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Abstract

We provide immense insulin absorption from the gastrointestinal tract, combining apical sodium-
dependent bile acid transporter-mediated intestinal uptake and the lymphatic transport pathway.
This strategy has proven to employ chondroitin sulfate-g-taurocholic acid coated, insulin-loaded
partially uncapped liposome (IPUL-CST) for type 1 diabetes mellitus (T1DM) treatment. The
loading efficiency of insulin in IPUL-CST increased significantly from 33% to 75% via the
partially uncapped liposome preparation method. Moreover, the IPUL-CST revealed an improved
insulin protection efficacy in GIT simulated pH and digestive enzyme conditions. The high dose of
IPUL-CST in the small intestine was detected 4 hours post-oral administration using ex vivo
optical imaging and fluorescence intensity. The IPUL-CST exhibited significantly enhanced
intestinal absorption (oral bioavailability; 34%, 7Tmax; 9 hour) and reduced blood glucose levels for
16 hours in TLDM. The results demonstrated that the new investigated IPUL-CST is a promising
carrier for oral insulin delivery.
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INTRODUCTION

Since being discovered in 1922, porcine insulin, human recombinant insulin, modified/
engineered insulin and their pharmaceutical formulations have saved the lives of type 1
diabetes mellitus (T1DM) patients by subcutaneous (SC) injections multiple times a day.1—3
Insulin is also being used to treat advanced T2DM patients.*=> The insulin oral delivery was
first reported in 1923 and has been regarded as the most demanding technology for over 90
years.5~7 It is assumed to benefit patients with compliance,® hepatic insulinization via portal
entry (first pass effect),9 reducing peripheral hyperinsulinemia, 1911 avoiding possible
hypoglycemic episodes, 12 and minimizing weight gain.13 However, insulin oral technology
has continued to repeat between ambition and failures,1 yielding no practical products
available by far for clinical applications, despite a dozen of on-going clinical trials.

The quest for the oral delivery of insulin has been a continuous history of ambition and
failurel4 and, more recently, a chimera.1> The need for a flexible oral delivery platform is
ever more compelling as new biologic APIs occupy major pharmaceutical markets,
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exclusively as parenteral infections (>USD 200 billion).16 Most oral biologic delivery
strategies have employed oral enhancer technology to facilitate either transcellular and
paracellular pathways, or protective digestive enzyme inhibitors.17~18 Combinations of these
two strategies, plus transient disturbances of the intestinal tight junctions and gut
mucoadhesion approaches have all been extensively investigated.1%-20 Applied to delivering
relatively small size polypeptides, such as insulin and exendin-4, these methods typically
yield oral bioavailability (0BA) up to 16% in rodent models.?1~22 These promising
preclinical results have encouraged the development of many formulations; however, when
tested in clinical trials, oral delivery technology has scarcely shown oBA higher than 1%.

The oral insulin delivery technology has been heavily relying on permeation/absorption
enhancers, temporal tight junction perturbation, digestive enzyme inhibitors, mucoadhesion,
and enteric coating.23-24 Nanoformulations of insulin for oral delivery are also rich in
literature.21: 25-28 Al articles reported relative insulin oral bioavailability (0BA) related to
SC injection of up to 16% in rodent models.2%-30 Similar results were observed with other
small peptides/proteins not larger than insulin.3! The technology has been translated and
encouraged by animal results; however, the clinical oral bioavailability hardly exceeds 1%.
This limited oBA continues for decades without further improvement.

Biologics ranging from small peptides to full size antibodies become dominant in the current
drug market in terms of sales volume and 9.6% of new drugs approved for marketing by the

FDA is biologics.32 All are formulated as injectable, such as pre-filled syringes. No proteins
larger than insulin have been challenged for oral delivery.

The serious discrepancy between preclinical and clinical oBA and the limited size of
proteins urgently demand novel mechanisms for oral delivery. Should the absorption of
nanoparticles, which carry an active pharmaceutical ingredient (API) and suffers from poor
0BA, occurs, it would be free from most hurdles/barriers encountered in the oral delivery
route and would also be free from size limitation. Receptor mediated endocytosis of
nanoparticles, such as those conjugated with vitamin B12,33 and the active uptake of
nanoparticles by the M cell in Peyer’s Patch can possibly be such alternatives,3* but with
extremely limited uptake capacity for achieving therapeutic levels in clinical settings.

The gastrointestinal epithelial cells (enterocytes) located in the distal ileum is one of the
major players, along with hepatocytes, for the enterohepatic recirculation of bile acids (BA)
secreted as bile salts from the liver to emulsify the oily nutrients to help with digestion.3°
The recycling capacity is around 12—-18 grams per day with a recycling efficiency higher
than 90%.36 Multiple transporters in ileocytes (enterocytes in the distal ileum) and
hepatocytes collaboratively work for the recycling.3> 37 A recent study revealed that low
molecular heparin modified with deoxycholic acid (DOCA), one of richest bile acids in
rodents, enters ileocytes using an apical sodium-dependent bile acid transporter (ASBT).38
The observed entry mechanism of the modified heparin was clearly distinguished from the
pumping mechanism of small-molecule bile acids of which details were only recently
elucidated.
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While the specific entry and transport mechanisms are largely unknown and widely open for
investigation, it was reported that a nanoparticle self-assembled from heparin-taurocholic
acid (TCA)-docetaxel conjugate was orally absorbed to present an anticancer effect.3? This
prompted us to test with nanoparticles carrying insulin as our first model small-size protein
in chemically induced T1DM rats. This trial system was selected as a widely known animal
model and is a standard assessment of the biological activity of delivered insulin.

This is the first report of insulin oral delivery and lymphatic transportation using a carrier
nanoparticle (IPUL-CST), a partially uncapped cationic liposome, where insulin was loaded
via diffusion and electrostatic interaction. The insulin loaded liposome was then coated with
a chondroitin sulfate-TCA conjugate (CST). The apparent bioavailability after orally feeding
a carrier solution reached approximately 34% with a relatively flat pharmacokinetic profile
for ~24 hours in plasma.

EXPERIMENTAL SECTION

Synthesis of Chondroitin Sulfate-taurocholic Acid Conjugate.

The procedure for the synthesis of chondroitin sulfate-g-taurocholic acid (CST) is presented
in Fig. S1. To synthesis of TCA-carbonate, taurocholic acid sodium salt hydrate (TCA,
925.0 umol), 4-Dimethylaminopyridine (DMAP, 1.5 mmol), and 4-nitrophenyl
chloroformate (4-NPC, 1.4 mmol) were dissolved in 10 mL of dimethylformamide (DMF).
The reaction mixture was stirred for 6 h at room temperature (RT). The reacted solution was
filtered and precipitated in ethyl acetate (EA). The collected pellet was dried /n vacuo for 24
hours. The dried powder was dissolved in 10 mL of distilled water (DW) and then it was
filtrated and lyophilized.4% To synthesis of amine-modified TCA, the TCA-carbonate (925.0
umol), 4-methylmorpholine (4-MMP, 1.85 mmol), and ethylenediamine (EDA, 92.5 mmol)
were dissolved in 5 mL of DMF. The reaction mixture was stirred for 16 hours at RT. The
reacted solution was rotary evaporation to remove unreacted 4-MMP and EDA at 100 °C,
and then it was precipitated by acetonitrile (ACN) with vigorous stirring. The collected
pellet was dissolved in DMF, and then it was re-precipitated by EA with vigorous stirring.
The collected pellet was dried /n vacuo for 24 hours. To synthesis of CST, Chondroitin
sulfate (CS, 10-40 kDa, injectable grade, Yantai Dongcheng Biochemicals Co.,Ltd.,
Shandong, China, 25 pmol), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC, 2.25 mmol) and N-hydroxysuccinimide (NHS, 2.25 mmol) were dissolved in 8 mL of
0.1M pH 6.0 MES buffer. The reaction mixture was stirred for 24 hours at RT. The reacted
solution was filtered and three times precipitated by 60% cold ethanol, and then it was dried
in vacuo for 24 hours. The synthesized CST was characterized by Mercury 400 1H NMR
spectrophotometers.

Preparation of CST Coated Insulin Loaded Partially Uncapped Liposome (IPUL-CST).

As in our previous report,*! the procedure for the preparation of insulin loaded partially
uncapped liposome (IPUL) is presented in Table 1. Dimethyl dioctadecyl ammonium
bromide (DDAB), deoxycholic acid (DOCA), and 10 nm size of superparamagnetic iron
oxide nanoparticles (SPION, Sigma-Aldrich, St. Louis, MO, USA) dissolved in 10 mL of
chloroform. To make a thin file on the flask, the solvent was removed by rotary evaporation
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at 80 °C. The film was rehydrated in 10 mL of DW using a VWR scientific Aquasonic 75T
Ultrasonic cleaner for 5 min at 65 °C. The obtained liposomes were slowly mixed using a
magnetic impeller with a tailor-made magnet formed with two quarter-circles (30 mm in
radius and 2 mm thick). The liposomes that stuck to the magnet were again stirred for 10 sec
using a magnetic impeller at 1,500 rpm with the tailor-made magnet. After the liposome
solution was magnetically stirred, ring-shaped, neodymium rare-earth magnets (10 mm in
radius and 10 mm thick) were immediately attached to the bottom of the flask to remove the
free SPION that had leaked from the liposomes. 10 mg of human recombinant insulin
(SAFC Biosciences Inc., Lenexa, KS, USA) was dissolved in pH 3.0 DW, and then it added
to liposome solution, slowly stirred at 37 °C for 2 hours, which particularly enabled facile
protein encapsulation through the open pore of liposome. The insulin-loaded liposome was
then purified via dialysis (Spectra/Por® MWCO 50 kDa membrane) against fresh DW for 24
hours to remove unloaded insulin. The insulin loading efficiencies was estimated using a
reversed-phase high-performance liquid chromatographic (HPLC) method.2 A reversed-
phase Zorbax C18 column (Agilent, 4.6 mmID, 150 mm) and gradient elution with a mobile
phase composed of ACN and 0.1% trifluoroacetic acid (TFA) at a flow rate of 1 mL/min was
used. Insulin identification was measured at UV 214 nm. The mobile phase changed from
70:30 (ACN:TFA, v/v) to 60:40 (v/v) in 5 min followed by isocratic elution at 60:40 (v/v)
for a further five minutes. The CS or CST coated liposome (IPUL-CS and IPUL-CST) was
prepared by mixing cationic charged liposome with anionic charged CS or CST complex by
electrostatic interaction. In brief, 10 mL of IPUL was added to 0.2 mL of CS or CST (100
mg/mL) solution, and then stirred for 2 min. The size and zeta-potential of the each
liposome was measured using a dynamic light scattering (Zetasizer 3000, Malvern
Instruments, USA). Prior to the measurement, the liposome solution was stabilized at RT for
2 hours. The results were obtained with the average of three measurements. The size and
shape of IPUL-CST in water was measured by TEM using a JEOL JEM-1400 Plus operated
at 120 kV.

Synthesis of Chlorin e6-labeled Insulin (Ce6-Insulin).

Chlorin e6 (Ce6, 0.1 mM), EDC (5 mM), and NHS (5 mM) were dissolved in 10 mL of DW.
After 30 min, excess insulin (10 mM) was added to reaction mixture, stirred at RT for 3
days. The resulting solution was then purified via dialysis (Spectra/Por MWCO 50 kDa
membrane) against fresh DW for 2 days to remove unconjugated chemicals. The obtained
solution was lyophilized.

Insulin Release Study.

In vitroinsulin release was measured by a dialysis method. In brief, the IPUL, IPUL-CS,
and IPUL-CST were dispersed in release medium. The suspension was put into a dialysis
membrane (Spectra/Por® MWCO 50 kDa). The dialysis membrane bag was sealed and
subsequently immersed in a vial containing fresh release medium. The release of insulin
from the liposomes was induced under mechanical shaking (100 rev./min) at 37 °C. The
outer phase of the dialysis membrane bag was extracted and replaced with fresh buffer
solution at predetermined time intervals (0—24 hours). The insulin concentration of the
extracted solution was calculated by HPLC method (n=3).
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Insulin Protection Efficacy in GIT Simulated Conditions.

To evaluate the insulin protects efficacy of each liposomes, 0.5 mL of liposome solution was
diluted in 50 mL of digestive media such as simulated gastric fluid (pH 1.2, containing 1%
pepsin), intestinal fluid (pH 6.8, containing 1% trypsin), or a.-chymotrypsin solution (100
ug/mL, in phosphate buffer, pH 7.8). The temperature was maintained at 37 + 1.0°C and
stirred at 100 rpm. At each hour, 200 UL of the solution was obtained and measured the
insulin concentration by HPLC method (n=3).

ASBT-mediated Cellular Uptake Efficacy.

ASBT expressed Caco-2 cells (human epithelial colorectal adenocarcinoma) were
maintained in Dulbeco’s Modified Eagle’s Medium (DMEM) containing 1% penicillin-
streptomycin and 10% fetal bovine serum (FBS) in a humidified standard incubator at 37°C
with a 5% CO, atmosphere. Caco-2 cells were seed in 6-well plates with cover glass at a
density of 1x10° cell per well, incubated for 24 hours. The free Ce6-insulin, Ce6-insulin
loaded IPUL, IPUL-CS, and IPUL-CST (Ce6 concentration; 10 pg/mL) were treated to each
well, incubated for 4 hours. Each well was washed with PBS three times. After washing,
cells were fixed with 4% paraformaldehyde immediately and nuclei were stained with
hoechst (blue). The localization of insulin was observed using a confocal laser scanning
microscope (n=3). To flow cytometry analysis, Caco-2 cells were seed in 6-well plates at a
density of 1x10° cell per well, incubated for 24 hours. The Ce6-insulin loaded IPUL, IPUL-
CS, and IPUL-CST (Ce6 concentration; 10 pg/mL) were treated to each well, incubated for
4 hours. After 4 hours, cells were lifted with DPBS containing 2% FBS (FACS buffer) and
washed three times with FACS buffer. 5x10* cells per sample were analyzed by
FACSCalibur™ Flow Cytometer (Becton Dickinson, USA) and subsequent data analysis
was performed using FlowJo software.

Biodistribution Analysis.

All animal experiments were approved by Institutional Animal Care and Use Committee
(IACUC) of University of Utah and the Catholic University of Korea. Ce6-insulin (SC
administration dose; 5 1U/kg per mice), Ce6-insulin loaded IPUL-CS, and IPUL-CST (oral
administration dose; 5 1U/kg per mice) were injected into 6-8 weeks BALB/c nude mice. At
4 hours post-administration, each organ was harvested. The images were obtained using a
12-bit CCD camera (Image Station 4000 MM; Kodak, New Haven, CT). To analysis of
insulin contents in each organ, after 4 hours post-administration, each organ harvested and
suspended in 70% ethanol with 0.3 N HCI and then homogenized to extract Ce6-insulin.
Following centrifugation, Ce6-insulin fluorescence (excitation at 410 nm, emission at 670
nm) in the supernatant was measured using a fluorescence plate reader (n=5).

In vivo Pharmacokinetic Study.

To establish the TIDM model, male SD rats (200-225 g) were rendered diabetic by
intraperitoneal injection of streptozotocin (STZ, dissolved in 10 mM citrate buffer at pH 4.5)
at a dose of 75 mg/kg body weight.#3 Rats were considered diabetic when their fasting blood
glucose level was higher than 350 mg/dL. To evaluate the blood insulin level and oral
bioavailability of IPUL-CS and IPUL-CST, 200-225 g of male Sprague-Dawley (SD) rats
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were randomly divided into three groups (n=5). They were fasted for 8 h before and 4 hours
after administration with free access to water. The following formulations were administered
to T1DM rats individually: IPUL-CS (oral gavage, 20.0 1U/kg), IPUL-CST (oral gavage,
20.0 1U/Kkg), and free insulin (SC injection, 5.0 1U/kg). Blood samples (200 uL) were
collected from the jugular vein, and then centrifuged (3,200 rpm, 4 °C for 10 min) and
subsequently quantified using insulin ELISA kit (Crystal Chem, Downers Grove, IL, USA).
The relative oral bioavailability (0BA) value can be expressed by egn (1).44

_ AUC(oral ) X Dose (SC)

OBA = ZUC(SC) x Dose (oral)

x100% (1)

In vivo IPUL-CST Absorption Pathway.

To evaluate the absoprtion pathway, the IPUL-CST (20 1U/kg) was administered oral gavage
(0.g.) into lymph fistula rat model (n=3).4> Lymph samples (200 pL) were collected for 6
hours and then centrifuged (3,200 rpm, 4 °C for 10 min) and subsequently quantified by
insulin ELISA kit. The size and shape of IPUL-CST in plasma and lymph were measured by
TEM using a JEOL JEM-1400 Plus operated at 120 kV.

In vivo Blood Glucose Levels.

To clearfy the TIDM therapeutic effect of IPUL-CST, non-diabetic control rats (NC),
diabetic control (DC), insulin unloaded IPUL-CST, a mixture of insulin unloaded IPUL-CST
and free insulin, and SC administration of free insulin (5 IU/kg) were used as controls (n=5).
Prior to all drug administration, they were water fated 8 h before and remained water fasted
after 12 hours post-administrations. Blood samples were collected from the tail vein of rats
pre-and post-drug administration. The blood glucose level was immediately measured using
a blood glucose meter (Contour next EZ, Bayer).

Statistical Analysis.

The results from the in vitro and ex vivo studies are expressed as the mean + standard
deviation (SD). The results from the /n vivo studies are expressed as the mean + standard
error of the mean (SEM). Differences between the values were assessed using Student’s t-
test.

RESULTS AND DISCUSSION
Synthesis of CST.

In order to use liposome shielding and intestinal absorption enhancing materials, we
synthesized chondroitin sulfate-g-taurocholic acid (CST) using a previous report.3° The
procedure for the synthesis of CST is presented in Figure S1. The hydroxyl group of TCA
was modified to primary amine. The amine-modified TCA was coupled with carboxylic
groups of CS through a conventional carbodiimide coupling reaction. Successful synthesis
of CST was confirmed by a -CH3 peak of TCA appearing at 0.5-1 ppm using 1H-NMR
(Figure S2). The degree of TCA conjugation on CS could be estimated by comparing the
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intensities of the -CH3 peak at 1.8 ppm from CS. The degree of TCA was determined as 16
units per 100 repeat units of CS.

Preparation and Characterization of IPUL.

We prepared the four compositions and characterizations of liposome as Table S1. These
liposomes were prepared according to our previous report.*! Figure 1a shows the schematic
representation of IPUL-CSG. The conventional liposome (CL) was prepared without
SPION, following the conventional thin film rehydration method,#® using the same volume
of DDAB and DOCA. The IPUL showed a 1.7-fold higher loading efficiency (58%) than CL
(33%) due to the partially uncapped method. The partially uncapped method exhibited the
SPION dispersed in the liposome, which can make magnetic shear stress consequently
squeeze the liposome surface and tear it, to form open lipid bilayer holes.# This allows
insulin to be encapsulated not only in the outside of liposomes but also in the internal space.
Thus, the IPUL-CS and IPUL-CST exhibited a maximum 77% loading efficiency. This
indicates that the loaded insulin is located at both the internal and external stage of the
IPUL. The average size of IPUL-CS (176 nm size) and IPUL-CST (194 nm size) increased
more than CL (149 nm size) and IPUL (162 nm size) due to not having any surface coating
and insulin loading. The size and shape of IPUL, IPUL-CS, and IPUL-CST in distilled water
was measured by transmission electron microscopy (TEM) (Figure 1b and Figure S3). The
zeta-potential of IPUL-CS and IPUL-CST changed from cationic to anionic as the insulin-
loaded cationic liposome form complexed with anionic CS or CST. These results indicate
that IPUL-CST has a 2.2-fold higher insulin loading efficiency than CL and also has a
suitable nanoparticle size for oral insulin delivery.

Insulin Protection from GIT Simulated Conditions.

We measured the insulin release profile under GIT simulated conditions. The IPUL, IPUL-
CS, and IPUL-CST showed 64%, 60%, 47% of cumulative insulin release for 24 hours,
respectively (Figure 1c). Only a small amount of insulin was released from liposome, 10—
14% at a pH of 1.2. This result indicates that these liposomes are generally stable and do not
lose a significant amount of insulin when exposed to an environment of low pH, such as in
the stomach. To prove the insulin protection capacity of liposomes from enzymatic
digestion, insulin remaining ratio was evaluated in various pH medium containing pepsin,
trypsin, and a.-chymotrypsin (Figure 1d-f). The free insulin was used as a negative control.
The IPUL showed rapid insulin degradation within 4 hours at three enzyme conditions.
However, the insulin degradation of IPUL-CS and IPUL-CST decreased less than IPUL.
Notably, the IPUL-CST exhibited a maximum 5-fold higher insulin protection efficacy than
IPUL (P value > 0.01). These results suggest that CST coated liposome have improved
insulin protection ability compared to non-coated liposome in various enzymatic
environments. This insulin protection ability plays an important role in the increase of
insulin absorption in the GIT because it increases the opportunity to reach the small
intestine.

ASBT-mediated Epithelial Cellular Uptake.

To evaluate the ASBT-mediated epithelial cellular uptake efficacy of liposome using
florescence probes, we prepared chlorin e6 labeled-insulin (Ce6-insulin) loaded liposomes.
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The free Ce6-insulin, Ce6-insulin loaded IPUL, IPUL-CS, and IPUL-CST were treated and
observed in ASBT expressed Caco-2 cells (Figure 2a). The IPUL-CST exhibited the highest
cellular uptake efficacy compared to IPUL and IPUL-CS (Figure 2b). This evidence
indicates that the TCA can lead to nanoparticle oral absorption enhancement.

Ex vivo Biodistribution.

To visualize and quantify IPUL-CST in each organ, we synthesized the pH-insensitive
fluorescent dye of chlorin e6-insulin (Ce6-insulin) conjugate. The Ce6-insulin, Ce6-insulin
loaded IPUL-CS and IPUL-CST were administered in Balb/c nude mice. These mice were
sacrificed and each organ was harvested 4 hours post-administration. The IPUL-CS
displayed the highest accumulation in the duodenum and jejunum, while IPUL-CST
displayed high accumulation in not only the duodenum and jejunum, but also the ileum due
to ASBT being the most highly expressed in the ileum (Figure 3a).#’ To clearly quantify
insulin in each organ, we analyzed for insulin contents by fluorescent spectrophotometry,
and the data is presented as the injected dose accumulated per mass unit of organ (Figure
3b). A large amount of IPUL-CST was measured in the duodenum, jejunum, and ileum,
which is consistent with Figure 3a (P value < 0.01). These results suggest that the IPUL-
CST can have a TCA-mediated interaction with the ASBT of the ileum in the /in vivo
environment.

In vivo Pharmacokinetic study and Absorption Pathway.

To evaluate the insulin absorption efficacy of IPUL-CST in GIT, we measured the time-
dependent plasma insulin levels and the related pharmacokinetic parameters (Table 1). The
plasma insulin levels of the SC injected insulin solution increased dramatically and rapidly
decreased within 6 hours post-administration, while the IPUL-CST exhibited a sustained
increase for 9 hours and slowly decreased 24 hours post-administration (Figure 4a and
Figure S4a). The IPUL-CS was used as a negative control group. The group orally
administered with IPUL-CST exhibited an 8-fold higher AUC than the group orally
administered with IPUL-CS. The IPUL-CST exhibited a significantly enhanced oral
bioavailability (0BA; 34%) by overcoming numerous difficulties encountered with the
intestinal absorption of insulin. The presence of IPUL-CST in the plasma was confirmed by
TEM imaging (Figure 4b), indicating IPUL-CST absorbed in a GIT intact form. These
results demonstrate that the IPUL-CST formulation exhibited ASBT-mediated sustained
absorption and release of insulin in the GIT.

To investigate the cause of high oBA in IPUL-CST, the absorption pathway of IPUL-CST
was clearly confirmed by using a lymph fistula rat model.#° Insulin was found to increase
gradually in the lymph 6 hours post-administration (Figure 4c and Figure S4b). The
presence of IPUL-CST in the lymph was also confirmed by TEM imaging (Figure 4d). The
lymphatic transport of IPUL-CST is presumed to share the chylomicron transport pathway,
the lipid transport pathway, according to previous study.*8 These results suggest that IPUL-
CST absorbed from the distal ileum is transmitted through the lymphatic pathway to
systemic circulation. The pathway of API delivery through the lymphatic pathway is thought
to be an increase in 0BA because it can avoid the first pass effect in the liver.
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T1DM Treatment.

The most important part of our strategy is TLDM treatment through oral insulin delivery /n
vivo. To prove this, various doses of IPUL-CST was administered 0.g. in fasted TLDM rats
(Figure 5a). The blood glucose level showed that it was dose-dependent on IPUL-CST (P
value < 0.01). At 24 hours post-administration, the blood glucose level returned to the initial
glucose level. In further study, insulin dose in oral administration was fixed with 20 1U/kg
per rat. To evaluate the T1IDM therapeutic efficacy, the free insulin (5 1U/kg per rat, SC
injection), IPUL-CS and IPUL-CST (0.g.) were administered in fasted TLDM rats. The
blood glucose level of the free insulin solution rapidly decreased, with a maximum decrease
to 72% 2 hours post-administration and then returning to the base level 9 hours post-
administration (Figure 5b). This short-term effect and extreme drop in blood glucose levels
need repeated insulin administration and cause undesirable side effects.#8 However, the
IPUL-CST exhibited gradually decreased blood glucose levels (maximum decrease to 34%
at 12 hours post-administration, P value < 0.001) 16 hours post-administration, which is
consistent with Figure 4a, while the IPUL-CS showed no decrease in blood glucose levels,
indicating poor oral absorption due to the IPUL-CS absence of a suitable oral absorption
enhancing agent. This result is consistent with the above changes in blood insulin patterns
and indicates that the blood glucose change is caused by absorbed insulin. To clarify the
T1DM therapeutic effect of IPUL-CST, the insulin unloaded IPUL-CST, a physical mixture
of insulin unloaded IPUL-CST, and free insulin was administered 0.g. to fasted TIDM rats,
and all of these administered groups showed no decrease in blood glucose levels (Figure S5).
These results indicate that TCA can be absorbed through ASBT-mediation in the enterocyte
of the distal ileum, and the IPUL-CST can be used as a suitable oral TLDM treatment agent.

CONCLUSIONS

We provide a new chondroitin sulfate-g-taurocholic acid coated insulin-loaded partially
uncapped liposome (IPUL-CST), which has been developed to overcome the strong
degradation and poor oBA issue in using the oral administration route of insulin. The /n vitro
enzymatic digestion studies demonstrated the insulin protection efficacy of IPUL-CST in
various enzymatic environments. The IPUL-CST exhibited significantly improved insulin
oral bioavailability of up to 34% and reduced the sustained blood glucose at least 16 hours
post oral administration in TLDM rats, which provides a unique approach to the non-
invasive and direct delivery of nanocarriers to the central lymphatic system. Importantly, the
pharmacokinetic evaluation of IPUL-CST in T1DM rats suggested that this system can be
used as a suitable diabetic treatment method as well as may be employed as a potential
platform for the oral delivery of various API.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

a) Schematic representation of IPUL-CST. b) TEM images of IPUL-CST in distilled water.

c) Drug release profile of IPUL, IPUL-CS, and IPUL-CST, at pH 1.2 (for 2 hours
incubation) and pH 7.4 (after 2 h incubation at pH 1.2). Protection of insulin at d) pepsin

(pH 1.2), e) trypsin (pH 6.8), and f) a-chymotrypsin (pH 7.8) (n=3). *P <0.01, **P <0.001.
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Figure 2.
a) Confocal microscopy images of Caco-2 cells after 4 h incubation with Ce6-labeled insulin

(Ce6-insulin) loaded IPUL, IPUL-CS, and IPUL-CST (10 pg/mL of Ce6-insulin
concentration). b) Cellular uptake efficacy of Ce6-insulin loaded IPUL, IPUL-CS, and
IPUL-CST using flow cytometry.

Mol Pharm. Author manuscript; available in PMC 2019 June 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kim et al.

a

Page 16

Heart Lung Liver Kidney Spleen Duodenum Jejunum lleum

Ceb-
insulin \,

IPUL
-CS

IPUL
-CST

-
o

Insulin contents (IU/g organ)

High

Med

|If Low

| memmm Ce6-insulin

= |[PUL-CS

1 == |PUL-CST T

Figure 3.
a) Near-infrared fluorescence images and b) fluorescence signal of isolated main organs

from 5 1U/kg of each sample administered Balb/c nude mice (n=5). Ce6-insulin was
administered by SC injection. IPUL-CS and IPUL-CSG were administered 0.g. (n=5). *P
<0.01.
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Figure 4.
a) Plasma insulin level versustime profiles of TIDM SD rats. Free insulin (5 1U/kg) was

administered by SC injection. IPUL-CS (20 1U/kg) and IPUL-CSG (20 1U/kg) were
administered 0.g. (n=5). *P < 0.001. b) TEM images of IPUL-CST in plasma at 6 hours
post-administration 0.g. with 20 1U/kg of IPUL-CST into SD rats. ¢) Lymph insulin
concentration versus time profiles in fistula SD rat model (n=3). ¢) TEM images of IPUL-
CST in cisterna chyli at 6 hours post-administration 0.g. with 20 1U/kg of IPUL-CST into
SD rats.
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Blood glucose levels versustime profiles for TLDM rats. a) Varying dose of IPUL-CST were
administered 0.g. (5-20 1U/kg, n=5). b) Free insulin (5 1U/kg) was injected by SC. IPUL-CS
and IPUL-CST were administered 0.g. (20 1U/kg, n=5). Diabetic control (DC) is the group

of PBS administered T1DM rats (n=5). *P <0.01. **P <0.001.
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Table 1.

Pharmacokinetic of insulin in TIDM rats after SC administration of the free insulin, oral administration of
IPUL-CS and IPUL-CST. Gyax: maximum plasma concentration; 7pax: time at which Gay is attained; AUC:

area under the plasma concentration-time curve.

. Admin  Admin Vol  Dose Crnax AUC(o-10n)
Formulation oyt (L) (ukg) ™™ iUmL)  iuhimL)  °BA 0
Free insulin SC 200 5 - 102+6 274 £ 21 100
IPUL-CS Oral 500 20 12 3+2 43+ 17 4+2
IPUL-CST Oral 500 20 9 45+ 6 376 +£43 34+4

Each value represents the mean + SEM
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