
Vol.:(0123456789)

Food and Bioprocess Technology (2026) 19:319 
https://doi.org/10.1007/s11947-026-04394-y

RESEARCH

Electrospun Wheat Starch Nanofibers for Encapsulation of Chlorogenic 
Acids from the By‑product of Yerba Mate (Ilex paraguariensis)

Felipe Nardo dos Santos1 · Yasmin Völz Bezerra Massaut2 · Alexandra Gomes Lizandra Rosas2 · 
Laura de Vasconcelos  Costa2 · Thaís Regina Rodrigues Vieira2 · Thamyres Cesar de Albuquerque Sousa2 · 
Igor Henrique de Lima Costa1 · Helen Cristina dos Santos Hackbart2 · Elessandra da Rosa Zavareze1 · 
Adriana Dillenburg Meinhart2

Received: 14 January 2026 / Accepted: 5 May 2026 / Published online: 16 May 2026 
© The Author(s) 2026

Abstract
The agricultural co-product generated from the pruning and harvesting of yerba mate (Ilex paraguariensis) is a rich source of 
chlorogenic acids, bioactive compounds sensitive to light and temperature that require protection to preserve their antioxidant 
activity. In this study, electrospinning was used to encapsulate chlorogenic acids from an optimized I. paraguariensis co-
product extract into wheat starch nanofibers. The extract was incorporated at concentrations of 0%, 5%, 10%, and 15% (w/w), 
resulting in continuous, homogeneous nanofibers with smooth surfaces and average diameters ranging from 195 to 218 nm. 
Increasing extract concentration led to higher viscosity and electrical conductivity, contributing to the formation of thicker 
nanofibers. Encapsulation efficiency ranged from 90.8 to 63.7%, with the highest value observed for nanofibers whit 5% of 
extract. The nanofibers exhibited antioxidant activity against ABTS•⁺ and DPPH radicals, indicating partial preservation of 
bioactivity after encapsulation. Thermogravimetric analysis demonstrated increased thermal resistance of the encapsulated 
compounds compared to the free extract, confirming the protective effect of the starch matrix. The nanofibers showed a con-
trolled release profile of chlorogenic acids, with slower release in hydrophilic media (10% ethanol) and faster release under 
lipophilic conditions (50% ethanol), highlighting their potential for different food applications. FTIR analysis confirmed 
interactions between extract compounds and starch, while contact angle measurements suggested increased hydrophilicity. 
Overall, wheat starch nanofibers proved to be an efficient and sustainable matrix for encapsulation and controlled delivery 
of bioactive compounds, contributing to the valorization of yerba mate co-products within a circular economy approach.
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Introduction

With the high demand from consumers for healthier prod-
ucts, the food industry is increasingly focused on devel-
oping innovative technologies to meet this demand and 
ensure more nutritious and safer foods for human con-
sumption (Oliveira et al., 2020). Polymeric nanofibers are 
used to produce nano- or microscale materials and, in the 
food sector, they enhance desirable properties, preserve 
the physicochemical stability of molecules, and enable 
the controlled release of bioactive compounds (Kim et al., 
2016; Pires et al., 2023, 2024a).

Electrospinning is a simple, cost-effective, and efficient 
technique for producing polymeric nanofibers, widely 
applied to encapsulate bioactive compounds, protecting 
them from environmental factors and masking undesirable 
sensory attributes (Lim, 2020; Lim et  al., 2019). The 
parameters used in the technique can be controlled, 
forming nanofibers with different morphologies as desired 
(Ashraf et al., 2019).

Different materials can be used, and among the 
natural polymers employed are zein (Santos et al., 2023), 
gelatin (Etxabide et al., 2022), cyclodextrin (Topuz & 
Uyar, 2020), and starches (Fonseca et al., 2025). Starch 
is abundant in nature, low-cost, easy to obtain, edible, 
and biodegradable. It is currently being studied as a 
wall material in the electrospinning technique for the 
encapsulation of bioactive compounds such as orange 
essential oil (Santos et al., 2025), curcumin (Pires et al., 
2022), red onion extract (Cruz et al., 2023), and carvacrol 
(Fonseca et al., 2019). However, it has limitations due to 
its hydrophilic nature and inferior mechanical properties 
compared to other materials.

Starches with higher amylose content exhibit 
improved electrospinning performance, as the random 
coil conformation of amylose chains provides better 
entanglement, which is crucial for fiber formation 
(Fonseca et al., 2019; Mendes et al., 2017). High-amylose 
corn starch nanofibers were produced and showed 
regularity, with a smooth and continuous structure 
(Kong & Ziegler, 2012); similarly, potato soluble starch 
nanofibers for thyme essential oil encapsulation exhibited 
homogeneous morphology, high encapsulation efficiency 
(99.1%–99.8%), and strong protection of the compounds 
(Fonseca et  al., 2020a). Among the different types of 
starch, wheat starch stands out for its high amylose 
content, which gives it great potential for fiber production; 
however, it has not yet been explored for the encapsulation 
of bioactive compounds by electrospinning.

Ilex paraguariensis is a plant native to South America 
popularly known as yerba mate, mainly used in beverages 
produced from its leaves and small branches (Godoy et al., 

2013; Mesquita et al., 2021; Vieira et al., 2023). The plant 
contains high concentrations of bioactive compounds, 
mainly phenolic acids, and its beneficial effects have been 
reported in relation to antioxidant, anti-inflammatory, 
hypolipidemic, hypocholesterolemic, antimicrobial, 
hypoglycemic, anticancer, and anti-obesogenic activities 
(Ali et al., 2017; Garcia-Lazaro et al., 2020; Kungel et al., 
2018; Mesquita et al., 2021; Santiano et al., 2023; Uecker 
et al., 2019).

During the harvest of I. paraguariensis, the plant is 
pruned in order to reduce its height and enable the next 
harvest (Lorini et  al., 2021). This pruning generates 
co-product consisting of stems larger than 10  mm in 
diameter, which are not yet used in commercial products. 
Studies on the bark of this plant have demonstrated great 
potential due to the presence of secondary metabolites 
(chlorogenic acids) in amounts similar to those found in the 
leaves and thin stems (Pagliosa et al., 2010). Chlorogenic 
acids are sensitive to light, oxygen, and high temperatures, 
requiring alternatives that enhance their stability and 
preserve their biological function throughout processing 
(Tarahi et al., 2024).

The literature reports encapsulation techniques for 
I. paraguariensis extract through the development of 
biodegradable and edible films using cassava starch 
(Jaramillo et al., 2016), and electrospinning using zein as 
the polymeric material (Bruni et al., 2020). However, there 
are still no reports on the production of polymeric nanofibers 
from wheat starch for the encapsulation of bioactive 
compounds derived from I. paraguariensis bark. For this 
reason, the aim of this study was to produce and characterize 
wheat starch nanofibers by the electrospinning technique 
as an alternative for the protection and preservation of 
chlorogenic acids present in the optimized aqueous extract 
of the I. paraguariensis co-product.

Materials and Methods

Materials

The bark, the outer part of the co-product generated dur-
ing the pruning of I. paraguariensis from thick stems for 
obtaining I. paraguariensis co-product (cultivate Cam-
bona 4), was obtained from the Association of Yerba 
Mate Producers of Machadinho/RS/Brazil (27°32′35.5ʺS; 
51°39′46.9ʺW), from a sun-grown plantation. Commercial 
wheat flour (Tordilho, Pelotas, Brazil) was purchased from 
the local market in Pelotas/RS/Brazil. Methanol of chro-
matographic grade was acquired from Honeywell (Wabash, 
USA). The standards of chlorogenic acids 3-caffeoylquinic 
acid (3-CQA), 4-caffeoylquinic acid (4-CQA), 
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5-caffeoylquinic acid (5-CQA), 3,4-dicaffeoylquinic acid 
(3,4-DQA), 3,5-dicaffeoylquinic acid (3,5-DQA), and 
4,5-dicaffeoylquinic acid (4,5-CQA) were obtained from 
Biopurify (Chengu, China). The standards were diluted in 
methanol (1 mg/mL) and stored in an ultrafreezer at − 70 °C 
for a maximum of two days. All solutions and mobile phases 
were filtered using nylon membranes with a porosity of 
0.22 µm (Analítica, São Paulo, Brazil). Formic acid (meth-
anoic acid) was used as the solvent (purity: 85%, Synth, 
CAS 01A1034.01) for fiber formation. Ultrapure water was 
obtained using MecLab’s MegaPurity® system. All other 
reagents used were of analytical grade.

Preparation of the Co‑product and Aqueous Extract

After obtaining the co-product, the bark was dried in a 
forced-air oven at 135 °C for 24 h (Schifel, Erechim, Brazil). 
Following drying, the material was ground for 5 min (1200 
W) using a domestic blender (ProBlend 6, Philips Walita, 
Brazil), sieved through a 50-mesh screen, and stored in 
sealed plastic packages at room temperature in a dry place 
until analysis. The preparation of the aqueous extract of the I. 
paraguariensis co-product was carried out according to the 
method described by Paim et al. (2024), an amount of 0.25 g 
of co-product was dissolved in 30 mL of mineral water 
and placed in amber vials hermetically sealed. The vials 
were heated in a water bath (Velp Scientifica, Enzymatic 
Digester-GDE, Italy) at 30 °C under magnetic stirring for 
5 min. The extracts were filtered through quantitative filter 
paper (180 µm), frozen in an ultra-freezer (−70 °C) for 24 h, 
and lyophilized (Liotop K108, Brazil) under the following 
conditions: 105 µHg, − 62 °C, 203 Vca, for 72 h. Afterwards, 
they were stored in hermetically sealed plastic packages at 
room temperature (25 °C) until analysis, the extract was 
coded as IPE (Ilex paraguariensis extract).

Characterization of the Phenolic Compounds

The analysis of chlorogenic acids, including 5-caffeoylquinic 
acid (5-CQA), 3-caffeoylquinic acid (3-CQA), 
4-caffeoylquinic acid (4-CQA), 3,4-dicaffeoylquinic acid 
(3,4-DQA), 3,5-dicaffeoylquinic acid (3,5-DQA), and 
4,5-dicaffeoylquinic acid (4,5-DQA) was performed using 
high-performance liquid chromatography with a diode array 
detector (UFLC, Shimadzu, Japan) operating at 325 nm. 
The system was equipped with an automatic injector, a 
quaternary pump, and a Cogent 2.0 Bidentate C18 column 
(MicroSolv Technology Corp., Leland, NC, USA) with 
dimensions of 2.1 mm i.d., 100 mm length, and 2.2 µm 
particle size. The column was maintained at a temperature of 
40 °C. The analysis method was based on the one described 
by Lorini et al. (2021). The elution was performed using 
a gradient system starting with 99% of solvent A (water 

acidified with 0.1% formic acid) and 1% of solvent B 
(methanol). The gradient increased linearly until reaching 
36% of solvent B at 35 min and was maintained for 2.5 min. 
From 37.5 to 40 min, the gradient reached 100% of solvent B 
and was maintained for 1 min for column cleaning purposes. 
Next, the column was reconditioned with the initial mobile 
phase composition for 5 min. The flow rate of the mobile 
phase was set at 0.2 mL/min, and the injection volume was 
10 µL. The identification of chlorogenic acids was performed 
by comparing the retention time, diode array detector (DAD) 
absorption spectrum, and co-chromatography with an 
analytical standard.

The method validation included parameters such as the 
limit of detection, limit of quantification, linearity, intraday 
precision, and interday precision, following the guidelines 
of the International Union of Pure and Applied Chemistry 
(Thompson, Ellison, & Wood, 2002). The validation results 
were found to be suitable for the analysis. The results were 
expressed as chlorogenic acids concentration (g/100 g in 
the co-product).

Extraction of Wheat Starch, Yield, Moisture, 
and Amylose

Wheat starch was extracted according to the method 
described by Baranzelli et al. (2019), with adaptations. 
For this, wheat flour was added to a saline solution at a 
2:1 ratio (w/v; 1000 g of flour and 500 mL of 2% sodium 
chloride solution) and left to rest in a container covered with 
distilled water for approximately 30 min. After this period, 
the dough was washed with distilled water until complete 
removal of the starch. The starch suspension was sieved 
(200 mesh sieve), centrifuged (Eppendorf Centrifuge 5430 
R, Germany) at 6500 × g for 10 min, and the supernatant 
was discarded. The decanted material was resuspended in 
distilled water (this procedure was performed three times). 
The resulting starch was dried in an air-circulating oven at 
40 °C for 24 h and, subsequently, the starch was ground 
in a knife mill (Oster, OMDR100/Brazil), sieved (50 mesh 
sieve), and stored in a sealed plastic container until analysis. 
The yield was calculated as the percentage of starch mass 
obtained in relation to the raw mass of the flour used, and 
the moisture content according to Association of Official 
Analytical Chemists (AOAC, 2005); the samples were dried 
in an oven at 105 °C until constant weight was obtained, 
and the analysis was performed in triplicate. The amylose 
content was determined following the method of Chen et al., 
(2021) with adaptations. Initially, 30 mg of wheat starch 
was weighed and completely dispersed in a test tube with 
400 μL of 95% ethanol solution and 3.6 mL of 1 M sodium 
hydroxide solution. The mixture was vortexed for 10  s 
and then heated in a boiling water bath (Velp Scientifica, 
Enzymatic Digester-GDE, Italy) at ≈ 85 °C for 10 min 
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to achieve complete starch gelatinization. Afterward, the 
mixture was cooled to room temperature (25 °C), 25 mL 
of deionized water and 3.8 mL of Lugol’s solution (2.00 g 
of potassium iodide and 0.200 g of iodine per 100 mL of 
solution) were added to 200 μL of the test solution, stirred, 
and left to stand for 10 min. The absorbance of the solution 
was measured at 620 nm, adjusting the spectrophotometer 
(Molecular Devices, SpectraMax 190, USA) to zero with 
0.09 M sodium hydroxide. The standard curve was prepared 
using potato starch with a known amylose content. The 
amylose content in the sample was calculated according to 
the absorbance value and the standard curve.

Production of Wheat Starch Nanofibers 
by the Electrospinning Technique

Preparation of Polymer Solutions and Electrospinning 
Process

Initially, the study was divided into two stages. In the first 
stage, the parameters were evaluated to define the starch 
concentration capable of producing nanofibers. Polymer 
solutions were prepared with different starch concentrations 
(15%, 20%, and 30%; w/v) diluted in formic acid at 75% and 
85% (w/v). The process parameters were also adjusted by 
varying the pumping flow rate (0.8 and 1.0 mL/h), while the 
distance and applied voltage were fixed at 20.5 cm and 23 kV, 
respectively, based on preliminary tests (Pires et al., 2024a). 
From this stage, the condition selected for nanofibers produc-
tion was the solution containing 15% wheat starch and 75% 
formic acid (w/v). In the second stage, different concentra-
tions of lyophilized IPE co-product (5%, 10%, 15%, 20%, and 
30%; w/w) were incorporated into the previously established 
starch solution in order to determine the maximum concen-
tration that could be added without compromising nanofibers 
formation. Additionally, different solution flow rates during 
the electrospinning process (0.6, 0.8, and 1.0 mL/h) were 
evaluated. Based on the obtained results, the concentrations 
of 5%, 10%, and 15% (w/w), at a flow rate of 0.8 mL/h, were 
selected for the subsequent study.

Thus, the final conditions used for nanofibers production 
consisted of a polymer solution containing 15% starch (w/v). 
After 24 h of agitation, the IPE was added at concentrations 
of 5%, 10%, or 15% (w/w), and the solution was further 
stirred for 30 min prior to the electrospinning process. The 
polymer solutions were individually placed in 3 mL plastic 
syringes coupled to a stainless-steel needle with a diameter 
of 0.8 mm. The production of the nanofibers was carried out 
in an electrospinning station composed of a high-voltage 
power supply (INSTOR, INSES-HV30, Brazil), an infu-
sion pump (KD Scientific, Model 100, Holliston, UK), and 
a stainless-steel collector covered with aluminum foil for 
material deposition (Santos et al., 2025). The parameters 

defined and used for the electrospinning process were 
a pumping flow rate of 0.80 mL/h, an applied voltage of 
23 kV, and a distance of 20.5 cm. The relative humidity was 
maintained at 45 ± 5%, and the temperature at 23 ± 2 °C.

Characterization of Polymer Solutions—Electrical 
Conductivity and Rheological Properties

The polymer solutions, with and without IPE, were 
characterized in terms of electrical conductivity 
and rheological properties only under the selected 
optimal conditions, namely 15% starch (w/v) and IPE 
concentrations of 5%, 10%, and 15% (w/w). For the 
determination of electrical conductivity, 5 mL aliquots 
of each solution were analyzed in triplicate at room 
temperature (20 ± 1 °C) using a benchtop conductivity 
meter (Tecnopon, mCA 150P, Brazil). The results were 
expressed in mS/cm (Santos et al., 2024a). Rheology was 
used to determine the viscosity of the polymer solutions. 
For this purpose, a rheometer (Rheostress RS 150, 
Germany) coupled to a temperature controller (Haake 
DC 50, Germany) was employed. A rotational shear 
deformation was applied with a shear rate of 0.1–100 s−1 
for 300  s at 25  °C. The Herschel–Bulkley model was 
chosen to obtain the rheological parameters using Eq. (1), 
where τ is the shear stress (Pa), τ₀ is the yield stress 
(Pa), ĸ is the consistency index (Pa·s), γ˙ is the shear rate 
(s−1), and n is the flow behavior index, according to the 
methodology proposed by Santos et al. (2024a).

Oscillatory shear analysis was performed through 
frequency sweep tests, in which changes in the viscoelastic 
modulus were evaluated as a function of frequency 
(0.1–10 Hz). Preliminary amplitude sweep tests confirmed 
the use of 1% strain within the linear viscoelastic region. 
A cone-plate geometry was employed, with a rotating cone 
of 60 mm diameter, 2° angle, and 0.105 mm gap.

Morphology and Size Distribution of Nanofibers

The initial tests were optically characterized to determine 
the best conditions for producing uniform nanofibers, 
with or without the addition of IPE extract. The optical 
characterization of the electrospinning nanofibers was 
performed using an optical microscope (BIOPTIKA 
B10, Italy) equipped with a digital camera coupled to 
the eyepiece. The analyses were conducted without 
polarization, and the samples were observed at appropriate 
magnifications to evaluate the general morphology of the 
nanofibers. The images obtained were used to qualitatively 

(1)𝜏 = τ0 + k(𝛾 ̇ )
n
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assess the uniformity, continuity, and distribution of 
the nanofibers, as well as the presence or absence of 
defects such as beads or aggregates. The recorded 
micrographs allowed for the comparison between different 
formulations, providing a visual evaluation of the effect of 
IPE incorporation on the nanofibers structure.

Based on these preliminary analyses, the morphology of 
the nanofibers was further evaluated by scanning electron 
microscopy (SEM) (Jeol, JSM-6610LV, USA) only for the 
selected optimal conditions (15% starch (w/v) with IPE 
concentrations of 5%, 10%, and 15% (w/w), as well as 
the control sample without extract). For SEM analysis, 
a portion of the material deposited on aluminum foil 
was fixed on sample holders using double-sided carbon 
tape and coated with gold using a sputter coater (Denton 
Vacuum Desk V, USA). The samples were analyzed 
at an accelerating voltage of 10  kV, and micrographs 
were obtained at magnifications of × 1000 and × 5000. 
The average fiber diameter and size distribution were 
determined from the images by measuring seventy 
randomly selected fiber segments using ImageJ© software 
(version 2015) (Santos et al., 2024b).

Encapsulation Efficiency

The encapsulation efficiency (EE) of wheat starch nanofibers 
encapsulated with IPE was evaluated according to the method 
described by Cruz et al. (2023), with adaptations. Nanofib-
ers samples (10 mg) were weighed, and 800 μL of formic 
acid solution (75%, in ultrapure water, v/v) was added. The 
mixture was vortexed for 2 min and subsequently 2.2 mL of 
acetonitrile:ultrapure water solution (1:1 v/v) was added, vor-
texed for 30 s, and centrifuged (Eppendorf Centrifuge 5430 
R, Germany) for 10 min at 4 °C and 6000 rpm. The samples 
were analyzed using a spectrophotometer (Jenway Model 
6705 Scanning UV/Visible Spectrophotometers) at 325 nm. 
The identification of the compounds present in the nanofib-
ers was confirmed by comparison with the non-encapsulated 
compound. The EE was expressed as a percentage (%) and 
calculated according to Eq. 2:

Functional Groups

The functional groups were identified by Fourier-transform 
infrared spectroscopy (FTIR). The analyses were performed 
on both the nanofibers and the pure extract (IPE), using an 
FTIR IRAffinity−1 spectrometer (ATR, Shimadzu) within 

(2)

EE % =
Amount of compound present in the nanofibers

Amount of compound added in the nanofibers
× 100

the resolution range of 400–4000 cm−1 (Torres et al., 2025). 
A sufficient amount of sample was applied to cover the 
crystal of the equipment, and 60 scans were performed with 
Happ-Genzel apodization. Data acquisition, expressed in 
wavenumbers, was carried out using the IRsolution software, 
version 1.60 (Shimadzu Corporation).

Thermal Properties

The thermal properties of the nanofibers and the pure extract 
(IPE) were measured using a thermogravimetric analyzer 
(TA-60WS, Shimadzu, Kyoto, Japan). Approximately 5 mg 
of nanofibers and pure compounds were heated in platinum 
pans from 30 to 600 °C under a nitrogen atmosphere with a 
flow rate of 50 mL/min, starting at 30 °C and using a heating 
rate of 10 °C/min until reaching the final temperature of 
600 °C (Souza et al., 2024).

Contact Angle

Wheat starch nanofibers containing different concentrations 
of IPE were evaluated for wettability using the sessile 
drop technique by measuring the static contact angle (θ) 
with an optical tensiometer (Theta Lite, Biolin Scientific, 
model TL100, SE). To determine θ between the nanofibers 
membrane and ultrapure water, seven μL droplets (n = 3) 
were deposited onto glass slides containing the fiber 
samples. Water absorption by the nanofibers was recorded 
using the equipment’s digital camera at 20 FPS (frames per 
second), from time zero up to 20 s (Santos et al., 2023).

Antioxidant Activity

The antioxidant activity of the nanofibers with and without 
the extract was evaluated against the 2,2-diphenyl-1-
picrylhydrazyl radical (DPPH), and against the 2,2′-azino-
bis-(3-ethylbenzothiazoline-6-sulfonic acid) radical 
(ABTS•+) (Santos et al., 2023). For the DPPH method, one 
mg of samples was weighed into falcon tubes and 3.9 mL 
of DPPH solution (prepared with methanol and adjusted 
to an absorbance of 1.10 ± 0.02) was added, followed by 
vortex mixing for 30 s. The samples were then kept in the 
dark at room temperature (22 ± 2 °C) for 2 h and 30 min. 
The absorbance of the samples was measured at 515 nm 
using a spectrophotometer (Jenway Model 6705 Scanning 
UV/Visible Spectrophotometers). The antioxidant activity 
against the DPPH radical was calculated and expressed as 
% inhibition using Eq. 3:

(3)Inhibition (%) =
Absblank − Abssample

Absblank
× 100
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For the antioxidant activity against the ABTS•+ radical, 
5 mL of ABTS•+ stock solution (7.4 mM) was mixed with 88 
µL of sodium persulfate (140 mM) and kept in the dark for 
16 h at room temperature (22 ± 2 °C). The solution was then 
diluted with ethanol to adjust the absorbance to 0.70 ± 0.05 
at 734 nm. Subsequently, 1 mg of sample was weighed into 
Falcon tubes and 3 mL of the ABTS•+ solution was added. 
The mixtures were vortexed for 30 s and then kept in the dark 
for 30 min at room temperature (22 ± 2 °C). The absorbance 
of the samples was measured at 734 nm (Jenway Model 6705 
Scanning UV/Visible Spectrophotometers), and the results 
were expressed as percentage inhibition according to Eq. 3.

Simulation of the In Vitro Release of Chlorogenic Acids 
Present in Nanofibers

The release of phenolic compounds was evaluated using food 
simulants corresponding to categories A (10% ethanol) and 
D1 (50% ethanol), as established by Commission Regulation 
(EU) (2011), which addresses plastic materials and articles 
intended to come into contact with food, following the 
methodology proposed by Cruz et al. (2023). The analysis 
was carried out to assess the release of chlorogenic acids 
from wheat starch nanofibers. For this purpose, ten mg of 
each sample of nanofibers, at concentrations of 5, 10, and 
15% (w/w) of IPE were used. The samples were individually 
immersed in 3 mL of each food simulant and kept for 24 h at 
room temperature (± 23 °C). After this period, the released 
chlorogenic acids were quantified by HPLC, as described 
in Sect. "Characterization of the Phenolic Compounds", 
and the results were expressed as a percentage according 
to Eq. 4.

Thermal Resistance of Chlorogenic Acids Encapsulated 
in Nanofibers

The thermal resistance of wheat starch nanofibers contain-
ing different concentrations of IPE (5, 10, and 15%, w/w) 
was evaluated according to the methodology proposed by 
Cruz et al. (2023), with minor modifications. Briefly, fiber 
samples (10 mg) were weighed into glass vials and subjected 
to thermal treatment in a forced-air circulation oven set at 
120 °C for 1 h. Subsequently, the nanofibers were disrupted 
using 75% formic acid (1 mL) and vortexed for 1 min. Then, 
2 mL of water was added for the extraction of chlorogenic 
acids, and the solution was vortexed again for 1 min. Finally, 
the samples were centrifuged at 3000 rpm for 5 min at 4 °C. 
After this period, the released chlorogenic acids were quanti-
fied by HPLC, as described in Sect. "Characterization of the 

(4)

Release (%) =
Amount of compounds in the simulant medium

Amount of compounds in the nanofibers
× 100

Phenolic Compounds", and the results were expressed as a 
percentage according to Eq. 5.

Principal Component Analysis

Principal component analysis (PCA) was carried out on 
the dataset related to the nanofibers (regarding average 
diameter, encapsulation efficiency, water contact angle, 
and antioxidant activity against DPPH and ABTS•+ 
radicals) based on the correlation matrix using Statistica 
software (version 7.0). Principal components (PC) 1 and 
2 were selected for plotting the loadings and scores, as 
they accounted for a cumulative total variance of 94.29%, 
according to factor analysis.

Statistical Analysis

The results were evaluated by analysis of variance 
(ANOVA) using Statistica software (version 7.0), with 
Tukey’s test as a post oc procedure, at a 95% significance 
level.

Results and Discussion

Characterization of the Phenolic Compounds

Chlorogenic acids identified in the extract obtained from 
the bark (outer fraction) of the co-product generated during 
the pruning of thick stems of Ilex paraguariensis (Cam-
bona 4 cultivar) included mono- and dicaffeoylquinic acid 
isomers. Among the caffeoylquinic acids (CQA), 3-CQA 
(1.27 ± 0.01  g/100  g), 5-CQA (1.41 ± 0.01  g/100  g), 
and 4-CQA (1.27 ± 0.01  g/100  g) were quantified. 
Among the dicaffeoylquinic acids (DQA), 3,4-DQA 
(0.24 ± 0.01 g/100 g), 3,5-DQA (1.55 ± 0.01 g/100 g), 
and 4,5-DQA (1.62 ± 0.02 g/100 g) were identified. The 
total content of these compounds was 7.36 ± 0.07 g/100 g, 
indicating a high concentration of chlorogenic acids in the 
liquid extract. After the freeze-drying process, the chloro-
genic acid content was 27.98 g of freeze-dried extract per 
100 g of co-product. In a study conducted by Lorini et al. 
(2021), evaluating different parts of Ilex paraguariensis 
(leaves, thin stems, and thick stems), the chlorogenic acid 
content in thick stems was reported to be approximately 
3.4 g/100 g using an exhaustive extraction process with 
methanol/water, which is about two times lower than the 

(5)
Thermal resistance (%) =

Stable compound amount

Amount of compounds in the nanofibers
× 100
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value observed in the present study, using only water as 
the extraction solvent. This difference may be associated 
with the evaluated fraction (bark), which can concentrate 
higher levels of secondary metabolites, as well as differ-
ences in extraction methods and raw material conditions. 
Furthermore, the high phenolic content found in this resi-
due is greater than that reported for several plant-based 
matrices, including 64 fruits, 53 vegetables, and 99 teas, 
as described by Meinhart et al., (2017, 2019) highlight-
ing the strong potential of this material as a source of 
bioactive compounds. In this context, the total content 
of 7.36 g/100 g obtained in this study further reinforces 
the potential of yerba mate pruning co-product bark as 
a highly concentrated source of chlorogenic acids, with 
possible applications in food matrices as well as in the 
pharmaceutical and cosmetic industries.

Yield, Moisture, and Amylose Content of Wheat 
Starch

The extraction of starch from wheat flour resulted in a yield 
of 41.68%. Starch is the major component of the wheat 
endosperm, typically accounting for 70–75% of the grain, 
while the remaining fraction consists mainly of proteins 
and minor constituents (Filip et al., 2023). Variations in 
extraction yield are commonly associated with differences in 
processing conditions, flour composition, and the efficiency 
of starch separation techniques (Wang et al., 2020).

The wheat starch presented a moisture content of 
7.49% ± 0.06, which is well below the maximum limit of 
15.0% established by the Brazilian Health Regulatory 
Agency (ANVISA) for flours and starches, indicating 
adequate stability and suitability for further processing. 
Moisture content is a critical parameter, as it can influence 
starch flowability, storage stability, and processing behavior 
(Zhang et al., 2018).

The amylose content of starch was of 31.55% ± 2.39, 
which is considered relatively high for wheat starch. Simi-
lar values have been reported by Baranzelli et al. (2019), 
ranging from 30.81 to 35.56%, while El Halal et al. (2019) 
reported a broader variation (22–35%) depending on the 
wheat cultivar. Such variability is strongly influenced by 

genetic factors, environmental conditions, and post-harvest 
handling, which affect starch biosynthesis and structure (Sil-
veira et al., 2020; Wang et al., 2020).

From a structural and functional perspective, high-
amylose content plays a crucial role in determining the 
physicochemical behavior of starch. Amylose molecules, 
due to their predominantly linear structure, are capable of 
forming intermolecular associations and entanglements, 
which are essential for fiber formation processes (Kong 
& Ziegler, 2012). In contrast, amylopectin, with its highly 
branched structure, introduces steric hindrance that limits 
chain interaction and reduces the ability to form continuous 
nanofibers (Cao et al., 2022).

Therefore, starches with higher amylose content are 
particularly advantageous for electrospinning applications, 
as they promote better chain entanglement, solution stability, 
and fiber integrity. This results in the formation of more 
uniform and mechanically resistant nanofibers, as reported 
by Cao et al. (2022). In this context, the relatively high-
amylose content observed in the present study suggests a 
strong potential for the production of starch-based nanofibers 
with improved structural properties.

Characterization of Polymer Solutions

Electrical Conductivity and Rheological Properties

Table  1 presents the results regarding the electrical 
conductivity and rheological properties of wheat starch 
polymer solutions containing different concentrations of 
IPE.

The analysis of the presented values shows that the 
electrical conductivity (EC) of wheat starch solutions 
increases proportionally with the concentration of IPE, 
ranging from 2.69 mS/cm to 2.89 mS/cm, 3.14 mS/cm, and 
3.45 mS/cm for nanofibers containing 0%, 5%, 10%, and 
15% extract, respectively. This behavior can be attributed 
to the presence of conductive compounds in the extract, 
which, when incorporated into the starch matrix, enhance 
electrical conduction.

The conductivity of the solution enables the transfer 
of electrical charges, favoring the interaction between the 

Table 1   Electrical 
conductivity and rheological 
measurements of wheat starch 
polymeric solutions with 
different concentrations of 
I. paraguariensis coproduct 
extract

EC, electrical conductivity; T0, yield stress; k, consistency index; n, flow behavior index; R2, determination 
coefficient. *Means followed by different letters in the same column indicate a significant difference 
between the data using the Tukey test (p < 0.05)

Solutions EC (mS/cm) T0 [Pa] k [Pa.sn] (n) [-] R2

0% IPE 2.69 ± 0.03d* 1.5075 ± 0.14a 1.182 ± 0.04a 0.7227 ± 0.01b 0.9736
5% IPE 2.89 ± 0.09c 0.1666 ± 0.01b 1.491 ± 0.14a 0.6526 ± 0.00d 0.9731
10% IPE 3.14 ± 0.03b 0.1008 ± 0.00b 1.179 ± 0.16a 0.7130 ± 0.01c 0.9683
15% IPE 3.45 ± 0.03a 0.1131 ± 0.02b 1.259 ± 0.12a 0.7246 ± 0.00a 0.9758
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solution and the collector, in addition to promoting the 
stretching of the polymer jet, which directly depends on the 
solution’s ability to transport these charges (Unnithan et al., 
2015). When conductivity is higher, there is greater mobil-
ity of the ions in the solution and, under the application 
of the electric field, they tend to be more easily directed, 
resulting in greater jet elongation, which may reduce fiber 
diameter and prevent the presence of aggregates (Antunes 
et al., 2017; Pires et al., 2024b). The increase in conductiv-
ity did not impair the process, as the formation of stable 
and continuous jets was maintained. However, an increase 
in the average fiber diameter was observed, which may be 
explained by the rise in apparent viscosity or other process-
related factors.

The rheological properties of the control solution 
(wheat starch only), as well as those of the solutions con-
taining different concentrations of IPE (5, 10, and 15%, 
w/v), were evaluated through their flow behavior (viscos-
ity as a function of shear rate, Fig. 1a) and storage (G′) 

and loss (G″) moduli (Fig. 1b). For both samples, the data 
were well described using the Herschel-Bulkley model 
with coefficients of determination (R2) (Table 1). When the 
IPE was added, the viscosity of the solution remained sta-
ble with a slight decrease (10% IPE) up to a certain point; 
however, at a concentration of 15% IPE, the behavior was 
similar to the control, which suggests that up to a certain 
concentration IPE addition is favorable, and beyond that, 
the solution tends to become more viscous due to the sol-
utes present in the IPE extract. This behavior is explained 
by the flow behavior index (n) (Table 1), which presented 
values lower than one, indicating a non-Newtonian pseu-
doplastic behavior. A similar behavior was also observed 
by Santos et al. (2024a) when evaluating the viscosity of 
bean starch solutions containing geranium essential oil. 
Regarding the consistency index (k), no significant dif-
ferences (p < 0.05) were observed among the samples, 
although a slight increasing trend was noted with higher 
concentrations of co-product extract, indicating greater 
resistance to flow.

The increase in solution concentration is directly 
associated with a rise in viscosity due to greater 
entanglement of polymer chains, which contributes to jet 
stabilization during fiber formation (Wang et al., 2016). 
Although the viscosity of the solutions increased, this 
increment was not sufficient to hinder the electrospinning 
process, but it did result in nanofibers with a larger average 
diameter. In highly viscous solutions, jet stretching 
becomes limited, leading not only to an increase in fiber 
diameter but also to the appearance of agglomerates 
known as beads (Wang et al., 2009).

The analysis of the storage (G′) and loss (G″) moduli as a 
function of frequency (0–10 rad/s) of the polymeric solutions 
is presented in Fig. 1b. At all concentrations evaluated, the 
loss modulus (G″) remained higher than the storage modulus 
(G′) throughout the entire frequency range, demonstrating 
the predominance of viscous over elastic behavior. This 
result is consistent with previous studies on aged corn starch 
solutions with different amylose contents and wheat starch 
nanoparticles, which report that systems with predominantly 
viscous behavior exhibit higher apparent viscosity values 
and larger hydrodynamic diameters (Herrera et al., 2017). 
Electrical conductivity, viscosity, and polymer concentration 
are key parameters in the electrospinning process, directly 
influencing fiber morphology (Rostamabadi et al., 2020; 
Santos et al., 2024a). In the present study, the increase in 
electrical conductivity with higher IPE concentrations 
indicates enhanced ionic mobility and charge transport 
capacity. Conversely, the rheological results demonstrated 
a pseudoplastic behavior (n < 1) and a slight increase in 
flow resistance at higher extract concentrations, suggesting 
greater molecular interactions within the system. While 
higher conductivity tends to intensify electrostatic forces and 
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promote jet stretching, the concurrent increase in viscosity 
limits chain mobility and resists elongation. Thus, the 
electrospinning process is governed by the balance among 
these competing effects, and shifts in this balance directly 
influence jet stability and deformation behavior, impacting 
nanofiber formation.

Morphology and Size Distribution of the Nanofibers

The morphological evaluation of the nanofibers by optical 
microscopy (Figs. 2 and 3) demonstrated that starch concen-
tration had a direct influence on the resulting structure. The 
formulation containing 15% starch produced finer, continu-
ous, and more homogeneous nanofibers (Fig. 2), with a low 
incidence of defects such as beads and discontinuities. In 
contrast, higher concentrations (20 and 30%) of starch exhib-
ited greater structural irregularity, possibly associated with 
increased solution viscosity, which may hinder jet stretching 
during electrospinning. It is important to note that, although 
parameters such as viscosity and electrical conductivity are 
known to be determinant in this process, these properties 
were not evaluated at this stage of the study. Regarding the 
processing conditions, it was observed that the higher for-
mic acid concentration (85%) combined with a higher flow 
rate (1.0 mL/h) resulted in thicker, less uniform nanofibers 
with the presence of beads. Based on these results, the most 

suitable condition was defined as the use of 75% (v/v) formic 
acid, 15% (w/v) wheat starch, and a flow rate of 0.8 mL/h, as 
these conditions favored the formation of more homogene-
ous, continuous, and defect-free nanofibers.

In Fig. 3, it can be observed that the concentration of 
IPE added to the nanofiber-forming solution (15% w/v 
wheat starch) had a significant influence on the formation 
of continuous and uniform structures. As the extract 
concentration increased, a higher incidence of defects was 
observed, particularly at concentrations above 15% (w/w), 
and this effect was further intensified with increasing 
flow rate. Based on these results, and aiming to obtain 
continuous, homogeneous, and defect-free nanofibers, only 
the concentrations of 5%, 10%, and 15% (w/w) IPE were 
selected for the production of wheat starch nanofibers.

The morphology (a, c, e, and g) and size distribution 
(b, d, f, and h) of wheat starch nanofibers, both control 
and those containing IPE (0%, 5%, 10%, and 15%), are 
shown in Fig. 4. The electrospinning conditions led to 
the formation of homogeneous, cylindrical, continuous, 
and smooth nanofibers, free of agglomerates (“beads”). 
The incorporation of the extract influenced nanofib-
ers’ morphology in a concentration-dependent manner. 
Although all formulations yielded continuous fibers, slight 
changes in fiber diameter distribution and uniformity were 
observed, particularly at higher extract concentrations. 

Fig. 2   Test polymeric solutions 
using different concentrations of 
wheat starch and formic acid
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Flow rate 
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These findings indicate that fiber formation was not com-
promised; however, morphological attributes were moder-
ately affected, as reflected by the reduction in the average 
fiber diameter. The average fiber diameters showed a slight 
increase with the incorporation of the extract into the solu-
tions. Pure wheat starch presented an average diameter of 
195 ± 25 nm, while the addition of 5% co-product extract 
resulted in 218 ± 28 nm. At IPE concentrations of 10% 
(214 ± 32 nm) and 15% (204 ± 24 nm), a slight reduction 
in fibers’ diameter was observed compared with the 5% 
treatment. Analysis of variance (ANOVA) indicated a sig-
nificant difference (p < 0.05) between the 0% (195 nm) and 
5% (218 nm) treatments, as well as between 0% (195 nm) 
and 10% (214 nm), confirming that the addition of the 
extract increased the nanofiber diameter. In general, low-
viscosity solutions tend to produce nanofibers with smaller 
diameters (Fonseca et al., 2020a); however, in the present 
study, the opposite behavior was observed, in which the 
5% IPE solution exhibited the lowest viscosity and the 

largest average nanofibers’ diameter. This behavior may be 
associated with the presence of compounds from the IPE, 
which, although reducing the viscosity of the solution, 
also altered parameters such as electrical conductivity and 
surface tension. This combined effect may have limited jet 
stretching during electrospinning, resulting in nanofibers 
with larger diameters, even in the less viscous solution.

Encapsulation Efficiency

The encapsulation efficiency of wheat starch nanofib-
ers containing extract from IPE was 90.8 ± 6.24%, 
68.2 ± 11.8%, and 63.7 ± 9.96% for samples with 5%, 10%, 
and 15%, respectively, showing high efficiency at lower 
concentrations and a progressive reduction with increasing 
extract content. This behavior is similar to that reported 
by Fonseca et al. (2020b) in potato starch nanofibers, in 
which increasing the concentration of pinhão nut shell 
extract resulted in lower loading capacity (62–100%) when 
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Fig. 3   Polymeric solutions of 15% wheat starch and incorporation of the lyophilized extract of the co-product of I. paraguariensis in different 
concentrations
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incorporated at 0.5%, 1.0%, and 1.5% of extract. However, 
the authors observed that the highest encapsulation effi-
ciency was achieved at the lowest extract concentration 
(0.5%), which is consistent with the results found in this 
study. A decreasing trend was also reported by Santos et al. 
(2023) (58.0–66.8%) when evaluating the encapsulation 
efficiency of zein nanofibers containing jambolan extract. 
In our study, wheat starch nanofibers containing the lowest 
concentration of IPE (5%) showed satisfactory matrix per-
formance, in accordance with the 70% threshold suggested 
by Yun et al. (2021) as the minimum for industrial feasibil-
ity. Thus, the results demonstrate that wheat starch presents 
great potential as an encapsulating matrix, being able to 
efficiently retain the bioactive compounds from IPE at low 
concentrations. In contrast, higher extract concentrations 
led to an increase in structural irregularities. This behav-
ior is consistent with the average fiber diameter results, in 
which nanofibers containing the lowest extract concentra-
tion (5%) showed higher encapsulation efficiency, possibly 
due to their larger diameter, which favors the incorporation 
and retention of bioactive compounds from IPE.

Functional Groups

The functional groups were identified by Fourier-transform 
infrared spectroscopy (FTIR). The lyophilized extract from 
the IPE showed characteristic bands of polyphenols (Fig. 5), 
with a band at 3310 cm⁻1 (νO–H overlapping νN–H) cor-
responding to hydroxyl groups present in compounds such 
as chlorogenic acid, saponins, xanthines, and others (Gullón 
et al., 2018). A band at 2874 cm⁻1 (νsC–H; νaC–H) was 
observed for aliphatic groups, along with one at 1661 cm⁻1 
(νC = O) corresponding to the carbonyl group present in 
esters, amides, and xanthines, and another at 1613 cm⁻1 

(νC = O) associated with carboxyl groups in acids and sapo-
nins. Finally, bands were observed at 1360 cm⁻1 (δsCH₃CO) 
and 1255 cm⁻1 (νasC–O–C; δC–O–H in-plane), attributed 
to cyclic ethers and other functional groups present in the 
compounds of I. paraguariensis (Gullón et al., 2018).

The 0% nanofibers showed bands at 3380 cm⁻1 (νO–H), 
which can be attributed to inter- and intramolecular 
hydroxyl groups between amylose chains, and at 2896 cm⁻1 
(νsC–H; νaC–H) corresponding to the cyclic chain. Bands 
at 1703 cm⁻1 and 1628 cm⁻1 (δOH) were associated with 
hydrogen bonding in the amorphous region of the granules. 
A band at 1427 cm⁻1 (δsCH₂) corresponded to amylopectin, 
while 1288 cm⁻1 (δC–O–H) was related to out-of-plane 
bending, and 1158 cm⁻1 (νasC–O–C) was attributed to the 
α−1,4 glycosidic linkage. Additionally, chain-related bands 
were observed at 1016 cm⁻1 (νC–O). Similar bands were 
reported by Pires et al. (2022) in native potato starch. The 
5%, 10%, and 15% nanofibers exhibited characteristic bands 
similar to those of the 0% fiber, where it can be observed 
that the fingerprint region (1000 < cm⁻1 < 1500) of the 
different nanofibers closely resembles that of the 0% fiber 
spectrum, suggesting effective encapsulation of the extract 
at all concentrations studied.

Thermal Properties

The thermal stability of IPE, as well as that of the nanofib-
ers produced from wheat starch containing different extract 
concentrations (5, 10, and 15%, w/w), was evaluated by 
thermogravimetric analysis (TGA), and the results are 
presented in Fig. 6. The thermogram of IPE showed two 
main stages of mass loss, the first, around ~ 100 °C, asso-
ciated with the evaporation of bound water, and the sec-
ond, between ~ 200 and 380 °C, related to the degradation 
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of low-molecular-weight compounds and more complex 
structures, such as hemicellulose and pectins (Bruni et al., 
2020).

Regarding the control nanofibers, three stages of mass 
loss were observed, the first, between ~ 40 and ~ 100 °C, 
attributed to the evaporation of water present in the mate-
rial, the second, in the range of ~ 200 to 280 °C, related to 
the elimination of ester groups formed during the esterifica-
tion reaction between formic acid and starch, and finally, the 
third stage, between ~ 310 and 410 °C, associated with the 
decomposition of the starch structure (Santos et al., 2024a, 
2025).

For nanofibers containing different concentrations of 
IPE (5, 10, and 15%, w/w), the obtained thermograms were 
similar to that of the control nanofibers, showing three stages 
of mass loss, attributed respectively to the evaporation of 
bound water, the decomposition of groups formed during the 
esterification process, and finally the degradation of wheat 
starch. Regarding the IPE incorporated into the nanofibers, 
it is likely that interactions occurred between the extract 
constituents and the hydroxyl groups of starch, which may 
explain the absence of the mass loss stage observed for 
the pure extract (around ~ 200 °C). This behavior suggests 
that the degradation of the extract compounds occurred 
simultaneously with the decomposition of the starch matrix, 
at temperatures close to ~ 350  °C. This result suggests 
improved thermal stability of the nanofibers incorporated 
with the extract.

Contact Angle

The static contact angle (θ) of the solid–liquid interface 
was measured between the nanofiber membranes and 
ultrapure water. All nanofibers exhibited contact angles 
below 90°, specifically θ = 28.26 ± 6.15°, θ = 32.67 ± 0.15°, 
θ = 27.72 ± 0.56°, and θ = 27.24 ± 2.91° for the nanofib-
ers containing 0%, 5%, 10%, and 15% IPE, respectively, 

indicating hydrophilic surfaces according to the classifica-
tion by Ahmad et al. (Ahmad & Kan, 2016) (Fig. 7). Ini-
tially, an increase in θ was observed when comparing the 
0% and 5% nanofibers. This behavior may have occurred 
because wettability is influenced by the presence of polar 
and nonpolar groups on the nanofibers surface. The surface 
modification can be explained by the incorporation of the 
extract, which contains various compounds in its composi-
tion; however, the increase in contact angle suggests the 
presence of free polar groups on the nanofibers surface, 
indicating that the active sites of the 5% nanofibers were 
responsible for this behavior. In contrast, the 10% and 15% 
nanofibers showed a decrease in contact angle, confirming 
the occupation of more active sites and demonstrating that 
as the concentration of incorporated co-product increases, 
the fiber becomes progressively more hydrophilic, enhanc-
ing its wettability properties.

These results are consistent with those reported by Cruz 
et al. (2023), and Santos et al. (2023), who observed a 
decrease in contact angle with increasing concentrations 
of encapsulated red onion peel and jambolan extracts in 
yellow and white sweet potato starch and zein matrices, 
respectively. This behavior can be explained by the hydro-
philic nature of phenolic extracts, which exhibit high water 
solubility, thereby promoting a reduction in contact angle. 

Fig. 7   Solid–liquid interface 
angle of nanofibers samples 
containing different concentra-
tions of IPE (0% (a), 5% (b), 
10% (c), and 15% (d))

θ = 28.26 ± 6.15° θ = 32.67 ± 0.15° 

θ = 27.72 ± 0.56° θ = 27.24 ± 2.91° 
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Table 2   Antioxidant activities against ABTS•⁺ and DPPH radicals of 
IPE, and incorporated into wheat starch nanofibers

Nd, not detected. Means followed by different letters in the same 
column indicate a significant difference between the data using the 
Tukey test (p < 0.05)

Samples ABTS•⁺ (%) DPPH (%)

Nanofibers 0% IPE nd 6.57 ± 0.43d

Nanofibers 5% IPE 47.01 ± 6.61c 22.70 ± 0.30c

Nanofibers 10% IPE 60.48 ± 8.04b 33.13 ± 0.36a

Nanofibers 15% IPE 97.83 ± 0.53a 24.91 ± 1.16b
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Furthermore, the contact angle is also influenced by the 
capillary effect of the membrane and varies according to 
surface roughness, morphology, nanofibers diameter, and 
porosity (Correia et al., 2015), factors that can modify the 
membrane’s surface tension and consequently affect its 
hydrophilicity and wettability.

Antioxidant Activity

Table 2 presents the results of the antioxidant activities of 
the IPE, encapsulated in wheat starch nanofibers, against the 
ABTS•⁺ and DPPH radicals.

The control nanofibers (0%) showed no antioxidant 
activity against the ABTS•⁺ radical and only low activity 
against the DPPH radical (6.57%), indicating that wheat 
starch nanofibers alone do not possess relevant antioxi-
dant activity. Antioxidant activity increased significantly 
when the extract was incorporated into the wheat starch 
nanofibers, and the higher the amount of incorporated 
extract, the greater the observed antioxidant activity. 
The 5%, 10%, and 15% nanofibers showed a significant 
increase (p > 0.05) in ABTS•⁺ radical inhibition, with the 
15% fiber exhibiting the highest activity (97.83%). How-
ever, for the DPPH radical, the 5% and 10% nanofibers 
showed an increase in activity, while the 15% nanofibers 
displayed a decrease. This behavior may be explained by 
the fact that the 5% and 10% nanofibers contain intermedi-
ate concentrations of IPE, in which the antioxidant com-
pounds may be more accessible and more evenly distrib-
uted within the nanofibers, resulting in higher antioxidant 

activity as measured by the DPPH assay. Moreover, the 
DPPH radical is a specific chemical species that may react 
differently with the antioxidant compounds of the extract 
depending on their concentration, which could explain 
the variations observed in the antioxidant activity of the 
nanofibers against this radical. These results indicate that 
wheat starch nanofibers exhibit a greater inhibition capac-
ity against the ABTS•⁺ radical compared to the DPPH radi-
cal. Furthermore, the incorporation of the co-product into 
electrospun wheat starch nanofibers may partially protect 
the functional properties of the phenolic compounds.

Studies such as that of Fonseca et al. (2020a) demon-
strated that the incorporation of thyme essential oil into 
sweet potato starch nanofibers also resulted in lower DPPH 
inhibition capacity. In another study using white and yel-
low sweet potato starches to encapsulate flavonoids from 
red onion peel, the authors observed a significant increase 
in antioxidant activity with higher concentrations of the lyo-
philized compound (Cruz et al., 2023). However, no stud-
ies have been found using wheat starch nanofibers for the 
encapsulation of bioactive compounds. However, in the lyo-
philized free extract, a lower inhibition capacity against the 
ABTS•⁺ radical was observed, which may be related to the 
complexation of compounds, leading to an increased activity 
when incorporated into the nanofibers. In samples of dried 
commercial yerba mate leaves, inhibition levels of up to 94% 
have been reported (Akbarmehr et al., 2023). When incor-
porating pinhão coat extract into potato starch nanofibers, 
an inhibition of 28% was obtained, which is lower than that 
found in the present study (Fonseca et al., 2020b). Similarly, 

Table 3   In vitro release of chlorogenic acids in hydrophilic (10% ethanol) and lipophilic (50% ethanol), and thermal resistance at temperatures 
of 120 °C of wheat starch nanofibers with different concentrations of IPE

Means ± standard deviation. 5-CQA, 5-caffeoyilquinic; 3-CQA, 3-caffeoyilquinic; 4-CQA, 4-caffeoyilquinic; 3.4-DQA, 3.4-dicaffeoyilquinic; 
3.5-DQA, 3.5-dicaffeoyilquinic; 4.5-DQA, 4.5-dicaffeoyilquinic. nd, not detection. Different letters indicate a statistically significant difference 
between the columns (p < 0.05)

Release with 10% ethanol (%, w/w)
Sample 5-CQA 3-CQA 4-CQA 3.4-DQA 3.5-DQA 4.5-DQA
Nanofibers 5% IPE 59.73 ± 3.91b 44.72 ± 2.94b 41.14 ± 2.46b nd nd nd
Nanofibers 10% IPE 67.00 ± 2.17a 52.06 ± 3.07a 53.69 ± 3.48a nd nd nd
Nanofibers 15% IPE 70.72 ± 0.66a 56.61 ± 1.91a 58.28 ± 0.98a nd nd nd
Release with 50% ethanol (%, w/w)
Sample 5-CQA 3-CQA 4-CQA 3.4-DQA 3.5-DQA 4.5-DQA
Nanofibers 5% IPE 52.01 ± 1.94a 59.77 ± 2.27a 40.01 ± 4.51a 27.41 ± 1.63c 70.04 ± 4.64b 53.82 ± 3.38b

Nanofibers 10% IPE 52.58 ± 2.18a 62.45 ± 2.06a 38.81 ± 4.83a 35.43 ± 1.41b 78.38 ± 4.33ab 58.23 ± 2.78ab

Nanofibers 15% IPE 56.05 ± 1.89a 63.68 ± 1.46a 39.34 ± 1.64a 40.47 ± 0.39a 82.71 ± 0.64a 61.17 ± 1.44a

Thermal resistance (%, w/w)
Sample 5-CQA 3-CQA 4-CQA 3.4-DQA 3.5-DQA 4.5-DQA
Extract 25.14 ± 3.87a 27.64 ± 4.30c 31.61 ± 5.16c 48.02 ± 4.16a 21.96 ± 5.03c 34.58 ± 8.50c

Nanofibers 5% IPE 80.14 ± 6.89b 77.83 ± 13.01a 86.01 ± 0.09a nd 58.16 ± 2.10a 100.00 ± 2.63a

Nanofibers 10% IPE 73.51 ± 7.49b 88.01 ± 10.46a 86.22 ± 4.41a nd 32.85 ± 4.97b 56.23 ± 13.80b

Nanofibers 15% IPE 63.72 ± 10.30b 50.62 ± 5.52b 52.46 ± 3.33b 26.80 ± 2.14b 6.95 ± 0.95d 3.59 ± 0.06d
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Pires et al. (2022) observed a gradual increase in radical 
scavenging activity, reaching up to 45%, when curcumin was 
incorporated at different concentrations (0.5%, 0.75%, and 
1%) into native potato starch.

According to Cruz et al. (2023), antioxidants can delay 
or inhibit the oxidation of foods; however, they may 
degrade when exposed to environmental conditions. The 
encapsulation of phenolic compounds from the I. para-
guariensis co-product is important for maintaining their 
stability, minimizing degradation caused by environmen-
tal factors such as light, heat, and temperature.

In Vitro Release Simulation

The simulated release of chlorogenic acids from I. 
paraguariensis extract encapsulated in wheat starch 
nanofibers, under hydrophilic (10% ethanol) and lipo-
philic (50% ethanol) conditions, is presented in Table 3. 
According to Commission Regulation (EU) (2011), a 
10% ethanol solution represents hydrophilic conditions. 
Under these conditions, the release of caffeoylquinic 
acids (5-CQA, 3-CQA, and 4-CQA) increased with 
the IPE concentration, reaching a maximum release of 
70.72% for 5-CQA in nanofibers containing 15% (w/w) 
extract.

In contrast, a 50% ethanol solution, which simulates 
lipophilic conditions (Commission Regulation (EU), 
2011), promoted a different release behavior. In this 
medium, both caffeoylquinic acids (5-CQA, 3-CQA, and 
4-CQA) and dicaffeoylquinic acids (3,4-DQA, 3,5-DQA, 
and 4,5-DQA) were released from the nanofibers. Among 
these compounds, 3,5-DQA showed the highest release, 
reaching 82.71% in nanofibers containing 15% (w/w) IPE.

The release of chlorogenic acids present in IPE encap-
sulated in wheat starch nanofibers should be tailored 
according to the intended application. Under conditions 
simulating less aggressive media (such as 10% ethanol), 
a slower release is desirable, as it promotes the protec-
tion of phenolic compounds against degradation, allowing 
for gradual availability while maintaining their stability 
and functionality over time (Fonseca et al., 2020b). This 
behavior is particularly relevant for applications in active 
packaging, where the goal is to extend food shelf life 
through the continuous antioxidant activity of these com-
pounds (Cruz et al., 2023).

On the other hand, under more aggressive conditions 
(such as 50% ethanol), a faster release of chlorogenic 
acids may occur and, in certain cases, is also desirable, 
especially for foods with shorter shelf life, where immedi-
ate antioxidant and antimicrobial action is required, such 
as minimally processed vegetables (Cruz et al., 2023). 
Therefore, the release profile of encapsulated bioactive 

compounds can be adjusted according to the type of food 
and storage conditions, enabling the application of these 
nanofibers in both lipid and aqueous systems.

Thermal Resistance

Chlorogenic acids present in IPE, both in free form and 
encapsulated in wheat starch nanofibers, exhibited ther-
mal resistance when subjected to 120 ºC for 1 h (Table 3). 
However, the non-encapsulated extract showed lower stabil-
ity, with thermal resistance values below 48%, which was 
expected due to the higher thermal sensitivity of phenolic 
compounds in their free form (Meinhart et al., 2019). In con-
trast, nanofibers containing different concentrations of IPE 
showed higher thermal resistance, with values exceeding 
58% for most of the chlorogenic acids analyzed, with the 
nanofibers containing 5% IPE exhibiting the highest stabil-
ity. However, for the compounds 3,5-DQA and 4,5-DQA in 
nanofibers with the highest extract concentration (15%; w/w), 

(a) 

(b) 

Fig. 8   Principal component analysis: variable cloud (a) and point 
cloud (b)



	 Food and Bioprocess Technology (2026) 19:319319  Page 16 of 19

lower thermal resistance was observed, possibly related to the 
greater release of these compounds in a 50% ethanol simulant 
medium (Table 3). Overall, the results indicate that encapsu-
lation in wheat starch nanofibers produced by electrospinning 
significantly improved the thermal stability of chlorogenic 
acids, likely due to interactions between the extract constitu-
ents and the polymer matrix, which enhance their protection 
under elevated temperature conditions.

Principal Component Analysis (PCA)

The PCA performed on the dataset of the nanofibers (Dmed, 
EE, θ, DPPH, and ABTS•⁺) indicated that the increase in 
extract concentration significantly affected the fiber charac-
teristics. This was evidenced by the strong linear contribu-
tion and the magnitude of the vectors positioned close to 
or overlapping the unit circle on the factorial plane in the 
variable cloud (Fig. 8a).

Three distinct groups were formed in the score plot 
(Fig. 8b), with the nanofibers containing 10% and 15% IPE 
(F10 and F15, respectively) clustered together, indicating 
that, for the variables studied, the effects of these concentra-
tions were similar. These nanofibers were distinct from the 
control nanofibers (F0) and those with 5% IPE (F5), sug-
gesting that the effect of the extract in modifying the fiber 
characteristics to produce distinct materials occurs at higher 
concentrations.

The antioxidant activity in stabilizing the ABTS•⁺ and 
DPPH radicals was higher in the nanofibers containing 10% 
and 15% of IPE as indicated by their position in the same 
quadrant of the factorial plane. The vectors θ, Dmed, and EE 
were associated with the nanofibers containing 5% of IPE, 
which showed higher values for these respective variables. 
These findings are consistent with those discussed in the 
previous sections.

Conclusion

Wheat starch nanofibers containing Ilex paraguariensis 
co-product extract (IPE) were successfully produced by 
electrospinning, exhibiting a smooth, homogeneous, and 
defect-free morphology. The incorporation of the extract 
influenced solution properties, such as viscosity and elec-
trical conductivity, resulting in variations in fiber diameter. 
The highest encapsulation efficiency (90.8%) was achieved 
at 5% extract concentration, with a decrease observed at 
higher concentrations.

Encapsulation affected the antioxidant activity depend-
ing on the radical evaluated. An increase in ABTS•⁺ radical 
scavenging activity was observed after incorporation into the 
nanofibers, while the activity against the DPPH radical was 
partially preserved. Thermal analysis demonstrated greater 

stability of the encapsulated extract compared to the free 
extract, and FTIR results confirmed its incorporation into 
the starch matrix. Additionally, the presence of the extract 
increased the wettability of the nanofibers, making them 
more hydrophilic. The nanofibers exhibited a controlled 
release profile of chlorogenic acids, with slower release in 
hydrophilic media and faster release under lipophilic con-
ditions, indicating potential for different food applications. 
Furthermore, encapsulation significantly enhanced the ther-
mal resistance of the bioactive compounds, highlighting the 
protective effect of the polymeric matrix.

Overall, the results demonstrate that IPE is a promising 
source of natural antioxidants, while wheat starch stands 
out as an efficient and sustainable polymeric matrix 
for electrospinning and encapsulation. This study also 
contributes to the principles of the circular economy by 
valorizing yerba mate residues. Future studies should 
investigate the application of these nanofibers in real food 
systems, aiming to explore their technological and functional 
potential to improve food quality and stability.
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