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Background: The clinical use of therapeutic peptides has been limited because of their 
inefficient delivery approaches and, therefore, inadequate delivery to target sites. Buccal 
administration of therapeutic peptides offers patients a potential alternative to the current 
invasive routes of administration.
Purpose: The aim of the study was to fabricate hydrophobic ion-pairing (HIP)-nanocom-
plexes (C1 and C2) utilizing anionic bile salts and cationic peptides, and to assess their 
permeability across TR146 buccal cell layers and porcine buccal tissue.
Methods: C1 and C2-nanocomplexes were fabricated using the HIP approach. In addition, 
their physiochemical and morphological attributes, in vitro and ex vivo permeability proper-
ties, and qualitative and quantitative cellular uptake were evaluated and compared. The 
localization of C1 and C2-nanocomplexes in porcine buccal tissue was determined using 
confocal laser scanning microscopy.
Results: The C1-nanocomplex was the superior nanocarrier and significantly enhanced the 
transport of insulin across TR146 cell layers and porcine buccal tissue, exhibiting a 3.00- and 
51.76-fold increase in permeability coefficient, respectively, when compared with insulin 
solution (p < 0.01). C1-nanocomplex was more efficient than C2-nanocomplex at facilitating 
insulin permeability, with a 2.18- and 27.64-fold increase across TR146 cell layers and 
porcine buccal tissue, respectively. The C1-nanocomplex demonstrated immense uptake and 
localization of insulin in TR146 cells and porcine buccal tissue, as evidenced by a highly 
intense fluorescence in TR146 cells, and a great shift of fluorescence intensity towards the 
inner region of buccal tissue over time. The increase in fluorescence intensity was observed 
in the order of C1 > C2 > insulin solution.
Conclusion: In this study, we highlighted the efficacy of potential nanocarriers in addressing the 
daunting issues associated with the invasive administration of insulin and indicated a promising 
strategy for the buccal administration and delivery of this life-saving peptide hormone.
Keywords: hydrophobic ion-pairing, bile salts, peptide delivery, buccal drug delivery, 
buccal absorption, TR146 cells, porcine buccal tissue

Introduction
With advancements in biotechnology and genetic engineering, various therapeutic pro-
teins/peptides have emerged for the alleviation of chronic diseases.1,2 These peptide- 
based nanomedicines have been considered as first line therapy because of their high 
specificity and potency, high tolerance, and low toxicity.3,4 Despite the rapid increase in 
peptides in the global market, these molecules are currently administered by an invasive 
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route (injection) owing to their physicochemical and biologi-
cal restrictions.5 However, pain, needle-phobia, phlebitis, tis-
sue necrosis due to routine injection, rapid elimination which 
limits therapeutic efficacy, high cost, and low patient compli-
ance are issues associated with injectables. Owing to this, the 
need for a more patient-friendly, sustainable, and therapeuti-
cally beneficial route of administration is warranted.6,7 Thus, 
researchers have attempted to investigate alternative platforms 
for the delivery of peptides, including oral, buccal, nasal, 
transdermal, and pulmonary routes of administration. Among 
these, the buccal route has recently garnered great attention 
owing to its well-vascularized tissues, direct access to the 
systemic circulation through the jugular vein, few proteolytic 
enzymes, and avoidance of hepatic first-pass metabolism.8,9 In 
addition, it is accessible for a versatile design of dosage 
systems, painless and easily accessible, simple to eliminate 
in cases of mucosal irritation, and has rapid recovery charac-
teristics and high patient compliance.10,11

Several peptide delivery approaches have been 
explored to facilitate the transbuccal delivery of peptides. 
For instance, nanotechnologies, including the application 
of chemical enhancers, lipids, and polymer-based nanocar-
riers, are the most widely used strategies for the delivery 
of peptides via the buccal route.12–15 Owing to the sizes 
and surface modifications of nanoparticles, these carriers 
can enhance pharmacokinetic profiles, systemic half-life, 
and target selectivity of compounds.16–18 Focus should be 
on the identification and evaluation of excipients that 
enhance buccal permeability, allow prolonged contact 
and delivery time at the delivery site to deal with toxicity 
issues, and improve the pharmacokinetic/pharmacody-
namic profiles of peptide drugs.19,20 The excipients chosen 
for the development of nanocarriers have a substantial 
impact on the desired clinical outcomes, because the for-
mulation should have minimal toxicity, be biodegradable 
and biocompatible, and attain regulatory approval for clin-
ical translation in the future.3,21,22 Bile salts are regarded 
as biomimetic and bioinspired surfactants.23 Recently, the 
application of bile salts as permeation enhancers was 
explored in the transbuccal delivery of peptides because 
of the high biodegradability and biocompatibility and 
minimum toxicity profiles of these salts. Previous studies 
revealed that bile salts, including sodium glycodeoxycho-
late (SGDC), sodium taurodeoxycholate (STGC), sodium 
glycocholate, and sodium taurocholate, are good permea-
tion enhancers for improving the permeability of peptides 
across porcine buccal mucosa.24–26 Mahalingam et al 
reported that dihydroxy bile salts such as SGDC and 

STGC increased buccal permeability profiles compared 
with trihydroxy bile salts.25 In another study, the research-
ers attempted to increase in vitro buccal permeability and 
in vivo performance of 5-fluorouracil using sodium deox-
ycholate (SDC), sodium dodecyl sulfate, STGC, and oleic 
acid. STGC was the most effective in facilitating the 
permeation of 5-fluorouracil across porcine buccal tissue 
and exhibited an absolute buccal bioavailability of 58.52% 
following the fabrication of mucoadhesive gels.26 

Furthermore, an insulin-phospholipid complex was encap-
sulated within a deformable nano-vesicular system con-
taining SDC and exhibited a prolonged hypoglycemic 
profile of over 4 h in rabbits.27

Considering the advantage offered by the peculiar 
arrangements of hydroxyl and carboxyl groups, as well 
as the rigid hydrophobic domains in bile salts, researchers 
have explored their application in the formation of hydro-
phobic ion-pairing (HIP)-nanocomplexes.28,29 The HIP 
approach offers several advantages for macromolecular 
therapeutic peptides, including increased lipophilicity, 
structural stability, and enhanced permeability across bio-
logical membranes.30 Moreover, owing to the increase in 
the lipophilic attributes of peptides, HIP-nanocomplexes 
could be readily encapsulated within lipid-based nanocar-
riers, contributing to high drug loading and encapsulation 
capacity.31 Therefore, the HIP-nanocomplex may be a 
prominent platform for the effective delivery of peptides 
with improved buccal absorption. This existing technology 
and knowledge might be a platform for accelerating novel 
peptide nanomedicine.

Herein, we utilized an anionic bile salt, SGDC, as a 
counterion for the formation of HIP-nanocomplexes with 
insulin as a model peptide, via electrostatic and hydropho-
bic interactions (Figure 1A). Insulin is composed of 51 
amino acids with two polypeptide chains and has cationic 
charge at lower pH (isoelectric point ~5.5). Owing to its 
number of amino acids, insulin falls on the borderline 
between a large polypeptide and a small protein.32 

However, it is regarded as the most widely used peptide 
therapeutic for the management of diabetes.33 HIP is the 
strategy to from hydrophobic complexes from charged 
hydrophilic molecules, and based on the pH-related and 
stoichiometric replacement of polar counter-ions with an 
ionic surfactant.34 Since all therapeutic peptides and pro-
teins have their own specific isoelectric point, the HIP 
approach can be applicable for both peptides/proteins. 
The main purpose of the study was to assess the perme-
ability profiles of the nanocomplexes across TR146 cell 
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layers in vitro and porcine buccal tissue ex vivo. In addi-
tion, fluorescence-labeled HIP-nanocomplexes were also 
fabricated, and their uptake and distribution attributes 
were assessed using confocal laser scanning microscopy 
(CLSM) to depict the internalization and localization of 
insulin across the TR146 cells and in porcine buccal tissue, 
respectively. To the best of our knowledge, this is the first 
study to utilize the HIP approach to circumvent the barrier 
of the buccal membrane.

Materials and Methods
Materials
Recombinant human insulin, fluorescein isothiocyanate- 
labeled insulin (FITC-insulin), and SGDC were purchased 
from Sigma-Aldrich (St Louis, MO, USA). The TR146 
cell line was obtained from the European Collection of 
Authenticated Cell Cultures (ECACC 10032305; Public 
Health England, Salisbury, UK). Ham’s F-12 nutrient, 
fetal bovine serum (FBS), trypsin-ethylenediaminetetraa-
cetic acid (EDTA), Dulbecco’s phosphate-buffered saline 
(DPBS), Hanks’ balanced salt solution (HBSS), and 4-(2- 
hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES) 
were obtained from WELGENE Inc. (Gyeongsan, 
Republic of Korea). All other chemicals were of reagent 
grade and were used without further purification.

Fabrication of Nanocomplexes
Insulin-SGDC nanocomplexes (C1 and C2) were fabri-
cated using the HIP technique. Briefly, insulin was dis-
solved in 0.01 N hydrochloric acid (HCl) and adjusted to 
pH values of 2.2 and 4.2, respectively (1 mg/mL). To each 
1 mL of insulin solution, 5.17 mM or 1.04 mM of SGDC 
was separately prepended dropwise with magnetic stirring 
(500 rpm) for 1 h to develop C1 and C2 nanocomplexes, 
respectively. Subsequently, white precipitates were sepa-
rated by centrifugation at 15,602 × g for 15 min at 4°C 
(Smart R17; Hanil Science Industrial Co. Ltd., Gimpo, 
Republic of Korea). Finally, the prepared HIP-nanocom-
plexes (C1 and C2) were lyophilized and stored at −20°C. 
In addition, for bioimaging analysis, fluorescence-labeled 
HIP-nanocomplexes, that is, FITC-C1 and FITC-C2, were 
prepared using a similar procedure.

Characterization of HIP-Nanocomplexes
Particle Characterization
The particle size, polydispersity index (PDI), and zeta 
potential of HIP-nanocomplexes (C1 and C2) were deter-
mined using dynamic light scattering (DLS) with a 
NanoBrook ZetaPALS (Brookhaven Instruments Corp., 
Holtsville, NY, USA) following dilution with distilled 
water. All experiments were performed in triplicate at a 
scattering angle of 90° under ambient conditions.

Figure 1 Schematic illustration of (A) the fabrication of HIP-nanocomplex, and (B) the delivery of insulin across TR146 cell layers on a Transwell® (in vitro) and (C) porcine 
buccal tissue (ex vivo). 
Abbreviation: HIP, hydrophobic ion-pairing.
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Complexation Efficiency
The nanocomplex formation efficiencies of C1 and C2 
were calculated by determining the free and total amount 
of insulin initially added in the nanocomplex. Briefly, the 
free amount of insulin during the preparation of nanocom-
plex was obtained by centrifuging the sample dispersions 
at 15,602 × g for 15 min at 4 °C. Subsequently, the 
concentration in the collected supernatant was analyzed 
using reverse-phase high-performance liquid chromatogra-
phy (RP-HPLC) using a previously reported method.35 An 
Agilent 1200 infinity series LC system (Agilent 
Technologies Inc., Santa Clara, CA, USA) was used with 
an Agilent Zorbax SB-C18 5 µm column (150 mm × 4.6 i. 
d.). Briefly, a gradient method was applied to a mobile 
phase of acetonitrile (ACN) and 0.1% trifluoroacetic acid 
(TFA), with an injection volume of 20 µL, a flow rate of 
1.2 mL/min, and a UV detection wavelength set at 214 
nm. Initially, a ratio of 20:80 (ACN: TFA, v/v) was used, 
which changed linearly to 50:50 (v/v) from 0 to 5 min. The 
ratio remained constant for the next 2 min and finally 
returned to the initial ratio.

The complexation efficiency (CE) was calculated using 
the following equation:

CE %½ � ¼
ITotal � Ifree

ITotal
� 100 (1) 

where, ITotal I is the total amount of insulin, and Ifree is the 
amount of free insulin in the supernatant.

Partition Coefficient
The partition coefficients of insulin, C1, and C2 were also 
determined. Briefly, 1 mg of insulin or the freeze-dried 
powder of C1 or C2 (equivalent to 1 mg insulin) was 
added to 1 mL of octanol/water (1:1) and incubated at 
25°C for 24 h with vigorous stirring (600 rpm). After 24 
h, the samples were centrifuged at 15,602 × g for 15 min at 
4°C. Finally, the aqueous and oil phases were separated, 
collected, and analyzed using RP-HPLC as previously 
described. The partition coefficient was determined as 
follows:

Partition coefficient ¼
Coctanol

Caqueous
(2) 

where, Coctanoldenotes the concentration of insulin in the 
octanol phase, and Caqueous denotes the concentration of 
insulin in the aqueous phase at equilibrium.

Transmission Electron Microscopy
The morphological characteristics of the HIP-nanocom-
plexes (C1 and C2) were evaluated using transmission 
electron microscopy (TEM). Briefly, the samples were 
mounted on a carbon-coated copper grid, prestained with 
2% (w/v) phosphotungstic acid solution, and dried under 
mild infrared radiation. The samples were then observed 
using a transmission electron microscope (H7600; Hitachi, 
Tokyo, Japan).

Scanning Electron Microscopy
The shape and surface morphology of the freeze-dried 
samples of HIP-nanocomplexes (C1 and C2) were evalu-
ated using scanning electron microscopy (SEM). Briefly, 
these samples were affixed onto a brass stub with double- 
sided adhesive tape, and then coated with platinum using 
an EMI Tech Ion Sputter system under vacuum. Finally, 
the microscopic images were obtained from different 
angles using a Hitachi S-4800 scanning electron micro-
scope (Tokyo, Japan).

High Resolution Optical Microscopic Analysis
High-resolution images of the HIP-nanocomplexes (C1 
and C2) were visualized using an optical microscope 
with a CytoVivaTM ultra-resolution imaging system 
(Aetos Technologies Inc., Auburn, AL, USA).

Cell Lines and Cell Culture Conditions
Human TR146 cells were used for in vitro cellular experi-
ments. The cells were cultured in Ham’s F-12 medium 
supplemented with 10% FBS, 1% penicillin/streptomycin, 
and 2 mM glutamine. The cells were incubated at 37°C in 
a 5% CO2 atmosphere, and the medium was replaced 
every 2–3 days.

Cell Viability Studies
The in vitro cell viability of HIP-nanocomplexes (C1 and 
C2) was evaluated in TR146 cells using the CellTiter 96® 

AQueous One Solution Cell Proliferation Assay kit 
(Promega, Madison, WI, USA), containing 3-(4,5- 
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4- 
sulfophenyl)-2H-tetrazolium and phenazine ethosulfate, 
according to the manufacturer’s instructions. Briefly, 
2×104 cells per well were seeded in a 96-well plate and 
incubated for 24 h at 37°C in an incubator. The samples 
(C1 and C2) were prepared by dilution with HBSS-HEPES 
buffer (pH 7.4) at different concentrations of insulin (10– 
200 µg/mL) and added to each well and incubated for 4 h 
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at 37°C. After 4 h, each well was incubated with 20 µL of 
CellTiter 96® AQueous One Solution Reagent for 4 h at 37° 
C. Absorbance was determined at 490 nm using a micro-
plate reader. Cell viability (%) was calculated as follows:

Cell viability %½ � ¼
OD490 sampleð Þ � OD490 blankð Þ

OD490 controlð Þ � OD490 blankð Þ

� 100

(3) 

where, OD is the optical density and control is the 
untreated cells.

Determination of Transepithelial 
Electrical Resistance
Transepithelial electrical resistance (TEER) was monitored 
before and after each transport during in vitro permeability 
studies. It was measured using a Millicell® ERS-2 
(Electrical Resistance System; EMD Millipore 
Corporation, USA) according to the manufacturer’s 
instructions. The TEER value was calculated as follows:

TEER ¼ Rinsert with cells � Rinsert with out cellsð Þ � A (4) 

where, R insert with cellsð Þ is the resistance of TR146 cells with 
the insert, R insert with out cellsð Þ is the resistance of the free 
insert without TR146 cells, and A is the surface area 
(cm2) of the Transwell® filter.

Permeability Studies Across TR146 Cell 
Layers
The in vitro permeability studies were performed using a 
previously well-established method,8 as illustrated in 
Figure 1B. Briefly, TR146 cells were seeded at a density 
of 5×104 cells/cm2 in 12-well-Transwell® inserts 
(1.12 cm2, 0.4 µm pore size; Corning Inc., Corning, NY, 
USA). The cells were grown, and the medium was 
replaced every subsequent day until the formation of a 
differentiated confluent monolayer (26–30 days). 
Typically, 500 µL of insulin solution, C1, or C2 (equiva-
lent to 50 µg/mL insulin) was placed on the apical cham-
ber, while the basolateral chamber was filled with 1500 µL 
of pre-warmed HBSS-HEPES buffer (pH 7.4). 
Subsequently, the studies were directed from the apical 
to the basolateral chamber, and incubation was performed 
at 37°C. Consequently, a 500 µL sample was withdrawn 
from the basolateral chamber at predetermined time points 
over 4 h and immediately replenished with an equal 
volume of pre-warmed HBSS-HEPES (pH 7.4). Finally, 
the amount of permeated insulin was analyzed using a 

human insulin ELISA kit (Mercodia, Uppsala, Sweden), 
according to the manufacturer’s instructions.

The linear part of the permeation curve was used to 
calculate the steady-state flux (Js), permeability coefficient 
(Kp), and enhancement ratio (ER), as previously 
described.8 Briefly, Js and Kp were determined from equa-
tions (5) and (6), respectively, where Qr is the total per-
meated insulin (ng), A is the cross-sectional diffusion area 
(cm2), t is the time of exposure (h), and Cd is the initial 
concentration in the donor chamber (ng cm−3). In addition, 
the Kp value of each formulation was divided with that of 
the control to obtain the ER.

Js ¼
Qr

A � t
ng � cm� 2 � h� 1� �

(5) 

Kp ¼
Js

Cd
cm � h� 1� �

(6) 

Quantitative Cellular Uptake Studies
Fluorescence-activated cell sorting (FACS) analyses were 
performed to gauge the uptake characteristics of the HIP- 
nanocomplexes (C1 and C2) across TR146 cells. Briefly, 
3×105 cells were seeded in a 12-well plate and incubated for 
24 h at 37°C. After 24 h, the cells were washed with pre- 
warmed HBSS-HEPES buffer (pH 7.4) and treated with 
FITC-insulin solution, FITC-C1, or FITC-C2 (equivalent 
to 50 µg/mL FITC–insulin) for 4 h at 37°C. Subsequently, 
the cells were trypsinized, harvested, and resuspended in 
ice-cold FACS buffer (2% FBS in DPBS, pH 7.4). Lastly, 
the BD FACSCalibur flow cytometer (BD Biosciences, San 
Jose, CA, USA) was used to analyze the quantitative uptake 
of FITC-insulin from each prepared sample.

Qualitative Cellular Uptake Studies
CLSM was used to elucidate the intracellular distribution of 
the HIP-nanocomplexes (C1 and C2) across TR146 cells. 
Briefly, 1×105 cells were seeded in a confocal dish and 
incubated for 24 h at 37°C. Then, the cells were treated 
with FITC-insulin solution, FITC-C1, or FITC-C2 (equiva-
lent to 50 µg/mL FITC–insulin) for 2 h at 37°C. After 
washing with ice-cold HBSS-HEPES buffer (pH 7.4), the 
cells were fixed with 4% paraformaldehyde solution for 10 
min at room temperature. Subsequently, the cell membranes 
and nuclei were stained with Cell MaskTM Deep Red (Life 
Technologies Inc., USA) and Hoechst 33342 (Thermo Fisher 
Scientific Inc., Waltham, MA, USA), respectively. Finally, 
the cells were mounted with mounting solution (Dako North 
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America, Inc., Carpinteria, CA, USA) and visualized using 
Zeiss CLSM 800 with an Ariyscan system (Carl Zeiss 
Meditec AG, Jena, Germany).

Permeability Studies Across Porcine 
Buccal Tissue
Buccal tissue preparation and ex vivo buccal permeation 
studies were performed using our previously established 
protocol.24 Briefly, porcine buccal tissue (cheeks) was 
affirmed and obtained through a slaughterhouse (Daegu, 
Republic of Korea). This study did not require animal 
ethics committee approval in accordance with the national 
guidelines of Institutional Animal Care and Use 
Committee (IACUC) and Korean Animal Protection Act 
2020. The tissue was collected from freshly sacrificed pigs 
(6-month-old, ~110 kg), stored at 4°C, and then brought to 
the laboratory. The underlying connective and adipose 
tissue was carefully removed from the buccal mucosa. 
Subsequently, the tissue was soaked in isotonic phos-
phate-buffered saline (PBS) buffer (pH 7.4) at 60°C for 1 
min. Finally, the prepared porcine buccal mucosa was 
stored at −20°C and used within 24 h.

Ex vivo permeation studies were performed in a ver-
tical static Franz diffusion cell with an effective diffusion 
area of 0.79 cm2, using porcine buccal tissue as illustrated 
in Figure 1C. The buccal tissue was horizontally set 
between the donor and receptor chambers. Subsequently, 
the receptor chamber of the Franz diffusion cell was filled 
with PBS buffer (pH 7.4), while 500 µL of insulin solu-
tion, C1, or C2 nanocomplexes (equivalent to 2 mg/mL 
insulin) was added to the donor chamber. The studies were 
directed from the donor to receptor chambers with con-
stant magnetic stirring (600 rpm) at 37°C. Samples (500 
µL) were withdrawn from the receptor chamber through 
the sampling port at predetermined time intervals over 4 h 
and immediately replaced with an equal volume of PBS 
buffer (pH 7.4). Finally, the collected samples were ana-
lyzed using a human insulin ELISA kit, according to the 
manufacturer’s instructions. Furthermore, Js, Kp, and ER 
were determined from the linear portion of the permeation 
curve, as previously described.

The amount of insulin retained in buccal tissue was 
also determined. Briefly, after 4 h of permeability studies, 
the effective diffusion area of buccal tissue was cut, col-
lected, washed several times with PBS buffer (pH 7.4), 
and dried with soft paper. Then, the obtained buccal tissue 
was homogenized. For homogenization, the tissue was cut 

into small pieces using scissors and soaked in PBS solu-
tion. Subsequently, it was introduced to the homogenizer 
(DAIHAN Scientific Co., Ltd., Wonju, Republic of Korea) 
at 10,000 rpm for 5 min to obtain tissue homogenates and 
then, centrifuged at 15,602 × g for 15 min at 4°C. The 
clear supernatant was collected and analyzed using a 
human insulin ELISA kit.

Localization Studies in Porcine Buccal 
Tissue
Ex vivo studies were performed to evaluate the distribu-
tion of HIP-nanocomplexes across porcine buccal tissue 
using a vertical static Franz diffusion cell by using the 
procedure reported previously.36 Briefly, the Franz diffu-
sion cell system was set up as described earlier, and 500 
µL of FITC-insulin solution, FITC-C1, or FITC-C2 
(equivalent to 200 µg/mL FITC–insulin) was loaded into 
the donor chamber. The studies were directed from the 
donor to receptor chambers with constant magnetic stirring 
(600 rpm) at 37°C, and at predetermined time points (0.5, 
2, and 4 h), the buccal tissues were washed with PBS 
buffer (pH 7.4) and dried with soft paper. Subsequently, 
the tissues were fixed with Tissue-Tek® optimal cutting 
temperature compound (Sakura Finetek USA, Inc., 
Torrance, CA, USA) and frozen in liquid nitrogen. The 
frozen buccal tissues were vertically sectioned into 9 µm- 
thick slices using a cryostat (Cryotome® FE; Thermo 
Fisher Scientific), placed onto glass slides, fixed with 4% 
paraformaldehyde, and mounted with coverslips. Finally, 
Zeiss CLSM 800 with an Ariyscan system (Carl Zeiss 
Meditec AG) was used to capture the distribution of fluor-
escence across the tissues.

Statistical Analysis
Data are expressed as the mean ± standard error of mean 
(SEM). One-way analysis of variance followed by Tukey’s 
multiple comparison test was performed to determine sta-
tistically significant differences between groups. Statistical 
significance was set at p < 0.05.

Results and Discussion
Fabrication and Characterization of 
Nanocomplexes
Peptides possess an isoelectric point, which is a crucial 
characteristic of the molecules for the formation of HIP.31 

Because insulin has a net positive charge at a pH below its 
isoelectric point, it was ion-paired with anionic bile salt 
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(SGDC) using the HIP technique to form HIP-nanocom-
plexes (C1 and C2). The isoelectric point of insulin is 
approximately 5.5, and possesses a net positive charge of 
6 at low pH levels (pH < 5.5).37 Therefore, to compare and 
evaluate the formation of HIP-nanocomplexes at different 
pH values, we investigated two different pH points (pH 2.2 
and pH 4.2) below the isoelectric point of insulin. Based 
on preliminary studies, we screened and optimized the 
molar ratios for the formation of the C1 and C2-nanocom-
plexes. The C1 and C2-nanocomplexes were prepared at 
stoichiometric molar ratios of 30:1 and 6:1 (SGDC: insu-
lin), respectively. As listed in Table 1, the particle sizes of 
C1 and C2 were 364.37 ± 11.79 nm and 256.73 ± 17.74 
nm, respectively. In addition, their PDI values were 0.005 
± 0.000 and 0.189 ± 0.014, respectively, indicating that the 
C1-nanocomplex was monodispersed, that is, believed to 
be of similar-sized particles which were narrower and 
homogeneously distributed than those of C2. Similarly, 
the zeta potential of C1 was −0.26 ± 0.95, while that of 
C2 was −0.13 ± 0.53, suggesting the complete neutraliza-
tion of the cationic charge of insulin with the anionic 
charge of SGDC at the investigated stoichiometric molar 
ratios. In addition, the CEs of C1 and C2 at their stoichio-
metric molar ratios were 92.71 ± 2.64% and 99.28 ± 
0.13%, respectively. These findings are in good agreement 
with a previously published report on a study conducted 
by Sun et al, which revealed that the insulin-SDC complex 
afforded a 99.65% CE and nearly zero zeta potential 
owing to the complete complexation and neutralization 
of the positive charges of insulin by counter ions (anionic 
deoxycholate).38 Furthermore, the partition coefficient was 
evaluated as a measure of lipophilicity. As shown in 
Table 1, the partition coefficients of insulin, C1, and C2 
were 0.0041 ± 0.0004, 0.5339 ± 0.1131, and 0.0241 ± 
0.0075, respectively. The partition coefficient of the C1 
nanocomplex was 22.15-fold greater than that of C2, sug-
gesting that C1 was more lipophilic.

Morphological characterization of both HIP-nanocom-
plexes was determined by TEM, SEM, and CytoVivaTM. 

As presented in Figure 2A, the morphology of the C1- 
nanocomplex was completely globular, with a diameter of 
<140 nm. In contrast, the C2-nanocomplex was slightly 
spherical or lacked a distinct shape, with a diameter of 
<120 nm (Figure 2B). Owing to the elimination of the 
hydration shell of the nanocomplexes during the drying 
step in TEM, the observed particle sizes of C1 and C2 by 
DLS were slightly larger than those observed by TEM.39 

Moreover, the morphologies of these nanocomplexes were 
further confirmed by SEM. As depicted in Figure 2C, C1 
was spherical with almost monodispersed distribution, 
while C2 exhibited no distinct shape and a rough morphol-
ogy (Figure 2D). Overall, TEM and SEM observations 
corroborated the formation of nanosized formulations 
with consistent morphologies. The nanocomplexes were 
further observed using high-resolution optical microscopy 
with CytoVivaTM. Insulin and SGDC are represented with 
red and green colors, respectively, and their mapping pro-
cess revealed the specific absorption wavelength emitted 
by insulin and SGDC (Figure 2E). These results confirmed 
the formation of nanocomplexes by overlapping the two 
distinct colors, thus implying the successful interlinkage of 
insulin and SGDC.

Cell Viability Studies
The in vitro cellular viability of the nanocomplexes (C1 
and C2) was determined in TR146 cells, representing the 
human buccal environment. As depicted in Figure 3, C1 
and C2-nanocomplexes were treated with various concen-
trations of insulin (10–200 µg/mL) for 4 h and then 
exposed to TR146 cells. The results demonstrated no sig-
nificant change in cell viability upon treatment with both 
nanocomplexes at different concentrations of insulin over 
the tested period, implying that C1 and C2 are safe for the 
transbuccal delivery of peptides. It has been reported that 
glycine and taurine conjugates of bile salts cause relatively 
less irritation to the nasal mucosa.40 Owing to the fabrica-
tion of both nanocomplexes with glycine-conjugated bile 
salt (SGDC), they exhibited minimum toxicity profiles and 

Table 1 Physical Characterization of HIP-Nanocomplexes (C1 and C2)

Formulation Particle Size (nm) PDI Zeta Potential (mV) CE (%) Partition Coefficient

Insulin – – – – 0.0041 ± 0.0004

C1 364.37 ± 11.79 0.005 ± 0.000 −0.26 ± 0.95 92.71 ± 2.64 0.5339 ± 0.1131

C2 256.73 ± 17.74 0.189 ± 0.014 −0.13 ± 0.53 99.28 ± 0.13 0.0241 ± 0.0075

Note: Data are expressed as the mean ± SEM (n = 3). 
Abbreviations: CE, complexation efficiency; HIP, hydrophobic ion-pairing; PDI, polydispersity index.
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showed the potential for use in clinical settings. Herein, 
C1 and C2 at an insulin concentration of 50 µg/mL did not 
induce significant cytotoxicity; therefore, this concentra-
tion was used for further cellular experiments.

In vitro Permeability Studies
TR146 cells are continuous cells that emanate from neck 
node metastasis of human buccal carcinoma. They differ-
entiate into four–seven cell layers of stratified non-kerati-
nized epithelium, intermediate filaments, and other 
organelles similar to membrane-coating granules and 
microvilli-like processes after being cultured for 3–4 
weeks.41,42 These cells simulate the human buccal epithe-
lium; thus, they were used as an in vitro model in perme-
ability studies to assess the transbuccal absorption of 

insulin. As the TEER value is a crucial parameter for gau-
ging the integrity of cell layers, it was determined before 
and after each transport during in vitro permeability studies. 
As depicted in Table 2, the insulin solution, C1, and C2- 
nanocomplexes did not show a significant decrease in 
TEER values and exhibited recoveries of >96%. After 28 
days, the maximum TEER value of confluent TR146 cell 
layers reached 79.40 ± 1.94 Ω∙cm2 (~96% recovery), which 
is in accordance with observations of previously reported 
studies. According to studies by Jacobsen et al and Teubl 
et al, maximum TEER values after 28 days were 68.2 ± 2.3 
Ω·cm2 and 50.02 ± 0.83 Ω·cm2, respectively.42,43 As 
depicted in Figure 4, the profiles of cumulative permeated 
insulin from HIP-nanocomplexes (C1 and C2) across 
TR146 cell layers are presented as a function of time. The 

Figure 2 Morphological characterizations of HIP-nanocomplexes (C1 and C2). TEM analysis of C1 (A) and C2 (B). SEM analysis of C1 (C) and C2 (D). (E) CytoVivaTM ultra 
resolution images of C1 and C2; insulin (red), SGDC (green), and mapping image of insulin and SGDC in the nanocomplexes. 
Abbreviations: HIP, hydrophobic ion-pairing; SEM, scanning electron microscopy; SGDC, sodium glycodeoxycholate; TEM, transmission electron microscopy.
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cumulative insulin permeated from the C1-nanocomplex 
formulation was approximately 3- and 2.18-fold greater 
than that observed from the insulin solution and the C2- 
nanocomplex, respectively. The various permeation para-
meters such as Js, Kp, and ER were determined based on 
these permeability studies, and Table 3 summarizes the 
results. The findings revealed that the C1-nanocomplex 
significantly increased the Js and the Kp of insulin following 
the formation of HIP, and the overall permeation parameters 
were ranked in the order of C1 > C2 > insulin solution. The 
C1-nanocomplex revealed the highest Js, which was sig-
nificantly greater than those of the insulin solution and the 
C2-nanocomplex (**p < 0.01 vs insulin solution and ##p < 
0.01 vs C2). Similarly, the C1-nanocomplex significantly 
enhanced the permeation of insulin across TR146 cell 
layers, with a 3-fold increase in Kp compared with that of                   

the insulin solution. In contrast, the C2-nanocomplex 
enhanced the permeation of insulin across TR146 cell 
layers with a 1.38-fold increase in Kp when compared 
with that of the insulin solution. This might be attributed 
to the HIP approach, as the formation of HIP-nanocom-
plexes between insulin and SGDC increased the apparent 
partition coefficient of insulin and enhanced insulin perme-
ability across TR146 cell layers (Table 1). In addition, 
SGDC is a dihydroxy bile salt and is reported to be a good 
buccal permeability enhancer.44 The HIP-nanocomplex 
may synchronize the diffusion of insulin with SGDC bile 
salt at the absorption site and thus maintain maximum 
concentration gradients, increasing the permeability of 
insulin across TR146 cell layers.45 As corroborated by 
previous investigations, because of the generation of 
reverse micelles, bile salts may increase the transcellular 
transport of hydrophilic drugs by forming aqueous 
channels.46 Furthermore, owing to the extraction of 

Figure 3 Cell viability of HIP-nanocomplexes (C1 and C2) in TR146 cells at 
different concentrations of insulin treated for 4 h and incubated at 37°C. Data 
are expressed as mean ± SEM (n = 5). 
Abbreviation: HIP, hydrophobic ion-pairing.

Table 2 Effect of Insulin Solution and HIP-Nanocomplexes (C1 and C2) on the TEER Value of TR146 Cell Layers Before (0 h) and 
After (4 h) Permeability Studies

Formulation TEER Value (Ω cm2) Recovery (%)

Before After

Insulin 66.58 ± 1.84 64.46 ± 3.24 96.73 ± 1.25

C1 79.40 ± 1.94 76.28 ± 2.05 96.07 ± 0.25

C2 68.20 ± 2.87 64.84 ± 4.36 95.01 ± 0.56

Note: Data are expressed as mean ± SEM (n = 3). 
Abbreviations: HIP, hydrophobic ion-pairing; TEER, transepithelial electrical resistance.

Figure 4 Permeability profiles of insulin from HIP-nanocomplexes (C1 and C2) 
across TR146 cell layers. All studies were directed from the apical to the basolateral 
chamber in HBSS-HEPES buffer (pH 7.4) at 37°C. 
Note: Data are expressed as mean ± SEM (n = 3). 
Abbreviations: HBSS, Hanks’ balanced salt solution; HEPES, 4-(2-hydroxyethyl)-1- 
piperazine ethanesulfonic acid; HIP, hydrophobic ion-pairing.
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membrane lipids, bile salts can enhance the transcellular 
pathways by forming micelles at high concentrations.47

Quantitative Cellular Uptake Studies
FITC–insulin-loaded HIP-nanocomplexes (FITC-C1 and 
FITC-C2) were fabricated to evaluate the interactions of 
the nanocomplexes with TR146 cells. These were quanti-
tatively analyzed using FACS. Using FACS, the uptake 
patterns of FITC-C1 and FITC-C2 were observed 
(Figure 5). As shown in Figure 5A, an increased shift in 
the fluorescence intensity of FITC-insulin was observed 
after the formation of HIP-nanocomplexes. The relative 
median fluorescence intensity (MFI) values were deter-
mined to compare the fluorescence intensities of these 
nanocomplexes and the fluorescence intensity of free 
FITC-insulin solution. As depicted in Figure 5B, the nano-
complexes of FITC-C1 and FITC-C2 significantly 
enhanced the uptake of FITC-insulin by 2- and 1.46-fold, 
respectively, compared with FITC-insulin solution (***p < 
0.001 vs FITC–insulin). This finding might be attributed to 
the increased lipophilic characteristic of the formulations 
and the solubilization and micellar entrapment of 

intracellular lipids with SGDC, which could have led to 
an increase in cellular uptake.25 Similarly, the FITC-C1 
nanocomplex showed a 1.37-fold increase in the cellular 
uptake of FITC-insulin compared with the FITC-C2 nano-
complex (###p < 0.001 vs FITC-C2). Overall, these results 
revealed the relative MFI values in the order of FITC-C1 > 
FITC-C2 > free FITC-insulin solution, which is consistent 
with the findings obtained from in vitro insulin permeabil-
ity studies performed across TR146 cell layers.

Qualitative Cellular Uptake Studies
CLSM analysis was used to illustrate the qualitative uptake 
of HIP-nanocomplexes (FITC-C1 and FITC-C2), as 
depicted in Figure 6. Herein, the blue fluorescence emitted 
by Hoechst 33342 represents the nuclei of the cells, the 
green fluorescence emitted by the FITC is indicative of 
insulin, and the red fluorescence emitted by CellMaskTM 

Deep Red denotes the cell membranes. Upon treatment with 
HIP-nanocomplex FITC-C1, a highly intense green fluor-
escence was observed in the vicinity of the cell membrane. 
In contrast, following incubation with FITC-C2, a relatively 
low green fluorescence was observed in the vicinity of the 

Table 3 Permeation Parameters Calculated Following Permeability Studies of HIP-Nanocomplexes (C1 and C2) Across TR146 Cell 
Layers

Formulation Js (ng·cm−2·h−1) Kp [(cm/h) × 10−5] ER

Insulin solution 7.19 ± 0.77 28.75 ± 3.36 1.00

C1 21.53 ± 0.81**, ## 86.12 ± 3.24**, ## 3.00

C2 9.89 ± 0.56 39.56 ± 10.21 1.38

Notes: Data are expressed as mean ± SEM (n = 3). **p < 0.01 vs insulin and ##p < 0.01 vs C2. 
Abbreviations: ER, enhancement ratio; HIP, hydrophobic ion-pairing; Js, steady state flux; Kp, permeability coefficient.

Figure 5 Cellular uptake of HIP-nanocomplexes (FITC-C1 and FITC-C2) across TR146 cells. (A) Representative fluorescence intensity showing cellular uptake 
characteristics of FITC-C1 and FITC-C2. (B) Relative MFI values of FITC-C1 and FITC-C2 compared with the relative MFI values of free FITC–insulin. 
Note: Data are expressed as mean ± SEM (n = 3). ***p < 0.001 vs FITC-insulin and ###p < 0.001 vs FITC-C2. 
Abbreviations: FITC, fluorescein isothiocyanate, FITC-insulin; HIP, hydrophobic ion-pairing; MFI, median fluorescence intensity.
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cell membrane. These findings clearly implied that the 
internalization of FITC-insulin was more abundant with 
the FITC-C1-nanocomplex than the FITC-C2-nanocom-
plex. Owing to the presence of fewer H-bond donors and 
acceptors, the greater lipophilic attributes of dihydroxy bile 
salts, such as SGDC, might have led to an increased inter-
nalization of the FITC-C1-nanocomplex.47

Ex vivo Permeability Studies
Porcine buccal tissue can simulate the in vivo environment 
of the human cheeks; thus, they were used as an ex vivo 
model in permeability studies to assess the transbuccal 
absorption of insulin. The profiles of cumulative perme-
ated insulin from HIP-nanocomplexes (C1 and C2) across 
porcine buccal tissue are illustrated as a function of time in 

Figure 7A. Herein, the cumulative amount of permeated 
insulin from the C1-nanocomplex formulation was 
approximately 51.76- and 27.64-fold higher than that of 
the insulin solution and the C2-nanocomplex, respectively. 
Based on these results, buccal permeation parameters such 
as Js, Kp, and ER were calculated, and the results are 
shown in Table 4. The increase in these parameters was 
ranked as follows: C1 > C2 > insulin solution. The C1- 
nanocomplex exhibited the highest Js, which was signifi-
cantly greater than those of the insulin solution and C2 
(**p < 0.01 vs insulin solution and ##p < 0.01 vs C2). In 
addition, the C1-nanocomplex significantly increased the 
permeation of insulin across porcine buccal tissue, with a 
51.76-fold increase in Kp compared with that of the insulin 
solution. Moreover, the C2-nanocomplex also increased 

Figure 6 Confocal microscope images of TR146 cells after cellular uptake of free FITC-insulin and HIP-nanocomplexes (FITC-C1 and FITC-C2). 
Note: Blue: the nuclei stained with Hoechst 33,342; green: FITC-insulin; and red: the cell membrane with CellMaskTM Deep Red. The scale and magnification are 20 µm and 
×40, respectively. 
Abbreviations: FITC, fluorescein isothiocyanate, FITC-insulin; HIP, hydrophobic ion-pairing.
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the permeation of insulin across porcine buccal tissue, 
with a 1.87-fold increase in Kp compared with that of the 
insulin solution. In addition, as shown in Figure 7B, the 
C1-nanocomplex deposited 5.71- and 2.77-fold greater 
amounts of insulin in buccal tissue than those with the 
insulin solution and C2, respectively (**p < 0.01 vs insulin 
and ##p < 0.01 vs C2). The C2 nanocomplex deposited 
2.06-fold higher amounts of insulin in buccal tissue than 

that with the insulin solution. This finding might be due to 
the increase in the apparent partition coefficient of the 
nanocomplex formulation, leading to a lipophilic complex 
(Table 1). Furthermore, SGDC acts as a permeation enhan-
cer and enhances the permeability of hydrophilic com-
pounds via paracellular and transcellular pathways across 
porcine buccal tissue.24,48 Dihydroxy bile salts such as 
SGDC were also shown to enhance paracellular transport 
at concentrations below 10 mM and opened the transcel-
lular route at concentrations of 10 mM or higher, whereas 
0.4 mM SGDC did not show enhancement flux.49 As per 
this observation, our findings might have followed a simi-
lar trend, as seen from increased insulin permeability from 
the C1-nanocomplex via increasing intracellular transport 
as C1 had 5.17 mM SGDC content. In contrast, C2 was 
composed of 1.04 mM SGDC, which is close to the con-
centration of 0.4 mM; therefore, this might be the reason 
for the low permeability of insulin observed from the C2- 
nanocomplex formulation. Moreover, a previous study 
reported by Mahalingam et al revealed an underlying 
mechanism behind permeability enhancement of 5-aza-2 
´-deoxycytidine with 10 mM SGDC across porcine buccal 
tissue. A 38-fold increase in the apparent permeability of 
5-aza-2´-deoxycytidine compared with that of the control 
was postulated to have occurred because of a complex 
process, including enzyme inactivation and tissue swel-
ling, solubilization and micellular entrapment of intercel-
lular lipids, and extraction and denaturation of proteins.25

Ex vivo Localization Studies
CLSM analysis was used to evaluate the distribution of 
HIP-nanocomplexes (FITC-C1 and FITC-C2) across por-
cine buccal tissue. As illustrated in Figure 8, localized 
insulin is represented by green fluorescence (FITC–insu-
lin) and was observed at predetermined time points (0.5, 2, 
and 4 h). Upon treatment with FITC-insulin solution, there 
was minimal localization of FITC-insulin across buccal 
tissue, and this did not persist much with time, remaining 

Figure 7 Ex vivo permeability studies. (A) Permeability profiles of HIP-nanocom-
plexes (C1 and C2) across porcine buccal tissue, and (B) insulin deposited in 
porcine buccal tissue. 
Note: All studies were directed from the donor to the receptor chamber in PBS 
buffer (pH 7.4) at 37°C. Data are expressed as mean ± SEM (n = 3). **p < 0.01 vs 
insulin and ##p < 0.01 vs C2. 
Abbreviations: HIP, hydrophobic ion-pairing; PBS, phosphate-buffered saline.

Table 4 Permeation Parameters Calculated from Permeability Studies of HIP-Nanocomplexes (C1 and C2) Across Porcine Buccal 
Tissue

Formulation Js (ng·cm−2·h−1) Kp [(cm/h) × 10−5] ER

Insulin 23.76 ± 11.74 2.38 ± 1.17 1.00

C1 1230.04 ± 323.23**, ## 123.00 ± 32.32**, ## 51.76

C2 44.51 ± 12.36 4.45 ± 1.24 1.87

Notes: Data are expressed as mean ± SEM (n = 3). **p < 0.01 vs insulin and ##p < 0.01 vs C2. 
Abbreviations: ER, enhancement ratio; HIP, hydrophobic ion-pairing; Js, steady state flux; Kp, permeability coefficient.
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only in the upper layer of the epidermis over 4 h. In 
contrast, significant green fluorescence was observed 
across buccal tissue and changed noticeably with time, 
remaining in the upper layer of the epidermis for over 2 
h following treatment with both nanocomplex formula-
tions. Interestingly, a more intense green fluorescence of 
localized FITC-insulin was observed in the inner regions 
of the buccal tissue at 4 h following treatment with both 
nanocomplexes. However, the localization of FITC-C1- 
insulin was more abundant than that of FITC-C2-insulin 
at 4 h, as confirmed by the presence of a more intense 
green fluorescence in the inner region of buccal tissue. 
Overall, these findings revealed that the FITC-C1-nano-
complex had the highest fluorescence intensity of FITC- 
insulin across porcine buccal tissue. The increment in 
fluorescence intensity was observed to be FITC-C1 > 
FITC-C2 > free FITC-insulin and was in agreement with 
the results obtained from ex vivo permeability studies.

Conclusions
In this study, we explored the feasibility of HIP-nanocom-
plexes to circumvent the daunting issues associated with 
the permeability barrier of the buccal mucosa. HIP-nano-
complexes (C1 and C2) were successfully characterized 
based on particle size, PDI, zeta potential, and partition 
coefficient. In addition, the morphologies of C1 and C2 
were assessed using TEM, SEM, and CytoVivaTM. 
Compared with C2, the C1-nanocomplex exhibited tre-
mendous potential for enhancing the permeation of insulin 
across TR146 cell layers and porcine buccal tissue, 

displaying a 2.18- and 27.64-fold increase in permeability 
coefficient, respectively. Furthermore, the C1-nanocom-
plex expressed a higher fluorescence intensity towards 
the inner region of buccal tissue over time than did the 
C2-nanocomplex. However, further studies are required to 
elucidate the underlying mechanism(s) and in vivo perfor-
mance of these HIP-nanocomplexes. Overall, the study has 
revealed a feasible alternative for injectable formulations, 
and thus, the HIP-nanocomplex strategy could serve as a 
platform for buccal delivery of peptide drugs.
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