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Purpose: The aim of this research was to develop a phospholipid complex based nanoemul-
sion system for oral insulin delivery.

Methods: Insulin-phospholipid complex (IPC) was firstly prepared by an anhydrous co-
solvent lyophilization method, and then encapsulated into the oil phase of nanoemulsion to
obtain the IPC-based nanoemulsion (IPC-NE). Both water-in-oil (W/O) IPC-NE and oil-in-
water (O/W) IPC-NE were formulated and evaluated for comparison.

Results: The obtained W/O IPC-NE and O/W IPC-NE were both spherical in shape with
a mean particle size of 18.6+0.79 nm and 27.3+1.25 nm, respectively. While both IPC-NEs
exhibited enhanced Caco-2 cell monolayers permeability than IPC and insulin solution, W/O
IPC-NE showed relatively greater protective effects against enzymatic degradation than O/W
IPC-NE. Moreover, oral administration of W/O IPC-NE exhibited significant hypoglycemic
effects, with 12.4-fold and 1.5-fold higher oral bioavailability compared with insulin solution
and O/W IPC-NE, respectively.

Conclusion: IPC-NEs, especially the W/O IPC-NE showed promising efficiency in vitro
and in vivo, thus could be a potential strategy for oral insulin delivery.

Keywords: insulin, phospholipid complex, oral drug delivery, nanoemulsion, hypoglycemic
effect

Introduction
Insulin is one of the most important therapeutic drugs for controlling blood glucose in
patients with diabetes. Subcutaneous injection remains the main route for insulin
delivery. However, discomfort and side effects such as pain, allergic reaction,
lipohypertrophy, and hypoglycemia lead to low patient compliance." The oral route
is considered as the natural and safest route for insulin administration because of
convenience, non-invasion, and better glucose homeostasis.” Nevertheless, the oral
bioavailability and pharmacological action of insulin in the form of conventional
solutions are far from desirable, mainly because of enzymatic degradation in the
gastrointestinal tract (GT) and poor permeability across the intestinal membranes.>**
Various delivery strategies have been developed to overcome these barriers,
including liposomes,’ nanoemulsions,® nanospheres,” and nanoparticles.® Therein,
nanoemulsion is thought to be a promising approach with advantages of sponta-
neous formation, thermodynamic stability , and facilitated administration.’ Previous
studies have shown that nanoemulsion can be utilized to improve permeation and
oral bioavailability of many active ingredients, such as puerarin,'® dabigatran
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etexilate'', and paconol.'? However, as a hydrophilic drug,
insulin is always present in the aqueous phase. Therefore,
insulin in oil-in-water (O/W) nanoemulsion would be
destroyed by GT enzymes, and phase inversion may
occur for water-in-oil (W/O) nanoemulsion as soon as
the preparation diluted by a large amount of GT fluid,
and lead to the destruction of insulin, with low oral bioa-
vailability (<0.2%)."

Previous studies have shown that oily vehicles could
protect proteins from enzymatic degradation in the GT."*
Moreover, it would be helpful for proteins to absorb effec-
tively when loaded inside nanosized oil droplets.'> However,
as a highly hydrophilic protein, insulin cannot be loaded
directly into the oil phase. Hence, the phospholipid complex
method was utilized to improve the liposolubility of insulin
to load into the oil phase of nanoemulsion in this study. As
shown in previous studies, the formation of the drug-
phospholipid complex could improve the lipophilicity of
the drugs.'®!” Moreover, Cui et al, demonstrated that insulin
could be successfully complexed with phospholipid and
solubilized within the hydrophobic phase.'® Therefore, we
speculate that insulin-phospholipid complex (IPC) may facil-
itate the loading of insulin into the oil phase of the nanoemul-
sion, thus overcome the absorption barriers of oral insulin
delivery and enhance its oral bioavailability.

In this study, O/W nanoemulsion and W/O nanoemul-
sion were developed for oral insulin delivery, in which
insulin was loaded in the oil phase by employed the
phospholipid complex technique. The nanoemulsion sys-
tems were optimized with the aid of ternary phase dia-
grams, and characterized with respect to particle size,
morphology, conductivity, and drug content. The selected
IPC-based nanoemulsions (IPC-NEs) were evaluated
in vitro with enzyme degradation studies and permeation
experiments across Caco-2 cell monolayers. Finally, the
in vivo hypoglycemic effect and pharmacokinetics of IPC-
NEs via oral delivery were studied in streptozotocin
(STZ)-induced diabetic rats.

Materials and methods

Materials

Porcine insulin (28.4 TU/mg) was purchased from Wanbang
Biochemical (Jiangsu, China). Phospholipid was obtained
from Taiwei Pharmaceutical Co., Ltd. (Shanghai, China).
Oleic Acid (OA), Ethyl Oleate (EO), and Isopropyl
Myristate (IPM) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Cremophor EL35

(EL35), Transcutol HP and Cremophor RH40 (RH40) were
purchased from BASF (Ludwigshafen, Germany). Pepsin,
trypsin, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo-
lium bromide (MTT), Hank’s balanced salt solution (HBSS),
and dimethyl sulfoxide (DMSO) were purchased from Sigma—
Aldrich (Steinheim, Germany). Methanol and acetonitrile
(HPLC grade) were provided by Tedia Company (USA).
penicillin-streptomycin (100 U/mL) and {-glutamine were
purchased from Beyotime Biotechnology (Jiangsu, China).
Fetal bovine serum (FBS), 0.25% trypsin-EDTA and
Dulbelcco’s Modified Eagle’s Media (DMEM) were obtained
from Fisher Scientific France (Illkirch, France). All other
reagents employed in this study were of analytical grade.

Preparation and characterization of IPC
Preparation of IPC

The IPC was prepared by an anhydrous co-solvent lyophi-
lization method as previously described.'® Briefly, phos-
pholipid and insulin powder (as a molar ratio of 1:1, 2:1,
4:1, 8:1, 16:1, 32:1, and 64:1 w/w, respectively) were
dissolved in DMSO containing 5% glacial acetic acid
and then stirred to form a clear solution. The resultant
—40°C with
a vacuum of 10 Pa using a condenser. The obtained IPC

solution was lyophilized overnight at

was firmly sealed for further experiments.

Solubility study

To verify whether the liposolubility of insulin was success-
fully improved in the form of IPC. Different oils (OA, EO,
and IPM) were used to evaluate the altered solubility of
insulin. Briefly, aliquots of oil (1 mL) were added into
complexes or physical mixtures with different molar ratios
of phospholipid vs insulin, followed by gentle vortex to
reach equilibrium. The transmittance of each system was
determined by an ultraviolet-visible spectrophotometer
(UV-1780, SHIMADZU, Japan).

Interaction between insulin and phospholipid

X-ray diffractometry (D/max-r A; Rigaku Denki, Tokyo,
Japan) and Fourier transform infrared spectrophotometry
(FT-IR Spectrometer IFS-55, Switzerland) were utilized to
study the interaction between insulin and phospholipid. The
X-ray diffractogram was scanned with the diffraction angle
increasing from 5° to 50°, 26 angle, with a stepwise angle of
0.04° and a count time of 1 s. The IR spectra of insulin,
phospholipid, IPC and physical mixture of insulin and phos-
pholipid were obtained by the KBr method.

submit your manuscript

3056

Dove

International Journal of Nanomedicine 2019:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Hu et al

Preparation of nanoemulsions

Based on the results of the solubility study, EO was
selected as the oil phase. The effects of surfactant
(Lecithin, Labrasol for W/O nanoemulsion and EL35,
RH40 for O/W nanoemulsion) and co-surfactant
(Ethanol, propylene glycol for both W/O and O/W nanoe-
mulsion) on the pseudo-ternary phase diagram were sys-
tematically observed at room temperature. The surfactant
and co-surfactant were weighed at different ratios (1:2,
1:1, 2:1, and 3:1, w/w) and then vortexed vigorously for
30 s to obtain the surfactant mixture (Sm). Afterwards,
the oil and the Sm were mixed, where the ratios of oil to
Sm in the mixtures were varied from 9:1 to 1:9 (w/w).
Distilled water was added dropwise to the mixture of oil
and Sm at room temperature, with gentle stirring to allow
equilibration. Following the addition of an aliquot of the
water phase, the mixture was visually examined for phase
transparency. The points from clear to turbid and turbid
to clear were designated as emulsion and nanoemulsion,
respectively.

Preparation and characterization of
IPC-NEs

Based on the pseudo-ternary phase diagrams, the W/O
nanoemulsion formulation (Lecithin/Ethanol/EO/water=
26.67:26.67:35.55:11.11, w/w) and the O/W nanoemul-
sion formulation (EL35/propylene glycol/EO/water=18.
18:6.06:6.06:69.70, w/w) were selected for further
experiments. To formulate insulin-loaded nanoemul-
sion, IPC (insulin:phospholipid =1:32) was added to
EO, followed by gentle agitation to obtain the “drug
loaded oil”, then W/O IPC-NE and O/W IPC-NE were
prepared to follow the same procedures of nanoemul-
sions preparation, with the exception of oil being
replaced by the formulation amount of the “drug
loaded oil”, then the obtained IPC-NEs were purified
by ultrafiltration (Amicon Millipore; 100 KDa cut-off).

The morphology of the IPC-NEs was observed by
transmission electron microscopy (TEM, JEOL JEM-
2100, Japan). Prior to the observation, samples were
dropped on copper grids followed by drying at ambient
temperature, then stained with 1% phosphotungstic acid
solution. The electrical conductivity was determined at
ambient temperature with a DDS-11A digital conductivity
meter coupled to a platinum electrode (Shanghai Leida
Instrument Co, Shanghai, China). The droplet size and
polydispersity index (PDI) of IPC-NEs were determined

by dynamic light scattering using a NANO-ZS90 particle
size analyzer (Malvern Instruments, UK).

Insulin content in IPC-NEs was measured by the HPLC
method. Briefly, 0.5 mL of IPC-NEs was diluted to 5 mL with
1% acetic acid-methanol, then the solution samples (20 pL)
were analyzed by HPLC system (Agilent 1200) with the
following conditions: Hypersil C18 column (4.6x200 mm, 5
um), the mobile phase consisted of acetonitrile and 0.2M Na,
SO, solution adjusted to pH 2.3 with phosphoric acid (30:70,
v/v) at a flow rate of 1.0 mL/min. The detector wavelength was
set at 214 nm and the column temperature was maintained at
35°C. The entrapment efficiency (EE) was calculated accord-
ing to the following equation: EE%=M; /M. *100%
(where M;,=the entrapped insulin in IPC-NEs, M. ~=the
total amount of drug). The stability of W/O IPC-NE and O/
W IPC-NE was investigated via appearance, droplet size, and
insulin content at ambient temperature and 4 °C up to 3
months.

Drug release and enzyme degradation
study

The release profiles of insulin from IPC-NEs were investigated
via dialysis method. Briefly, 2 mL of IPC-NEs was added into
the dialysis tubing (MWCD: 100 kDa), and submerged in
1,000 mL of simulated gastric fluid (SGF, pH 2.0) for 2 hrs,
then the medium was replaced by equal volume of simulated
intestinal fluid (SIF, pH 6.8) for incubation of 6 hrs. The
dialysis devices were under magnetic stirring at 37°C during
the release study. At predetermined time points, samples (200
pL) were withdrawn and the remaining insulin was analyzed
by HPLC method as mentioned above.

To evaluate the protective effect of IPC-NEs against
enzymatic degradation, W/O IPC-NE and O/W IPC-NE
were dispersed in SGF containing pepsin (0.05 mg/mL) or
SIF containing trypsin (3 mg/mL) respectively. The mix-
ture was immediately incubated at 37°C. Aliquots of the
mixture (200 pL) were withdrawn at regular intervals and
added to an equal volume of 0.1M NaOH for SGF, 0.1M
HCL for SIF to stop enzymatic activity.'® The amount of
remaining insulin was analyzed using HPLC as described
above. IPC and free insulin were also tested as a control.

Transport experiment with Caco-2 cell

monolayers

Cell culture
Caco-2 cells were obtained from Shanghai Institutes for
Sciences,

Biological Chinese Academy of Sciences
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(Shanghai, China). The cells were cultured in DMEM
supplemented with 15%FBS, 1% penicillin-streptomycin
(100 U/mL) and 1% p-glutamine under 5% CO, atmo-
sphere condition at 37°C.

MTT cytotoxicity assay

Caco-2 cells were seeded on 96-well plates at a density
of 6.5x10* cells/well and cultured at 37°C for 24 hrs.
The cells were then incubated with different concentra-
tions (10, 25, 50, 100 pg/mL) of test samples (insulin
solution or insulin formulations) for 4 hrs. After that,
20 pL of MTT solution (5 mg/mL) was added to each
well (37°C, 5% CO,). After 4 hrs of incubation, the
media was removed and DMSO (150 pL) was added to
dissolve the formazan precipitate. The formazan was
quantified by measuring the optical density to calculate
cell viability according to a previous report.?”

Transport study

To evaluate the permeability of W/O IPC-NE, O/W
IPC-NE, IPC or free insulin across Caco-2 cell mono-
layers, Caco-2 cells were seeded at a density of 1x10°
12-well
(Corning Costar, USA) and grown for 21 days.

cells/well on Transwell® culture plates
Transepithelial electrical resistance (TEER) of the
monolayer was measured before and after the experi-
ment using a Millicell-Electrical Resistance System
(Endohm-12, Millipore Corp). The monolayers with
the initial TEER higher than >450 Q cm” were used
for further transport experiments. One hour prior to the
transport experiment, the culture medium was replaced
with an equal volume of HBSS. After equilibration, the
donor chamber medium was replaced by fresh medium
containing W/O IPC-NE, O/W IPC-NE, IPC, or free
insulin (100 pg/mL). Aliquots were withdrawn from
the receiver chamber at different time intervals for 3
hrs, and the samples were analyzed by HPLC. The

apparent permeability coefficient (P,,,) of insulin was

app
calculated using the following equation:
dQ 1
Popp = —
"= 4G

where dQ/dt is the permeability rate, A is the surface area
of the membrane (cm?), C, is the initial concentration in
the apical chamber. Absorption enhancement ratio (R) was
calculated as follows:

Py (sample)

R = TP
Py (control)

In vivo evaluation of IPC-NEs

Bioactivity of encapsulated insulin

To evaluate the bioactivity of insulin after the production
process, the hypoglycemic effect of the released insulin
from IPC-NEs or IPC was evaluated in normal rats.
Briefly, insulin released from IPC-NEs or IPC at 37°C
was collected and the concentration was determined by
HPLC. Male Sprague-Dawley (SD) rats (200-250 g)
(fasted for 16 hrs with free access to water) were injected
subcutaneously with the released insulin or free insulin at
a dose of 1 IU/kg (n=6). The blood glucose level was
determined using the Roche ACCU-CHEK Go (Basel,
Switzerland) glucose-meter at the predesigned time point.

Pharmacological and pharmacokinetics study
Diabetic animal models were developed in adult male SD
rats induced by single intraperitoneal injection of STZ
(80 mg/kg) as previously described.?' Only the rats with
the baseline glucose levels over 250 mg/100 mL were
considered as diabetic. The diabetic rats were fasted for
16 hrs with free access to water prior to the experiments.
Rats were divided into five groups (n=6 per group). (i) W/
O IPC-NE, (ii) O/W IPC-NE, (iii) IPC, and (iv) free
insulin were administered orally at an insulin dose of 50
IU/kg. (v) Insulin solution was also subcutaneously
injected (s.c.) at a dose of 1 IU/kg. Blood samples were
collected from the tail vein prior to administration and at
different time points post administration. Blood glucose
levels were determined by the Roche ACCU-CHEK Go
(Basel, Switzerland) glucose meter. Plasma insulin levels
were measured by a porcine insulin ELLSA kit (R&D
System, USA). Area under the curve (AUC) of plasma
insulin concentration was computed, and the relative bioa-
vailability (F%) was calculated as follows:

F (%) o AUCoral X Doses.c.

= 100%
AUC;. x Dosegral x °

Male SD rats (200-250 g) were obtained from Hunan
Slack Scene of Laboratory Animal Co., Ltd. All animal
studies were performed in accordance with the Guide for
Care and Use of Laboratory Animal, and all procedures
were approved by Central South University Ethics
Committee (Protocol number SYXK-2012-003).

Statistics

All data were presented as mean + standard deviation
(SD) and analyzed using SPSS 19.0 (SPSS, Chicago,
IL). Difference between groups was evaluated using
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the two-tailed Student’s #-test. AP -value of less than
0.05 was considered statistically significant.

Results and discussion

Characterization of IPC

Figure 1 shows the effects of phospholipid/insulin molar
ratio on the solubilization of IPC in different oil media.
With the increase of the molar ratio of phospholipid vs
insulin in complex, the transmittance of the oil media
increased gradually. At the ratio of 32:1, the transmittance
reached its maximum, and the transmittance in EO reached
about 100%, indicating that insulin was successfully dis-
solved in EO. However, the transmittance of the corre-
sponding physical mixture was less than 20%, suggesting
that insulin could not be solubilized effectively in oils by
simply mixing with phospholipid.

Figure 2A shows the X-ray diffraction patterns of
insulin, phospholipid, their physical mixture, and IPC.
There were partial sharp crystalline peaks in the diffraction
pattern of insulin powder, which is the characteristic of
a macromolecule with some crystalline structure.?” In con-
trast, phospholipid appeared to be an amorphous structure.
In the profile of physical mixture, the crystalline signal of
insulin remained unchanged. On the contrary, the crystal-
line peaks were disappeared in IPC, showing a structural
characteristic similar to that of phospholipid. This might
be because of noncovalent interaction between insulin and

OA
EO
IPM
OA
EO’
PV

H-H
S

b4

Transmittance (%T)

10 20 30 40
Molar ratio (phospholipid/insulin)

Figure | The effect of molar ratio (phospholipids/insulin) on the solubilization of
IPC. Complex in oils (OA, EO, and IPM); physical mixture in oils (OA’, EO’, and
IPM’). Data are shown as mean + SD, n=3.
Abbreviations: EO, ethyl oleate; IPM,
phospholipid complex; OA, oleic acid.

isopropyl myristate; IPC, insulin-

phospholipid, and insulin was likely to be molecularly
dispersed in IPC.

The IR spectra of insulin, phospholipid, the physical
mixture, and IPC were shown in Figure 2B. The physi-
cal mixture and the complex showed distinct IR spectra.
The characteristic absorption peaks of insulin were still
present at 1,728 and 1,653 cm '
physical mixture. However, in the spectrum of IPC,

in the spectrum of

the two characteristic absorption peaks of insulin were
almost masked by that of phospholipid. Moreover, no
new peaks were observed in the spectrum of physical
mixture and IPC.

A
1234.6 1086.4
] £ 0
a s /\/,_,/A
(&)
- c
2 _‘-2 /V\O
g b E e 17373 1234.7 1086.2
2 H c [
c &
- [=
c
d
T T T 1
0 20 40 60 80 3000 2000 1000
2-Theta Wavenumber (cm-1)

Figure 2 (A) X-ray diffraction patterns of (a) insulin, (b) phospholipid, (c) physical mixture of insulin and phospholipid, (d) IPC; (B) infrared spectra of (a) phospholipid, (b)

IPC, (c) physical mixture of insulin and phospholipid, (d) insulin.
Abbreviation: IPC, insulin-phospholipid complex.
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Preparation and characterization of

IPC-NEs

Based on the results of the solubility study of IPC, EO was
selected as the oil phase of nanoemulsion. Pseudo-ternary
phase diagrams were constructed to obtain the appropriate
concentration ranges of other components of nanoemul-
sion. The constructed phase diagrams were described in
Figure S1. The nanoemulsion region was present as a gray
zone in the phase diagrams. From the results obtained here
together with the appearance and stability, W/O nanoemul-
sion (Lecithin/Ethanol/EQ/water=26.67:26.67:35.55:11.11,
w/w) and O/W nanoemulsion (EL35/propylene glycol/EO/
water=18.18:6.06:6.06:69.70, w/w) were selected as the
optimized preparations. Insulin was then incorporated to
the selected formulations according to the method
described in this paper to obtain W/O IPC-NE and O/W
IPC-NE for further investigation.

The particle size of O/W IPC-NE and W/O IPC-NE was
18.6+0.79 and 27.3+1.25 nm, respectively. The PDI value
were both less than 0.5, which indicates the homogeneity of
the nanoemulsion formulations. Insulin content of O/W IPC-
NE was 216.5+0.57 mg/mL with an EE% of 89.4+1.5%, and
the insulin concentration in W/O IPC-NE was 769.78
+0.86 mg/mL with an EE% of 9142.2%. Their respective
conductivities were 164.9+3.92 and 24.7+1.03 ps/cm. The
TEM images of the prepared [IPC-NEs are shown in Figure 3.
Obviously, O/W IPC-NE and W/O IPC-NE both appeared
spherical morphology with a particle size smaller than 50
nm, which was in accordance with the results obtained from

particle size analyzer. O/W IPC-NE and W/O IPC-NE were
stable at ambient temperature and 4°C up to 3 months, indi-
cated that these formulations were suitable for further experi-
ments in our study (Table S1).

Drug release and enzyme degradation
study

To imitate the GT environment, we conducted in vitro release
study in SGF for the first 2 hrs and in SIF for another 6 hrs,
without enzymes.”> As illustrated in Figure 4A, both of free
insulin and IPC had a fast release profile, with more than 80%
of the insulin were released within the first 2 hrs. In compar-
ison, IPC-NEs demonstrated sustained release profiles in both
SGF and SIF media. The cumulative release of insulin within 2
hrs from O/W IPC-NE and W/O IPC-NE was 61% and 49%,
respectively. We found that the type of nanoemulsion plays an
important role in controlling the drug release. After 8 hrs of
drug release, about 70% of the loaded insulin was released
from W/O IPC-NE, which was much lower than that of O/W
IPC-NE (~90%).

The protection ability of the prepared IPC-NEs on the
entrapped insulin against digestive enzymes was investigated
in vitro under the presence of pepsin or trypsin. Figure 4B
shows the remaining percentage of insulin in [IPC-NEs or IPC
after incubation with pepsin. As a result, the protective effect
was as follows: W/O IPC-NE > O/W IPC-NE > IPC > insulin.
Insulin was rapidly and completely destroyed without the
protection of nanocarriers by pepsin within 1 hr. In contrast,
18.6% and 4.8% of insulin were preserved in W/O IPC-NE

Figure 3 Transmission electron microphotography (TEM) of IPC-NEs: (A) O/W IPC-NE and (B) W/O IPC-NE.
Abbreviations: IPC, insulin-phospholipid complex; IPC-NE, IPC-based nanoemulsion; O/W, oil-in-water; W/O, water-in-oil.
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Figure 4 (A) In vitro release profiles of insulin from IPC-NEs or IPC in SGF for 2 hrs and SIF for 6 hrs; (B) percentage of insulin remaining after incubation of different
samples with pepsin in SGF; (C) percentage of insulin remaining after incubation of different samples with trypsin in SIF. Data are shown as mean * SD, n=3.
Abbreviations: IPC, insulin-phospholipid complex; IPC-NE, IPC-based nanoemulsion; O/W, oil-in-water; SGF, simulated gastric fluid; SIF, simulated intestinal fluid; W/O, water-in-oil.

and O/W IPC-NE after 8 hrs. The prepared formulations
showed a similar protective effect of insulin against trypsin
and pepsin as shown in Figure 4C. The amount of intact
insulin in W/O IPC-NE and O/W IPC-NE were 24.9% and
9.4% after 8 hrs incubation with trypsin, respectively. W/O
IPC-NE showed a stronger protective effect against enzyme
degradation as compared to O/W IPC-NE and IPC. These
protective patterns may be attributed to the different release
profiles of each system. These results were also consistent with
a previous report that the external oily phase was important in
the protection of insulin against enzymatic degradation.'*

Transport through Caco-2 cell

monolayers
MTT cytotoxicity assay was carried out to evaluate the
toxicity of insulin formulations on Caco-2 cells. As shown

in Figure S2, no significant cytotoxicity was observed at the
concentration from 10 to 100 pg/mL in all of the treated
groups (cell viability >90%). Thus, 100 pg/mL was selected
as the working concentration in the transport experiments.
Caco-2 cell monolayers were utilized to study the per-
meation effect of IPC-NEs. Both the TEER values before
and after the transport experiments were higher than >450
Q cm?, confirmed the integrity of the cell monolayers.?’ The
amount of transported insulin from each formulation was as
follows: IPC-NEs > IPC > insulin (Figure 5). The P,,,-
values of insulin from each formulation were compared,
and results are summarized in Table 1. The permeation of
insulin across Caco-2 cell monolayers was improved by
IPC, representing a 1.26-fold enhancement of the insulin
permeation coefficient. This may be the result of increased
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Figure 5 Cumulative amount of insulin transported across Caco-2 cell monolayers
at 37 °C. Data are shown as mean + SD, n=3.

Abbreviations: IPC, insulin-phospholipid complex; IPC-NE, IPC-based nanoemul-
sion; O/W, oil-in-water; W/O, water-in-oil.

Table | Apparent permeability coefficient and absorption
enhancement ratio for insulin across Caco-2 cell monolayers
(mean * SD, n=3)

Formulation Pappx1 0% cmis R
Insulin (control) 12.1+0.3 —
IPC 15.3+0.5% 1.26
WI/O IPC-NE 17.9+0.2"# 1.48
O/W IPC-NE 18.1£0.3"# 1.50

Notes: *P<0.05 compared with insulin (control), #P<0.05 compared with IPC.
Abbreviations: P, the apparent permeability coefficient; R, absorption enhance-
ment ratio; IPC, insulin-phospholipid complex; IPC-NE, IPC-based nanoemulsion;
O/W, oil-in-water; W/O, water-in-oil.

lipophilicity in IPC. Moreover, as an important component
of cell membrane, phospholipid can improve drug transpor-
tation across the Caco-2 cells.'” It was shown that the largest
amount of insulin transport was facilitated by IPC-NEs. The
permeability coefficients of IPC-NEs were significantly
higher than that of insulin (P<0.05), representing 1.48-fold
and 1.5-fold enhancement for W/O IPC-NE and O/W IPC-
NE, respectively. While there was no significant difference
between W/O IPC-NE and O/W IPC-NE (P>0.05).
Nanoemulsion carriers played an important role in the
enhancement of insulin permeation across Caco-2 cell mono-
layers. A higher P,,,-value was obtained with IPC-NEs in
comparison with IPC in this study (P<0.05). Numerous
studies indicate that nanoemulsion has a significant potential
to increase the permeability of drugs. The proposed mechan-
isms were based on surfactant induced structural and fluidity
changes in the membranes.”**> IPC-NEs combined phos-
pholipid complex technique with nanoemulsion system,
exhibited synergic effect of nanoemulsion and IPC on the

transport properties of insulin across the Caco-2 cell
monolayers.

In vivo evaluation of IPC-NEs

To confirm the maintained biological activity of insulin
after encapsulated into IPC-NEs, the hypoglycemic effects
of the released insulin were evaluated in normal rats
according to a previous report.”> After subcutaneous injec-
tion, the released insulin from IPC-NEs and IPC showed
similar hypoglycemic profiles as compared to the equiva-
lent dose of free insulin (1 IU/kg; Figure 6A). There was
no significant difference between the hypoglycemic effects
of these groups (P>0.05), suggesting that the bioactivity of
insulin was maintained after encapsulation and release.

The hypoglycemic effect and pharmacokinetics of dif-
ferent insulin formulations were assessed in STZ-induced
diabetic rats in vivo. As illustrated in Figure 6B, the blood
glucose was reduced sharply to the minimum concentra-
tion (about 40% of the initial level) 2 hrs after injection
(insulin solution s.c., 1 [U/kg), then gradually returned to
the basal level within 8§ hrs. Oral delivery of insulin solu-
tion failed to produce hypoglycemic effects. In contrast,
oral administration of W/O IPC-NE, O/W IPC-NE, and
IPC at an equivalent insulin dose (50 IU/kg) all resulted in
reduction of the blood glucose level, the hypoglycemic
effects of the preparations were as follows: W/O IPC-NE
> O/W IPC-NE > IPC, the lowest percent of glucose level
were 65.7%, 70.8%, and 82.0%, respectively.

The pharmacokinetic profiles of insulin and the related
parameters were shown in Figure 6C and Table 2, respectively.
Consistent with the hypoglycemic effect, there was only
a slight serum insulin concentration increase in the IPC group
as compared to oral insulin. In comparison, the maximal serum
insulin concentration was significantly improved in W/O IPC-
NE and O/W IPC-NE groups, which were 2.7 and 1.9-fold to
that of IPC group (P<0.05). W/O IPC-NE exhibited the highest
oral bioavailability (F%) of 4.7%, which was~12.4-fold higher
than that of oral insulin solution (0.38%), ~1.7-fold higher than
that of IPC (2.8%), and ~1.5-fold higher than that of O/W IPC-
NE (3.2%), respectively.

The observed better in vivo hypoglycemic effects of IPC-
NEs than IPC may be attributed to its better protection and
permeation achieved by IPC-NE systems as shown in enzyme
degradation and Caco-2 cell monolayers permeation experi-
ments. Furthermore, W/O IPC-NE showed stronger hypogly-
cemic effects compared to O/W IPC-NE, suggesting that type
of nanoemulsion have a significant influence on oral absorp-
tion of insulin. This result was in accordance with the enzyme
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Figure 6 (A) Blood glucose level of normal rats after subcutaneous injection of equivalent dose (I 1U/kg) of insulin solution or insulin released from IPC-NEs or IPC; (B)
blood glucose levels in diabetic rats after oral administration of W/O IPC-NE, O/W IPC-NE, IPC and insulin solution (oral insulin, 50 IU/kg) and subcutaneous injection of
insulin solution (s.c. insulin, | 1U/kg); (C) serum insulin concentration in diabetic rats following administration of different formulations. Data are shown as mean * SD, n=6.
Abbreviations: IPC, insulin-phospholipid complex; IPC-NE, IPC-based nanoemulsion; O/W, oil-in-water; s.c., subcutaneous injection; W/O, water-in-oil.

Table 2 Pharmacokinetic parameters of insulin in diabetic rats
(mean * SD, n=6)

Sample Dose AUC F (%)
(IU/kg) (mIU-h/L)

Free insulin (s.c.) | 58.19£6.37 100

Free insulin (oral) 50 9.12£3.52 0.38+0.12

IPC (oral) 50 81.4748.16 2.8+0.28

O/W IPC-NE (oral) 50 93.10+8.95 3.240.31

WI/O IPC-NE (oral) 50 136.75+10.82 4.7+0.37

Abbreviations: AUC, area under the curve of plasma insulin concentration; F(%),
relative bioavailability (n=6); IPC, insulin-phospholipid complex; IPC-NE, IPC-based
nanoemulsion; O/WV, oil-in-water; s.c., subcutaneous injection; W/O, water-in-oil.

degradation data that W/O IPC-NE had a better protective
effect on insulin than O/W IPC-NE. In addition, sustained
hypoglycemic effects were observed in the diabetic rats treated
with W/O IPC-NE, suggesting that this delivery strategy may
have promising potential as an oral basal insulin.® This study

demonstrated that IPC-NEs, especially the W/O IPC-NE, are
promising vehicles for oral delivery of insulin, with excellent
hypoglycemic effects and improved pharmacokinetic profiles.

Conclusions

In conclusion, the IPC-NEs, where insulin was loaded in
the oil phase by employed a phospholipid complex tech-
nique, were successfully prepared. Both W/O IPC-NE and
O/W IPC-NE significantly enhanced the protective effects
of insulin against enzymes degradation and improved insu-
lin transport across Caco-2 cell monolayers in vitro. Oral
administration of IPC-NEs, especially the W/O IPC-NE
showed significant and sustained hypoglycemic effect and
higher oral bioavailability than that of oral insulin solution
in diabetic rats. Our study demonstrated that the combined
use of nanoemulsion and phospholipid complex technique
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might be a promising strategy for the development of oral
formulations of peptide and protein drugs such as insulin.
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Figure S2 Cytotoxicity of insulin, IPC and IPC-NEs on Caco-2 cell treated at 37°C for 4 hrs. Data are present as mean * SD, n=3.
Abbreviations: IPC, insulin-phospholipid complex; IPC-NE, IPC-based nanoemulsion; O/W, oil-in-water; W/O, water-in-oil.
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