelial cell barriers to
oral insulin absorption, the ability of the nanoparticles to
overcome enzyme barrier need to be improved.

In our study, TMC coating of PLGA NPs was applied to
combine the controlled-release property of PLGA NPs with the
mucoadhesive and permeation-enhancing capacity of TMC.
Insulin is encapsulated in the PLGA core. Meanwhile, TMC
coating of the PLGA core is realized by electrostatic interactions
between the negatively charged surface of PLGA core and
cationic TMC. Protection of insulin in the GI tract is specifically
achieved by the controlled release of insulin from our prepared
TMC-coated PLGA nanoparticles (TMC-PLGA NPs) to
overcome the enzyme barrier to oral insulin absorption.
Moreover, it is hypothesized that the mucus barrier can be
overcome by mucoadhesion of the TMC-PLGA NPs, followed
by mucus penetration, and that the epithelial barrier can be
overcome by improved cellular internalization of cationic TMC-
PLGA NPs and enhanced para-cellular transport of insulin. By
overcoming these multiple absorption barriers, oral admin-
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istration of insulin-loaded TMC-PLGA NPs (Ins TMC-PLGA
NPs) is expected to improve the bioavailability of insulin.

The effects of TMC-PLGA NPs on overcoming the multiple
barriers to oral insulin absorption were evaluated both in vitro
and in vivo. The protective ability of the nanoparticles was
specifically evaluated based on the stability of the nanoparticles
and the release of insulin in simulated gastrointestinal fluids. In
addition, mucus-producing HT29-MTX cells were applied for in
vitro evaluations of the mucus-penetrating capacity of the
nanoparticles, and Caco-2 cell monolayers were used to
investigate the epithelia-permeating ability of the nanoparticles.
Furthermore, the mucoadhesive effect of the TMC-PLGA NPs
was evaluated in mice. Finally, the hypoglycemic effect and
relative pharmacological availability of the nanoparticles were
tested in diabetic rats.

2. EXPERIMENTAL METHODS

2.1. Materials and Animals. Lakeshore poly(lactic-co-glycolic
acid) (PLGA, lactic acid:glycolic acid = 50:50 and molecular weight of
20 000 Da) was kindly provided by Evonik, GmbH. (Evonik, Germany).
Emprove exp poly(vinyl alcohol) (PVA) 4-88 was given as a present
from Merck, GmbH. (Merck, Darmstadt, Germany). N-Trimethyl
chitosan (TMC, viscosity 10—50 mPa-s, degree of deacetylation 85%,
degree of trimethyl substitution 50%) was purchased from Xingzhong-
cheng Chemical Co., Ltd. (Hubei, China). Porcine insulin (27 IU/g)
was obtained from Wanbang Biochemical Co., Ltd. (Jiangsu, China).
125 or Rhodamine B labeled insulin was provided by Prof. Jianhua Zhu
and Prof. Cong Lij, respectively (School of Pharmacy, Fudan University).
Fluorescent FPR648 labled PLGA (lactic acid:glycolic acid = 50:50 and
molelular weight of 20 000 Da) was purchased from PolySciTech (West
Lafayette, IN, USA). Corning Cellgro phosphate-buffered saline (PBS),
Hank’s balanced salt solution (HBSS), 0.25% (w/v) trypsin-EDTA and
Dulbecco’s modified essential medium (DMEM) were all purchased
from Mediatech, Inc. (VA, USA). Cell culture plates were from Corning
(Corning, NY, USA). N-Acetyl-L-cysteine (NAC) was obtained from
Aladdin Chemistry Co., Ltd. (Shanghai, China). Gibco fetal bovine
serum (FBS), Alexa Fluor 488 labeled wheat germ agglutinin (WGA)
and Alexa Fluor 488 labeled donkey antigoat IgG were purchased from
Life tech Inc. (Life technologies, Carlsbad, CA, USA). Occludin goat
polyclonal IgG were obtained from Santa Cruz Biotechnology, Inc.
(Dallas, Texas, USA). The pepsin, pancreatin and other chemicals were
purchased from Sigma (St. Louis, MO, USA).

Caco-2 cells were obtained from American Type Culture Collection
(Manassas, VA, USA). HT29-MTX cell line was a kind gift from Dr.
Thecla Lesuffleur (INSERM, Paris, France).

Male Wistar rats weighing 200 + 20 g and male Kunming mice
weighing 20 + 2 g were obtained from Sino-British SIPPR/BK Lab.
Animal Co., Ltd. (Shanghai, China). All animal experiments were
performed according to the Guiding Principles for the Care and Use of
Experiment Animals in Fudan University (Shanghai, China). The
protocols of the study were evaluated and approved by the ethical
committee of Fudan University.

2.2. Preparation of NPs. Insulin loaded PLGA NPs (Ins PLGA
NPs) were prepared using a double emulsion method, with slight
modification from a method described previously.>' Briefly, 0.2 mL of 20
mg-mL™" insulin PBS solution was added to 1 mL of ethyl acetate
containing 20 mg of PLGA. A W/O primary emulsion was formed after
ultrasound sonication (200 W) for 30 s in ice bath. Then 2 mL of 2%
(W/V) PBS solution of poly(vinyl alcohol) (PVA) was added and mixed
by shaking out thoroughly followed by ultrasound sonication (200 W)
for 30 s in ice bath to produce a W/O/W double emulsion. The double
emulsion was added dropwise into 8 mL of 2% PBS solution of PVA, and
the solution was mixed by magnetic stirring for 1 h at room temperature.
The residual ethyl acetate was removed under vacuum rotary
evaporation at 40 °C. Aliquots of the NPs suspension were washed
twice with PBS by centrifugation (15000g, 4 °C, 30 min) and
resuspension.
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Insulin loaded TMC-PLGA NPs (Ins TMC-PLGA NPs) were
prepared by the same method as above except that cationic TMC (0.8
mg) was dissolved in 2 mL of a 2% (w/v) PBS solution of PVA as the
outer water phase to form double emulsion (W/O/W).

2.3. Characterization of NPs. The size and {-potential of NPs were
measured by Malvern Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, UK). The mean particle size, polydispersion index
(PDI) of size and {-potential were recorded. All measurements were
performed in triplicate. Morphological examination of PLGA NPs or
TMC-PLGA NPs were performed using a transmission electron
microscope (Tecnai G2 20, FEIL, USA).

To determine the encapsulation efficiency (EE) and drug loading
capacity (DLC), the insulin-loaded nanoparticles were separated from
the aqueous suspension medium by ultracentrifugation at 15000g and 4
°C for 30 min. The amount of free insulin in the supernatant was
determined using ultraperformance liquid chromatography (UPLC)
(Waters Acquity UPLC H Class, Waters Corporation, USA). The
UPLC system comprised a quaternary solvent manager, a TUV detector
and a Acquity UPLC BEH C,5 column (50 X 2.1 mm, 1.7 um, 130 A) to
separate insulin. The mobile phase was a mixture of water, acetonitrile
and trifluoroacetic acid with the ratio of 68.5:31.5:0.1. The flow rate was
0.3 mL/min and the detection wavelength was set at 214 nm. Aliquot 1
uL of the supernatant was injected into the UPLC system. The peak area
of insulin was recorded and the concentration of free insulin in the
supernatant was calculated from a standard curve. The EE and DLC
were calculated using the following formula:

encapsulation efficiency (EE) (%)

total amount of insulin added — free insulin

= X 100%
total amount insulin added
drug loading capacity (DLC) (%)
_ total amount of insulin added — free insulin % 100%

weight of nanoparticles

2.4. Stability of NPs in Simulated Gastrointestinal Fluids.
Simulated gastric fluid without pepsin (SGFsp), simulated intestinal
fluid without pancreatin (SIFsp), pepsin-containing simulated gastric
fluid (SGF) and pancreatin-containing simulated intestinal fluid (SIF)
were prepared according to USP3S. The SGF and SIF were 35 mM
NaCl, 80 mM HCl, 0.3% (w/v) pepsin, pH 1.2 and 50 mM KH,PO,, 15
mM NaOH, 1.0% (w/v) pancreatin, pH 6.8, respectively. Aliquots of Ins
PLGA NPs or Ins TMC-PLGA NPs were dispersed in SGFsp, SIFsp,
SGF and SIF respectively at a concentration of 0.2 mg/mL. After
incubation at 37 °C under agitation at 100 rpm on an orbital shaker for 2
h, nanoparticles were collected by ultracentrifugation and resuspended
in water. The mean particle size and {-potential of each sample were
measured as described above and were compared with the initial data
before incubation.

2.5. In Vitro Drug Release From NPs. The method we used was
slightly modified from a previous report.”® The in vitro release profiles
were studied with 0.2 mg/mL '*I-labeled insulin (**I-Ins) loaded NPs
in SGFsp, SIFsp, SGF and SIF, respectively at 37 °C under agitation at
100 rpm. At predetermined times, samples were collected and
centrifuged. The radioactivity of '**I-Ins in the supernatant was counted
(Wallac Wizard 1470 Gamma counter, PerkinElmer, Waltham, MA,
USA). The release percent of '*I-Ins from the NPs was then calculated
by dividing the counts in the supernatant by the total counts of the
nanoparticles added.

2.6. Cell Culture. The human colon adenocarcinoma cell lines,
Caco-2 and HT29-MTX cells, were cultivated separately in 75 cm?
culturing flasks containing 10 mL of Dulbecco’s Modified Medium
(DMEM, Corning Cellgro, Mediatech, USA) supplemented with 10%
nonessential amino acid, 10% L-glutamine, 1% penicillin (100 IU/mL)
and streptomycin (100 pg/mL) and 10% fetal bovine serum. Cells were
maintained in an incubator at 37 °C, 95% relative humidity and 5% CO,.
The culture medium was replaced with fresh one every other day until
the cells reached 60—80% confluence. Cells were then detached from
the culturing flask by trypsin treatment and resuspended in fresh culture

medium. For cellular uptake studies, cells were seeded onto 24-well
plates (Corning, NY, USA) at a density of 5 X 10* cells/cm? and cultured
for 14 days. For the permeation studies on cell monolayers, Caco-2 cells
were seeded onto the Millicell hanging cell culture insert (PET
membrane, pore size 0.4 ym) (Millipore Corporation, Billerica, MA,
USA). The hanging cell culture inserts were placed into 24-well plates.
The cells were allowed to grow and differentiate for 21 days before use.
Caco-2 cells with passage numbers between 20 and 30 and HT29-MTX
cells between 14 and 20 were used.

2.7. Study of Mucoadhesion and Mucus-Penetration Using
HT29-MTXCells. HT29-MTX cells were seeded onto glass-bottomed
cell culture dish for CLSM visualization (Nest Biotechnology Co., Ltd,,
Wauxi, China) at a density of 5 X 10* cells/cm? and were cultured for 14
days. Insulin was labeled with fluorescein Rhodamine B (RB-Ins) and
fluorescein FPR648 labeled PLGA (FPR648-PLGA) were used in
nanoparticles preparation for in vitro visualization. Cells were rinsed with
HBSS, allowed to equilibrate at 37 °C for 20 min and then incubated
with 500 uL of suspension of RB-Ins loaded FPR648-PLGA NPs or
TMC-FPR648-PLGA NPs in HBSS (at a concentration of 500 ug/mL
of RB-Ins) at 37 °C, 5% CO, for 2 h. Subsequently, the cells were
washed with ice-cold PBS and counter-stained with Alexa Fluor 488
labeled wheat germ agglutinin (WGA) (S pg/mL) for 15 min and bis-
benzimide H33342 trihydrochloride (S pg/mL) for 20 min. After that,
samples were washed with PBS and examined under confocal laser
scanning microscopy (CLSM, LSM710, Cal Zeiss, Jena, Germany). The
images of nanoparticles or RB-Ins in the cell mucus layer or in the cell
were captured.

To evaluate the influence of cell mucus layer on the absorption of
nanoparticles, the mucus layer of HT29-MTX cells was removed prior to
the experiment, with slight modification from a method described
previously.** Briefly, HT29-MTX monolayers were washed with 10 mM
N-acetyl cysteine (NAC) HBSS and incubated under agitation at 150
rpm for 1 h. Subsequently, the cells with mucus layer (without treatment
of NAC, the control group) along with the cells without mucus layer
(after treatment of NAC, the NAC group) were washed by HBSS for 3
times and treated with RB-Ins PLGA NP or TMC-PLGA NPs
suspension (at a concentration of 500 yg/mL of RB-Ins) in HBSS at
37 °C, 5% CO, for 2 h. After that, the cells were washed to remove the
unassociated nanoparticles. To measure the amount of drug that
penetrated the cell mucus layer and entered the cells, the cells were
treated with a 3% (v/v) formalin solution (the formalin group) to
remove the mucus layer as previously reported.>® The cell lysis was
accomplished in cells of all groups by ultrasound sonication (200 W, 2 s
each time at a 2 s interval, 40 times) in ice bath. The amount of RB-Ins
was quantified by fluorescence analysis using a microplate reader
(Infinite 200 PRO microplate reader, Tecan, Switzerland) with an
excitation wavelength of 566 nm and an emission wavelength of 590 nm.
The protein concentration of the cell lysis was determined using a
bicinichoninci acid (BCA) assay kit (Beyotime Institute of Biotechnol-
ogy, Jiangsu, China). The amount of cellular uptake of RB-Ins by HT29-
MTX cells was expressed as the amount of RB-Ins associated with 1 mg
of cellular protein.

2.8. Cellular Uptake Study Using Caco-2 Cells. Caco-2 cells were
seeded onto glass-bottomed cell culture dish for CLSM visualization
(Nest Biotechnology Co., Ltd., Wuxi, China) at a density of 5 x 10*
cells/cm? and were cultured for 14 days. Cells were rinsed with HBSS,
allowed to equilibrate at 37 °C for 20 min and then incubated with 500
uL of a 500 ug/mL RB-Ins loaded FPR648-PLGA NPs or TMC-
FPR648-PLGA NPs suspension in HBSS (at a concentration of 500 ug/
mL of RB-Ins) at 37 °C, 5% CO, for 2 h. In addition, RB-Ins solution at
the same concentration was set as control. After that, the cells were
washed 3 times with ice-cold PBS to remove the unassociated
nanoparticles. Cells were counter-stained with DAPI (4’6-diamidino-
2-phenylindole) (S yug/mL) for 10 min under light exclusion. Samples
were washed with PBS and examined under CLSM (LSM710, Cal Zeiss,
Jena, Germany). The intracellular CLSM images were captured.

To evaluate quantitatively the cellular uptake of RB-Ins, Caco-2 cells
were treated with RB-Ins PLGA NP or RB-Ins TMC-PLGA NPs
suspension (at a concentration of 500 yg/mL of RB-Ins) in HBSS at 37
°C, 5% CO, for 2 h. In addition, RB-Ins solution at the same
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Table 1. Mean Size, Polydispersity Index (PDI), {-Potential, Encapsulation Efficiency (EE) and Drug-Loading Capacity (DLC) of

Nanoparticles (n = 3)

nanoparticles size (nm) PDI
Ins PLGA NPs 1324 £ 5.8 0.139 + 0.046
Ins TMC-PLGA NPs 247.6 +7.2 0.242 + 0.074

{-potential (mV) EE (%) DLC (%)
-89+ 34 48.0 £ 3.5 85+ 06
452 £ 4.6 470 29 7.8 +£0.5

concentration was set as control. Then cells were washed to remove the
unassociated nanoparticles. The cell lysis was performed and the
fluorescence intensity and protein concentration of the cell lysis were
determined in the same way as described above. The amount of cellular
uptake of RB-Ins by Caco-2 cells was expressed as the quantity of RB-Ins
associated with 1 mg of cellular protein.

2.9. Mechanism of Cellular Uptake in Caco-2 Cells. To identify
the possible cellular uptake mechanism of nanoparticles by Caco-2 cells,
the cells were incubated in different conditions or treated with specific
agents, with slight modification from a previously described method.**?
Briefly, 100 mM sodium azide, 10 pg/mL chlorpromazine, S pg/mL
filipin IIL, 10 pug/mL cytochlalasin-D or 1 mM protamine sulfate was
respectively dissolved in the suspension of nanoparticles and incubated
with cells for 2 h at 37 °C. To test the effect of temperature on cellular
uptake, cells were incubated with suspension of nanoparticles at 4 °C for
2 h. In addition, the control samples were conducted at 37 °C for 2 h
without any treatment. The results of inhibition tests were presented as
the percentage of cellular uptake amount of RB-Ins relative to the
control group.

2.10. Transport through Caco-2 Cell Monolayers. The
measurement of transepithelial electrical resistance (TEER) value and
the transcelluar investigation of insulin through Caco-2 cell monolayers
were carried out by a method slightly modified from a previous report.>*
Prior to the transport study, the medium in the apical and basolateral
chambers were replaced with prewarmed fresh HBSS. The cells were
rinsed with HBSS and allowed to equilibrate at 37 °C for 20 min. Then
media in the apical chamber were replaced with 0.1 mL of suspension of
RB-Ins PLGA NPs or RB-Ins TMC-PLGA NPs (RB-Ins at a
concentration of 500 ug/mL). At predetermined time intervals, 0.2
mL of samples were collected from the basolateral chamber. The
amount of RB-Ins transported was determined as described above and
the percentage of RB-Ins transported through the cell monolayers was
calculated.

The apparent permeability coefficients (P, cm/s) of RB-Ins were
calculated according to the following equation:

oo
AXCXt

where Q is the total amount of insulin permeated (ng), A is the diffusion
area of the cell monolayers (cm?), ¢ is the initial concentration of the
insulin in the donor compartment (ng/cm®) and tis the total time of the
experiment (s).

At certain time intervals, the TEER values were measured by
Millipore Millicell-Electrical Resistance System (Millipore Corporation,
MA, USA). After incubation with nanoparticles for 2 h, the cell
monolayers were washed by PBS to remove the nanoparticles and
subsequently cultured in fresh cell culture media. The TEER values were
measured at predetermined time intervals in the next 22 h. The
percentage of TEER values relative to the initial level was calculated.

2.11. Immunofluorescence Imaging of Occludin Protein.
Caco-2 cells were grown on Transwell permeable supports (polyester
membrane, pore size of 0.4 ym, Corning, NY, USA) for 21 days to
confluence and treated by FPR648-PLGA NPs or TMC-FPR648-PLGA
NPs suspension. Occludin protein was stained using the immuno-
fluorescence method as reported previously.** In brief, cells were fixed in
10% formalin, permeabilized in 1% BSA 0.4% Triton-X PBS and treated
with 5% donkey serum PBS for 1 h to block nonspecific binding. The
occludin goat polyclonal IgG at a concentration of 1:1000 was applied to
the cells at 4 °C overnight. After the washing steps, cells were treated by
Alexa Fluor 488 labeled donkey antigoat IgG (1:100 in PBS) for 1 h at
room temperature. Subsequently, cells were viewed using CLSM for the
tight junctions.

2.12. In Vivo Intestinal Mucoadhesion Study. Male Kunming
mice weighing 20 + 2 g were fasted overnight, but with free access to
water before the experiment. '**I-Ins PLGA NPs or '*I-Ins TMC-PLGA
NPs was administrated by intragastric gavage. After a predetermined
time, the mice were sacrificed by cervical dislocation. An incision was
made in the abdomen. The small intestine and colon were separated. In
particular, the small intestine from the upper duodenum to the lower
ileum was divided into four segments equal in length. All the intestinal
segments were washed in normal saline. After that, the radioactive
intensity was measured by y-radioactive counter. The percentage of
radioactive intensity of each intestinal segment to the total was
calculated.

2.13. Pharmacodynamics Study in Diabetic Rats. The method
we used is slightly modified from that of a previously reported method.*®
Male Wistar rats weighing 200 + 20 g were fasted for 24 h, but with free
access to water before intraperitoneal injection of streptozotocin (STZ)
at a dose of 60 mg/kg to induce diabetes. Rats were regarded to be
diabetic when their fasting blood-glucose level was higher than 15
mmol/L 1 week after the streptozotocin injection.

The diabetic rats were fasted overnight before administrated with the
following formulations: oral administration of Ins PLGA NPs (at the
insulin dose of 20 IU/kg), Ins TMC-PLGA NPs (at the insulin dose of
20 IU/kg), Ins solution (S0 IU/kg) and PBS by intragastric gavage and
subcutaneous injection of Ins solution (2 IU/kg). Before and at
predetermined time intervals after dosing, one-drop-of-blood samples
were collected from the caudal vein and the blood glucose concentration
was measured as previously described.*® The change in blood glucose
concentration, represented by percentage to the initial value before the
administration, was plotted against time. The biological activity of
insulin or insulin loaded nanoparticles was calculated by dividing the
blood glucose percentage by the corresponding blood glucose
percentage in the control group (PBS ig. group). The area above the
curve (AAC) was calculated using the trapezoidal method and was used
to calculate the pharmacological availability (PA) according to the
following equation:

_ AAC X dose

PA= ————
AAC,. X dose

X 100%

2.14. Statistical Analysis. Data were presented as the mean =+
standard deviation. t test and one-way analysis of variance (ANOVA)
were used to determine significance between two groups and among
more than two groups, respectively. A value of P < 0.05 was considered
to be significant.

3. RESULTS

3.1. Characterization of NPs. The mean particle size of the
Ins TMC-PLGA NPs tested by dynamic light scattering was
about 100 nm greater than that of Ins PLGA NPs (Table 1).
Similar results in particle size was shown in the TEM images of
PLGA NPs and TMC-PLGA NPs (Figure 1). Whereas Ins PLGA
NPs had a negative {-potential, the surface of Ins TMC-PLGA
NPs was positively charged. It was indicated that the PLGA NPs
were successfully coated with cationic TMC. The encapsulation
efficiency (EE) and drug-loading capacity (DLC) of the TMC-
PLGA NPs showed no significant differences from those of the
PLGA NPs (P > 0.05).

3.2. Stability of NPs in Simulated Gastrointestinal
Fluids. To evaluate the stability of the nanoparticles in the GI
tract, changes in the mean particle size and {-potential of the
nanoparticles after incubation in simulated gastrointestinal fluids
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Figure 1. TEM images of PLGA NPs and TMC-PLGA NPs.

were measured. No significant changes in the mean particle size
or {-potential of the nanoparticles were found after incubation in
the enzyme-free SGFsp or SIFsp for 2 h, suggesting that most of
the nanoparticles remained intact (Figure 2A). In contrast, the
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Figure 2. (A) Size and {-potential of PLGA NPs and TMC-PLGA NPs
after 2 h of incubation in SGF without pepsin (SGFsp), in SIF without
pancreatin (SIFsp), in SGF with pepsin (SGF) or in SIF with pancreatin
(SIF) (n = 3). The size and {-potential of the nanoparticles before
incubation served as the control. Significant differences are denoted as
follows: *, P < 0.0S, compared with the control group; **, P < 0.01,
compared with the control group. (B) Profiles of in vitro "**I-Ins release
from PLGA NPs and TMC-PLGA NPs in SGFsp, in SIFsp, in SGF or in
SIF (n = 3). Insulin labeled with the radioactive isotope '**I was
encapsulated in the nanoparticles used in the in vitro release study.

stability of the TMC-PLGA NPs was impaired after contact with
enzymes, as indicated by a significant decrease in the {-potential
in enzyme containing SGF and SIF and a significant decrease in
the mean particle size in SGF.

3.3. In Vitro Drug Release From NPs. Because insulin is
vulnerable to pepsin or pancreatin in gastrointestinal fluid, the
ability of nanoparticles to protect insulin from degradation could
be evaluated in vitro by determining the profile of insulin release
from NPs in SGF or SIF. '*I-labeled insulin was used in the in
vitro release tests because the radioactive isotope '*’I is not
affected by the proteases in the release medium. Thus, the
amount of insulin released into the enzyme-containing release
medium was determined from the radioactive intensity of '*L
Less than 10% of the '*I-Ins encapsulated in the nanoparticles

was released after incubation in enzyme-free SGFsp or SIFsp for
6 h (Figure 2B). In particular, the release of '**I-Ins from TMC-
PLGA NPs was significantly slower than those from PLGA NPs.
The release was much faster when enzymes were present in the
release medium. In particular, the release profiles were biphasic,
with a burst release of less than 10% of the drug in enzyme-free
SGFsp or SIFsp and approximately 30% of the drug from
enzyme-containing SGF or SIF during the first 1 h, followed by
more sustained release over the next S h. Although no significant
differences were observed between the cumulative release of
insulin from TMC-PLGA NPs in SGF (36.5 + 1.3%) and in SIF
(37.5 + 3.4%) in the burst-release phase, after 6 h, the release of
insulin in SIF (72.5 + 6.2%) was significantly higher than that in
SGF (54.6 + 4.7%). As illustrated, approximately 30—50% of the
drug remained in the nanoparticles after the release profile
reached a plateau, with the nanoparticles protecting the insulin
from enzymatic degradation.

3.4. Study of Mucoadhesion and Mucus Penetration
Using HT29-MTX Cells. The mucoadhesive and mucus-
penetrating properties of the nanoparticles were evaluated
using the mucus-secreting HT29-MTX cell model. Specifically,
the mucus layer covering the cells was characterized by staining
with fluorescence-labeled wheat germ agglutinin (WGA) (green
signal in Figure 3A). The distribution of insulin and nano-
particles in the mucus layer and inside the HT29-MTX cells after
incubation with Rhodamine B (RB)-Ins TMC-FPR648-PLGA
NPs or FPR648-PLGA NPs is shown in Figure 3A. When the
same initial amount was used, more TMC-FPR648-PLGA NPs
(yellow signal) than FPR648-PLGA NPs were attached to the
mucus layer (green signal), suggesting that the mucoadhesive
effect was enhanced after TMC coating. It is demonstrated that
more TMC-FPR648-PLGA NPs (yellow signal) penetrated the
mucus layer and entered the cells, illustrating the stronger
mucus-penetrating capacity of the TMC-coated nanoparticles.
Moreover, the red signal of the drug highly overlapped with the
yellow signal of PLGA in the mucus layer or in the cells,
indicating that the accumulation of insulin in the mucus layer was
attributable to the bioadhesive ability of the nanoparticles.

The distribution of drug in the mucus layer and cell
monolayers was measured quantitatively, and the results are
shown in Figure 3B. To characterize the mucoadhesive property
of the nanoparticles, the amounts of cellular uptake of insulin in
the control group and the N-acetylcysteine (NAC) group were
compared. However, no significant difference was found between
the amounts of cellular uptake of RB-Ins in the control group and
the NAC group for the PLGA NPs, indicating that the PLGA
NPs were not mucoadhesive. Moreover, the amount of RB-Ins
that penetrated the mucus layer and entered the cells (the
amount of cellular uptake in the formalin group) was relatively
low for the PLGA NPs, which was confirmed by the weak
intensity of the RB-Ins signal in the cells observed by CLSM
(Figure 3A). This poor mucus penetration of the PLGA NPs may
have resulted from their poor mucoadhesion.

After treatment with TMC-PLGA NPs, the uptake of RB-Ins
by HT29-MTX cells in the control group was 28% higher than
that in the NAC group, indicating better association of the TMC-
PLGA NPs with the mucus layer than with the cell membrane.
Moreover, the cellular uptake of RB-Ins in the control group was
dramatically higher for TMC-PLGA NPs than for unmodified
PLGA NPs, indicating great improvement in the association of
the nanoparticles with the mucus after TMC coating.
Furthermore, the fraction of insulin that penetrated the cell
mucus layer and entered the cells (the amount of cellular uptake
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in the formalin group) was 2-fold greater for TMC-PLGA NPs 3.5. Cellular Uptake Study Using Caco-2 Cells. An
than for PLGA NPs, suggesting that the mucus penetration of intestinal epithelium-like Caco-2 cell monolayer was established
for the cellular uptake experiment. The CLSM images of the
insulin was significantly improved by TMC coating of nano- nanoparticles and drug internalized by Caco-2 cells are shown in

particles. Figure 4A. Meanwhile, the cellular uptake of RB-Ins was
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Figure S. (A) Efficiency of RB-Ins transport through Caco-2 cell monolayers after treatment with RB-Ins PLGA NPs, RB-Ins TMC-PLGA NPs or RB-
Ins solution (n = 4—6). (B) Apparent permeability coefficients of RB-Ins transport through Caco-2 cell monolayers (n = 4—6). Significant differences are
denoted as follows: *, P < 0.0S, compared with RB-Ins solution; ##, P < 0.01, compared with Ins PLGA NPs. (C) Percentage change in the TEER value
relative to the initial level for Caco-2 cell monolayers. The nanoparticles were removed after 2 h of incubation and the cell monolayers were subsequently
incubated in culture medium for 22 h (1 = 6). (D) CLSM images of Caco-2 cells after incubation with RB-Ins FPR648-PLGA NPs or RB-Ins TMC-
FPR648-PLGA NPs. The occludin protein in the TJs was stained with Alexa Fluor 488 (green). The red and yellow signals indicate RB-Ins and FPR648-
PLGA, respectively. The areas marked by white arrows indicate the opened TJs, through which RB-Ins and FPR648-PLGA molecules were transported.

measured quantitatively and is shown in Figure 4B. Negligible
RB-Ins signals were observed in the cells treated with RB-Ins
solution, which confirmed that RB-Ins given in the form of a
solution hardly entered the cells. The stronger signal of RB-Ins in
the cells after incubation with RB-Ins PLGA NPs and the overlap
of the PLGA and RB-Ins signals observed by CLSM indicated
that the cellular internalization of RB-Ins was enhanced by
encapsulation in the NPs. Consistent with this finding, the
amount of cellular uptake of RB-Ins was significantly improved
for the RB-Ins PLGA NPs compared with the RB-Ins solution.

Compared with the cells treated with PLGA NPs, in the cells
treated with TMC-PLGA NPs, even stronger fluorescent
intensity was observed, and a significantly higher amount of
RB-Ins was taken up by the cells. These results suggested that the
cellular uptake of nanoparticles is greatly enhanced by TMC
coating.

The mechanism of uptake by Caco-2 cells was investigated
under different conditions. As shown in Figure 4C, the amount of
uptake of RB-Ins by the Caco-2 cells was significantly reduced at
4 °C and with the addition of sodium azide for both PLGA NPs
(P < 0.01) and TMC-PLGA NPs (P < 0.01), as both of these
conditions can block active transport processes. Methyl-f-
cyclodextrin, an inhibitor of both clathrin-dependent and
clathrin-independent cellular uptake, also significantly decreased
the cellular uptake of PLGA NPs and TMC-PLGA NPs
(approximately 45.9% reduction, P < 0.01; 35.1% reduction, P
< 0.05, respectively). To determine further the relative
involvement of clathrin-dependent endocytosis, chlorpromazine
treatment was used to inhibit clathrin-dependent endocytosis.
Opverall, chlorpromazine inhibited the uptake of PLGA NPs and
TMC-PLGA NPs to 61.7 + 9.4% (P < 0.01) and 69.2 + 5.8% (P

< 0.05), respectively, in Caco-2 cells. Moreover, the caveolin-
mediated endocytosis inhibitor filipin III and the pinocytosis
inhibitor cytochalasin D, had no effect on the uptake of PLGA
NPs and TMC-PLGA NPs by cells. Hence, these results
demonstrated that clathrin-dependent endocytosis was involved
in the cellular uptake of PLGA NPs and TMC-PLGA NPs and
that there were no apparent direct roles for caveolae-dependent
mechanisms or pinocytosis-dependent mechanisms.

Moreover, as an adsorption-mediated endocytosis inhibitor,
protamine induced a strong decrease in cellular internalization,
to 38.5 = 13.6%, for TMC-PLGA NPs (P < 0.01). In contrast, the
cellular uptake of PLGA NPs was not affected by protamine.
These results implied that adsorptive endocytosis might play an
important role in the uptake of TMC-PLGA NPs and probably
accounts for these NPs’ increased internalization compared with
PLGA NP internalization.

3.6. Transport through Caco-2 Cell Monolayers. Figure
SA shows the cumulative amount of RB-Ins transported through
Caco-2 cell monolayers incubated with RB-Ins solution, RB-Ins
PLGA NPs or TMC-PLGA NPs as a function of time. The
apparent permeability coefficient (P,,,) of RB-Ins was calculated
(Figure SB). As shown, the cumulative amount of RB-Ins
transported through the Caco-2 cell monolayers in the control
group (RB-Ins solution) was negligible. The P, value for RB-Ins
from the TMC-PLGA NPs (4.48 + 0.66 X 10™° cm/s) was
significantly greater than that for the PLGA NPs (1.74 + 0.26 X
1079 cm/s). These results indicated that TMC coating of PLGA
NPs significantly enhanced insulin transport through Caco-2 cell
monolayers.

As shown in Figure 5C, compared with PLGA NPs, incubation
of TMC-PLGA NPs on the apical side of the Caco-2 cell
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Figure 6. Distribution of radioactive counts in murine intestinal segments over time after oral administration of '**I-Ins PLGA NPs (A) or '**I-Ins TMC-
PLGA NPs (B) (n = 6). Significant differences are denoted as follows: *, P < 0.05, compared with the radioactive counts in all of the other intestinal

segments at the same time.

monolayers led to an immediate reduction in the trans-epithelial
electrical resistance (TEER) value. After removal of the
incubated TMC-PLGA NPs, a gradual increase in the TEER
value was observed. These observations indicate that TMC-
PLGA NPs might reversibly open the TJs between Caco-2 cells.

After incubation with RB-Ins FPR648-PLGA NPs or TMC-
FPR648-PLGA NPs, the Caco-2 monolayers were immuno-
fluorescently stained for occludin protein (Figure SD). As shown
by the weaker fluorescent signal of occludin protein, the
expression of occludin protein was down-regulated after
incubation with TMC-PLGA NPs compared with PLGA NPs.
It was implied by the decrease in the TEER value and the down-
regulation of occludin expression that the TJs were opened by
the TMC-PLGA NPs. As illustrated in Figure 5D, the signals of
insulin and PLGA were highly dispersed in the cells that were
treated with PLGA NPs. In contrast, after TMC-PLGA NP
treatment, the signals of insulin and PLGA tended to colocalize
with occludin protein. It was indicated that with the TJs opened
by the TMC-PLGA NPs, the insulin released from the TMC-
PLGA NPs could be transported through a para-cellular pathway.

3.7. In Vivo Intestinal Mucoadhesion Study. To evaluate
the mucoadhesive effects of nanoparticles, the distribution of
nanoparticles labeled with the radioactive isotope *°I in murine
intestinal segments was investigated after oral administration. As
shown in Figure 6, whereas most of the PLGA NPs administered
moved to the colon 3 h after administration, approximately 40%
of the TMC-PLGA NPs remained in the lower part of the small
intestine. When coated with TMC, the movement of NPs along
the intestine was much slower, implying that the TMC-coated
nanoparticles had mucoadhesive properties.

3.8. Pharmacodynamics Study in Diabetic Rats. The
effects of hypoglycemia were evaluated after oral administration
of insulin-loaded nanoparticles to streptozotocin (STZ)-induced
diabetic rats. As illustrated in Figure 7, no hypoglycemic effect
was observed following oral administration of PBS solution,
which was used as a negative control. The hypoglycemic effect
following subcutaneous injection of 2 IU/kg insulin was used as a
positive control to calculate the relative pharmacological
availability (PA) of orally delivered insulin solution or nano-
particles. The blood glucose level (BGL) decreased significantly
soon after subcutaneous injection of 2 IU/kg insulin.

After oral administration of 50 IU/kg insulin, no statistically
significant decrease in the BGL was observed compared with the
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Figure 7. BGLs in diabetic rats following oral administration of Ins
PLGA NPs or TMC-PLGA NPs at an insulin dose of 20 IU/kg or insulin
solution at a dose of 50 IU/kg (n=6). Oral administration of PBS served
as a blank control and subcutaneous injection of insulin solution at a
dose of 2 IU/kg was used as a positive control (n = 6).

negative control, suggesting that oral delivery of insulin solution
was completely ineffective. However, oral administration of 20
IU/kg Ins PLGA NPs yielded a glucose-lowering effect, and the
BGL gradually decreased to 85.7% of the initial level after 10 h,
which was significantly lower than that in the negative-control
group. Table 2 also shows that the PA of the orally administered
Ins PLGA NPs relative to the subcutaneous injected insulin
solution (5.93%) was significantly improved compared with that
of orally delivered insulin solution (0.51%). These results
demonstrated that encapsulation in nanoparticles could enhance
the absorption of insulin.

The BGL decreased rapidly after oral administration of 20 IU/
kg Ins TMC-PLGA NPs and reached 70% of the initial level after
7 h, which was significantly lower than in any of the previous
groups. More importantly, the BGL continued to decrease over
an extended period of 12 h, indicating a long-lasting
hypoglycemic effect. In fact, if the experiments had not been
terminated because the rats could not be fasted any longer, the
hypoglycemic effect could have lasted longer than 12 h.
Furthermore, the PA (11.82%) of the orally administered Ins
TMC-PLGA NPs was substantially higher than that of the Ins
PLGA NPs, indicating improved insulin absorption after TMC
coating of the nanoparticles.
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Table 2. Calculated Pharmacodynamics Parameters of Diabetic Rats in Different Groups (n = 6)

parameter Ins ig. Ins PLGA NPs ig. Ins TMC-PLGA NPs ig. Ins sc.
dose (IU/kg) 50 20 20 2
AAC,_, ,,(%h) 39.20 + 85.58 181.3S + 69.97 361.61 + 57.98 306.01 £ 51.91
PAg_ 121(%) 0.51 =121 5.93 + 3.29¢ 11.82 + 3.90° 100.00 + 33.93

“P < 0.0S, compared with Ins ig. bp < 0.05, compared with Ins PLGA NPs ig.

4. DISCUSSION

We developed insulin-loaded TMC-coated PLGA nanoparticles
to simultaneously overcome the multiple barriers to insulin
absorption. The surface of PLGA NPs is negatively charged in
neutral pH environment, as indicated by the negative {-potential
(Table 1), whereas positive charges are disglayed by the N-
quaternized [*N(CH;);] groups of TMC.>*** TMC coating of
PLGA NPs could be realized by electrostatic interactions
between the negative charged surface of PLGA NPs and the
cationic TMC. TMC has been successful coated on the surface of
PLGA NPs, indicated by the significantly increased size and -
potential of TMC-PLGA NPs (Table 1).

Although nanoparticles shelter encapsulated insulin from
proteases in the GI tract, the release of insulin from the
nanoparticles leads to a loss of protection. Disintegration or
degradation of nanoparticles in the gastrointestinal fluid may be
one reason for this insulin release. Thus, in the current study, the
in vitro release of insulin and the stability of the nanoparticles
were investigated to evaluate the protective effect of the NPs.

Our results showed that both Ins PLGA NPs and TMC-PLGA
NPs remained stable in enzyme-free SGFsp and SIFsp (Figure
2A). Because TMC remains cationic in the acid and neutral-pH
environments,”>?° the positive surface charge of our prepared
TMC-PLGA NPs was maintained in SGFsp and SIFsp (Figure
2A), and no aggregations were observed. Meanwhile, the release
of **I-Ins from both '**I-Ins PLGA NPs and TMC-PLGA NPs in
SGFsp and SIFsp was negligible (Figure 2B). In contrast, it was
reported that over 30% of insulin was released from the TMC
NPs prepared using the ionic cross-linking method after 1 h in
similar enzyme-free medium.>® Thus, better insulin protection
could be realized by PLGA NPs or TMC-PLGA NPs in
gastrointestinal fluids with high ionic strengths due to the better
controlled release property. Moreover, the release of '*I-Ins
from TMC-PLGA NPs was significantly slower than that from
PLGA NPs, indicating the effect of TMC coating of NPs on
release control.

The in vitro release in enzyme-containing gastrointestinal
fluids is regarded to correlate better with the real profiles of
insulin release from nanoparticles in the GI tract. In our study,
the release of **I-Ins from PLGA NPs and TMC-PLGA NPs was
much faster in enzyme-containing SGF an SIF compared with
enzyme-free SGFsp and SIFsp (Figure 2B). In addition, the
stability of the nanoparticles was impaired in SGF and SIF, as
reflected by the significantly decreased mean particle size or ¢-
potential (Figure 2A). The reduction in size of the nanoparticles
and the fast release of '*I-Ins were probably caused by the
acceleration of PLGA hydrolysis in the presence of the
enzymes.***” It was found by us that after incubation with 5%
bovine serum albumin (BSA) solution, the mean particle size of
both Ins PLGA NPs and Ins TMC-PLGA NPs were significantly
increased while the ({-potential decreased, probably due to
protein adsorption on the surface of nanoparticles. It is likely that
enzymes in SIF or SGF were adhered on the surface of
nanoparticles, inducing an increase in mean particle size and a
decreased in {-potential of the nanoparticles. Therefore, the

changes of size and {-potential of PLGA NPs or TMC-PLGA
NPs resulted from the overall effects of nanoparticle degradation
and enzyme adsorption.

A biphasic release profile is shown in our study and has been
shown by other researchers.””**** In the burst-release phase, the
insulin attached to the nanoparticle surface was first released by
PLGA degradation. The insulin then diffused slowly from the
inner part of the nanoparticles during the second, slow-release
phase, passing through the pores that were formed by PLGA
degradation. In particular, significantly larger amount of '**I-Ins
was release from both TMC-PLGA NPs and PLGA NP:s in the
burst release stage in enzyme-containing SGF or SIF than that in
SGFsp or SIGsp. It was speculated that the insulin adsorbed on
the surface of nanoparticles might not be thoroughly released in
the burst release stage in enzyme-free medium. However, faster
and more thorough bust release of adsorbed '**I-Ins was induced
by the digestion of insulin and the surface area of nanoparticles in
SGF or SIF.

Interestingly, the TMC-PLGA NPs showed pH-responsive
release in enzyme-containing medium. More insulin was released
from the TMC-PLGA NPs in SIF compared with SGF,
particularly during the second release phase (Figure 2B).
There are probably more enzymes adsorbed on the surface of
TMC-PLGA NPs in SIF compared with SGF, as reflected by the
significantly lower {-potential and unchanged mean particle size
in SIF (Figure 2A). The accelerated release of insulin from the
TMC-PLGA NPs in SIF compared with SGF was probably due
to faster degradation of PLGA induced by more enzyme
adsorption.

After the Ins PLGA NPs or TMC-PLGA NPs was incubated in
SGF or SIF for 6 h, approximately 30—50% of the insulin
remained in the nanoparticles, protected from enzymatic
degradation (Figure 2B). Encapsulation in PLGA NPs or
TMC-PLGA NPs could thus slightly overcome the enzymatic
barrier to oral insulin absorption. However, with numerous
enzymes in the intestinal lumen, the protective effects of
nanoparticles remain limited and are not long lasting. Therefore,
nanoparticles must penetrate the mucus layer and enter the
epithelial cells before most of the insulin is released in the GI
tract.

Both size and surface charge are important properties of
nanoparticles that can affect the mucus-penetrating ability and
cellular uptake of the nanoparticles. In the present study, after
coating with TMC, the size of the nanoparticles increased to
approximately 100 nm (Table 1), which could make mucus
penetration and cellular internalization more difficult.*” Mean-
while, the positive surface charge obtained after TMC coating
(Table 1) could enhance the mucus penetration and cellular
uptake of nanoparticles.*""** The overall effects of TMC coating
on the mucus-penetrating ability, cellular uptake and transport of
nanoparticles were specifically evaluated in vitro with various cell
models, and we found that the mucus penetration of the NPs and
the transport of insulin through the intestinal epithelium were
improved by TMC coating of the NPs.
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The mucus association and penetration ability of the
nanoparticles were evaluated using mucus-secreting HT29-
MTX cells, which are derived from colorectal carcinoma.®
This HT29-MTX cell model has been intensively used to
evaluate the bioadhesion and mucus penetration properties of
nanoparticles.””** In the present study, the mucus layer of the
HT29-MTX cells was characterized using fluorescence-labeled
WGA staining. Only negligible amounts of PLGA NPs were
entrapped in the cell mucus layer (Figure 3A). The relatively fast
diffusion of the PLGA NPs through the cell mucus layer was
probably due to the nearly neutrally charged surface. As reported
by other researchers, nanoparticles with neutral surface charges
move fast through mucus.” However, the amount of RB-Ins that
penetrated the mucus layer and was internalized by the cells
remained very low after PLGA NPs treatment. Therefore,
although mucus layer penetration was not a rate-limiting step for
absorption of the PLGA NPs, the poor association of the PLGA
NPs with the mucus layer resulted in poor absorption.

It was reported that nanoparticles composed of mucoadhesive
polymers, such as chitosan derivatives, can associate with the
mucus layer through the formation of hydrogen bonds, van der
Waals’ forces, hydrophobic forces and electrostatic interactions.’
The mucoadhesive property of the TMC-PLGA NPs was
confirmed by the obviously more nanoparticles and larger
amount of RB-Ins adhered with the mucus layer for TMC-PLGA
NPs than for PLGA NPs (Figure 3A,B). Whereas relatively more
TMC-PLGA NPs than PLGA NPs were entrapped in the mucus
layer, significantly more RB-Ins from the TMC-PLGA NPs
compared with the PLGA NPs could penetrate the mucus layer
and enter the cells (Figure 3B). This result was attributed to the
bioadhesive property of the TMC coating, which dramatically
improved the association of the nanoparticles with the mucus
layer, providing greater opportunity for mucus penetration. The
mucus penetration enhancement by mucoadhesive properties of
nanoparticles has also been reported by other researchers.*®

The epithelial cell layer in the GI tract is another barrier to
nanoparticle absorption. In our study, cellular uptake and
transport of insulin across the mucosal barrier was examined
using Caco-2 cell model, which have been widely applied as a
reliable and high-throughput in vitro system for evaluating the
intestinal absorption potential of drug candidates.** In the
present study, cellular internalization of insulin was facilitated by
endocytosis of the nanoparticles, as indicated by the stronger
signal of RB-Ins inside the Caco-2 cells detected by CLSM
(Figure 4A) and the larger amount of RB-Ins internalized by the
cells for PLGA NPs or TMC-PLGA NPs than that for RB-Ins
solution (Figure 4B). Compared with PLGA NPs, the cellular
uptake of RB-Ins and nanoparticles after treatment with TMC-
PLGA NPs notably increased, apparently due to the enhance-
ment of nanoparticle endocytosis by the TMC coating.
Adsorption-mediated endocytosis, a common route for the
internalization of positively charged nanoparticles,”” was
specifically involved in the cellular uptake of TMC-PLGA NPs
and was probably attributable to the increased internalization of
TMC-PLGA NPs compared with PLGA NPs.

Transport of insulin through Caco-2 cell monolayers was
further investigated to evaluate the ability of nanoparticles to
penetrate the epithelial cell layer. Compared with Ins PLGA NPs,
the apical to basolateral flux of RB-Ins through Caco-2 cell
monolayers significantly increased after incubation with Ins
TMC-PLGA NPs (Figure SA). In agreement with these findings,
the permeability coefficient of RB-Ins crossing Caco-2 cell

monolayers was estimated to be 3- to 4-fold higher for RB-Ins
TMC-PLGA NPs than for RB-Ins PLGA NPs (Figure SB).

Reversible opening of TJs among Caco-2 cells after incubation
with TMC-PLGA NPs was indicated by a reversible decrease in
the TEER value (Figure SC) and the down-regulation of
occludin protein expression (Figure SD). It has been reported
that chitosan can reversibly open TJs among epithelial cells in
acidic environments*’ and that TMC has an even stronger ability
to open TJs.* Moreover, chitosan and its derivatives do not
increase the absorption of endotoxin, so their effect on TJs is
regarded as safe,*® It was confirmed by the cytotoxicity results of
our prepared TMC-PLGA NPs (Supporting Information Figure
S1). Generally, the gap between intestinal epithelial cells is
approximately 0.3—1 nm wide, and the width should increase to
20 nm even when the TJs are thoroughly opened. In principle,
though, it is still difficult for intact nanoparticles to pass through
via the para-cellular route.”> Therefore, in Caco-2 cells treated
with TMC-PLGA NPs, the fluorescent signal of PLGA, which
overlapped with the T]J signal observed by CLSM, might not be
regarded as a nanoparticle signal, but rather as a PLGA polymer
signal (Figure SD). The disintegration of TMC-PLGA NPs and
the release of RB-Ins presumably occurred during incubation
with Caco-2 cells, due to the digestion of nanoparticles by brush
border enzymes expressed on the surface of the Caco-2 cells.*”’
The colocalization of insulin with the T]Js of the Caco-2 cells, as
observed by CLSM, suggested that insulin released from the
TMC-PLGA NPs could be transported through the opened T]Js.
Thi}s4 fsnding is consistent with reports from other research-
ers.””

The in vivo pharmacological efficacy showed good correlations
with the improved cellular uptake and transport of insulin in the
in vitro cell studies. The relative pharmacological availability of
the orally administered Ins PLGA NPs and Ins TMC-PLGA NPs
was significantly higher than that of insulin in solution, which was
attributable to the protective effect and enhanced epithelial cell-
penetrating ability of the nanoparticles in the GI tract.
Furthermore, the pharmacological availability of the Ins TMC-
PLGA NPs was 2 times greater than that of the Ins PLGA NPs
(Table 2). The mucoadhesion property of the TMC-PLGA NPs
partly accounted for the better absorption of insulin. After oral
administration, the TMC-PLGA NPs soon attached to the
mucus layer in the lower part of the small intestine and remained
there for a relatively long time (Figure 6). The small intestine is
regarded as a more favorable site for drug or nanoparticle
absorption because of its larger surface area compared with that
of the colon. Meanwhile, the TMC coating of the nanoparticles
could facilitate mucus penetration, cellular internalization and
the transport of insulin via the para-cellular route through TJ
opening. All of the above effects of TMC-PLGA NPs overcome
the multiple barriers to insulin absorption and improve the
bioavailability of insulin, as reflected by the quick-onset, long-
lasting hyperglycemia effect observed in diabetic rats (Figure 7).
However, the BGLs in the diabetic rats did not return to their
initial levels 12 h postdosing. This phenomenon has also been
reported in other studies,*”*® which might be attributable to the
dual effects of insulin’s hypoglycemic activity and prolonged
starvation in diabetic rats.

Although a significantly enhanced hypoglycemia effect of
orally delivered Ins TMC-PLGA NPs was observed after oral
administration of Ins TMC-PLGA NPs, the BGL of diabetic rats
did not return to the normal level (Supporting Information Table
$2). The hypoglycemia effect failed to increase when the dose of
insulin increased to 40 IU/kg (Supporting Information Table
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$3). The nanoparticles were probably aggregated in the GI tract,
due to the higher concentration of nanoparticles administered.
To improve further the absorption of insulin and to realize the
stronger therapeutic effect after oral administration of insulin, the
bioavailability of the large proportion of insulin released from
nanoparticles should be improved. Encapsulation in our
prepared TMC-PLGA NPs and enhancing the permeability of
insulin molecules simultaneously might be a promising strategy.

5. CONCLUSIONS

TMC-PLGA NPs were prepared and characterized for oral
insulin delivery. To a certain extent, TMC-PLGA NPs could
protect insulin from enzymatic degradation in the GI tract.
Compared with PLGA NPs, encapsulation in TMC-PLGA NPs
could also significantly improve the mucus and epithelial cells
penetration of insulin. Furthermore, mucoadhesive TMC-PLGA
NPs could attach to the lower part of the small intestine after oral
administration, prolonging the retention time at the absorption
site. Therefore, TMC-PLGA NPs could overcome the multiple
barriers to oral insulin absorption, and the pharmacological
availability of insulin was significantly enhanced after oral
administration in diabetic rats. These results suggested that the
TMC-PLGA NPs developed in this study could potentially be
employed for the oral delivery of therapeutic proteins.
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