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Background: Non-injectable delivery of peptides and proteins are not feasible due to its large 

molecular, high hydrophilic and gastrointestinal degradation. Therefore, proposing a new method 

to solve this problem is a burning issue.

Purpose: The objective of this study was to propose a novel protein delivery strategy to vanquish 

the poor efficacy of buccal mucosa delivery systems for protein delivery and then investigate the 

detailed mechanisms of the enhanced buccal delivery of protein, using insulin as a model drug.

Materials and methods: Insulin-phospholipid complex combined with deformable nanove-

sicles (IPC-DNVs) were prepared, using deformable nanovesicles based on insulin (INS-DNVs) 

and conventional nanovesicles based on insulin-phospholipid complex (IPC-NVs) as references. 

Besides, their physicochemical characterization, in vitro transport behavior, in vivo bioactivity 

and hypoglycemic effect were systematically characterized and compared. Finally, we evaluated 

the in vivo safety of IPC-DNVs.

Results: First, IPC-DNVs increased insulin permeability through deposition of the IPC and 

deformability of the DNVs, which was revealed by an in vitro mucosal permeation study. Sec-

ond, DNVs could act as a drug carrier and penetrate the mucosa to reach the receiver medium 

as intact nanovesicles, which was supported by the observation of intact nanovesicles in the 

receiver medium through transmission electron microscopy (TEM). Third, IPC-DNVs exhibited 

both transcellular and paracellular transport in the form of IPC and DNVs, respectively, which 

was proved by confocal laser scanning microscopy (CLSM). Unlike the other two formulations, 

IPC-DNVs exhibited a sustained mild hypoglycemic effect, with a relative bioavailability (Fp) 

of 15.53% (3.09% and 1.96% for INS-DNVs and IPC-NVs, respectively). Furthermore, buccal 

administration of IPC-DNVs resulted in no visible mucosal irritation to the buccal mucosa.

Conclusion: Our work reveals the mechanisms underlying the enhanced buccal delivery of 

IPC-DNVs: the DNVs facilitate penetration through the main barrier, and the deposition of 

IPC enhances buccal absorption. Our results and proposed mechanisms could be an important 

reference to understand other nanocarriers based on protein (peptide)-phospholipid complexes 

that penetrate the mucosa and provide a theoretical basis for the future development of buccal 

delivery systems for insulin.

Keywords: diabetes, hypoglycemic effect, mucosal permeation, absorption, safety

Introduction
Since the discovery of a phospholipid complex enhancing the bioavailability of poorly 

soluble drugs in drug delivery studies, the phospholipid complex technique has been 

extensively investigated to achieve good efficacy.1–3,8 In recent years, various phospho-

lipid complex-based formulations such as Doxil®,4 Cleviprex®,5 Valium®,6 and Silybin 

Phytosome™7 have been used clinically with good results. Among them, the formulations 
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combing a phospholipid complex with therapeutic agents of 

high molecular weight or size (such as proteins, peptides, 

nucleic acids, and anticarcinogens) are particularly attractive 

because such strategies could help overcome the difficulty of 

directly encapsulating these therapeutic agents into carriers,8,9 

thereby forming an amphiphilic complex and achieving a high 

drug-loading capacity and long-term stability.10,11 However, 

in non-injection routes, these phospholipid complex-based 

formulations have poor efficacy due to the low permeability 

of the skin or mucosa.12,13 In such cases, the phospholipid 

complex cannot penetrate the barrier, markedly limiting the 

efficacy of the drug. Thus, a novel delivery strategy with high 

mucosal permeability is highly desirable.

Recently, efforts have been devoted to develop non-

injectable dosage forms of proteins and peptides, especially 

buccal mucosal delivery systems.14–16 Among them, deform-

able nanovesicles (DNVs), which were introduced by Cevc 

and Blume,17 markedly enhanced the membrane permeability 

for proteins and peptides.18 Inspired by this potential delivery 

platform, in this study, we report a novel protein delivery 

strategy that combines a phospholipid complex with DNVs, 

using insulin as a model drug (IPC-DNVs) for buccal absorp-

tion. In addition, we determined the transport mechanisms of 

IPC-DNVs using in vitro porcine buccal mucosa and in vivo 

rabbit model. To elucidate the mechanisms, we prepared 

IPC-DNVs, as well as DNVs based on insulin (INS-DNVs) 

and conventional nanovesicles based on insulin-phospholipid 

complex (IPC-NVs) as references. An in vitro mucosal 

permeation experiment was conducted to evaluate the pen-

etration behavior of nanovesicles and to determine whether 

IPC-DNVs increase the absorption rate constant (flux), 

apparent permeability coefficient (P
app

), and deposition of 

insulin in the buccal mucosa. Transmission electron micros-

copy (TEM) was used to investigate whether DNVs could 

penetrate the mucosa in an intact form. Furthermore, confocal 

laser scanning microscopy (CLSM) was used to investigate 

the membrane transport of IPC-DNVs. An in vivo hypogly-

cemic study confirmed the mechanisms and demonstrated 

the importance of deformability and phospholipid complex 

in the buccal delivery of insulin. Finally, the in vivo safety 

was determined by acute irritation studies. Our results reveal 

the mechanisms underlying the enhanced buccal delivery of 

IPC-DNVs: the IPC acted as a penetration enhancer by fusing 

with the cell membrane, which enhanced penetration via 

transcellular transport, and the DNVs acted as a drug carrier 

system by penetrating the mucosa and reaching the receiver 

medium as intact nanovesicles via paracellular transport. 

Our mechanisms provide a reference to understand other 

protein (peptide)–phospholipid complex-based nanocarriers 

that penetrate the mucosa, which would greatly contribute 

to the development of non-injectable delivery systems.

Materials and methods
Materials
Recombinant human insulin was purchased from Dongbao 

Enterprise Group Co., Ltd (Tonghua, Jilin, People’s 

Republic of China). Lecithin (70% phosphatidylcholine/30% 

phosphatidylethanolamine, lipid phospholipid) was obtained 

from Shanghai Toshisun Biology and Technology Co., Ltd 

(Shanghai, People’s Republic of China). Insulin-fluorescein iso-

thiocyanate (FITC) was purchased from Meilun Biotechnology 

(Dalian, People’s Republic of China). Rhodamine was pur-

chased from Avanti (Alabaster, AL, USA). Other chemicals 

and solvents were of analytical or chromatography grade.

Animals
Male big-ear Japanese rabbits were purchased from Beijing 

Huafukang Bioscience Co., Inc. and were raised at the 

Institute of Material Medical, Chinese Academy of Medical 

Sciences and Peking Union Medical College (Beijing, 

People’s Republic of China). The experiments were per-

formed with the approval of the Laboratory Animal Care 

and Use Committee of Peking Union Medical College. All 

animal experiments were performed in accordance with 

the guidelines of laboratory animals – guideline for ethical 

review of animal welfare (GB_T 35892-2018) for the welfare 

of the animals (People’s Republic of China).

Preparation of nanovesicles
Three types of nanovesicles were prepared using thin-film 

hydration method (Figure 1). For IPC-DNVs, the IPC was 

prepared by solvent evaporation method, as described in our 

previous study.19 Briefly, insulin (10 mg) and lipid (100 mg) 

were independently dissolved in 0.1% trifluoroacetic acid–

methanol (1 mL) and dichloromethane (9 mL, CH
2
CL

2
), 

respectively. After mixing for 10 minutes, the organic solvents 

were removed by rotary evaporation under vacuum to form 

IPC. The IPC was placed on a vacuum pump for 2 hours 

to remove the residual organic solvent. For IPC-DNVs, an 

appropriate amount of IPC was prepared as above; lipid and 

Tween 20 were dissolved in dichloromethane to form a clear 

solution. The organic solvent was evaporated at 37°C using a 

rotary evaporator to form a beehive film. The lipid films were 

hydrated with sodium deoxycholate (SDC)-PBS (pH 7.4) solu-

tion by rotation at 150 rpm at 37°C for 30 minutes. To prepare 

small vesicles, the suspension was sonicated with cooling four 

times for 1 minute each. The sonicated vesicles were homog-

enized by manual extrusion through 0.22 µm polycarbonate 
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membranes. To prepare INS-DNVs, insulin (dissolved in 0.1% 

trifluoroacetic acid-H
2
O) was added to SDC-PBS solution, and 

the other steps were the same as those for IPC-DNVs. For IPC-

NVs, Tween 20 and SDC were replaced with cholesterol to 

obtain the conventional nanovesicles. The final concentration 

of insulin in the nanovesicles was ~3 mg/mL.

Determination of size and zeta potential
The average particle size and zeta potential of nanovesicles 

were determined by using a particle size analyzer (Malvern 

Zetasizer Nano ZS at an angle of 173°) at 25°C±0.5°C. The 

experiment was independently performed with three repli-

cates per experimental group (n=3).

Figure 1 Schematic representation of the preparation process of (A) IPC-DNVs and IPC-NVs and (B) INS-DNVs.
Notes: For (A), INS dissolved in 0.1% TFA-methanol, (a) IPC-DNVs, (b) IPC-NVs; for (B), INS dissolved in 0.1% TFA-H2O. 
Abbreviations: DNVs, deformable nanovesicles; INS, insulin; IPC, insulin-phospholipid complex; NVs, conventional nanovesicles; SDC, sodium deoxycholate; TFA, 
trifluoroacetic acid.
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Encapsulation efficiency
The concentration of insulin was determined using reverse 

phase-HPLC (RP-HPLC) with an Agilent Technologies 

1200 series HPLC system (Agilent, Santa Clara, CA, USA) 

and a 300 SB-C18 column (4.6×250 mm, 5 µm; Agilent). 

The measurement conditions were as follows: 0.2 M sulfate 

buffer/acetonitrile (74:26, v/v), flow rate: 1 mL/min, ultravio-

let detection: 214 nm, injection volume: 20 µL, and column 

oven temperature: 40°C.

The encapsulation efficiency (EE, %) of the three nano-

vesicles was determined using a fast ultrafiltration method. 

Briefly, 1 mL of prepared nanovesicle suspension was placed 

in a centrifugal filter tube (Amicon Ultra-4 centrifugal 

devices, 100K nominal molecular weight limit; Millipore, 

Billerica, MA, USA) and centrifuged at 4,000 rpm for 

40 minutes to separate the free and entrapped insulin. After 

ultrafiltration, the amount of insulin in the ultrafiltrates was 

measured using RP-HPLC. The centrifugal filter tube was 

washed three times with PBS at 2,500 rpm for 10 minutes, and 

the ultrafiltrate was collected and measured using RP-HPLC 

to determine the absorbed drug on the centrifugal filter tube. 

The EE was calculated according to the following equation:

	

EE%
( )

total insulin free insulin absorbed insulin

total

=
−W W W

W
- - -

+

--insulin









 ×100%

�

where W
total-insulin

 is the total amount of insulin in nanovesicles, 

W
free-insulin

 is the amount of insulin in the ultrafiltrates, and 

W
absorbed-insulin

 is the absorbed insulin on the centrifugal filter. 

The experiment was independently performed with three 

replicates per experimental group (n=3).

Deformability of nanovesicles
The deformability of nanovesicles was determined by a 

stainless steel pressure filter device. Three nanovesicles were 

extruded through 50 nm polycarbonate membranes at a con-

stant pressure of 0.45 MPa for 5 minutes. After extrusion, the 

average particle size of nanovesicles was measured using a 

particle size analyzer. The deformability index (DI) of nano-

vesicles was calculated using the following equation:20

	

DI * v

p

= J
r

r











2

�

where J is the rate of penetration through a permeability 

membrane, r
v
 is the particle size after extrusion, and r

p
 is 

the pore diameter of the permeability membrane (50 nm). 

The experiment was independently performed with three 

replicates per experimental group (n=3).

Structural analysis of nanovesicles
Transmission electron microscopy
The morphology of nanovesicles was studied using TEM-

1400plus at 120 kV. The nanovesicles were diluted 50 times 

and deposited on a carbon support film (Zhongjingkeyi 

Technology, Shanghai, People’s Republic of China), allowed 

to stand for 5 minutes, and then the excess fluid was absorbed 

by a filter paper. The sample was then negatively stained by 

adding a drop of 1% phosphotungstic acid, allowed to stand 

for 5 minutes, and dried at 25°C.

Conformational stability
To verify the integrity of the secondary structure of insulin 

entrapped in nanovesicles and the released insulin, circular 

dichroism (CD) studies were carried out. The released insulin 

of the three nanovesicles was obtained by using a fast ultra-

filtration method. Briefly, after treatment with a moderate 

amount of ethanol, 1 mL of prepared nanovesicle suspen-

sion was placed in a centrifugal filter tube and centrifuged at 

4,000 rpm for 40 minutes to obtain the released insulin. The 

CD spectra were acquired at 25°C using a spectropolarimeter 

(J-815 Spectropolarimeter; Jasco, Osaka, Japan) in the far 

ultraviolet region in a 1 mm path length cell and by using a 

step size of 1 nm and a scan rate of 50 nm/min. The concentra-

tion of insulin was 15 µg/mL. The lamp housing was purged 

with nitrogen, and an average of three scans was obtained; 

a reference scan of the relevant buffer was subtracted.

In vitro mucosal permeation of 
nanovesicles
Preparation of porcine buccal mucosa
Fresh pig tongue samples were collected from a slaughter-

house immediately after euthanasia, stored at 4°C, and then 

transported to the laboratory. The porcine buccal mucosa 

was obtained using a drum dermatome (Lite Manufacturing 

Medical Devices Co., Ltd, Shanghai, People’s Republic 

of China). The thickness of the mucosa used as a barrier 

membrane in this study was ~0.7 mm. The prepared porcine 

buccal mucosa was then stored in a lyophilized protec-

tive solution21 (4% albumin, 10% dimethyl sulfoxide, and 

86% PBS) in a refrigerator at -20°C until use.

Mucosal permeation study
Mucosal permeation studies were performed using a Franz 

diffusion chamber (PermeGear, Hellertown, PA, USA) 

consisting of horizontal diffusion chambers, magnetic 
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stirring control system, and heating circulation system with 

a programmable temperature control device. The tempera-

ture of the water bath was maintained at 37°C±0.5°C, the 

effective permeation area was 1.77 cm2, and the receptor 

and donor chamber volumes were both 3.4 mL. The buccal 

mucosa sample was mounted between the donor and receptor 

chambers, with the epithelial side facing the donor chamber. 

PBS (pH 7.4) was used as the receiver medium, and undiluted 

nanovesicles were used as the donor solution. The receiver 

medium was stirred using a magnetic bar at a rate of 500 rpm, 

and 100 µL of the sample was withdrawn through the sam-

pling port at predetermined times (0, 0.5, 1, 1.5, 2, 3, and 

4 hours). The receiver medium was immediately replenished 

with an equal volume of PBS. The collected samples were 

analyzed using HPLC for insulin content. Flux and P
app

 were 

calculated using the following mathematical expressions:

	
P

app

(dQ/dt)

A C
=

× ∆ �

dQ/dt is the cumulative amount of insulin permeated the 

mucosa per unit time, ΔC is the concentration difference of 

insulin between the donor and receiver chambers (approxi-

mately equal to the initial drug donor concentration), and A 

is the surface area of diffusion (cm2). The experiment was 

independently performed with three replicates per experi-

mental group (n=3).

After mucosal permeation study, the concentration of 

insulin retained in the mucosa was measured. The mucosal 

samples were collected from the diffusion chambers, washed 

with PBS, and dried with filter paper. To measure the effec-

tive permeation area, the samples were cut into small pieces, 

soaked in 1 mL PBS solution for 12 hours, sonicated for 

5 minutes, and the clear supernatant was analyzed using 

HPLC. The experiment was independently performed with 

three replicates per experimental group (n=3).

Receiver medium visualization using TEM
TEM was used to investigate the receiver medium after per-

meation for 4 hours to determine the intact or disintegrated 

nanovesicles. The receiver medium was filtered through a 

nylon membrane (0.45 µm pore size) to remove contami-

nants, and the preparation process was the same as that used 

for the previous TEM.

CLSM studies
CLSM was performed to evaluate the depth and path of the 

nanovesicle transport. Three nanovesicles were labeled with 

two types of fluorescence markers, rhodamine and FITC 

(RF-IPC-DNVs, RF-INS-DNVs, and RF-IPC-NVs). They 

were applied to the in vitro mucosa permeation model for 

2 and 4 hours. After the experiment, the mucosa was washed 

with PBS. Excess formulation was wiped off with a filter 

paper, and the mucosa was then frozen with liquid nitrogen 

and stored at -80°C before slicing. The frozen mucosa was 

vertically sectioned into 5 µm slices by a cryostat microtome. 

The distribution of fluorescence in the mucosa was observed 

by CLSM. FITC-labeled insulin (green fluorescence) was 

measured at excitation and emission wavelengths of 490 

and 525 nm, respectively. Rhodamine-labeled phospholipid 

(red fluorescence) was measured at excitation and emission 

wavelengths of 557 and 581 nm, respectively.

Influence of IPC and free phospholipid 
on insulin absorption
To investigate the influence of IPC and free phospholipid 

on the absorption of insulin further, IPC (3 mg/mL) and a 

physical mixture of insulin and phospholipid (Phy-IP) were 

prepared. For Phy-IP, a weighed amount of insulin and 

phospholipid (1:20, w/w) were dissolved in PBS to obtain 

an insulin concentration of 3 mg/mL. Then, the mucosal per-

meation study was performed as described in the “Mucosal 

permeation study” section.

In vivo bioactivity and hypoglycemic effect 
of nanovesicles
The relative pharmacological bioactivity of insulin delivered 

by buccal administration of IPC-DNVs, INS-DNVs, and 

IPC-NVs was evaluated in normal rabbits by assessing the 

hypoglycemic effect. To prevent animals from swallowing 

the dosing solution, the esophagus of each rabbit was surgi-

cally ligated. The esophagus was untied 30 minutes after 

administration of the drug solution.

Before the experiment, the rabbits were fasted for 2 hours, 

but allowed free access to water. The rabbits were randomly 

divided into groups of three each: the control received normal 

saline via the mucosa; the insulin-Sub group received insulin 

solution by subcutaneous injection (1 IU/kg); the IPC-DNV-

Sub group received IPC-DNVs by subcutaneous injection 

(1 IU/kg); and IPC-DNVs, INS-DNVs, and IPC-NVs were 

administered through the mucosa (10 IU/kg).

Blood glucose levels of samples collected from the rabbit 

ear veins at 30-minute intervals from 0 to 6 hours after admin-

istration were measured using a blood analyzer (OneTouch 

Ultra; Johnson & Johnson, New Brunswick, NJ, USA). 

Furthermore, the relative pharmacological bioavailability 

(Fp) of insulin after buccal administration was calculated 

according to the following equation:
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F
AAC Dose

AAC Dosep
buccal s.c.

s.c. buccal

=
×

×
×100%

�

where Dose
buccal

 and Dose
s.c.

 are the insulin doses administered 

buccally and subcutaneously, respectively, and AAC values 

are the area above the curve values of reduction in blood 

glucose level over time.

In vivo safety studies
Acute irritation caused by buccal administration of IPC-

DNVs was determined by histopathologic studies. The rabbits 

were randomly divided into two groups: group 1, buccal 

administration of IPC-DNVs (10 IU/kg) and group 2, buccal 

administration of normal saline at a volume equal to that of 

group 1. To prevent the animals from swallowing the dosing 

solution, the esophagus of each rabbit was surgically ligated. 

IPC-DNVs and normal saline were administered three times 

at 4-hour intervals (for repeat test). After 12 hours, the rabbits 

were sacrificed and the tongues were removed. Hematoxylin 

and eosin staining was performed to detect histopathologic 

changes. The experiment was independently performed with 

three replicates per experimental group (n=3).

Statistical analysis
Data are expressed as the mean±SD of three independent 

experiments. Student’s t-test was applied using SPSS 

software (SPSS Inc., Chicago, IL, USA) to determine 

the statistically significant differences between groups. 

A P-value ,0.05 was considered statistically significant 

(*P,0.05, **P,0.01, and ***P,0.001).

Results
Physicochemical characterization of 
nanovesicles
The particle size, zeta potential, EE, and DI values of IPC-

DNVs, INS-DNVs, and IPC-NVs are shown in Table 1. 

All three kinds of nanovesicles showed good dispersion 

(Figure 2). During the deformation process, the r
v
 of IPC-NVs 

was smaller than that before the process, whereas those of 

IPC-DNVs and INS-DNVs were almost the same, indicating 

that IPC-NVs were hard to deform to penetrate the mucosa.

Structural analysis of nanovesicles
Transmission electron microscopy
IPC-DNVs showed a well-defined inner aqueous phase 

surrounded by a lipid bilayer with an inhomogeneous 

thickness (Figure 2). In contrast, INS-DNVs had a thinner 

shell than that of IPC-DNVs and IPC-NVs. It can be clearly 

seen that IPC-DNVs had obvious whorls, whereas INS-

DNVs did not have. However, IPC-NVs were significantly 

different from IPC-DNVs and INS-DNVs, and their lipid 

bilayer was circular and had a well-defined structure. Further-

more, the particle size of IPC-NVs was slightly larger than 

that of nanovesicles that were spherical or ellipsoid.

Conformational stability
Figure 3 shows the CD spectra of free insulin solution, insulin 

entrapped into the nanovesicles, and the released insulin. Their 

CD spectra showed two minima at about 208 and 222 nm, which 

were typical of α-helix structure. This was in close agreement 

with the spectra obtained by others.22,23 All of the released 

insulin had a CD spectrum very similar to the CD spectrum of 

free insulin. Furthermore, the α-helix ratio was between 23.3% 

and 28.4%, which was in agreement with that of free insulin 

(23.5%). While the spectra observed from insulin encapsulated 

into nanovesicles had some changes, the α-helix ratio of the 

three nanovesicles was much higher than that of the free insulin 

solution (23.5%). The α-helix ratios for IPC-DNVs, INS-DNVs, 

and IPC-NVs were 46.6%, 67.5%, and 51.9%, respectively.

In vitro mucosal permeation of 
nanovesicles
Mucosal permeation study
Figure 4A and B shows the flux and insulin deposited in the 

mucosa after the permeation study, respectively. The flux 

of nanovesicles was ranked as follows: IPC-DNVs.INS-

DNVs.IPC-NVs. The P
app

 of insulin was determined to be 

(2.71±0.14)×10−6, (2.15±0.25)×10−6, and (1.58±0.13)×10−6 cm/s, 

respectively, in the steady state. IPC-DNVs induced a much 

higher insulin deposition than INS-DNVs and IPC-NVs.

Table 1 Physicochemical characteristics of IPC-DNVs, INS-DNVs, and IPC-NVs

Formulation Size (nm) Zeta potential 
(mV)

EE rv (nm) DI (µg/cm2/s)

IPC-DNVs 85.84±2.38 -26.2±0.5 77.47%±3.85% 86.20±1.35 38.72±2.35
INS-DNVs 89.05±2.81 -32.0±0.8 72.49%±2.48% 89.49±1.95 42.97±1.95
IPC-NVs 94.67±2.40 -45.3±0.7 79.27%±4.24% 80.27±3.16 2.64±0.17***

Notes: Data are presented as the mean±SD (n=3). ***P,0.001 between IPC-DNVs and IPC-NVs.
Abbreviations: DI, deformability index; DNVs, deformable nanovesicles; EE, encapsulation efficiency; INS, insulin; IPC, insulin-phospholipid complex; NVs, conventional 
nanovesicles; rv, the particle size after extrusion.
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Figure 2 Morphology and size distribution of (A) IPC-DNVs, (B) INS-DNVs, and (C) IPC-NVs. 
Notes: 1 refers to morphology at low magnification; 2 refers to morphology at high magnification; 3 refers to size distribution. 
Abbreviations: DNVs, deformable nanovesicles; INS, insulin; IPC, insulin-phospholipid complex; NVs, conventional nanovesicles.

Receiver medium visualization
The TEM images of IPC-DNVs, INS-DNVs, and IPC-NVs 

are shown in Figure 5. The receiver medium of IPC-NVs 

showed no detectable levels, whereas IPC-DNVs and INS-

DNVs were spherical or ellipsoid, indicating that the DNVs 

(IPC-DNVs and INS-DNVs) penetrated the mucosa to reach 

the receiver medium as intact nanovesicles. Moreover, 

the IPC-DNV shells were thinner than they were before 

penetration, and they seemed to be stained in the core of the 

nanovesicles, whereas INS-DNVs were not different from 

their previous state.

CLSM study
Figure 6 illustrates the fluorescence intensity of insulin 

(green) and phospholipids (red) at 2 and 4 hours after treat-

ment. IPC-NVs did not change much with time and only 

remained in the upper layer of the epidermis. For INS-DNVs, 

the change in red fluorescence was higher than that in green 

fluorescence, whereas for IPC-DNVs, the change between 

red and green fluorescence was consistent. Figure 6B-e 

and -f shows that IPC-DNVs and INS-DNVs penetrated 

the mucosa of full thickness since the fluorescence was 

detected throughout the tissue. In contrast, the fluorescence 

intensity of IPC-DNVs was higher than that of INS-DNVs 

at every depth of the mucosa. Moreover, both intracellular 

and extracellular fluorescence intensities of IPC-DNVs were 

almost the same (Figure 6C). The IPC-DNVs showed higher 

fluorescence intensity than INS-DNVs and IPC-NVs, which 

was in accordance with the results of the in vitro mucosal 

deposition studies.

Figure 3 CD spectra of insulin entrapped in nanovesicles and the released insulin. 
Abbreviations: CD, circular dichroism; DNVs, deformable nanovesicles; INS, 
insulin; IPC, insulin-phospholipid complex; NVs, conventional nanovesicles.
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Influence of IPC and free phospholipid 
on insulin absorption
As presented in Table 2, the flux and P

app
 of the Phy-IP 

showed no significant difference with insulin and were sig-

nificantly lower than those of IPC. This demonstrated that 

free phospholipid could barely increase the buccal perme-

ability of insulin. The hydrogen bonds between insulin and 

the phospholipid, which led to a small particle size and good 

solubility and permeability of IPC, might be the reason for 

the improved absorption.

In vivo bioactivity and hypoglycemic effect 
of nanovesicles
The hypoglycemic effects of normal saline (control), IPC-

DNVs, INS-DNVs, and IPC-NVs after buccal administration 

and subcutaneous administration are shown in Figure 7. 

Slight changes in the secondary structure of insulin have 

little effect on the biological activity of insulin. A signifi-

cant difference in blood glucose reduction was observed 

between rabbits administered IPC-DNVs and INS-DNVs, 

confirming their hypoglycemic effect. After the subcutane-

ous injection of insulin, the blood glucose level was reduced 

by ~53% of the initial level after 1 hour. The maximal 

hypoglycemic effects of IPC-DNVs (70%) and INS-DNVs 

(30%) were observed at 2.5 and 1 hour, respectively. IPC-

NVs were not different from the control and showed no 

hypoglycemic effect. Moreover, buccal administration of 

IPC-DNVs demonstrated prolonged glucose reduction and 

the hypoglycemic effect lasted for 4 hours. The Fp of insulin 

significantly increased through IPC-DNVs compared to 
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Figure 4 Mucosal permeation profiles of IPC-DNVs, INS-DNVs, and IPC-NVs.
Notes: (A) The mucosa permeation profile; (B) insulin deposited in full-thickness mucosa (*P,0.05, **P,0.01, ***P,0.001; n=3).
Abbreviations: DNVs, deformable nanovesicles; INS, insulin; IPC, insulin-phospholipid complex; NVs, conventional nanovesicles.

Figure 5 Transmission electron microscopy images of the receiver medium after mucosal penetration study of (A) IPC-DNVs, (B) INS-DNVs, and (C) IPC-DNVs at 
4 hours. 
Abbreviations: DNVs, deformable nanovesicles; INS, insulin; IPC, insulin-phospholipid complex; NVs, conventional nanovesicles.
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Figure 6 Confocal laser scanning microscopy of mucosa after treatment for 2 and 4 hours. 
Notes: (A) After 2-hour treatment with (a) RF-IPC-NVs, (b) RF-INS-DNVs, and (c) RF-IPC-DNVs. (B) After 4-hour treatment with (d) RF-IPC-NVs, (e) RF-INS-DNVs, 
and (f) RF-IPC-DNVs. (C) Magnified mucosa after 2-hour treatment with R-IPC-DNVs. -1 refers to the channels of DAPI; -2 refers to the channels of FITC; -3 refers to the 
channels of rhodamine I; -4 refers to the merged image. The bar of A and B is 100 µm.
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; DNVs, deformable nanovesicles; FITC, fluorescein isothiocyanate; INS, insulin; IPC, insulin-phospholipid complex; 
NVs, conventional nanovesicles; RF, rhodamine-labeled phospholipid and FITC-labeled insulin.
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INS-DNVs and IPC-NVs (15.53% vs 3.09% and 1.96%, 

respectively).

In vivo safety studies
At 12 hours after the administration (three times), there were 

no systemic adverse reactions in IPC-DNVs and normal 

saline. The results of slice panoramic scanning are shown in 

Figure 8. The sublingual mucosa had no congestion, hemor-

rhage, swelling, erosion, or ulcer. There were no abnormali-

ties in the basal layer, lamina propria, submucosal tissue, 

or muscle fibers. Therefore, no visible mucosal irritation 

occurred after repeated buccal administration of IPC-DNVs 

when compared with the control.

Discussion
In this study, we evaluated the particle size, zeta potential, DI, 

and morphology of IPC-DNVs, INS-DNVs, and IPC-NVs. 

We found that their initial particle size was in the range of 

80–90 nm. However, compared with INS-DNVs, IPC-DNVs 

had a thicker shell, which indicated the IPC might mainly be 

present on both sides of the shell rather than in the interior 

water chamber of the nanovesicles.24 Furthermore, the IPC of 

IPC-DNVs may not be homogeneously distributed because 

the thickness of the lipid bilayer was not uniform. Compared 

with IPC-DNVs, IPC-NVs had a higher zeta potential and 

lower DI value. The higher zeta potential indicated higher 

stability of nanovesicles, which was consistent with its strong 

spherical structure. The high DI values of IPC-DNVs and 

INS-DNVs were mainly caused by edge activators. Edge 

activators could disrupt the phospholipid bilayers when 

they are inserted into the bilayers. In this study, SDC and 

Tween 20 were used in combination as edge activators to 

form nanovesicles with high deformability.25

From the CD spectra, peaks observed from the released 

and free insulin solutions were observed at similar wave-

lengths, indicating the well-preserved conformational stabil-

ity of insulin after entrapment into the various nanovesicles 

and release from nanovesicles. It might be the main reason 

why insulin maintained its bioactivity. When insulin was 

encapsulated into the nanovesicles, the CD spectra showed 

some difference with free insulin and the α-helix ratio 

increased. The increased α-helix ratio might mainly be 

caused by the compression of insulin structure. For IPC-

DNVs and IPC-NVs, the result of the secondary structure 

indicated an increase in α-helix ratio, reaching 46.6% and 

51.9%, respectively. For IPC-DNVs, this might have resulted 

from the spatial volume of IPC. When IPC became an integral 

part of the membrane during formation,10,26 the structure of 

insulin became tighter, resulting in an increased of α-helix 

ratio. For INS-DNVs, insulin was encapsulated in the interior 

water chamber, which might have been due to the formation 

of micelle-like structures or their aggregates by insulin,27 

so the structure of insulin became much tighter, leading to 

increased α-helix ratio. Although there were some changes in 

the secondary structure of insulin after forming nanovesicles, 

the system seemed to be stable to carry insulin and release it, 

simultaneously maintaining the activity of insulin (data can 

be seen in Figure 7, IPC-DNVs-Sub). Accordingly, we sug-

gested the schematic of the three nanovesicles in Figure 1.

In the in vitro study, the mucosa was treated with IPC-

DNVs, INS-DNVs, and IPC-NVs for 4 hours as all formula-

tions had reached a steady state at that point. A comparison 

of IPC-DNVs and IPC-NVs revealed that the flux, P
app

, 

and deposition of insulin in IPC-DNVs were much higher 

than those in IPC-NVs, when they both contained the IPC. 

This difference might have been caused by the deformable 

structure of IPC-DNVs, which enabled them to penetrate 

Table 2 Influence of IPC and free phospholipid on insulin 
absorption

IPC Phy-IP Insulin

Flux×10−3 µg/cm2/s 5.77±0.38* 3.19±0.22 3.07±0.44
Papp×10−6 cm/s 1.99±0.42* 1.10±0.26 1.06±0.48

Notes: Data are presented as the mean±SD (n=3). *P,0.05 between IPC and 
insulin.
Abbreviations: flux, the absorption rate constant; IPC, insulin-phospholipid 
complex; Papp, apparent permeability coefficient; Phy-IP, physical mixture of insulin 
and phospholipid.

Figure 7 In vivo hypoglycemic effect and bioactivity of IPC-DNVs, INS-DNVs, and 
IPC-NVs (n=3). 
Note: Data are presented as the mean±SD (n=3). 
Abbreviations: DNVs, deformable nanovesicles; INS, insulin; IPC, insulin-
phospholipid complex; NVs, conventional nanovesicles; Sub, subcutaneous.
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the permeability barrier of the epithelium. A comparison 

of IPC-DNVs and INS-DNVs showed that they had similar 

deformability, whereas the flux, P
app

, and deposition of IPC-

DNVs were higher than those of INS-DNVs. These might 

be attributed to two factors. First, we proposed that the IPC 

encapsulated in the shell of IPC-DNVs was easily dropped 

during the penetration process, and then it was fused with 

the cell membrane, which increased the deposition of IPC. 

The deposited IPC involved the sequential penetration of 

cells until it entered the systemic circulation to increase the 

flux and P
app

. Another factor was free IPC (according to the 

EE of ~23%), which played a significant role compared with 

insulin and Phy-IP. Therefore, we inferred that IPC could 

have a penetration-enhancing effect.

TEM could detect intact nanovesicles in the receptor 

chamber, which indicated that the nanovesicles might be 

transferred through the mucosa in an intact form. INS-DNVs 

were not significantly different after penetrating the mucosa. 

The shell of IPC-DNVs became thinner because IPC may 

have been dropped during membrane penetration. Staining 

was evident in the core of nanovesicles, possibly due to the 

migration of insulin during transmembrane penetration. 

A vesicle must lose some of its content during deformation in 

a pore because high deformability increases the leakage rate.28 

This compensated for the volume difference between a sphere 

and an ellipsoid, or any other non-spherical shape adapted to 

the pore size.29 In practice, such a volume exchange would 

cause the dropped IPC to be absorbed or fused with the 

mucosa. These observations indicated that IPC-DNVs could 

act as a drug carrier that can be transported to the mucosa 

in an intact form.

CLSM results indicated that undeformable nanovesicles, 

such as IPC-NVs, could not penetrate the deep layer of 

the epidermis and only remained at the upper layer of the 

epidermis. In contrast, the DNVs, namely IPC-DNVs and 

INS-DNVs, effectively permeated the viable epidermis as 

observed by the high fluorescence intensity in the mucosa. 

When 2-hour treatment was compared with 4-hour treat-

ment, the synchronized change in red and green fluorescence 

showed that IPC-DNVs penetrated the mucosa in the form 

of IPC, while INS-DNVs showed a marked change in red 

fluorescence than in green fluorescence, indicating that 

the transport and deposition of free insulin in the mucosa 

were difficult. This observation was consistent with the 

deposition result, which might be caused by IPC deposited 

during the penetration process. It has been reported that 

the intercellular space of the mucosa (which widens close 

to the basement membrane) was the delivery pathway of 

large peptides such as insulin.30 Interestingly, the fluores-

cence was intense both intracellularly and intercellularly. 

Transcellular transport may have been mainly mediated by 

the IPC according to our research and paracellular transport 

may have been done by the DNVs. The possible mecha-

nisms of mucosal penetration of IPC-DNVs are shown in 

Figure 9.

In our study, we discovered that IPC could maintain 

its biological activity in vivo. In vivo experiments with a 

rabbit esophagus ligation model demonstrated a significant 

improvement in the Fp of IPC-DNVs. The reason might lie 

in the different structures caused by IPC and deformability. 

The maximum concentration of IPC-DNVs showed a slight 

time lag compared with that of INS-DNVs, which might be 

caused by IPC deposited in the mucosa. This process involved 

the drug penetrating sequentially through the cells until it 

entered the systemic circulation, and this result is consistent 

with the in vitro mucosal permeation experiment.

Figure 8 Optical microscopy images of hematoxylin and eosin stained sections of sublingual mucosa for administration of (A) normal saline and (B) IPC-DNVs. 
Abbreviations: DNVs, deformable nanovesicles; IPC, insulin-phospholipid complex.
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Figure 9 Mechanisms of IPC-DNV transport in mucosal permeation. 
Abbreviations: DNVs, deformable nanovesicles; IPC, insulin-phospholipid complex.

The acute irritation studies indicated that buccal adminis-

tration of IPC-DNVs resulted in no visible mucosal irritation 

to the buccal mucosa. Since the buccal mucosa is less sensi-

tive to irritation and damage than other mucosa16,31 and may 

easily recover after slight irritation and damage, it is suitable 

for long-term administration. In addition, the edge activators 

Tween 20 and SDC were safe and have been proved to cause 

less irritation on the mucosa,32,33 and the other materials used 

in the preparation are nontoxic. In view of the no negative 

effects obtained in the study, the developed IPC-DNVs are 

considered safe for buccal use.

Conclusion
We developed a novel protein delivery strategy (IPC-DNVs) 

for enhancing the efficacy of buccal mucosal delivery. Com-

pared with INS-DNVs and IPC-NVs, our IPC-DNV formula-

tion significantly improved the buccal absorption of insulin. 

Notably, the Fp of IPC-DNVs reached 15.53%, the maximum 

blood glucose level dropped to 30%, and the hypoglycemic 

effect lasted for 4 hours. Therefore, the combined use of 

DNVs and IPC proves to be an efficient strategy to enhance 

the buccal bioavailability of difficult-to-deliver drugs. In vitro 

and in vivo investigations were conducted to elucidate the 

internal mechanisms. It was observed that IPC-DNVs did not 

cause negative effects on the mucosa. Based on our results, 

the enhanced buccal absorption of IPC-DNVs was attributed 

to the ability of DNVs to penetrate the main barrier, followed 

by the deposition of IPC, which enhanced buccal absorp-

tion. Our mechanisms could be a reference to understand 

other nanocarriers based on protein (peptide)–phospholipid 

complex that penetrate the mucosa and provide a theoretical 

basis for their development.
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