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A B S T R A C T   

Electrospun nonwovens of biopolymers are gaining popularity in filtration, coatings, encapsulation, and pack-
aging materials. However, their applications are hindered by limited stability, particularly when loaded with 
lipids. This research aimed to apply a multiscale approach to gain insights into deteriorative processes, e.g., 
oxidation, limiting the shelf life of these complex materials, using corn oil-loaded electrospun zein nonwovens as 
a model system. Oil-doped zein electrospun nonwovens were stored in the dark at 23 ◦C and 33% relative hu-
midity for 28 days and tested at selected intervals to monitor their morphology and mechanical properties. Lipid 
oxidation was assessed using the thiobarbituric acid reactive species (TBARS) assay. The photophysical prop-
erties of intrinsic, i.e., tyrosine (Tyr), and extrinsic, i.e., boron-dipyrromethene undecanoic acid 581/591 
(BODIPY C11), lumiphores were also monitored to evaluate changes in local molecular rigidity, and oxidation, 
respectively. The protein secondary structure was determined with Fourier transform infrared spectroscopy 
(FTIR). Scanning electron microscopy (SEM) analysis of the oil-loaded electrospun nonwovens revealed that the 
diameter of the ribbon-like fiber significantly decreased during storage from 701 ± 23 nm to 620 ± 44 nm. 
Breakage of the electrospun fibers was observed and correlated with increased brittleness and molecular rigidity 
of the nonwoven material, reflected by an increase in Tyr emission intensity and phosphorescence lifetime. 
Changes in tensile strength, brittleness and matrix rigidity also correlated with a zein secondary structure 
transition from unordered to ordered β-sheets. Raman and luminescence micrographs showed oil migration 
during storage, thereby increasing lipid oxidation. The correlation between local rigidity and lipid distribution/ 
oxidation suggests that reorganizing protein structures increased material brittleness and displaced encapsulated 
oils within the electrospun fiber. Understanding deteriorative mechanisms aids in developing innovative stra-
tegies to improve the stability of these novel food-grade materials.   

1. Introduction 

Advances in fabrication technology allow the production of model 
foods with designed structural elements to, for example, tailor sensory 
properties and extend shelf-life. Among them, electrospinning of food- 
grade materials (e.g., edible proteins and carbohydrates) is gaining 
traction, leading to the manufacture of various structures from fibers, 
ribbons, and beads to their mixture and diameters between 100 and 
1500 nm (Aceituno-Medina et al., 2013; Tang et al., 2019). During 
electrospinning, a high electrostatic force draws the polymer solutions 
from a charged wire or spinneret, stretching the solution into ultrafine 
structures (Li et al., 2009). Electrospun nonwovens contain fibers with 

submicron diameters that entangle during fabrication to produce a 
nonwoven sheet. These materials are gaining popularity in filtration, 
coatings, encapsulation, and packaging applications (Lim et al., 2019). 

Nonwovens of food-grade biopolymers allow the inclusion of 
bioactive compounds within the fibers to ensure compatibility and 
improve their functional properties (e.g., nutraceutical, antimicrobial, 
or antioxidant activities). For example, gelatin nanofibers with encap-
sulated essential oils have been produced as edible packaging with 
antimicrobial properties, while a whey protein isolate-pullulan blend 
was explored for the encapsulation of resveratrol in product fortification 
(Seethu et al., 2020; Tang et al., 2019). Despite promising applications, 
the stability of nonwovens is limited due to deteriorative phenomena 
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affecting both the biopolymer carrier and the encapsulated lipids 
(Moomand and Lim, 2014; Xu et al., 2008). For example, García Moreno 
et al. (2016) reported the limited oxidative stability of electrospun fibers 
containing fish oil and its effects on their physical stability. Similarly, 
Drosou et al. (2022) observed that the structural integrity of the elec-
trospun encapsulant diminished during storage. 

Additives, such as plasticizers and antioxidants, are useful for sta-
bilizing nonwoven structures. However, growing consumer concerns 
regarding food sustainability and clean food labels require alternative 
methods besides the incorporation of additives to increase stability 
(Cavaliere and Ventura, 2018; Grant et al., 2021). Thus, understanding 
the limiting factors influencing the stability of food-grade materials and 
their products must remain a priority, as the list of acceptable additives 
that extend shelf life is continually decreasing. Identifying the under-
lying mechanisms of deterioration is crucial in informing handling best 
practices, storage conditions, packaging material selection, and other 
mitigation strategies. 

Since composite nonwovens contain multiple phases (e.g., encapsu-
lant and encapsulate), concurrent deteriorative phenomena may occur. 
Thus, a multiscale approach that considers phenomena at the macro-, 
micro-, nano- and molecular levels will facilitate an improved under-
standing of deterioration in these matrices. Moreover, monitoring 
deterioration at multiple length scales provides distinct perspectives on 
how physical and chemical changes evolve in a matrix on their own and 
concerning each other. For example, previous work using a multiscale 
approach to understand ageing in biodegradable gelatin films concluded 
that protein stiffening is responsible for adverse changes in tensile stress 
and brittleness during storage (Colaruotolo, 2019; Colaruotolo et al., 
2021). For nonwoven composites, the deteriorative mechanisms will 
differ based on specific constituting biopolymers and encapsulates and 
must be assessed without altering existing structures. To this end, optical 
spectroscopic tools are versatile due to their non-destructive and mini-
mally invasive testing procedures, allowing sample analysis in situ with 
minimal sample preparation. These techniques provide complementary 
assessments of the nonwoven state and its existing structure. 

Zein was chosen as the biopolymer in this study due to its popularity 
as an encapsulant of lipid-soluble bioactive compounds, while corn oil 
was the encapsulate. Corn oil was selected due to its common use as a 
hydrophobic bioactive carrier (Liu et al., 2019; Moomand and Lim, 
2015; Wang et al., 2019); however, no bioactives were added to facili-
tate data interpretation. In zein fibers with encapsulated oil, solvent 
(alcohol) evaporation from the polymer-oil solution during spinning 
decreases the solvent quality near the jet surface, causing the oil to 
migrate to the center of the structure during formation (Moomand and 
Lim, 2014), effectively encapsulating it. This study aimed to quantify 
and better understand the relationships between deteriorative processes 
in zein nonwovens with encapsulated corn oil and inform best practices 
to extend shelf life and mitigate deleterious effects, such as oxidation, 
matrix stiffness or increased brittleness. 

2. Materials and methods 

2.1. Materials 

Zein (90% purity) and corn oil (99% purity) were obtained from 
Millipore Sigma (Etobicoke, ON, Canada) and used without further 
purification or modification. Magnesium chloride, trichloroacetic acid, 
hydrochloric acid (99.9% purity), BODIPY 581/591 undecanoic acid 
(BODIPY C11), LipidTOX™ Deep Red were acquired from Thermo 
Fisher Scientific (Ottawa, ON, Canada), while 2-thiobarbituric acid 
(98% purity) was obtained from M.P. Biomedicals (Solon, OH, USA). 
Nitrogen (99.998% purity) was supplied by Praxair (Danbury, CT, USA). 
Anhydrous 2-propanol (HPLC grade) from Millipore Sigma and double- 
distilled water were used as solvents. 

2.2. Zein nonwoven fabrication and storage 

Spin dope solutions, i.e., homogeneous and stable solutions to be 
spun, were prepared as detailed in Moomand and Lim (2015) with 
modifications. Zein at 20% (w/w) was dissolved in 80% (w/w) 7:3 
2-propanol:water solution by stirring at 1200 rpm for 15 min. Corn oil 
was added during mixing in the dark at 1200 rpm at room temperature 
(21 ± 2 ◦C) for 15 min to achieve an oil:protein ratio of 3:10 (w/w). 
Electrospinning was conducted using an N.S. lab Nanospider (Elmarco s. 
r.o, Liberec, Czech Republic) at 21 ± 2 ◦C and 35 ± 5% relative hu-
midity (RH). The polymer solution was electrospun through a wire and 
carriage spinneret (0.7 mm diameter orifice) at 150 mm/s. This setup, i. 
e., the wire and carriage spinneret, was selected since it allows for higher 
throughputs than needle configurations, better mimicking industrial 
procedures and conditions. Additionally, this setup avoids clogging and 
reduces the probability of developing complex fiber structures that 
would unnecessarily complicate analysis and monitoring deterioration 
effects (Prahasti et al., 2020; Menaka and Srinivasan, 2023). The spin-
ning voltage was set at 50 kV to attain the higher levels required by a 
wire carriage configuration. The nonwoven samples were stored in the 
dark to reduce photodegradation, within sealed containers holding a 
saturated solution of magnesium chloride that allowed maintaining a 
33% RH within the chamber. The samples were placed on a mesh affixed 
3 m above the bottom of the container that separated them from the 
solution and stored at 23 ± 2 ◦C. 

2.3. Mechanical characterization of zein nonwovens 

The mechanical properties of the electrospun nonwovens during 
storage were assessed using a Modular Compact Rheometer (MRC 302, 
Anton Paar, Graz, Austria). Strips (20 × 50 mm) of electrospun material 
were affixed between the testing platform and a 20 mm plate (PP20/S), 
separated by a 10 mm gap. The samples deformed in tensile mode at a 
constant velocity of 12 mm/min until mechanical failure. Triplicate 
samples were tested after 0, 7, 14, 21, and 28 days of storage with a 
sample size of n = 5. Acquisition time (s), extension (mm), and force 
(mN) were recorded and used to calculate the engineering stress (σE): 

σE =
F
A0

(1)  

where F is the normal force in mN, A0 corresponds to the original cross- 
sectional area of the nonwoven sheet in m2, and the Hencky strain (εH) 
as: 

εH = ln
(

L
L0

)

(2)  

where L is the length of material in mm at time t (s), and L0 is its initial 
length (mm). 

Young’s modulus (Y) assessed the material extensibility (Steffe, 
1996) and was calculated as: 

Y =
σEf − σEi

εHf − εHi
(3)  

where the subscripts i and f correspond to the initial and final measures, 
respectively. 

The jaggedness of the force vs. deformation curve described the 
brittleness of the materials (Calzada and Peleg, 1978). The percent of 
direction reversals in this relationship, which corresponds to the per-
centage of the data points identified as local extrema, was calculated by 
counting the events where the force decreased from its previous value, 
after which it increased again in the subsequent point, as described in 
Corradini and Peleg (2006). 
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2.4. Morphology of zein nonwovens 

Scanning electron microscopy (Model S-570) (Hitachi High Tech-
nologies Corp., Tokyo, Japan) with an accelerating voltage of 20 kV and 
a 30,000× magnification evaluated the electrospun nonwoven 
morphology after the samples were prepared with a 20 nm gold deposit 
layer using a vacuum-assisted sputter coater (Model K550, Emitech, 
Ashford, Kent, England). Image analysis was done using Pro-Plus 5.1 
(Media Cybernetics Inc., Rockville, MD, USA) and ImageJ (U.S. National 
Institutes of Health, Bethesda, MD, USA). 

2.5. Thiobarbituric acid reactive species (TBARS) assay 

This assay followed Hadad and Goli’s (2019) protocol with modifi-
cations. Electrospun material (5 mg) was dissolved in 4 mL of tri-
chloroacetic acid (15% w/v) and 0.375% (w/v) thiobarbituric acid 
(TBA) in 0.25 M HCl in a glass test tube. Samples were placed in a water 
bath at 100 ◦C for 30 min and then submerged in cold water until they 
reached room temperature. The absorbance spectra of the samples were 
recorded from 300 to 800 nm at 21 ◦C with a 5 nm slit using a 
Duetta-Fluorescence and Absorbance Spectrometer (Horiba Scientific 
Inc., Edison, NJ, USA). The absorbance spectrum of the TBA reagent was 
recorded as a control and subtracted from the sample spectra before 
normalization to the initial absorbance (day 0) at 300 nm. The absor-
bance intensity at 530 nm was reported in triplicate samples (n = 6) 
tested at 0, 7, 14, 21, and 28 days of storage. 

2.6. Characterization of deterioration using luminescence spectroscopy 
techniques 

2.6.1. Steady-state measurements 
Luminescence spectroscopy provides information on the molecular 

mobility and lipid oxidation of the matrix by recording the fluorescence 
emission spectra of intrinsic and extrinsic probes. Tyrosine (Tyr) is zein’s 
predominant aromatic amino acid and an intrinsic reporter of molecular 
mobility. BODIPY 581/591 undecanoic acid (BODIPY C11) has dual 
emission bands at 515 and 595 nm, corresponding to oxidized and un-
altered compounds, respectively. This oxidation-sensitive probe, 
dispersed in corn oil at 16.66 μM and mixed into the zein in 2-propanol 
dispersion, was electrospun directly onto strips (1 cm × 2 cm) of black 
paper (Astrobrights #22321, Neenah Inc, Alpharetta, GA, USA), using 
the settings described above. The strips were mounted on quartz slides 
(13.5 mm × 30 mm × 0.5 mm) (FireflySci, Staten Island, NY, USA) and 
placed at a 45◦ angle in 1 cm light path quartz cuvettes (FireflySci) 
before equilibrating them to 21 ◦C. The fluorescence emission spectra of 
the probes were recorded using a Fluoromax-4 spectrophotometer 
(Horiba Scientific Inc., Edison, NJ, USA) using long-pass filters (Thor-
labs, Newton, NJ, USA) to decrease recording light scattering and the 
different excitation and emission wavelengths and slits for each probe, 
as summarized in Table 1. The emission spectra without added probes (i. 
e., controls) were collected using the same experimental conditions, and 
subtracted from those of the samples to eliminate the background signal 
of the matrix. Triplicates (sample size of n = 6) were tested at 0, 2, 5, 7, 
10, 14, 17, 21, 25, and 28 days of storage. 

2.6.2. Time-resolved measurements 
Tyr phosphorescence lifetimes were measured using a Cary Eclipse 

spectrophotometer (Agilent, Santa Clara, CA, USA) for the nonwovens 
attached to a 13.5 mm × 30 mm × 0.5 mm quartz slide (FireflySci) and 
placed at a 45◦ angle in 1 cm-light path cuvettes. Samples were equili-
brated at 5 ◦C using a Peltier system (Quantum Northwest, Liberty Lake, 
WA, USA) under a constant stream of nitrogen to displace the oxygen. 
Table 1 includes the experimental conditions for recording Tyr phos-
phorescence. The phosphorescence lifetime decays were characterized 
using a multi-exponential function (3 components) using OriginPro 
2021 (OriginLab Corp., Northampton, MA, USA), and the average 

lifetime reported. 

2.6.3. Fluorescence microscopy 
Luminescent probes with an affinity for lipids (i.e., LipidTOX™ deep 

red and BODIPY C11) were loaded into the nonwovens. The neutral lipid 
stain LipidTOX™ deep red (10 μL) was added to 0.3 g of corn oil before 
including the oil in the spin dope solution. The LipidTOX™ allows 
visualization of the location and migration of oil in the nonwoven fibers 
throughout storage. BODIPY C11 in corn oil at 100 μM monitored and 
mapped lipid oxidation within the matrices. Table 1 summarizes the 
excitation and emission wavelengths for both probes. Micrographs of the 
nonwovens were obtained using a DM IRE2 luminescence microscope 
(Leica Microsystems, Wetlzar, Germany) by overlying the signals at each 
excitation wavelength. 

2.7. Confocal Raman Microspectroscopy (CRM) 

Raman mapping of samples on a WITec alpha300 R microscope 
(Witech, Ulm, Germany) equipped with an ultra-sensitive EMCCD de-
tector and 532 nm solid-state diode laser excitation source collected the 
Raman scattered light in the backscattering geometry using a 600 
groove/mm grating after focusing on an area consisting of ribbon 
structures with a 100× magnification lens. A Raman scatter map of the 
selected area was obtained from 100 scans per line and 100 lines per 
image using 20 mW laser power and 0.05 s integration time. The Raman 
image was generated using the filter manager and true component 
analysis function of the WITec software using different colors and gra-
dients to differentiate peaks and intensities. Based on the sample char-
acteristics and purpose of the measurement, the amide I region (~1610 - 
1690 cm− 1) for protein and the C–H stretching region (~2830-3090 
cm− 1) for lipids were monitored, as well as the disulfide region (490- 
550 cm− 1) and Tyr ring vibration/doublet band (I850/I830). 

2.8. Fourier transform infrared (FTIR) spectroscopy 

The secondary structure of the protein in the nonwovens was 
analyzed using an FTIR spectrophotometer (Prestige21, Shimadzu Cor-
poration, Kyoto, Japan) equipped with an attenuated total reflectance 
(ATR) attachment (MIRacle, Pike, Madison, WI). Reflectance spectra of 
the nonwoven matrices were collected at frequencies from 800 to 4000 
cm− 1. The Happ-Genzel apodization function was applied at a 4 cm− 1 

resolution and 6 mm aperture, averaging 32 scans. Spectra collected 
using Lab Solutions software (Shimadzu Corporation, Kyoto, Japan) 
were processed and analyzed using OriginPro 2021 (OriginLab Corp.). 
Vibrations of the C=O and C–N bonds in the 1600-1700 cm− 1 range, i.e., 
amide I region, monitored the predominant protein secondary structure 

Table 1 
Luminescent probes and testing conditions used for each analytical method.  

Method Probe Testing conditions 

λexc 

(nm) 
λem range 
(nm) 

Exc. 
And 
Em. Slit 
(nm) 

Long 
pass 
cut-off 
(nm) 

Steady-state 
fluorescence 
spectroscopy 

Tyr 270 290–500 1:2 290 
BODIPY C11a 490 500–650 1:2 495 

575 585–650 1:2 590 

Time-resolved 
phosphorescence 
spectroscopy 

Tyr 270 470 10:20 Not 
used 

Fluorescence 
microscopy 

BODIPY C11a 488 495–530 n/a 495 
543 580–620 n/a 590 

LipidTOX™ 
deep red 

633 645–700 n/a Not 
used  

a First and second λexc correspond to the non-oxidized and oxidized forms, 
respectively. 
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during storage. Fourier self-deconvolution was used to identify the 
hidden peaks in the amide I region using a smoothing window of 5 and a 
smoothing factor of 0.15. The peaks fitted with Voigt functions allowed 
determining each peak contribution to the overall signal of the amide I 
region. 

2.9. Modeling degradation kinetics 

The kinetics of the main quality attributes studied, Y(t), specifically, 
matrix rigidity (expressed as an increment in the intensity of the 
intrinsic fluorophores), lipid oxidation, and formation of disulfide bonds 
were described using a logistic model (Aragao et al., 2008): 

Y(t)= 1 +
Ymax − 1

(1 + ek(tc − t)) − (1 + ek∗tc )
(4)  

where Ymax corresponds to the maximum value of the attribute of in-
terest, k is the reaction rate, and tc is a critical time when change be-
comes prevalent. The experimental data was adjusted to Eq. (4), using 
the nonlinear regression routine in Mathematica 13.2 (Wolfram 
Research, Inc. Champaign, IL, USA). 

2.10. Statistical analysis 

Statistically significant differences in all reported data were evalu-
ated using one-way ANOVA and Tukey tests at α = 0.05 for mean 
comparisons in OriginPro (2021) (OriginLab Corp.). The goodness of fit 
of the mathematical characterization of the kinetic reactions was eval-
uated based on the adjusted R2 and the mean squared error. 

3. Results and discussion 

3.1. Morphology and mechanical properties of nonwovens 

Scanning electron micrographs of fresh nonwovens showed ribbons 
with a width of 701 ± 23 nm, which decreased to 649 ± 58 nm and 620 
± 44 nm after 14 and 28 days, respectively (Fig. 1). The decrease in fiber 
width was attributed to the evaporation of the solvents (i.e., water and 
alcohol) initially bound or entrapped in the zein matrix and polymer 
rearrangements during storage. SEM is extensively used to visualize and 
assess the morphology of electrospun matrices to identify characteristic 
lengths and numbers of fibers, ribbons, beads, or their combination, 
after production (Pedram Rad et al., 2018). However, SEM has seldom 
been used to assess the deterioration of electrospun matrices during 
long-term storage. Besides the decrease in fiber width, physical breakage 
of the fibers was apparent through storage and previously reported 
(Bajsic et al. (2016)) for repeatedly UV-exposed polycaprolactone non-
wovens with encapsulated titanium dioxide, causing extensive produc-
tion of hydroperoxides and resulting in polymer chain scission and 
breakage. Herein, reactive oxygen species (ROS) form during the 
oxidation of the encapsulated oil, which alters the zein network integ-
rity, increasing its brittleness. Therefore, ROS led to protein oxidation 
and solvent loss, reducing the amount of plasticizer, which could have 
contributed to shorter and thinner ribbons. The loss of plasticizer can 

also drive an increase in polymer-polymer interactions, which concurs 
with extensive reports that oxidation is a significant factor in protein 
network brittleness and increased breakage propensity (Plackett, 2011; 
Shah et al., 2023; Ullsten et al., 2016). 

The Young’s modulus of the nonwovens was estimated from their 
tensile stress vs. deformation curves using eq. (3). The Young’s modulus 
of the nonwovens as a function of storage time is summarized in Table 2. 
After 28 days of storage, the Young’s moduli of the nonwovens increased 
significantly by about 26%, similar to previous reports on biopolymer- 
based nonwovens, which exhibited a reduction in extensibility (i.e., 
higher rigidity) with increasing storage time (Taherimehr et al., 2021). 
Increased rigidity was at least partially attributed to the physical ageing 
of the biomaterial, a process where polymer chains rearrange within the 
matrix to achieve a minimum thermodynamic state, and the annealing 
rate depends on storage conditions, e.g., RH and temperature (Struik, 
1977). Polymer chain rearrangement during physical ageing decreases 
the free volume between and within polymer chains, which modulates 
its mechanical properties, i.e., increasing material rigidity (Merrick 
et al., 2020). A reduction in material extensibility is reflected in the 
jaggedness of the tensile stress vs. deformation curves, which measure 
the brittleness of the material (Corradini and Peleg, 2006). The direction 
reversals increased from 31 ± 4 to 4.0 ± 3 % (Table 2), indicating higher 
brittleness, possibly due to a loss in nonwoven plasticization by the re-
sidual solvents as they evaporated during storage. This mechanical 
parameter provides valuable information on the increased propensity of 
the material to exhibit minor fractures as a function of time (Laurindo 
and Peleg, 2008). The increased brittleness aligns with the observed 
ribbon breakage in scanning electron micrographs upon storage of the 
nonwoven material. 

3.2. Lipid oxidation within nonwovens 

Lipid oxidation progressively increased by 78%, as assessed using 
TBARS, with the highest rate occurring in the first two weeks (Table 3). 
These results are comparable to those of Hadad and Goli (2019) and 
Aytac et al. (2017) for electrospun mucilage and poly-lactic acid (PLA) 
nanofibers carrying flaxseed oil and thyme essential oil, respectively. 
The minor discrepancies observed herein may be attributed to the 
incorporation of different biopolymers, lipids, and antioxidants (Aytac 

Fig. 1. Scanning electron micrographs of electrospun zein with encapsulated corn oil after A) 0, B) 14, and C) 28 days of storage.  

Table 2 
Mechanical properties of zein nonwovens with encapsulated corn oil during 
storage.  

Storage Time 
(days) 

Mechanical Properties 

Young’s modulus 
(kPa) 

Brittleness (Direction Reversals) 
(%) 

0 57 ± 13A 31 ± 4A 

7 61 ± 12AB 33 ± 4AB 

14 67 ± 12ABC 36 ± 4BC 

21 72 ± 10BC 39 ± 5CD 

28 75 ± 11C 40 ± 3D 

*Different letters per column denote significant differences (p < 0.05). 
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et al., 2017; Hadad and Goli, 2019). The effect of fiber fabrication, e.g., 
exposure to a 50 kV voltage, on lipid oxidation was evaluated by 
comparing the TBARS of the oil before and after electrospinning, 
revealing no significant differences. Considering the TBARS assay re-
sults, it is clear that lipid oxidation is an important deteriorative effect in 
nonwovens during storage. The TBARS method, however, has low 
selectivity, e.g., besides detecting products from lipid oxidation, TBARS 
also reacts with protein oxidation products. Additionally, corn oil con-
tains both mono- and polyunsaturated fatty acids and malonaldehyde, 
the primary compound measured by TBARS, is only formed during the 
oxidation of polyunsaturated lipids and not monounsaturated fatty acids 
(Barrera-Arellano et al., 2019). Thus, this technique does not fully 
characterize lipid oxidation in multi-component materials (Fantini and 
Yoshioka, 1992). Incorporating liposoluble fluorophores LipidTOX™ 
deep red and BODIPY C11 in the nonwovens allows lipids and the 
oxidation state to be visualized within a system, respectively. Micro-
graphs of the nonwovens obtained immediately after production showed 
a relatively even distribution of oil throughout the core of the fiber 
(Fig. 2A i). The displacement and uneven distribution of the oil during 
storage are likely associated with solvent loss and increased 
protein-protein interactions, which appeared to displace the oil out of 
the core of the zein fiber encapsulant. The red emission of the BODIPY 
C11 (Fig. 2A ii) corresponds to the unoxidized probe and is evidence that 
the oil was not initially oxidized, as confirmed by a faint green emission 
of the oxidized BODIPY C11 (Fig. 2A iii). After 28 days of storage, the 
lipid was no longer evenly distributed (Fig. 2B i), with a concomitant 
increase in the ratio of the emission intensities of the oxidized to 
unoxidized BODIPY C11 (Fig. 2B ii and iii). Oxidation within the 

observed area using the emission intensities of the unoxidized and 
oxidized BODIPY C11 could be quantified. However, since the local oil 
concentration did not remain constant during storage, changes in 
emission could be confounded by changes in probe concentration. In 
comparison, steady-state luminescence spectroscopy provided a more 
reliable quantitative measure of oxidation. The fluorescence emission 
intensity at 595 nm, representing the unoxidized BODIPY C11, 
decreased slightly during the first five days of storage, consistent with a 
lag or delay period in the kinetics of lipid oxidation corresponding to the 
initiation stage. After the lag phase, the unoxidized BODIPY C11 emis-
sion progressively decreased to 44% of its initial value (Fig. 3). Unlike 
the TBARS assay, BODIPY C11 does not report on secondary oxidative 
products, thereby reducing the risk of overestimating the extent of lipid 
oxidation (Domínguez-Rebolledo et al., 2010). The primary advantage 
of BODIPY C11 in assessing lipid oxidation is that it accounts for the 
depletion and formation of two forms of a single compound (BODIPY 

Table 3 
Lipid oxidation, assessed using TBARS, of zein nonwovens with encapsulated 
corn oil during storage.  

Storage Time (days) TBARS Assay 

Normalized absorbance at 533 nm (− ) 

0 1.00 ± 0.02A 

7 1.41 ± 0.01B 

14 1.65 ± 0.02C 

21 1.77 ± 0.01C 

28 1.78 ± 0.01C 

*Different letters denote significant differences (p < 0.05). 

Fig. 2. Fluorescence micrographs of electrospun zein with encapsulated corn oil after A) 0 and B) 28 days of storage. i) LipidTOX™ to identify lipid location, ii) 
Unoxidized BODIPY C11 and iii) Oxidized BODIPY C11. 

Fig. 3. Normalized fluorescence emission intensity of unoxidized BODIPY C11 
(λexc = 490 nm) in electrospun zein nonwovens as a function of storage time. 
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C11), whose concentration remains constant throughout the entire 
storage time and does not rely on measuring diverse oxidized products 
(e.g., hydroperoxides) with ephemeral lifetimes. 

3.3. Zein structure in the nonwovens 

The luminescence emission of the aromatic amino acids (AAA), i.e., 
phenylalanine (Phe), Tyr, and tryptophan (Trp), in a protein, is sensitive 
to changes in the microenvironment where the AAAs are embedded. In 
the case of zein, the lack of Trp in its composition requires focusing on 
Tyr emission intensity and lifetimes, using steady-state and time- 
resolved measurements, respectively. Tyr is a useful probe to charac-
terize the molecular mobility of protein confined in a matrix (e.g., Tyr 
buried in the hydrophobic core of the protein increases fluorescence 
emission, and phosphorescence lifetime) (Corradini et al., 2017; Dra-
ganski et al., 2015). In the present study, Tyr fluorescence emission from 
the nonwovens, monitored during storage, revealed an initial decrease 
in signal, probably due to material equilibration after electrospinning, 
followed by a monotonic increase until it plateaued (Fig. 4B). An in-
crease in Tyr fluorescence emission intensity can stem from a combi-
nation of several effects, such as less solvation of the residue, solvent 
polarity affecting protein conformation, medium viscosity restricting 
the movement of the residue, and low temperature. (Lakowicz, 2006). 
Tyr tends to preferentially bury in the protein interior via hydrophobic 
forces to reduce exposure to the hydrophilic solvent. Observed changes 
in the fluorescence intensity corresponded to protein structure reorga-
nization correlated to the physical ageing of a polymer with a glass 
transition temperature above the storage temperature (Monnier et al., 
2021). Polymer chain rearrangement effectively reduces the free volume 
in the matrix, facilitating the formation of inter/intra molecular bonds, 
which increases the brittleness of a material (Low et al., 2018). Although 
the Tyr fluorescence intensity signaled that protein rearrangements may 
be responsible for the increased rigidity and brittleness of the electro-
spun samples, the dependence of this measurement on probe concen-
tration complicated its interpretation. Therefore, to verify the 
aforementioned trend, Tyr phosphorescence emission lifetimes were 
collected as this photophysical property is concentration-independent. 
Lifetimes exhibited a similar increase as intensity, with initial average 
lifetimes of 3.59 ± 0.14 and 5.38 ± 0.37 ms after 28 days, corre-
sponding to a 50% increase compared to the recently produced material 
(Fig. 4A). 

Besides monitoring Tyr emission, when excited at 270 nm, an addi-
tional band appeared at ~433 nm, which has been attributed to struc-
tural fluorescence arising from charge-transfer along a protein backbone 
with extensive β-sheet structures (del Mercato et al., 2007; Pinotsi et al., 
2016). This emission band, tested under similar conditions, was also 
reported in zein/gluten doughs, particularly those with a high zein/-
gluten ratio due to the high β-sheets proportion in zein (Sadat et al., 

2022). The emission intensity at 433 nm increased to a level similar to 
that of Tyr through time. This trend supports the hypothesis of protein 
rearrangements during storage. 

Additionally, in the nonwovens, a decrease in the unordered random 
coil structures from 25 to 0% occurred within 10 days, while the ordered 
structures, particularly β-sheet, increased from 2 to 19% by the end of 
storage time as assessed with FTIR analysis (Fig. 5). These observations 
are in accordance with the results obtained using luminescence spec-
troscopy techniques. Less drastic effects observed over a shorter time 
were reported in a study on electrospun zein nonwovens that encapsu-
lated epigallocatechin gallate, showing a notable increase in β-sheet 
structures with increasing storage times (Li et al., 2009). Ordered 
structures have been characterized as more rigid than unordered 
structures due to increased inter/intra protein bonds (Perticaroli et al., 
2013; Skrbic et al., 2016). The increased proportion of β-sheet structure 
during storage aligns with previous reports on increased material ri-
gidity and brittleness. 

3.4. Chemical mapping of nonwovens 

To better understand the changing protein-lipid distribution 
regarding a change in chemical bonds, Raman micro-spectroscopy was 
employed. Micrographs of the nonwovens immediately after 
manufacturing presented a relatively even distribution of protein (red) 

Fig. 4. A) Normalized fluorescence emission intensity of Tyr (λexc = 280 nm, purple squares) and 440 nm band (λexc = 350 nm, light blue circles) in zein nonwovens 
as a function of storage time. B) Tyr phosphorescence lifetimes in zein nonwovens during storage. 

Fig. 5. Protein secondary structure distribution as a function of storage time, as 
calculated from the amide I region of the FTIR spectra. 
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and lipid (blue) (Fig. 6A). Conversely, after 28 days of storage, distinct 
regions of higher lipid content appeared closer to the ribbon surface 
(Fig. 6B). After 28 days, the decrease in the intensity of the Raman band 
located at 3008 cm− 1, which corresponds to the unsaturated bonds in 
the vegetable oil, decreased by 47% suggesting lipid oxidation. The in-
tensity ratio of the 1305 and 1267 cm− 1 bands originated from the 
rocking of the -C-H bonds and the in-phase twisting of = C–H bonds, 
respectively and increased by 35%, indicating oxidation of the encap-
sulated corn oil (Muik et al., 2007). 

Bands correlating to protein characteristics include the ratio of the 
peak intensities at 850 and 830 cm− 1 and the intensity of the scatter 
band at 520 cm− 1, representing the Tyr doublet and disulfide bonds, 
respectively. In the electrospun fiber matrix, the ratio of the Tyr doublet 
signal decreased from 1.90 to 1.33, suggesting an increase in hydrogen 
bonding that correlated with a higher tensile strength in zein matrices 
(Turasan and Kokini, 2017). A 8% increase in the disulfide bond band 
was also observed, and while further investigation into the conforma-
tions of disulfide links is possible via deconvolution of the band at 520 
cm− 1, due to the low signal-to-noise ratio obtained from extensive 
diffraction in the tested matrices, the deconvolution required excessive 
smoothing, potentially resulting in loss of signal (Wang et al., 2022). 
Therefore, the intensity at 520 cm− 1 was directly used to benchmark the 
formation of disulfide bonds often formed due to the oxidation of 
cysteine amino acids, allowing inter/intra-molecular crosslinking (Joye 
et al., 2009). Oxidation can be speculated to be driven by secondary corn 
oil oxidation products or from the continual interaction of protein with 

molecular oxygen during storage. Chemical analysis of oxidative agents 
in the system throughout storage is needed to confirm this hypothesis. 

3.5. Correlation and kinetics of the observed changes 

A comparison of the measurements used to characterize physical (i. 
e., increased rigidity) and chemical (i.e., lipid oxidation) changes based 
on the fluorescence emission intensity of Tyr and BODIPY C11, respec-
tively, contributes to elucidate the connection between these two phe-
nomena. Plotting the normalized fluorescence intensity of Tyr vs. the 
oxidized BODIPY C11 revealed three phases that corresponded to the 
equilibration of the material with its environment, observable degra-
dation, and finally, plateauing for both deteriorative phenomena 
(Fig. 7). This correlation highlights that rigidity and lipid oxidation 
changes follow a similar pattern and occur simultaneously. To better 
understand the timeline of the most relevant deteriorative effects in the 
nonwovens, the kinetics of the increase in matrix rigidity (i.e., the 
fluorescence intensity of the band at 430 nm), lipid oxidation (i.e., the 
fluorescence intensity of the oxidized BODIPY C11) and protein oxida-
tion (i.e., the Raman band of the disulfide bonds), were characterized 
using Eq. (4). The experimental data adjusted with the logistic equation 
(Fig. 8), allow insights into the extent (Ymax), rate (k), and critical time 
(tc) of each reaction (Corradini, 2018). Table 4 presents the parameters 
of Eq. (4) and the measures of goodness of fit. 

As revealed in Fig. 7, lipid oxidation and increase in matrix rigidity 
exhibited similar kinetics and are well described by the selected 

Fig. 6. Raman micrographs of electrospun zein with encapsulated corn oil after A) 0 and B) 28 days of storage. Red and blue spectra correspond to the protein and 
lipid, respectively. 
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empirical model. Despite their similarity, scrutiny of the kinetic pa-
rameters revealed differences in the onset and rate of the respective 
phenomena, where an increase in rigidity preceded the onset of lipid 
oxidation, which, once initiated, accelerated. Conversely, disulfide bond 
formation proceeded slower than the other two phenomena, as evi-
denced by a rate an order of magnitude lower than the others. 

From the data, it is inferred that electrospun zein nonwovens with 
encapsulated corn oil first underwent an equilibration stage that 
involved evaporation of the residual solvent from the zein matrix and 
redistribution in which the glassy protein polymer rearranges into more 
ordered secondary conformations with the formation of additional 
inter/intramolecular bonds. This rearrangement consequently displaced 
lipids from the core to the surface of the electrospun fibers, evidenced by 
the Raman mapping. Lipid oxidation proceeded at an increased rate due 
to the localized clusters of lipids near the surface of the fibers, wherein a 
thinner protein layer conferred less protection from oxygen. Protein 
rearrangement increased rigidity and brittleness as more disulfide bonds 
were formed, thereby resulting in fiber breakage. To conclude, the 
limiting stability of the corn-oil loaded electrospun zein nonwoven can 
be attributed to protein rearrangements that lead to changes in the 
distribution of oil across the ribbon structures, thereby altering the 
nonwovens mechanical properties, and modulating lipid/protein 
oxidation. Strategies to extend the stability of these materials should 
focus on slowing protein reorganization to deter the onset of physical 
ageing, which may decrease the rate of lipid oxidation and increase 
overall stability. 

4. Conclusions 

This research explored the efficacy of spectroscopic techniques to 
assess food quality attributes of novel materials, i.e., electrospun non-
wovens, as a function of time. Investigating deterioration at multiple 
length scales uncovered the main phenomena and respective interre-
lated progression that limit their stability. SEM showed ribbon-like fi-
bers where the diameter significantly decreased during storage (701 ±
23 nm vs. 620 ± 44 nm). Extensive fiber breakage correlated with 
increased brittleness, as reported from bulk and local measurements, e. 
g., decreased extensibility by 26%, increased Tyr emission intensity by 
40% and phosphorescence lifetime by 50%. Changes in mechanical 
properties and matrix rigidity also correlated with a transition in zein 
secondary structures from unordered (25% vs. 0%) to ordered β-sheets 
(2% vs. 19%) during storage. Raman and luminescence micrographs 

Fig. 7. Correlation between normalized fluorescence emission intensity of Tyr 
and BODIPY C11 in electrospun zein matrices during storage. 

Fig. 8. A) Increased rigidity, represented by the intensity of the band at 440 
nm, B) lipid oxidation, and C) disulfide bond formation as a function of storage 
time, fitted with Eq. 4. Filled circles: experimental data, dashed lines: 
adjusted fit. 
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illustrate oil migration during storage, increasing lipid oxidation. The 
correlation between local rigidity and lipid distribution/oxidation sug-
gests that protein structural reorganization increases material brittleness 
or propensity to physical breakage and displaces encapsulated oil into 
localized sites. Understanding the causes of deterioration aids in 
developing innovative strategies to improve the stability of these novel 
food-grade materials. It can also inform formulation and production to 
directly address deteriorative phenomena. The methods proposed herein 
to characterize deterioration at multiple length scales can track deteri-
orative mechanisms in other novel materials, expediting product 
development and extending product shelf-life. 
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