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SUMMARY
Research background. Gallic acid is a polyphenol with antioxidant and antitumor ac-

tivities; however, its use as a nutraceutical or drug is hindered by its low bioavailability. 
Zein is a natural protein found in corn and has been applied as nanoparticle drug carrier. 
In this study, zein nanoparticles were obtained and stabilized with polyethylene glycol 
(PEG) as gallic acid carriers. 

Experimental approach. Nanoparticles were obtained by the liquid-liquid method and 
characterized in terms of mean size, polydispersity index, zeta potential, morphology, 
solid-state interactions and encapsulation efficiency/drug loading. The stability of 
nanoparticles was evaluated in simulated gastrointestinal fluids and food simulants, and 
the antioxidant activity was determined by the scavenging of the 2,2-diphenyl-1-picryl-
hydrazyl (DPPH) radical. 

Results and conclusions. Zein nanoparticles containing gallic acid were obtained and 
stabilized only in the presence of PEG. Under optimal conditions, nanoparticles with mean 
size <200 nm, low polydispersity index (<0.25) and negative zeta potential (−20 mV) were 
obtained. The gallic acid encapsulation efficiency was about 40 %, loading about 5 %, and 
it was encapsulated in an amorphous state. Fourier transform infrared spectroscopy (FTIR) 
did not identify chemical interactions after gallic acid nanoencapsulation. Zein nanopar-
ticles were more prone to release the gallic acid in gastric than intestinal simulated me-
dium; however, more than 50 % of drug content was protected from premature release. 
In food simulants, the gallic acid release from nanoparticles was prolonged and sustained. 
Moreover, the nanoencapsulation did not reduce the antioxidant activity of gallic acid. 

Novelty and scientific contribution. The results show the importance of PEG in the for-
mation and its effect on the properties of zein nanoparticles obtained by the liquid-liquid 
dispersion method. This study indicates that PEG-stabilized zein nanoparticles are poten-
tial carriers for oral intake of gallic acid, preserving its antioxidant properties and enabling 
its use in the pharmaceutical and food industries. 

Keywords: zein nanoparticles; gallic acid release; polyethylene glycol; food simulants; 
DPPH scavenging 

INTRODUCTION
Polyphenols are micronutrients found in plant-based foods presenting recognized an-

tioxidant activity associated with health benefits. Studies have shown that polyphenols and 
their derivatives may reduce the risks of diabetes, cardiovascular and neurodegenerative 
diseases, besides their chemopreventive and antitumor potential (1,2). Gallic acid (3,4,5-tri-
hydroxybenzoic acid) is a polyphenol from the class of phenolic acids found in a wide vari-
ety of foods and herbs, and its antioxidant activity is well known. Antimicrobial, anticarcino-
genic and antimutagenic properties have also been described, and considerable interest 
has been given to its ability to protect the cells against oxidative stress (3–5). Although it has 
a therapeutic potential, the application of gallic acid under biological conditions is limited 
by its biopharmaceutical and pharmacokinetic properties, hindering its applications. Gallic 
acid is a polar and hydrophilic compound, which restricts its penetration through cell 
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membranes. Thus, its low absorption associated with fast renal 
elimination become features that interfere with its oral bio-
availability, reducing it dramatically (6). Considering the poten-
tial application of gallic acid in the food and pharmaceutical 
industries, the development of a prolonged gallic acid delivery 
system could improve its oral bioavailability.

Zein is a natural protein abundantly found in corn, be-
longing to the prolamin class. About 50 % of the total amino 
acids present in zein are non-polar (leucine, alanine, proline 
and phenylalanine); however, the high glutamine content 
confers certain hydrophilicity, resulting in an amphiphilic pro-
tein (7,8). These characteristics allow the interaction of both 
hydrophobic and hydrophilic compounds with zein structure 
(9). In the last years, zein has been applied for the nanoencap-
sulation of drugs, nutraceuticals and other compounds (10–
15). Another relevant zein feature is its resistance to digestive 
enzymes, resulting in slow digestibility in the gastrointestinal 
tract. This property has been exploited for the development 
of zein-controlled release systems for the oral delivery of 
functional compounds (16–18). However, the use of zein as a 
matrix for nanoparticles is not a simple issue. Due to its isoe-
lectric point (6.2), zein aggregates at neutral pH, and thus, its 
stability and dispersibility are important concerns. Some at-
tempts have been made to avoid the colloidal aggregation 
of zein nanoparticles, and they are based on the inclusion of 
a stabilizing agent (sodium caseinate is the most common or 
surfactants) to reduce the hydrophobic interaction between 
particles (19–22).

This study aims to investigate the influence of polyethyl-
ene glycol (PEG), an anionic polymer which has flexible hy-
drophilic chains, in the formation and stabilization of zein na-
noparticles containing gallic acid, for its application in the 
pharmaceutical or food industry. Nanoparticles were charac-
terized and their stability in simulated gastrointestinal fluids 
and in fatty food simulant was studied. Moreover, the antiox-
idant activity of zein-PEG nanoparticles containing gallic acid 
was evaluated. 

MATERIALS AND METHODS

Materials

Zein, gallic acid (98.0 % purity), polyethylene glycol (PEG; 
10 kDa) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were pur-
chased from Sigma-Aldrich Co. Ltd., Merck (St. Louis, MO, 
USA). Absolute ethanol was purchased from Biotec (Lages, 
Brazil). HPLC grade acetonitrile was purchased from LiChro-
solv (Darmstadt, Germany). The solutions used in the exper-
iments were prepared using ultrapure water (Millipore, Mil-
ford, MA, USA). 

Preparation of zein-PEG nanoparticles containing  
gallic acid

The nanoparticles were obtained by the liquid-liquid dis-
persion method (23), with some modifications. The influence 

of PEG, gallic acid, zein and hydroalcoholic solution content, 
and aqueous to organic phase ratio on nanoparticle mean 
size and polydispersity was evaluated. Initially, zein (45 or 60 
mg) was dissolved in a hydroalcoholic solution (80 or 85 %), 
and gallic acid (15 or 20 mg) was prepared either in water or 
in PEG aqueous solution (10–60 mg). The aqueous to organic 
solution ratio was 1:2 or 1:3 (V/V). Zein solution was added 
dropwise into the gallic acid aqueous solution (containing or 
not PEG) under moderate magnetic stirring at room temper-
ature, and the particles were immediately formed. The disper-
sion was stirred for 120 min for ethanol evaporation. The un-
loaded gallic acid was separated from the nanoparticles by 
ultracentrifugation (25 249×g, at 25 °C for 20 min; model Z 36 
HK; HERMLE Labortechnik GmbH, Wehingen, Germany) and 
the supernatant was stored for further analysis. For physico-
chemical characterization, nanoparticles were subsequently 
lyophilized. Unloaded nanoparticles were prepared by the 
same method but without the addition of gallic acid into the 
aqueous phase. 

Determination of mean particle size, size distribution,  
zeta potential and morphology

Mean particle size, polydispersity index (PDI) and size dis-
tribution were determined by dynamic light scattering 
(90Plus; Brookhaven Instruments Corp., Holtsville, NY, USA). 
Zeta potential was evaluated using a Zetasizer Nano S90 (Mal-
vern Instruments, Malvern, UK). Morphology of the nanopar-
ticles was investigated by scanning electron microscopy 
(SEM) (MIRA3 LM; Tescan Orsay Holding a.s., Brno, Czech Re-
public) at an accelerating voltage of 20.0 kV. 

Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) analysis 
was performed to monitor any structural changes related to 
the functional groups of nanoparticles and gallic acid due to 
nanoencapsulation. The FTIR spectra of the samples (gallic 
acid, zein, PEG and zein-PEG nanoparticles loaded with gallic 
acid) were recorded as transmittance in the scanning range 
of 400–4000 cm–1 (VERTEX 70; Bruker, Billerica, MA, USA). 

X-ray diffraction 

X-ray diffraction (XRD) analysis of the samples was per-
formed using an X-ray diffractometer (X-DS Phaser; Bruker, 
Karlsruhe, Germany). Thermograms were collected over an 
angular range from 2θ=10º to 60º in continuous mode using 
a step size of 2θ=0.02º and step time of 5 s. 

Encapsulation efficiency and drug loading 

The encapsulation efficiency of gallic acid in zein nanopar
ticles was calculated indirectly. The supernatant containing 
non-encapsulated gallic acid obtained from the ultracentrif-
ugation of nanoparticles was quantified by high-performance 
liquid chromatography (2695 alliance HPLC system; Waters 
Technologies, Inc., Milford, MA, USA). The mobile phase consisted 
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of acetonitrile/water/0.5 % acetic acid (54:28:18, V/V/V), and 
the flow rate was 0.9 mL/min in an isocratic elution. The pho-
todiode array detector was set at 271 nm, and the total run 
time was 4 min. Encapsulation efficiency and drug loading, 
respectively, were determined as follows:
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100 	 /1/
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where m1 is the mass of gallic acid used for loading, m2 is the 
mass of gallic acid quantified in the supernatant, m3 is the 
mass of entrapped gallic acid and m4 is the mass of nanopar-
ticles loaded with gallic acid. 

Stability in simulated gastric fluid and simulated  
intestinal fluid 

Nanoparticles containing about 1.2 mg of gallic acid were 
dispersed in 5 mL of simulated gastric fluid (SGF; 50 mM KCl, 
1 % pepsin, pH=1.2). The samples were incubated at 37 °C un-
der agitation at 150 rpm, and after 2 h the nanoparticle sus-
pension was centrifuged at 25 249×g (model Z 36 HK; HERM-
LE Labortechnik GmbH) and introduced into simulated 
intestinal fluid (SIF; 50 mM KH2PO4, 15 mM NaOH, 1 % pancre-
atin, pH=6.8) for 4 h. At specific time intervals (0.5, 1, 2, 3, 4, 5 
and 6 h), samples were centrifuged (25 249×g, 25 °C and 15 
min) and the removed volume was replaced with fresh medi-
um to keep it constant. Finally, the supernatants collected at 
each time interval were filtered through a 0.22-μm filter and 
analyzed by HPLC to quantify the content of gallic acid re-
leased from the nanoparticles. The study was performed in 
triplicate, and the results were expressed as cumulative per-
centage of gallic acid released over time. 

Stability assay in food simulators

Two kinds of food simulants with 95 and 50 % ethanol 
were used to perform the study. The 95 % ethanol can be re-
garded as a simulant for fats, oil and fatty foods due to similar 
hydrophobicity, while 50 % ethanol can be considered as a 
simulant for oil in water emulsions and alcoholic beverages 
(24).

Nanoparticles containing gallic acid (about 1.2 mg of the 
compound) were dispersed in 3 mL of the simulants. The 
samples were kept under stirring at room temperature and 
protected from light. At specific time intervals (0.5, 4, 8, 24, 
48, 72, 96 and 120 h), samples were centrifuged (25 249×g,  
25 °C and 15 min) (model Z 36 HK; HERMLE Labortechnik 
GmbH) and the supernatants were collected and analyzed by 
HPLC (2695 alliance HPLC system; Waters Technologies, Inc.). 
After each sampling, the medium was replaced with a fresh 
medium to keep the volume constant. The study was per-
formed in triplicate and the results were expressed as cumu-
lative percentage of gallic acid released over time. 

Determination of antioxidant activity

The antioxidant activity was determined by the scaveng-
ing activity of 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical, 
which is observed as a decrease in the absorbance at 517 nm, 
depending on the antioxidant concentration (25). Aliquots of 
different concentrations of gallic acid or gallic acid-loaded 
zein-PEG nanoparticles (5, 10, 20 or 40 μg/mL) were incubat-
ed in a shaker at 150 rpm and 37 °C. At predetermined times 
(0 and 24 h), aliquots of the samples were added to DPPH (25 
μM) and filled with phosphate buffer (50 mM, pH=7.4) to the 
final volume of 200 μL. The absorbance was measured at 517 
nm in a microplate reader (SpectraMax 190; Molecular Devic-
es LLC, Sunnyvale, CA, USA). All determinations were per-
formed in triplicate, and the percentage of DPPH inhibition 
was calculated as follows:
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where Ac is the absorbance of the control and As is the absorb-
ance of the sample. 

Statistical analysis

All data were reported as mean value±standard deviation 
(S.D.). Statistical analysis was conducted by one-way analysis 
of variance (ANOVA) followed by Tukey’s post hoc test for 
comparing groups using OriginPro v. 2018 SR1 b9.5.1.195 (26). 
Statistical significance was set at p<0.05. 

RESULTS AND DISCUSSION

Preparation of nanoparticles and their characterization 

The influence of some formulation factors such as poly-
ethylene glycol (PEG), gallic acid and zein content, volume 
fraction of hydroalcoholic solution and aqueous to organic 
phase ratio on the mean size and polydispersity index (PDI) 
of zein nanoparticles containing gallic acid was evaluated, 
and results are shown in Table 1. 

It can be observed that without PEG, zein nanoparticles 
were not obtained (F1). A possible reason might be the ag-
gregation of zein at neutral pH due to its isoelectric point 
around 6.2. It is well known that zein nanoparticles have poor 
colloidal stability, forming aggregates and precipitating in 
the formulation, losing their nanometric arrangement 
(22,23,27). Some strategies have been applied to improve the 
chemical and physical stability of zein nanoparticles, such as 
the inclusion of caseinate (19,28), chitosan (27), pectin (29), 
pluronic F127 and lecithin (30), sodium deoxycholate (22), ly-
sine and caseinate (31), hyaluronic acid (32), and others. In this 
study, we evaluated the ability of PEG as a stabilizer to obtain 
zein nanoparticles with high colloidal stability. PEG was add-
ed in a range of 10 to 60 mg, although up to 40 mg, nanopar-
ticles were not formed (F2–F5). When PEG was increased  
to 50–60 mg, nanoparticles were obtained. Possibly, a high 
PEG content contributed to better stabilization of zein 
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Table 1. Effect of some process variables on nanoparticle size (d) and 
polydispersity index (PDI)
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F1 0 20 60 80 1:2 − −
F2 10 20 60 80 1:2 − −
F3 20 20 60 80 1:2 − −
F4 30 20 60 80 1:2 − −
F5 40 20 60 80 1:2 − −
F6 50 20 60 80 1:2 (366±35)a (0.24±0.05)a

F7 60 20 60 80 1:2 (338±28)ab (0.22±0.02)a

F8 60 15 60 80 1:2 (321±15)ab (0.22±0.03)a

F9 60 15 45 80 1:2 (294±10)b (0.21±0.01)a

F10 60 15 45 85 1:2 (287±15)b (0.19±0.01)a

F11 60 15 45 85 1:3 (180±20)c (0.18±0.01)a

The formation of nanoparticles was not observed; high agglome
ration without redispersion. The results for d and PDI are expressed 
as mean value±S.D. (N=3). In each column, the same letters represent 
statistical equality and different letters statistical inequality (ANOVA 
and Tukey’s post hoc test) at p<0.05

nanoparticles, reducing the interaction between them 
through steric stabilization, thereby preventing their aggre-
gation. Nanoparticles had a mean size of about 350 nm, with-
out differences in the mean size between formulations F6 
and F7. PEG is an anionic polymer, which has flexible hydro-
philic chains, and it is widely recognized for its steric pro
perties on nanoparticle surfaces, promoting the repulsion of 
particles (33–35). Zein as a weak polyelectrolyte forms com-
plexes with other polymers by the driving forces of hydro-
phobic interactions and hydrogen bonds. These interactions 
improve the characteristics and stability of the resulting na-
noparticles (27). After observing the formation of PEG-stabi-
lized zein nanoparticles, we changed other parameters to re-
duce the mean size. When the amount of gallic acid was 
reduced (F8), a slight decrease in the mean size was observed. 
When the amount of zein was also reduced (F9), a significant 
decrease in nanoparticle size was observed. The increase in 
the volume fraction of hydroalcoholic solution did not affect 
the size (F10), compared to F9, but the increase in the volume 
fraction of aqueous phase (F11) significantly reduced mean 
size (<200 nm; p<0.05) of nanoparticles. F11 nanoparticle for-
mulation was chosen as the ideal to continue the studies. Ac-
cording to Pascoli et al. (36), the main factors influencing zein 
nanoparticle size are the rate of injection of the organic phase 
into the aqueous phase, agitation speed and volume ratio. 

The nanoparticle size significantly affects their absorp-
tion and distribution in biological tissues; when intravenous-
ly administered, particles smaller than 20 nm are eliminated 
from the circulation within a few hours via the reticuloen-
dothelial system, and particles larger than 300 nm are re-
tained in the liver and spleen within minutes (37). Although 

the mean size is an important parameter for nanoparticle 
characterization, the size distribution is essential to predict 
their distribution. Narrow size distribution means a higher 
homogeneity. PDI is used to describe the degree of uniform-
ity of a size distribution of particles. Values of 0.2 and below 
are considered acceptable in practice for polymer-based na-
noparticle materials (38). The mean size of PEG-stabilized zein 
nanoparticles containing gallic acid was about 180 nm, and 
the size distribution revealed that most of the nanoparticles 
(90 %) were distributed in the range of 180–250 nm (Fig. 1) 
and PDI 0.18. SEM image showed spherical or slightly oval na-
noparticles (Fig. 2) and the indicated size of nanoparticles 
corroborated dynamic light scattering analysis. Our results 
are according to the literature. Zein nanoparticles with parti-
cles size between 130 and 170 nm were obtained using sodi-
um caseinate as the stabilizer (19). Zein-carboxymethyl cellu-
lose nanoparticles had d=196 nm (20). The application of low 
amounts of sodium deoxycholate as stabilizer for zein nano-
particles was efficient to produce 100-nm nanoparticles; 
however, higher concentrations of stabilizers significantly in-
creased the particle size and the aggregation (22). Zein nan-
oparticles stabilized with chitosan were obtained in a range 
of 196 to 378 nm, depending on the chitosan concentration 
(21).

Fig. 1. Size distribution of a representative sample of zein-PEG nano
particles containing gallic acid

The zeta potential of zein-PEG nanoparticles was (–20.3± 
0.1) mV. The electrostatic repulsion among the particles de-
pends on the zeta potential. The higher the value the strong-
er the repulsion, thus the nanoparticles become more phys-
ically stable. A value close to ±30 mV is important for good 
long-term stability since large repulsive forces tend to pre-
vent aggregation due to occasional collisions of adjacent na-
noparticles. In addition, the surface charge is an important 
parameter in determining whether nanoparticles clump to-
gether in blood flow, cling to or interact with membranes 
with the opposite charge (39).

The encapsulation efficiency of gallic acid in PEG-stabi-
lized zein nanoparticles was (39±4) % and the loading was 
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(5.2±0.8) %. The encapsulation efficiency value was consist-
ent with gallic acid solubility of approx. 20 mg/mL in water, 
demonstrating its hydrophilic characteristics. It is known 
that the encapsulation of hydrophilic compounds is a chal-
lenge due to their rapid partition into the aqueous phase 
(40,41).

FTIR analysis served to identify changes caused or inter-
actions induced by nanoencapsulation in the structure of gal-
lic acid and zein. Gallic acid spectra (Fig. 3a) showed the char-
acteristic bands at 3400 cm–1 due to O–H stretching and at 
1702 cm–1 due to C=O stretching of carboxylic acid. The main 
vibrational features of zein FTIR spectra (Fig. 3b) include a 
broad peak at 3400 cm−1, which is due to N-H and OH stretch-
ing band, and two intense bands at 1650 and 1545 cm−1, cor-
responding to the amide bands, C=O vibrational stretching 
(amide I) and C-N and N-H stretching vibrations (amide II), re-
spectively. PEG spectra (Fig. 3c) showed the main character-
istic band at approx. 2800 cm−1 due to C-H stretching. Zein- 
-PEG nanoparticles containing gallic acid (Fig. 3d) showed the 
same absorption peaks of the isolated compounds, except 
for the gallic acid band at 1702 cm–1, which was overlaid with 
the amide I band of zein. This means that there is no new 
bond formed or strong chemical interaction occurring due to 
the nanoencapsulation process.

X-ray diffraction (XRD) analysis was carried out to verify 
the physical state of gallic acid after nanoencapsulation, and 
the results are presented in Fig. 4. XDR curve of gallic acid (Fig. 
4a) showed a pattern of crystalline diffraction with well-de-
fined peaks at 13.88°, 21.29° and 21.58°, according to the 

literature (42). XRD pattern of PEG (Fig. 4b) showed two in-
tense diffraction peaks at 21.29° and 23.6°, characterizing its 
crystalline structure (43). XRD curve of zein (Fig. 4c) showed 
one diffraction peak at 20.25°, followed by two wide peaks, 
indicating a semi-crystalline structure. In the physical mix-
ture (Fig. 4d), we observed only the peaks of PEG, with low-
er intensity, and the diffraction peaks of gallic acid did not 
appear, indicating a possible change in the orientation of 
gallic acid molecules with zein. The XRD curve of unloaded 
PEG-zein nanoparticles (Fig. 4e) was similar to the curve of 
gallic acid-loaded PEG-zein nanoparticles (Fig. 4f), indicating 
the loss of crystallinity of gallic acid after its nanoencapsula-
tion. The absence of the diffraction peaks characteristic of 
the crystalline structure of the gallic acid is an indicative of 
a change in its crystallinity when incorporated into the nano
particles, suggesting the amorphization of the compound. 
Amorphous form brings advantages for pharmaceutical 
compounds since this state improves drug solubility and bio
availability (44).

Stability in simulated gastric and intestinal fluid 

This assay was carried out to verify the ability of nanopar-
ticles to protect gallic acid from its premature release in the 

Fig. 2. SEM image of the zein-PEG nanoparticles containing gallic acid 

Fig 3. FTIR analysis of: a) gallic acid, b) zein, c) PEG and d) zein-PEG 
nanoparticles loaded with gallic acid



H.A. WIGGERS et al.: Gallic Acid-Loaded Zein-PEG Nanoparticles

April-June 2022 | Vol. 60 | No. 2150

gastrointestinal tract. Results are presented in Fig. 5. It can 
be verified that after 2 h of incubation of nanoparticles in 
SGF, about 37 % of gallic acid was released. A possible enzy-
matic breakdown of zein may occur associated with the re-
lease of gallic acid molecules adsorbed on the nanoparticle 
surface (45). After 2-hour incubation in SGF, nanoparticles 
were incubated for 4 h in SIF, and the release of gallic acid 
was slower (about 7 %), demonstrating higher stability of the 
nanoparticles in the SIF than in the SGF. Due to zein isoelec-
tric point, at low pH the molecules have positive charge, 
which causes a rearrangement of the protein conformation 
interfering with the rate of drug release. In the alkaline me-
dium, as the pH is closer to the isoelectric point of zein, the 
release rate of gallic acid is lower due to smaller change in 
zein conformation. The results show that PEG-stabilized zein 
nanoparticles can protect more than 50 % gallic acid content 
under different pH conditions, indicating a potential oral for-
mulation. The higher stability in SIF can have important im-
plications since nanoparticles containing gallic acid can be 
absorbed through intestinal cells and reach the blood with 
an appreciable amount of drug loading for distribution to 
cells and tissues. 

Stability assay in food simulants

Nanoparticles were introduced in food simulants to ver-
ify the gallic acid release profile. Two simulants were used, 95 
and 50 % ethanol. The first is a simulant of fats, oils and fatty 
foods because of their similar hydrophobicity. The 50 % eth-
anol can be considered as a simulant of oil emulsions in water 
and alcoholic beverages (13). The gallic acid release in these 
media was evaluated over 5 days. The results are shown in 
Fig. 6. In both simulants, there was a burst release in 24 h, 
probably due to the desorption of gallic acid molecules from 
the nanoparticle surface. In 95 % ethanol, about 54 % gallic 
acid was released, while in 50 % ethanol 35 % gallic acid was 
released. After 24 h, a sustained release was observed until 
the fifth day. The gallic acid release was more sustained in 50 
% ethanol (p<0.05) since zein is more soluble in >70 % 

Fig. 4. XRD analysis of: a) gallic acid, b) PEG, c) zein, d) physical mix-
ture, e) unloaded nanoparticles and f) zein-PEG nanoparticles loaded 
with gallic acid

Fig. 5. Gallic acid release profile from zein-PEG nanoparticles in simu-
lated gastric fluid (SGF) (50 mM KCl, 1 % pepsin, pH=1.2) and simulat-
ed intestinal fluid (SIF) (50 mM KH2PO4, 15 mM NaOH, 1 % pancreatin, 
pH=6.8). The assay was conducted at 37 °C and 150 rpm for 2 h in SGF 
and for 4 h in SIF. Results were expressed as mean value±S.D. (N=3)

Fig. 6. Gallic acid release profile from zein-PEG nanoparticles in 95 % 
ethanol (red line) and 50 % ethanol (black line)  
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ethanolic solutions. Liang et al. (13) obtained similar results 
with the release of epigallocatechin from zein-chitosan 
nanoparticles in these simulants. The results suggest that 
PEG-stabilized zein nanoparticles may be used to release gal-
lic acid in fat and oily foods or alcoholic beverages, as nutra-
ceutical supplementation or even as an antioxidant protector 
in foods.

Determination of antioxidant activity 

The results of DPPH inhibition at 0 and 24 h by unloaded 
or nanoencapsulated gallic acid are shown in Table 2. The an-
tioxidant activity depended on the gallic acid concentration 
for both samples (p<0.05). The increase in gallic acid concen-
tration resulted in higher radical inhibition (p<0.05) for both 
unloaded and gallic acid-loaded nanoparticles. However, 
time did not affect it (p>0.05). The highest DPPH inhibition of 
about 90 % was achieved at higher concentration of gallic 
acid (unloaded or gallic acid-loaded nanoparticles) at 0 h and 
after 24 h. Blank nanoparticles did not show antioxidant ac-
tivity. These results suggest that nanoencapsulation did not 
reduce the antioxidant potential of gallic acid. 

cell aging, as well as contributing to the development of car-
diovascular diseases, mutagenic or neurological alterations 
and the growth of cancerous tumors (47). Polyphenols are 
recognized by their antioxidant properties; however, the in 
vitro potential is not observed under in vivo conditions due 
to the pharmacokinetic drawbacks. Nanoencapsulation im-
proves drug solubility, stability and bioavailability, which can 
expand various antioxidant-derived biological effects of 
polyphenols, such as gallic acid. 

CONCLUSIONS
Polyethylene glycol (PEG)-stabilized zein nanoparticles 

containing gallic acid were successfully produced by the liq-
uid-liquid dispersion method. PEG was essential for the for-
mation and stabilization of nanoparticles. With modification 
of some process variables, nanoparticles had reduced mean 
diameter, low polydispersity index, spherical or slightly oval 
morphology and negative zeta potential. Gallic acid was en-
capsulated in an amorphous state. PEG-stabilized zein nano-
particles were highly stable in simulated gastrointestinal con-
ditions, and they can secure a release of a small amount of 
gallic acid in gastrointestinal tract before absorption. In food 
simulants, the gallic acid release was prolonged, suggesting 
the possibility of the application of nanoparticles in the food 
industry. Moreover, the process of nanoencapsulation did not 
reduce the antioxidant activity of gallic acid. The overall re-
sults suggest that PEG-stabilized zein nanoparticles are 
promising carriers for gallic acid delivery, and due to their an-
tioxidant properties, they can be applied as adjuvants in dis-
eases caused by oxidative stress and in the food industry as 
additives or for supplementation. 
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Table 2. DPPH radical inhibition by gallic acid (unloaded or nanoen-
capsulated – formulation F11 in Table 1) in phosphate buffer (50 mM, 
pH=7.4) measured at λ=517 nm at 0 and 24 h

γ(gallic acid)/(µg/mL)

DPPH inhibition/%

Unloaded  
gallic acid

Gallic acid-loaded 
zein-PEG 

nanoparticles 
t=0 h

5 (25±3)e (17±2)f

10 (49±3)d (43±3)d

20 (81±3)b (69±3)c

40 (92±1)a (90±1)a

t=24 h
5 (21±3)f (15±2)g

10 (47±2)d (39±3)e

20 (79±2)b (69±2)c

40 (91±1)a (89±1)a

The results are expressed as mean value±S.D. (N=3). The same letters 
in the same row represent statistical equality and different letters in 
the same row represent statistical inequality. Statistical analysis 
performed separately at 0 and 24 h (ANOVA and Tukey’s post hoc test) 
at p<0.05

DPPH is a stable free radical that is purple in a phosphate 
buffer solution (pH=7.4), with an absorbance band at 517 nm. 
In the presence of a scavenger molecule, a reduction of DPPH 
occurs, and it becomes colorless, and a decrease in the absor-
bance is observed. Gallic acid shows high scavenging activity 
against DPPH, due to the donation of hydrogen to the radical. 
Its activity is so strong that it can reduce six DPPH radicals per 
molecule, justifying the high inhibition observed in our re-
sults (46).

The importance of consuming antioxidants is due to oxi-
dative stress causing deleterious effects on cells, aggravating 



H.A. WIGGERS et al.: Gallic Acid-Loaded Zein-PEG Nanoparticles

April-June 2022 | Vol. 60 | No. 2152

ORCID ID
H. Wiggers  https://orcid.org/0000-0001-6501-1665
M.T. Fin  https://orcid.org/0000-0003-3706-6858
N.M. Khalil  https://orcid.org/0000-0002-5140-9944
R.M. Mainardes  https://orcid.org/0000-0002-4442-2075 

REFERENCES
  1. 	 Pandey KB, Rizvi SI. Plant polyphenols as dietary antioxi-

dants in human health and disease. Oxid Med Cell Longev. 
2009;2:270–8. 

https://doi.org/10.4161/oxim.2.5.9498

  2. 	Tomás-Barberán FA, Andrés-Lacueva C. Polyphenols and 
health: Current state and progress. J Agric Food Chem. 
2012;60(36):8773–5.

https://doi.org/10.1021/jf300671j

  3. 	Verma S, Singh A, Mishra A. Gallic acid: Molecular rival of 
cancer. Environ Toxicol Pharmacol. 2013;35(3):473–85. 

https://doi.org/10.1016/j.etap.2013.02.011

  4. 	Punithavathi VR, Prince PSM, Kumar R, Selvakumari J. Anti-
hyperglycaemic, antilipid peroxidative and antioxidant ef-
fects of gallic acid on streptozotocin induced diabetic Wis-
tar rats. Eur J Pharmacol. 2011;650(1):465–71. 

https://doi.org/10.1016/j.ejphar.2010.08.059

  5. 	Locatelli C, Filippin-Monteiro FB, Centa A, Creczinsky-Pasa 
TB. Antioxidant, antitumoral and anti-inflammatory activ-
ities of gallic acid. In: Thompson MA, Collins PB, editors. 
Handbook on gallic acid: Natural occurrences, antioxidant 
properties and health implications. Hauppauge, NY, USA: 
Nova Science Publishers; 2013. pp. 215–30. 

  6. 	Ferruzzi MG, Lobo JK, Janle EM, Cooper B, Simon JE, Wu QL, 
et al. Bioavailability of gallic acid and catechins from grape 
seed polyphenol extract is improved by repeated dosing 
in rats: Implications for treatment in Alzheimer’s disease. J 
Alzheimers Dis. 2009;18(1):113–24. 

https://doi.org/10.3233/JAD-2009-1135

  7. 	 Holding DR, Larkins BA. Zein storage proteins. In: Kriz AL, 
Larkins BA, editors. Biotechnology in agriculture and for-
estry. Agriculture, vol. 63. Berlin, Germany: Springer; 2009. 
pp. 269–86. 

https://doi.org/10.1007/978-3-540-68922-5_19

  8. 	Tapia-Hernández JA, Del-Toro-Sánchez CL, Cinco-Moroyo-
qui FJ, Juárez-Onofre JE, Ruiz-Cruz S, Carvajal-Millan E, et 
al. Prolamins from cereal by-products: Classification, ex-
traction, characterization and its applications in micro- and 
nanofabrication. Trends Food Sci Technol. 2019;90:111–32. 

https://doi.org/10.1016/j.tifs.2019.06.005

  9. 	Paliwal R, Palakurthi S. Zein in controlled drug delivery and 
tissue engineering. J Control Release. 2014;189:108–22.

https://doi.org/10.1016/j.jconrel.2014.06.036

10. 	Peñalva R, Esparza I, González-Navarro CJ, Quincoces G, 
Peñuelas I, Irache JM. Zein nanoparticles for oral folic acid 

delivery. J Drug Deliv Sci Technol. 2015;30(Part B):450–7. 
https://doi.org/10.1016/j.jddst.2015.06.012

11. 	 Lai LF, Guo HX. Preparation of new 5-fluorouracil-loaded 
zein nanoparticles for liver targeting. Int J Pharm. 2011; 
404(1–2):317–23.
https://doi.org/10.1016/j.ijpharm.2010.11.025 

12. 	 Wu Y, Luo Y, Wang Q. Antioxidant and antimicrobial prop-
erties of essential oils encapsulated in zein nanoparticles 
prepared by liquid-liquid dispersion method. LWT – Food 
Sci Technol. 2012;48(2):283–90.
https://doi.org/10.1016/j.lwt.2012.03.027 

13. 	 Liang J, Yan H, Wang X, Zhou Y, Gao X, Puligundla P, Wan X. 
Encapsulation of epigallocatechin gallate in zein/chitosan 
nanoparticles for controlled applications in food systems. 
Food Chem. 2017;231:19–24.
https://doi.org/10.1016/j.foodchem.2017.02.106

14. 	 Tapia‐Hernández JA, Del‐Toro‐Sánchez CL, Cinco‐Moroyo-
qui FJ, Ruiz‐Cruz S, Juárez J, Castro‐Enríquez DD, et al. Gallic 
acid‐loaded zein nanoparticles by electrospraying process. 
J Food Sci. 2019;84(4):818–31. 
https://doi.org/10.1111/1750-3841.14486

15. 	 Rodríguez-Félix F, Del-Toro-Sánchez CL, Javier Cinco-Mo
royoqui F, Juárez J, Ruiz-Cruz S, López-Ahumada GA, et al. 
Preparation and characterization of quercetin-loaded zein 
nanoparticles by electrospraying and study of in vitro bio-
availability. J Food Sci. 2019;84(10):2883–97.
https://doi.org/10.1111/1750-3841.14803

16. 	 Irache JM, González-Navarro CJ. Zein nanoparticles as ve-
hicles for oral delivery purposes. Nanomedicine. 2017;12(11): 
1209–11.
https://doi.org/10.2217/nnm-2017-0075

17. 	 Hashem FM, Al-Sawahli MM, Nasr M, Ahmed OAA. Opti-
mized zein nanospheres for improved oral bioavailability 
of atorvastatin. I J Nanomed. 2015;10:4059–69.
https://doi.org/10.2147/IJN.S83906

18. 	Tapia-Hernández JA, Rodríguez-Felix F, Juárez-Onofre JE, 
Ruiz-Cruz S, Robles-García MA, Borboa-Flores J, et al. Zein-
polysaccharide nanoparticles as matrices for antioxidant 
compounds: A strategy for prevention of chronic degen-
erative diseases. Food Res Int. 2018;111:451–71.
https://doi.org/10.1016/j.foodres.2018.05.036

19. 	 Luo Y, Teng Z, Wang TTY, Wang Q. Cellular uptake and 
transport of zein nanoparticles: Effects of sodium casein-
ate. J Agric Food Chem. 2013;61(31):7621–9. 
https://doi.org/10.1021/jf402198r

20. 	Liang H, Huang Q, Zhou B, He L, Lin L, An Y, et al. Self-as-
sembled zein–sodium carboxymethyl cellulose nanopar-
ticles as an effective drug carrier and transporter. J Mater 
Chem B. 2015;3(16):3242–53.
https://doi.org/10.1039/C4TB01920B 

21. 	 Farris E, Brown DM, Ramer-Tait AE, Pannier AK. Chitosan-
zein nano-in-microparticles capable of mediating in vivo 

https://orcid.org/0000-0001-6501-1665
https://orcid.org/0000-0001-6501-1665
https://orcid.org/0000-0003-3706-6858
https://orcid.org/0000-0003-3706-6858
https://orcid.org/0000-0001-5769-0004
https://orcid.org/0000-0002-5140-9944
https://orcid.org/0000-0002-4442-2075
https://orcid.org/0000-0002-4442-2075
https://doi.org/10.4161/oxim.2.5.9498
https://doi.org/10.1021/jf300671j
https://doi.org/10.1016/j.etap.2013.02.011
https://doi.org/10.1016/j.ejphar.2010.08.059
https://doi.org/10.3233/JAD-2009-1135
https://doi.org/10.1007/978-3-540-68922-5_19
https://doi.org/10.1016/j.tifs.2019.06.005
https://doi.org/10.1016/j.jconrel.2014.06.036
https://doi.org/10.1016/j.jddst.2015.06.012
https://doi.org/10.1016/j.ijpharm.2010.11.025
https://doi.org/10.1016/j.lwt.2012.03.027
https://doi.org/10.1016/j.foodchem.2017.02.106
https://doi.org/10.1111/1750-3841.14486
https://doi.org/10.1111/1750-3841.14803
https://doi.org/10.2217/nnm-2017-0075
https://doi.org/10.2147/IJN.S83906
https://doi.org/10.1016/j.foodres.2018.05.036
https://doi.org/10.1021/jf402198r
https://doi.org/10.1039/c4tb01920b


Food Technol. Biotechnol. 60 (2) 145–154 (2022)

153April-June 2022 | Vol. 60 | No. 2

transgene expression following oral delivery. J Control Re-
lease. 2017;249:150–61.
https://doi.org/10.1016/j.jconrel.2017.01.035

22. 	Gagliardi A, Paolino D, Iannone M, Palma E, Fresta M, Cosco 
D. Sodium deoxycholate-decorated zein nanoparticles for 
a stable colloidal drug delivery system. Int J Nanomed. 
2018;13:601–14.
https://doi.org/10.2147/IJN.S156930 

23. 	Zhong Q, Jin M. Zein nanoparticles produced by liquid-
liquid dispersion. Food Hydrocoll. 2009;23(8):2380–7.
https://doi.org/10.1016/j.foodhyd.2009.06.015

24. 	 Iñiguez-Franco F, Soto-Valdez H, Peralta E, Ayala-Zavala JF, 
Auras R, Gámez-Meza N. Antioxidant activity and diffusion 
of catechin and epicatechin from antioxidant active films 
made of poly(l-lactic acid). J Agric Food Chem. 2012;60(26): 
6515–23.
https://doi.org/10.1021/jf300668u

25. 	Santosh Kumar S, Priyadarsini KI, Sainis KB. Free radical 
scavenging activity of vanillin and o-vanillin using 1,1-di-
phenyl-2-picrylhydrazyl (DPPH) radical. Redox Rep. 2002; 
7(1):35–40.
https://doi.org/10.1179/135100002125000163 

26. 	OriginPro, v. 2018 SR1 b9.5.1.195, OriginLab, Northampton, 
MA, USA; 2018. Available from: https://www.originlab.com/
doc/Quick-Help/Download-Installer. 

27. 	 Luo Y, Zhang B, Whent M, Yu LL, Wang Q. Preparation and 
characterization of zein/chitosan complex for encapsula-
tion of α-tocopherol, and its in vitro controlled release 
study. Colloid Surface B. 2011;85(2):145–52.
https://doi.org/10.1016/j.colsurfb.2011.02.020 

28. 	Pauluk D, Padilha AK, Khalil NM, Mainardes RM. Chitosan-
coated zein nanoparticles for oral delivery of resveratrol: 
Formation, characterization, stability, mucoadhesive prop-
erties and antioxidant activity. Food Hydrocoll. 2019;94: 
411–7. 
https://doi.org/https://doi.org/10.1016/j.food-
hyd.2019.03.042

29. 	Huang X, Dai Y, Cai J, Zhong N, Xiao H, McClements DJ, et 
al. Resveratrol encapsulation in core-shell biopolymer 
nanoparticles: Impact on antioxidant and anticancer ac-
tivities. Food Hydrocoll. 2017;64:157–65. 
https://doi.org/10.1016/j.foodhyd.2016.10.029

30. 	Chuacharoen T, Sabliov CM. Stability and controlled release 
of lutein loaded in zein nanoparticles with and without 
lecithin and pluronic F127 surfactants. Colloids Surf A: 
Physicochem Eng Asp. 2016;503:11–8. 
https://doi.org/10.1016/j.colsurfa.2016.04.038

31. 	 Heep G, Almeida A, Marcano R, Vieira D, Mainardes RM, 
Khalil NM, et al. Zein-casein-lysine multicomposite nanopar-
ticles are effective in modulate the intestinal permeability 
of ferulic acid. Int J Biol Macromol. 2019;138:244–51. 
https://doi.org/10.1016/j.ijbiomac.2019.07.030

32. 	Chen S, Han Y, Wang Y, Yang X, Sun C, Mao L, et al. Zein-
-hyaluronic acid binary complex as a delivery vehicle of 
quercetagetin: Fabrication, structural characterization, 
physicochemical stability and in vitro release property. 
Food Chem. 2019;276:322–32.
https://doi.org/https://doi.org/10.1016/j.food-
chem.2018.10.034

33. 	Mainardes RM, Khalil NM, Gremião MPD. Intranasal delivery 
of zidovudine by PLA and PLA-PEG blend nanoparticles. 
Int J Pharm. 2010;395(1–2):266–71.
https://doi.org/10.1016/j.ijpharm.2010.05.020 

34. 	Tobío M, Gref R, Sánchez A, Langer R, Alonso MJ. Stealth 
PLA-PEG nanoparticles as protein carriers for nasal admin-
istration. Pharm Res. 1998;15:270–5. 
https://doi.org/10.1023/A:1011922819926

35. 	Reboredo C, González-Navarro CJ, Martínez-Oharriz C, 
Martínez-López AL, Irache JM. Preparation and evaluation 
of PEG-coated zein nanoparticles for oral drug delivery 
purposes. Int J Pharm. 2021;597.
https://doi.org/10.1016/j.ijpharm.2021.120287

36. 	Pascoli M, de Lima R, Fraceto LF. Zein nanoparticles and 
strategies to improve colloidal stability: A mini-review. 
Front Chem. 2018;6:6.
https://doi.org/10.3389/fchem.2018.00006

37. 	 Zhang L, Wang S, Zhang M, Sun J. Nanocarriers for oral 
drug delivery. J Drug Target. 2013;21(6):515–27.
https://doi.org/10.3109/1061186X.2013.789033

38. 	Danaei M, Dehghankhold M, Ataei S, Hasanzadeh Dava-
rani F, Javanmard R, Dokhani A, et al. Impact of particle size 
and polydispersity index on the clinical applications of li-
pidic nanocarrier systems. Pharmaceutics. 2018;10(2):57.
https://doi.org/10.3390/pharmaceutics10020057

39. 	Kumari A, Yadav SK, Yadav SC. Biodegradable polymeric 
nanoparticles based drug delivery systems. Colloid Surface 
B. 2010;75(1):1–18.
https://doi.org/10.1016/j.colsurfb.2009.09.001 

40. 	Mattos AC, Altmeyer C, Tominaga TT, Khalil NM, Mainardes 
RM. Polymeric nanoparticles for oral delivery of 5-fluoro-
uracil: Formulation optimization, cytotoxicity assay and 
pre-clinical pharmacokinetics study. Eur J Pharm Sci. 
2016;84:83–91. 
https://doi.org/10.1016/j.ejps.2016.01.012

41. 	 Sgorla D, Lechanteur A, Almeida A, Sousa F, Melo E, Bunhak 
É, et al. Development and characterization of lipid-poly-
meric nanoparticles for oral insulin delivery. Expert Opin 
Drug Del. 2018;15(3):213–22.
https://doi.org/10.1080/17425247.2018.1420050

42. 	Wang W, Chen Q, Jiang C, Yang D, Liu X, Xu S. One-step 
synthesis of biocompatible gold nanoparticles using gallic 
acid in the presence of poly-(N-vinyl-2-pyrrolidone). Col-
loid Surface A: Physicochem Eng Asp. 2007;301(1–3):73–9. 
https://doi.org/10.1016/j.colsurfa.2006.12.037

https://doi.org/10.1016/j.jconrel.2017.01.035
https://doi.org/10.2147/IJN.S156930
https://doi.org/10.1016/j.foodhyd.2009.06.015
https://doi.org/10.1021/jf300668u
https://doi.org/10.1179/135100002125000163
https://www.originlab.com/doc/Quick-Help/Download-Installer
https://www.originlab.com/doc/Quick-Help/Download-Installer
https://doi.org/10.1016/j.colsurfb.2011.02.020
https://doi.org/https:/doi.org/10.1016/j.foodhyd.2019.03.042
https://doi.org/https:/doi.org/10.1016/j.foodhyd.2019.03.042
https://doi.org/10.1016/j.foodhyd.2016.10.029
https://doi.org/10.1016/j.colsurfa.2016.04.038
https://doi.org/10.1016/j.ijbiomac.2019.07.030
https://doi.org/https:/doi.org/10.1016/j.foodchem.2018.10.034
https://doi.org/https:/doi.org/10.1016/j.foodchem.2018.10.034
https://doi.org/10.1016/j.ijpharm.2010.05.020
https://doi.org/10.1023/A:1011922819926
https://doi.org/10.1016/j.ijpharm.2021.120287
https://doi.org/10.3389/fchem.2018.00006
https://doi.org/10.3109/1061186X.2013.789033
https://doi.org/10.3390/pharmaceutics10020057
https://doi.org/10.1016/j.colsurfb.2009.09.001
https://doi.org/10.1016/j.ejps.2016.01.012
https://doi.org/10.1080/17425247.2018.1420050
https://doi.org/10.1016/j.colsurfa.2006.12.037


H.A. WIGGERS et al.: Gallic Acid-Loaded Zein-PEG Nanoparticles

April-June 2022 | Vol. 60 | No. 2154

43. 	Shameli K, Ahmad MB, Jazayeri SD, Sedaghat S, Shabanza-
deh P, Jahangirian H, et al. Synthesis and characterization 
of polyethylene glycol mediated silver nanoparticles by the 
green method. Int J Mol Sci. 2012;13(6):6639–50.
https://doi.org/10.3390/ijms13066639

44. 	Cheow WS, Kiew TY, Yang Y, Hadinoto K. Amorphization strat-
egy affects the stability and supersaturation profile of amor-
phous drug nanoparticles. Mol Pharm. 2014;11(5):1611–20. 
https://doi.org/10.1021/mp400788p

45. 	Jiao Y, Zheng X, Chang Y, Li D, Sun X, Liu X. Zein-derived 
peptides as nanocarriers to increase the water solubility 

and stability of lutein. Food Function. 2018;9(1):117–23.

https://doi.org/10.1039/C7FO01652B 

46. 	Badhani B, Sharma N, Kakkar R. Gallic acid: A versatile anti-
oxidant with promising therapeutic and industrial applica-
tions. RSC Adv. 2015;5(35): 27540–57.

https://doi.org/10.1039/C5RA01911G

47. 	 Sindhi V, Gupta V, Sharma K, Bhatnagar S, Kumari R, Dhaka 
N. Potential applications of antioxidants – A review. J 
Pharm Res. 2013;7(9):828–35.

https://doi.org/10.1016/j.jopr.2013.10.001

https://doi.org/10.3390/ijms13066639
https://doi.org/10.1021/mp400788p
https://doi.org/10.1039/C7FO01652B
https://doi.org/10.1039/c5ra01911g
https://doi.org/10.1016/j.jopr.2013.10.001

	_GoBack
	MTBlankEqn

