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Abstract

Nanomaterials have been introduced to the food industry by developing
packages and sensors containing active substances. These substances can be in-
corporated into nanofibers, prolonging the shelf-life of food. In this study, we
developed nanofibers using a mixture of gelatin, citric acid, glycerol, and poly
(e-caprolactone) (PCL). The nanofibers were characterized using rheological,
morphological, physical, and mechanical analyses. The results showed that ad-
ding citric acid increased the viscosity of the polymeric solution, but it did not
reach the level of pure gelatin solution. The presence of citric acid conserved the
pseudoplastic behavior required for electrospinning, decreased the fiber diame-
ter, and provided greater tensile strength. The presence of citric acid and glycerol
helped to improve the morphological characteristics of the nanofibers, resul-
ting in continuous and homogeneous fibers with a better appearance. Fourier
transform infrared spectra (FTIR) showed the presence of characteristic gelatin
and PCL peaks, indicating the successful incorporation of the polymers. Na-
nofibers made from gelatin-citric acid and gelatin-glycerol mixtures are the most
promising options for incorporating metabolites and active compounds, as they
provide an accessible and biodegradable system in the food industry.
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1. Introduction

The development of nanofibers has experienced a surge in recent years due
to several benefits, such as higher surface area, smaller pore size, higher porosity,
and tensile strength [1]. Different methods can produce these materials, inclu-
ding template synthesis, phase separation, self-assembly, and electrospinning [2].
Electrospinning is currently the most popular technique for nanofiber processing
due to its practicality, versatility, high processing yield, low cost, and diverse mor-
phologies [3]. This method involves applying high voltage to a polymer solution
from a syringe tip. The droplet’s surface becomes electrically charged, generating
repulsive forces. The solvent evaporates during its trajectory to a metal collector
(plate or cylinder), and the material is deposited as nanofibers [4]. Three key
factors are considered when developing nanofibers: formulation factors (such as
solvents and polymers used to generate the polymer solution, polymer solution
concentration, concentration of a substance or active ingredient to be incorpo-
rated in the solution, etc.), processing factors (electrospinning parameters such
as flow rate, applied voltage, syringe to collector distance, etc.), and environ-
mental factors (ambient temperature and relative humidity). Electrospinning is
an innovative technique that has found applications in various fields, initially in
the biomedical and pharmaceutical industries, but recently expanded to areas
such as food, particularly in developing smart packaging [5 — 6]. Electrospinning
has proven successful in these areas as it serves as a release system for various
substances, including active ingredients and/or metabolites, through an intelli-
gent system known as “nano in a nano” [7] and is applicable in different fields.
The selection of polymers plays a crucial role in this technique, as they must be
suitable for electrospinning and have good mechanical properties [8]. A wide
range of natural polymers, including zein [9], chitosan [10], cellulose [11], gelatin
[12], pullulan [3], and even some plant and seed mucilage [13], have been used
to develop nanofibers. Synthetic polymers such as ethyl cellulose [14], polyvinyl
alcohol (PVA) [15], polylactic acid (PLA), and polyethylene glycol (PEG) [10]
have also been used.

Gelatin is one of the most commonly used natural polymers due to its bio-
compatibility, accessibility, low cost, biodegradability, and high efficiency [17].
This soluble protein is obtained by breaking down the collagen structure into
single chains [18]. Gelatin has been extensively studied, and electrospinning has
yielded satisfactory results with this polymer [19]. Researchers have reported that
fibers with a stable morphology, high water absorption capacity, and excellent
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mechanical properties can be produced using gelatin [20]. Therefore, in this study,
we formulated various gelatin compositions to evaluate the effect of adding a
crosslinking agent, surfactant, and synthetic polymer on nanofiber production.
These nanofibers will be utilized in the future for incorporating metabolites into
the manufacture of smart packaging,

2. Material and methods
2.1. Material

Gelatin type A from porcine skin 300 bloom (Sigma Aldrich, USA) was used
for nanofiber development. Other materials included glycerol, citric acid, and
PCL (Mn= 800,000), also from Sigma Aldrich (USA). Glacial acetic acid, sourced
from Fisher Scientific (Massachusetts, USA), was used as a solvent.

2.2. Preparation of polymeric solutions

Various formulations were created with a gelatin concentration of 20 % (w/v)
and a water-acetic acid mixture in a 50:50 ratio. The ratio of the polymers and
organic compounds utilized in each formulation is presented in Table 1. Each
formulation was stirred at 350 rpm for 1 h at 60 °C. The GePCL combination was
the only formulation prepared with a total polymer concentration of 10 % (w/v),
using acetic acid as a solvent, and was stirred for 3 h to improve the incorpora-
tion between the two polymers. Finally, all solutions were cooled to 30 °C, loaded
into a syringe, and utilized for electrospinning,

Table 1. Formulations of polymeric solutions.

Misture | Ges) | GecA @) | GeGL®) | GePCL @)
Gelatin 100 99 100 70
Citric acid - 1 - -

PCL - - - 30
Solvents

Water 50 50 49.7 -
Acetic acid 50 50 50 100
Glycerol - - 0.3 -
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2.3. Electrospinning process

Nanofibers were produced using electrospinning equipment from Bioinica &
Fluidnatek LE-100 (Spain). The polymeric solution was loaded into a disposable syrin-
ge (5 mL) with an 18-gauge stainless steel needle tip. Each mixture was introduced
into the injection pump, and a flow rate of 0.8-1.0 mL/h was used. Two electrodes
(positive and negative) were placed near a high-voltage source. A voltage of +18 kV
and -5 kV was applied between the syringe tip and the metallic collector plate, which
was positioned 10 cm away, creating an electric field and facilitating the formation of
nanofibers. Nanofibers were collected on wax paper (10 X 10 cm) previously placed
on the collector. Finally, the nanofibers were stored in a desiccator for 24 h.

2.4. Scanning electron microscopy (SEM)

A small quantity of nanofibers was obtained and attached to a metal sample
holder using double-sided tape. The samples were subsequently sputter-coated
with a gold layer for 120 seconds (Desk IV, Denton Vacuum, USA) and imaged
at an acceleration voltage of 20 kV. Micrographs were captured at various magni-
fications using SEM equipment from JEOL (JMS-6390LYV, Japan).

2.5. Fourier transform infrared (FTIR) spectra

FTIR analysis was performed using a spectrophotometer (Cary 630, Agilent
Technologies, USA). The analysis involved the identification of characteristic sig-
nals (peaks) present in an infrared spectrum. These signals arise from interatomic
vibrations between functional groups present in the nanofibers, and peaks can be
observed at different wave numbers within a range of 4000 to 500 cm™. An atte-
nuated total reflectance cell was utilized with a resolution of 4 cm™ and 32 scans.

2.6. Rheological Characterization

The viscosity behavior of the polymeric solutions was determined according
to the method described by Kazemianrad [17], with some modifications. A rheo-
meter (Anton Paar MCR 302, Austria) was utilized to measure the viscosity as
a function of the shear rate. The required geometry was a cone-plate PP25-1
(24.981 mm diameter), and measurements were taken at shear rates ranging from
1to 100 s with 10 s™ intervals, resulting in a total of 30 data points. The samples
were measured at room temperature (25 °C) and with a 0.5 mm gap.
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2.7. Physical and mechanical test

The thickness of the nanofibers was measured using a Mitutoyo 547-5008 mi-
crometer (Digimatic, Japan). Similarly, mechanical property characterization was
conducted using the methodology described by Nilsuwan [21], with some modi-
fications. A Texture Analyzer (TA-XT2i) software was employed using the ASTM
D882-02 standard method. Nanofiber samples were cut into strips (50 X 20 mm)
for analysis. The strips were positioned between equipment tongs spaced 30 mm
apart. The software was configured to use a stretching speed of 1 mm/min, a test
speed of 3 mm/s, and a force of 1 N. Tensile strength (TS) was then calculated.

2.8. Statistical Analysis

The results were presented as the mean T standard deviation (SD). Data were
analyzed using a one-way ANOVA, followed by mean comparisons using the
Least Significant Difference (LSD) method, using OriginPro 8.5 software. Statis-
tical significance was tested at p < 0.05.

3. Results and discussion
3.1. Scanning electron microscopy (SEM)

Figure 1 depicts SEM micrographs of four types of nanofibers: gelatin (Ge),
gelatin-citric acid (GeCA), gelatin-glycerol (GeGL), and gelatin-polycaprolactone
(GePCL). In most of the images, the nanofibers appear smooth, uniform, linear,
and free of defects such as beading, dripping, and broken fibers. The desirable
properties of gelatin, such as being a highly natural polymer, hydrophilic, with a
low melting point, and good dispersibility, make it suitable for creating high-qua-
lity nanofibers with thickening, dispersing, and emulsifying properties [22, 23].
The smooth, uniform, and bead-free nanofibers in these micrographs are mainly
due to the high concentration of Ge used in the polymer solution, which was 20
% (m/v). Okutan [24] has shown that a concentration greater than 14 % w/v
is required to create nanofibers with uniform and defect-free structures. By in-
creasing the polymer solution concentration, a stable solution stream is created
that does not break, resulting in a uniform nanofiber deposit [25, 26]. In con-
trast, low-concentration gelatin polymer solutions have been reported to produce
beads and droplets instead of nanofibers [27, 28].
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Moreover, it has been observed that the viscosity of a polymer solution in-
creases proportionally with its concentration and the molecular weight of its
components [29]. Thus, the GePCL solution was expected to have the highest
viscosity; however, it had a low viscosity because it was prepared at a lower con-
centration (10 %) than the other formulations (20 %). As a result, it showed a
rheological behavior very close to Newtonian. The low concentration and vis-
cosity of the solution, along with the partial phase separation between Ge and
PCL, caused an unstable solution jet, resulting in fibers of large size and hetero-
geneous diameters, as well as solution droplets when deposited on the collector.
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Figure 1. SEM images of nanofibers formulated with Ge (a), GeCA (b), GeGL (c) and GePCL (d).

Figure 2 displays the frequency histograms of nanofiber diameters. The results
indicate that the average diameter of nanofibers produced solely from gelatin
is the smallest, at 224=5nm. In contrast, incorporating additional components
such as citric acid, glycerol, and PCL increases diameters of 250+6, 468+13, and
533%5 nm, respectively. The observed increase in nanofiber diameter follows the
order of increasing molar mass of the components, which can explain the trend.



114 RESEARCH ADVANCES IN NANOSCIENCES, MICRO AND NANOTECHNOLOGIES. VOLUME 4

Diameter (nm) Diameter (nm)

“ 7 C ® d
401 % 25 ‘
% ? | ////7
: % .
LT 20 i % i A
%’ 10 >
104 % I 5] /7
% 2 /% / 800 000 120 01) zoooo /% 121400 1600 10
Diameter (nm) Diameter (nm)

Figure 2. Frequency histograms of the distribution of diameters of the nanofibers
obtained with Ge (a), GeCA (b), GeGL (c) and GePCL (d).

3.2. FTIR Analysis

Figure 3 displays the FTIR spectra of the nanofibers produced using gelatin
(Ge), gelatin-citric acid (GeCA), gelatin-glycerol (GeGL), and gelatin-polycapro-
lactone (GePCL). Each spectrum shows characteristic signals that can be used for
practical analysis, and the molecular structures of the nanofiber components were
also included. Gelatin is a natural polymer and protein that produces well-defined
signals, such as the peak at 3294 cm™, corresponding to the symmetric stretching
vibrations of N-H amino groups belonging to primary amides. The signals at 2930
and 2850 cm™’ correspond to asymmetric and symmetric stretching vibrations
of CH, groups, respectively. The intense PCL peak at 1724 cm™ is a characteris-
tic signal of carbonyl groups (C=0) in the ester-containing PCL in its chemical
structure [30]. Likewise, a characteristic Ge signal can be observed at 1640 cm’,
corresponding to the stretching vibrations of C=0O groups belonging to primary
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amide groups [31]. The amide signal confirms the presence of Ge in the GePCL
nanofibers, which are highly hygroscopic due to their interaction with hydrogens
[32]. This same signal is attributed to the random helix-like spiral conformation of
the gelatin structure. In the GeCA and GeGL spectra, peaks are observed at the
same wavenumbers as in the Ge spectrum, but with decreased intensities, likely
due to the formation of fiber component interactions, which was corroborated by
the high solubility of Ge in the solutions with CA and GL. The signal at 1526 cm
refers to bending vibrations of N-H amino groups presented by secondary amides
and stretching vibrations of the C-N bond of the Ge structure. The signals at 1240
and 1160 cm™ correspond to asymmetric stretching vibrations of the C-O-C bond
of PCL, which are characteristic peaks of PCL, thereby confirming the incorpora-
tion of this polymer with Ge [33].

Ge

3294 0 Snoeony, 0 p
1540\ < |
GeCA -

o
cccccc 3 Q Q o
)\KW i \(L W oo
NH 7 Y Wy
N
Il

Transmittance (%)

cN
1526 O
AN ' g

GePC (]

W PCL
L o ~

J— coC

2930, 2850

7 ™ 1240, 1160

T T T T T T T T T T T T T T 1

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm’)

Figure 3. FTIR spectra corresponding to nanofibers of Ge, GeCA, GeGL and GePCL.

3.3. Rheological Properties

Viscosity is a crucial parameter in the electrospinning process, as it determines
the formation of continuous and uniform fibers [8]. Figure 4 illustrates the viscosity
behavior concerning a shear rate of 1-100 s™. The gelatin solution displayed behavior
similar to that of a Newtonian fluid within the 1-60 s range. However, at higher
shear rates, the viscosity increased to 496 mPa.s, indicating a thickening shear beha-
vior (theopectic). GeCA and GeGL formulations showed similar behavior with the
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same tendency but with a lower ratio than Ge. The GePCL mixture demonstrated
almost Newtonian behavior throughout the shear range. The maximum viscosity —
reached ata shear rate of 100 s —was significantly higher in the Ge solution (p<0.05)
than in GeCA and GeGlL,, which exhibited the lowest values.

The obtained flow curves were fitted to the Power Law model, and rheolo-
gical parameters, including consistency coefficient (K) and flow behavior index
(n), were calculated (Table 2). The Ge solution exhibited the highest value of
K, while GePCL had the lowest value, as confirmed by the apparent viscosity
results. In contrast, the n value of Ge was almost 1 within the 1-60 s' range,
indicating similar Newtonian behavior. GeCA, GeGL, and GePCL solutions had
values less than 1, indicating a shear-thinning behavior (pseudoplastic). This is fa-
vorable for nanofiber formation because, according to Mosayebi [34], polymers’
arrangement during electrospinning is directly related to pseudoplastic behavior.
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Table 2. Physical, mechanical and rheological parameters of nanofibers and Ge, GeCA,

GL and GePCL solutions.
. Thickness p (mPa.s)
Formulation TS (MPa K (mPa.sn n
B (mm) (MPa) [100 5] ( )
Ge 0.20 £0.02*[0.96 £ 0.13%]496.0 £ 0.08 * |279.15+ 10.28* | 0.9616 * 0.09 *
GeCA 0.10£0.01°[1.64 £0.16*|278.0 £ 0.01" |233.59 £ 6.71 > [0.3290 £ 0.09 ®
GeGL 0.23 £0.01*[1.38 £0.03*(239.0+0.01" |198.24 £ 10.33° | 0.2686 = 0.10 "
GePCL 0.06 £0.02¢|1.50£0.11*|111.3 £ 0.03¢ | 100.15 £ 20.23 ¢ | 0.0846 + 0.04 <

TS=Tensile strength; K= Consistency coefficient; n= Flow behavior. Different letters in the
same column indicate a significant difference (p < 0.05).
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3.4. Physical and mechanical tests

Table 2 shows the thickness and TS values. Ge and GeGL formulations ex-
hibited the highest thickness values, followed by GeCA and GePCL (p < 0.05),
indicating that pure gelatin and its combination with glycerol promote the deve-
lopment of a thicker film. However, these formulations showed low TS values,
possibly due to gelatin’s high viscosity and rheological behavior. Furthermore,
adding glycerol increases the nanofibers’ plasticity and decreases the elastic mo-
dulus [35]. GePCL sample demonstrated a similar TS value to GeGL and the
lowest thickness. GeCA had an intermediate thickness value (0.1 mm) and the
highest TS value (1.86 MPa). Hence, in addition to the SEM images, GeCA may
be considered the best nanofiber formulation due to citric acid facilitating better
interaction between the molecules and increasing the hydrogen bond interactions
between the carboxyl and amino groups of gelatin protein.

Citric acid has been investigated as a cross-linker, and successful results have
been achieved in improving mechanical properties, increasing TS values, and de-
creasing the breaking point [36]. Although a low concentration of citric acid was
used in this study, it likely enhanced these properties. However, a statistical diffe-
rence was observed only in the Ge formulation.

4. Conclusions

Adding CA, GL, and PCL improved the final properties of the gelatin na-
nofibers. Gelatin nanofibers displayed good morphological characteristics, but
their fiber diameters were the smallest, and their TS values were the lowest. On
the other hand, the GeCA mixture presented the best physical characteristics by
obtaining fibers close to those of Ge but with improved mechanical properties
while maintaining pseudoplastic behavior. Similarly, the diameters of GeGL na-
nofibers were the most homogeneous and exhibited a similar rheological and
physical behavior to GeCA. In conclusion, GeCA and GeGL formulations could
be the best options for incorporating metabolites or active compounds into food.

Acknowledgement and Funding

Arias-Balderas and Gama-Castafieda wish to thank CONACYT Mexico (N°
2331328) for the financial support provided and IPN for the support in its faci-
lities during the research study.



118 RESEARCH ADVANCES IN NANOSCIENCES, MICRO AND NANOTECHNOLOGIES. VOLUME 4

References

1. Chen K., Hu, H., Zeng, Y., Pan, H., Wang, S., Zhang, Y. ¢z al. (2022). Recent advances in
electrospun nanofibers for wound dressing. European Polymer Journal, 178.

https://doi.org/10.1016/j.curpolymj.2022.111490

2. Islam, M.S., Ang, B.C., Andriyana, A., & Afifi, A.M. (2019). A review on fabrication of
nanofibers via electrospinning and teir applications. SIN Applied Sciences, 1(10).
https://doi.org/10.1016/j.carpta.2022.100262

3. Duan, M., Yu, S,, Sun, ], Jiang, H., Zhao, J., Tong, C. ¢t al. (2021). Development and
Characterization of electrospun nanofibers based on pollulan/chitin nanofibers con-
taining curcumin and anthocyanins for active-intelligent food packaging. Infernational
Journal of Biological Macromolecules, 187, 332-340.
https.//doi.org/10.1016/j.ijbiomac.2021.07.140.

4. Hajikhani, M., & Lin, M. (2022). A review on designing nanofibers with high porous and
rough surface via electrospinning technology for rapid detection of food quality and
safety attributes. Trends in Food Science & Technology, 128, 118-128.
https://doi.org/10.1016/].tifs.2022.08.003

5. Shangguan, W, Li, S, Cao, L., Wei, M., Wang, Z., & Xu, H. (2022). Electrospinning and
nanofibers: Building drug delivery systems and potential in pesticide delivery. Marerials Today
Comminnications, 33.

https://doi.org/10.1016/j.mtcomm.2022.104399

6. Min, T., Zhou, L., Sun, X., Du, H., Zhu, Z., & Wen, Y. (2022). Electrospun functional
polymeric nanofibers for active food packaging: A review. Food Chemistry, 391.
https://doi.org/ 10.1016/j.foodchem.2022.133239

7. Shetty, K., Bhandari, A., & Yadav, K. (2022). Nanoparticles incorporated in nanofibers
using electrospinning: A novel nano in nano delivery system. Journal of Controlled Release,
350, 421-434.
https://doi.org/10.1016/j.jconrel.2022.08.035

8. Niu, B, Zhan, L., Shao, P, Xiang, N., Sun, P., Chen, H. ¢/ a/. (2020). Electrospinning of
zein-ethyl cellulose hybrid nanofibers with improved witer resistance for food preserva-
tion. International Jonrnal of Biological Macromolecules, 142.
https://doi.org/10.1016/j.ijbiomac.2019.09.134

9. Yilmaz, A., Bozkurt, E, Cicek, P. K, Dertli, E., Durak, M. Z., & Yilmaz, M. T. (2016). A
novel antifungal Surface-coating application to limit postharvest decay on coated apples:
Moleculat, termal and morphological properties of electrospun zein-nanofiber mats
loaded with curcumin. Innovative Food Science & Emerging Technologies, 37, 74-83.
https://dx.doi.org/10.1016/j.ifset.2016.08.008



10.

11.

12.

13.

14.

15.

16.

17.

18.

INFLUENCE OF THE ADDITION OF ORGANIC COMPOUNDS IN OBTAINING 119
GELATIN NANOFIBERS

Cui, C., Sun, S., Wu, s., Chen, S., Ma, J., & Zhou, F (2021). Electrospun chitosan nano-
fibers for wound healing application. Engineered Regeneration, 2 82-90.
https://doi.org/10.1016/j.engreg.2021.08.001

Surendran, G. & Sherje, A. P. (2022). Cellulose nanofibers and composites: An insight
into basics and biomedical applications. Journal of Drug Delivery Science and Technology, 75.
https://doi.org/10.1016/j.jobab.2020.10.001

Gulzar, S., Tagrida, M., Nilsuwan, K., Prodpran, T., & Benjakul, S. (2022b). Elec-
trospinning of gelatin/chitosan nanofibers incorporated with tannic acid and
chitooligosaccharides on polylactic acid film: Characteristics and bioactivities. Food Hy-
drocolloids, 133.

https://doi.org/10.1016/j.foodhyd.2022.107916

Dehghani, S., Noshad, M., Rastegarzadeh, S., Hojjati, M., & Fazlara, A. (2020). Elec-
trospun chia seed mucilage/PVA encapsulated with green cardamonmum essential oils:
Antioxidant and antibacterial property. International Journal of Biological Macromolecules,
161, 1-9.

https://doi.org/10.1016/j.ijbiomac.2020.06.023

Rashidi, M., Seyyedi Mansour, S., Mostashari, P., Ramezani, S., Mohammadi, M., &
Ghotbani, M. (2021). Electrospun nanofiber based on Ethyl cellulose/Soy protein iso-
lated integrated with bitter orange peel extract for antimicrobial and antioxidant active
tood packaging. International Journal of Biological Macromolecules, 193, B, 1313-1323.
https://doi.org/10.1016/j.ijbiomac.2021.10.182

Mishra, K., & Sinha, S. (2023). Extended investigation of Ficus religiosa based PVA
electrospun nanofiber for cosmeceutical application. Materials Today: Proceedings, 72(5),
2668-2680.

https://doi.org/10.1016/j.matpr.2022.08.346

Ferreira, K. N, Oliveira, R. R., Castellano, L. R. C., Bonan, P. R. E, Carvalho, V., Pena,
L. et al. (2022). Controlled release and antiviral activity of acyclovir-loaded PLA/PEG
nanofibers produced by solution blow spinning, Biomaterials Advances, 136.
https://doi.org/10.1016/j.bioadv.2022.212785

Kazemianrad, F, Koocheki, A., & Ghorani, B. (2023). Encapsulation of caffeine in
sandwich structared Ahyssuns homolocarpum seed gum/PVA /gelatin nanofibers using elec-
trospinning technique. Food Hydrocolloids, 140.
https://doi.org/10.1016/j.foodhyd.2023.108604

Du, P, Chen, X., Chen, Y, Li, J., Lu, Y., Li, X. ez a/. (2023). In vivo and 7n vitro studies of
a propolis- enriched silk fibroin-gelatin composite nanofiber wound dressing. He/iyon, 9.

https://doi.org/10.1016/j.heliyon.2023.¢13506



120 RESEARCH ADVANCES IN NANOSCIENCES, MICRO AND NANOTECHNOLOGIES. VOLUME 4

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

Gulzar, S., Tagrida, M., Prodpran, T., & Benjakul, S. (2022). Antimicrobial film base
on polylactic acid coated with gelatin/chitosan nanofibers containing nisin extends the
shelf life of Asian seabass slices. Food Packaging and Shelf Life, 34.
https://doi.org/10.1016/j.fps1.2022.100941

Lv, Y, Yu, Z., Li, C., Zhou, ., Lv, X., Chen, J. et al. (2022). Gelatin-based nanofiber mem-
branas loaded with curcumin and borneol as a sustainable wound dressing, International
Journal of Biological Macromolecules, 219, 1227-12306.
https://doi.org/10.1016/j.ijbiomac.2022.08.198

Nilsuwan, K., Benjakul, S., & Prodpran, T., & de la Caba, K. (2019). Fish gelatin mono-
layer and bilayer films incorporated with epigallocatechin gallate: Properties and their
use as pouches for storage of chicken skin oil. Food Hydrocolloids, 89, 783-779.
https://doi.org/10.1016/j.foodhyd.2018.11.056

Alipal, J., Mohd Pu’ad, N. A. S,, Lee, T. C.,, Nayan, N. H. ., Sahari, N., Basri, H. ¢ a/.
(2021). A review of gelatin: Properties, sources, process, applications, and commerciali-
sation. MaterialsToday: Proceedings, 42(1), 240-250.
https://doi:10.1016/j.matpr.2020.12.922

Wonganu, B. (2020). Application of Gelatin Derived from Waste Tilapia Scales to an
Antibiotic Hydrogel Pad. E3S Web of Conferences, 141, 03004.
https://doi.org/10.1051/e3sconf/202014103004

Okutan, N., Terzi, P, & Altay, . (2014). Affecting parameters on electrospinning pro-
cess and characterization of electrospun gelatin nanofibers. Food Hydrocolloids, 39, 19-26.
https://doi.org/10.1016/j.foodhyd.2013.12.022

Sajkiewicz, P, & Kotbuk, D. (2014). Electrospinning of gelatin for tissue engineering
— molecular conformation as one of the overlooked problems. Journal of Biomaterials
Science, Polymer Edition, 25(18), 2009-2022.
https://doi.org/10.1080/09205063.2014.975392

Tarus, B, Fadel, N., Al-Oufy, A., & El-Messiry, M. (2016). Effect of polymer concentra-
tion on the morphology and mechanical characteristics of electrospun cellulose acetate
and poly (vinyl chloride) nanofiber mats. Alexandria Engineering Jonrnal, 55(3), 2975-2984.
https://doi.org/10.1016/j.a¢j.2016.04.025

Li, M., Mondrinos, M. J., Gandhi, M. R., Ko, F. K., Weiss, A. S., & Lelkes, P. 1. (2005). Elec-
trospun protein fibers as matrices for tissue engineering. Biomaterials, 26(30), 5999-6008.
https://doi.org/10.1016/j.biomaterials.2005.03.030

Li, M., Guo, Y., Wei, Y., Macdiarmid, A., & Lelkes, P. (2000). Electrospinning polyani-
line-contained gelatin nanofibers for tissue engineering applications. Biomaterials, 27(13),
2705-2715.

https://doi.org/10.1016/j.biomaterials.2005.11.037



29.

30.

31.

32.

33.

34.

35.

36.

INFLUENCE OF THE ADDITION OF ORGANIC COMPOUNDS IN OBTAINING 121
GELATIN NANOFIBERS

Etxabide, A., Akbarinejad, A., Chan, E. W., Guerrero, P., de la Caba, K., Travas-Sejdic, J.,
& Kilmartin, P. A. (2022). Effect of gelatin concentration, ribose and glycerol additions
on the electrospinning process and physicochemical properties of gelatin nanofibers.
European Polymer Journal, 180, 111597.
https://doi.org/10.1016/j.curpolym;j.2022.111597

Gautam, S., Sharma, C., Purohit, S.D., Singh, H., Dinda, A.K., Potdar, PD. ez a/. (2021).
Gelatin-polycaprolactone-nanohydroxyapatite electrospun nanocomposite scaffold for
bone tissue engineering. Materials Science and Engineering, 119.

https://doi.org/10.1016/j.msec.2020.111588.

Lim, Y. C,, Johnson, J., Fei, Z. Farson, D., Lannutti, J.J., Choi, H.W., & Lee, L. (2009).
Micropatterning and characterization of electrospun PCL/gelatin nanofiber tissue
scaffolds by femtosecond laser ablation. ICALEO 2009 - 28th International Congress on
Applications of Lasers and Electro-Optics, Congress Proceedings, 102, 1114-1123.
https://doi.org/10.1002/bit.22914.

Bual, R., Kimura, H., Ikegami, Y., Shirakigawa, N., & Ijima, H. (2018). Fabrication of
liver-derived extracellular matrix nanofibers and functional evaluation in in vitro culture
using primary hepatocytes. Materrialia, 4, 518-528.
https://doi.org/10.1016/j.mtla.2018.11.014.

KarbalaeiMahdi, A., Shahrousvand, M., Javadi, H. R., Ghollasi, M., Norouz, F, Kama-
i, M. et al. (2017). Neural differentiation of human induced pluripotent stem cells on
polycaprolactone/gelatin bi-electrospun nanofibers. Materials Science and Engineering: C,
78, 1195-1202.

https://doi.org/10.1016/j.msec.2017.04.083.

Mosayebi, V., Fathi, M., Shahedi, M., Soltanizadeh, N., & Emam-Djomeh, Z, (2022).
Fast-dissolving antioxidant nanofibers base don Spirulina protein concentrate and gela-
tin developed using needleless electrospinning. Food Bioscience, 47, 101759.
https://doi.org/10.1016/.£bi0.2022.101759

Nilsuwan, K., Benjakul, S., & Prodpran, T. (2018). Physical/thermal properties and heat
seal ability of bilayer films based on fish gelatin and poly(lactic acid). Food Hydrocolloids,
77, 248-256.

https://doi.org/10.1016/j.foodhyd.2017.10.001

Jiang, H., Sun, J., Li, Y., Ma, J., Lu, Y., Pang, J. e a/. (2020). Preparation and characterization
of citric acid crosslinked konjac glucomannan/surface deacetylated chitin nanofibers bi-

onanocomposite film. International Journal of Biological Macromolecules, 164.

https://doi.org/10.1016/j.ijbiomac.2020.08.138



