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Abstract: Vegetal proteins have emerged as appealing starting materials for the development of vari-
ous drug delivery systems, and their use for obtaining polymeric nanoparticles has been profitably
exploited in multidisciplinary fields. Wheat gliadin, the water-insoluble storage protein of gluten,
is characterized by a great amount of hydrophobic amino acid residues and notable mucoadhesive
features. This biopolymer can be easily manipulated to form colloidal carriers, films and fibers by
means of bio-acceptable solvents and easy preparation procedures. In this investigation, four model
compounds characterized by different octanol/water partition coefficient (logP) values were encap-
sulated in gliadin nanoparticles, with the aim of investigating the influence of their physico-chemical
properties on the cargo features and technological characteristics of the protein nanocarriers. The
results demonstrate that the chemical structure, solubility and molecular weight of the compounds
used are able to dramatically modulate the mean sizes and the entrapment efficiency of gliadin
nanoparticles. This demonstrates the importance of a preformulation investigation when a molecule
needs to be encapsulated in this type of polymeric carrier.

Keywords: drug delivery; gliadin; polymeric nanoparticles; vegetal proteins

1. Introduction

The concept of the nanoencapsulation of a compound in drug delivery systems has
unlocked new opportunities in various fields of application because it has greatly im-
proved the efficacy and safety of many bioactives [1–4]. Over the years, the exploitation
of polymeric nanoparticles has shown great potential for biomedical, pharmaceutical and
food purposes [5–7]. Various raw materials and techniques have been proposed for the
development of nanoparticles and among these the nanoprecipitation of vegetal proteins
was used to obtain nanosystems characterized by the scale-up feasibility, great biocompati-
bility/biodegradability and high entrapment efficiency of several molecules [8–11].

One of the great advantages of these raw materials is the presence of different func-
tional groups able to promote interaction with both hydrophilic and lipophilic compounds,
as well as the decoration of the surface of the resulting formulations with different ligands,
without the need for any chemical refinement [12–14].

The degree of hydrophilicity or lipophilicity of a bioactive is commonly expressed by
the n-octanol/water partition coefficient (logP), which is used to predict the behavior of
the compound in a biological system, with the aim of providing information concerning its
adsorption, distribution, metabolism and excretion features [15]. Generally, a logP value
of <1 is typical of water-soluble bioactives, whereas an increased lipophilicity is related to
higher logP values [16].

Although an optimal logP value has not been reported, a high degree of hydrophilic-
ity can compromise the cell uptake of a compound, whereas molecules that are highly
lipophilic can make their administration difficult, especially regarding the intravenous
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route because of their poor affinity for polar media [17–19]. Nanotechnology can be ex-
ploited to circumvent these drawbacks, because it allows the enhancement of the drug
solubility and bioavailability of a compound as a consequence of the peculiar properties of
the drug delivery systems [20–22].

The interactions between the material used to obtain the carrier and the entrapped
compound are fundamental for obtaining a stable formulation; that is, based on the func-
tional groups occurring in both of the structures involved, their interactions can be driven
by hydrogen, hydrophobic, electrostatic, Van der Waals or dipole–dipole bonds [23,24]. To
better investigate this aspect, the exploitation of various model compounds is an approach
routinely used to obtain information concerning the ability of a formulation to retain and
release the payload, as well as to evaluate the in vivo biodistribution or in vitro uptake of
the nanoparticles, as has been reported in several experimental works [25–29].

In this regard, Gupta and coworkers investigated the influence of six antitumor com-
pounds (carboplatin, cisplatin, docetaxel, doxorubicin, 5-fluorouracil and tamoxifen) on
the rheological properties of hydrogels made up of a L-alanine derivative (1.5% w/v) [23].
Among these, tamoxifen and 5-fluorouracil achieved the best results since they did not
affect the mechanical properties of the hydrogels and demonstrated the highest entrap-
ment efficiencies among the compounds analyzed. This was a consequence of multiple
non-polar interactions and hydrogen bonds that each drug established with the gelling
polymer; furthermore, this evidence highlighted the suitability of the proposed hydrogels
as multidrug carriers [23].

In another experimental investigation, poly-lactide-co-glycolide-acid (PLGA) nanopar-
ticles were evaluated as carriers for sodium fluorescein, sulforhodamine and boron-
dipyrromethene (BODIPY®493/503) used as a model of hydrophilic, amphiphilic and
lipophilic drugs, respectively [30]. The greatest entrapment efficiency and loading capacity
were observed for BODIPY, and this was attributed to the mutual hydrophobicity that
characterized both the probe and the polymer [30].

Recently, our research team investigated the crucial role exerted by the nature of a
compound entrapped in gels made up of 20% w/v of zein [31]. In particular, it was shown
that the rheological features, as well as the leakage profile from the tridimensional network,
were modulated by the physico-chemical features of the entrapped molecule. This hap-
pened as a consequence of the different interactions occurring between the vegetal protein
and the payload, demonstrating the possibility of tailoring the technological properties of
the formulation as a function of the required outcome [31].

In the current investigation, four compounds characterized by different logP values
were encapsulated in a polymeric matrix made up of gliadin, the storage proline and
glutamine-rich protein extracted from wheat grains, in order to evaluate the influence
of their physico-chemical properties on the mean sizes of the nanosystems and the re-
tention rate (Figure 1). Specifically, brilliant blue R (BB) and disodium fluorescein (DF),
two fluorescent dyes commonly used to mark proteins [32] and to study drug transport
in the liver [33], respectively, were used as models of hydrophilic compounds. In addi-
tion, rutin and methylene blue (MB), molecules characterized by antioxidant [34] and
antibacterial [31] properties, were exploited as amphiphilic and lipophilic model com-
pounds, respectively.
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Figure 1. Chemical structures of the model drugs encapsulated in gliadin nanoparticles. 
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(MB) and rutin were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Ethanol 
was supplied from Carlo Erba S.p.A (Rodano, Milan, Italy). Super Refined Brij O2 (SRO2) 
was obtained from Croda International (Snaith, UK). 

2.2. Preparation of Gliadin-Based Nanoparticles Containing Model Compounds 
Gliadin nanoparticles were prepared following the nanoprecipitation technique, as 

previously reported [35]. Namely, 1 mg/mL of gliadin and 0.1% w/v of SRO2 were solu-
bilized in 3 mL of a hydroalcoholic solution (Et:H2O 7:3 v/v). The pH of this solution was 
adjusted to 10, and then 5 mL of MilliQ water were added to this suspension. This mix-
ture was homogenized with an Ultraturrax (model T25 IKA® Werke Gmbh & Co., Stau-
fen, Germany) at 24,000 rpm for two minutes and then mechanically stirred for 6 h in 
order to allow the complete evaporation of ethanol [35]. The nanoparticles containing the 
model compounds were obtained by adding various amounts of each molecule (50, 100, 
200 and 400 µg/mL) to the organic or aqueous phase, according to their physico-chemical 
features (Table 1). 

Table 1. Physico-chemical properties of the molecules used as model compounds. 
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−0.17 825.97 10 Pubchem/National Di-
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−0.67 376.30 500 Pubchem/Merck 

Methylene blue 
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0.75 319.86 43.6 Pubchem 

Rutin 0.15 610.50 0.125 Pubchem/Drug Bank 
  

Figure 1. Chemical structures of the model drugs encapsulated in gliadin nanoparticles.

2. Materials and Methods
2.1. Materials

Gliadin from wheat, brilliant blue R (BB), disodium fluorescein (SD), methylene blue
(MB) and rutin were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Ethanol
was supplied from Carlo Erba S.p.A (Rodano, Milan, Italy). Super Refined Brij O2 (SRO2)
was obtained from Croda International (Snaith, UK).

2.2. Preparation of Gliadin-Based Nanoparticles Containing Model Compounds

Gliadin nanoparticles were prepared following the nanoprecipitation technique, as pre-
viously reported [35]. Namely, 1 mg/mL of gliadin and 0.1% w/v of SRO2 were solubilized
in 3 mL of a hydroalcoholic solution (Et:H2O 7:3 v/v). The pH of this solution was adjusted
to 10, and then 5 mL of MilliQ water were added to this suspension. This mixture was
homogenized with an Ultraturrax (model T25 IKA® Werke Gmbh & Co., Staufen, Germany)
at 24,000 rpm for two minutes and then mechanically stirred for 6 h in order to allow the
complete evaporation of ethanol [35]. The nanoparticles containing the model compounds
were obtained by adding various amounts of each molecule (50, 100, 200 and 400 µg/mL)
to the organic or aqueous phase, according to their physico-chemical features (Table 1).

Table 1. Physico-chemical properties of the molecules used as model compounds.

Model Drug LogP
Molecular

Weight
(g/mol)

Water
Solubility

(g/L)
Source

Brilliant blue R (BB) −0.17 825.97 10 Pubchem/National
Diagnostic

Disodium fluorescein (DF) −0.67 376.30 500 Pubchem/Merck

Methylene blue (MB) 0.75 319.86 43.6 Pubchem

Rutin 0.15 610.50 0.125 Pubchem/Drug Bank

2.3. Physico-Chemical Characterization

The physico-chemical features of the gliadin nanosystems were evaluated by means of
dynamic light scattering, using a Zetasizer Nano ZS apparatus (Malvern Panalytical Ltd.,
Spectris plc, Malvern, UK) applying the third order cumulant correlation function. Each
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measurement is the average of three different experiments carried out on three different
batches and reported as a function of the intensity (%) ± the standard deviation [36,37].

2.4. Entrapment Efficiency and Loading Capacity of Model Drugs

The amount of hydrophilic and hydrophobic compounds retained by the gliadin
nanoparticles was calculated through spectrophotometric analyses. Namely, 1 mL of for-
mulation containing different amounts of the model drugs (50–400 µg/mL) was centrifuged
with a Beckman Optima™ Ultracentrifuge (Fullerton, NU, Canada) at 90,000 rpm for 1 h.
The pelletized formulations were freeze-dried in the absence of any cryoprotectant and
then incubated for 72 h in water or ethanol based on the physico-chemical features of the
entrapped compound. Specifically, the pellet obtained from the BB- and DF-loaded gliadin
nanosystems was incubated in water, whereas that obtained from the samples containing
MB and rutin was incubated in ethanol. This was done in order to favor the leakage of the
entrapped compound [35,38].

The samples were analyzed with a spectrophotometer (Perkin Elmer Lambda 35,
Waltham, MA, USA) at a λmax of 490 nm, 590 nm, 359 nm and 663 nm for disodium fluores-
cein, brilliant blue R, rutin and methylene blue, respectively [31,34]. Empty nanosystems
were treated as blank.

The entrapment efficiency (%) was calculated as follows

EE% = DE/DA × 100 (1)

where DE is the amount of entrapped molecules, and DA is the amount of compound
initially added.

The iodine–iodide assay was used to investigate the amount of SRO2 integrated in the
gliadin nanoparticles, as previously reported [38].

The loading capacity (%) was calculated as the percentage ratio between the amount
of encapsulated model drug and the total weight of the nanoparticles as follows:

LC% = [entrapped compound]/total weight of nanoparticles × 100 (2)

2.5. Statistical Analysis

The statistical analysis of the various experiments was carried out using a one-way
ANOVA. The results were checked using a posteriori Bonferroni t-test with a p value
of <0.05 considered statistically significant.

3. Results and Discussion

Recently, the physico-chemical and technological features of gliadin-based nanopar-
ticles have been investigated in order to develop and refine a colloidal formulation that
could be useful for various applications. The best results in terms of mean diameter and
size distribution were obtained following the nanoprecipitation of 1 mg/mL of protein
and 0.1% w/v of SRO2 as stabilizer [35]. The obtained gliadin nanoparticles efficiently
retained the hydrophilic compounds, which was surprising because the protein is made up
of several lipophilic amino acid residues, and up to now, few examples of a water-soluble
compound entrapped within gliadin colloidal systems have been reported [39,40].

In order to gain information concerning the most suitable physico-chemical features
that a compound should possess for entrapment within the gliadin nanosystems, four
model molecules characterized by different degrees of hydrophilicity/hydrophobicity
(Table 1) were investigated as cargo derivatives.

As can be seen in Table 2, the addition of BB during the preparation procedure of the
gliadin nanoparticles evidenced the formation of a population characterized by a mean
diameter and a PdI of less than 200 nm and 0.3, respectively. While DF showed only a slight
increase of these parameters when amounts ≥0.1 mg/mL of the compound were used for
the preparation of samples. On the contrary, the addition of MB promoted a significant
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(p < 0.001) increase of the mean sizes of the samples when 0.2, and particularly, 0.4 mg/mL
of the drug were used. The same trend was observed for their size distribution.

Table 2. Physico-chemical properties of gliadin nanoparticles (1 mg/mL of protein and 0.1% w/v of SRO2) prepared with
various amounts of model compounds.

Model Drug
Amount of Compound

Initially Added
(mg/mL)

Mean Sizes (nm) Polydispersity Index (PdI)

Brilliant blue R (BB)

0.050 154 ± 1 0.176 ± 0.010
0.100 190 ± 5 ** 0.216 ± 0.030 *
0.200 161 ± 2 0.255 ± 0.040 **
0.400 150 ± 6 0.284 ± 0.041 **

Disodium fluorescein (DF)

0.050 152 ± 2 0.197 ± 0.008
0.100 162 ± 8 0.200 ± 0.021
0.200 170 ± 4 * 0.316 ± 0.024 **
0.400 208 ± 3 ** 0.335 ± 0.006 **

Methylene blue (MB)

0.050 152 ± 1 0.223 ± 0.016 **
0.100 240 ± 3 ** 0.208 ± 0.010 **
0.200 858 ± 13 ** 0.957 ± 0.074 **
0.400 >1000 ** 0.900 ± 0.053 **

Rutin

0.050 215 ± 14 ** 0.423 ± 0.058 **
0.100 180 ± 13 0.417 ± 0.064 **
0.200 237 ± 14 ** 0.466 ± 0.080 **
0.400 370 ± 73 ** 0.491 ± 0.085 **

* p < 0.05; ** p > 0.001 with respect to the empty nanoformulation.

It should be considered that DF and MB are characterized by a lower molecular weight
as compared to BB and, consequently, should provide a lesser degree of steric hindrance
and perturbation towards the colloidal architecture (Tables 1 and 2).

However, molecular weight is not the only parameter that should be taken into
consideration during a preformulation investigation because the different hydrophilic-
ity/hydrophobicity of the compounds, as well as the presence of specific residues in their
structures, play a crucial role in the final rearrangement of gliadin nanoparticles.

Namely, the two sulfonic groups and the three nitrogen moieties occurring in the
structure of BB have been demonstrated to promote its interaction with protein polymers,
as was true in the case of bovine haemoglobin [41]. In particular, these residues can ensure
the formation of multiple hydrogen bonds able to stabilize the polymer-dye complexes and
favor the location of BB within the polymeric matrix, as previously reported [41].

It is probable that the absence of the aforementioned residues is a plausible explanation
for the destabilizing effect that DF and MB exerted over the assembly of the gliadin
nanoparticles (Table 2). In this regard, it was demonstrated that the development of zein
microspheres containing promethazine, a phenothiazine derivative with antihistaminic
properties and structurally related to MB, exhibited poor retention of the compound
as a consequence of the absence of hydrogen bonds between the drug and the vegetal
protein [42]. A similar trend has been recently observed using zein-based gels [31].

When the gliadin nanoparticles were prepared following the addition of different
amounts of rutin as an amphiphilic model drug, a scarce predisposition of the compound to
interact with the polymer was observed. As can be seen in Table 2, a greater mean diameter
and a ~3-fold increase in the size distribution of the samples were obtained when just
0.05 mg/mL of drug were used with respect to the empty formulation, and the same trend
was observed at higher concentrations of the compound. These results are in disagreement
with our recent findings concerning the entrapment of rutin into colloidal carriers made up
of zein [34] and can be interpreted as a function of (i) the different aminoacidic composition
of the two polymers, with zein being more hydrophobic than gliadin [43,44] and (ii) the
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structural organization of the gliadin molecules which consists of an inner hydrophilic core
flanked by two hydrophobic regions [45,46].

It is plausible that the encapsulation of rutin into a drug delivery system is mainly
driven by Van der Waals and non-polar interactions, as was demonstrated in the case
of core shell nanoparticles made up of casein and pectin [47], alumina and titanium
dioxide- [48] and human haemoglobin-based nanoparticles [49]. In addition, the steric
hindrance exerted by the rutinose moiety discouraged the correct location of the compound
within the polymeric matrix, as was true in the case of bovine hemoglobin [50]. Another
plausible explanation can be attributed to the low amount of tryptophan residues in
the gliadin polymer [51,52], which was demonstrated to be critical for the formation
of stable complexes with proteins, as reported in the case of human and bovine serum
albumin [53,54] as well as whey proteins [55] and bovine haemoglobin [50].

The entrapment efficiency (EE%) and loading capacity (LC%) are two parameters to
be evaluated during the developmental phase of a formulation because they determine its
potential use as a drug delivery system [56].

As can be seen in Figure 2 and Table 3, the results concerning these parameters were
dramatically influenced by the physico-chemical features and molecular structure of the
compound used, and confirmed the trend observed during the DLS analysis. Indeed, only
~5% of rutin became encapsulated in the gliadin nanoparticles when 50 and 100 µg/mL
of compound were used, respectively, whereas a decrease in the EE was observed when
higher concentrations of the drug were used. A slight increase of this parameter was
observed for MB (Figure 2), even though it should be considered that at concentrations
≥0.2 mg/mL of the compound a significant polydispersity (PdI > 0.9) of the samples was
observed, so the EE and LC of these formulations were not evaluated because they were
not stable enough to be analyzed (Table 2).
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Figure 2. Entrapment efficiency (EE%) of gliadin nanoparticles prepared with 1 mg/mL of protein
and 0.1% w/v of SRO2. Panel (A): EE% of brilliant blue R. Panel (B): EE% of disodium fluorescein.
Panel (C): EE% of methylene blue. Panel (D): EE% of rutin. X-axis: amount of compound (mg/mL)
added during the preparation of the samples. Y-axes: percentage of compound entrapped in the
gliadin nanoparticles (left); amount of compound (mg/mL) that became entrapped in the gliadin
nanoparticles (right).
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Table 3. Loading capacity (LC%) of gliadin nanoparticles (1 mg/mL of protein and 0.1% w/v of
SRO2) prepared with various amounts of model compounds.

Model Compound
Amount of Compound

Initially Added
(mg/mL)

LC (%)

Brilliant blue R
(BB)

0.050 1.79 ± 1.0
0.100 3.68 ± 0.18
0.200 6.57 ± 0.33
0.400 11.87 ± 1.0

Disodium fluorescein
(DF)

0.050 0.21 ± 0.0105
0.100 0.23 ± 0.0115
0.200 0.37 ± 0.0185
0.400 0.87 ± 0.004

Methylene blue
(MB)

0.050 0.46 ± 0.073
0.100 0.86 ± 0.043
0.200 0.19 ± 0.010
0.400 0.41 ± 0.021

Rutin

0.050 0.37 ± 0.190
0.100 0.46 ± 0.023
0.200 1.79 ± 1.0
0.400 3.68 ± 0.18

The evaluation of the loading capacity confirmed the unsuitability of MB for en-
capsulation in the gliadin samples because only ~6 and ~12 µg of compound per mg of
nanoparticles were retained when 0.05 and 0.1 mg of molecules were added during the
preparation procedure. A similar trend was observed for MB-loaded PLGA nanoparticles
prepared by the single- and combined- emulsification techniques [57].

The lowest EE and LC values were obtained for the hydrophilic DF, and this con-
firmed the modest degree of affinity occurring between the biomaterial and this compound
(Figure 2 and Table 3). This was surprising because the presence of a carboxylate group
and the aromatic moieties in the DF structure should have promoted a great deal of interac-
tion with the gliadin polymer (hydrogen bonds and hydrophobic interactions, respectively).
Indeed, these interactions have already been shown to be critical for the interaction of DF
with protein polymers, as was true for bovine serum albumin [58] and zein [31].

Moreover, these results are in disagreement with our previous findings in which
another xanthene-type dye similar to DF was encapsulated within the gliadin nanopar-
ticles [35]. In detail, an EE% between ~10–20% was obtained when 0.05 and 0.1 mg/mL
of rhodamine B were used, respectively, but when the same concentrations of DF were
used, less than 2% of the hydrophilic compound was retained by the polymeric matrix. It
should be noted that rhodamine B is characterized by a higher molecular weight than DF
(479 g/mol vs. 376 g/mol) and significantly lower water solubility (15 g/L vs. 500 g/L).
It is probable that the resulting EE is due to the lack of the diethylamino- and diethylaza-
nium residues in the DF molecule. In addition, the occurrence of π-stacking interactions
between the tryptophan residues of gliadin and the xanthene nucleus of rhodamine B
could be another plausible interaction mechanism responsible for promoting the reten-
tion of this compound in the polymeric nanoparticles, as demonstrated in the case of
poly (sodium 4-styrenesulfonate)- and poly (N-methacryloyl-5-aminoasalicylic acid)-based
nanosystems [59].

Contrarily, the gliadin nanoparticles prepared with BB allowed great retention of this com-
pound; in particular, the highest EE% was obtained when an amount of 0.05 and 0.1 mg/mL
of BB was used because ~50% of the compound initially added became entrapped within
the nanosystems (Figure 2 and Table 3). But even though a slight decrease in the EE% was
observed when higher amounts of the compound were initially used (47% and 43% for
the samples prepared with 0.2 and 0.4 mg/mL of BB, respectively), there was a signifi-
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cant increase in the LC% value, confirming a great affinity between this molecule and the
polymeric structure.

4. Conclusions

The findings provided in this study demonstrate that the physico-chemical properties
of a molecule dramatically influence its retention rate within gliadin nanoparticles as well
as the sizing of the resulting systems.

In this regard, it is not suitable to make generalizations concerning the ability of an
optimized nanoformulation to entrap compounds that share some common features such
as solubility and/or structural conformation [56].

This is due to the fact that the entrapment efficiency is mainly affected by the molecular
interactions occurring between the cargo molecule and the polymer [23,60]. This aspect has
to be carefully taken into account during the phase of development of a new formulation to
be used as a drug delivery system as a function of the required outcome, especially when a
protein is the main component [61,62].

The delivery of hydrophilic compounds is a challenge for pharmaceutical technology
because of the various drawbacks associated with their use, such as modest intracellular
accumulation and rapid clearance [17,63]. Despite the intrinsic hydrophobicity of gliadin
as a polymer, the proposed nanoparticles were shown to possess a good affinity for water-
soluble compounds. In view of these results and considering the mucoadhesive features
that characterize this biomaterial, besides the different plausible applications of the gliadin
nanosystems (for example, delivery of bioactive compounds or development of novel
nutraceuticals), the evaluation of the phenomena occurring at the interface of the protein
will be fundamental for the refinement of the best formulations [64–68].
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