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Abstract
The primary aim of this study was to formulate a cake with high antioxidant activity through the incorporation of centrifu-
gally spun gelatin-based fiber which was enriched with caffeic acid. Characterization analyses were conducted to evaluate 
fibers with different concentrations of caffeic acid (2% and 4%), while simultaneously the effects of thermal and citric acid 
crosslinking on the physical and functional properties of the encapsulated fibers were investigated. The study revealed vary-
ing encapsulation efficiencies of caffeic acid in gelatin fibers (56.34–94.55%), markedly affected by substantial reduction of 
thermal crosslinking, contrasting with citric acid’s minimal impact. Additionally, citric acid increased total phenolic content 
(TPC), but thermal treatment notably decreased antioxidant activity (AOA) due to its impact on radical scavenging and  
phenolic group dissociation. The addition of citric acid significantly reduced water vapor permeability by 22% suggesting  
an induced crosslinking in both thermal-treated caffeic acid and citric acid samples. The study highlighted reduced AOA 
and phenolic content in thermally treated fibers (thermally treated gelatin with 2% caffeic acid vs thermally treated gelatin 
with 4% caffeic acid), suggesting lower water solubility and improved thermal stability with approximately 24% remaining 
weight after thermogravimetric analysis. Despite this, cakes with thermally treated fibers had higher AOA due to improved 
heat resistance of fibers. Generally, adding fibers to cakes decreased hardness and pH while increasing TPC, AOA, and 
volume index, showing a novel approach using centrifugally spun fibers to enrich foods with antioxidants.
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Introduction

Functional foods, which are also known as nutraceuti-
cals, offer additional health benefits beyond basic nutri-
tion (Banerjee, 2019). They can be described as natural 
or processed foods with enhanced nutrients or bioactive 
compounds which have positive impacts on health. In other 
words, functional foods may promote the optimum health 
conditions and decrease the risk of human diseases. In recent 

years, one of the most researched functional food ingredients 
was antioxidants (Granato et al., 2020). Antioxidant prop-
erties of polyphenols are very high, which can protect the 
human body from diseases such as inflammation, diabetes, 
and cancer (Cizmarova et al., 2020). Moreover, polyphe-
nols have the ability to prevent people from viruses such as 
SARS-CoV-2, which caused a recent pandemic and affected 
too many people worldwide (Adem et al., 2021).

Caffeic acid, a member of the phenolic acid family of 
polyphenols, is classified as hydroxycinnamic acid and is  
found mostly in fruits, vegetables, coffee, and propolis (Mirzaei  
et al., 2021). In addition to its antioxidant activity, caf- 
feic acid has also anti-inflammatory, antiproliferative, and 
neuroprotective properties (Kadar et al., 2021). Some stud-
ies have revealed that consuming caffeic acid can decrease 
not only the risk of several cancer types but also metastases 
in tumor cells (Alam et al., 2022). Thus, the addition of 
caffeic acid into food can make it functional. Russo et al. 
(2017) conclude that prostate cancer risk can be decreased 
by involving caffeic acid in the daily diet. According to 
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research, caffeic acid can be absorbed by the intestines and 
interact with the targeted tissue. Therefore, oral consump-
tion of caffeic acid may be an attractive way to get it into 
the human body (Kadar et al., 2021). However, the usage 
of caffeic acid is limited due to some drawbacks such as 
forming an undesirable taste in foods and being susceptible 
to environmental conditions. In order to ease the usage and 
preserve the antioxidant activity of caffeic acid, different 
encapsulation techniques such as electrospinning and elec-
trospraying have been shown to be used (Khoshnoudi-Nia 
et al., 2020). Although there are few studies on the encap-
sulation of caffeic acid by electrospinning, there is no study 
on the usage of centrifugal spinning on encapsulation of any 
phenolic acid. The disadvantages of electrospinning such as 
high voltage usage, low production rate, and limited appro-
priate solvent types can be overcome by centrifugal spin-
ning, which is a novel technology (Zhiming & Jun., 2017).

Centrifugal spinning is a safer, cheaper, and faster way 
for encapsulation, and it also enables the use of various 
polymer solutions (Fig. 1). Although it offers a wide range 
of applications in terms of polymer solution, there are some 
factors that can affect the morphological structure of fibers, 
such as viscosity, surface tension, and concentration of the 
solution. There are two main parts in the centrifugal spinning 
system: the rotating spinning head and the nanofiber 
collecting part. The polymer solution goes to the rotating 
spinning head, which has nozzles on it, and then, it produces 
fibers by ejecting the polymer solution from nozzles. The 
rotational speed of the head is adjustable and affects not  
only the centrifugal force but also the diameter of fibers. 
Thinner fibers can be formed with high centrifugal and air 
frictional force, by increasing the rotating speed. However, 
in case of the excess rotating speed over its critical value, 
thick fibers may be obtained since the decreased time is not 
sufficient for the solution to form fiber. When the centrifugal 
force exceeds the surface tension of the solution, a fiber 
is formed by the evaporation of the solvent. On the other 
hand, the collecting part is a cylinder that is located under 
the rotating spinning head, and it collects produced fibers 
on it. It rotates during the process and a vacuum placed 
inside the cylinder helps to collect fiber without spreading 
it around. This novel method has been used in different 
studies such as tissue engineering, wound dressing, and drug 
delivery (Chen et al., 2019). Cremar et al. (2018) showed 
that chitosan-based fiber scaffolds produced by centrifugal 
spinning provided a potential wound dressing with its 
antimicrobial activity. Similarly, according to another study 
done by Gungor et al. (2021), AgNO3-added gelatin-based 
centrifugal spun biomats provided a wound dressing with its 
antibacterial activity.

Gelatin, which is a protein-based polymer derived from 
collagen, is preferred in encapsulation studies, since it can 
easily form films via casting and pouring methods and 

fibers, as mentioned in this study, via spinning processes 
(Baranauskaite et al., 2019). Besides its low cost, commer-
cial availability, and non-toxic and biodegradable prop-
erties (Okutan et al., 2014; Xu et al., 2021), it provides 
consistency and stability to food products. However, due 
to the high water solubility of gelatin, its usage in food 
packaging and food products may be difficult. In order to 
solve this problem, crosslinking methods can be applied 
(Tavassoli-Kafrani et al., 2018). In this way, chemical 
bonds are formed between polymer chains, and solubil- 
ity is decreased. Crosslinking can be done in different 
ways such as chemical and physical treatment (Siimon 
et al., 2014). Citric acid, as being non-toxic, cheap, and 
water soluble, is one of the chemical crosslinking materi-
als to be used in food products. For proteins, crosslink-
ing with citric acid is based on the formation of amide 
bonds by nucleophilic substitution, as can be seen in 
Fig. 2 (Jone Uranga et al., 2020). In the literature, citric 
acid–crosslinked fibers were produced in different studies 

Fig. 1   Schematic figure of centrifugal spinning process



Food and Bioprocess Technology	

such as gelatin-based electrospun nanofibers containing 
curcumin (Hasan et  al., 2023), chitosan and chickpea 
flour-based films with curcumin (Yildiz et al., 2022c),  
faba bean flour and chitosan-based films with curcumin 
(Yildiz et  al., 2022b), and fish gelatin films (Uranga 
et al., 2016). The common result of these studies was the 
improvement of film properties by adding citric acid as a 
crosslinking agent. On the other hand, thermal treatment 
(Fig. 3) is preferable for physical crosslinking, because 
of its easy and chemical-free applicability (Gungor et al., 
2021). The thermal crosslink method was applied in the 
study of developing active food packaging nanofibers by 
centrifugal spinning with the addition of lavender essen-
tial oil. It was shown that thermal treatment decreased the 
water solubility of fibers and enabled a controlled release 
of lavender essential oil (Doğan et al., 2022a).

Up to now, there are some studies about centrifugal spin-
ning in various areas by using gelatin. For instance, gelatin-
based antibacterial nanofibers (Loordhuswamy et al., 2014) 
and fibrous scaffolds to regenerate tissue (Akhtar et al., 
2022) were developed to be used in biomedical applica-
tions. In addition, gelatin-based N95 mask was produced by  
centrifugal spinning, which has become widespread due to 
the COVID-19 pandemic (Arican et al., 2022). Also, there 
are studies about developing gelatin-based active food pack-
aging by centrifugal spinning with the addition of lemon 
peel oil and lavender essential oil (Doğan et al., 2022a, 
b). However, no food application has been shown in these 
studies. Furthermore, while the encapsulation of caffeic 
acid via electrospinning has been studied, as elucidated by 
Zeren et al. (2022), there remains an unexplored aspect in 
the encapsulation of caffeic acid or any other phenolic acid 
through centrifugal spinning, an area yet to be investigated. 
In addition, to the best of our knowledge, this will be the first 
study in which centrifugally spun antioxidant fibers were 
incorporated in a food product, namely cake.

The aim of this study was to encapsulate caffeic acid in 
gelatin-based fibers by centrifugal spinning method and sub-
sequently to characterize them, with a particular emphasis on 
understanding the impact of crosslinking techniques on these 
fibers. This characterization involved a wide range of tests 
including morphology, color measurement, thermogravimet-
ric analysis (TGA), water vapor permeability (WVP), water 
solubility, TPC, AOA, encapsulation efficiency (EE), and 
Fourier transform infrared spectroscopy (FTIR) analysis. 
The other objective of this study was to use these antioxi-
dant fibers to produce antioxidant-enriched food products. 
It is worth noting that the application of centrifugal spinning 
to integrate encapsulated caffeic acid fibers into gelatin for 
functional food production is an unexplored area in current 
research, emphasizing the novelty of this study. By that, an 
opportunity was presented to evaluate the impact of heat 
treatment during the baking process on both encapsulated 
and non-encapsulated caffeic acid in real food systems. To 
evaluate the efficiency of these crosslinking methods and 
the influence of added fibers on the cake, various quality 
parameters were measured in cakes.

Materials and Methods

Materials

Bovine gelatin with 200 Bloom was provided from Eti, Food 
Industry Co. Inc. (Eskisehir, Turkey). Caffeic acid, citric 
acid, acetic acid, and 2,2-diphenyl-1-picrylhydrazy were 
obtained from Sigma-Aldrich ChemieGmbh (Germany). 
Ethanol, Tween 80, Folin-Ciocalteu’s phenol reagent, 
sodium carbonate, and gallic acid were purchased by Merck 
(EMSURE; ACS, Reag. Ph Eur., Darmstadt, Germany).

Methods

Solution Preparation

Gelatin powder was dissolved in acetic acid by adjust-
ing the concentration of solution to 25% (w/v). Magnetic 
stirrer (MaxTir 500, Daihan Scientific, Seoul, Kore) 
was used overnight at 700 rpm and at 40 °C in order to 
get a homogenous solution. Caffeic acid was dissolved 
in ethanol:water (80:20 v/v) mixture with different 

Fig. 2   Schematic figure of citric 
acid crosslinking of gelatin fiber

Fig. 3   Schematic figure of thermal crosslinking of gelatin fiber
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concentrations: 0%, 2%, and 4% (w/w) based on gelatin. 
Gelatin and caffeic acid solutions were mixed, and Tween 
80 (4% (w/w)) were added. Then, citric acid (0.5% (w/v)) 
was added to form a crosslink and mixed at 700 rpm, at 
25 °C for 15 min. Sample abbreviations with their content 
are given in Table 1.

Rheological Properties of Solution

Controlled strain rheometer (Kinexus dynamic rheometer, 
Malvern Instruments Ltd, Worcestershire, UK) was used 
at 25 °C in order to measure the rheological properties of 
solutions. It has a 4° cone angle and plate with a 40-mm 
diameter. Solution samples were put into to device, and 
shear stress values were recorded from 0.1 to 100 s−1 
shear rate (Aslaner et al., 2021).

Centrifugal Spinning of Solution

Nanocentrino L1.0™ (Areka Group LLC, Istanbul, Tur-
key) was used in order to develop fibers. Needles with a 
diameter of 23 G were used in the rotating head of the 
device. Operating conditions, which were the rotational 
speed of the spindle and volumetric f low rate, were 
adjusted to 1800 rpm and 10 mL/h, respectively. For each 
turn, solution was fed to the syringe (20 mL). To gather 
the fibers, a nonwoven polyester spunbond was placed on 
the collector. The centrifugal spinning system is shown 
in Fig. 1.

Thermal Crosslinking Treatment

Thermal treatment was done with some modifications 
according to the study of Doğan et al. (2022a). Gelatin 
fibers, which were without citric acid, were placed in an 
oven at 160 °C for 6 h for the formation of crosslink. 
Thermal-treated fibers were named as GEL-T, GEL-2CA-
T, and GEL-4CA-T for containing 0%, 2%, and 4% caffeic 
acid (w/w), respectively.

Characterization of Fibers

Morphological Analysis of Fibers

Field emission scanning electron microscopy (FESEM) 
(JEOL, Japan) was used at a magnification of × 2000. 
Average fiber diameters and their distributions were 
determined by using ImageJ (MD, USA) with 100 random 
measurements from different images (Aslaner et al., 2021).

Total Phenolic Content (TPC)

TPC of gelatin fibers was determined by a modified 
version of the Folin-Ciocalteu method given by Luca 
et  al. (2013). Gelatin fibers were weighted as 0.01 g 
and mixed with 15  mL ethanol:water (80:20 v/v) 
solution. Then, the mixture was treated with high 
speed homogenizer (IKA T25 Digital Ultra-Turrax; 
IKA®-Werke GmbH&Co. KG, Staufen, Germany) at 
3000  rpm for 1  min. 2.5  mL of Folin-Ciocalteu (0.2 
N) solution was mixed with 0.5  mL of sample, after 
filtering the sample solution with a chromatography 
syringe filter (ISOLAB—PTFE—45/25). The mixture 
was kept in the dark for 5 min, and then, 2 mL of sodium 
carbonate solution (7.5% (w/v)) was added. Before 
measuring the absorbance values at 760 nm with UV/
VIS spectrophotometer (UV 2450, Shimadzu, Columbia, 
USA), mixed samples were kept in the dark for 1 h.

In order to make the calibration curve, different ratios 
(10, 20, 40, 60, 80, 100 mg/L) of gallic acid dissolved in 
ethanol:water (80:20 v/v). Then, the same procedure was 
performed. Results were calculated with Eq. (1) and given 
as mg gallic acid equivalent (GAE).

where C, V, D, and Ws are the concentration of the measured 
absorbance value from the calibration curve (mg/L), volume 
of the solution used for dissolving the fiber (L), dilution 
ratio, and weight of the film (g), respectively.

(1)TPC (mg GAE∕g f iber) =
C × V × D

Ws

Table 1   Abbreviations and 
contents of the solutions/fiber

Solution/fiber abbreviations Content

GEL 25% gelatin (w/v) + 0% caffeic acid (w/w)
GEL-2CA 25% gelatin (w/v) + 2% caffeic acid (w/w)
GEL-4CA 25% gelatin (w/v) + 4% caffeic acid (w/w)
GEL-0.5C 25% gelatin (w/v) + 0% caffeic acid (w/w) + 0.5% citric acid (w/v)
GEL-2CA-0.5C 25% gelatin (w/v) + 2% caffeic acid (w/w) + 0.5% citric acid (w/v)
GEL-4CA-0.5C 25% gelatin (w/v) + 4% caffeic acid (w/w) + 0.5% citric acid (w/v)
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Encapsulation Efficiency (EE)

EE values were determined by modifying the method of Yao 
et al. (2016). Theoretical TPC of gelatin fibers was meas-
ured by dissolving caffeic acid in 5 mL ethanol:water (80:20 
v/v) solution and conducting the same procedure of the TPC 
analysis given in the “Total Phenolic Content (TPC)” sec-
tion. For experimental phenolic content, results were taken 
from the “Total Phenolic Content (TPC)” section. Final 
percentage values of EE were determined by using Eq. (2).

DPPH Radial Scavenging Activity

DPPH radical scavenging activity was determined as in the 
method given by Yildiz et al. (2022c) with some changes. 
0.03 g fibers were put into 10 mL ethanol:water (80:20 v/v) 
solution and centrifugated (MIKRO 220R Hettich Zentrifu-
gen, Tuttlingen, Germany) at 1000 rpm for 10 min. Then, 
25 ppm 2, 2-diphenyl-1-picrylhydrazyl (DPPH) was mixed 
with diluted sample solutions by using a vortex (ZX3; VELP 
Scientifica, Usmate, MB, Italy) for 1 min. Prepared samples 
were kept in the dark for 30 min, and then, spectrophotom-
eter (UV2450, Shimadzu, Columbia, USA) at 517 nm was 
used in order to measure the absorbance values. Finally, anti-
oxidant activity was determined by using Eq. (3).

where, Acontrol is the absorbance of the control sample and 
Asample is the absorbance of the fibers.

Water Vapor Permeability (WVP) of Fibers

WVP of fibers was measured by the modified version of 
the method given by Emir et al. (2023). Cylindrical-shaped 
cups with 40-mm internal diameter were filled with 30 mL 
distilled water in order to obtain 100% relative humidity. 
Then, trimmed gelatin fibers were placed on the cups after 
recording the thickness of fibers from six different points by 
a digital micrometer (LYK 5202, Loyka, Ankara, Turkey). 
Fibers were fixed on the cups by affixing them from various 
edges. The initial weight of each cup was measured, and they 
were put into the desiccator, which had about 10% relative 
humidity at room temperature. Temperature, relative humid-
ity, and weight of cups were recorded every hour. At the end, 
WVP was calculated with Eq. (4).

(2)

EE (%) =
experimental phenolic content of the fiber

theoretical phenolic content of the fiber
× 100

(3)Antioxidant activity (%) =
Acontrol − Asample

Acontrol

× 100

where G, x, t, A, S, R1 , and R2 represent water vapor flow 
in grams, fiber thickness (m), time in seconds, area of used 
fiber (m2), saturated water vapor pressure in Pascal at meas-
ured temperature, relative humidity inside the cups, and rela-
tive humidity inside the desiccators, respectively.

Color Analysis

The CIE color parameters of fibers were measured by a port-
able spectrocolorimeter (Serlab SL400, İstanbul, Turkey). 
Results were given as L, a, and b values. The Euclidean 
distance (∆E) was calculated by using Eq. (5) with the color 
data of the control fiber (GEL) serving as the reference point 
(L* = 122.42, a* =  − 0.090, b* = 2.103).

Water Solubility

Water solubility calculation was done by the method given by 
Gungor et al. (2021) with some modifications. Gelatin fibers 
were cut in square pieces and weighted. Then, petri dishes were 
filled with distilled water, and fiber pieces were placed into the 
water. After 8 h, they were taken out from the water and kept at 
room temperature to dry. Finally, dried fibers were weighed, and 
the water solubility ratio was determined according to Eq. (6):

where Mi and Md are the initial weight of the gelatin fiber 
and dried gelatin fiber after treating with water, respectively.

Thermogravimetric Analysis (TGA)

Thermogravimetric analyzer (Perkin Elmer Pyris 1, Perkin-
Elmer Co., Norwalk, USA) was used for thermogravimet-
ric analysis with about 5 mg of fiber samples and gelatin 
powder. They heated at a rate of 10 °C/min with a 30 mL/
min nitrogen flow rate from room temperature to 600 °C. 
Analyses were done in duplicate (Yildiz et al., 2022c).

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis of gelatin powder (GEL-P), caffeic acid powder 
(CA-P), and fibers was performed by FTIR device (IR-Affinityl,  
Shimadzu, Kyoto, Japan). Analysis was done between the  
wavenumber of 500 and 4000 cm−1 with 16 scans.

(4)WVP
(

gm−1s−1Pa−1
)

=
G × x

t × A × S(R1 − R2)

(5)ΔE =

√

(

L∗
1
− L∗

)2
+
(

a∗
2
− a∗

)2

+
(

b∗
2
− b∗

)2

(6)Water solubility (%) =
Mi−Md

Mi

× 100
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Degree of Crosslinking Determination

The degree of crosslinking was determined by the method 
given Prasertsung et al. (2010), with some modifications. 
For the experiment, after weighing 5 mg of fiber samples, 
1 mL 0.5% (w/v) 2,4,6-trinitrobenzene sulfonic acid (TNBS) 
and 1 mL 4% (w/v) sodium hydrogen carbonate (pH 8.5) 
were added. The solution was heated to 40 °C and kept for 
2 h. Then, 2 mL 6N HCl was added and heated to 60 °C for 
90 min. Finally, the absorbance values of the appropriately 
diluted solutions were determined at 415 nm by using UV/
VIS spectrophotometer (UV 2450, Shimadzu, Columbia, 
USA). Results were calculated by Eq. (7).

where Acrosslinked and Auncrosslinked were the absorbance of 
crosslinked and uncrosslinked fiber sample.

Incorporation of Fibers Into Food System

Cake was selected as the model food system for the fibers 
produced for the encapsulation of caffeic acid and to exam-
ine the impact of chemical (citric acid) and physical (heat 
treatment) crosslinking. The goal was to observe the effect 
of the heat treatment during baking.

Preparation of Cake

The following cakes were prepared: (a) control cake without 
fibers, (b) with fibers 25% gelatin (w/v) + 4% caffeic acid 
(w/w), (c) with thermally crosslinked 25% gelatin (w/v) + 4% 
caffeic acid (w/w), and (d) with 25% gelatin (w/v) + 4% caf-
feic acid (w/w) + 0.5% citric acid (w/v) fiber. Cakes were 
assigned abbreviations as C, CA, CA-T, and CA-C to denote 
the control, caffeic acid fiber, thermal treatment–crosslinked 
caffeic acid fiber, and citric acid–crosslinked caffeic acid 
fiber cakes, respectively. The caffeic acid that was not 
encapsulated remained undissolved in the medium; thus, 
direct extract added cake could not be produced. The cake  
was prepared following a slightly adapted procedure outlined 
by Hedayati and Mazaheri Tehrani (2018). In the control 
cake formulation, the ingredients included 100 g of flour, 
70 g of sugar, 62.5 g of eggs, 62.5 g of low-fat milk, 30 g of 
vegetable oil, 3 g of baking powder, 10 mL of distilled (DI) 
water, and 0.45 g of vanilla extract. An amount of 500 mg 
of fiber was added per 100 g of batter to cake formulations. 
Initially, the dry ingredients were combined, followed by the 
addition of the remaining components. This mixing process 
was carried out using a mixer (AR1143-K Crust Mix Neo 
Stand, Istanbul, Turkey) set at speed setting 1 for a duration 
of 5 min. Subsequently, the resulting batter was poured into 

(7)Degree of crosslinking (%) = (1 −
Acrosslinked

Auncrosslinked

) × 100

silicone baking cups with a diameter of 6 cm. In the control 
cake, the formulation includes 10 mL of DI water. However, 
in the cakes where fiber was added, the fibers were first dis-
solved in 10 mL of DI water before being integrated into the 
mixture. The cakes were baked in an electrical oven (Teka 
HE 615 65 LT, Germany) at 170 °C for 30 min. Follow-
ing the baking process, the cakes were allowed to cool for 
30 min in preparation for analysis.

Moisture Content (%), Baking Loss (%), and pH Analysis

To determine the moisture content percentage, cake sam-
ples of the crumb were subjected to a drying process in an 
electrically heated oven at 105 °C until a consistent weight 
was achieved, following the guidelines outlined in AOAC 
(1984). The weight loss observed while baking was deter-
mined by the percent change of the weight of the batter 
before it went into the oven and the weight of the freshly 
baked cake right after it was taken out of the oven. The pH 
measurement followed the procedure outlined by Mustafa 
et al. (2018), where 1 g of cake particles were mixed with 
9 mL of distilled water and homogenized for 1 min. The pH 
was determined using a pH meter (ST10, OHAUS Corp., 
USA) measured in the supernatant phase. All measurements 
were conducted in triplicate.

Volume Index

The volume index of the cakes was determined in accord-
ance with the method described by AACC (1983). The cakes 
were vertically sliced through their center, and the heights 
at three specific points (A, B, C) along the cross-section 
were measured using a template. The volume index was then 
calculated using the following equation:

where B represents the height of the cake at the center point, 
while A and C correspond to the heights of the cake sample 
at locations 2 cm away from the center towards the left and 
right sides of the cake, respectively.

Texture Analysis

The textural characteristics of the cakes were examined 
using a Texture Analyser (CT3 Brookfield, Middleboro, 
MA, USA) (Gul et al., 2023). A texture profile analysis 
(TPA) test was conducted, involving a two-bite compres-
sion test at specific settings: a pretest speed of 2 mm/s, 
a test speed of 1 mm/s, and a strain deformation of 25%. 
To assess the texture of the crust, cakes were subjected 
to testing using a cylindrical probe with a diameter of 
10 mm. Measurements were conducted under ambient 
room temperature conditions, and the hardness (N) data 

Volume = A + B + C



Food and Bioprocess Technology	

was obtained from the TPA diagram representing the aver-
age of six distinct measurements.

Color Analysis

The CIE color parameters of the crust, namely L, a, and b, 
were determined using a handheld color reader (TES 135A 
Color Reader, TES, Taiwan) by a measurement of six differ-
ent places (Luca et al., 2014). The Euclidean distance (∆E) 
was computed using Eq. (8) below, with the color data of 
the control cake serving as the reference point (L* = 59.901, 
a* = 2.541, b* = 24.992).

Total Phenolic Content (TPC) Analysis

To extract phenolic compounds and antioxidants, 2 g of the 
cake sample was mixed with 20 mL of a solution of metha-
nol, HCl, and distilled water (80:10:10, v/v/v), followed by 
centrifugation at 3000 rpm for 5 min (Yaver, 2022). Subse-
quently, 20 μL of the supernatant from the extract solution 
was mixed with 1.58 mL of distilled water and 100 μL of 
Folin-Ciocalteu reagent, followed by a 6-min incubation at 
room temperature. To this mixture, 300 μL of sodium car-
bonate (Na2CO3) stock solution was added, and the samples 
were kept in the dark at room temperature for 1 h before 
measuring the absorbance at 760 nm using a spectropho-
tometer (T80 + , UV/Vis. spectrometer, PG Instrument Ltd.) 
with two replicates. The TPC was expressed in milligrams of 
gallic acid equivalents (GAE) per gram of cake.

Antioxidant Activity (AOA)

The AOA of samples was assessed using the DPPH (1, 
1-diphenyl-2-picrylhydrazyl) radical inhibition method 
(González-Aguilar et al., 2007). 0.1 mL of the supernatant 
was mixed with 3.9 mL of a 0.6 mM DPPH solution in 80% 
methanol. The mixture was then kept in darkness for 1 h, 
followed by measuring the absorbance at 515 nm using a 
spectrophotometer with methanol as control. The percentage 
of AOA was determined as in Eq. (9):

Here, As represents the absorbance of the sample, and Ac 
represents the absorbance of the control.

(8)ΔE =

√

(

L∗
1
− L∗

)2
+
(

a∗
2
− a∗

)2

+
(

b∗
2
− b∗

)2

(9)AOA (%) =
Ac − As

Ac

100

Statistical Analysis

Statistical analysis was performed by using analysis of vari-
ance (ANOVA) by MINITAB (Version 16). Tukey’s multiple 
comparison tests were used to compare the values, in case 
there was a significant difference (p ≤ 0.05).

Results and Discussion

Rheological Properties of Solutions

Shear stress versus shear rate curves of solutions is shown in 
Fig. 4. According to these findings, the rheological behavior 
of the solutions was characterized as Newtonian, with coef-
ficient of variation (R2) values of 0.999 for the curves. It has 
been noted that gelatin solutions typically exhibit Newtonian 
behavior, except when they are at high concentrations and 
low temperatures. It was previously shown that Newtonian 
behavior could be observed in gelatin solutions subjected to 
medium shear rates, typically within the range of 10–350 s−1 
(Leuenberger, 1991). Viscosity plays an important role in 
terms of fiber formation in centrifugal spinning. The pro-
duction of fibers poses challenges when dealing with both 
high- and low-viscosity solutions. High-viscosity solutions  
are impractical for ejection from nozzles, while low-viscosity  
solutions tend to yield beads instead of fibers (Luz and 
Santos 2023). Moreover, the spinning jet is generated once 
the centrifugal force surpasses the resistance posed by the 
viscosity of the spinning solution (Zhiming et al., 2020). 
Therefore, the addition of caffeic acid and citric acid was 
adjusted while taking this aspect into consideration. Table 2 
presents the viscosity values of the solutions, which ranged 
from 0.241 ± 0.04 to 0.326 ± 0.03 Pa.s with no significant 
differences observed. Similarly, it was previously noted that 
the addition of 0.5% citric acid had no significant impact 
on viscosity in the production of gelatin-based electrospun 
fibers with citric acid (Hasan et al., 2023).

Morphological Analysis of Fibers

Morphological analysis results as FESEM images with 
their diameter distributions are given in Fig. 5. According 
to the images, bead free and homogenous fiber structures 
can be observed in samples with caffeic acid, except for 
thermal-treated ones. GEL-2CA and GEL-4CA fibers had 
a more smoother structure in comparison with the GEL. 
It can be said that the caffeic acid addition did not dam-
age the fiber structure and made it even homogenous and 
bead free. Similarly, in a study of lemon peel oil–added 
gelatin-based centrifugally spun fibers, incorporation of 
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lemon peel oil formed a smoother and bead free structure, 
compared to the gelatin sample. According to Table 3, 
there was a significant difference between diameters of 
GEL and GEL-2CA fibers. In another study, it was also 
shown that the addition of lemon peel oil increased the 
fiber diameter, but the essential oil concentration did 
not have any significant effect on the diameter of fibers 
(Doğan et al., 2022b). Similarly in this study, although 
the addition of caffeic acid enhanced the fiber diame-
ter, the increase in the caffeic acid concentration from 
2 to 4% did not make any significant difference. On the 

other hand, as can be seen in Table 3, fiber diameters 
of thermal-treated samples with caffeic acid decreased 
from 1564.2 ± 352.8  nm and 1415.0 ± 400.0  nm to 
1292.7 ± 390.7 nm and 1369.3 ± 435.7 nm for 2% and 
4% caffeic acid addition, respectively. Besides their 
decreased fiber diameter, smoothness and uniformness 
of the thermal-treated fiber structure were reduced, and 
broken fibers were observed. This might be due to the fra-
gility effect of heat, which damaged the homogenous fiber 
structure. Applying heat treatment might change the con-
formation of the polymer chains or allow escaping water 
molecules from the structure; therefore, deformation of 
the smooth structure could be seen (Shi & Yang, 2015). In 
similar, Gungor et al. (2021) revealed that the cylindrical 
fiber structure of the centrifugal spun gelatin-based sam-
ple was damaged due to the thermal treatment at 170 °C. 
Citric acid addition increased the fiber thickness from 
1254 ± 386 nm (GEL) to 1594.0 ± 382.3 (GEL-0.5C) by 
having the thickest fiber among all samples. Likewise, in 
the research about the citric acid–crosslinked electrospun 
zein fibers (Jiang et al., 2010) and citric acid–crosslinked 
gelatin-based electrospun gelatin fibers (Hasan et  al., 
2023), fiber diameter increased by adding citric acid as a 
crosslinking agent.

Fig. 4   Shear stress versus shear 
rate curves of sample solutions

Table 2   Viscosity of solutions

The results are presented in the form of the mean ± standard devia-
tion. Different letters within the same column indicate statistically 
significant variances (p < 0.05)

Samples Viscosity (Pa.s)

GEL 0.326 ± 0.03a

GEL-2CA 0.249 ± 0.01a

GEL-4CA 0.267 ± 0.02a

GEL-0.5C 0.301 ± 0.01a

GEL-2CA-0.5C 0.241 ± 0.04a

GEL-4CA-0.5C 0.266 ± 0.07a
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Encapsulation Efficiency (EE), Total Phenolic Content 
(TPC), and Antioxidant Activity (AOA) of Fibers

Encapsulation efficiency is quantified by assessing the  
concentration of the incorporated active compounds within 
fibers and the initial concentration of the active compound 
present in the fiber solution. It denotes the percentage of 
the active agent effectively entrapped within the fiber struc-
ture. Table 4 presents EE, TPC, and AOA of the fibers. The 
EE of caffeic acid within gelatin fibers exhibited a range, 
with values spanning from 56.34% (GEL-4CA-T) to 94.55% 
(GEL-4CA-0.5C), which shows the percentage of how much 
active agent is trapped in the fiber. Citric acid crosslinking 
had no substantial impact on EE when compared to caffeic 
acid–added fibers, whereas thermal crosslinking signifi-
cantly reduced EE. Furthermore, an increase in the concen-
tration of caffeic acid corresponded to a decrease in EE of 
thermally treated samples. This might be due to the higher 
active agent addition. In other words, the ratio of matrix to 
active agent decreased; therefore, less effective coating was 

done (Göksen et al., 2020). EE of citric acid–crosslinked 
and uncrosslinked samples was similar to the results of 
encapsulation of caffeic acid into nanofibers produced via 
the electrospinning method with an EE of 94.0% for 10% 
CA concentration (Zeren et al., 2022). It can be stated that 
while a 2% CA concentration sufficed to enhance EE in 
centrifugal spinning, electrospinning required a 10% CA 
concentration to achieve comparable results. Both of these 
results were higher than the EE results reported in various 
other encapsulation methods; for instance, the EE for caf-
feic acid–loaded solid lipid nanoparticles was 71.21% (Fathi 
et al., 2013), and the encapsulation of caffeic acid phenethyl 
ester in skim milk microcapsules achieved an EE of 41.7% 
through spray-drying (Wang et al., 2020). This might have 
shown the advantage of using centrifugal spinning in the 
encapsulation of valuable compounds.

Notably, the TPC and AOA of samples without caffeic 
acid, namely GEL, GEL-T, and GEL-0.5C, were found to be  
undetectable. Similarly, in a study examining the incorpora-
tion of various essential oils into gelatin-based film-forming 

Fig. 5   FESEM images and fiber size distribution of fibers

Table 3   Average diameter, 
water vapor permeability 
(WVP), water solubility (WS), 
and degree of crosslinking of 
fibers

The results are presented in the form of the mean ± standard deviation. Different letters within the same 
column indicate statistically significant variances (p < 0.05). N.D. means “not detected”

Samples Average diameter (nm) WVP × 10−12 (g 
m−1 s−1 Pa−1)

WS (%) Degree of crosslinking

GEL 1254.7 ± 386.0c 5.561 ± 0.16a 100% ± 0.00 N.D
GEL-2CA 1564.2 ± 352.8ab 3.706 ± 0.09bc 100% ± 0.00 7.686 ± 0.12e

GEL-4CA 1415.0 ± 400.0bc 3.162 ± 0.54c 100% ± 0.00 7.438 ± 0.00e

GEL-T 1275.2 ± 404.9c 5.399 ± 0.03a 21.40 ± 0.75c 22.047 ± 0.23b

GEL-2CA-T 1292.7 ± 390.7c 3.739 ± 0.09bc 27.89 ± 1.20b 37.600 ± 1.75a

GEL-4CA-T 1369.3 ± 435.7c 3.624 ± 0.22bc 37.65 ± 1.60a 15.299 ± 0.10c

GEL-0.5C 1594.0 ± 382.3a 4.332 ± 0.03b 100% ± 0.00 10.900 ± 0.32d

GEL-2CA-0.5C 1569.8 ± 416.3ab 3.372 ± 0.08c 100% ± 0.00 9.236 ± 0.03de

GEL-4CA-0.5C 1545.9 ± 333.7ab 3.491 ± 0.18bc 100% ± 0.00 3.876 ± 0.13f
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solutions, it was observed that no phenolic content was 
detectable within the gelatin solution (Alparslan, 2018). 
According to the results, an increase in the caffeic acid 
concentration led to an increase in the TPC of all fibers. 
The TPC for GEL-2CA and GEL-4CA was found to be 
19.83 ± 1.36 mg GAE/g and 35.75 ± 0.07 mg GAE/g, respec-
tively, while for GEL-2CA-T and GEL-4CA-T, these values 
were 16.95 ± 1.29 mg GAE/g and 24.58 ± 1.05 mg GAE/g, 
respectively. The application of thermal treatment resulted 
in a significant reduction in the TPC of GEL-4CA; however, 
no significant alteration was observed between GEL-2CA 
and GEL-2CA-T. It is known that phenolic compounds are 
affected by thermal treatment (Maier et al., 2009). The rea-
son for the greater reduction in the TPC by thermal treatment 
at higher concentrations of caffeic acid might be attributed to 
the lower EE for these samples. Moreover, it has been dem-
onstrated that the enhanced EE contributed to the enhanced 
thermal resilience of bioactive compounds in food products 
(Bodbodak et al., 2022). Similarly, the encapsulated açai 
extract exhibited significantly improved stability against 
thermal processes compared to commercial açaí fruit, with 
only minor phenolic content losses (approximately 5–20%) 
in contrast to a more than 40% reduction in phenolic content 
observed in the non-encapsulated açaí fruit, highlighting the 
protective effect of encapsulation (de Dicastillo et al., 2019).

On the other hand, the incorporation of citric acid resulted 
in an elevation of the TPC when compared to fibers without 
citric acid. This increase could potentially be attributed to 
the influence of citric acid on the degradation of polyphe-
nols into simpler phenolic compounds (Salas-Pérez, 2018). 
In a similar study investigating the impact of citric acid on 
the phenolic content of olive oil, it was observed that the 
addition of citric acid led to an increase in the concentration 
of phenolic compounds (Aliakbarian et al., 2009).

Consistent with the observed trend in TPC, the AOA 
results also demonstrated a similar pattern with increasing 

caffeic acid concentration. The application of thermal treat-
ment led to a reduction in AOA values, decreasing from 
69.00 ± 0.00% and 94.62 ± 0.69% to 32.38 ± 1.16% and 
59.85 ± 2.19% for fibers containing 2% and 4% caffeic acid 
concentration, respectively. Thermal crosslinking may have 
an effect on the reduction of the availability of free amino 
and hydroxyl groups, resulting in a decline in radical scav-
enging activity. Heating caffeic acid diminishes its AOA by 
increasing the dissociation of phenolic groups in the pres-
ence of higher temperatures, as evidenced by the inverse 
correlation between the relative decline in AOA with tem-
perature and the oxidisability of phenolic acids (Réblová, 
2012). In this study, citric acid had no effect on AOA of 
caffeic acid–loaded gelatin fibers. However, a decrease in 
AOA in faba bean/curcumin/chitosan films resulting from 
the crosslinking of citric acid was attributed to the interac-
tion of citric acid’s carboxyl group of citric acid with the 
hydroxyl and amino groups of chitosan and the active sites 
of curcumin, leading to a reduced number of active sites 
required for AOA (Yildiz et al., 2022b).

Water Vapor Permeability (WVP) of Fibers

The WVP is an important parameter that quantifies the mois-
ture transfer characteristics of a given fiber to its surround-
ing environment. It can be affected by various factors, such 
as the hydrophobic interactions of the fibers, the chemical 
and structural characteristics of the polymeric backbone, and 
the presence of additives in the fiber (Yadav et al., 2020). 
Table 3 displays the WVP values of fibers, which ranged 
from 3.162 ± 0.54 × 10−12 to 5.561 ± 0.16 × 10−12 g m−1 s−

1 Pa−1. According to the results, the presence of caffeic acid 
reduced the WVP in both thermal-treated and non-thermally 
treated fibers. However, increasing the concentration of caf-
feic acid within the same groups did not yield a significant 
difference. Similar findings were reported in a study inves-
tigating the effects of caffeic and ferulic acids on fish gelatin 
films (Araghi et al., 2015) and gallic acid in gelatin films 
(Bhatia et al., 2022). The reason for decreasing WVP in the 
presence of caffeic acid might be the crosslinking ability of 
phenolic compounds by making irreversible covalent bonds 
with protein (Erge & Eren, 2021). On the other hand, while 
the thermal treatment without caffeic acid did not result in a 
significant difference in WVP (GEL vs GEL-T), the addition 
of citric acid decreased the WVP by 22% (GEL vs GEL-
0.5C). This implies that, within the scope of this analysis, 
the application of thermal treatment of caffeic acid–added 
samples and citric acid–added samples has indeed induced 
crosslinking in the samples, thus significantly reducing the 
WVP in comparison to the pure gelatin-based samples. As 
the addition of a crosslinking agent (in this study, citric acid) 
reduced the mobility of the polymer chains, water diffu- 
sion might become more challenging (Azeredo et al., 2015), 

Table 4   Encapsulation efficiency (EE), total phenolic content (TPC), 
and antioxidant activity (AOA) of fibers

The results are presented in the form of the mean ± standard devia-
tion. Different letters within the same column indicate statistically 
significant variances (p < 0.05). N.D. means “not detected”

Samples EE (%) TPC (mg GAE/g) AA (%)

GEL N.D N.D N.D
GEL-2CA 89.23 ± 6.13ab 19.83 ± 1.36de 69.00 ± 0.00b

GEL-4CA 81.96 ± 0.17ab 35.75 ± 0.07b 94.62 ± 0.69a

GEL-T N.D N.D N.D
GEL-2CA-T 76.21 ± 5.82b 16.95 ± 1.29e 32.38 ± 1.16d

GEL-4CA-T 56.34 ± 2.42c 24.58 ± 1.05c 59.85 ± 2.19c

GEL-0.5C N.D N.D N.D
GEL-2CA-0.5C 94.46 ± 0.21a 21.01 ± 0.05d 61.60 ± 0.00c

GEL-4CA-0.5C 94.55 ± 0.59a 41.24 ± 0.26a 92.85 ± 0.64a
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resulting in an average decrease of 32.9% in WVP. The influ-
ence of citric acid in reducing WVP was observed in various 
studies, including the development of citric acid–crosslinked 
films with curcumin in a chitosan and chickpea flour-based 
system 20%, by adding 0.5% citric acid (Yildiz et al., 2022a), 
and a 27% reduction in WVP in citric acid–crosslinked chi-
tosan/starch composite films (Wu et al., 2019).

Color Analysis

Color parameters are given in Table 5 in terms of L*, a*, 
b*, and ΔE* values, which indicated lightness, redness, yel-
lowness, and total color difference, respectively. Accord-
ing to the results, the presence of caffeic acid decreased the 
lightness of fibers; therefore, darker fibers were obtained. 
The reason for the dark color formation is the quinone 
compound, which is formed due to the reaction of protein 
and phenolic compounds in the presence of oxygen (Erge 
& Eren, 2021). In addition, thermal-treated fibers had the 
darkest color among the samples. Similar color change, 
which can be the indicator of slight deformation of struc-
ture for thermally treated fibers, was observed in a study 
about the thermal treatment of polyvinylpyrrolidone-based 
nanofibrous air filter media (Melike et al., 2021). As can 
be seen in Table 5, there was only a significant difference 
among a* value of thermal-treated fibers. While a* value 
was − 1.167 ± 0.02 for GEL-T, it turned to positive values, 
which was an indicator of altering the color from greenness 
to redness. Moreover, the same situation was valid for b* 
values of thermal-treated fibers, which were significantly 
different and had higher values in comparison with the other 
fibers. Since b* value is the indicator of yellowness, it can 
be said that more yellow fibers were obtained by thermal 
treatment. On the other hand, citric acid addition to the fib-
ers with caffeic acid, which were GEL-2CA and GEL-4CA, 
increased the L* value, which means lighter fibers can be 
obtained. According to the results, ΔE* values were found 
highest for thermal-treated fibers. In other words, the most 

obvious color difference was observed when thermal treated 
was applied. The reason for this color change might be due 
to the increase in C-N bonds during heating (Gungor et al., 
2021). There was a significant difference between the ΔE* 
values of GEL-2CA-T and GEL-4CA-T. When the phenolic 
content was higher, the amount of caffeic acid binding to 
gelatin was high, so the exposed gelatin remained less, and 
the color change was less. With a higher concentration of 
caffeic acid, darker fibers were anticipated. However, due 
to low EE for higher CA concentrations, this significant 
decrease in L* value could not be observed.

Water Solubility

In fibers, the presence of hydrophilic components increases 
water solubility, while the inclusion of hydrophobic com-
ponents diminishes it. Gelatin exhibits high water solubil-
ity due to its water-soluble structure. Furthermore, due to 
the thin thickness of the fibers, they could be readily dis-
persed in water. Consequently, it was challenging to assess 
the water solubility of the GEL, GEL-2CA, and GEL-4CA 
samples. Similarly, fibers containing citric acid also exhib-
ited prompt solubilization and dispersion in water, render-
ing it impractical to measure their water solubility. This 
outcome was unexpected, as citric acid was anticipated to 
induce crosslinking; the immediate dispersion of the fib-
ers in water posed a surprising observation. This situation 
could be explained by the presence of residual free citric 
acid within the fibers, which might impart a plasticizing 
effect and render them soluble in water (Das et al., 2019). 
The water solubility values for gelatin films containing nisin 
and catechin were reported as 82.1 ± 11.7% and 88.7 ± 3.3%, 
respectively (Kaewprachu et al., 2018).

In this study, as can be seen in Table 3, the water solu-
bility of gelatin films subjected to thermal treatment exhib-
ited a range between 21.40 ± 0.75% and 37.65 ± 1.60%. 
Consistent with previous findings, the reduction in water 

Table 5   Color parameters of 
the fibers

The results are presented in the form of the mean ± standard deviation. Distinct letters within the same col-
umn indicate statistically significant variances (p < 0.05)

Samples L* a* b* ΔE*

GEL 122.42 ± 0.19ab  − 0.090 ± 0.08 cd 2.103 ± 0.17de -
GEL-2CA 120.72 ± 0.20c  − 0.203 ± 0.04d 3.153 ± 0.28de 2.005 ± 0.31c

GEL-4CA 121.32 ± 0.17bc 0.093 ± 0.09c 3.500 ± 0.27d 1.804 ± 0.17c

GEL-T 120.55 ± 0.12c  − 1.167 ± 0.02e 10.483 ± 1.32b 8.659 ± 1.28b

GEL-2CA-T 115.19 ± 0.34e 1.270 ± 0.11a 12.147 ± 0.47a 12.453 ± 0.59a

GEL-4CA-T 118.62 ± 1.03d 0.327 ± 0.10b 8.933 ± 0.15c 7.863 ± 0.57b

GEL-0.5C 122.09 ± 0.07ab  − 0.043 ± 0.03 cd 2.440 ± 0.03de 0.477 ± 0.05c

GEL-2CA-0.5C 122.75 ± 0.50a  − 0.143 ± 0.13d 1.847 ± 0.15e 0.527 ± 0.37c

GEL-4CA-0.5C 123.16 ± 0.33a  − 0.223 ± 0.04d 2.477 ± 0.13de 0.864 ± 0.24c
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solubility of gelatin films following thermal treatment can 
be attributed to the denaturation of the protein structure 
due to heat and the subsequent formation of crosslinks 
(Kim et al., 2002). A decrease in water solubility from 75 
to 23% was also obtained in a study with thermal treat-
ment done by fish gelatin films (Kchaou et al., 2019). Sig-
nificant differences were observed in the water solubility 
values between GEL-2CA-T and GEL-4CA-T. Despite the 
general trend of phenolic compounds reducing water solu-
bility through crosslinking (Choi et al., 2018), this study 
recorded an increase, with values rising from 27.89 ± 1.20 
to 37.65 ± 1.60 for GEL-2CA-T and GEL-4CA-T, respec-
tively. As observed in the “Encapsulation Efficiency (EE), 
Total Phenolic Content (TPC), and Antioxidant Activity 
(AOA) of Fibers” section, thermal treatment has been 
shown to degrade phenolic compounds and to decrease 
EE (Maier et al., 2009). Thus, the lower levels of AOA and 
TPC in GEL-2CA-T fibers in comparison to GEL-4CA-
T films implied a potential reduction in water solubility 
for GEL-2CA-T with the lowest water solubility values 
observed for the GEL-T fiber.

Thermogravimetric Analysis (TGA)

Figure 6A–D shows the weight loss versus temperature 
curve for thermal and citric acid–crosslinked fibers and the 
rate of material weight changes upon heating for the thermal 
and citric acid–crosslinked fibers, respectively. According 
to the curves, two weight loss steps can be observed. The 
first one, occurred between 25 °C and around 120 °C, was 
due to the water loss, whereas the second one, from around 
230 °C to approximately 500 °C, was corresponded to the 
thermal decomposition of gelatin due to the breakage of 
the protein chain and the peptide bonds (Peña et al., 2010). 
Duan et al. (2023) mentioned in their study about curcumin-
added gelatin and chitosan-based electrospun nanofibers 
that the thermal degradation of gelatin was at around 250 
to 600 °C. Also, in a study about developing microfibrous 
mats with fish gelatin by blow spinning method, it was 
stated that weight loss from 30 to 160 °C occurred due to 
the evaporation of water (Vilches et al., 2019). According 
to Fig. 6A, moisture loss at the first degradation step took 
place at higher temperatures for thermal-treated samples, 

Fig. 6   A Thermogravimetric curves of thermal-crosslinked fiber samples, B thermogravimetric curves of citric acid–crosslinked fiber samples, 
C DTG curves of thermal-crosslinked fiber samples, and D DTG curves of citric acid–crosslinked fiber samples
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compared with not crosslinked ones. This indicated that 
hydrogen bonding between fiber component and water mol-
ecules was more stable for thermal-treated samples. Apart 
from not crosslinked and thermal-crosslinked samples, there 
was a degradation at 190–200 °C for citric acid–crosslinked 
samples (Fig. 6B), indicating the evaporation of citric acid 
derivatives (Yildiz et al., 2022b). According to the DTG 
curves (Fig. 6C and D), while all samples, except GEL, 
showed a peak at around 400 °C, the peak of the GEL sam-
ple is 372 °C. The shift of samples as compared with GEL 
indicated the strong intermolecular interactions and thermal 
stability. In addition, according to Fig. 6C, when the tem-
peratures corresponding to 10% weight loss were compared, 
the thermal-treated samples reached higher temperatures, 
meaning that their thermal stability was higher. At the end 
of the thermogravimetric analysis, the remaining weight of 
all samples was determined as around 24%.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra of samples are shown in Fig. 7A and B. For 
all samples, except CA-P, there were two main peaks at 
1522 cm−1 and 1636 cm−1, which corresponded to amide II 
and amide I, respectively. There are some factors that affect 
the infrared absorption at different wavenumber bands. For 
example, the amide I region is related with C = O stretch 
and bending of N–H bond. On the other hand, the amide II 
region indicates the N–H bond deformation (Hassan et al., 
2021). Nearly similar FTIR spectra were observed in a study 
about blood orange peel extract–added edible gelatin films 
(Jridi et al., 2019). When the amide II peak of samples was 
compared, GEL had a peak at 1527 cm−1, whereas the oth-
ers had at 1522 cm−1. The reason of this shift might be the 
new linkage formation between antioxidants, which was 
caffeic acid, and polymer chains (Benbettaïeb et al., 2015). 
In addition, there was a slight peak at 1236 cm−1, which 

indicates the amide III band. The reason for the smaller peak 
in the amide III band, in comparison to the other peaks, 
might be the triple helix state being lost during high tem-
perature gelatin extraction (Hashim et al., 2010). In addi-
tion, according to Fig. 7B, the amide III peak shifted from 
1236 to 1241 cm−1 in GEL-4CA and GEL-4CA-0.5C might 
be due to the electrostatic interactions between the active 
agent and gelatin (Kan et al., 2019). Besides, a peak was 
observed at 3279 cm−1, which was the characteristic peak 
of gelatin, indicating the O–H stretching vibrations (Riahi 
et al., 2021). For the CA-P curve, which was the FTIR spec-
tra of pure caffeic acid, there were intense peaks lower than 
1120 cm−1 indicating the C–C-C bending of the aromatic 
ring. However, peaks at 640 and 812 cm−1 corresponded to 
the bending of the carbonyl group. Another peak at 1213 
and 1270 cm−1 referred to the bending of olefinic and aro-
matic C-H bonds, whereas peaks at 1447 and 1596 cm−1 
were the stretching of olefinic and aromatic C–C bonds. A 
peak at 1642 cm−1 belonged to stretching vibrations of C = O 
bonds. Other peaks from 2600 to 4000 cm−1 indicated the 
OH stretching vibrations (Catauro et al., 2020). Since the 
intense peak band of CA-P was not observed in gelatin fiber 
samples, it can be said that caffeic acid encapsulation was 
done properly.

Although there was no significant difference between 
the curves of gelatin fibers, the effect of both crosslinking 
methods, the thermal treatment and citric acid addition, 
slightly decreased the peak at 3279  cm−1, as compared 
to GEL. This peak was at 3290 cm−1 for GEL; however, 
it shifted to 3284  cm−1 and 3279  cm−1 for GEL-2CA, 
GEL-2CA-T, and GEL-4CA-T and for GEL-4CA, GEL-
T, and fibers with citric acid, respectively. The reason for 
that was because of the OH stretching bands of absorbed 
water molecules (Rawdkuen et al., 2010). Moreover, in the 
samples of GEL, GEL-2CA, and GEL-4CA, a peak observed 
at 3000–3500  cm−1 was significantly more pronounced, 

Fig. 7   A FTIR spectra of the thermal-crosslinked samples and B citric acid–crosslinked samples
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while it appeared less prominent in both thermal-crosslinked 
(Fig. 7A) and citric acid–added samples (Fig. 7B). This 
observation indicates a reduction in free amino and 
hydroxyl groups due to crosslinking or chemical reactions. 
The decline implies that free amino and hydroxyl groups 
may be forming larger molecular structures or engaging in 
reactions with other chemical groups. A similar decrease 
at 3274  cm−1 was observed in a study focusing on the 
development of centrifugally spun gelatin-based active food 
packaging fibers incorporating lemon peel oil (Doğan et al., 
2022b). Moreover, the addition of caffeic acid to pure gelatin 
solution exhibited no additional specific peak in the infrared 
spectra, suggesting the absence of new chemical bonds due 
to the encapsulation of caffeic acid within the gelatin fiber 
mats, as observed in similar studies (Cui et al., 2018; Doğan 
et al., 2022b).

Degree of Crosslinking

Methods for quantitatively assessing chemical crosslink-
ing quantitatively can effectively demonstrate the extent of 
interaction between the crosslinking agent and the matrix 
(Wang et al., 2023). Table 3 shows the degree of crosslink-
ing in fibers. The idea behind this approach was to utilize 
2,4,6-trinitrobenzene sulfonic acid (TNBS) to interact with 
unbound amino groups in gelatin, which represented the 
non-crosslinked entities (Kchaou et al., 2018). A higher 
degree of crosslinking typically signifies a greater number 
of covalent bonds formed between gelatin and citric acid. 
These findings were in accordance with the outcomes of 
water solubility tests, as GEL-2CA, GEL-4CA, and cit-
ric acid–incorporated fibers exhibited less crosslinking, 
whereas heat-treated fibers displayed a higher percentage of 
crosslinking. It was observed that as the degree of crosslink-
ing decreased, water solubility also increased (Abedini et al., 
2023). Fibers comprising lower amount of caffeic acid in 
heat-treated samples displayed the most pronounced degree 
of crosslinking, indicating the fiber’s presence of unbound 
amino groups.

Overall, fiber properties can be affected from both caf-
feic acid concentration and crosslinking method. Increasing 

caffeic acid content maintained the homogenous fiber mor-
phology and enhanced the TPC and AOA of fibers, however, 
decreased their EE. The addition of caffeic acid led to a 
decrease in the WVP of fibers, but an increase in the caffeic 
acid content 2 to 4% did not show any significant difference. 
From crosslinking methods, thermal treatment was found 
more effective than citric acid addition in terms of water 
solubility and degree of crosslinking. However, thermal 
treatment negatively affected the morphological proper-
ties of fibers and decreased EE, TPC, and AOA. Neverthe-
less, fibers, containing 4% caffeic acid, with and without 
crosslinking, were selected to be added to cakes with the 
highest TPC and AOA.

The Effect of Nanofiber Addition on Physicochemical 
Properties of Cakes

To observe the impact of fibers obtained through centrifu-
gal spinning with and without crosslinking on the physico-
chemical properties of cakes, four variations were studied: 
cakes without fibers, cakes with fibers containing 4% added 
caffeic acid, and cakes with fibers containing 4% caffeic acid 
subjected to thermal and citric acid crosslinking processes.  
The moisture content in both the fiber-added and control 
samples ranged from 40.07 to 42.23%, while the weight 
loss during baking ranged from 28.55 to 31.23% (Table 6). 
Importantly, no statistically significant differences were 
detected among the various samples. Similarly, the moisture 
content value of the crumb of wheat flour cake was found to 
be around 40% by Chan et al. (2023). Incorporating 500 mg 
of caffeic acid fiber per 100 g of batter did not yield any 
impact on the moisture content and baking loss. However, 
as expected, the inclusion of caffeic acid decreased the pH 
value whether crosslinking was applied or not.

The volume index in cake quality assessment is crucial 
because it reflects the cake’s texture, appearance, and con-
sumer appeal. It measures the amount of air trapped within 
the cake, and it serves as an indicator of its quality. A higher 
volume index indicates a fluffier, more visually appealing 
cake with better moisture retention, contributing to a posi-
tive consumer perception and overall product quality. The 

Table 6   Some physicochemical 
properties of different cake 
samples

The results are presented in the form of the mean ± standard deviation. Distinct letters within the same column 
indicate statistically significant variances (p < 0.05). (C) control cake without fibers, (CA) with fibers 25% 
gelatin (w/v) + 4% caffeic acid (w/w), (CA-T) with thermally crosslinked 25% gelatin (w/v) + 4% caffeic acid 
(w/w) fiber, and (CA-C) with 25% gelatin (w/v) + 4% caffeic acid (w/w) + 0.5% citric acid (w/v) fiber

Cakes Moisture content (%) Baking loss (%) pH Volume index Hardness (N)

C 40.62 ± 6.28a 28.55 ± 1.84a 8.00 ± 0.14a 26.28 ± 1.81d 2.36 ± 0.295a

CA 40.07 ± 5.73a 31.20 ± 1.98a 7.55 ± 0.07b 42.258 ± 0.194b 1.638 ± 0.494b

CA-T 42.23 ± 5.53a 31.23 ± 1.17a 7.45 ± 0.07b 53.31 ± 1.344a 1.112 ± 0.085b

CA-C 40.52 ± 3.46a 30.85 ± 2.76a 7.41 ± 0.01b 36.76 ± 0.212c 1.242 ± 0.395b
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introduction of thermally crosslinked caffeic acid fibers 
led to a notable increase in the volume index values of the 
fiber-added samples, elevating them from 26.28 to 53.31 
as seen in Table 6. Crosslinked rice flour was also shown 
to increase the volume of cake (Lee et al., 2020). Due to 
thermal crosslinking, the fiber diameters decreased, leading 
to an increase in the volume of fibers while maintaining a 
constant weight. This phenomenon is likely to contribute 
to a significant increase in the volume index as an equal 
amount of fibers was added to the formula, resulting in a 
more porous structure. Given that an equal weight of fiber 
was incorporated into each cake formulation, the thermally 
crosslinked fibers occupied a larger volume compared to 
others due to their smaller diameter. This reduction in fiber 
diameter correspondingly led to an increase in surface area 
for the same weight of fibers. Similar observations were 
made with crosslinked chitosan fibers, where decreasing the 
fiber diameter within these mats led to various beneficial 
effects, including an increase in the ratio of specific surface 
area to volume (Schiffman & Schauer, 2007).

Hardness refers to the amount of force needed to alter the 
shape of the sample, resembling the pressure exerted when 
chewing food. Cake with a low hardness value is character-
ized by a soft texture. Table 6 illustrates how cake hardness 
changes with the addition of various fibers. Whether or not 
crosslinking was applied, the inclusion of fibers significantly 
resulted in a reduction in sample hardness from 2.36 to 1.112 
N. An expected outcome was a decrease in hardness values 
of cakes as the volume of cakes increased due to the addition 
of nanofibers.

The Effect of Nanofiber Addition on Color Properties 
of Cakes

Color parameter data displayed in Table 7 effectively illus-
trates the significant color variations (ΔE*) attributed to the 
integration of thermally crosslinked centrifugal spun fibers 
in the cakes. Similarly, the L* value of cakes containing 
thermally crosslinked centrifugally spun fibers was notably 
lower compared to the other samples. This difference in L* 
and ΔE* values could be attributed to the darker color of 

these specific fibers. In another study, the fibers subjected 
to heating at 170 °C exhibited a yellowish hue, potentially 
indicating an augmentation in C-N bond formation dur-
ing the thermal crosslinking process (Gungor et al., 2021). 
Moreover, the formation of C-N bonds was attributed to 
the Maillard reaction, a widely accepted method for protein 
crosslinking, which facilitates the generation of covalent 
bonds between the aldehyde groups of sugar molecules in 
cake and the amino groups of gelatin (Saeed et al., 2021). 
These reactions not only contributed to the color develop-
ment but also enhanced the overall texture and flavor of 
cakes. Positive a* values suggest red hues, and negative val-
ues imply green hues, while positive b* values indicate the 
presence of yellow hues, and negative values signify blue 
hues. These values did not exhibit any significant differences 
among the samples.

The Effect of Nanofiber Addition on Total Phenolic 
Content (TPC) and Antioxidant Activities (AOA) 
of Cakes

TPC values were as follows: 0.8774 ± 0.0972  mg 
GAE/g for the thermally crosslinked fiber-added cake, 
0.7519 ± 0.0219 mg GAE/g for the uncrosslinked fiber-
added cake, and 0.7252 ± 0.0292 mg GAE/g for the citric 
acid–crosslinked fiber-added cakes. The TPC of the con-
trol cakes was measured at 0.4768 ± 0.0559 mg GAE/g, 
primarily due to the presence of phenolic acids naturally 
occurring in wheat flour. These phenolic acids, such as 
protocatechuic acid and gallic acid, were found in varying 
amounts in wheat and contributed to the overall phenolic 
content (Nikolić et al., 2019). In fact, while a decrease in the 
naturally occurring phenolic acids in wheat was expected, a 
significant increase in TPC values was observed due to the 
encapsulated caffeic acid within the fiber. As discussed in 
the “Encapsulation Efficiency (EE), Total Phenolic Content 
(TPC), and Antioxidant Activity (AOA) of Fibers” section, 
TPC of fibers in mg GAE/g was 35.75 for uncrosslinked, 
24.58 for thermal crosslinked, and 41.24 for citric acid 
crosslinked. Considering that 500 mg of fiber was incorpo-
rated into 100 g of batter, the weight loss of the batter was 

Table 7   Color (L*, a*, b*, and 
ΔE) and antioxidant properties 
(TPC and AOA) of different 
cake samples

The results are presented in the form of the mean ± standard deviation. Distinct letters within the same col-
umn indicate statistically significant variances (p < 0.05). (C) control cake without fibers, (CA) with fibers 
25% gelatin (w/v) + 4% caffeic acid (w/w), (CA-T) with thermally crosslinked 25% gelatin (w/v) + 4% caf-
feic acid (w/w) fiber, and (CA-C) with 25% gelatin (w/v) + 4% caffeic acid (w/w) + 0.5% citric acid (w/v) 
fiber

Cakes L* a* b* ΔE* TPC (mg GAE/g) AOA (%)

C 59.90 ± 6.80a,b 2.54 ± 1.43a 24.99 ± 1.83a 5.0816 ± 0.00b 0.4768 ± 0.0559b 14.55 ± 0.66b

CA 54.71 ± 0.59a,b 4.574 ± 0.83a 22.65 ± 2.65a 6.352 ± 0.76b 0.7519 ± 0.0219a 33.63 ± 11.69a,b

CA-T 43.85 ± 0.50b 6.52 ± 1.44a 19.52 ± 3.62a 17.626 ± 0.99a 0.8774 ± 0.0972a 58.91 ± 6.58a

CA-C 64.63 ± 6.68a 3.997 ± 0.71a 24.83 ± 1.55a 5.93 ± 5.11b 0.7252 ± 0.0292a 18.06 ± 8.12b
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calculated to be approximately 30%, resulting in a 70 g cake. 
Within the 500 mg of fiber, 20 mg of caffeic acid was encap-
sulated. This implies an expected increase of ~ 0.3 mg of 
caffeic acid per 1 g of cake. Despite the low quantity of fiber 
in the cake formulation, the TPC of the fiber-added cakes 
remained preserved under high baking temperatures, allow-
ing the assessment of thermal stability in both crosslinked 
and uncrosslinked samples. The AOA of the cakes ranged 
from 14.55 ± 0.66 to 58.91 ± 6.58%, with the lowest value 
observed in the control cake and the highest value in the 
thermally crosslinked fiber-added cake. When observing 
the AOA values of the fibers, it was evident that the ther-
mally crosslinked fibers exhibited a lower value. However, 
as indicated in the TGA results, the fibers subjected to ther-
mal crosslinking displayed a greater heat resistance. Con-
sequently, this attribute led to a higher impact of AOA on 
the cakes. In detail, upon heating to approximately 170 °C 
(TGA), the thermally crosslinked fibers exhibited notably 
lower weight loss and thermal degradation (Fig. 6A).

Conclusions

In this study, various concentrations of caffeic acid were 
encapsulated through centrifugal spinning, employing 
two different crosslinking methodologies. By considering 
the higher TPC and AOA of these fibers, an antioxidant-
enriched cake was developed as a functional food. While 
citric acid inclusion had no impact on fiber water solubil-
ity, thermal treatment notably increased water insolubility 
and the degree of fiber crosslinking. Thermal treatment 
induced alterations in fiber color and significantly reduced 
not only the TPC and AOA but also the EE. EE in thermally 
treated fibers was lower than in both uncrosslinked and citric 
acid–crosslinked fibers. Increasing the caffeic acid concen-
tration showed higher TPC and AOA in fibers; however, it 
decreased the EE. Still, by having the highest TPC and AOA, 
fibers with 4% caffeic acid were added into cakes to enhance 
the TPC and AOA of cakes. Incorporation of fibers to cakes 
did not make any difference in moisture content and baking 
loss, while it decreased the pH and hardness. The addition 
of thermal-crosslinked fibers to the cake showed the high-
est volume index value among the other cake samples. As a 
conclusion, incorporation of thermally crosslinked and 4% 
caffeic acid–added gelatin nanofiber in cake had the poten-
tial of giving functional properties to cakes with its high 
TPC and AOA.
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