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Abstract
The potential of nanoemulsions for the oral administration of peptides is still in its early stage. The aim of the present work 
was to rationally design, develop, and fully characterize a new nanoemulsion (NE) intended for the oral administration of 
hydrophobically modified insulin (HM-insulin). Specific components of the NE were selected based on their enhancing 
permeation properties as well as their ability to improve insulin association efficiency (Miglyol 812, sodium taurocholate), 
stability in the intestinal fluids, and mucodiffusion (PEGylated phospholipids and poloxamer 407). The results showed that 
the NE co-existed with a population of micelles, forming a mixed system that exhibited a 100% of HM-insulin association 
efficiency. The nanosystem showed good stability and miscibility in different bio-relevant media and displayed an acceptable 
mucodiffusive behavior in porcine mucus. In addition, it exhibited a high interaction with cell mono-cultures (Caco -2 and 
C2BBe1 human colon carcinoma Caco-2 clone cells) and co-cultures (C2BBe1 human colon carcinoma Caco-2 clone/HT29-
MTX cells). The internalization in Caco-2 monolayers was also confirmed by confocal microscopy. Finally, the promising 
in vitro behavior of the nanosystem in terms of overcoming the biological barriers of the intestinal tract was translated into 
a moderate, although significant, hypoglycemic response (≈ 20–30%), following intestinal administration to both healthy 
and diabetic rat models. Overall, this information underlines the crucial steps to address when designing peptide-based 
nanoformulations to successfully overcome the intestinal barriers associated to the oral modality of administration.
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Introduction

The increasing attention that therapeutic proteins 
and peptides are gaining in the pharmaceutical field 
is illustrated by the hundreds of them that have been 
approved by the FDA during the last decades [1, 2]. The 
attractiveness of these macromolecular drugs, which have 
opened up doors to many new and powerful therapies, 
relies on their specificity and potency. Despite of this, 
these macromolecules exhibit severe biopharmaceutical 
limitations, i.e., instability, short half-life, and limited 
oral bioavailability, which restrict their efficient clinical 
exploitation. One of their major constrains is their 
necessary administration by injection, a fact that is 
associated to a low patient compliance, especially in 
chronic treatments. Hence, the search for an alternative 
and non-invasive administration route for these molecules 
has become an attractive goal in the biopharmaceutical 
field [3, 4]. The growing global market for therapeutic 
peptides is investing considerable efforts in driving 
research to achieve the difficult goal of oral administration, 
which is usually the preferred choice, especially in the 
case of chronic treatments. In fact, in recent years, an 
important number of phase III clinical trials [5–7] have 
been initiated, which in addition to the already approved 
products, i.e., salmon calcitonin on 2012 [8], octreotide on 
2015 [9], and semaglutide on 2019 [10, 11], will stimulate 
new oral peptide delivery strategies.

In principle, the oral route has been considered 
particularly desirable for the administration of insulin, 
since it would mimic the physiological pathway of 
the endogenously secreted insulin through the portal 
circulation [12, 13]. However, its high hydrosolubility 
and susceptibility to degradation by intestinal enzymes 
has made so far impossible its oral administration. 
Nanotechnology has been one of the strategies adopted 
for increasing the oral bioavailability of insulin 
[14–16]. Within this context, lipid-based nanocarriers 
have been outlined as particularly interesting based 
on their biocompatibility and also in the stabilizing 
and absorption enhancing properties of their lipid 
constituents [17]. In fact, the first nanocarrier that was 
shown to increase the oral absorption of insulin consisted 
of poly(alkylcyanoacrylate) (PACA) nanocapsules (NCs) 
[18]. Within this frame, our group has dedicated a great 
deal of effort to the design of a wide variety of lipid-based 
nanocarriers (i.e., nanoparticles [19] and nanocapsules 
[20–23]) that have shown a valuable potential for oral 
peptide delivery. Furthermore, we have recently showed 
the possibility of modulating the in vitro behavior of these 
systems by tuning their surface properties. Particularly, we 
have developed a nanoemulsion with improved stability, 

resistance to lipolysis and mucodiffusive properties [24]. 
An additional advancement in this area is the development 
of approaches to enhance the association of hydrophilic 
molecules to these lipid systems, such as the double 
emulsification, reverse micellization, hydrophobic ion 
pairing, or peptide-lipid/surfactant interactions. Despite 
these advances, the reported peptide loading capacity 
of these systems is usually lower than 1%, limiting their 
utility for oral administration [16, 17].

Considering this background information, the aim 
of this work was to rationally design, develop, and fully 
characterize a novel lipid-based nanosystem with the 
capacity to overcome the barriers associated to the oral 
administration of peptides. In this context, in order to 
increase the encapsulation of insulin and its permeability, 
we used a hydrophobically modified insulin (HM-insulin) 
(GRAVY  ≈ − 0.0333). The resulting lipid nanosystem 
was extensively evaluated regarding its potential to 
deliver HM-insulin orally. Namely, the nanosystem was 
characterized in terms of (i) stability and miscibility in 
simulated intestinal fluids with and without enzymes, (ii) 
mucodiffusive properties, (iii) ability to interact with the 
intestinal cells, and (iv) potential to be used for the oral 
delivery of HM-insulin in diabetic rats.

Materials and methods

Materials

Hydrophobically modified insulin, named as HM-insulin 
(Mw 6256.23 Da), was kindly provided by Sanofi (Paris, 
France). Pharmaceutical grade poloxamer 407 (Kolliphor® 
P 407), sodium taurocholate (STC), and N-(carbonyl-
methoxypolyethylene glycol-2000)-1,2-distearoyl-sn-
glycero-3-phosphoethanolamine sodium salt (LIPOID 
PE 18:0/18:0-PEG 2000 (MPEG-2000-DSPE)) were 
purchased from BASF (Ludwigshafen, Germany), New 
Zealand Pharmaceuticals (Palmerston North, New 
Zealand), and Lipoid GmbH (Ludwigshafen, Germany), 
respectively. Caprylic/capric triglyceride (Miglyol® 812N) 
was purchased from Cremer, Oleo Division (Witten, 
Germany). The fluorescent dyes 1,10-dioctadecyl-3,3,30,30-
tetramethylindodicarbocyanine perchlorate fluorescent dye 
(DiD oil) and 2-(6-hydroxy-3-oxo-(3H)-xanthen-9-yl)-5-
isothiocyanatobenzoic acid (5-FITC,) were purchased from 
Life Technologies (Eugene, USA) and EMP GmbH Biotech 
(Berlin, Germany), respectively. Sodium glycocholate of 
pharmaceutical grade was purchased from New Zealand 
Pharmaceuticals (Palmerston North, New Zealand). 
Triton™ X-100 for molecular biology was obtained from 
Sigma-Aldrich (St. Louis, USA). Pancreatin (8× USP) was 
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purchased from Biozym (Hamburg, Germany). Organic 
solvents were of HPLC grade, and all other products used 
were of high purity or reagent grade.

Human colorectal adenocarcinoma Caco-2 cells were 
purchased from American Type Culture Collection 
(Manassas, VA, USA) and used at passages 20–30. 
C2BBe1 human colon carcinoma Caco-2 clone, mucus 
secreting HT29-MTX and Human Burkitt’s lymphoma 
Raji B cell lines were purchased from the American Type 
Culture Collection (ATCC) and used at passages 53–64, 
42–55, and X + 15–X + 20, respectively. The Hep G2 
cell line was obtained from ECACC (UK, distributed by 
Sigma) and used at passages 9–12. Dulbecco’s modified 
Eagle medium (DMEM), fetal bovine serum (FBS), 
L-glutamine, non-essential amino acids (NEAA), penicillin 
and streptomycin, trypsin–EDTA, and Hank’s balanced salt 
solution (HBSS) were obtained from Gibco (Invitrogen 
Corporation, Life Technologies, UK). Eagle’s minimum 
essential medium (EMEM) was purchased from Sigma-
Aldrich (St. Louis, USA), while phosphate-buffered saline 
(PBS) and Dulbecco’s phosphate-buffered saline with 
calcium and magnesium (DPBS) were purchased from 
Lonza (Basel, Switzerland). Reagents for cytotoxicity 
assays were ATPLite™ (Perkin Elmer, Massachusetts, MA, 
USA), Neutral Red based In Vitro Toxicology Assay Kit, 
LDH cytotoxicity detection kit plus (Roche, Mannheim, 
Germany), and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) reagent (Sigma-Aldrich, 
St. Louis, USA). For confocal studies, Transwell® 
polycarbonate inserts (6 wells, pore diameter of 3 μm, 
4.67  cm2) were purchased from Corning (Madrid, 
Spain). For bioactivity cell studies, plasmids pMAXGFP, 
pSynSRE‐T‐luc, and pRSV‐βgal were respectively obtained 
from Lonza (Köln, Germany), Addgene (Cambridge, 
USA), and Promega (Madison, USA) while transfection 
reagents Viafect and Turbofect and were purchased from 
Promega (Madison, USA) and Thermo Fisher Scientific 
(USA), respectively, and the Passive Lysis Buffer 1X from 
Promega(Madison, USA).

Preparation of HM‑insulin‑loaded mixed 
nanosystem

HM-insulin-loaded mixed system (nanoemulsion together 
with micelles) was prepared by the solvent displacement 
technique, as previously described [25]. Briefly, MPEG-
2000-DSPE (15 mg) and Miglyol® 812 N (59 mg) were 
dissolved in 4.875 mL ethanol. Twenty-five microliters 
of an aqueous solution of sodium taurocholate (100 mg/
mL) were then added to this lipidic phase followed by the 
addition of 1.5 mg HM-insulin dissolved in 100 μL 0.01 M 
HCl. This organic phase was vortexed and then immediately 

poured over 10 mL of an aqueous solution of poloxamer 407 
(0.25% w/v) under magnetic stirring at 900 rpm, leading to 
the rapid formation of the nanoemulsion (NE) and micelles 
(HM-insulin and MPEG-2000-DSPE). Finally, ethanol 
was removed and the formulation was concentrated up 
to a final volume of 5 mL (Rotavapor Heidolph Hei-VAP 
Advantage, Schwabach, Germany). The blank nanosystem, 
used as control, was prepared by the same method without 
incorporating the HM-insulin.

For cell studies, fluorescent covalently linked FITC-HM-
insulin was prepared. Briefly, HM-insulin was dissolved in 
0.1 M sodium bicarbonate buffer (pH 9.5) at 5 mg/mL and 
5-FITC in EtOH at 10 mg/mL. For each mL of HM-insulin 
solution, 50 μL of 5-FITC solution were dropwise added 
under magnetic stirring (900 rpm). After 1 h incubation at 
room temperature protected from light, the free 5-FITC was 
removed passing the mixture through 5 kDa Centri Pure 
P10 columns (Zetadex Gel Filtration columns—Centri Pure 
P10, EMP GmbH Biotech, Berlin, Germany). The pH of 
the conjugate FITC-HM-insulin solution was then adjusted 
to 6.8 (HM-insulin isoelectric point) with HCl 1  M to 
precipitate the conjugate. Then, the bicarbonate buffer was 
removed after centrifugation (5430 R Eppendorf Centrifuge, 
rotor F-35-6-30, Eppendorf AG, Germany) at 7197  g 
during 1 h at 4 °C, and the FITC-HM-insulin conjugate 
was dissolved in HCl 0.05 M to obtain a final HM-insulin 
concentration of 15  mg/mL. This solution was used to 
formulate the FITC-HM-insulin-loaded system as previously 
described. For mucodiffusion studies, fluorescently DiD-
labeled mixed nanosystem was produced as above described 
with the addition of 80 μL of a 2.5 mg/mL ethanolic solution 
of DiD to the organic phase.

Physicochemical, morphological, and drug loading 
properties of HM‑insulin‑loaded mixed nanosystem

The mean particle size and polydispersity index (PDI) 
of the nanocarriers were measured by dynamic light 
scattering using a Zetasizer® (NanoZS, ZEN 3600, Malvern 
Instruments, Worcestershire, UK) after diluting the samples 
with ultrapure water. Additionally, in order to get a more 
accurate size characterization, the light scattering ALV 
SP-86 goniometer (ALV 5000 Multi-tau correlator and 
a Coherent Sapphire optically pumped semiconductor 
laser operating at λ = 488 nm and 200 mW power) and 
the NanoSight NS3000 (laser operating at λ = 488  nm, 
Malvern Instruments, Worcestershire, UK) were also used 
to characterize the formulation through multi-angle dynamic 
light scattering (MA-DLS) and nanoparticle tracking 
analysis (NTA), respectively. MA-DLS measurements 
were performed at 25 °C (fixed temperature) and angles 
between 30 and 150° with increments of 10° [26]. NTA 
measurements were also performed at 25 °C by diluting the 
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NE and the micelles in ultrapure water. This last technique 
was also used to quantify the concentration of NE and 
micelles in the mixed nanosystem. The ζ-potential was 
measured by laser-Doppler anemometry after diluting all 
the samples 33 times in 1 mM KCl (Zetasizer®).

The transmission electron microscopy (TEM CM 12, 
Philips, Netherlands) was used to analyze the shape of 
the separate species that define the mixed system (NE 
and micelles). For TEM analysis, samples were diluted 
with ultrapure water 1:50 and deposited on copper grids 
and stained with 2% (w/v) phosphotungstic acid solution, 
allowed to dry and then viewed under the TEM.

Atomic force microscopy (AFM) was used to analyze 
the topography of the mixed nanosystem and its separate 
species. For AFM analysis, samples were diluted with 
ultrapure water 1:1000 or 1:5000, deposited onto a mica 
substrate (SPI Supplies, Grade V-1 Muscovite), allowed 
to dry and then, viewed using a XE-100 instrument (Park 
Systems, Korea) with a non-contact silicon cantilever 
probe with high resonant frequency (325  kHz) and 
backside aluminum reflex coating (ACTA, supplied by 
Park Systems) [27].

The percentage of HM-insulin associated to the 
nanosystem was directly determined after extracting the 
HM-insulin from the mixed nanosystem by their complete 
disruption. For digestion, the HM-insulin-loaded mixed 
nanosystem was vortexed together with a combination of 
acetonitrile, Triton™ X-100 and 0.05% formic acid using 
a 2:1:1:16 proportion until obtaining a clear solution. To 
distinguish the amount of HM-insulin associated either to 
the NE or to the micelles, the same treatment was carried 
out after the separation of both species present in the 
mixed nanosystem by ultracentrifugation, process that 
was already reported to not affect the insulin bioactivity 
[21, 23]. For that purpose, 1 mL of the mixed nanosystem 
was ultracentrifuged at 84,035g for 1 h at 15 °C (Beckman 
Coulter, Optima L-90K, 70.1 Ti rotor, Brea, USA), 
obtaining a cream consisting of the isolated NE and an 
undernatant containing the micelles. Then, both fractions 
were collected separately and diluted with ultrapure water 
up to 1 mL to maintain the same concentrations as before, 
and then, they were disrupted using the treatment above 
explained. Ultra performance liquid chromatography 
(Acquity UPLC, Waters, Spain) with a C18 column as 
stationary phase (Acquity UPLC BEH C18 300 Å, 1.7 µm 
2.1 × 50 mm, Waters, Spain) at 40  °C, coupled with a 
UV detector set at 215 nm, was used for the HM-insulin 
analysis. For this purpose, 5 μL of each sample at 10 °C 
were injected in duplicate and the flow rate was set to 
0.5 mL/min. The gradient was obtained by mixing two 
mobile phases: 0.05% formic acid in ultrapure water 
(phase A) and 0.035% formic acid in acetonitrile (phase 
B) (Online resource 1).

The AE (%) of HM-insulin was calculated according to 
the following equation (Eq. 1):

where HM-insulin in the disrupted nanocarrier is the 
HM-insulin concentration determined by UPLC after 
treating the nanosystem for its disruption, and Total 
HM-insulin is the theoretical total HM-insulin concentration 
in the formulation. Analysis was done at least in triplicate.

The LC (%) was calculated as follows (Eq. 2):

where Total HM-insulin is the theoretical total HM-insulin 
concentration in the formulation, AE is the HM-insulin 
association efficiency and Total weight of nanocarrier is 
the weight of the nanocarrier calculated using its yield. For 
calculating the total weight of both the mixed nanosystem 
and its separate species, they were separately lyophilized. 
Then, by the difference of the weight before and after 
the freeze-drying process, the yield of the process was 
determined. Analysis was done in triplicate.

Stability of HM‑insulin formulated in the mixed 
nanosystem during storage

The colloidal stability of the HM-insulin-loaded mixed 
nanosystem was evaluated under three different storage 
conditions: 4 °C, room temperature ≈ 25 °C, and 40 °C, 
following recommendations stated in the ICH (International 
Council for Harmonization of Technical Requirements for 
Pharmaceuticals for Human Use) Stability Guidelines. For 
that purpose, the particle size, PDI and ζ-potential of the 
formulation were monitored up to 6 months (0.5, 1, 2, 3, 
and 6 months) to check its potential colloidal destabilization. 
The amount of HM-insulin that remained associated to the 
nanosystem after 3 months storage was also determined. 
Analysis was done in triplicate.

Interaction of HM‑insulin formulated in the mixed 
nanosystem with bio‑relevant media: miscibility, 
colloidal stability, and HM‑insulin release

The colloidal stability of the HM-insulin-loaded 
nanosystem was evaluated by monitoring its particle size 
by DLS (Zetasizer®) during 4 h incubation under moderate 
horizontal shaking (300  rpm, Heidolph Instruments 
GmbH&Co. KG, Schwabach, Germany) at 37  °C with 
different gastrointestinal media (dilution 33.33) (composition 
detailed in Online resource 2) [28, 29]. To evaluate the 

(1)

AE(%) =
HM-insulin in the disrupted nanocarrier

Total HM-insulin
× 100

(2)LC(%) =
Total HM-insulin × AE

Total weight of nanocarrier
× 100
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effect of the intestinal enzymes, SIF supplemented with 1% 
pancreatin (8 × USP) was also prepared and centrifuged at 
5000g for 5 min at 5 °C (5430 R Eppendorf Centrifuge, 
rotor F-35-6-30) to remove pancreatin aggregates before its 
incubation with the nanosystem [21, 30]. PDI and derived 
count rate were also monitored (data not shown). This study 
was done at least in three different batches in triplicate.

The amount of HM-insulin released from the mixed 
nanosystem upon their contact with SIF was also 
evaluated. For this purpose, the mixed nanosystem was 
ultracentrifuged at 84,035g for 1 h at 15 °C (Beckman 
Coulter, Optima L-90K, 70.1 Ti rotor). The same 
procedure was done with free HM-insulin as a control. 
The HM-insulin present in the fractions obtained (cream, 
undernatant, and precipitate) was determined by UPLC 
as follows. Free HM-insulin present in the undernatant 
was directly quantified while HM-insulin associated 
to the system in the different fractions was quantified 
after disrupting NE and micelles by treating them as 
previously explained. The precipitates obtained were 
solubilized in 500  µL of 0.05% (v/v) formic acid to 
be injected in the UPLC. These studies were done in 
triplicate.

Additionally, the miscibility of the system with SIF was 
also evaluated to predict if once in the intestine, the system 
is going to be able to mix well with the intestinal fluids 
being homogenously distributed along the gastrointestinal 
tract. For this purpose, and mimicking the in vivo dilution 
in rats when orally administered [31], 300  µL of the 
nanosystem were slowly added over 3.2 mL of SIF (water 
content in the gastrointestinal tract of fasted rats) and the 
appearance of the mix was monitored.

Assessment of the mucodiffusive behavior 
of the HM‑insulin formulated in the mixed 
nanosystem and in its separate species

The mucodiffusive behavior of the mixed nanosystem 
as well as of both separate species was assessed by 
multiple particle tracking analysis (MTA) using fresh 
porcine intestinal mucus, obtained from the local 
slaughterhouse, as a model of the human intestinal 
mucosa. For that purpose, the mixed nanosystem was 
labeled with DiD as previously described. Briefly, 5 µL 
of the DiD-loaded nanosystem previously diluted in 
water (1/20) were mixed with 100 µL of mucus. Sample 
volumes of 10 μL were placed in a chamber created by 
the placement of a 120-μm-thick, double-sided adhesive 
sticker between a microscope slide and a cover glass. For 
each sample, more than 20 videos of 800 frames were 
recorded at a frame rate of 100 fps (> 100 trajectories 

per video) using an Andor Zyla 4.2 camera and a PLAN 
APO 100X 1.4 oil-immersion objective always focused 
at 12–16 µm above the cover glass (Nikon microscope, 
Izasa Scientific, Spain). The diffusion coefficient of 
each particle was calculated offline according to the 
following equation: (Eq. 3): ⟨MSD⟩ = 4D

e
�
� by fitting 

the mean square displacement 〈MSD⟩ as a function of 
the time. Being De the effective diffusion coefficient, α 
the anomalous exponent that gives information about the 
nature of the diffusion mode of the nanosystem in mucus 
(active transport (α ≈ 2); superdiffusion (0.9 ≤ α < 2); 
subdiffusion (0.4 ≤ α < 0.9);  hindered diffusion 
(0.2 ≤ α < 0.4); immobilization (0.2 < α)) and τ, the time 
scale, which is the time during which particles were 
allowed to move before calculating their displacement 
trajectories (fixed at 1  s for these experiments (100 
frames/s)) [24, 32–35].

Both polystyrene nanoparticles (mucoadhesive) 
and poloxamer 407-coated polystyrene nanoparticles 
(mucodiffusive) were used as controls. Additionally, in order 
to ensure that the signal observed did not originate due to 
the released DiD, the same procedure was performed using 
an aqueous solution of DiD at the same concentration as in 
the nanosystem.

In vitro cell culture studies of HM‑insulin formulated 
in the mixed nanosystem

Colloidal stability and HM‑insulin release in cell culture 
media

Since cytotoxicity  and bioactivity cell studies were 
performed using supplemented-DMEM and supplemented-
EMEM, the colloidal stability of the mixed nanosystem 
during 24 h of contact with these cell media was evaluated. 
In the same line, taking into account that confocal and flow 
cytometry (FACS) were performed in HBSS, the colloidal 
stability of the mixed nanosystem was also evaluated in this 
medium . Additionally, HM-insulin released from the mixed 
nanosystem upon 20 h of contact with supplemented-EMEM 
and upon 4 h of contact with HBSS was evaluated following 
the procedure described above. These studies were done in 
triplicate.

Cell Cultures

Caco-2 cells, C2BBe1 human colon carcinoma Caco-2 
clone cells, mucus-producing HT29-MTX cells and 
Human Burkitt’s lymphoma Raji B cells were separately 
cultured in flasks containing DMEM high glucose w 
L-Glutamine cell culture medium (CCM) supplemented 
with 10% FBS, 1% NEAA, and 1% penicillin (100 U/mL)/

528 Drug Delivery and Translational Research  (2021) 11:524–545

1 3



streptomycin (100 μg/mL) (v/v). Cells were maintained at 
37 °C in a humidified incubator (Binder, Germany) under 
a controlled atmosphere with 95% of relative humidity 
(HR) and 5% CO2. CCM was renewed every 2–3 days, 
and cells were passaged when 70–80% confluence was 
achieved by trypsinization. HepG2 cells were grown in 
EMEM supplemented with 10% FBS, 1% NEAA, 2 mM 
L-glutamine, 1% penicillin (100  U/mL)/streptomycin 
(100 μg/mL) at 37 °C, 95% of HR and 5% CO2 and passaged 
by trypsinization weekly.

Cytotoxicity studies of both blank and HM‑insulin‑loaded 
nanosystem, in Caco‑2, C2BBe1, and HT29‑MTX cells (ATP, 
NRU, LDH, and MTT)

For each technique at  least  n  = 3 independent 
experiments with n = 3 formulation and n = 3 replicates 
per condition were performed. For all experiments, 
different concentrations of both blank and HM-insulin 
loaded nanosystem were tested. Water and CCM were 
respectively used as controls of the nanosystem vehicle 
and untreated cells. Plates were incubated on the dark at 
37 °C, 90–95% HR and 5% CO2.

Cell culture seeding. Cell cultures were maintained 
in supplemented-DMEM and seeded (200 µL/well) at a 
density of 1 × 104 cells/well into flat-bottom 96-well plate 
for ATP, NRU, and LDH assays and 2 × 104 cells/well in 
the case of MTT studies. Plates were incubated for 24 h 
to allow cell attachment prior the cytotoxicity studies. All 
assays were done at least in triplicate, and EC50 values 
were calculated using the GraphPad Prism 7 program 
(California, USA).

Adenosine triphosphate (ATP) cell viability assay in 
Caco-2 cells. ATPLite™ (luminescence-based method) 
was used to measure intracellular ATP, which decreases 
rapidly when cells undergo necrosis or apoptosis. 
Twenty-four hours after cell seeding, CCM was replaced 
with 200 µL of (i) nanosystems, (ii) controls, and (iii) 
1 µM staurosporine solution from Streptomyces (positive 
control). Then, after 2 and 24 h incubation, cells were 
washed with PBS. Straightaway, 100 µL of new PBS and 
50 μL of mammalian cell lysis solution were added per 
well. After 5 min, 150 μL of cell lysates were transferred 
into a white flat-bottom 96-well plate. For the standards, 
10 μL of each, 90 μL of PBS, and 50 μL mammalian 
cell lysis solution were added per well. For blank wells, 
100  µL of PBS and 50  μL of mammalian cell lysis 
solution were added per well. Finally, 50 μL of substrate 
solution were added to all wells and plates were shaken 
for 5 min. Measurements were performed at 22 °C in 
a luminometer Synergy 4 microplate reader (BioTek 
Instruments, Inc., Winooski, USA).

Neutral red uptake (NRU) in Caco-2 cells. This 
assay measures living cells via the uptake of the vital 
dye neutral red (Basic Red 5, Toluylene Red) and its 
incorporation into lysosomes. twenty-four hours after 
cell seeding, CCM was replaced with 200  µL of (i) 
nanosystems, (ii) controls, and (iii) 100 µg/mL of SDS 
(positive control). Then, after 2 and 24 h incubation, 
cells were washed with DPBS and 100 µL of a solution 
of 90% CCM and 10% Neutral Red (0.33% solution in 
DPBS) were added per well. After 3 h, cells were washed 
twice with DPBS and 100 µL/well of Neutral Red Assay 
Solubilization Solution were added. Plates were then 
shaken during 45 min, and absorbance was measured 
at λ = 540  nm using a Synergy 4 microplate reader 
(BioTek Instruments, Inc). The background absorbance 
at λ = 690 nm was subtracted from the measurements [21, 
30].

Lactate dehydrogenase (LDH) in Caco-2 cells. 
Plasma membrane damage was quantified by measuring 
the release of  cytoplasmic LDH (color imetr ic 
cytotoxicity detection kit plus LDH). Twenty-four hours 
after cell seeding, CCM was replaced with 200 µL of 
(i) nanosystems, (ii) controls, and (iii) CCM to LDH 
(positive control). Then, 15 min before the end of the 
incubation (2 and 24 h), 10 µL of LDH lysis solution were 
added into the positive control wells. After incubation, 
plates were centrifuged 5 min at 300g (5810 R Eppendorf 
centrifuge, Eppendorf swing-bucket A-4-81 rotor with 
HL026 adapter, Eppendorf AG, Germany). Then, 50 µL 
of supernatant from all wells were transferred into 
another 96-well plate and 50 µL of working reagent were 
added to all wells. After 20 min, 25 µL/well of LDH stop 
solution were added and plates were shaken 30 s before 
reading the absorbance at λ = 500 nm with reference at 
λ = 750 nm using a Synergy 4 microplate reader (BioTek 
Instruments, Inc.) [21, 30].

MTT cell viability assay in C2BBe1 and HT29-
MTX cells. MTT tetrazolium reduction assay was 
performed to determine the direct cytotoxicity of the 
nanosystem by decreasing the cell metabolic capacity. 
Twenty-four hours after cell seeding, CCM was replaced 
with 200 µL of (i) nanosystems, (ii) controls, and (iii) 
1% Triton™ X-100 (positive control) wells. After 3 and 
24 h of incubation, cells were washed with 200 µL of 
PBS and 200 µL/well of MTT solution (0.5 mg/mL) were 
added. After 4 h incubation, the excess solution was 
removed and formazan was solubilized with 200 µL/well 
DMSO during 20 min under horizontal shaking. Finally, 
the absorbance was measured at λ = 590  nm using a 
Synergy™ Mx Monochromator-Based Multi-Mode 
Microplate Reader (BioTek Instruments, Inc.) taking as 
reference the absorbance measured at a wavelength of 
630 nm [36].
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Interaction of FITC‑HM‑insulin‑loaded mixed 
nanosystem with Caco‑2 and C2BBe1 cell mono‑cultures 
and with C2BBe1/HT29‑MTX co‑culture

After confirming the colloidal stability of the nanosystem and 
its negligible HM-insulin release in HBSS after 4 h at 37 °C, 
the interaction of the FITC-HM-insulin-loaded nanosystem 
with the intestinal cells was studied using FACS (BD 
FACSVerse™ flow cytometer, Becton Dickinson Biosciences, 
San Jose, CA, US) and confocal microscopy (Cell Observer 
Spinning Disk, Zeiss, Germany).

FACS analysis was performed in Caco-2 and C2BBe1 
human colon carcinoma Caco-2 cell monocultures, as well 
as in C2BBe1 human colon carcinoma Caco-2 clone/HT29-
MTX (9:1) co-culture. For this purpose, cells were seeded 
at a density of 3 × 105 cells/well (6-well plates). After 48 h 
of incubation, cells were washed twice with HBSS, and 
0.5 mL of the fluorescently labeled nanosystem at 0.3 mg/
mL were added to each well. Control wells were prepared 
by adding either 45 µg/mL of free FITC-HM-insulin or 
HBSS. After 3 h incubation at 37 °C, cells were washed 
with HBSS, trypsinized and resuspended in 500 µL of 
HBSS. The fluorescence corresponding to the nanosystem 
and free FITC-HM-insulin was measured at λ = 519 nm. 
For each sample, 10,000 events were collected and FlowJo 
(TreeStar, USA) software was used for analyzing the 
samples.

For confocal microscopy, Caco-2 monolayers were 
cultured by seeding 5 × 105  cells/well in Transwell® 
inserts and replacing the CCM on alternate days until 
21 days. Then, monocultures were washed twice with 
HBSS and the integrity of the cell monolayers was 
confirmed by measuring the transepithelial electrical 
resistance values (TEER) using an EVOM epithelial 
voltammeter equipped with “chopstick” electrodes 
(World Precision Instruments, Sarasota, FL, USA). Four 
hundred microliters of 0.3 mg/mL FITC-HM-insulin-
loaded mixed nanosystem were added to the apical side of 
the Transwell®, and HBSS was added to the basolateral 
chamber. Control wells were prepared with either 45 µg/
mL of free FITC-HM-insulin or HBSS. After 2  h of 
incubation at 37 °C, cell inserts were washed twice with 
HBSS, fixed with 4% paraformaldehyde, and stored at 
4  °C. Afterwards, inserts were gently washed in PBS 
and actin filaments were stained by adding 200 μL of 
rhodamine–phalloidin solution to the apical chamber 
(20 min, dark, room temperature) to reveal cell borders. 
Subsequently, the Transwell® membranes were mounted 
on glass slides, cell nuclei were stained with DAPi in 
Mowiol (1:5000) and coverslips were placed over the 
monolayers avoiding any bubbles. Mowiol® was then 
allowed to polymerize for 24 h at room temperature in 
dark [37]. Finally, monolayers were visualized under 

a Zeiss™ confocal microscope (LSM 150). Data were 
analyzed by the Axio Vision software (version 4.8) 
to obtain y–z, x–z, x–y, and z-stack views of the cell 
monolayers.

Bioactivity of HM‑insulin formulated in the mixed 
nanosystem

After confirming the colloidal stability of the nanosystem 
and the amount of HM-insulin released upon 20 h of contact 
with and supplemented-EMEM at 37 °C, the preservation 
of the bioactivity of HM-insulin after its association to the 
nanosystem was evaluated using an assay based on promoter 
activation of an insulin early target gene. For this purpose, 
Hep G2 cells (enriched in insulin receptor expression 
[38]) were transfected with two different DNA plasmids: 
(i) pSynSRE‐T‐luc as promoter plasmid, which contains 
the − 324 to − 225 bp fragment of the hamster HMG-CoA 
synthase promoter with the SRE elements upstream of the 
minimal HMG-CoA synthase TATA box (− 28 to + 39) [39, 
40]. This plasmid was chosen because it has been already 
proved that insulin regulates HMG-CoA synthase expression 
through those SRE sites in human cells [41]; and (ii) pRSV‐
βgal as transfection control. After comparing the transfection 
efficiency of the commercial plasmid pMAXGFP with 
Viafect (> 95%) and Turbofect (≈ 65%), Viafect was selected 
as transfection reagent for this experiment.

MW48 multiwell plates were coated with 40 µL/well type 
I collagen solution (100 µg/mL) in PBS and washed three 
times with PBS. Hep G2 were trypsinized, resuspended in 
growth medium, seeded at a density of 2.5 × 104 cells/well 
and allowed to grow for one full day. On the day of the 
transfection, a mixture containing 35 ng/well of pSynSRE‐T‐
luc, 50 ng/well of pRSV‐βgal, 1.5 μL/well of Viafect and 
non-supplemented-EMEM up to a final volume of 25 μL/
well was added to the plates. After 6 h of incubation, plates 
were washed three times with PBS and replaced by 400 μL/
well of culture deprivation medium (growth medium with 
only 0.5% FBS and supplemented with 2 mM metformin) to 
help to reduce the basal luciferase expression while the cells 
were under transfection. After 4 h incubation, 100 μL/well of 
either different concentrations of HM-insulin (10, 100, 200, 
and 400 µIU/mL) or corresponding controls (HM-insulin 
solution, HM-insulin-loaded mixed nanosystem, blank 
mixed nanosystem and blank nanosystem later spiked with 
HM-insulin) were added and plates were incubated for 20 h. 
Each condition was tested in 6–8 replicates. Thereafter, 
plates were washed three times with PBS and 40 μL/well 
of Passive Lysis Buffer 1X were added. Finally, in order to 
perform the two enzymatic analyses, the lysate was divided 
as follows [42]: (i) 20 μL/well were transferred to a 96-well 
flat‐bottom white plate for luciferase assay and 40 μL/well 
of Luciferase Assay Buffer (Online resource 3) were added. 
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Meanwhile, a positive control (mix of previous successful 
transfections) and a blank (buffer) were included in the plate. 
A luciferin solution (Online resource 3) was prepared as 
substrate and set at the injector. The luminescence reader 
program was set to add 35 µL/well of luciferin solution 
and read 5 s/well using a luminometer Mithras microplate 
reader (LB940, Berthold, Bad Wildbad, Germany); (ii) 
20 μL/well were transferred to a 96-well plasticware for 
the β‐galactosidase assay and 40  μL of Buffer ONPG 
(Online resource 3) together with 180 μL Buffer Z (Online 
resource 3) were added per well. Plates were incubated 
at 37 °C until the mixture turned yellow (around 10 min) 
and then, 75 μL/well of Buffer Stop (Na2CO3 1 M) were 
added. Plates were read in the spectrophotometric setup at 
490 nm in a Mithras microplate reader (LB940, Berthold, 
Bad Wildbad, Germany).

Five independent experiments were carried out. To obtain 
final data, results were normalized respect to the negative 
control (blank mixed nanosystem), being expressed as 
increments (∆Luc/β-gal) respect to this value.

In vivo hypoglycemic response of HM‑insulin 
formulated in the mixed nanosystem

All animal experiments were reviewed and approved by the 
ethics committee of the University of Santiago de Compostela 
ID: 1500AE/12/FUN01/FIS02/CDG3 (Spanish Royal Decree 
1201/2005, of October 10th) and ID: 15010/17/17002 (Spanish 
Royal Decree 53/2013, of February 1st) and were executed 
in accordance with governing Spanish law and European 
Directives and Guidelines for the use of animals in animal 
studies; performed therefore in compliance with the Directive 
2010/63/EU of the European Parliament and Council of 
22nd September 2010 on the protection of animals used 
for scientific purposes and under the Spanish Royal Decree 
53/2013 February 1st on the protection of animals used for 
experimental and other scientific purposes, including teaching.

Male healthy Sprague–Dawley rats were obtained from 
the Central Animals House of the University of Santiago 
de Compostela (Spain), kept under 12 h light/12 h dark 
cycles and fed a standard laboratory rodent diet (Panlab 
A04, Panlab laboratories). Blood samples were withdrawn 
from the tail vein 30 min prior to the experiments and 
measured using a hand-held glucometer (Glucocard™ 
G+ meter, Arkray Factory, Japan) to establish the baseline 
blood glucose levels. Initial acceptable glucose levels were 
established at ≥ 70 mg/dL for healthy animals and ≥ 250 mg/
dL in the case of diabetic rats. During experiment, blood 
samples were collected at the following time points: 0.5, 
1, 1.5, 2, 3, 4, 5, 6, 7, and 8 h after administration, in order 
to monitor the blood glucose levels following the different 
treatments.

HM‑insulin dose–response and bioactivity after its 
inclusion in the mixed nanosystem following subcutaneous 
(SC) administration to healthy rats

Rats (average weight 313 ± 27 g) were fasted for 4 h prior to 
the experiments, which were carried out without anesthesia, 
with free access to water. Two different doses of HM-insulin-
loaded mixed nanosystem and HM-insulin solution, 1 and 
2 IU/kg (n = 8 and n = 13, respectively), were administered 
subcutaneously (SC) in a ratio of 1 μL/1 g rat. The area 
above the curves (AAC) representing the hypoglycemic 
were calculated (GraphPad Prism 7 program) to estimate 
the overall response obtained.

Effect on blood glucose levels following intrajejunal (IJ) 
administration of 100 IU/kg of HM‑insulin‑loaded mixed 
nanosystem to healthy rats

Rats (average weight 298 ± 19 g) were fasted for 4 h prior to the 
experiments, which were carried out without anesthesia, with 
free access to water. HM-insulin-loaded mixed nanosystem was 
intrajejunally (IJ) administered to the rats through a cannula that 
was surgically implanted into their jejunum. In the surgery, the 
proximal ends of the catheters were subcutaneously addressed 
to the back of the neck, and rats were daily weighed and 
monitored during 1 week to ensure their complete recovery. The 
HM-insulin-loaded mixed nanosystem was administered in a 
maximum volume of 0.3 mL at an HM-insulin dose of 100 IU/
kg body weight (n = 8). The same dose of blank nanosystem 
was administered as control following the same procedure 
(n = 6). Additionally, 2 IU/kg body weight of an HM-insulin 
solution in saline were subcutaneously administered to a 
different control group (n = 6).

Effect on blood glucose levels following intraduodenal (ID) 
administration of 100 IU/kg of HM‑insulin‑loaded mixed 
nanosystem to diabetic rats

After 12  h fasting with free access to water, a single 
intraperitoneal streptozocin injection in 50 mM sodium citrate 
buffer at pH 4.5 was administered to healthy rats (average 
weight 223 ± 81 g) at a dose of 60 mg/kg body weight to render 
them diabetic. After this procedure, animals were kept under 
12 h light/12 h dark cycles and fed on a standard laboratory 
rodent diet, while their blood glucose levels were daily 
monitored. Afterwards, 1 IU/kg body weight of HM-insulin 
was subcutaneously administered to rats with blood glucose 
> 500  mg/dL and a second intraperitoneal streptozocin 
injection was administered to rats with blood glucose < 250 mg/
dL (still non-diabetic). After 1 week of recovery, rats were 
fasted for 12 h prior to the experiments, with free access to 
water. Animals were then anesthetized in an induction with 
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isoflurane liquid for inhalation (Iso-Vet, Piramal Healthcare, 
UK) at a flow rate of 4–5 L/min together with 0.5–1 L/min 
of O2 and a midline laparotomy was performed to expose 
their jejunum for the following treatment administration. The 
HM-insulin-loaded mixed nanosystem (n = 8) at an HM-insulin 
dose of 100 IU/kg body weight and the same dose of blank 
nanosystem (n = 7) were intraduodenally administered in a 
maximum volume of 0.3 mL using a 25G needle. Rats were 
then allowed to completely recover and kept conscious, 
with free access to water, for the duration of the experiment. 
Additionally, 2 IU/kg body weight of an HM-insulin solution in 
saline were subcutaneously administered to a different control 
group (n = 6).

Statistical analysis

GraphPad Prism 7 program (California, USA) was used to 
perform the statistical analysis. When applicable, data were 
compared using either the one-way or two-way ANOVA 
(specified in the corresponding figure caption according to the 
number of possible responsible factors for significant changes) 
followed by a Fisher’s LSD test, considering p-values lower 
than 0.05 as statistically significant.

Results and discussion

The goal of this work was the rational design, development, 
and characterization of a nanoemulsion that fulfills the main 
requirements for an efficient oral peptide administration, 
namely, (i) possibility of producing a mono-dispersed 
population of carrier with nanometric size in a reproducible 
way, (ii) efficient HM-insulin loading, (iii) colloidal stability 
in simulated intestinal fluids and appropriate miscibility with 
them, (iv) mucodiffusive properties, (v) ability to interact with 
the intestinal cells without causing cytotoxic effects, and (vi) 
ability to lead an adequate pharmacological response once 
administered in vivo.

Miglyol®  812N, a medium chain caprylic/capric 
triglyceride with permeation enhancing properties was 
selected as the lipid core of the NE to entrap HM-insulin [43, 
44]. MPEG-2000-DSPE sodium salt and poloxamer 407 were 
selected as surfactants not only for their colloidal stabilizing 
properties but also for their capacity to prevent the attachment 
of degrading enzymes onto the nanosystem [24, 45–48]. On the 
other hand, the presence of PEG molecules on the surface of 
the nanostructure was expected to promote its mucodiffusion 
[24, 48–52]. Sodium taurocholate (STC) was selected as 
an additional surfactant due to its penetration enhancing 
properties [53, 54]. Apart from the previously mentioned 
properties of MPEG-2000-DSPE and sodium taurocholate 
(STC), they are both negatively charged (Online resource 4), a 
fact that was supposed to favor the retention of the HM-insulin 
in the lipid core through the formation of hydrophobic ionic 

pairs [55–60]. Finally, using the HM-insulin, we expected 
that its hydrophobic domains (GRAVY ≈ − 0.0333) would 
favor its entrapment within the nanoemulsion (hydrophobic 
modifications illustrated in Online resource 5).

Physicochemical, morphological, and drug loading 
properties of HM‑insulin‑loaded nanosystem

A schematic representation of the organization of the rationally 
selected components, leading to different nanostructures is 
illustrated in Fig. 1.

In the first step, an exploratory formulation study was 
performed in order to determine the amounts of the different 
components that were necessary to obtain a reproducible 
system with the desired properties. The physicochemical 
characterization of the selected composition led to the 
conclusion that it consisted of a mixture of NE and micelles 
(mixed nanosystem). We speculated that the presence of two 
saturated 18-carbon acyl chains in the MPEG-2000-DSPE 
molecules might have driven the self-assembling process 
and the formation of micelles through strong hydrophobic 
forces (low critical micelle concentration ≈ 1 × 10−6 M) 
[61]. Table 1 shows the data obtained for the mixed system 
and also for its two populations: nanoemulsion and micelles. 
The systems loaded with HM-insulin (in a free form or 
fluorescently labelled with FITC) and also co-encapsulated 
with the fluorescent marker DiD were characterized. The 
loading of these fluorescent markers was necessary for 
the subsequent in vitro characterization studies. Infrared 
spectroscopy of free FITC and HM-insulin and fluorescently 
labeled FITC-HM-insulin proved that FITC was covalently 
linked to HM-insulin (Online resource 6).

Overall, the results in Table  1 indicate that the 
introduction of fluorescent tags did not significantly 
influence the size, PDI and ζ-potential of the formulations. 
The low negative surface charge of the system, which is 
attributed to the negatively charged lipids and surfactants, 
partially masked by the presence of PEG, is expected to 
contribute to stabilize the formulation in the intestinal fluids 
[24, 48, 62], and to facilitate its mucodiffusion [24, 48, 49].

For the determination of the HM-insulin association 
efficiency, the two populations were separated and the 
percentage of HM-insulin entrapped in each population 
was calculated. The results showed that HM-insulin was 
partitioned between the micelles and the droplets of the 
emulsion, resulting in total encapsulation values close to 
100%. This corresponds to a final loading capacity (LC) of 
1.65 ± 0.3% (w/w), being around 45% of the HM-insulin 
associated to the NE (LC = 1.13 ± 0.4%) and 55% associated 
to micelles (LC = 2.11 ± 0.4%).

In order to rigorously characterize the HM-insulin-
loaded mixed nanosystem, the particle size of the separate 
species was also measured using multi-angle dynamic light 
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scattering (MA-DLS) and nanoparticle tracking analysis 
(NTA) (Fig.  1). Interestingly, MA-DLS measurements 
showed a single population around 150 nm in the case 
of the HM-insulin-loaded NE, while it showed two 

differentiated populations for the HM-insulin-loaded 
micelles. Additionally, the analysis performed to blank 
micelles (Online resource 7) led us to conclude that both 
populations corresponded to one portion of non-loaded 

Fig. 1   Schematic representa-
tion, TEM, AFM, MA-DLS, 
and NTA characterization of the 
separated species of the mixed 
nanosystem: HM-insulin-loaded 
NE (left) and HM-insulin-
loaded micelles (right)
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phospholipid micelles (the smallest population on the 
left) and another one of HM-insulin-loaded micelles (the 
biggest population on the right). These data supported 
the existence of an interaction between the peptide and 
the phospholipids strong enough to change the structural 
configuration of the micelles leading to the formation of 
a homogeneous population of HM-insulin-loaded micelles. 
Although the two species showed similar size, their different 
refractive index [63] was reflected in a distinct ability to 
scatter the light (represented along the intensity axe on the 
NTA 3D plot, Fig. 1). In addition, NTA analysis gave us the 
concentration of the two species in the mixed nanosystem, 
this being 2.81 × 1012 ± 1.84 × 1011 oily droplets/mL and 
6.64 × 1010 ± 4.45 × 109 micelles/mL (Fig. 1).

The size and shape of the separate species of the mixed 
nanosystem was further confirmed by TEM and AFM 
analysis. The images presented in Fig.  1 illustrate the 
different appearance of both species (NE and micelles).

Stability of the HM‑insulin‑loaded mixed 
nanosystem during storage

The results of the colloidal stability studies during storage 
indicated that the system was stable for, at least, 6 months 
at 4 °C, room temperature (RT ≈ 25 °C) and 40 °C (Online 
resource 8). Size, PDI, and ζ-potential were monitored and 
found to be constant during this period. Furthermore, the 
HM-insulin content in the system was maintained for at least 
3 months upon storage at 4 °C (no test was performed at other 
temperature).

Interaction of the HM‑insulin‑loaded mixed 
nanosystem with bio‑relevant media: miscibility, 
colloidal stability, and HM‑insulin release

In the first step, the miscibility of the HM-insulin-loaded 
mixed nanosystem with the intestinal medium was assessed 
visually (Online resource 9). Then, the colloidal stability 
of the system upon incubation in simulated gastric and 

intestinal fluids at 37  °C was monitored by DLS (size, 
PDI, and derived count rate). The fluids selected were as 
follows: FaSSGF (fasted state simulated gastric fluid), SIF 
(simulated intestinal fluid) with and without 1% pancreatin, 
FaSSIF-V2 (fasted state simulated intestinal fluid version 
2), and FeSSIF-V2 (fed state simulated intestinal fluid 
version 2) without enzymes (composition detailed in Online 
resource 2). The results showed that the system remained 
colloidally stable for, at least, 4 h in all the biologically 
relevant media tested, independently of their composition 
(Online resource 10). This stability profile should be 
attributed to the protective steric layer conferred by the 
combination of MPEG-2000-DSPE and poloxamer 407 onto 
the oil/water interface [24, 47, 48, 62, 64, 65].

The assessment of the HM-insulin release in SIF medium 
required the use of high ultracentrifugation forces (84,035g). 
The disassembling of the system caused by these forces 
together with the high ionic strength of the release medium, 
caused the precipitation of 80% of the HM-insulin. The 
drastic conditions used in this study did not allow us to have 
reliable data about the HM-insulin release in these simulated 
fluids. However, we could speculate that the in vivo release 
of the associated HM-insulin will be probably driven by the 
disruption of the nanostructures.

Assessment of the mucodiffusive behavior 
of the HM‑insulin formulated in the mixed 
nanosystem (NE + micelles) and its separate species 
(MTA)

Once the nanosystem reaches the intestine, its proper diffusion 
through the intestinal mucus blanket is a crucial step before 
reaching the epithelium. For this purpose, the mucodiffusion 
capacity of the HM-insulin-loaded mixed nanosystem 
was evaluated by multiple particle tracking analysis using 
intestinal porcine mucus as mucus model [66]. This technique 
allows the estimation of the effective diffusion coefficient (De) 
of each individual particle of the formulation by correlating 

Table 1   Physicochemical 
properties and association 
efficiency (AE %) of the 
mixed nanosystem and its 
separate species (nanoemulsion 
and micelles), loaded with 
HM-insulin and DiD or 5-FITC 
fluorescent dyes (mean ± SD, 
n ≥ 3)

System Loaded molecule(s) Size (nm) PDI Ζ-potential (mV) AE (%)

Mixed system 
(NE + micelles)

HM-insulin 219 ± 7 0.1  − 20 ± 1 n.d
DiD/HM-insulin 217 ± 7 0.1  − 17 ± 1 n.d
FITC-HM-insulin 214 ± 10 0.1  − 19 ± 1 n.d

NE HM-insulin 216 ± 3 0.1  − 19 ± 3 46 ± 11
DiD/HM-insulin 215 ± 12 0.1  − 15 ± 1 53 ± 1
FITC-HM-insulin 216 ± 13 0.1  − 22 ± 1 48 ± 5

Micelles HM-insulin 184 ± 4 0.1  − 16 ± 3 58 ± 9
DiD/HM-insulin 181 ± 32 0.2  − 17 ± 2 60 ± 2
FITC-HM-insulin 179 ± 18 0.1  − 15 ± 1 67 ± 1
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its mean square displacement 〈MSD⟩with the time, according 
to the following equation (Eq. 3):

where α gives information about the nature of the diffusion 
mode of the nanoparticle in mucus, τ is the time used for 
calculating their displacement in mucus, and De is the 
effective diffusion coefficient [24, 32–34].

Polystyrene nanoparticles and poloxamer 407-coated 
polystyrene nanoparticles were used as mucoadhesive and 
mucodiffusive controls. The diffusion capacities (Dm/Dw), 
calculated by dividing the mean effective diffusion coefficient 
of the particles in mucus (Dm) vs the same in water (Dw) at a 
1 s time scale (τ) are represented in Fig. 2, left. Overall, the 
results showed that both the mixed nanosystem and its separate 
species exhibited an acceptable diffusion in mucus. The Dm/Dw 
obtained were ≈ 4.2 × 10−2, 1.0 × 10−1, and 1.2 × 10−1 for the 
mixed nanosystem, the isolated NE, and the isolated micelles, 
respectively. The fact that HM-insulin-loaded mixed nanosystem 
displayed the lowest Dm/Dw ratio (≈ 4.2 × 10−2) could be 
attributed to a higher concentration of particles in suspension 
due to the coexistence of both species. In the same line, the mean 
α values were in the 0.47–0.58 range, which is an indicative 
of a close to free diffusion mode of these nanostructures in 
mucus. One of the main strengths of particle tracking relies on 
its potential for the analysis of the individual trajectories of a 
formulation. In this regard, in order to deeply characterize the 
diffusion mode of these nanostructures in mucus, the population 

(3)⟨MSD⟩ = 4D
e
�
�

distribution of the α values of each system was analyzed in detail 
(Fig. 2, right). For this purpose, four different α populations 
were set as follows: α ≥ 0.9 (diffusive particles), 0.4 ≤ α < 0.9 
(subdiffusive particles), 0.2 ≤ α < 0.4 (hindered subdiffusive 
particles), and 0.2 < α (immobile particles) [32, 34, 35]. The 
results showed that mucoadhesive control nanoparticles 
were immobile or displayed hindered diffusion, whereas the 
mucodiffusive control showed a subdiffusive/diffusive behavior. 
Similar diffusion was observed for both the mixed nanosystem 
and the individual NE or micelles, showing around 30–40% of 
immobile/hindered species while 60–70% of particles displayed 
diffusive or subdiffusive behavior. These results suggest that, 
despite the fact that the hydrophobic character of the NE and 
micelles could promote their retention into the mucus matrix 
[62, 67], the presence of PEG derivatives with a PEG-Mw 
below 10 kDa on the surface was enough to enhance their 
mucodiffusion capacity [24, 48, 51, 67].

In vitro cell culture studies of HM‑insulin formulated 
in the mixed nanosystem

Colloidal stability and HM‑insulin release in cell culture 
media

The colloidal stability of the HM-insulin-loaded mixed 
nanosystem upon incubation in cell culture media (HBSS, 
supplemented-DMEM and supplemented-EMEM) for up 
to 24 h was monitored by DLS (size, PDI, and derived 

Fig. 2   Diffusion capacity of the HM-insulin-loaded mixed nanosys-
tem and its separate species calculated as mean effective diffusion 
coefficient in porcine mucus/mean effective diffusion coefficient in 
water (Dm/Dw) (left) and percentage of particles showing different α 

values (gives information about the nature of the diffusion mode in 
the corresponding matrix) (right). Mean ± SD; number of batches 
analyzed n = 3; n ≥ 1000 nanoparticles
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count rate). Results showed that the system remained 
colloidally stable for, at least, 24 h in all cellular media 
tested, independently of their composition (Online 
resource 11). The potential release of HM-insulin in the 
cell culture medium (HBSS and supplemented-EMEM) 
was also quantified. The results showed negligible 
HM-insulin release after 4  h incubation with HBSS 
(n = 3), whereas 86 ± 1% of the HM-insulin was released 
from the mixed nanosystem (n = 3) after 20 h contact with 
supplemented-EMEM.

Cytotoxicity studies of both blank 
and HM‑insulin‑loaded nanosystem, in Caco‑2, 
C2BBe1, and HT29‑MTX cells (ATP, NRU, LDH, 
and MTT)

Although the Caco-2 cell line has been widely used as an 
in vitro model to study the interaction of the formulations 
with the enterocytes [36, 68, 69], nowadays it is considered 
that the presence of mucus-secreting goblet cells is 
relevant in order to mimic the barrier function of the 
intestinal epithelium [70]. Hence, the cytotoxicity of the 
nanosystem was first evaluated in Caco-2 cells and then 
in both the C2BBe1 human colon carcinoma Caco-2 clone 
(morphologically more homogeneous than Caco-2 cells, 
with the microvilliar brush border exclusively localized in 
the apical side) and mucus-secreting HT29-MTX (smaller 
microvilli, and softer tight junctions than Caco-2 cells) by 
MTT [30, 68, 71–73].

The cytotoxicity of the blank and HM-insulin-loaded 
mixed nanosystem was assessed in Caco-2 cells using 
three different techniques (ATP, NRU, and LDH). While 
non-important cytotoxic effects were found after a 2 h 
incubation time, for concentrations as high as 8 mg/mL, 
a noticeable dose-dependent LDH release was observed 
(Fig. 3, bar charts upper panel). A slightly higher cell 
viability was observed after treating the cells with the 
HM-insulin-loaded mixed nanosystem (ATP and NRU 
assays), which could be related to the cell proliferation 
properties of insulin [74–76]. Accordingly, higher LDH 
release was detected in cells exposed to concentrations 
of blank nanosystem > 1 mg/mL. These results are in 
the same line than those reported for similar lipid-based 
nanosystems [20, 30, 77].

After a 24 h incubation time, a dose-dependent cytotoxic 
profile, probably attributable to the penetration enhancing 
properties of the formulation components and their interaction 
with the enterocytes [43, 53, 78–80], was found in the three 
assays (Fig. 3, line charts upper panel). EC50 estimated values 
were similar from both the blank and the HM-insulin-loaded 
nanosystem, ranging approximately from 2.2 to 2.6 mg/mL. 
Overall, these values are an indication of the very low toxicity 
of the nanosystem.

Additionally, the cytotoxicity was assessed in C2BBe1 
human colon carcinoma Caco-2 clone and mucus secreting 
HT29-MTX after 3 and 24 h incubation. The results were 
in the same line than those obtained from the first screening 
performed in Caco-2 cells, confirming that non-cytotoxic 
effects were caused after 3 h incubation in both C2BBe1 
human colon carcinoma Caco-2 clone and HT29-MTX cells 
for both blank and HM-insulin-loaded mixed nanosystem 
(Fig. 3, bar charts lower panel), whereas a dose-dependent 
cytotoxic effect was observed after 24 h incubation with 
estimated EC50 ranged from 2.0 to 2.3 mg/mL of system 
concentration (Fig. 3, line charts lower panel).

Interaction of FITC‑HM‑insulin‑loaded mixed 
nanosystem with Caco‑2 and C2BBe1 cell mono‑cultures 
and with C2BBe1/HT29‑MTX co‑culture

The interaction of both free FITC-HM-insulin and FITC-HM-
insulin-loaded mixed nanosystem with Caco-2 and C2BBe1 
human colon carcinoma Caco-2 clone monocultures, as well 
as with C2BBe1 human colon carcinoma Caco-2 clone:HT29-
MTX (9:1) co-culture was quantitatively analyzed using FACS. 
Untreated cells were used as controls. Measurements were 
done after 3 h incubation for a FITC-HM-insulin concentration 
of 45 µg/mL, corresponding to 3 mg/mL of nanosystem (non-
cytotoxic dose, see “Cytotoxicity studies of both blank and 
HM-insulin-loaded nanosystem in Caco-2, C2BBe1, and 
HT29-MTX cells (ATP, NRU, LDH, and MTT)” section.). 
FACS showed significant differences (p ≤ 0.0001) between 
the non-treated cells and those treated with free FITC-HM-
insulin or FITC-HM-insulin-loaded mixed nanosystem, which 
were 100% fluorescence positive irrespective of the cell line 
(Fig. 4). These results indicate that both free HM-insulin and 
HM-insulin-loaded mixed nanosystem had the capacity to 
interact with the intestinal cells (≈ 100% of FITC-positive 
cells). The higher cellular interaction found for the free 
HM-insulin in comparison with the usually observed for the 
regular insulin, was attributable to an improved cell membrane 
interaction driven by the hydrophobic modifications of the 
peptide.

The interaction of the nanosystems with the monolayers 
was also analyzed using confocal laser scanning microscopy. 
For this purpose, since no differences were found in FACS 
for the different cell types, confocal images were taken 
in Caco-2 monolayers after 2 h incubation with both free 
FITC-HM-insulin and FITC-HM-insulin-loaded mixed 
nanosystem at the same concentration used for FACS. 
Images of untreated monolayers were taken as a control. 
Interestingly, as shown in Fig.  5, the confocal studies 
showed differences regarding the type of interactions 
displayed by the free FITC-HM-insulin and FITC-HM-
insulin-loaded mixed nanosystem, especially in the X–Z 
profile and in the mid-section of X–Y view. While almost 
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no FITC-HM-insulin was found in the X–Z profile of the 
monolayer, FITC-HM-insulin-loaded mixed nanosystem 
appeared also located inside the cells. This internalization of 
the system could be attributed to the permeation enhancing 
properties of some components of the formulation, such 
as oil and surfactants, and the special properties of the 
nanostructures by itself.

On the other hand, TEER analysis performed before and 
2 h after the experiment confirmed that neither free FITC-
HM-insulin nor FITC-HM-insulin-loaded mixed nanosystem 
caused a significant effect in the TEER values respect to the 
control (untreated cells) (Online resource 12). These results 
indicate that the tight junctions were not affected by either 

treatment, thus discarding the possibility of paracellular 
FITC-HM-insulin transport.

Bioactivity of HM‑insulin formulated in the mixed 
nanosystem

Since it is well known that peptides are labile 
macromolecules that may be inactivated as a consequence 
of the formulation process [81], the preservation of the 
HM-insulin bioactivity after its inclusion in the nanosystem 
was first studied in vitro in Hep G2 cells (enriched in insulin 
receptor expression). This assay involved the transfection 
of one promoter plasmid (pSynSRE‐T‐luc, promoter 
activation of an insulin early target gene) and one control 
plasmid (pRSV‐βgal, for transfection control). Different 
concentrations of the HM-insulin-loaded nanosystem were 
assayed using blank mixed nanosystem and HM-insulin 
solutions as negative and positive controls respectively. 
Additionally, different concentrations of the blank mixed 
nanosystem supplemented with HM-insulin were included 
in the study to discard any potential interference (either 

Fig. 3   Upper panel: Caco- 2 cell viability (%) (ATP and NRU) and 
plasma membrane damage (% LDH release) after 2  (bar charts) and 
24  h  (line charts) incubation with different concentrations of blank 
and HM-insulin-loaded mixed nanosystems. Lower panel: cell via-
bility (%) (MTT) of C2BBe1 human colon carcinoma Caco-2 clone 
(left) and HT29-MTX (right) cells after 3 (bar charts) and 24 h (line 
charts) incubation with different concentrations of blank and HM-
insulin-loaded mixed nanosystems. Mean ± SD, n ≥ 3

◂

Fig. 4   Upper panel: flow cytometry profile showing the interaction 
of free FITC-HM-insulin (blue) and FITC-HM-insulin-loaded mixed 
system (NE and micelles) (orange) with Caco-2 (left) and C2BBe1 
human colon carcinoma Caco-2 clone (middle) monocultures, as 
well as with C2BBe1 human colon carcinoma Caco-2 clone:HT29-
MTX (9:1) co-culture (right) compared to the non-treated control 
cells (red). Lower panel: percentage of FITC-positive cells calculated 

based on parent cells in Caco-2 (left) and C2BBe1 human colon car-
cinoma Caco-2 clone (middle) monocultures, as well as with C2BBe1 
human colon carcinoma Caco-2 clone:HT29-MTX (9:1) co-culture 
(right). Mean ± SD, n ≥ 3 (two-way ANOVA followed by a Fisher’s 
LSD test were applied for the statistical analysis; significance level 
comparing to the control ****p ≤ 0.001)
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inhibition or promotion of the insulin bioactivity) of the 
formulation components with the assay. The intensity ratio 
between luciferase (promoter mediated) and β‐galactosidase 
(control) expressions was calculated, and results were 
normalized respect to the negative control (blank mixed 
nanosystem) and represented as increment ∆Luc/β-gal in 
Fig. 6. Results indicated that the HM-insulin associated 
to the mixed nanosystem, and consequently released from 
it in the course of the experiment, exhibited the same 
activity than both free HM-insulin alone and blank mixed 
nanosystem later spiked with HM-insulin (no significant 
differences at any of the concentrations tested). Therefore, 
it can be concluded that the bioactivity of HM-insulin 
was preserved following its incorporation into the mixed 
nanosystem and its subsequent release.

In vivo hypoglycemic response of HM‑insulin 
formulated in the mixed nanosystem

The evaluation of the hypoglycemic response of HM-insulin-
loaded formulations has been performed in healthy 
[54, 82] and diabetic [21, 30, 54, 83] animal models. In 
normoglycemic rats, the exogenous insulin may decrease the 
secretion of the endogenous one by the β-cells and its effect 

might be hindered by the autoregulation phenomenon [18, 
84]. On the other hand, the commonly used streptozocine 
(STZ) model leads to different degrees of β-cell deficiency 
and, hence, very variable glycemic responses [21, 30].

Healthy rats

HM‑insulin dose–response and  bioactivity after  its inclusion 
in the nanosystem following subcutaneous (SC) administration 
to healthy rats  We first conducted a dose–response study (1 and 
2 IU/kg body weight) following subcutaneous administration 
(SC) of HM-insulin in the free form or associated to the 
nanosystem to fasted healthy rats. Figure 7 shows the glucose 
values normalized respect to the glucose baseline level 
(measured 30  min prior to the treatments administration), 
which was considered as 100%.

The results indicated that the overall hypoglycemic 
response measured by means of the area above the 
curve (AAC) was similar for the free and encapsulated 
HM-insulin; however, it was significantly influenced by 
the dose (Fig. 7, right). Beyond these similar global values, 
the profiles observed for the two HM-insulin doses were 
different (Fig. 7, left). In the case of the low dose (1 IU/kg), 
HM-insulin-loaded nanosystem led to a low and prolonged 
hypoglycemic response as compared to the profile observed 

Fig. 5   Confocal images in Caco-2 monolayers (top and mid-section 
views at × 25) representing the y-z, x-z, and x-y view of Caco-2 mon-
olayers after 2 h incubation with free FITC-HM-insulin (middle) and 
FITC-HM-insulin-loaded mixed nanosystem (NE + micelles) (right). 

Untreated monolayers were used as control (left). Cell membranes 
(rhodamine–phalloidin), cell nuclei (DAPI), and HM-insulin (FITC) 
are visualized in red, blue, and green, respectively
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for the high dose (2 IU/kg). The reason why this delayed 
response was not observed for the high HM-insulin dose 
remains to be elucidated. Irrespective of this, these results 
corroborated that HM-insulin preserves its bioactivity 
in vivo after being incorporated in the formulation.

Effect on  blood glucose levels following  intrajejunal 
(IJ) administration of  100  IU/kg of  HM‑insulin‑loaded 
mixed nanosystem to healthy rats  Firstly, we performed 
a preliminary in  vivo study aimed at exploring the 
influence of the site of administration, intraduodenal 
vs. intrajejunal on the hypoglycemic effect. As expected 
[30], the results indicated that there were no differences 
in the glucose levels following both modalities of 
administration (data not shown).

Based on these preliminary results  and the 
dose–response effect  previously observed,  the 
HM-insulin-loaded mixed nanosystem was intrajejunally 
administered (IJ) (100  IU/kg body weight) to healthy 
rats, using the blank mixed nanosystem (IJ) and a saline 
HM-insulin solution (SC) (2  IU/kg body weight) as 
negative and positive controls, respectively. Figure 8, left, 
shows the blood glucose levels monitored for up to 8 h 
post-administration and normalized respect to the glucose 

baseline level (measured 30 min prior to the treatments 
administration). A slight hypoglycemic effect, which 
was significant different (p ≤ 0.05) respect to the control 
(≈ 20%), was observed at 1 and 4 h post-administration. 
These results are comparable to those previously reported 
and performed under similar conditions [21, 30, 54, 
83], although higher hypoglycemic responses have also 
been reported for non-modified insulin under different 
experimental conditions (i.e., intraileal administration, 
long fasting period, anesthesia, glucose exogenously 
overload) [18, 84–87]. The conclusion from the analysis 
of these data and those previously reported is that the 
experimental conditions may significantly affect the 
intensity of the hypoglycemic response.

Diabetic rats

Effect on  blood glucose levels following  intraduodenal 
(ID) administration of  100  IU/kg of  HM‑insulin‑loaded 
mixed nanosystem to  diabetic rats  The efficacy of the 
formulation was also evaluated in a diabetic rat model [21, 
30, 54, 83]. This animal model was selected apart from its 
physiological relevance, to avoid the possible interferences 
of the autoregulation phenomenon, which may suppress 
the secretion of endogenous insulin by the β-cell in healthy 
animals [18, 84]. For this purpose, and based on the dose–
response curves previously obtained, the HM-insulin-loaded 
mixed nanosystem was intraduodenally administered (ID) 
(100  IU/kg body weight) to diabetic rats, using the blank 
mixed nanosystem (ID) and a saline HM-insulin solution 
(SC) (2  IU/kg body weight) as negative and positive 
controls, respectively. Blood glucose levels were monitored 
up to 8 h post-administration and values were normalized 
respect to the glucose baseline level (measured 30 min prior 
to the treatments administration) considered as 100%.

The results presented in Fig. 8, right, indicated that the 
intraduodenal administration of the HM-insulin-loaded 
mixed nanosystem triggered a significant hypoglycemic 
response (≈ 30%) compared to the control (intradudenally 
administered blank mixed nanosystem) at 1 (p ≤ 0.05), 2, 4, 
and 5 (p ≤ 0.01) h post-administration.

Overall, the results suggest that the mixed nanosystem 
was able to protect a portion of the HM-insulin 
intraduodenally administered from the degradation and 
allowed its intestinal absorption, triggering, subsequently, 
a significant hypoglycemic response (p ≤ 0.01). However, 
bearing in mind the rational design of this formulation, and 
its favorable properties displayed in vitro, we must admit 
that its performance was lower than expected, a result that 
brings the difficult in vitro–in vivo correlation to light.

In this regard, it is important to highlight that the 
majority of the literature dealing with oral insulin 

Fig. 6   HM-insulin activity in human liver cells using the insulin 
target-gene (HMG-CoA synthase) promoter assay. Normalized HM-
insulin bioactivity (∆Luc/β-gal) obtained after HEP   G2 incubation 
with increasing HM-insulin concentrations (from 10 to 400  µIU/
mL) in form of blank mixed nanosystem supplemented with HM-
insulin (blue), HM-insulin-loaded mixed nanosystem (purple), and 
HM-insulin solution (green). Blank mixed nanosystem was used as 
negative control (orange). Mean ± SD, n = 5 independent experiments 
with 6–8 replicates per condition in each (two-way ANOVA followed 
by a Fisher’s LSD test were applied for the statistical analysis; sig-
nificance levels comparing to the control *p ≤ 0.05; ***p ≤ 0.001, 
****p ≤ 0.001)
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delivery carriers does not report the results of the in vivo 
administration, where presumably conditions are slightly 
harsher than in vitro. This limited information raises the 
question about whether these previous reports consciously 
omit the in  vivo work or lack of such information. 
However, when the information is available, the 
differences in the followed in vivo experimental protocols 
make the comparison among the different works difficult. 
The majority of the studies were performed in diabetic 

rats, and the data reported do not generally provide a 
good understanding of the variable responses obtained. 
This might be related to the commonly used streptozocine 
model, which usually leads to different degrees of β-cell 
deficiency and, hence, very variable glycemic responses. 
These facts, led us to emphasize the importance of 
standardizing experimental protocols to obtain more 
predictive values in vitro–in vivo to facilitate the clinical 
translation of the research made in this field.

Fig. 7   Left: Normalized hypoglycemic effect (% of the initial blood 
glucose) following subcutaneous (SC) administration of a saline 
HM-insulin solution and HM-insulin-loaded mixed nanosystem 
(NE + micelles) at both 1 (n = 8) and 2 IU/kg body weight (n = 13) to 
healthy rats (mean ± SEM) (two-way ANOVA followed by a Fisher’s 
LSD test were applied for the statistical analysis; significance lev-

els comparing to the HM-insulin solution at the same concentration 
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.005). Right: Area above the curve at 
time = 8  h calculated by establishing 120% as upper limit (%  initial 
blood glucose × hour) (mean ± SEM) (one-way ANOVA followed by 
a Fisher’s LSD test were applied for the statistical analysis; signifi-
cance levels **p ≤ 0.01; ****p ≤ 0.0001)

Fig. 8   Normalized hypoglycemic effect (% of the initial blood glu-
cose) following either intrajejunal (IJ) or intraduodenal (ID) adminis-
tration of HM-insulin-loaded mixed nanosystem (n = 8) at 100 IU/kg, 
blank mixed nanosystem (n = 6) and subcutaneous (SC) administra-
tion of a HM-insulin solution (n = 6) at 2 IU/kg to healthy (left) and 

diabetic (right) rats (mean ± SEM) (two-way ANOVA followed by a 
Fisher’s LSD test were applied for the statistical analysis; significance 
levels for HM-insulin-loaded mixed nanosystem comparing to the 
blank nanosystem *p ≤ 0.05; **p ≤ 0.01)
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Conclusions

Herein, a new formulation consisting of a mixture of 
nanoemulsion and micelles was designed, developed, and 
fully characterized, by rationally selecting biomaterials 
with stabilizing, penetration and mucodiffusive properties. 
A hydrophobically modified insulin was used as model 
peptide to assess the ability of the nanosystem to 
successfully deliver peptides orally. The HM-loaded mixed 
nanosystem exhibited in  vitro appropriate properties, 
such as good stability, mucodiffusion, cell interaction, 
and uptake without cytotoxic effects, which reinforced 
the interest of its further in vivo evaluation. Following its 
intra-intestinal administration in both healthy and diabetic 
rats, a significant, but moderate hypoglycemic response 
more noticeable in the diabetic model, was observed 
in vivo. Overall, despite the promising properties displayed 
by the formulation here disclosed and the significant effect 
observed in vivo, the in vitro–in vivo correlation when 
referring to the rational design of oral peptide delivery 
formulations remains still a challenge.

Supplementary information  The online version contains supplemen-
tary material available at https​://doi.org/10.1007/s1334​6-021-00920​-x.

Acknowledgments  The authors thank the consortium team from Sanofi 
for providing the hydrophobically modified insulin used in this work 
as well as useful advice on the formulation of this new molecule. We 
appreciate Maria Suarez-Fariña for her technical expertise in the insulin 
bioactivity assays, as well as the collaboration of David González-
Touceda, Jose Ángel Hernández-Malagón, Javier Lugilde, and Diego 
Pan in the performance of the in vivo studies.

Author contributions  All authors contributed either to the study con-
ception, design, or the analysis performed during this work. The first 
draft of the manuscript was written by Irene Santalices, Dolores Tor-
res, and María José Alonso, and all authors commented on previous 
versions of the manuscript. All authors read and approved the final 
manuscript.

Funding  This work received funding from the European Union’s Sev-
enth Framework Programme (FP7/2007-2013) for research, technologi-
cal development, and demonstration under grant agreement no. 281035 
(TRANSINT New Oral Nanomedicines: Transporting Therapeutic 
Macromolecules across the Intestinal Barrier). It also received finan-
cial support from Xunta de Galicia (Competitive Reference Groups 
– ED431C 2017/09). The first author, Irene Santalices, received a pre-
doctoral grant from the FPU program (No. FPU13/02015) from the 
Ministry of Education, Culture and Sports, MECD, Spain.

Data Availability  The datasets generated during this work can be avail-
able on reasonable request.

Declarations 

Ethics approval  All animal experiments were reviewed and approved 
by the ethics committee at the University of Santiago de Com-
postela ID: 1500AE/12/FUN01/FIS02/CDG3 (Spanish Royal Decree 
1201/2005, of October 10th) and ID: 15010/17/17002 (Spanish Royal 

Decree 53/2013, of February 1st) and were executed in accordance with 
governing Spanish law and European Directives and Guidelines for the 
use of animals in animal studies; performed therefore in compliance 
with the Directive 2010/63/EU of the European Parliament and Council 
of 22nd September 2010 on the protection of animals used for scientific 
purposes and under the Spanish Royal Decree 53/2013 February 1st 
on the protection of animals used for experimental and other scientific 
purposes, including teaching.

Consent for publication  All authors agreed with the content, and all 
gave explicit consent to submit this work. They obtained consent from 
the responsible authorities at the institute/organization where the work 
has been carried out, before the work is submitted.

Conflict of interest  The authors declare that there are no competing 
interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

References

	 1.	 Usmani SS, Bedi G, Samuel JS, Singh S, Kalra S, Kumar P, Ahuja 
AA, Sharma M, Gautam A, Raghava GPS. THPdb: Database 
of FDA-approved peptide and protein therapeutics, PLoS One. 
2017;12 . https​://doi.org/10.1371/journ​al.pone.01817​48.

	 2.	 Lau JL, Dunn MK. Therapeutic peptides: Historical perspectives, 
current development trends, and future directions. Bioorganic 
Med Chem. 2018;26:2700–7. https​://doi.org/10.1016/j.
bmc.2017.06.052.

	 3.	 Anselmo AC, Gokarn Y, Mitragotri S. Non-invasive delivery 
strategies for biologics. Nat Rev Drug Discov. 2019;18:19–40. 
https​://doi.org/10.1038/nrd.2018.183.

	 4.	 Durán-Lobato M, Niu Z, Alonso MJ. Oral delivery of biologics 
for precision medicine. Adv Mater. 2019;1901935:1–27. https​://
doi.org/10.1002/adma.20190​1935.

	 5.	 Aguirre TAS, Teijeiro-Osorio D, Rosa M, Coulter IS, Alonso 
MJ, Brayden DJ. Current status of selected oral peptide 
technologies in advanced preclinical development and in 
clinical trials. Adv Drug Deliv Rev. 2016;106:223–41. https​://
doi.org/10.1016/j.addr.2016.02.004.

	 6.	 Drucker DJ. Advances in oral peptide therapeutics. Nat Rev 
Drug Discov. 2020;19:277–89. https​://doi.org/10.1038/s4157​3- 
019-0053-0.

	 7.	 Brayden DJ, Alonso MJ. Oral delivery of peptides: opportunities 
and issues for translation. Adv Drug Deliv Rev. 2016;106:193–
5. https​://doi.org/10.1016/j.addr.2016.10.005.

	 8.	 Binkley N, Bolognese M, Sidorowicz-Bialynicka A, Vally T, 
Trout R, Miller C, Buben CE, Gilligan JP, Krause DS. A phase 
3 trial of the efficacy and safety of oral recombinant calcitonin: 
The Oral Calcitonin in Postmenopausal Osteoporosis (ORACAL) 

542 Drug Delivery and Translational Research  (2021) 11:524–545

1 3

https://doi.org/10.1007/s13346-021-00920-x
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1371/journal.pone.0181748
https://doi.org/10.1016/j.bmc.2017.06.052
https://doi.org/10.1016/j.bmc.2017.06.052
https://doi.org/10.1038/nrd.2018.183
https://doi.org/10.1002/adma.201901935
https://doi.org/10.1002/adma.201901935
https://doi.org/10.1016/j.addr.2016.02.004
https://doi.org/10.1016/j.addr.2016.02.004
https://doi.org/10.1038/s41573-019-0053-0
https://doi.org/10.1038/s41573-019-0053-0
https://doi.org/10.1016/j.addr.2016.10.005


trial. J Bone Miner Res. 2012;27:1821–9. https​://doi.org/10.1002/
jbmr.1602.

	 9.	 Melmed S, Popovic V, Bidlingmaier M, Mercado M, Van Der 
Lely AJ, Biermasz N, Bolanowski M, Coculescu M, Schopohl 
J, Racz K, Glaser B, Goth M, Greenman Y, Trainer P, Mezosi E, 
Shimon I, Giustina A, Korbonits M, Bronstein MD, Kleinberg 
D, Teichman S, Gliko-Kabir I, Mamluk R, Haviv A, Strasburger 
C. Safety and efficacy of oral octreotide in acromegaly: results 
of a multicenter phase III trial. J Clin Endocrinol Metab. 
2015;100:1699–708. https​://doi.org/10.1210/jc.2014-4113.

	10.	 Bucheit JD, Pamulapati LG, Carter N, Malloy K, Dixon 
DL, Sisson EM. Oral semaglutide: a review of the first oral 
glucagon-like peptide 1 receptor agonist. Diabetes Technol 
Ther. 2020;22:10–8. https​://doi.org/10.1089/dia.2019.0185.

	11.	 RYBELSUS (semaglutide) tablets, for oral use. https​://www. 
acces​sdata​.fda.gov/drugs​atfda​_docs/label​/2019/21305​1s000​lbl.pdf.

	12.	 Arbit E. The physiological rationale for oral insulin 
administration. Diabetes Technol Ther. 2004;6:510–7. https​://doi.
org/10.1089/15209​15041​70592​9.

	13.	 Berger M. Oral insulin 1922–1992: the history of continuous 
ambition and failure, in: B. M, G. FA (Eds.), Front. Insul. 
Pharmacol., Germany: Thieme Publishing Group. 1993;144–148.

	14.	 Brayden DJ, Hill TA, Fairlie DP, Maher S, Mrsny RJ. Systemic 
delivery of peptides by the oral route: formulation and medicinal 
chemistry approaches. Adv Drug Deliv Rev. 2020;157:2–36. 
https​://doi.org/10.1016/j.addr.2020.05.007.

	15.	 Final Report Summary - TRANS-INT (New Oral Nanomedicines: 
Transporting Therapeutic Macromolecules across the Intestinal 
Barrier). https​://cordi​s.europ​a.eu/proje​ct/id/28103​5/repor​ting.

	16.	 Santalices I, Gonella A, Torres D, Alonso MJ. Advances on the 
formulation of proteins using nanotechnologies. J Drug Deliv 
Sci Technol. 2017;42:155–80. https​://doi.org/10.1016/j.jddst​. 
2017.06.018.

	17.	 Niu Z, Conejos-Sánchez I, Griffin BT, O’Driscoll CM, Alonso MJ. 
Lipid-based nanocarriers for oral peptide delivery. Adv Drug Deliv 
Rev. 2016;106:337–54. https​://doi.org/10.1016/j.addr.2016.04.001.

	18.	 Damge C, Michel C, Aprahamian M, Couvreur P. New approach 
for oral administration of insulin with polyalkylcyanoacrylate 
nanocapsules as drug carrier. Diabetes. 1988;37:246–51. https​://
doi.org/10.2337/diab.37.2.246.

	19.	 Garcia-Fuentes M, Prego C, Torres D, Alonso MJ. A comparative 
study of the potential of solid triglyceride nanostructures coated 
with chitosan or poly(ethylene glycol) as carriers for oral 
calcitonin delivery. Eur J Pharm Sci. 2005;25:133–43. https​://doi.
org/10.1016/j.ejps.2005.02.008.

	20.	 Prego C, Torres D, Fernandez-Megia E, Novoa-Carballal R, Quiñoá 
E, Alonso MJ. Chitosan-PEG nanocapsules as new carriers for oral 
peptide delivery: effect of chitosan pegylation degree. J Control 
Release. 2006;111:299–308. https​://doi.org/10.1016/j.jconr​el. 
2005.12.015.

	21.	 Niu Z, Tedesco E, Benetti F, Mabondzo A, Montagner IM, Marigo 
I, Gonzalez-Touceda D, Tovar S, Diéguez C, Santander-Ortega MJ, 
Alonso MJ. Rational design of polyarginine nanocapsules intended 
to help peptides overcoming intestinal barriers. J Control Release. 
2016;263:4–17. https​://doi.org/10.1016/j.jconr​el.2017.02.024.

	22.	 Gonzalez-Paredes A, Torres D, Alonso MJ. Polyarginine 
nanocapsules: a versatile nanocarrier with potential in transmucosal 
drug delivery. Int J Pharm. 2017;529:474–85. https​://doi.
org/10.1016/j.ijpha​rm.2017.07.001.

	23.	 Thwala LN, Delgado DP, Leone K, Marigo I, Benetti F, Chenlo M, 
Alvarez CV, Tovar S, Dieguez C, Csaba NS, Alonso MJ. Protamine 
nanocapsules as carriers for oral peptide delivery. J Control Release. 
2018;291:157–68. https​://doi.org/10.1016/j.jconr​el.2018.10.022.

	24.	 Santalices I, Torres D, Lozano MV, Arroyo-Jiménez MM, Alonso 
MJ, Santander-Ortega MJ. Influence of the surface properties of 
nanocapsules on their interaction with intestinal barriers. Eur J 

Pharm Biopharm. 2018;133:203–13. https​://doi.org/10.1016/j.
ejpb.2018.09.023.

	25.	 Calvo P, Remuñán-López C, Vila-Jato JL, Alonso MJ. Development 
of positively charged colloidal drug carriers: chitosan-coated 
polyester nanocapsules and submicron-emulsions. Colloid Polym 
Sci. 1997;275:46–53. https​://doi.org/10.1007/s0039​60050​050.

	26.	 Francisco V, Basilio N, Garcia-Rio L, Leis JR, Marques EF, 
Vázquez-Vázquez C. Novel catanionic vesicles from calixarene and 
single-chain surfactant. Chem Commun. 2010;46:6551. https​://doi.
org/10.1039/c0cc0​1806f​.

	27.	 Attia YA, Vázquez-Vázquez C, Blanco MC, Buceta D, López-
Quintela MA. Gold nanorod synthesis catalysed by Au clusters. 
Faraday Discuss. 2016;191:205–13. https​://doi.org/10.1039/ 
C6FD0​0015K​.

	28.	 Jantratid E, Janssen N, Reppas C, Dressman JB. Dissolution media 
simulating conditions in the proximal human gastrointestinal tract: 
an update. Pharm Res. 2008;25:1663–76. https​://doi.org/10.1007/
s1109​5-008-9569-4.

	29.	 Roger E, Lagarce F, Benoit JP. The gastrointestinal stability of 
lipid nanocapsules. Int J Pharm. 2009;379:260–5. https​://doi.
org/10.1016/j.ijpha​rm.2009.05.069.

	30.	 Thwala LN, Beloqui A, Csaba NS, González-Touceda D, Tovar 
S, Dieguez C, Alonso MJ, Préat V. The interaction of protamine 
nanocapsules with the intestinal epithelium: a mechanistic 
approach. J Control Release. 2016;243:109–20. https​://doi.
org/10.1016/j.jconr​el.2016.10.002.

	31.	 McConnell EL, Basit AW, Murdan S. Measurements of rat 
and mouse gastrointestinal pH, fluid and lymphoid tissue, and 
implications for in-vivo experiments. J Pharm Pharmacol. 
2008;60:63–70. https​://doi.org/10.1211/jpp.60.1.0008.

	32.	 Zagato E, Forier K, Martens T, Neyts K, Demeester J, De Smedt 
S, Remaut K, Braeckmans K. Single-particle tracking for studying 
nanomaterial dynamics: applications and fundamentals in drug 
delivery. Nanomedicine. 2014;9:913–27. https​://doi.org/10.2217/
nnm.14.43.

	33.	 Schuster BS, Ensign LM, Allan DB, Suk JS, Hanes J. Particle 
tracking in drug and gene delivery research: state-of-the-art 
applications and methods. Adv Drug Deliv Rev. 2015;91:70–91. 
https​://doi.org/10.1016/j.addr.2015.03.017.

	34.	 Suh J, Dawson M, Hanes J. Real-time multiple-particle tracking: 
applications to drug and gene delivery. Adv Drug Deliv Rev. 
2005;57:63–78. https​://doi.org/10.1016/j.addr.2004.06.001.

	35.	 Metzler R, Klafter J. The random walk’s guide to anomalous 
diffusion: a fractional dynamics approach. Phys Rep. 2000;339:1–
77. https​://doi.org/10.1016/S0370​-1573(00)00070​-3.

	36.	 Antunes F, Andrade F, Araújo F, Ferreira D, Sarmento B. 
Establishment of a triple co-culture in vitro cell models to study 
intestinal absorption of peptide drugs. Eur J Pharm Biopharm. 
2013;83:427–35. https​://doi.org/10.1016/j.ejpb.2012.10.003.

	37.	 des Rieux A, Fievez V, Théate I, Mast J, Préat V, Schneider YJ. An 
improved in vitro model of human intestinal follicle-associated 
epithelium to study nanoparticle transport by M cells. Eur J Pharm 
Sci. 2007;30:380–391. https​://doi.org/10.1016/j.ejps.2006.12.006.

	38.	 The human protein atlas. https​://www.prote​inatl​as.org/ 
ENSG0​00001​71105​-INSR/cell.

	39.	 Dooley KA, Millinder S, Osborne TF. Sterol regulation of 
3-hydroxy-3-methylglutaryl-coenzyme A synthase gene through 
a direct interaction between sterol regulatory element binding 
protein and the trimeric CCAAT-binding factor/nuclear factor 
Y. J Biol Chem. 1998;273:1349–56. https​://doi.org/10.1074/
jbc.273.3.1349.

	40.	 Smith JR, Osborne TF, Brown MS, Goldstein JL, Gil G. 
Multiple sterol regulatory elements in promoter for hamster 
3-hydroxy-3-methylglutaryl-coenzyme A synthase. J Biol Chem. 
1988;263:18480–7.

543Drug Delivery and Translational Research  (2021) 11:524–545

123456789)1 3

https://doi.org/10.1002/jbmr.1602
https://doi.org/10.1002/jbmr.1602
https://doi.org/10.1210/jc.2014-4113
https://doi.org/10.1089/dia.2019.0185
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/213051s000lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2019/213051s000lbl.pdf
https://doi.org/10.1089/1520915041705929
https://doi.org/10.1089/1520915041705929
https://doi.org/10.1016/j.addr.2020.05.007
https://cordis.europa.eu/project/id/281035/reporting
https://doi.org/10.1016/j.jddst.2017.06.018
https://doi.org/10.1016/j.jddst.2017.06.018
https://doi.org/10.1016/j.addr.2016.04.001
https://doi.org/10.2337/diab.37.2.246
https://doi.org/10.2337/diab.37.2.246
https://doi.org/10.1016/j.ejps.2005.02.008
https://doi.org/10.1016/j.ejps.2005.02.008
https://doi.org/10.1016/j.jconrel.2005.12.015
https://doi.org/10.1016/j.jconrel.2005.12.015
https://doi.org/10.1016/j.jconrel.2017.02.024
https://doi.org/10.1016/j.ijpharm.2017.07.001
https://doi.org/10.1016/j.ijpharm.2017.07.001
https://doi.org/10.1016/j.jconrel.2018.10.022
https://doi.org/10.1016/j.ejpb.2018.09.023
https://doi.org/10.1016/j.ejpb.2018.09.023
https://doi.org/10.1007/s003960050050
https://doi.org/10.1039/c0cc01806f
https://doi.org/10.1039/c0cc01806f
https://doi.org/10.1039/C6FD00015K
https://doi.org/10.1039/C6FD00015K
https://doi.org/10.1007/s11095-008-9569-4
https://doi.org/10.1007/s11095-008-9569-4
https://doi.org/10.1016/j.ijpharm.2009.05.069
https://doi.org/10.1016/j.ijpharm.2009.05.069
https://doi.org/10.1016/j.jconrel.2016.10.002
https://doi.org/10.1016/j.jconrel.2016.10.002
https://doi.org/10.1211/jpp.60.1.0008
https://doi.org/10.2217/nnm.14.43
https://doi.org/10.2217/nnm.14.43
https://doi.org/10.1016/j.addr.2015.03.017
https://doi.org/10.1016/j.addr.2004.06.001
https://doi.org/10.1016/S0370-1573(00)00070-3
https://doi.org/10.1016/j.ejpb.2012.10.003
https://doi.org/10.1016/j.ejps.2006.12.006
https://www.proteinatlas.org/ENSG00000171105-INSR/cell
https://www.proteinatlas.org/ENSG00000171105-INSR/cell
https://doi.org/10.1074/jbc.273.3.1349
https://doi.org/10.1074/jbc.273.3.1349


	41.	 Harris IR, Höppner H, Siefken W, Farrell AM, Wittern KP. 
Regulation of HMG-CoA synthase and HMG-CoA reductase 
by insulin and epidermal growth factor in HaCaT keratinocytes. 
J Invest Dermatol. 2000;114:83–7. https​://doi.org/10.1046/j. 
1523-1747.2000.00822​.x.

	42.	 Bravo SB, Garcia-Rendueles MER, Perez-Romero S, Cameselle 
Teijeiro J, Rodrigues JS, Barreiro F, Alvarez CV. Expression of 
exogenous proteins and short hairpin RNAs in human primary 
thyrocytes. Anal Biochem. 2010;400:219–228. https​://doi.
org/10.1016/j.ab.2010.01.034.

	43.	 Marten B, Pfeuffer M, Schrezenmeir J. Medium-chain 
triglycerides. Int Dairy J. 2006;16:1374–82. https​://doi.
org/10.1016/j.idair​yj.2006.06.015.

	44.	 Pouton CW, Porter CJH. Formulation of lipid-based delivery 
systems for oral administration: materials, methods and strategies. 
Adv Drug Deliv Rev. 2008;60:625–37. https​://doi.org/10.1016/j.
addr.2007.10.010.

	45.	 Tobío M, Gref R, Sanchez A, Langer R, Alonso MJ. Stealth PLA-
PEG nanoparticles as protein carriers for nasal administration. Pharm 
Res. 1998;15:270–5. https​://doi.org/10.1023/A:10119​22819​926.

	46.	 Tobı́o M, Sánchez A, Vila A, Soriano I, Evora C, Vila-Jato JL, 
Alonso MJ. The role of PEG on the stability in digestive fluids 
and in  vivo fate of PEG-PLA nanoparticles following oral 
administration. Colloids Surf B Biointerfaces. 2000;18:315–
323. https​://doi.org/10.1016/S0927​-7765(99)00157​-5.

	47.	 Wulff-Pérez M, de Vicente J, Martín-Rodríguez A, Gálvez-Ruiz 
MJ. Controlling lipolysis through steric surfactants: new insights 
on the controlled degradation of submicron emulsions after oral 
and intravenous administration. Int J Pharm. 2012;423:161–6. 
https​://doi.org/10.1016/j.ijpha​rm.2011.12.025.

	48.	 Samaridou E, Kalamidas N, Santalices I, Crecente-Campo J, Alonso 
MJ. Tuning the PEG surface density of the PEG-PGA enveloped 
Octaarginine-peptide Nanocomplexes. Drug Deliv Transl Res. 
2020;10:241–58. https​://doi.org/10.1007/s1334​6-019-00678​-3.

	49.	 Ensign LM, Cone R, Hanes J. Oral drug delivery with polymeric 
nanoparticles: the gastrointestinal mucus barriers. Adv Drug Deliv 
Rev. 2012;64:557–70. https​://doi.org/10.1016/j.addr.2011.12.009.

	50.	 Vila A, Gill H, McCallion O, Alonso MJ. Transport of PLA-PEG 
particles across the nasal mucosa: effect of particle size and PEG 
coating density. J Control Release. 2004;98:231–44. https​://doi.
org/10.1016/j.jconr​el.2004.04.026.

	51.	 Xu Q, Ensign LM, Boylan NJ, Schön A, Gong X, Yang JC, Lamb 
NW, Cai S, Yu T, Freire E, Hanes J. Impact of surface polyethylene 
glycol (PEG) density on biodegradable nanoparticle transport in 
mucus ex vivo and distribution in vivo. ACS Nano. 2015;9:9217–
27. https​://doi.org/10.1021/acsna​no.5b038​76.

	52.	 Chen D, Xia D, Li X, Zhu Q, Yu H, Zhu C, Gan Y. Comparative 
study of Pluronic® F127-modified liposomes and chitosan-
modified liposomes for mucus penetration and oral absorption 
of cyclosporine A in rats. Int J Pharm. 2013;449:1–9. https​://doi.
org/10.1016/j.ijpha​rm.2013.04.002.

	53.	 Niu M, Tan Y, Guan P, Hovgaard L, Lu Y, Qi J, Lian R, Li X, Wu W. 
Enhanced oral absorption of insulin-loaded liposomes containing bile 
salts: a mechanistic study. Int J Pharm. 2014;460:119–30. https​://doi.
org/10.1016/j.ijpha​rm.2013.11.028.

	54.	 Niu M, Lu Y, Hovgaard L, Guan P, Tan Y, Lian R, Qi J, Wu W. 
Hypoglycemic activity and oral bioavailability of insulin-loaded 
liposomes containing bile salts in rats: the effect of cholate type, 
particle size and administered dose. Eur J Pharm Biopharm. 
2012;81:265–72. https​://doi.org/10.1016/j.ejpb.2012.02.009.

	55.	 Chen C, Fan T, Jin Y, Zhou Z, Yang Y, Zhu X, Zhang Z, Zhang 
Q, Huang Y. Orally delivered salmon calcitonin-loaded solid 
lipid nanoparticles prepared by micelle–double emulsion method 
via the combined use of different solid lipids. Nanomedicine. 
2013;8:1085–100. https​://doi.org/10.2217/nnm.12.141.

	56.	 Liu J, Gong T, Wang C, Zhong Z, Zhang Z. Solid lipid nanoparticles 
loaded with insulin by sodium cholate-phosphatidylcholine-based 
mixed micelles: preparation and characterization. Int J Pharm. 
2007;340:153–62. https​://doi.org/10.1016/j.ijpha​rm.2007.03.009.

	57.	 Sun S, Liang N, Piao H, Yamamoto H, Kawashima Y, Cui F. 
Insulin-S.O (sodium oleate) complex-loaded PLGA nanoparticles: 
Formulation, characterization and in  vivo evaluation. J 
Microencapsul. 2010;27:471–478. https​://doi.org/10.3109/ 
02652​04090​35154​90.

	58.	 Hu S, Niu M, Hu F, Lu Y, Qi J, Yin Z, Wu W. Integrity and stability 
of oral liposomes containing bile salts studied in simulated and 
ex vivo gastrointestinal media. Int J Pharm. 2013;441:693–700. 
https​://doi.org/10.1016/j.ijpha​rm.2012.10.025.

	59.	 Phan TNQ, Shahzadi I, Bernkop-Schnürch A. Hydrophobic ion-
pairs and lipid-based nanocarrier systems: the perfect match for 
delivery of BCS class 3 drugs. J Control Release. 2019;304:146–
55. https​://doi.org/10.1016/j.jconr​el.2019.05.011.

	60.	 Ristroph KD, Prud’homme RK.  Hydrophobic ion pairing: 
Encapsulating small molecules, peptides, and proteins into 
nanocarriers, Nanoscale Adv. 2019;1:4207–4237. https​://doi.
org/10.1039/c9na0​0308h​.

	61.	 Kastantin M, Ananthanarayanan B, Karmali P, Ruoslahti E, Tirrell 
M. Effect of the lipid chain melting transition on the stability of 
DSPE- PEG(2000) micelles. Langmuir. 2009;25:7279–86. https​://
doi.org/10.1021/la900​310k.

	62.	 Plaza-Oliver M, Fernández Sainz de Baranda J, Rodríguez 
Robledo V, Castro-Vázquez L, Gonzalez-Fuentes J, Marcos 
P, Lozano MV, Santander-Ortega MJ, Arroyo-Jimenez 
MM.  Design of the interface of edible nanoemulsions to 
modulate the bioaccessibility of neuroprotective antioxidants. 
Int J Pharm. 2015;490:209–218. https​://doi.org/10.1016/j. 
ijpha​rm.2015.05.031.

	63.	 Van Der Pol E, Coumans FAW, Sturk A, Nieuwland R, Van 
Leeuwen TG. Refractive index determination of nanoparticles 
in suspension using nanoparticle tracking analysis. Nano Lett. 
2014;14:6195–201. https​://doi.org/10.1021/nl503​371p.

	64.	 Vukovic L, Khatib FA, Drake SP, Madriaga A, Brandenburg KS, 
Král P, Onyuksel H. Structure and dynamics of highly PEG-ylated 
sterically stabilized micelles in aqueous media Petr Kr. J Am Chem 
Soc. 2011;133:13481–8. https​://doi.org/10.1021/ja204​043b.

	65.	 Torcello-Gómez A, Maldonado-Valderrama J, de Vicente J, 
Cabrerizo-Vílchez MA, Gálvez-Ruiz MJ, Martín-Rodríguez 
A. Investigating the effect of surfactants on lipase interfacial 
behaviour in the presence of bile salts. Food Hydrocoll. 
2011;25:809–16. https​://doi.org/10.1016/j.foodh​yd.2010.09.007.

	66.	 Groo AC, Lagarce F. Mucus models to evaluate nanomedicines 
for diffusion. Drug Discov Today. 2014;19:1097–108. https​://doi.
org/10.1016/j.drudi​s.2014.01.011.

	67.	 Santander-Ortega MJ, Plaza-Oliver M, Rodríguez-Robledo V, 
Castro-Vázquez L, Villaseca-González N, González-Fuentes J, 
Cano EL, Marcos P, Lozano MV, Arroyo-Jiménez MM. PEGylated 
nanoemulsions for oral delivery: role of the inner core on the final 
fate of the formulation. Langmuir. 2017;33:4269–79. https​://doi.
org/10.1021/acs.langm​uir.7b003​51.

	68.	 Araújo F, Sarmento B. Towards the characterization of an 
in vitro triple co-culture intestine cell model for permeability 
studies. Int J Pharm. 2013;458:128–34. https​://doi.org/10.1016/j. 
ijpha​rm.2013.10.003.

	69.	 Araújo F, Pereira C, Costa J, Barrias C, Granja PL, Sarmento 
B. In vitro M-like cells genesis through a tissue-engineered triple-
culture intestinal model. J Biomed Mater Res B Appl Biomater. 
2016;104:782–788. https​://doi.org/10.1002/jbm.b.33508​.

	70.	 Yang D, Liu D, Qin M, Chen B, Song S, Dai W, Zhang H, Wang X, 
Wang Y, He B, Tang X, Zhang Q. Intestinal mucin induces more 
endocytosis but less transcytosis of nanoparticles across enterocytes 
by triggering nano-clustering and strengthening the retrograde 

544 Drug Delivery and Translational Research  (2021) 11:524–545

1 3

https://doi.org/10.1046/j.1523-1747.2000.00822.x
https://doi.org/10.1046/j.1523-1747.2000.00822.x
https://doi.org/10.1016/j.ab.2010.01.034
https://doi.org/10.1016/j.ab.2010.01.034
https://doi.org/10.1016/j.idairyj.2006.06.015
https://doi.org/10.1016/j.idairyj.2006.06.015
https://doi.org/10.1016/j.addr.2007.10.010
https://doi.org/10.1016/j.addr.2007.10.010
https://doi.org/10.1023/A:1011922819926
https://doi.org/10.1016/S0927-7765(99)00157-5
https://doi.org/10.1016/j.ijpharm.2011.12.025
https://doi.org/10.1007/s13346-019-00678-3
https://doi.org/10.1016/j.addr.2011.12.009
https://doi.org/10.1016/j.jconrel.2004.04.026
https://doi.org/10.1016/j.jconrel.2004.04.026
https://doi.org/10.1021/acsnano.5b03876
https://doi.org/10.1016/j.ijpharm.2013.04.002
https://doi.org/10.1016/j.ijpharm.2013.04.002
https://doi.org/10.1016/j.ijpharm.2013.11.028
https://doi.org/10.1016/j.ijpharm.2013.11.028
https://doi.org/10.1016/j.ejpb.2012.02.009
https://doi.org/10.2217/nnm.12.141
https://doi.org/10.1016/j.ijpharm.2007.03.009
https://doi.org/10.3109/02652040903515490
https://doi.org/10.3109/02652040903515490
https://doi.org/10.1016/j.ijpharm.2012.10.025
https://doi.org/10.1016/j.jconrel.2019.05.011
https://doi.org/10.1039/c9na00308h
https://doi.org/10.1039/c9na00308h
https://doi.org/10.1021/la900310k
https://doi.org/10.1021/la900310k
https://doi.org/10.1016/j.ijpharm.2015.05.031
https://doi.org/10.1016/j.ijpharm.2015.05.031
https://doi.org/10.1021/nl503371p
https://doi.org/10.1021/ja204043b
https://doi.org/10.1016/j.foodhyd.2010.09.007
https://doi.org/10.1016/j.drudis.2014.01.011
https://doi.org/10.1016/j.drudis.2014.01.011
https://doi.org/10.1021/acs.langmuir.7b00351
https://doi.org/10.1021/acs.langmuir.7b00351
https://doi.org/10.1016/j.ijpharm.2013.10.003
https://doi.org/10.1016/j.ijpharm.2013.10.003
https://doi.org/10.1002/jbm.b.33508


pathway. ACS Appl Mater Interfaces. 2018;acsami.7b19153. https​://
doi.org/10.1021/acsam​i.7b191​53.

	71.	 Lesuffleur T, Barbat A, Dussaulx E, Zweibaum A. Growth 
adaptation to methotrexate of HT-29 human colon carcinoma cells is 
associated with their ability to differentiate into columnar absorptive 
and mucus-secreting cells. Cancer Res. 1990;50:6334–43.

	72.	 Behrens I, Stenberg P, Artursson P, Kissel T. Transport of lipophilic 
drug molecules in a new mucus secreting cell culture model based 
on Ht-29 MTX cells. Pharm Res. 2001;18:1138–45.

	73.	 Hilgendorf C, Spahn-langguth H, Regårdh CG, Lipka E. Caco-2 
versus Caco-2/HT29-MTX co-cultured cell lines: permeabilities via 
diffusion, inside- and outside-directed carrier-mediated transport. J 
Pharm Sci. 2000;89:63–75.

	74.	 Goodlad RA, Lee CY, Gilbey SG, Ghatei MA, Bloom SR. 
Insulin and intestinal epithelial cell proliferation. Exp Physiol. 
1993;78:697–705.

	75.	 Wheeler EE, Challacombe DN. The trophic action of growth 
hormone, insulin- like growth factor-I, and insulin on human 
duodenal mucosa cultured in vitro. Transplantation. 1997;40:57–60. 
https​://doi.org/10.1136/gut.40.1.57.

	76.	 Hartl WH, Alpers DH. The trophic effects of substrate, insulin, 
and the route of administration on protein synthesis and the 
preservation of small bowel mucosal mass in large mammals. Clin 
Nutr. 2011;30:20–7. https​://doi.org/10.1016/j.clnu.2010.03.002.

	77.	 Prego C, García M, Torres D, Alonso MJ. Transmucosal 
macromolecular drug delivery. J Control Release. 2005;101:151–
62. https​://doi.org/10.1016/j.jconr​el.2004.07.030.

	78.	 Traul KA, Driedger A, Ingle DL, Nakhasi D. Review of the toxicologic 
properties of medium-chain triglycerides. Food Chem Toxicol. 
2000;38:79–98. https​://doi.org/10.1016/S0278​-6915(99)00106​-4.

	79.	 Holm R, Mul̈lertz A, Mu H. Bile salts and their importance 
for drug absorption. Int J Pharm. 2013;453:44–55. https​://doi.
org/10.1016/j.ijpha​rm.2013.04.003.

	80.	 Brayden DJ, Gleeson J, Walsh EG. A head-to-head multi-parametric 
high content analysis of a series of medium chain fatty acid intestinal 
permeation enhancers in Caco-2 cells. Eur J Pharm Biopharm. 
2014;88:830–9. https​://doi.org/10.1016/j.ejpb.2014.10.008.

	81.	 Manning MC, Evans GJ, Payne RW. Protein stability during 
bioprocessing, in: F. Jameel, S. Hershenson (Eds.), Formul. 
Process Dev. Strateg. Manuf. Biopharm., John Wiley & Sons, 
Inc., 2010:605–624. https​://doi.org/10.1002/97804​70595​886.

	82.	 Reix N, Parat A, Seyfritz E, Van Der Werf R, Epure V, Ebel N, 
Danicher L, Marchioni E, Jeandidier N, Pinget M, Frère Y, Sigrist 
S. In vitro uptake evaluation in Caco-2 cells and in vivo results in 
diabetic rats of insulin-loaded PLGA nanoparticles. Int J Pharm. 
2012;437:213–20. https​://doi.org/10.1016/j.ijpha​rm.2012.08.024.

	83.	 Niu Z, Samaridou E, Jaumain E, Coëne J, Ullio G, Shrestha 
N, Garcia J, Durán-Lobato M, Tovar S, Santander-Ortega MJ, 
Lozano MV, Arroyo-Jimenez MM, Ramos-Membrive R, Peñuelas 
I, Mabondzo A, Préat V, Teixidó M, Giralt E, Alonso MJ. PEG-
PGA enveloped octaarginine-peptide nanocomplexes: an oral 
peptide delivery strategy. J Control Release. 2018;276:125–39. 
https​://doi.org/10.1016/j.jconr​el.2018.03.004.

	84.	 Damge C, Michel C, Aprahamian M, Couvreur P, Devissaguet JP. 
Nanocapsules as carriers for oral peptide delivery. J Control Release. 
1990;13:233–9. https​://doi.org/10.1016/0168-3659(90)90013​-J.

	85.	 Yin L, Ding J, He C, Cui L, Tang C, Yin C. Drug permeability 
and mucoadhesion properties of thiolated trimethyl chitosan 
nanoparticles in oral insulin delivery. Biomaterials. 2009;30:5691–
700. https​://doi.org/10.1016/j.bioma​teria​ls.2009.06.055.

	86.	 Michel C, Aprahamian M, Defontaine L, Couvreur P, Damgé C. 
The effect of site of administration in the gastrointestinal tract on the 
absorption of insulin from nanocapsules in diabetic rats. J Pharm 
Pharmacol. 1991;43:1–5. https​://doi.org/10.1111/j.2042-7158.1991.
tb054​37.x.

	87.	 Morishita M, Goto T, Nakamura K, Lowman AM, Takayama 
K, Peppas NA. Novel oral insulin delivery systems based on 
complexation polymer hydrogels: single and multiple administration 
studies in type 1 and 2 diabetic rats. J Control Release. 
2006;110:587–94. https​://doi.org/10.1016/j.jconr​el.2005.10.029.

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

545Drug Delivery and Translational Research  (2021) 11:524–545

123456789)1 3

https://doi.org/10.1021/acsami.7b19153
https://doi.org/10.1021/acsami.7b19153
https://doi.org/10.1136/gut.40.1.57
https://doi.org/10.1016/j.clnu.2010.03.002
https://doi.org/10.1016/j.jconrel.2004.07.030
https://doi.org/10.1016/S0278-6915(99)00106-4
https://doi.org/10.1016/j.ijpharm.2013.04.003
https://doi.org/10.1016/j.ijpharm.2013.04.003
https://doi.org/10.1016/j.ejpb.2014.10.008
https://doi.org/10.1002/9780470595886
https://doi.org/10.1016/j.ijpharm.2012.08.024
https://doi.org/10.1016/j.jconrel.2018.03.004
https://doi.org/10.1016/0168-3659(90)90013-J
https://doi.org/10.1016/j.biomaterials.2009.06.055
https://doi.org/10.1111/j.2042-7158.1991.tb05437.x
https://doi.org/10.1111/j.2042-7158.1991.tb05437.x
https://doi.org/10.1016/j.jconrel.2005.10.029

	A nanoemulsionmicelles mixed nanosystem for the oral administration of hydrophobically modified insulin
	Abstract
	Introduction
	Materials and methods
	Materials
	Preparation of HM-insulin-loaded mixed nanosystem
	Physicochemical, morphological, and drug loading properties of HM-insulin-loaded mixed nanosystem
	Stability of HM-insulin formulated in the mixed nanosystem during storage
	Interaction of HM-insulin formulated in the mixed nanosystem with bio-relevant media: miscibility, colloidal stability, and HM-insulin release
	Assessment of the mucodiffusive behavior of the HM-insulin formulated in the mixed nanosystem and in its separate species
	In vitro cell culture studies of HM-insulin formulated in the mixed nanosystem
	Colloidal stability and HM-insulin release in cell culture media
	Cell Cultures
	Cytotoxicity studies of both blank and HM-insulin-loaded nanosystem, in Caco-2, C2BBe1, and HT29-MTX cells (ATP, NRU, LDH, and MTT)
	Interaction of FITC-HM-insulin-loaded mixed nanosystem with Caco-2 and C2BBe1 cell mono-cultures and with C2BBe1HT29-MTX co-culture
	Bioactivity of HM-insulin formulated in the mixed nanosystem

	In vivo hypoglycemic response of HM-insulin formulated in the mixed nanosystem
	HM-insulin dose–response and bioactivity after its inclusion in the mixed nanosystem following subcutaneous (SC) administration to healthy rats
	Effect on blood glucose levels following intrajejunal (IJ) administration of 100 IUkg of HM-insulin-loaded mixed nanosystem to healthy rats
	Effect on blood glucose levels following intraduodenal (ID) administration of 100 IUkg of HM-insulin-loaded mixed nanosystem to diabetic rats

	Statistical analysis

	Results and discussion
	Physicochemical, morphological, and drug loading properties of HM-insulin-loaded nanosystem
	Stability of the HM-insulin-loaded mixed nanosystem during storage
	Interaction of the HM-insulin-loaded mixed nanosystem with bio-relevant media: miscibility, colloidal stability, and HM-insulin release
	Assessment of the mucodiffusive behavior of the HM-insulin formulated in the mixed nanosystem (NE + micelles) and its separate species (MTA)
	In vitro cell culture studies of HM-insulin formulated in the mixed nanosystem
	Colloidal stability and HM-insulin release in cell culture media

	Cytotoxicity studies of both blank and HM-insulin-loaded nanosystem, in Caco-2, C2BBe1, and HT29-MTX cells (ATP, NRU, LDH, and MTT)
	Interaction of FITC-HM-insulin-loaded mixed nanosystem with Caco-2 and C2BBe1 cell mono-cultures and with C2BBe1HT29-MTX co-culture
	Bioactivity of HM-insulin formulated in the mixed nanosystem

	In vivo hypoglycemic response of HM-insulin formulated in the mixed nanosystem
	Healthy rats
	HM-insulin dose–response and bioactivity after its inclusion in the nanosystem following subcutaneous (SC) administration to healthy rats 
	Effect on blood glucose levels following intrajejunal (IJ) administration of 100 IUkg of HM-insulin-loaded mixed nanosystem to healthy rats 

	Diabetic rats
	Effect on blood glucose levels following intraduodenal (ID) administration of 100 IUkg of HM-insulin-loaded mixed nanosystem to diabetic rats 



	Conclusions
	Acknowledgments 
	References




