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A B S T R A C T   

This study aims to provide a thorough characterization of Brij O2-stabilized gliadin nanoparticles to be used for 
the potential oral administration of various compounds. Different techniques were used in order to evaluate their 
physico-chemical features and then in vivo studies in rats were performed for the investigation of their bio-
distribution and gastrointestinal transit profiles. The results showed that the gliadin nanoparticles accumulated 
in the mucus layer of the bowel mucosa and evidenced their ability to move along the digestive systems of the 
animals. The incubation of the nanosystems with Caenorhabditis elegans, used as an additional in vivo model, 
confirmed the intake of the particles and evidenced their presence along the entire gastrointestinal tract of these 
nematodes. The gliadin nanoparticles influenced neither the egg-laying activity of the worms nor their meta-
bolism of lipids up to 10 μg/mL of nanoformulation. The systems decreased the content of the age-related lip-
ofuscin pigment in the nematodes in a dose-dependent manner, demonstrating a certain antioxidant activity. 
Lastly, dihydroethidium staining showed the absence of oxidative stress upon incubation of the worms together 
with the formulations, confirming their safe profile. This data paves the way for the future application of the 
proposed nanosystems regarding the oral delivery of various bioactives.   

1. Introduction 

Oral delivery is the most advantageous administration route for drug 
compounds. Indeed, its non-invasiveness and opportunity for self- 
medication result in a notable degree of patient compliance, a useful 
feature especially for the treatment of chronic or pediatric diseases, as 
well as for vaccination purposes [1–3]. Moreover, the possibility of 
achieving a local or systemic delivery of the administered bioactive is 
another undeniable advantage of this approach. 

Nonetheless, the oral delivery of a compound is characterized by 
several physiological/biological parameters to be considered; for 
example, the harsh pH shifts and the degradative enzymes that are 
present throughout the gastrointestinal (GI) compartment as well as the 
obstacles of the mucus layer and the different cell types of the GI 
epithelium; these are the foremost barriers that need to be circumvented 
following oral administration [4,5]. 

Over the years, different polymeric formulations have been proposed 
to address these issues. It must be said that the choice of the polymer to 
be used as well as the physico-chemical features of the obtained carriers 
are critical factors to be evaluated during the development of a new 
nanoformulation. This is because they can influence the rate of inter-
action between the sample and the mucosa [6,7]. 

In this context, mucoadhesive polymers can interact with the mucus 
layer through covalent or non-covalent interaction [8]. Usually, this 
interaction allows the prolonging of the residence time of the pharma-
ceutical dosage form, facilitating the diffusion of the entrapped bioac-
tive through to the absorptive epithelium [9,10]. On the other hand, the 
modulation of the surface properties of the carriers either through the 
adsorption or the grafting of specific molecules (such as poly-ethylene- 
glycol [PEG], poloxamers or lectins) improves the diffusive character-
istics of these carriers along the protective mucus layer and, thus, their 
capacity to reach the epithelial surface (mucus-permeating NPs) 
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[11,12]. This is because these excipients increase the surface hydro-
philicity of the particles, thereby reducing hydrophobic interaction with 
the mucus components [5,13]. 

Among the natural polymers currently being used in the biophar-
maceutical field, increasing attention has been drawn to zein and 
gliadin, the proline and glutamine-rich (prolamins) vegetal proteins 
contained in corn and wheat kernels, respectively [14–16]. Their use for 
oral drug delivery purposes has been driven by their ability to withstand 
enzymatic digestion [17]. In particular, these raw materials can be ob-
tained from renewable resources (such as agrifood industrial byprod-
ucts) and are characterized by an abundant presence in hydrophobic 
aminoacidic residues, which helps to obtain formulations able to deliver 
lipophilic compounds [14,18–20]. 

In addition, the possibility of using bio-acceptable solvents such as 
ethanol for their solubilization, makes the development of formulations 
having a green status possible [17,20]. In this regard, mucoadhesive 
zein-based NPs have been used to encapsulate folic acid [21], as well as 
fenretinide and lopinavir as single agents [22], and their decoration with 
PEG 35,000 allowed the development of the generation of mucus- 
permeating NPs used for the delivery of insulin [23,24]. 

Likewise, the lipophilic character of gliadin has been used for the 
development of several mucoadhesive formulations, which evidence a 
peculiar affinity for the upper region of the GI tract. In this regard they 
have been used to increase the bioavailability of carbazole [25], for the 
treatment of Helicobacter pylori (H. pylori) infections by means of the 
encapsulation of amoxicillin [26], clarithromycin [27] and a combina-
tion of clarithromycin and omeprazole [28]. 

Subsequent investigations were focused on the conjugation of gliadin 
with lectin glycoproteins from Ulex europaeus and Dolichos biflorus, 
respectively, with the aim of developing formulations having colon- 
targeting features [29,30]. The same approach was used with Conca-
navalin A lectin, the targeting agent exploited in order to promote the 
binding of the carriers to the surfaces of H. pylori bacteria [31]. 

In this context, our research team has optimized the preparation of 
gliadin nanoparticles (GNPs) following the nanoprecipitation technique 
and using a commercial grade of the protein [32]. It was shown that the 
use of 1 mg/mL of the polymer and the addition of 0.1 % w/v of the 
anionic stabilizer Brij O2 (Brij/GNPs) promoted the development of a 
nanoformulation suitable for the entrapment and controlled release of 
hydrophilic compounds [33,34]. 

In view of these results and considering the promising features of the 
gliadin polymer, this study, to the best of our knowledge, evaluated the 
suitability of the proposed Brij/GNPs in the oral drug delivery field for 
the first time. 

The idea was to exploit different and widely-accepted techniques and 
methods in order to fully characterize the properties of these nano-
systems. More in detail, the first tests aimed at evaluating the physico- 
chemical features of the investigated nanocarriers by means of Dy-
namic Light Scattering (DLS), Fourier Transformed Infrared Spectros-
copy (FTIR) and Differential Scanning Calorimetry (DSC). Following 
this, the Rose bengal assay and incubation with ex-vivo porcine intestinal 
mucus were used in order to investigate the surface and diffusive 
properties of the GNPs, respectively. 

Finally, upon oral administration in rats the biodistribution and 
gastrointestinal transit profiles of the proposed GNPs were examined, 
while their uptake and safety profiles were evaluated in Caenorhabditis 
elegans (C. elegans) nematodes which were used as an additional in vivo 
animal model. 

2. Materials and methods 

2.1. Materials 

Gliadin, zein, lysine, and Rose Bengal were purchased from Sigma- 
Aldrich (Steinheim, Germany). Ethanol was obtained from Scharlab 
(Sentmenat, Spain), Lumogen® Red F-305 was provided by BASF 

(Ludwigshafen am Rhein, Germany) and O.C.T.™ Compound Tissue-Tek 
was obtained from Sakura Finetek Europe (Alphen aan Der Rijn, The 
Netherlands). Super Refined Brij O2 was provided from Croda Interna-
tional (Snaith, United Kingdom). Isoflurane (IsoVet®) was purchased 
from Braun (Kronberg, Germany). European bacteriological agar and 
peptone were obtained from Laboratorios Conda (Madrid, Spain). 6-well 
plates were purchased from Corning Inc. (Steuben County, NY, USA). 
Phosphate buffered saline (PBS) was purchased from Thermo Fisher 
Scientific (Waltham, MA, USA) and 4′,6-Diamidino-2-phenylindole 
(DAPI) was obtained from Biotium Inc. (Fremont, CA). Dihydroethidium 
(DHE), Bio Reagent, ≥95 % (HPCE), Nile Red and Orlistat were all ob-
tained from Sigma Aldrich (St. Louis, MO, USA). 

2.2. Preparation of nanoparticles 

Gliadin- and zein- based NPs were prepared following the nano-
precipitation technique [23,32]. In detail, 1.66 mg/mL of gliadin and 1 
mg/mL of Brij O2 were solubilized in 3 mL of an ethanol/water mixture 
(2:1 v/v, pH 10); then, 5 mL of MilliQ water were added and this sus-
pension was homogenized for 2 min at 24,000 rpm with an Ultraturrax 
(model T25 IKA® Werke GmbH and Co., Staufen, Germany). The NPs 
were stirred on a magnetic plate (600 rpm, 8 h, room temperature) in 
order to promote solvent removal [32]. 

Zein NPs (used as control) were obtained by dissolving 200 mg of the 
protein and 30 mg of lysine in 20 mL of 60 % ethanol under slow 
agitation on a magnetic stirrer (10 min). Successively, 20 mL of water 
were added, and the organic solvent was removed using a rotary evap-
orator (Büchi Rotavapor R-144; Büchi, Postfach, Switzerland), as pre-
viously reported [23]. 

Lumogen Red®-loaded GNPs were obtained as described above with 
the addition of 0.1 mg/mL of the dye in the hydroalcoholic solution of 
each nanoformulation. 

2.3. Physico-chemical characterization 

The average diameter, polydispersity index (PdI) and zeta potential 
of the NPs were obtained using a Zetasizer apparatus (Brookhaven In-
struments Corporation, Holtsville, NY, USA) [23]. 

The morphology of the nanosystems was evaluated by transmission 
and scanning electron microscopy (TEM and SEM, respectively). For the 
TEM analysis, a drop of the sample was deposited on a copper screen 
coated with carbon. The sample was dried, contrasted with uranyl ac-
etate for 2 min. and then washed with distilled water. The micrographs 
were obtained using a CM12 microscope (Philips, The Netherlands) 
equipped with an OLYMPUS Megaview G2 camera [35,36]. For the SEM 
analysis, the NPs were dropped on SEM grids, dried overnight at room 
temperature and coated with a layer of gold using a sputter coater 
(model K500, Emitech, Quorum Technologies Ltd., East Grinstead, West 
Sussex, UK) and analyzed using a JEOL JSM-7000F apparatus. 

FT-IR spectroscopy was used with the aim of investigating the in-
teractions occurring between the various components of the Brij/GNPs. 

The various compounds and formulations were analyzed with a 
Shimadzu IR Affinity 1S spectrophotometer equipped with a Specac 
Golden Gate Attenuated Total Reflectance (ATR) device (Kyoto, Japan). 
Each sample was placed onto the diamond and analyzed under the 
reflectance mode within the region 4000–600 cm− 1 at a resolution of 4 
cm− 1. The resulting spectra are the average of 50 scans per spectrum and 
were processed using the Lab-solution IR software. 

DSC was also used to evaluate the thermal behavior of the nano-
formulations (TA DSC 25 Discovery series, TA Instrument, USA). In 
detail, 5–10 mg of each sample was weighed and placed in a 40 μL 
aluminium hermetically-sealed pan, in order to ensure good contact 
between the sample and the bottom of the capsule. 

Calibration was performed using Indium (Tonset = 156.60 ◦C) as well 
as n-decane (Tonset = − 29.66 ◦C). The DSC analyses were carried out 
under an inert nitrogen atmosphere (gas flow–40 mL/min) ranging from 
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30 to 200 ◦C, at a heating rate of 10 ◦C/min. The obtained thermograms 
were successively analyzed using TRIOS software. 

2.4. Evaluation of the surface hydrophobicity 

The Rose bengal method was used in order to evaluate the surface 
hydrophobicity of the NPs with slight modifications [23,37]. In detail, 
0.5 mL of NPs (0.808–6.330 mg/mL) were added to 1 mL of an aqueous 
solution of Rose bengal (0.1 mg/mL). This suspension was incubated 
under constant shaking (30 min., 37 ◦C, 1500 rpm) using a Labnet 
VorTemp 56 EVC apparatus (Labnet International, Inc. New Jersey, 
USA). Successively, the carriers were separated from the supernatant 
following a centrifugation step (30 min, 13,500 g, MIKRO 220 appa-
ratus, Hettich, Germany) [23]. 

The amount of Rose bengal not bound to the surface of particles (dye 
found in the supernatant), was calculated by spectrophotometric ana-
lyses using a microplate reader (PowerWave XS, BioTek Instruments, 
Inc., Vermont, USA) at a wavelength of 548 nm. An aqueous solution of 
the dye was used for blank correction. 

The total surface area of the particles (TSA) was estimated assuming 
that the carriers were spherical in shape, monodispersed and having an 
average diameter equal to the one determined by PCS analyses, using the 
following equation: 

TSA = (SANP)× (NTNP)

where SANP corresponds to the surface area of a single nanoparticle 
(4πr2), and NTNP is the total number of nanoparticles present in the 
dilution, calculated as the ratio between the weight of the particles in 
each dilution (mNP) and the density of the gliadin (ρ, calculated by 
picnometry as 10.13 g/mL), multiplied for the volume of a single 
nanoparticle (VNP, 4/3πr3), as reported below: 

NTNP = mNP/(ρgliadin×VNP)

The partitioning quotient of Rose bengal (PQ), calculated as the ratio 
between the amount of bound and unbound molecules, was plotted 
against the TSA of the particles; the obtained slope values represent the 
hydrophobicity of the investigated nanoformulations. In general, the 
higher the resulting slope, the greater the relative hydrophobicity 
[23,38]. 

2.5. Ex-vivo diffusion studies 

2.5.1. Collection of porcine intestinal mucus 
Samples of porcine small intestine were cut into small sections which 

were then opened to expose the lumen, washed with PBS and then gently 
scraped with a spatula in order to collect mucus aliquots (0.5 g), which 
were stored at − 80 ◦C until the moment of use [39,40]. 

2.5.2. Evaluation of particles diffusion 
The multiple particle tracking technique (MPT) was used in order to 

investigate the diffusion of the NPs through the mucus barrier [38,39]. 
For this purpose, 25 μL of a Lumogen-loaded suspension (4 mg/mL) 
were incubated with 0.5 g of porcine mucus for 2 h at 37 ◦C under 
moderate agitation, in order to ensure adequate particle dispersion 
before video acquisition, as previously reported [23,38,39]. 

The MPT consists in 2-dimensional video-microscopy capture and 
post-acquisition analysis of the trajectory of particles within a biological 
matrix, used with the aim of providing qualitative information con-
cerning their diffusive properties [41]. Videos were obtained using a 
Leica DM IRB wide-field epifluorescence microscope (63× magnifica-
tion oil immersion lens) equipped with a high-speed camera (Allied 
Vision Technologies, UK), capturing 30 frames/s for a total video length 
of 10 s. The MPT of the investigated formulations was carried out in 
triplicate and a minimum of 300 trajectories was analyzed. 

For accuracy, only trajectories having a length ≥ 30 frames were 

analyzed; this was done in order to analyze NPs occurring in the X-Y 
plane for the total duration of the video [23,39]. 

The movement of the particles was then converted into trajectories 
which are initially represented as numeric pixel data and finally 
expressed as the metric distance based on the microscope and video 
capture settings. The distance covered by each particle (n) in the X-Y 
plane over time (Δt) was expressed as squared displacement (SD) while 
the mean squared displacement (MSD) represents the geometric mean of 
all the SDs obtained for that particle across its 30 frame-long trajectory, 
as follows: 

MSD = (XΔt)
2
+(YΔt)

2 

For each investigated formulation, the MSD was calculated for at 
least 300 trajectories (100 trajectories/replicate); the average of these 
values (ensamble MSD, <MSD>) was used to calculate the diffusion 
coefficient (Deff) of the NPs, 

Deff =< MSD >
/

4Δt  

where 4 represents the constant related to the mode acquisition of the 
video and Δt is the selected time interval. 

In parallel, the diffusion of the NPs in water (D0) was calculated 
applying the Stokes-Einstein equation: 

D0 = kBT
/

6πηr  

where kB is the Boltzmann constant, T is the absolute temperature, η is 
the viscosity of water and r is the average of the particle radius. 

Finally, Deff and Do values were plotted and the result of their ratio 
was used to quantitatively estimate the diffusive properties of the 
investigated formulation expressed as percentage [23]. 

2.6. Biodistribution in the gastrointestinal tract 

The biodistribution studies were performed after the approval from 
the “Ethical and Biosafety Committee for Research on Animals” of the 
University of Navarra, in compliance with the European legislation on 
animal experiments (protocol number 045–18), as previously described 
with minor modifications [23,42]. 

To investigate the in vivo fate of the GNPs following oral adminis-
tration, female Wistar rats (210 g, Envigo, Indianapolis, USA) received 1 
mL of Lumogen-Red® loaded NPs containing 0.1 mg of dye/mL of NPs 
by oral gavage. An aqueous suspension of the compound was used as 
control. The animals were sacrificed by cervical dislocation 4 h post- 
administration, then their intestines were excised and 1 cm of tissue 
sections were collected from each portion of the gastrointestinal tract, 
washed with PBS and frozen at − 80 ◦C in Tissue Tek® OTC™. 

Each sample was stained with DAPI, and then visualized using a Zeiss 
AxioImager M1 fluorescence microscope (Zeiss, Oberkochen, Germany) 
equipped with a coupled camera (Axiocam ICc3, Zeiss) and fluorescent 
source (HBO 100, Zeiss). The images were obtained using ZEN software 
(Zeiss) and then processed with Fiji (ImageJ) software [23,38]. 

2.7. Radiolabeling of gliadin nanoparticles with Technetium-99 m 

The Brij/GNPs were radiolabeled with technetium-99 m (99mTc) by 
reduction with tin chloride, as previously described [43]. Namely, 40 μL 
of a 0.50 mg/mL solution of SnCl2⋅2H2O (pH 4, HCl 0.1 N) were mixed 
with 100 μL of NP suspension (10 mg/mL). Then, 100 μL of [99mTc] 
TcO4Na (50.3 MBq) eluate from a 99Mo/99mTc generator (Ultratechne-
flow™, Mallinkrodt, The Netherlands) were added to the mixture. For in 
vivo studies, each animal received a single dose of radiolabeled formu-
lation made up of 0.1 mg of 99mTc-nanoparticles (50.3 MBq) and 
completed with unlabeled NPs up to a final concentration of 10 mg/mL 
of nanoformulation [43]. 
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2.7.1. Evaluation of the gastrointestinal transit 
In vivo studies involving radiolabeled NPs were carried out in female 

Wistar rats (250 g) following the approval of the Ethic Committee of the 
University of Navarra and in accordance with the European legislation 
on animal experiments (protocol number 066–16). 

Each rat received a single dose of 1 mL of 99mTc-Brij/GNPs (10 mg 
dispersed in water) by means of oral gavage, after a mild anaesthesia 
with 2 % isoflurane. Successively, the animals were placed on the 
scanner bed under continuous anaesthesia (2 % in 100 % O2 gas) after 2, 
4, 6, 8 and 24 h administration, in order to obtain Single Photon 
Emission Computed Tomography (SPECT) and whole-body images over 
15 min, using a U-SPECT6/E-class (MILabs) scanner with a UHR-RM-1 
mm multi-pinhole collimator [44]. After every SPECT acquisition, CT 
scans were performed in order to obtain anatomical information using a 
tube setting of 55 kV and 0.33 mA. The animal was awakened between 
the different acquisitions. 

The SPECT images were reconstructed using the 99mTc photopeak 
centered at 140 keV with a 20 % energy window width and using a 
calibration factor to obtain the activity information (MBq/mL). Finally, 
attenuation correction was applied using the CT attenuation map. 
Studies were visualized using PMOD software (PMOD Technologies Ltd., 
Adliswil, Switzerland) and decay-corrected to properly compare the 
final activity in the different organs [44]. 

2.8. In vivo studies in C. elegans 

2.8.1. C. elegans culture 
The nematodes used in this study were Wild type N2 of the Bristol 

strain and were obtained from the Caenorhabditis Genetics Center (CGC, 
University of Minnesota, MN, USA). They were cultured at 20 ◦C using 
Nematode Growth Medium (NGM) supplemented with E. coli OP50 as 
the food source, as previously described [45,46]. 

For the following experiments, age-synchronized worms were ob-
tained by bleaching of gravid adults with a sodium hypochlorite solution 
(12 % v/v) in order to obtain the eggs that were successively allowed to 
hatch overnight in M9 medium. L1 larvae were transferred to 6-well 
culture plates containing NGM and grown until L4 or the first-day 
adult stage [45,46]. 

2.8.2. Egg-laying 
The influence of the NPs over the C. elegans egg-laying and hatching 

period was investigated by microscopic observation of the nematodes on 
their third day of adulthood, once grown in NGM containing different 
concentrations of the Brij/GNPs (20, 10 and 5 μg/mL). The images were 
obtained using a Nikon SMZ18 stereomicroscope equipped with a DS- 
Fi1C high-definition colour camera (Nikon Instruments Inc., Tokyo, 
Japan) [47]. 

2.8.3. Intake studies 
The worms were fed with Lumogen-Red loaded Brij/GNPs (0.04 mg 

of dye/mL of formulation) and subsequently they were subjected to 
microscopy analyses, as previously reported [38,48]. 

In detail, 200 worms in the L1 stage of development were transferred 
into 6-well plates containing 4 mL of NGM enriched with 200 μL of the 
fluorescent NPs and 150 μL of OP50. The nematodes were grown in the 
dark for 46 h at 20 ◦C until the L4 stage was reached; afterwards, each 
well was washed three times with 3 mL of PBST (PBS supplemented with 
0.01 % v/v of Triton X-100), and the collected samples were mounted on 
2 % w/v agarose pads containing 1 % w/v of sodium azide. 

Microscopy visualizations were performed using a Nikon eclipse 80i 
epifluorescence apparatus coupled with a device camera under the DAPI 
(λexc 340–380 nm and λem 435–485 nm) and TRITC (λexc 540–625) fil-
ters, respectively. 

2.8.4. Fat storage evaluation 
Nile Red fixative-based staining was used to investigate the effect of 

the GNPs (20–5 μg/mL) against the lipid metabolism of C. elegans. The 
lipophilic dye was used in order to visualize and then quantify the in-
tensity of the obtained images (mean value per pixel) [24,47]. 

Briefly, the L4 worms grown in 6-well plates containing each treat-
ment were collected by PBST washing, kept on ice for 15 min in order to 
stop pharyngeal pumping, and then fixed by incubation in 40 % v/v 
isopropanol for 3 min. Subsequently, the animals were stained following 
the addition of 150 μL of a 3 μg/mL Nile Red solution and then incubated 
in the dark at 20 ◦C for 30 min under gentle agitation. Finally, the worms 
were washed and placed onto glass slides provided with 2 % w/v 
agarose pads for the microscopy analyses [40,48]. For the assay, 20 
worms and four replicates per each treatment were used during three 
different experiments. 

The images were captured by a Nikon SMZ18 stereomicroscope 
(Nikon Instruments Inc., Japan) equipped with a DS-FI1C refrigerated 
colour digital camera and an epi-fluorescence system at 100× magnifi-
cation. For the acquisition of the images a GFP filter was used (λexc 480 
λem 500), whereas post-acquisition processing and fat quantification 
were carried out using FIJI image J software [48,49]. 

2.8.5. Aging 
The L1 larvae were cultured under high glucose conditions until the 

L4 stage in 6-well plates containing the various treatments (10 and 5 μg/ 
mL) or NGM (supplemented with glucose 10 mM). Subsequently, the 
worms were harvested as described in Section 3.2. and visualized under 
the DAPI filter. Variations in the intensity of the accumulated lipofuscin 
pigment, used as an age-related marker and also responsible for the 
auto-fluorescence of the worms, were used to quantify the influence of 
the treatments over the aging of the nematodes, as previously described 
[50]. 

The collected samples were then prepared for microscopy visuali-
zation as described in Section 3.2. The resulting images were analyzed in 
terms of variation of the intensity % of the lipofuscin pigment using Fiji 
image J software. Thirty worms/treatment were analyzed for this test 
using four replicates [50,51]. 

2.8.6. Reactive oxygen species (ROS) detection 
The antioxidant features of the Brij/GNPs were also investigated by 

dihydroethidium (DHE) staining [50]. Briefly, L1 worms were cultured 
in 6-well plates with NGM supplemented with glucose 10 mM and 
containing the various treatments until the L4 stage of development. 
Successively, the nematodes were treated with a DHE solution (3 μM in 
PBST for 30 min), then washed and prepared for microscopy visualiza-
tion. Image acquisition and post-processing was performed as described 
in the previous section. 

2.9. Statistical analysis 

The statistical analysis of the various experiments was performed by 
ANOVA and the results were confirmed by a Bonferroni t-test, with a p 
value of <0.05 considered statistically significant. Results are reported 
as mean ± standard deviation (SD). 

3. Results and discussion 

3.1. Characterization of nanosystems 

Previously, an optimization study had been performed in order to 
determine the best operative conditions for obtaining GNPs with char-
acteristics suitable for drug delivery applications [32] and it was shown 
that the physico-chemical properties of the investigated emulsifiers 
(HLB and molecular weight, respectively) are critical for the stabiliza-
tion of a polymeric structure [52]. Indeed, emulsifiers of a considerable 
molecular weight are not characterized by a planar conformation on the 
surface of the particles but rather by a structure defined as “tail-train- 
loop” [53]. Namely, the portion which is directly in contact with the 
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surface of the colloids is called the “train”, the sections at the interface 
particle-solution are called “loops”, while the residue that extends away 
from the particle surface is called the “tail”. The last portion promotes 
the steric repulsion necessary to prevent aggregation between the 
colloidal systems [53,54]. 

As shown in Fig. 1, the addition of the Pluronic derivatives herein 
used did not bring about any improvements in the homogeneity of the 
nanosystems. These data are in good agreement with those reported in 

another experimental work [55]. A similar trend was observed when SD 
was used as stabilizer. In this case, it is probable that the slight amount of 
charged aminoacids present in the wheat protein prevented any effica-
cious interaction with the negatively-charged moieties of the cholate 
derivative, precluding the stabilization of the polydispersed population. 

The chemical structure of the lipophilic moiety of the Brij surfactants 
(Table S1) was shown to exert a great influence over the stabilization of 
the GNPs, as also described for the NPs made up of zein [56]. In detail, 

Fig. 1. Influence of the HLB and molecular weight of the various surfactants used to stabilize GNPs (1 mg/mL of protein) over the physico-chemical features of the 
nanosystems. The concentration of the Brij derivatives is 0.1 % w/v. T80, SD poloxamer 188 and 407 were used at a concentration of 1 % w/v. Data are expressed as 
mean ± SD (n = 5). 
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the use of Brij O2, a derivative characterized by a moiety of oleic acid as 
lipophilic portion, was observed to have the best effect on the stabili-
zation of the GNPs [32]. Contrarily, it was demonstrated that the 
addition of the derivative S2, an emulsifier characterized by molecular 
weight and HLB values similar to those of Brij O2 (Table S1), was not 
sufficient to promote a favourable rearrangement of the colloidal 
structure. The use of Brij L4, S20 and S721 confirms a significant 
dimensional heterogeneity of the obtained nanosystems (Fig. 1). 

Interestingly, the use of Brij O10, another oleyl-based Brij-derivative, 
had a different effect on the gliadin nanosystems with respect to Brij O2 
because particles with a greater mean diameter and PdI were obtained 
(~230 nm and 0.4, respectively) (Fig. 1). In this case, the number of PEO 
units, molecular weight and HLB values all appear to be the factors able 
to modulate the mean sizes of the carriers (Table S1 and Fig. 1), as 
already described for nanocrystals [57], polymeric nanoparticles made 
up of poly-methyl-methacrylate and polystyrene [58], poly-lactide-co- 
glycolide [59], carboxylated poly-3-hydroxyalkanoate [60], and zein 
[56]. 

Moreover, the addition of the polysorbate derivative T80 did not 
favour a decrease in the particle sizes nor their PdI (Fig. 1). In this case, it 
is probable that the different arrangement of the PEG units that Brij O2 
and T80 comprise, respectively, may have played a significant role 
during the formation of the NPs. 

To sum it up, it can be concluded that the best results in terms of 
mean diameter (~150 nm) and size distribution (≈0.1) were obtained 
following the addition of 0.1 % w/v of Brij O2 (Fig. 1), and this was the 

reason for this nanoformulation being chosen for additional 
investigation. 

The first step was based on the evaluation of the morphology of the 
nanosystems using TEM and SEM. The obtained micrographs evidenced 
the formation of round-shaped carriers characterized by smooth surfaces 
and mean sizes of <200 nm (Fig. 2), supporting the results obtained 
from the PCS analysis. 

Successively, IR spectroscopy was employed in order to investigate 
the interactions occurring between the protein and the surfactant; 
namely, gliadin (as a powder) and Brij (in the liquid state) were placed 
onto the diamond ATR and analyzed as a single raw material and as 
GNPs (as a lyophilized powder) (Fig. 3). 

In detail, the gliadin spectrum showed the two characteristic ab-
sorption bands of the protein corresponding to Amide I and Amide II, 
respectively; in particular, a broad and intense band at about 1640 cm− 1 

was associated to the C––O stretching vibrations weakly coupled with 
C–N stretch and N–H bending. The second broad band observed (1530 
cm− 1) corresponds to the C–N stretch strongly coupled to N–H 
bending, as reported in other experimental works [61,62]. As previously 
described [63], the stretching of the N–H bond was observed at about 
3280 cm− 1 (Fig. 3). 

The analysis of Brij O2 evidenced a broad peak at 3400 cm− 1 cor-
responding to the OH stretching vibration, whereas the two strong bands 
at 2922 and 2850 cm− 1 were associated to the C–H stretching vibra-
tions of CH2 and CH3 groups, respectively, as already reported for Brij 76 
[64]; the CH2 group also showed the characteristic absorption band at 

Fig. 2. TEM (A,B) and SEM (C,D) micrographs of GNPs prepared with 1 mg/mL of protein and 0.1 % w/v of Brij O2. A and C Scale bar = 100 nm; B and D Scale bar 
= 200 nm. 
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1460 cm− 1. The signals obtained at 1118 cm− 1 and 1063 cm− 1 were 
attributed to the stretching frequencies of the C-O-C (ether group) and to 
the C–O absorption band of the alcoholic group, respectively (Fig. 3). In 
addition, the vibrations of the C–C skeleton (835 cm− 1) and the CH2 in 
rocking mode (721 cm− 1) were also observed, data in agreement with 
those observed for other Brij surfactants such as Brij 76 [64] and Brij 30 
[65], respectively. 

The IR spectrum of the NPs consistently differed from those of the 
single components and their physical mixture. More in detail, a variation 
of the relative intensities of the signals characterizing the Amide I band 
was observed, and this was also followed by a slight displacement to 
higher wavenumbers of the Amide II band (Fig. 3). But the most sig-
nificant changes were due to the appearance of a strong, broad band 
between 1240 and 1450 cm− 1, which resulted from the overlapping of 
the Amide III signals of the protein (N–H in plane bending with C–N 
stretching at 1230–1320 cm− 1) and those associated with the OH de-
formations and C–O stretching of the Brij molecules (Fig. 3). 

Besides this, a broadening and overlapping of the signals corre-
sponding to the fingerprint region of the protein and surfactant, 
respectively, were observed; this occurred in the region between 1120 
and 1000 cm− 1 and was followed by an important displacement of some 
of the Brij signals (887 vs 835 cm− 1 and 721 vs 700 cm− 1), confirming 
the interactions between gliadin and Brij O2. In addition, the fact that 
certain characteristic absorption peaks of the surfactant were main-
tained in the NP spectrum suggests that the Brij molecules can also be 
found on the surfaces of the carriers (Fig. 3). 

It is well known that the frequencies of Amide I and III are sensitive 
to changes in the secondary structure of proteins. Since the Amide vi-
bration signals involve the C––O, C–N and NH groups of the peptide 
bonds, the changes observed in the IR spectrum of the Brij/GNPs with 

respect to those of the individual raw materials employed in their 
preparation, could be the result of a new conformational rearrangement 
that took place during the assembly of the colloidal systems, which was 
driven by hydrogen bonds as well as electrostatic forces (Van der Waals 
interactions) between gliadin and Brij O2 (Fig. 3). 

The thermal behavior of the formulation was also evaluated by DSC 
analysis. Namely, the thermogram of gliadin showed an endothermic 
peak at 65 ◦C corresponding to the unfolded conformation (Td) of the 
protein, whereas the broad endothermic effect at 155 ◦C could be 
associated with its full denaturation (Fig. 4). The analysis of Brij O2 
evidenced an endothermic peak occurring at 16 ◦C, which was associ-
ated to its sol-gel transition temperature (Tm). The same profile was also 
seen when a physical mixture was studied, and a shift of the protein Tm 
to 170 ◦C was observed. 

Also in this case, the behavior of the NPs was different with respect to 
that of gliadin and Brij analyzed as single agents. In fact, a well-defined 
peak (130 ◦C) together with two minor endothermic ones at 145 ◦C and 
161 ◦C, respectively, were observed and can be attributed to a fusion 
process of the nanosystems (Fig. 4). The appearance of the sharp signal 
at 130 ◦C (typical of substances with a certain crystalline order) suggests 
that the assembly of the Brij/GNPs could lead to a more compact and/or 
ordered structure as compared to gliadin (Fig. 4). 

In conclusion, FT-IR spectroscopy and DSC analyses demonstrated 
that the formation of the NPs is driven by hydrogen bonding and/or 
electrostatic forces (Figs. 3 and 4). In particular, the interaction between 
gliadin and Brij O2 promoted the formation of a polymeric matrix 
having a more ordered spatial conformation with respect to the indi-
vidual materials, as evidenced by the calorimetric measurements 
(Fig. 4). 

Fig. 3. FTIR spectra of gliadin and Brij O2 as single raw materials and as Brij/GNPs.  
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3.2. Surface hydrophobicity and in vivo biodistribution profiles 

Successively, the Rose bengal test was used with the aim of investi-
gating the influence of the surfactant against the surface properties of 
the carriers. To this end, NPs made up of zein (ZNPs) were used as 
control; this choice was made considering the similarity of both poly-
mers [15]. 

As reported in Fig. 5, the plain GNPs evidenced a higher hydrophi-
licity with respect to the control, and this could be due to the different 
degrees of abundance of non-polar aminoacids that characterize each 

protein, with zein comprising ~10 % more lipophilic residues with 
respect to gliadin [66–68]. In fact, the addition of Brij O2 to ZNPs did not 
evidence any variation of this parameter (Fig. 5). 

The PQ values of the investigated formulations clearly demonstrated 
that the addition of the Brij surfactant modulated the surface charac-
teristics of the gliadin nanosystems Indeed, it was possible to observe a 
consistent increase of this parameter with respect to the surfactant-free 
formulation, with values similar to that of the control (Fig. 5). 

These results corroborate the precedent findings obtained by FT-IR 
analyses concerning the presence of an external layer of Brij molecules 
on the surfaces of the particles (Fig. 3). In particular, it can be concluded 
that this external layer consists mainly of the oleic acid moieties, 
whereas the polar PEO residues are confined to the inner regions of the 
nanocarriers. 

In addition, the diffusion behavior of the formulations was evalu-
ated. In this case the choice of using surfactant free-ZNPs as control was 
done considering that plain GNPs are characterized by an average 
diameter (~350 nm) that could decrease the diffusion of the carriers 
across the mucus layer [5,32,69]. In accordance with the aforemen-
tioned results, Brij/GNPs were characterized by a diffusive capacity in 
mucus that was slightly higher (1.6 times) with respect to that of the 
control (Table 1), confirming the crucial role exerted by the Brij mole-
cules on the modulation of the surface characteristics of the gliadin 
carriers. 

The next phase of this investigation aimed at evaluating the bio-
distribution profiles of the Brij/GNPs following oral administration. In 
accordance with the results obtained from MPT studies, the Brij/GNPs 
showed a great capacity to interact with the mucus layer of the small 
intestine, particularly in the duodenum and jejunum tract, respectively 

Fig. 4. DSC thermograms of gliadin and Brij O2 as single raw materials, 
physical mixture and once assembled in Brij/GNPs. 

Fig. 5. Influence of Brij O2 (0.1 % w/v) over the surface hydrophobicity and partition quotient (PQ) of gliadin- and zein-based NPs evaluated by the Rose Bengal 
assay. *p < 0.05 and **p < 0.001 with respect to surfactant-free ZNPs used as control. The results are the average of three different experiments ± SD. 

Table 1 
Ex-vivo diffusive properties of zein and gliadin-based NPs evaluated in porcine 
intestinal mucus. Data are expressed as mean ± SD (n = 3).  

Sample <Deff > ⋅10− 9 D◦⋅10− 9 % (Deff/D◦) R 

(cm2⋅s− 1) (cm2⋅s− 1) 

ZNPs 0.040 ± 0.025  20.17 0.19 ± 0.010  1 
Brij-GNPs 0.059 ± 0.007  18.7 0.31 ± 0.013  1.63 

<Deff>: diffusion coefficient in porcine intestinal mucus; 
D◦: diffusion coefficient in water; 
R: %Deff/D◦ of control vs. %Deff/D◦ of Brij/GNPs. 
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(Fig. 6A–C). These data confirmed the peculiar mucoadhesive features of 
the natural polymer, as already described in previous studies 
[25,28,70]. On the other hand, as can be seen in Fig. 7(A and B), no 
fluorescence correlated to the presence of the carriers was observed in 
the samples obtained from the stomach and the cecum, respectively; the 
same trend was obtained following the administration of the fluorescent 
probe as free form (used as control) (Fig. S1). 

The evaluation of the GI transit of the radio-labelled formulations 
evidenced the presence of a radioactive signal in the stomach of the 
animals during the experiment (Fig. 7). Even though this observation 
might apparently be in contrast with the data previously showed (Figs. 6 
and S1), it could be explained as a result of the release of a fraction of the 
radioactive tag bound to the surface of the Brij/GNPs inside the stomach 
and/or by the high binding affinity of Tc-99 m for the gastric mucosa, as 
previously reported [71,72]. 

It was also shown that the NPs were able to move along the gut and 4 
h after administration they were seen to be mainly accumulated in the 
small intestine (Fig. 7). In particular, in this case a greater degree of 
radioactivity was evident in the duodenum and jejunum tract of rats, 

respectively, as compared to the stomach, corroborating the results of 
the biodistribution studies previously described (Fig. 6). In detail, they 
reached the cecum after 8 h and then they were eliminated in the 
following 16 h (Fig. 7). 

No signals correlated to the presence of the NPs in other organs were 
detected, suggesting that the NPs remain within the GI tract after oral 
administration (Fig. 7). This data offers the rationale of using the Brij/ 
GNPs as systems able to prolong the residence time of the encapsulated 
molecule in the small intestine, as has already been reported for other 
protein-based formulations such as folic acid loaded- [21] and whey- 
protein isolate-coated ZNPs [22], as well as barley-based NPs contain-
ing β-carotene [73]. 

3.3. In vivo studies with C. elegans 

The suitability of Brij/GNPs as oral drug carriers was also evaluated 
in C. elegans. These nematodes were used as in vivo model considering 
their high degree of genetic, metabolic and structural homology with 
mammals, which, combined with their short life cycle, make them a 

Fig. 6. Fluorescence micrographs of the small intestinal tract of rats 4 h-post oral administration of Lumogen Red-loaded Brij/GNPs (0.1 mg of dye/mL of NPs) 
(Panels A–C) or an aqueous suspension of the dye (Panels D–F). Nuclei of cells were stained with DAPI and appear blue. Magnification 5 × . 
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powerful and cost-effective model for the in vivo characterization of new 
nanoformulations [74–76]. 

In particular, due to the functional and structural similarities existing 

between the digestive systems of the worms and those of humans 
[77,78], this animal model is widely used in order to validate the suit-
ability of a formulation to be used for oral drug delivery purposes, as 

Fig. 7. Gastro-intestinal transit of Brij/GNPs conjugated with 99mTc after administration by oral gavage (10 mg NPs/mL) evaluated in rat by SPECT/CT at different 
post-administration times (2–24 h). 3D tomographic images of the biodistribution of the NPs are shown in the upper part. The lower images correspond to longi-
tudinal sections that help to locate the position of the NPs through the different sections of the intestine. 

Fig. 8. Schematic representation of C. elegans digestive system (upper part). 
Panels A-C: fluorescence micrographs showing the autofluorescence of the worms. Panels D-F: fluorescence images showing the intake of Lumogen Red-loaded Brij/ 
GNPs (1 mg/mL of polymer, 0.1 % w/v of Brij O2 and 0.04 mg/mL of probe). Magnification 10 × . 
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reported in several experimental works [24,38,48,72,79–81]. In addi-
tion, these nematodes offer the opportunity to perform in vivo experi-
ments without significant regulatory or ethical constraints [38,82–85]. 

The initial investigation questioned whether or not the NPs are 
ingested by the worms. For this reason, the nanosystems were cultured 
in NGM plates containing Lumogen Red-loaded NPs (0.04 mg of probe/ 
mL of formulation) and successively analyzed by microscopy. Fig. 8 
(E–F) evidenced a strong fluorescence of the full digestive system of the 
nematodes, confirming that the intake of the nanoformulation occurred, 
corroborating the mucoadhesive features of the Brij/GNPs previously 
discussed (Fig. 6 and Table 1). Indeed, the GI lumen of C. elegans is 

characterized by the presence of a mucin-rich layer quite similar to that 
of human tissue [24,38,86]. 

Additional studies were performed in order to evaluate the influence 
of the nanoformulation against the ability of C. elegans to lay and hatch 
their eggs; this was done in order to identify the suitable concentration 
range of NPs that can be used without compromising the viability of the 
animals. 

In this context, L1 larvae were grown with 5, 10 and 20 μg/mL of 
NPs, respectively, up to the L4 stage, after which qualitative microscopic 
observations were carried out. The images revealed the presence of eggs 
and L1 nematodes in all cases; in particular, no differences concerning 

Fig. 9. Optical micrographs of C. elegans growth as a function of time and concentration of Brij/GNPs. Magnification 135 × .  
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the time at which the eggs appeared or hatched were observed as 
compared to the control (NGM) (Fig. 9). This last result confirms the 
findings previously reported by our research team regarding the cyto-
compatibility of Brij/GNPs up to 25 μg/mL of protein [32]. 

The influence of the intake of the Brij/GNPs and of the single com-
ponents of the formulation on the lipid metabolism of C. elegans was also 
investigated. In detail, the variation of the nematode fluorescence ob-
tained by Nile Red staining (calculated as the mean value per pixel) was 
evaluated and compared to NGM plates containing water (used as 
control). 

As shown in Fig. 10, the treatment with 5 μg/mL of the protein as its 
free form or as NPs slightly influenced the fat content of the nematodes, 
and the same trend was observed when Brij was added to the growth 
medium (Fig. 10). On the contrary, a 12 % and ~30 % increase of this 
parameter, respectively, was obtained when higher concentrations of 
protein were used (≥10 μg/mL); these results are in agreement with 
those reported by Lucio and co-workers for zein NPs [48]. 

Considering these results, 5 and 10 μg/mL of gliadin in the free form 
or as NPs were used for further studies. In detail, it has been reported 
that the presence of specific residues occurring in gliadin aminoacids (i. 
e., cysteine and methionine) can act as scavengers for ROS [87]. This 
intrinsic feature of the polymer can be exploited in order to obtain a 
synergistic antioxidant effect following the encapsulation of compounds 
with well-known ROS scavenging properties, as has been true in the 
cases of phloretin [87], ascorbic acid [33] or phlorotannin [88]. For this 
reason, the antioxidant features of the Brij/GNPs were evaluated; in 
particular this was done by growing the nematodes under high-glucose 
conditions (NGM containing 10 mM glucose), using the monosaccharide 
as pro-oxidant agent, as previously reported [40,47,89,90]. 

Then the potential protective effect of gliadin as free form or as Brij/ 
GNPs was investigated by the evaluation of the variation of the 

accumulated lipofuscin aging-pigment and the intensity of the ROS- 
determining DHE probe, respectively. As can be seen in Figs. 11 and 
12 the Brij/GNPs evidenced the best protective effect in both cases. 

Namely, a ~10 % decrease in the auto-fluorescence of the nematodes 
was observed when 10 μg/mL of gliadin as free form or as NPs were used 
(Figs. 11 and 12). DHE staining confirmed this dose-dependent effect 
even though a lower degree of intensity was obtained with respect to the 
lipofuscin pigment (Fig. 12). This data confirms our recent findings 
concerning the antioxidant properties of GNPs [32] and provides useful 
information on the toxicological profile of this nanoformulation able to 
avoid the overproduction of ROS. 

4. Conclusions 

Nanoparticles have been used for oral drug delivery purposes in 
order to (i) improve the bioavailability of poorly soluble drugs, (ii) 
target specific areas of the gastro-intestinal compartment and (iii) to 
promote the localization of the entrapped active compounds in the blood 
stream [91]. 

In this work, the suitability of gliadin-based nanoparticles as oral 
carriers was investigated by means of ex vivo and in vivo models, in order 
to provide a full characterization of these nanosystems. In detail, the 
rose Bengal test demonstrated that Brij O2 significantly increased the 
hydrophobicity of the gliadin samples with respect to the surfactant-free 
systems, and MPT analyses evidenced that the carriers were able to 
preferentially interact with the mucus layer of the intestinal mucosa, 
being characterized by muco-adhesive features. 

The biodistribution investigations performed on rats evidenced that 
the formulations were mainly localized close to the mucus layer of the 
small intestine 4 h following oral administration, corroborating the re-
sults obtained by MPT analysis. The same trend was observed when their 

Fig. 10. Nile Red staining of nematodes grown in NGM medium containing Brij/GNPs or the single components of the formulation. Data are shown as mean ± S.D. 
(n = 80 worms). *p < 0.05 and ** p < 0.001 with respect to control (NGM). 
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gastrointestinal transit was evaluated by means of radiolabeled markers. 
Finally, in vivo experiments performed on C. elegans showed that the 

nanosystems were visible in the bowel compartment of the nematodes 
after ingestion. In addition, the Brij/GNPs did not affect the growth of 
the worms and were able to decrease their mean lipofuscin and ROS 
contents, confirming their intrinsic antioxidant activity and evidencing 
no adverse effects. 

The results herein described are propaedeutic in view of a plausible 
in vivo exploitation of the proposed formulation as delivery systems of 
various bioactive compounds (drugs, nutraceuticals). 

Indeed, the mucoadhesive features of the Brij/GNPs can be exploited 
in order to prolong the residence time of their payload in the bowel 
improving the absorption and the systemic localization. Moreover, the 
modulation of the surface architecture with specific (macro)molecules 
could be a useful approach for conferring additional specific properties 

to the described nanosystems. 
The impact that gliadins can exert on the immune response of 

humans affected by certain pathological conditions (i.e. celiac disease) is 
well-known, so various biotechnological approaches are in progress in 
order to refine the structure and the quality of these proteins [92,93]. If 
this goal is reached, the bioengineered materials will certainly require a 
novel characterization of the proposed nanosystems but this will make it 
possible to orally administer these formulations to the general public. 
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Fig. 11. Antioxidant activity of gliadin as free form or as Brij/GNPs evaluated as variation in terms of intensity (%) of the age pigment lipofuscin (panel A) and DHE 
probe (panel B). (n = 100 worms/treatment). Results are shown as mean ± S.D. **p < 0.001 with respect to control (NGM). DHE: Dihydroethidium. 

Fig. 12. Evaluation of the amount of lipofuscin accumulated in C. elegans bowel 
by fluorescence microscopy as a function of the various formulations and 
amount of protein. 
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