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A B S T R A C T   

The aim was to produce PEG-coated nanoparticles (NP-PEG), with mucus-permeating properties, for oral drug 
delivery purposes by using simple procedures and regulatory-approved compounds in order to facilitate a po
tential clinical development. For this purpose, zein nanoparticles were prepared by desolvation and, then, coated 
by incubation with PEG 35,000. The resulting nanocarriers displayed a mean size of about 200 nm and a negative 
zeta potential. The presence of PEG on the surface of nanoparticles was evidenced by electron microscopy and 
confirmed by FTIR analysis. Likely, the hydrophobic surface of zein nanoparticles (NP) was significantly reduce 
by their coating with PEG. This increase of the hydrophilicity of PEG-coated nanoparticles was associated with an 
important increase of their mobility in pig intestinal mucus. In laboratory animals, NP-PEG (fluorescently 
labelled with Lumogen® Red 305) displayed a different behavior when compared with bare nanoparticles. After 
oral administration, NP appeared to be trapped in the mucus mesh, whereas NP-PEG were capable of crossing the 
protective mucus layer and reach the epithelium. Finally, PEG-coated zein nanoparticles, prepared by a simple 
and reproducible method without employing reactive reagents, may be adequate carriers for promoting the oral 
bioavailability of biomacromolecules and other biologically active compounds with low permeability properties.   

1. Introduction 

In the last decades, numerous efforts have been performed in order to 
develop new and effective treatments for a multitude of diseases based 
on the use of nanodevices (e.g., liposomes, nanoparticles, micelles, 
dendrimers, etc.) as drug delivery systems. Many of these developments 
have clearly demonstrated (in preclinical studies) multiple benefits in 
treating chronic diseases, including important improvements in the 
therapeutic index of antimicrobials (Pison et al., 2006; Singh and Nalwa, 
2011) or anticancer drugs (Gurunathan et al., 2018; Ma and Mumper, 
2013). These improvements are directly related to the capabilities of 
these nanodevices to protect the loaded drug against a premature 
degradation in the body improving its bioavailability, or/and to increase 
the therapeutic agent in its site of action (Irache et al., 2011; Vinogradov 
and Wei, 2012). Nevertheless, the number of these nanoparticles that 
have reached commercialization after a successful clinical trial is 
extremely low. At this moment, there would be around 20 commercial 
nano-based drugs approved by Regulatory Agencies (Bhardwaj et al., 

2019), particularly based on the use of liposomes and polymers to 
encapsulate drugs inside their core and intended for cancer therapy 
(Hua et al., 2018). In addition, an estimated 100 nanoparticle-based 
products are in clinical trials, of which 18 started in the past 3 years 
(Martins et al., 2020); although, only six would be intended for oral 
administration (ClinicalTrials.gov, 2021). 

This relatively low number of “successful” developments is (at least 
in part) related with a long and challenging regulatory pathway 
(Bremer-Hoffmann et al., 2018; Gaspani and Milani, 2013); surely 
influenced by a vague definition of the term “nanoparticle” and a certain 
negative state of public opinion (Bhardwaj et al., 2019) with everything 
that the term “nano” means or includes. Other barriers that importantly 
hamper the clinical development of nanoparticles for drug delivery 
purposes include the use of “innovative” materials rather than the 
approved excipients and the difficulties to scale-up and transfer the 
whole preparative process to an industrial environment. In this way, the 
formulation of nanoparticles with a compound without a regulatory 
status (i.e., excipient or GRAS) makes the development process more 
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challenging, longer and, therefore, more expensive (Cicha et al., 2018). 
This would be the case when nanoparticles are prepared with a new 
synthetic polymer, where additional information is required to demon
strate its safety with respect to the currently proposed level of exposure 
or administration route. 

Moreover, the employment of toxic reagents or organic solvents for 
the synthesis of nanoparticles as well as the complexity and reproduc
ibility of the preparative method are also important aspects that will 
hinder the continuity of the project towards clinical phases. Neverthe
less, the robustness of the process has to be evaluated as a whole, 
including all the steps and procedures involved in the manufacture of 
the final product (i.e., purification, concentration and drying steps). 

In this context, the aim of this work was to produce mucus- 
permeating nanocarriers for oral drug delivery purposes by using sim
ple procedures and regulatory-approved compounds in order to facili
tate a potential clinical development. Mucus-permeating nanocarriers 
have the capability of minimizing the interaction with the mucus mesh 
(Netsomboon and Bernkop-Schnürch, 2016) and, thus, promoting 
diffusing through its protective layer lining the epithelium (Maisel et al., 
2016; Netsomboon and Bernkop-Schnürch, 2016). The use of this type of 
nanocarriers may be of interest to improve the oral bioavailability of 
biomacromolecules (Ensign et al., 2012) and other biologically active 
compounds with low permeability properties. For this purpose, zein- 
based nanoparticles prepared by a desolvation procedure and coated 
by simple adsorption with poly(ethylene glycol) (PEG) were prepared 
and evaluated. Zein is the main protein from corn with a hydrophobic 
character and insoluble in water that possesses a GRAS regulatory status 
(Irache and González-Navarro, 2017; Penalva et al., 2015). PEGs are 
hydrophilic neutral polymers approved as excipients and widely 
employed in several cosmetic and pharmacological products due to its 
safeness (D’souza and Shegokar, 2016). 

2. Materials and methods 

2.1. Materials 

Zein, lysine, poly(ethylene glycol) 35,000 Da (PEG35), and Rose 
Bengal sodium salt were purchased from Sigma-Aldrich (Steinheim, 
Germany). Ethanol absolut was obtained from Scharlab (Sentmenat, 
Spain). Lumogen® Red 305 was provided by BASF (Ludwigshafen am 
Rhein, Germany). Mannitol was purchased from Guinama (La Pobla de 
Vallbona, Spain). O.C.T.TM Compound Tissue-Tek was obtained from 
Sakura Finetek Europe (Alphen aan Der Rijn, The Netherlands). 

2.2. Preparation of nanoparticles 

2.2.1. Preparation of bare nanoparticles (NP) 
Zein nanoparticles were prepared by a desolvation procedure pre

viously described (Penalva et al., 2015), with minor modifications. 
Briefly, 200 mg zein and 30 mg lysine were dissolved in 20 mL ethanol 
55% with magnetic stirring for 10 min at room temperature. Nano
particles were obtained by the addition of 20 mL purified water. The 
ethanol was removed in a rotatory evaporator under reduced pressure 
(Büchi Rotavapor R-144; Büchi, Postfach, Switzerland) and the resulting 
suspension of nanoparticles was concentrated and purified by tangential 
flow filtration through a polysulfone membrane with a molecular weight 
cut off (MWCO) of 500 kDa (Spectrumlabs, California, USA) in order to 
remove the excess of “free” reagents that were not part of the nano
particles (e.g., zein, PEG and lysine). Finally, 2 mL of a mannitol aqueous 
solution (200 mg/mL) was added to the suspension of nanoparticles and 
the mixture was dried in a Büchi Mini Spray Dryer B-290 apparatus 
(Büchi Labortechnik AG, Switzerland) under the following experimental 
conditions: (i) inlet temperature, 90 ◦C; (ii) outlet temperature, 
45–50 ◦C; (iii) air pressure, 4–6 bar; (iv) pumping rate, 5 mL/min; (v) 
aspirator, 80%; and (vi) airflow, 400–500 L/h. 

2.2.2. Preparation of PEG-coated nanoparticles 
The coating of nanoparticles with PEG was performed by simple 

incubation between the just formed nanoparticles (before the purifica
tion step) and PEG 35,000 at different PEG-to-zein ratios. For this pur
pose, a stock solution of PEG 35,000 was prepared by dissolving the 
polymer in water to a final concentration of 100 mg/mL. Then, different 
volumes of this stock solution were added to the suspension of fresh 
nanoparticles. The mixture was maintained under magnetic agitation for 
30 min at room temperature. After this time, nanoparticles were 
concentrated and purified by tangential filtration and dried as described 
above. 

2.2.3. Preparation of fluorescently labelled nanoparticles 
Nanoparticles were fluorescently labelled by the encapsulation of 

Lumogen® F Red 305. For this purpose, 2.6 mL of a Lumogen® red 
solution (concentration of 0.4 mg/mL) in ethanol was added to the so
lution of zein and lysine, prior to the formation of the nanoparticles. 
Then, nanoparticles were formed and dried as described above. 

2.3. Physico-chemical characterization of nanoparticles 

2.3.1. Size, polydispersity index and zeta potential 
Particle size and polydispersity index (PDI) were measured after 

dispersion in ultrapure water, at 25 ◦C, by dynamic light scattering 
(DLS) (angle of 90◦). Zeta-potential was determined by electrophoretic 
laser Doppler anemometry after the dispersion of nanoparticles in pu
rified water. All of these measurements were carried out in a Zetasizer 
analyzer system (Brookhaven Instruments Corporation, Holtsville, 
USA). 

2.3.2. Morphology analysis 
The shape and surface morphology of the dried nanoparticles were 

examined by scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM). For SEM, 1.5 mg of nanoparticles were 
dispersed in 1 mL deionized water and centrifuged at 9500g for 5 min in 
order to remove the mannitol. Then, the obtained pellet was re- 
dispersed in 1 mL water, mounted on SEM grids, dried and coated 
with a gold layer using a Quorum Technologies Q150R S sputter-coated 
(Ontario, Canada) and analyzed using a ZEISS Sigma 500 VP FE-SEM 
apparatus. For TEM, a drop of a suspension of nanoparticles was 
placed over a Holey Carbon film on Cu 300 mesh + thick C + SH grid 
(EM Resolutions, Sheffield, UK). The grid with the nanoparticle’s sus
pension was allowed to dry and, then, images were taken using a Tecnai 
F30 microscope (Thermo Fischer Scientific, Oregon, USA). 

2.3.3. Fourier transform infrared resonance (FTIR) analysis 
The analysis of the nanoparticle’s surface was carried out by infrared 

spectroscopy (FTIR), using a Fourier transform spectrophotometer IR 
Affinity-1S (Shimadzu, Japan) coupled to a Specac Golden Gate ATR. 
The samples analyzed were placed directly on the diamond and the 
spectra were collected in the mode reflectance under the following 
conditions: wavenumber from 600 to 4000 cm− 1 at 2 cm− 1 of resolution 
and 50 scans per spectrum. Spectra were analyzed employing the Lab
solution IR software. 

2.3.4. Amount of protein transformed into nanoparticles and total process 
yield 

The amount of zein forming nanoparticles was estimated by the 
quantification of the protein in the eluents obtained during the purifi
cation/concentration step by UV–vis molecular absorption spectroscopy 
at 300 nm wavelength, using a PowerWave XS Microplate reader (Bio
Tek Instruments, Inc; Vermont, USA). The standard curve was prepared 
by dissolving increasing concentrations of pure zein in ethanol 70%. The 
amount of protein forming nanoparticles in the formulation was esti
mated as the ratio between the amount of the protein quantified in the 
elute and the total amount of protein used for the preparation of 

C. Reboredo et al.                                                                                                                                                                                                                               



International Journal of Pharmaceutics 597 (2021) 120287

3

nanoparticles, and, expressed as a percentage. 
Finally, the yield of the whole preparative process of nanoparticles 

was calculated by gravimetry (Arbós et al., 2002). 

2.3.5. Surface hydrophobicity evaluation 
The surface hydrophobicity of the different nanoparticles was eval

uated by the Rose Bengal method (Doktorovova et al., 2012). Briefly, 
500 μL of nanoparticle suspensions (from 0.03 to 3 mg/mL) were mixed 
with 1 mL of a Rose Bengal aqueous solution (100 μg/mL). All samples 
were incubated under constant shaking at 1500 rpm, for 30 min at 25 ◦C 
(Labnet VorTemp 56 EVC, Labnet International, Inc. New Jersey, USA). 
Afterwards, the samples were centrifuged at 13,500g for 30 min 
(centrifuge MIKRO 220, Hettich, Germany) to remove the nanoparticles. 
The amount of Rose Bengal in the supernatants (Rose Bengal unbound) 
was calculated by measuring the absorbance at 548 nm, using a Pow
erWave XS Microplate reader (BioTek Instruments, Inc., Vermont, USA). 

For calculations, the total surface area (TSA) of nanoparticles 
(calculated using Eq. (1)) was determined by assuming that the nano
particles were spherical in shape and monodisperse, with a diameter 
equal to the mean size determined by DLS. 

TSA = (SANP) × (NTNP) (1) 

where SANP is the surface of one individual nanoparticle (4πr2), and 
NTNP is the total number of nanoparticles in each dilution, calculated 
using the Eq. (2): 

NTNP = mNP/(ρzein × VNP) (2) 

where mNP is the weight of the nanoparticles in each dilution, ρzein is 
the density of zein (1.41 g/mL calculated by pycnometry) and VNP is the 
volume (4/3πr3) of an individual nanoparticle. 

On the other hand, the partitioning quotient (PQ) was calculated as 
the quotient between the amount of the Rose bengal bound and un
bound. The slope of the line of the chart represents the hydrophobicity of 
the formulation. The higher the slope, the higher the hydrophobicity. 

2.4. Ex vivo mucus diffusion studies in porcine intestinal mucus 

2.4.1. Collection and preparation of porcine mucus 
The native porcine mucus was harvested from small intestine. The 

intestines were collected from a slaughterhouse and kept in ice-cold PBS 
(for a maximum period of 2 h) prior to 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 gently in order not to drag epithelial 
tissue. A single pool of mucus was obtained, which was then distributed 
in 0.5 g-aliquots in microtubes that were stored at − 80 ◦C until the 
moment of use. 

2.4.2. Evaluation of the diffusion of nanoparticles in mucus by multiple 
Particle tracking (MPT) 

The diffusion of the nanoparticles through pig intestinal mucus, as an 
in vitro measurement of their mucus-permeating properties, was 
assessed by the Multiple Particle Tracking (MPT) technique (Abdul
karim et al., 2015; Rohrer et al., 2016). 

MPT involves video capturing and post-acquisition analysis for the 
individual movement of hundreds of fluorescently labelled particles 
within a mucus matrix (Grießinger et al., 2015). 25 μL of a suspension of 
fluorescently labelled nanoparticles (4 mg/mL in water) were inoculated 
into approximately 0.5 g of mucus aliquots. Each sample was incubated 
under agitation for 2 h at 37 ◦C in order to ensure effective particle 
distribution before the video recording. Two-dimensional videos were 
captured in a Leica DM IRB wide-field epifluorescence microscope (×63 
magnification) using a high-speed camera (Allied Vision Technologies, 
UK) and capturing 30 frames/second; 10 s videos (i.e. complete video 
comprised 300 frames). At least 100 individual trajectories were tracked 
and analyzed from each mucus sample. Examples of videos, for bare 

(NP) and PEG-coated nanoparticles (NP-PEG50), are included in the 
Supplementary Material section. The MPT of each formulation was 
carried out in triplicates, leading to a minimum of 300 individual tra
jectories assessed. Videos were analyzed using Fiji (Image J). Only tra
jectories longer than 30 frames were considered, in order to ensure a 
continuous presence of the individual nanoparticles in the X-Y plane. 
The trajectory of each nanoparticle was then converted into numeric 
pixel data and, finally, into metric distances (based on the recording 
settings). The displacement of each nanoparticle overtime was expressed 
as the squared displacement (SD), and the mean square displacement 
(MSD) was calculated as the geometric mean of that nanoparticle’s 
squared displacement along its entire trajectory. MSD was determined as 
follows: 

MSD = (XΔt)2
+(YΔt)2 (3) 

For each nanoparticle formulation studied, the “ensemble mean 
square displacement” (<MSD > ) was determined for each of the rep
licates by calculating the geometric mean of 100 individual trajectories. 
Then, the effective diffusion coefficient (Deff) of each formulation was 
calculated by: 

Deff =< MSD > /(4 × Δt) (4) 

Where 4 is a constant relating to the 2-dimensional mode of video 
capturing and Δt is the selected time interval. 

In parallel, the diffusion of the nanoparticles in water (D◦) was 
calculated by the Stokes–Einstein equation at 37 ◦C: 

D◦ = kT6πηr (5) 

In which k is the Boltzmann constant, T is absolute temperature, η is 
water viscosity and r is the mean radius of nanoparticles. 

Finally, the diffusion of all the formulations was expressed as the 
ratio (%) between their Deff and their D◦ (diffusions in mucus and in 
water, respectively). This ratio provides a measure of the relative 
diffusion of the nanoparticles in mucus when considering their Brow
nian motion in water. For the graphical representation and for each 
formulation, these ratios were normalized to the ratio obtained for bare 
nanoparticles. 

2.5. In vivo biodistribution evaluation of nanoparticles in healthy rats 

The biodistribution of the nanoparticles in the gastrointestinal tract 
of male Wistar rats (weight 180–220 g; Envigo, Indianapolis, USA) was 
visualized by fluorescence microscopy (Inchaurraga et al., 2015). Ani
mals were housed under controlled temperature (23 ± 2 ◦C) with 12-h 
light/dark cycles and with free access to normal chow and water. All 
experiments were performed after a minimum acclimation period of 7 
days. Prior to any procedure, animals were fasted overnight. During the 
procedures, animals were kept fasted but with free access to water. All 
the procedures were performed following a protocol previously 
approved by the “Ethical and Biosafety Committee for Research on 
Animals” at the University of Navarra in line with the European legis
lation on animal experiments (protocol 045-18). For the study, 10 mg of 
fluorescently labelled nanoparticles dispersed in 1 mL purified water 
were orally administered to fasted animals. Two hours post- 
administration, animals were sacrificed by cervical dislocation and the 
guts were removed. Tissue portions of 1 cm were collected, washed with 
PBS, and frozen at − 80 ◦C after inclusion in the tissue proceeding me
dium O.C.T.TM. Each portion was then cut into 5 µm sections on a 
cryostat and attached to glass slides. Finally, the slices were fixed with 
formaldehyde and stained with DAPI for 15 min. before the cover as
sembly. The presence of fluorescently loaded zein nanoparticles in the 
intestinal mucosa and the cell nuclei of intestinal cells, dyed with DAPI, 
were visualized in a fluorescence microscope (Axioimager M1, Zeiss; 
Oberkochen, Germany) with a coupled camera (Axiocam ICc3, Zeiss) 
and fluorescent source (HBO 100, Zeiss). The images were captured with 
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the software ZEN (Zeiss). The post-acquisition processing of the images 
was carried out with the software Fiji (Image J). 

As control, an aqueous suspension of Lumogen® F Red 305 was 
administered. 

2.6. Statistical analysis 

The means and standard errors were calculated for every data set. All 
the group comparisons and statistical analyses were performed using a 
one-way ANOVA test followed by a Tukey-Kramer multicomparison test. 
In all cases, p < 0.05 was considered as a statistically significant dif
ference. All calculations were performed using Graphpad Prism v6 
(California, USA) and the curves were plotted with the Origin 8 software 
from Origin Lab (Massachusetts, USA). 

3. Results 

3.1. Nanoparticles characterization 

The main physico-chemical characteristics of bare nanoparticles and 
nanoparticles coated at different PEG-to-zein ratios are shown in 
Table 1. The coating with PEG did not significantly modify the mean size 
of the resulting nanoparticles, with a typical diameter close to 200 nm 
and a polydispersity index (PDI) lower than 0.15. The morphological 
analysis by scanning electron microscopy (SEM) showed that all the 
formulations consisted of a homogeneous population of spherical- 
shaped nanoparticles (Fig. 1), with no apparent differences between 
bare and PEG-coated nanoparticles. Likely, the size values obtained by 
this technique were similar to those obtained by dynamic light scat
tering. By TEM (Fig. 1C), the presence of a less dense substance (cor
responding to the PEG-coating) on the surface of zein nanoparticles was 
observed. Moreover, the coating with PEG slightly decreased the nega
tive zeta potential of the resulting nanoparticles. In addition, the amount 
of zein transformed into nanoparticles was, in all cases, close to 80%. 
This value was not affected by the coating with PEG. Finally, the total 
preparative process yield (after the drying step) was calculated to be 
around 60%, without differences between formulations. 

Fig. 2 shows the FTIR spectra of the different nanoparticles and the 
raw materials employed in their preparation. The FTIR analysis 
demonstrated the presence of PEG in the nanoparticles after their 
formulation and drying. For all the formulations and for the free zein, 
two characteristic stretching vibration bands of amide I and amide II 
groups (at 1637 and 1521 cm− 1, respectively) were observed. The amide 
I band is associated with the C = O stretching and the amide II ab
sorption peak is associated to C-N and N-H stretching vibrations. 
Regarding the FTIR spectrum of PEG, among others, the following 
typical signals were found: the vibration of CH2 groups (1465 cm− 1), the 
stretching vibration of C-O-C (1143 cm− 1) or the C-O vibration of the OH 
end group of PEG (1093 cm− 1). The spectra of nanoparticles showed a 
displacement in the amide I stretching vibration band, which may be 
consequence of a conformational change when the nanoparticles are 
formed. Furthermore, in the spectra of PEG-coated nanoparticles ob
tained at a PEG-to-zein ratio higher than 0.05, some of the polymer vi
bration bands were clearly detected (1465, 1143 and 1058 cm− 1); 
confirming the presence of PEG on the surface of the nanoparticles. In 

addition, it is worth noting the shift of the vibration band corresponding 
to the alcoholic group of PEG (1093–1101 cm− 1) as well as that asso
ciated to the amide II of zein. This finding would indicate a possible 
interaction between the protein and the polymer through the formation 
of hydrogen bonds. Finally, absorption peaks corresponding to lysine 
(1577, 1408, 1358 cm− 1) were also detected in all the nanoparticle 
formulations. 

Fig. 3 shows the surface hydrophobicity of nanoparticles, calculated 
by means of the Rose Bengal test, as a function of the PEG-to-zein ratio 
employed in the preparation of nanoparticles. The coating of nano
particles with PEG 35,000 significantly reduced the surface hydropho
bicity, and this effect was found to be dependent on the amount of PEG 
employed during the coating process. Thus, the surface hydrophobicity 
of NP-PEG5 was calculated to be about 60% of the value determined for 
bare nanoparticles, whereas for NP-PEG75, the hydrophobicity was 4- 
times lower than for NP. 

3.2. Ex vivo mucus diffusion studies in porcine intestinal mucus 

Table 2 summarizes the main parameters defining the diffusivity of 
the nanoparticles and Fig. 4 shows the capability of the different for
mulations to diffuse through pig intestinal mucus. Again, the coating of 
zein nanoparticles with PEG 35,000 significantly increased their ability 
to move and diffuse within mucus. Thus, for nanoparticles prepared at a 
PEG-to-zein ratio similar or higher than 0.25, their diffusivity in pig 
intestinal mucus was about 8-times higher than for bare nanoparticles. 

3.3. In vivo evaluation of the mucus-permeating properties of 
nanoparticles in healthy rats 

Fig. 5 shows fluorescence micrographs of duodenum slices obtained 
2 h post-administration of different Lumogen-loaded formulations to 
animals. On the one hand, both bare and PEG-coated nanoparticles at a 
PEG-to-zein ratio of 0.05 displayed a localization that seemed to be 
restricted to the mucus layer covering the epithelium, without presence 
between intestinal villi. On the other hand, PEG-coated nanoparticles 
prepared at a PEG-to-zein ratio higher than 0.05 were clearly seen in 
close contact with the intestinal epithelium, occupying the inter-villi 
spaces and, even reaching the intestinal crypts. Afterwards, the bio
distribution of mucoadhesive and mucus-permeating formulations (NP 
and NP-PEG50, respectively) along the gastrointestinal tract were 
evaluated (Fig. 6). In the small intestine (Fig. 6C–F), mucus-permeating 
nanocarriers were able to diffuse through the protective mucus layer and 
reach the epithelium surface. Finally, in the cecum of animals, only 
fluorescence associated to NP-PEG50 was visualized, suggesting the 
capability of these nanoparticles to reach this region of the gut 2 h post- 
administration. 

4. Discussion 

This study aimed to develop suitable oral nanocarriers with mucus- 
permeating properties based on GRAS material and produced by a 
simple, cheap and reliable procedure. For that purpose, zein (GRAS 
protein) was chosen to generate the nanoparticles. These nanoparticles 
have shown (as other nanocarriers based on proteins) an interesting 

Table 1 
Physico-chemical characteristics of bare (NP) and PEG-coated nanoparticles at different PEG-to-zein ratios (5%, 25%, 50% and 75%; w/w). Data expressed as mean ±
SD, n ≥ 3.   

Size (nm) PDI Zeta potential (mv) Amount of protein (%) Total process yield (%) 

NP 200 ± 15 0.04 ± 0.03 − 54 ± 4 82.8 ± 1.7 61.3 ± 5.6 
NP-PEG5 203 ± 8 0.05 ± 0.02 − 51 ± 3 80.8 ± 1.6 58.5 ± 1.8 
NP-PEG25 202 ± 9 0.06 ± 0.02 − 49 ± 2 77.4 ± 3.7 57.9 ± 3.9 
NP-PEG50 201 ± 14 0.08 ± 0.01 − 50 ± 2 81.5 ± 2.4 61.6 ± 9.8 
NP-PEG75 213 ± 18 0.07 ± 0.02 − 51 ± 2 82.8 ± 1.3 60.5 ± 1.8  
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ability to encapsulate both hydrophobic small molecules (i.e., gliben
clamide (Lucio et al., 2017)) and hydrophilic biomacromolecules (e,g., 
insulin (Inchaurraga et al., 2020)). However, and particularly for the 
oral delivery of therapeutic proteins, conventional zein nanoparticles 
(NP) do not provide the required increase in bioavailability necessary 
for a clinical application. In order to minimize this problem, one alter
native would be the use of zein nanoparticles with mucus-permeating 
properties. For this purpose, zein nanoparticles were coated with a hy
drophilic polymer (PEG) at different PEG-to-zein ratios. This coating 

would reduce the interactions between the nanoparticle and the mucus 
matrix, conferring mucus-penetrating nanoparticles. The capability of 
PEG to confer mucus-permeating properties relies on its molecular 
weight and grafting density, which, in last term, will determine its 
conformation (Inchaurraga et al., 2015; Xu et al., 2015). In fact, PEG 
with MW as high as 40 kDa, if densely grafted to the surface of nano
particles, would prevent their interactions with mucus, conferring a 
mucoinert surface (Maisel et al., 2016). Since the coating occurs by 
physical adsorption, no new chemical entities are generated during the 

Fig. 1. Microphotographs of bare nanoparticles (NP) and PEG-coated nanoparticles (NP-PEG50). A: NP obtained by SEM; B: NP-PEG50 obtained by SEM; C: NP- 
PEG50 obtained by TEM. 

Fig. 2. FTIR spectra of zein, PEG 35,000, lysine, bare zein nanoparticles and 
PEG-coated zein nanoparticles. Straight lines correspond to 1637 and 1521 
cm− 1 stretching vibration bands. Dashed line corresponds to 1093 cm− 1 band. 

Fig. 3. Surface hydrophobicity of the different formulations. Values are 
normalized to the hydrophobicity of bare nanoparticles (NP). PEG-to-zein ratio 
is expressed in percentage. Data expressed as mean ± SD (n = 3). *: p < 0.05; 
**: p < 0.01. 

Table 2 
Diffusion behavior of the different formulations tested. < Deff>: diffusion coef
ficient in mucus; D◦: theoretical diffusion coefficient in water; <Deff>/ D◦: 
quotient between the diffusion coefficients of nanoparticles in mucus and water, 
respectively (expressed in percentage). Data expressed as mean ± SD, n = 3.   

<Deff> (mucus) cm2 ×

S− 1 × 10− 9 
D◦ (water) cm2 × S− 1 

× 10− 9 
<Deff>/D◦

(%) 

NP 0.054 ± 0.038 23.47 0.23 ± 0.11 
NP-PEG5 0.169 ± 0.085 24.85 0.68 ± 0.03 
NP- 

PEG25 
0.473 ± 0.237 24.76 1.91 ± 0.07 

NP- 
PEG50 

0.447 ± 0.226 22.35 2.00 ± 0.15 

NP- 
PEG75 

0.479 ± 0.244 23.02 2.08 ± 0.15  
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formulation of PEG-coated zein nanoparticles. Thus, this method leads 
to the formation of mucus-permeating nanoparticles composed only by 
GRAS materials, what would facilitate a faster clinical development 
(Ensign et al., 2012; Yu et al., 2012). 

All the formulations were prepared by a desolvation method and the 
coating of the just formed nanoparticles with PEG was carried out by 
simple incubation. During the preparative process of nanoparticles, no 
type of organic solvent (apart from ethanol) was used. In addition, 
during the evaporation step, the ethanol used can be recovered and, 
later, reused. All of the resulting nanoparticles displayed a mean size of 
about 200 nm, independently of the PEG-to-zein ratio, and a negative 
zeta potential. Likely, under the experimental conditions tested, the 
amount of protein transformed into nanoparticles was high (about 
80%), whereas the total yield of the process was calculated to be close to 
60%. This last result may be considered low but it is in line with previous 
results using similar lab-scale Spray-dryer apparatus and might be 
improved during scale-up (Li et al., 2010; Ngan et al., 2014). In fact, it is 
well known that, in the particular case of Spray-drying, the yield of the 
process increases by increasing the size of batches (Draheim et al., 
2015). The scanning electron microscopy confirmed the size, shape, and 
the homogeneity of the formulations measured by DLS. Nanoparticles 
were round-shaped with a smooth surface (Fig. 1A and 1B). Interest
ingly, the incubation of nanoparticles with PEG produced a 

Fig. 4. Comparative of the capability of nanoparticles (bare and PEG-coated) to 
diffuse through pig intestinal mucus. Values are normalized to the diffusion of 
bare nanoparticles (NP diffusion in intestinal mucus = 1). PEG-to-zein ratio is 
expressed in percentage. Data expressed as mean ± SD (n = 3). **: p < 0.01. 

Fig. 5. Fluorescence microscopic visualization of a lumogen aqueous suspension, bare nanoparticles (NP), and PEG-coated nanoparticles in sections of rat duode
nums 2 h after oral administration. Yellow arrows point to intestinal crypts. Nuclei of cells, stained with DAPI, are seen in blue. 
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homogeneous layer around the surface of nanoparticles of about 10 nm 
(Fig. 1C). This finding was corroborated by FTIR analysis (Fig. 2) which 
not only showed the presence of the most characteristic PEG bands but 
also that the size of these signals increased by increasing the PEG-to-zein 
ratio. Considering all these data, it is possible to hypothesize an inter
molecular interaction between PEG and zein. This interaction could be 
driven by a combination of hydrogen bonds (as predicted by the FTIR 
results) with other weak PEG-protein interactions (e.g., Van der Waals 
forces) (Wu et al., 2014). 

The hydrophobic surface of zein nanoparticles was significantly 
reduced by their coating with PEG (Fig. 3). This increase of the hydro
philicity of nanoparticles was associated with an important increase of 
their mobility in pig intestinal mucus (Fig. 4), in line with previous re
sults demonstrating that the PEGylation of polymer nanoparticles pro
duced important improvements in their diffusive properties in mucus 

(Laffleur et al., 2014; Xu et al., 2015). In addition, in our case, a good 
correlation between hydrophobicity and mucus diffusivity was obtained 
(R2 = 0.93; Fig. 7). 

The biodistribution assays carried out in rats revealed that, 2 h post- 
administration of fluorescently labelled nanoparticles, bare zein nano
particles and NP-PEG5 were found mainly entangled into the mucus 
layer of the duodenum, far away from the absorptive epithelium (Fig. 5). 
Likely, this finding agreed well with a higher hydrophobicity and lower 
diffusivity in pig intestinal mucus (as measured by MPT). On the con
trary, under the same conditions, nanoparticles prepared at a PEG-to- 
zein ratio similar or higher than 0.25 (with lower hydrophobicity and 
higher diffusivity in mucus than bare nanoparticles) were localized in 
close contact with the epithelium (Fig. 5). In a similar way, NP-PEG50 
were found in the cecum 2 h post-administration, while bare nano
particles did not reach this portion of the gastrointestinal tract (Fig. 6H 

Fig. 6. Fluorescence microscopic visualiza
tion of bare nanoparticles (NP) and nano
particles coated with PEG at a PEG-to-zein 
ratio of 0.5 (NP-PEG50) in slices of the 
different portions of the gastrointestinal tract 
of animals, 2 h post-administration. A and B 
show slices from the stomachs of animals, C 
and D from jejunums, E and F from ileums, 
and G and H from cecums. Nuclei of cells, 
stained with DAPI, are seen in blue. (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the web version of this article.)   
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and G, respectively). This, once again, reinforces the mucus-permeating 
properties of the PEG coating. The fact that NP-PEG50 reached the 
cecum might be because their increased diffusivity is applied not only 
for a transversal flow through the mucus gel, what allows them to reach 
the epithelium, but also for longitudinal flowing all along the gastro
intestinal tract. 

In summary, PEG-coated zein nanoparticles may be prepared by a 
desolvation procedure, subsequent purification by tangential flow 
filtration, and drying in a spray-drier. The preparative process is simple 
and reproducible, without employing reactive reagents. The PEG layer 
on the surface of zein nanoparticles conferred a hydrophilic corona and 
a superior capability to diffuse in pig intestinal mucus than bare nano
particles. In vivo, PEG-coated nanoparticles showed mucus-permeating 
properties with an important ability to reach the gut epithelium and 
appeared to move more rapidly along the gut, reaching the cecum two- 
hours post-administration. 
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