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KEY WORDS Abstract The aim was to evaluate the potential of mucus-permeating nanoparticles for the oral admin-
istration of insulin. These nanocarriers, based on the coating of zein nanoparticles with a polymer con-
jugate containing PEG, displayed a size of 260 nm with a negative surface charge and an insulin payload
of 77 pg/mg. In intestinal pig mucus, the diffusivity of these nanoparticles (PPA-NPs) was found to be 20-
fold higher than bare nanoparticles (NPs). These results were in line with the biodistribution study in rats,
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Insulin; in which NPs remained trapped in the mucus, whereas PPA-NPs were able to cross this layer and reach
Caenorhabditis elegans; the epithelium surface. The therapeutic efficacy was evaluated in Caenorhabditis elegans grown under
ROS; high glucose conditions. In this model, worms treated with insulin-loaded in PPA-NPs displayed a longer
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IR, Fourier transform infrared spectroscopy; FUdR, 5-fluoro-2'-deoxyuridine; GIT, gastrointestinal tract; H,DCF-DA, 2,7'-dichlorodihydro fluorescein
diacetate; '"H NMR, 'H nuclear magnetic resonance; HPLC, high-performance liquid chromatography; I, insulin; IIS, insulin/IGF-1 signaling; MSD, mean
square displacement; NGM, nematode growth medium; NPs, nanoparticles; ORL, orlistat; PBST, phosphate-buffered saline with triton; PDI, polydispersity
index; PEG, poly(ethylene glycol); PPA, PEG-poly(anhydride) conjugate; PPA-NPs, PEG-poly(anhydride)-coated zein nanoparticles; ROS, reactive oxygen
species; SEM, scanning electron microscopy; SOD, superoxide dismutase; THF, tetrahydrofuran.
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[ lifespan than those treated with insulin free or nanoencapsulated in NPs. This finding was associated with
st ’ a significant reduction in the formation of reactive oxygen species (ROS) as well as an important decrease
Epithelium in the glucose and fat content in worms. These effects would be related with the mucus-permeating ability

of PPA-NPs that would facilitate the passage through the intestinal peritrophic-like dense layer of worms
(similar to mucus) and, thus, the absorption of insulin.

© 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Protein and peptide-based drugs are the current therapy for many
diseases and the axis of the future in pharmaceutical research. On
the other hand, although the oral route is the most common
method of drug administration and the most accepted by patients,
the adequate formulation of drugs based on proteins and peptides
remains a great challenge. In general, pre-systemic degradation,
low diffusion rate across the mucus barrier and poor intestinal
permeability are the main limitations associated with the oral
delivery of these biotherapeutics'. In recent years, various stra-
tegies have been proposed and evaluated to overcome these
drawbacks and, thus, improve the oral bioavailability of these
drugs. Among others, these strategies were based on the use of
specific excipients (e.g., absorption enhancers)'”’, enzyme in-
hibitors*, liposomes™® and polymer nanoparticles’"®.

In this sense, increasing effort has been performed in the
application of nanoparticles as delivery agents for oral admin-
istration of proteins; particularly for (or using as a model) in-
sulin. In fact, the oral delivery of insulin may significantly
improve the quality of life of patients routinely treated by the
subcutaneous route. Apart from the high adherence to oral
treatment by the patient, oral insulin would minimize peripheral
hyperinsulinemia and other adverse effects (i.e., possible hypo-
glycemia and weight gain) associated with the conventional
subcutaneous treatments’. Thus, the encapsulation of insulin in
nanoparticles based on non-toxic and biodegradable polymers
has provided a promising approach by providing adequate pro-
tection against its physico-chemical and enzymatic degradation
in the gastrointestinal tract (GIT)'°. However, in some cases,
these nanoparticles have shown a limited efficacy due to their
interaction with mucins and other components of the protective
mucus layer that lines the epithelium. This mucoadhesive phe-
nomenon of polymeric nanoparticles may be of interest for
increasing their residence time in the intestine and facilitate the
controlled release and absorption of other small drugs (particu-
larly with a lipophilic character)''. However, in the specific case
of protein or peptides, the trapping of nanoparticles in the mucus
layer would facilitate the inactivation and degradation of the
therapeutic compound by the digestive enzymes faraway of the
absorptive membrane.

One strategy to minimize this problem and increase the
probability of nanoparticles to reach the epithelium would be the
modification of their surface with hydrophilic compounds. This
modification would produce an effective shield capable of
avoiding the mucoadhesive interactions. To do this, different
compounds and excipients have been proposed, including poly
(ethylene glycol) or PEG'*'® or thiamine'*.

On the other hand, the use of simple organisms to evaluate the
fate'” and efficacy'® of nanoparticles is gaining attention as pre-
liminary in vivo proof-of-concept assays prior to experimentation
with mammals. In this line, Caenorhabditis elegans, an invertebrate
animal model, provides some very versatile tools that allow
modeling complex human diseases (e.g., diabetes and Parkinson’s
disease), which cannot be easily reproduced in vitro in cellular
models'”. C. elegans has a short life-cycle and lifespan, transparent
body, ease of culture, and well-established genetic pathways. Indeed,
the insulin signaling pathway is highly conserved in C. elegans and
mammals, being the primary pathway that regulates glucose and,
particularly, fat metabolism'®. Recently, C. elegans has been used as
an alternative animal model for initial screening and evaluation of the
oral drug delivery via nanocarriers, due to its resemblances to the
mammalian intestinal barrier'”. In particular, the intestinal micro-
environment of the worm is integrated by a variety of digestive en-
zymes and pH ranges from pH 6, in the anterior pharynx, to pH 3.61in
the posterior intestine’”. Besides, the intestinal lumen remains
separate from the microvilli by a peritrophic-like membrane, gly-
cocalyx, which protects the intestinal cells against mechanical
injury, pathogens, and foreign materials®'. Finally, the mechanisms
of transport of biomolecules across the gastrointestinal barrier are
also highly conserved, including the presence of tight junctions and
efflux pumps such as P-glycoproteins".

The aim of this work was to explore the potential of mucus-
permeating nanoparticles, based on the coating of zein nano-
particles (NPs) with a polymer conjugate containing PEG, as
carriers for the oral delivery of insulin. Zein, the main storage
protein in corn, has a GRAS status and can be easily transformed
into nanoparticles with a significant ability to load bio-
macromolecules without compromising their integrity and activ-
ity’>. However, zein NPs have important mucoadhesive
properties”>* that limit their capability to reach the absorptive
epithelium in which release the cargo. In order to solve this
drawback and, thus, facilitate their passage through the protective
mucus layer lining the epithelium, the zein nanoparticles were
coated with a polymer conjugate obtained by the covalent binding
of PEG 2000 to the anhydride groups of Gantrez®AN. The
resulting nanocarriers were characterized and their biodistribution
and efficacy evaluated in rats and C. elegans, respectively.

2. Materials and methods

2.1.  Materials

Zein, human insulin, lysine, Nile red, orlistat, glucose, mannitol,
isopropanol, sodium azide, tripton X-100, agarose, 5-fluoro-2'-
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deoxyuridine (FUdR, 98%), N-(3-di-methylaminopropyl)-N'-eth-
ylcarbodiimide (EDC), tetrahydrofuran (THF), deuterated dime-
thylsulphoxide (DMSO, 99.99% in deuterium), Rose Bengal salt
and 2,7'-dichlorodihydro fluorescein diacetate (H,DCF-DA) were
purchased from Sigma—Aldrich (St. Louis, MO, USA). Gantrez®
AN 119 or poly (anhydride) (MW of 97.7 kDa) was a gift from
Ashland Inc (Covington, KY, USA). Poly (ethylene glycol) 2000
(PEG) was provided by Fluka (Buchs, Switzerland). Lumogen®F
Red was provided by BASF (Ludwigshafen, Germany). BCA
Protein Assay Kit and Gibco®PBS phosphate-buffered saline
were provided by Thermo Fisher Scientific (Waltham, MA, USA).
4’,6-Diamidino-2-phenylindole (DAPI) was obtained from Bio-
tium Inc (Fremont, CA) and O.C.T.™ Compound Tissue-Tek®
was purchased from Sakura Finetek Europe BV (Alphen aan der
Rijn, The Netherlands).

2.2.  Synthesis and characterization of PEG-poly(anhydride)
conjugate (PPA)

The PEG-poly (anhydride) conjugate was formed by the covalent
bonding of PEG 2000 to the anhydride groups of Gantrez®AN,
following a procedure previously described””, with some modifi-
cations. Briefly, 100 mg poly (anhydride) and 25 mg EDC were
dissolved in 6 mL of a mixture of acetone and THF (6:5, v/v)
under moderate stirring and nitrogen atmosphere for 7 h in an ice
bath. Then, 20 mg PEG 2000 (dispersed in 1 mL acetone) were
added to the reaction mixture at 50 °C and stirred for 24 h in the
dark. To remove the excess of reactants, the mixture was dialyzed
in water for 12 h by a 3500 molecular weight cutoff (MWCO)
dialysis membrane. Finally, the polymer resulting was frozen at
—80 °C and freeze-dried in a Genesis 12 EL apparatus (SP VirTis,
Warminster, PA, USA).

For the characterization, PPA was analyzed by infrared spec-
troscopy and 'H NMR. The infrared spectra were recorded over
the range of 600—4000 cm ™! (32 scans, 2 cm™! resolution) on a
Nicolet-FTIR Avatar 360 spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA), using an MKII Golden Gate ATR device
with OMNIC E.S.P. software. '"H NMR spectrum was recorded on
a Bruker Advance DMX600 spectrophotometer (Bruker Optics
Inc., Billerica, MA, USA) at a proton resonance frequency of
400 MHz. Samples were prepared in deuterated DMSO and the
spectra were obtained at n, = 256. The amount of PEG linked to
the poly (anhydride) was estimated as described previously=°.

Elemental microanalyses of the synthesized conjugate were
assessment in a LECO CHN-900 apparatus (Isomass Scientific
Inc., Calgary, Canada). For this analysis, the samples (1 mg) were
evaluated by triplicate, and the results were expressed as a per-
centage (%, wiw).

2.3.  Preparation of insulin-loaded nanoparticles

Insulin was encapsulated in zein nanoparticles following a des-
olvation procedure®’. The resulting nanoparticles were coated by
incubation with the PPA conjugate and, after purification, dried in a
Spray-drier apparatus. In brief, 1 mL of insulin solution (20 mg/mL)
was added to 19 mL hydroalcoholic solution, containing 200 mg zein
and 30 mg lysine, and stirred for 15 min. Then, 20 mL purified water
was added and, after the formation of nanoparticles, 0.5 mL of a PPA
conjugate solution in water (2%, w/v) was incorporated and incu-
bated by stirring for 30 min. This mixture was concentrated and
purified by ultrafiltration and, after the addition of mannitol as pro-
tectant, dried in a Biichi Mini Spray Drier B-290 (Biichi

Labortechnik AG). The insulin-loaded into PPA-coated nano-
particles were named [-PPA-NPs.

Bare nanoparticles (I-NPs) were prepared in the same way but
the absence of PPA. In a parallel, blank nanoparticles (used as
controls) were also prepared but in the absence of insulin (PPA-
NPs and NPs respectively).

2.4.  Preparation of fluorescently labelled nanoparticles

Nanoparticles were fluorescently labelled by the encapsulation of
Lumogen®F Red 305. For this purpose, 5 mg Lumogen®F Red
were dissolved in the hydroalcoholic solution of zein and lysine.
Nanoparticles were obtained and dried as described previously in
Section 2.3. The stability of the marker in the nanoparticles was
assessed as described previously™.

2.5.  Physico-chemical characterization of nanoparticles

2.5.1.  Size, polydispersity index, zeta potential and yield

The diameter and polydispersity index (PDI) of spray-dried
nanoparticles were measured by photon correlation spectroscopy
(PCS) after dispersion in water (1/10). Zeta-potential of nano-
particles dispersed in KCl (0.1 mmol/L, pH 7.4) was determined
by electrophoretic laser Doppler anemometry. All parameters
were carried out in a Zetasizer analyser system (Brookhaven In-
struments Corp., Holtsville, NY, USA).

The shape and surface morphological of the nanoparticles were
examined by SEM. Briefly, nanoparticles were dispersed in water
and centrifuged for 20 min at 28,000xg. The pellet was re-
dispersed in water and mounted on SEM solid grid, dried and
sputtered with a thin layer of gold using a Quorum Technologies
QI50R S sputter-coated (Ontario, Canada) and analyzed using an
ULTRA plus ZEISS field emission scanning electron microscope
(FEG-SEM Zeiss Sigma 500, Jena, Germany). SEM images were
obtained in secondary and backscattered electrons image mode.

The amount of protein transformed into nanoparticles was
quantified by capillary electrophoresis-experion system (Bio-Rad
Laboratories, Hercules, CA). For this, 5 mg of each formulation
were dispersed in water and centrifuged for 20 min at 15,000x g.
The pellets were dissolved in ethanol 75% and analyzed under
reducing and non-reducing conditions according to the manufac-
turer’s instructions (Experion Pro 260 Analysis kit; Bio-Rad
Laboratories). For data analysis, Experion software version 3.10
(Bio-Rad Laboratories) was used. The yield for each formulation
was calculated as the ratio between the quantity of the zein
quantified in the pellet from samples and the total quantity of zein
used for the preparation of nanoparticles.

2.5.2.  Insulin-loaded quantification
The amount of insulin loaded in nanoparticles was quantified by
HPLC as described previously®* in an Agilent model 1100 series
(Agilent Technologies, Waldbronn, Germany), coupled with a
photodiode array detection system set at 220 nm. The separation of
insulin was carried out at 27 °C on a TSKgel® G4000 column
(7.8 mm x 30 cm; Tosoh Bioscience GmbH, Griesheim, Germany).
The mobile phase consisted of a 0.3 mol/L NaCl solution in
0.05 mol/L phosphate buffer (pH 7) at a flow-rate of 0.8 mL/min.
Standard curves in the range of 2—100 pg/mL (R* > 0.999) were
prepared, and the samples were assayed in triplicate.

For analysis, nanoparticles, dispersed in water, were centri-
fuged and the pellet dissolved in ethanol 70% prior analysis. The
payload was expressed as the amount of insulin (in pg) per mg of
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nanoparticles. The encapsulation efficiency (EE, expressed in
percentage) was calculated as the quotient between the amount of
insulin quantified in the pellets (/jpaqeq) and the amount initially
(Zinitia1) added for the preparation of nanoparticles as shown in Eq.

(1):

EE (%) = hoaded/ finitial % 100 &)

2.5.3.  Surface hydrophobicity evaluation

The surface hydrophobicity of the different nanoparticles was
evaluated by the Rose Bengal method”’. Briefly, 500 L of nano-
particle dispersions in water (from 0.04 to 4 mg/mL) were mixed
with 1 mL of an aqueous solution of Rose Bengal (100 pg/mL). The
samples were maintained for 30 min at 25 °C under constant shaking
at 1500 rpm (Labnet VorTemp 56 EVC, Labnet International, Inc.,
Edison NJ, USA). Subsequently, the samples were centrifuged and
the amount of Rose Bengal in the supernatants (unbound) was
quantified at 548 nm in a microplate reader (BioTek PowerWave XS,
BioTek Instruments Inc., Winooski, VT, USA). The absorption of the
Rosa Bengal to nanoparticle surface (bound) was determined by the
difference among the initial amount of the dye and amount or Rose
Bengal unbound. The partitioning quotient (PQ) in Eq. (2) of each
sample was plotted versus the total surface area (TSA). The slope of
the line of the graph represents the hydrophobicity of the formula-
tion. The higher the slope, the higher the hydrophobicity.

PQ = Rose bengal bound/Rose bengal unbound 2)

2.6.  Ex vivo mucus diffusion studies in porcine intestinal mucus

2.6.1. Collection and preparation of porcine mucus

The native porcine mucus was harvested from small intestine. The
intestines were collected from the slaughterhouse and kept in ice-
cold PBS (for a maximum period of 2 h) before the mucus
collection. Intestine was cut into small portions that were opened
to expose the lumen. Then, the exposed lumen was cleaned with
PBS and the mucus collected using a spatula. The scraping was
very gentle so as not to drag the epithelial tissue. The mucus
obtained was transferred into 2 mL sample vials and stored at
—80 °C.

2.6.2.  Evaluation of the diffusion of nanoparticles in mucus by
multiple particle tracking (MPT)

Nanoparticle diffusion through intestinal mucus was evaluated
using the MPT technique, previously described”®*’. In brief, 0.5 g
of porcine intestinal mucus were tempered to 37 °C in imaging
dishes with glass-bottom (MatTek Corp. Ashland, MA, USA).
Then, a 25 pL aliquot of a suspension of fluorescently labelled
nanoparticles (0.002%) was added and gentle shaking for 2 h (for
efficient distribution of nanoparticles) before the video recording.
Two-dimensional movies were captured at 30 frames/s for 10 s
using a high-speed camera (Allied Vision Technologies, Stad-
troda, Germany) mounted on a wide-field epifluorescence micro-
scope equipped with a x63 magnification oil immersion lens
(Leica DM IRB, Wetzlar, Germany). At least 100 individual tra-
jectories from each sample were tracked and analyzed in Fiji
Image] software’”. The MPT of each formulation was carried out
in triplicate. The average of mean square displacement (MSD) in
Eq. (3) and effective diffusion coefficient (D.g) in Eq. (4) values

were estimated for each nanoparticle as a function of time scale as
. . 2
previously described”®.

MSD = (XAr)’ + (YA?) (3)

D i = MSD/4At 4)

Finally, the diffusion of the nanoparticles in water (D°) at
37 °C was determined by the Stokes—Einstein equation (Eq. (5))
and compared with diffusion obtained in mucus (Deg).

D° = kT [6mqr (5)

2.7.  Biodistribution of nanoparticles in the gastrointestinal
mucosa

These studies were performed as described previously’' with
minor modifications, after approval by the Ethical Committee of
the University of Navarra following the European legislation on
animal experiments (protocol 045—18).

The fate of nanoparticles in the gut of male Wistar rats
(average weight 210 g; Harlan, Barcelona, Spain) was examined
by fluorescence microscopy. For this purpose, 1 mL of a sus-
pension of fluorescently labelled nanoparticles (25 mg/mL in
water) was orally administered to fasting animals. Rats were
euthanized 2 h after administration, and the guts were excised.
Ileum sections of 1 cm were obtained, washed with PBS, and
frozen at —80 °C after inclusion in Tissue-Tek® O.C.T.™ com-
pound. Each portion was then cryosectioned into 5 pum thick,
mounted to glass slides, and fixed with formaldehyde. The prep-
arations were stained with DAPI to visualize cell nuclei of in-
testinal cells and preserve nanoparticle fluorescence. Images were
taken on Zeiss Axiolmager M1 fluorescence microscope (Zeiss,
Oberkochen, Germany) and visualized with the software ZEN
(Zeiss). As a control, an aqueous suspension of Lumogen®F Red
305 was administered.

2.8.  Invivo evaluation of nanoparticles using C. elegans

2.8.1.  Strains and cultivation

C. elegans N2 Bristol wild-type and Escherichia coli strain OP50
were acquired from Caenorhabditis Genetics Center (CGC, Uni-
versity of Minnesota). E. coli OP50 was used as a food source.
The worms were cultured on nematode growth medium (NGM)
agar plates at 20 °C as described previously.

2.8.2.  Treatment with nanoparticles

All assays were performed in triplicates in 6-well cell culture
plates with 4 mL of glucose-supplemented (50 mmol/L) NGM per
well. The effect of insulin (dissolved in water or loaded into
nanoparticles) on C. elegans was evaluated at a concentration of
50 IU/mL in the NGM. Orlistat (6 pg/mL) was used as a positive
control of fat reduction in C. elegans™. As controls, the same
quantity of water was added to non-supplemented plates. After the
addition of the treatments to the liquid-NGM-containing wells,
they were mixed and allowed to solidify and dry in a dark envi-
ronment. For all experiments, age-synchronized worms were ob-
tained by treatment with alkaline hypochlorite solution (in which
only eggs can survive), and eggs were let hatch for least 18 h in
M9 buffer solution. Then, approximately 500 L1 larvae were
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transferred to plates and cultured to a definite age in each
experiment.

2.8.3.  Nanoparticles intake

To determine if worms consumed the nanoparticles, about 200 L4
worms were cultured on NGM plates with fluorescently labelled
nanoparticles. After 2 h of treatment, worms were washed three
times with M9 medium and then transferred onto slides provided
with 2% agarose pads containing a 1% of sodium azide for
anaesthetizing the worms. The fluorescently-loaded nanoparticles
in the intestinal of worms were visualized on Zeiss Axio Imager
M1 fluorescence microscope (Zeiss, Oberkochen, Germany).

2.8.4. Glucose and SOD levels quantification

Glucose levels in C. elegans were quantified as described before”,
with some modifications. Worms in the L1 stage were grown in
NGM containing each treatment until the sixth day of adulthood.
Then, 500 worms were harvested for each treatment and washed
using phosphate-buffered saline with 0.01% Triton X-100 (PBST).
Pelleted worms were then lysed by beat in homogenization buffer
(PBST, 10 mmol/L NPs40) containing a protease inhibitor cocktail
(complete™, Roche Diagnostics, Mannheim, Germany). Pelleted
worms were then lysed by bead-beating in homogenization buffer

Table 1  Elemental analysis and substitution degree (DS) of
Gantrez® AN and the PEG conjugate (PPA).

Polymer C (%) H (%) O (%) N (%) DS" (%)
Gantrez® AN 5149 543 4408 — 0
PPA 54.14 563 4123 -— 15.85 £ 1.30

DS was determined by 'H NMR spectroscopy and data repre-
sent mean £+ SD (n = 3). —, Not applicable.

(PBST, 10 mmol/L NPs40) containing a protease inhibitor cocktail
(cOmplete™, Roche Diagnostics, Mannheim, Germany). The
worms were homogenized at speed 10 for 2 X 2 min in a mini-
Beadbeater (Biospec Products, Bartlesville, OK). Then, samples
were centrifuged at 17,000xg for 5 min, and the supernatant
sections were analyzed for glucose concentration (Accu-Check
Aviva; Roche Diagnostics, Risch-Rotkreutz, Switzerland), protein
concentration (BCA Protein Assay Kit) and superoxide dismutase
(SOD) activity according to instructions of commercial Kit
(BioVision Inc., Milpitas., CA).

2.8.5. Fat content quantification

The fat content quantification in the worms was performed by the
fixative-based Nile Red method®. Age-synchronized L1 worms
were cultured in NGM containing each treatment until developing
the L4 stage (48 h). At the L4 stage, the worms were collected
from each treatment, washed with PBST and fixed in 40% iso-
propanol. Fixed worms were stained with a solution of Nile Red
(3 pg/mL) for 30 min in dark conditions. After that, the worms
were washed three times with PBST and mounted on a 2% agarose
pad for microscopy evaluation. Fluorescent images of stained
worms were taken on a Nikon SMZ18 stereomicroscope (Nikon
Instruments Inc., Tokyo, Japan) equipped with a DS-FI1C
refrigerated color digital camera and an epifluorescence system.
The images were captured under a GFP filter (Ex 480—500, DM
505; BA 535—550) and analyzed using Fiji ImageJ software as
previously described’®.

2.8.6. Measurement of intracellular ROS

Intracellular ROS in C. elegans was quantified using the molecular
probe H,DCE-DA as described previously™. For ROS detection,
age-synchronized L1 worms were cultured in NGM containing
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Table 2  Physico-chemical characteristics of empty (NPs and PPA-NPs) and insulin-loaded nanoparticles (I-NPs and I-PPA-NPs).
Nanoparticle Mean size (nm) PDI Zeta potential (mV) Yield (%) Insulin loading (pug/mg NPs)
NPs 217 £ 5 0.17 £ 0.01 —45 + 1 82+ 3 —
I-NPs 253 + 8 0.15 £ 0.04 —42 + 2 81 +£2 74.33 £+ 2.68
PPA-NPs 225 +2 0.10 £ 0.05 34 + 2 84 +£2 -
I-PPA-NPs 260 + 4 0.18 £+ 0.09 -32+4 82+ 1 76.68 + 1.51

Data are expressed as mean £ SD; n = 3. —, Not applicable.

each treatment until the sixth day of adulthood. Then, 60 worms
were harvested for each treatment, washed with PBST and
resuspended in M9 buffer. Then fresh H,DCF-DA was added to a
final concentration of 50 pmol/L. Samples were analyzed in a
black flat bottomed 96-well plate every 30 min for a total period of
180 min in a fluorescence spectrophotometer (TECAN, Min-
nedorf, Switzerland) with an automatic microplate reader at
excitation/emission wavelengths of 485 and 525 nm. At least three
independent replicates were performed.

2.8.7.  Lifespan assays

The lifespan assay was monitored at 20 °C under high glucose
conditions’’. Age-synchronized L1 worms were grown in NGM
containing each treatment during the whole lifespan of the ani-
mals. At the L4 stage, the worms were collected and transferred to

Figure 2  Scanning electron microscopy (SEM) images of spray-
dried nanoparticles (A) Bare nanoparticles (NPs) (B) PPA-coated
nanoparticles (PPA-NPs). A magnification of a section of each
micrograph is shown in the left side.

new treatment-NGM plates with 40 mmol/L of FUdR (prevent the
growth of new worms). The pre-fertile period of adulthood was
used as time zero (r = (). The worms were regarded dead if they
did not move after repeated mechanical stimuli. All experiments
were carried out at least three times, and about 100 worms were
used for each experiment.

2.8.8.  RNA extraction and quantitative PCR analysis

Total RNA was extracted from L4 worms with TRIzol® RNA
isolation reagent according to the manufacturer’s instructions
(Thermo Fisher Scientific, Paisley, UK). The RNA concentration
and purity were examined at 260/280 nm using a NanoDrop
spectrophotometer (Thermo-Fisher Scientific, Wilmington, DE).
RNA purification and reverse transcription were achieved as
described®®. Quantitative RT-PCR was carried out in a CFX348
Touch™ Real-Time PCR detection system (BioRad Laboratories,
Hercules, CA) using the TagMan™ Universal PCR master mix
and the corresponding specific probes from Life Technologies
(TagMan™ Gene Expression Assays, Applied Biosystems, CA).
Gene expression levels were normalized compared to the
expression of peroxisomal membrane protein-related gene (pmp-
3) as housekeeping control’”. Gene expression difference between
insulin-treated and untreated samples was estimated using the
relative quantification pmAACHD

2.9.  Statistical analysis

Means and standard errors were calculated for every data set.
For body-fat reduction between treatments was evaluated by a
hierarchical ANOVA test followed by multiple comparison
(Fisher’s, LSD) tests. For the rest of the parameters, statistical
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analyses were performed using a one-way ANOVA test fol-
lowed by a Tukey—Kramer multi-comparison test. Significant
differences between treatments are marked as follows:
*P < 0.05, ¥*P < 0.01, ***P < 0.001. For the lifespan assay,
animal survival was plotted using Kaplan—Meier survival
curves and analyzed by the log-rank test. Survival curves
resulting in P < 0.05 relative to control were considered
significantly different. All calculations were performed using
StataSE v12 software (StataCorp, LLC, College Station, TX,
USA), and the curves were plotted with the Origin 8 software
(OriginLab Corp, Northampton, MA, USA).

3. Results

3.1.  Synthesis and characterization of PEG-poly(anhydride)
conjugate (PPA)

PPA conjugate was synthesized by forming ester linkages in a two
steps reaction (Fig. 1A), which was confirmed by 'H NMR and
FT-IR. The 'H NMR spectrum of the poly (anhydride), PEG and
PPA conjugate are shown in Fig. 1B. The spectrum of the con-
jugate showed signals originated from both poly (anhydride) and
PEG domains. Thus, the peaks at 3.2—3.5 ppm are characteristic
of the tertiary carbons of the anhydride ring and —OCHj; group of
poly (anhydride), whereas the proton signals at 3.8—4.2 ppm
correspond to a MeO—CH group. The incorporation of PEG was
confirmed by the presence of peaks corresponding to ethylene
(3.51 ppm) and hydroxyl groups (4.58 ppm). These signals were
absent in the spectrum of poly (anhydride). The signal of the
hydroxyl group at 4.58 ppm has been previously reported in PEGs

26

in the presence of DMSO™". Finally, after conjugation, the signal
corresponding to the hydrogen of the alpha-carbonyl (O=C—CH)
emerged at 2—2.3 ppm, confirming the opening of anhydride
groups.

FT-IR spectroscopy confirmed the formation of ester bond in
PPA conjugate with the appearance of a new absorption band at
1735 cm™ !, which corresponds to carbonyl groups v (-C=0) in
the ester linkage (Fig. 1C). The bands at 1780 cm ' and at
1853 cm™' represent the anhydride carbonyl groups, which de-
creases after the incorporation of PEG due to the opened maleic
anhydride group of poly (anhydride). Additionally, the appearance
of characteristic PEG peaks corresponding to C—O—C stretching
and C—H bending was observed at 1100, 1444 and 1349 cm™" in
PPA spectrum, suggesting successful synthesis of the conjugate.

Regarding elemental analysis, the increase in the C-to-O ratio
for the PPA conjugate also confirms the incorporation of PEG
chains in the structure of poly (anhydride). Furthermore, the lack
of nitrogen allows us to infer that the conjugated PAA does not
contain EDC residues (Table 1). Finally, the degree of substitution
(DS) in the conjugate was calculated from the '"H NMR spectra
based on the ratio of the peak intensity of protons of the ethylene
units (3.51 ppm) detected in the PAA conjugate and PEG spectra,
respectively. This DS was calculated to be approximately 15.9%.

3.2.  Characterization of nanoparticles

The preparative process of nanoparticles used in this study
encompassed two different steps: (i) formation of insulin-loaded
nanoparticles and (ii) coating of these nanoparticles with the PPA
conjugate. The main physico-chemical characteristics of the
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Figure 5  Fluorescence microscopic visualization of (A) bare and
(B) PPA-coated nanoparticles in longitudinal sections of the ileum of
rats. DAPI staining of nuclei appears as blue.

resulting nanoparticles are summarized in Table 2. The incorpo-
ration of insulin led to a significant increase of the mean size of
the nanoparticles (P < 0.001) while the coating with PPA
significantly decreased the negative zeta potential of the nano-
particles (P < 0.001). The insulin loading was calculated to be
about 75 pg/mg nanoparticles, with an encapsulation efficiency of
78%. Under the experimental conditions evaluated, all the nano-
particle formulations displayed homogeneous characteristics with
a PDI below 0.2 and yields close to 84%. For fluorescently labeled
nanoparticles, the amount of Lumogen®F Red 305 incorporated
into the nanoparticles was 0.73 + 0.08 pg/mg.

The morphology of zein nanoparticles is shown in Fig. 2. The
SEM micrograph displayed that both types of nanoparticles (bare
and PPA-coated) were spherical in shape, but with apparent dif-
ferences in their surface. NPs displayed a clearly smooth surface
(Fig. 2A), while PPA-NPs showed a rough surface (Fig. 2B). The
PPA coating led to larger and homogenous nanoparticles, which
was consistent with the results obtained by spectroscopy (Table 2).

The surface hydrophobicity of nanoparticles was estimated by
using the Rose Bengal method (Fig. 3). From these studies, the
hydrophobicity of PPA-coated nanoparticles was calculated to be
2.3-times lower than for bare nanoparticles. Moreover, the

incorporation of insulin into nanoparticles did not modify the
surface hydrophobicity of the nanoparticles.

3.3. Evaluation of the mucus-penetrating properties of PPA-
coated nanoparticles

In order to analyse the interaction of the PPA-coated nanoparticles
with intestinal mucus, their diffusion in porcine intestinal mucus
were assessed using multiple particle tracking (MPT). Fig. 4
shows a comparison of the transport of PPA-coated and bare
nanoparticles in porcine intestinal mucus. Bare nanoparticles
displayed confined particle trajectories, while PPA-coated nano-
particles exhibited Brownian-like trajectories that explored dis-
tances much wider than their diameters in the 10 s movies
(Fig. 4A). The trajectories of particles were converted into geo-
metric ensemble mean-squared displacements (MSD) as a func-
tion of time. Coating zein nanoparticles with the PPA-conjugate
significantly increased the particle transport rates, as is evident by
20-fold higher MSD of PPA-NPs compared with bare nano-
particles at a 1 s time scale (Fig. 4B). The ensemble-average
effective diffusivity (Deg) for both types of nanoparticles
decreased at short time scales, suggesting sub-diffusive transport
in the mucus (Fig. 4C). However, the « value, which reflects the
extent of impediment to particle motion (« = 1 for free diffusion;
a < 1 reflects increased obstruction to particle movement) was
significantly smaller for NPs than for PPA-NPs (¢ = 0.35 vs.
0.86). Overall, NPs penetrated mucus with an average speed 5500-
fold reduced compared to their theoretical speed in water (esti-
mated by Stokes—Einstein). In contrast, PPA-NPs was slowed on
average only 300-fold compared to rates in water. Further, when
the insulin was loaded in PPA-NPs, similar results were observed
to empty nanoparticles, indicating that insulin incorporation did
not affect the diffusion properties of PPA-NPs (Fig. 4D).

The influence of PPA-coated on the capability of the resulting
nanoparticles to reach the surface of the gut mucosa in vivo was
also explored. Fig. 5 shows fluorescence microscopy images of
ileum samples from the rats treated with Lumogen®F Red labeled
nanoparticles 2 h post-administration. Bare nanoparticles dis-
played a localization mainly constrained to the mucus layer
covering the intestinal epithelium, without any apparent presence
between intestinal villi (Fig. 5A). On the contrary, the fluores-
cence associated with PPA-coated nanoparticles was observed
mainly throughout and between the intestinal villi, so these car-
riers were able to penetrate the entire mucus barrier and distribute
well on the epithelial surfaces (Fig. 5B). Regarding the aqueous
suspension of Lumogen®F Red 305 (control formulation), large
aggregates of the dye visualized in the lumen (data not shown).

3.4.  Invivo evaluation of insulin-loaded nanoparticles in C.
elegans

3.4.1. Nanoparticles intake

In order to confirm the route of exposure of PPA-NPs, worms were
fed with Lumogen®F Red-labeled nanoparticles and observed by
fluorescence microscopy. After 2 h of incubation, the
fluorescently-labeled nanoparticles (PPA-NPs and NPs) were
distributed throughout the intestinal tube of the worms from the
pharynx to the rectum (Fig. 6A and B). These observations sug-
gest that nanoparticles would enter in the worms via oral route
during food intake. On the contrary, no presence of Lumogen F
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Red in the intestine of worms was observed when a suspension of
the dye, used as control, was evaluated (Fig. 6C).

3.4.2.
content
In order to study the effects of oral insulin (formulated in NPs or PPA-
NPs) in C. elegans, the worms were grown in glucose-supplemented
medium (50 mmol/L). The intracellular glucose content in nema-
todes was determined from whole-body extracts after a six days cul-
ture. The presence of glucose in the culture medium induced a
significant increase in the intracellular content of saccharides with
respect to the worms cultured in standard conditions (13.8 mmol/L vs.
5.5 mmol/L; P < 0.001). These increased levels of glucose were
reduced by insulin treatment (Fig. 7A). Nanoencapsulated insulin
showed a more significant reduction in glucose content (about 46%,
P < 0.01) than free insulin (32%, P < 0.05). This decrease in the
glucose content was also found to be associated with a significant
reduction in the fat content of the worms, determined by Nile Red
(Fig. 7B). Thus, the nematodes treated with I-PPA-NPs displayed a
significantly lower amount of fat (25%) than the worms treated with
bare nanoparticles (20%) or free insulin (11%) (P < 0.01).

Effect of insulin-loaded nanoparticles on glucose and fat

3.4.3.  Effect of insulin-loaded nanoparticles on intracellular
ROS and SOD activity

Intracellular ROS levels were quantified in C. elegans grown in a
medium with a high concentration of glucose and treated with
insulin or insulin-loaded nanoparticles for six days. Consistent with
previous reports, we found that glucose supplementation signifi-
cantly induced the formation of intracellular ROS in worms®**’.
Treatment with I-PPA-NPs decreased intracellular ROS by 44.3%
(P < 0.001), while I-NPs and free insulin only reduced them by
37.7% and 21.8%, respectively (P < 0.01, Fig. 8A).

SOD is involved in ROS detoxification in C. elegans’*. Thus,
we evaluated whether the effect of insulin-loaded nanoparticles on
intracellular ROS was related to the activity of this enzyme. Under
our experimental conditions, untreated worms showed a decrease
in SOD activity by 35.1% with respect to the worms cultured in
standard conditions (data not shown). In contrast, worms treated
with insulin (free or loaded in nanoparticles) restored SOD ac-
tivity (P < 0.01, Fig. 8B). The activity of SOD in worms treated

with free insulin was slightly higher than in worms treated with
nanoencapsulated insulin (55.89% vs. 49.89%).
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Figure 7  Effects of insulin (free or nanoencapsulated in bare or

PPA-coated nanoparticles) on glucose (A) and fat content (B) of C.
elegans cultivated under high glucose (50 mmol/L). Data represents
three independent experiments with n = 100 worms for each exper-
iment. *P < 0.05, **P < 0.01 and ***P < 0.001 for the indicated
comparison. ORL: Orlistat.
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PPA-coated nanoparticles) on intracellular ROS levels (A) and SOD
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n = 50 worms for each experiment. *P < 0.05, **P < 0.0l and

**%P < 0.001 for the indicated comparison.

3.4.4.  Effect of insulin-loaded nanoparticles on lifespan and
ageing gene expression

A high glucose diet has been associated with a reduced lifespan in
C. elegans’™*'. For this reason, the effect of insulin-loaded
nanoparticles on the lifespan of C. elegans under high glucose
conditions was evaluated (Fig. 9). As expected, the incorporation
of high glucose levels in the diet of worms decreased the mean
lifespan by 24.7% with respect to the worms cultured in standard
conditions (P < 0.001; data not shown). On the contrary, when
worms receiving the glucose-enriched diet were simultaneously
treated with insulin (free or nanoencapsulated), their lifespan
increased significantly (P < 0.001). The largest increase in the
mean lifespan of worms was observed in worms treated with I-
PPA-NPs. These worms displayed a mean lifespan of 10-days
longer than untreated ones, while bare-NPs treatment only
showed an increase of about 7 days (Fig. 9B).

In order to better characterize the molecular mechanisms
responsible for this increase of lifespan, we assessed by qPCR
expression changes in genes closely related to glucose meta-
bolism, oxidative stress and longevity such as daf-2, daf-16, skn-1
and sod-3*>. To do this, synchronized wild-type L1 worms were
treated with insulin (free or nanoencapsulated) for six days. The
gRT-PCR results showed that insulin (free or nanoencapsulated)
significantly down-regulated the expression of daf-2 (P < 0.05),
and up-regulated the expression of daf-16 (P < 0.01), sod-3

(P < 0.05) and skn-1 (P < 0.001) (Fig. 10). In addition, the worms
treated with I-PPA-NPs displayed a significantly higher expression
of skn-1 than worms treated with I-NPs or free insulin. Daf-2 and
daf-16 expression changes were also significantly different in the
worms treated with I-PPA-NPs than with free insulin.

4. Discussion

In this work, zein nanoparticles coated with a shield containing
PEG 2000 were employed as oral nanocarriers for insulin. The
synthesis of PEG-poly (anhydride) conjugate (PPA) was per-
formed by Steglich esterification reaction under water-free and
oxygen-free conditions and confirmed by 'H NMR and FT-IR
(Fig. 1). The substitution degree was calculated to be 15.9%
(about 158.5 ng of PEG per mg conjugate).

The idea of using this type of conjugate was that the hydro-
phobic segments of the conjugate (i.e., methylvinylether groups)
would interact with the surface of the nanoparticles, leaving hy-
drophilic PEG chains protruding from the surface of the particle in
contact with the dispersing aqueous medium. This mechanism has
been previously demonstrated to explain the adsorption of
amphiphilic copolymers onto hydrophobic nanoparticles™**. In
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Figure 9  Effect of insulin (free or encapsulated in bare or PPA-

coated nanoparticles) on lifespan in C. elegans grown under high
glucose conditions (50 mmol/L) (A) Kaplan—Meier plots of the
fraction of living C. elegans. Data are displayed as the average curves
of three independent experiments, with n = 100 worms for each
experiment (B) The mean lifespan of wild-type nematodes was
calculated from the survival curves shown in (A). The difference
between groups was calculated using the log-rank test. **P < 0.01,
*##%P < 0.001 for the indicated comparison.



Mucus-permeating nanoparticles for oral insulin delivery

999

skn-1
3.0 d

Fold change of mRNA

Insulin I-NP I-PPA-NP

Control

1.8

daf-2

164
144
1.2

f——oo

10
08 b
06

Fold change of mRNA

04+

024

0.0

I-NP

Control Insulin I-PPA-NP

daf-16
25

—o

204

1.5+

1.0

—— o

Fold change of mRNA

0.5

I-PPA-NP

Insulin

0
Control

18-+
1.6-. b
14
12
1.0

0.8:

0.6+

— o

04+

Fold change of mRNA

024

0.0 L
I-PPA-NP

I-NP

T
Control Insulin

Figure 10  Effect of insulin (free or encapsulated in bare or PPA-coated nanoparticles) on the gene expression in C. elegans grown under high
glucose conditions (50 mmol/L). The mRNA expression levels of skn-1, daf-16, daf-2 and sod-3 were determined by qRT-PCR and normalized to
pmp-1 expression. Different letters on bars indicate statistical differences among groups (P < 0.05, mean £+ SD, n = 4).

our case, the coating with PPA conjugate modified the surface of
zein nanoparticles, reducing their negative surface charge (from
—45 to —32 mV, Table 2) and hydrophobicity (2.5-fold lower,
Fig. 3). Furthermore, these nanoparticles (PPA-NPs) showed a
rough surface by SEM in contrast to the smooth appearance of
bare nanoparticles (Fig. 2), probably attributable to the adsorption
of the PPA conjugate on the surface. The MPT studies also
showed that PPA-NPs exhibited not only much less obstructed
Brownian motion in mucus compared to NPs, but also 20-fold
improved diffusion properties in porcine intestinal mucus
(Fig. 4). This greater diffusivity of PPA-NPs in the mucus was
corroborated in the biodistribution study with fluorescently
labelled nanoparticles. As expected, bare nanoparticles were
enriched in the mucus layer covering the epithelium, in which they
were mostly aggregated and trapped within the mucus, away from
the absorptive epithelium (Fig. 5B). On the contrary, the mucus-
permeating properties of PPA-NPs facilitated their arrival (to a
large extent) to intestinal epithelium (Fig. 5B). These results are in
agreement with previous studies that demonstrate the ability of
PEGylated nanoparticles to diffuse unimpeded through the mucus
layer’"**. Another interesting aspect to note is that the PPA-NPs
were able to quickly reach specific intestinal regions favorable
for insulin absorption (i.e., ileum). This region, together with the
jejunum, has been reported to have greater permeability than other
segments of the intestinal tract™.

Regarding the encapsulation of insulin, the amount of hormone
loaded in nanoparticles was not affected by the coating with the
PPA conjugate. On the contrary, the incorporation of insulin into
nanoparticles caused a significant increase in the mean size of the

nanoparticles (Table 2), in any case, this increase did not modify
the surface hydrophobicity and diffusion properties observed in
the empty PPA-NPs (Figs. 3 and 4D).

The in vivo efficacy of insulin-loaded nanoparticles was eval-
uated in the C. elegans model under high glucose conditions,
comparable with the blood glucose levels observed in diabetic
patients®>*’. The evaluation of the fate of nanoparticles within C.
elegans was achieved thanks to the transparency of the worm and
the use of fluorescently-labelled nanoparticles. The nanoparticles
were localized only in the intestine tract of the worms (Fig. 6),
indicating oral route as the exclusive portal of entry. Thus, the
results found to correspond to the behaviour of the nanoparticles
within the GIT of the worm.

The effects of a high-glucose diet in C. elegans has been shown
to cause toxicity, which results in lipid accumulation®®, increasing
levels of reactive oxygen species (ROS)*, and a significant
reduction in lifespan*'. We found that insulin treatment protected
from damage by glucose toxicity by extending the lifespan of
worms (Fig. 9), reducing ROS levels (Fig. 8) and fat accumulation
(Fig. 7). These results are consistent with a previous study that
demonstrated the protective effect of human insulin against the
damage induced by a high glucose diet**. It was suggested that the
effect would be mediated by a DAF-2/insulin receptor and DAF-
16/FOXO-dependent pathways, leading to glucose-lowering and
activation of detoxification systems such as iron/manganese SOD
(SOD-3) and glyoxalase-17*. In fact, we have found that insulin
treatment significantly reduces glucose concentration (Fig. 7B),
ROS levels (Fig. 8A), recovery of SOD activity (Fig. 8B) and
promotes daf-16 expression (Fig. 10). Additionally, insulin
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treatment reduces fat accumulation (Fig. 7A) and promotes skn-1/
expression (Fig. 10).

Reduction of the insulin/IGF-1 signalling (IIS) pathway has
been related to improved stress resistance and longevity in many
organisms'®. It has been reported that when IIS is reduced,
lifespan is doubles, and this extension of lifespan requires DAF-
16, a member of the FOXO-family of transcription factors ™',
Consistent with this, we found that insulin treatment increased
the mean lifespan in the worms, also showing an up-regulation
of daf-16 and a down-regulation of daf-2. In particular, the
worms treated with I-PPA-NPs showed a mean lifespan 2-times
higher than the untreated ones, accompanied by a higher daf-16
expression. These findings agree with the fact that human insulin
binds to the C. elegans insulin receptor DAF-2 (which has high
homology to the mammalian receptor) in an antagonistic
manner”?, thus inactivating DAF-2 signalling. The inhibition of
DAF-2 leads to decreased activities in IIS protein kinases,
including AKT-1/-2. This effect reduces the phosphorylation of
DAF-16 and SKN-1 transcription factors, thereby promoting
their activation via nuclear localization’®. These results confirm
the interaction of insulin released from nanoparticles with the
DAF-2/insulin receptor.

On the other hand, a reduced IIS also causes a restriction in
glucose metabolism, leading to an increase in mitochondrial ac-
tivity and a better stress response to ROS through SKN-1°*, SKN-
1, an ortholog of mammalian Nrf-2, contributes to the increased
stress tolerance and longevity resulting from the reduction of
IIS*. SKN-1 also regulates other processes such as immune de-
fense and lipid metabolism. A previous study found that a skn-1
gain-of-function mutation protects worms against increased lipid
storage when fed a high glucose diet’”. Treatment with insulin-
loaded nanoparticles markedly increased skn-I expression
(Fig. 10). Thus, the reduction in fat storage observed in worms
can, at least in part, be attributed to this up-regulation of skn-1 by
insulin treatment. Interestingly, there is a relationship between the
up-regulation of skn-1 by the different treatments (Fig. 10) and its
effect on fat accumulation in worms (Fig. 7B).

The effect of insulin on lifespan, ROS levels and fat accumu-
lation increased with its encapsulation into nanoparticles. This
could be associated with the protection of insulin against the
enzymatic degradation in the intestine of worms, where several
digestive enzymes are secreted, mostly proteases’’. Indeed, the
treatment with insulin-loaded in PPA-NPs showed a greater pro-
tective effect on glucose toxicity than bare nanoparticles. Given
that the intestinal epithelium of C. elegans is protected by a
peritrophic-like dense layer, similar to the mucus layer in the
human intestinal celll(), the protective effect observed in I-PPA-
NPs would be related to their high capability to diffuse in mucus,
facilitating its arrival to the absorptive epithelium and, thus, the
release of insulin and its absorption.

5. Conclusions

In summary, the coating of zein-based nanoparticles with a PEG-
Gantrez®AN conjugate resulted in mucus-permeating nano-
carriers capable of overcoming the mucus barrier, facilitating their
arrival to the intestinal epithelium. Interestingly, the incorporation
of insulin into these nanoparticles did not modify their surface
hydrophobicity and diffusion properties. In the C. elegans model,
these insulin-loaded nanoparticles (PPA-NPs) induced a signifi-
cant reduction in the formation of ROS and the fat accumulated in

the body. Besides, I-PPA-NPs increased the lifespan of worms by
interaction with at least DAF-2 receptor. These results are
encouraging, and more experiments would be necessary to
confirm the pharmacological effect of this strategy in an in vivo
mammal model. In addition, these results suggest that C. elegans
offers promising characteristics and valuable tools for evaluating
oral insulin delivery systems before moving to more complex
model organisms.
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