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ARTICLE INFO ABSTRACT

Keywords: Rheological properties of gelatin-based solutions containing different concentrations of ribose and/or glycerol

Gelatin o were assessed before electrospun mats were manufactured and their properties investigated. Characterization

?E“r“pmmng included morphology, X-ray diffraction, Fourier transform infrared, solubility, swelling, the release of Maillard
ibres

reaction (MR) products and their antioxidant activity. Gelatin concentrations > 16 % w/v favoured the formation
of smooth nanofibres in the electrospinning process due to their higher viscosity than for gelatin concentrations
< 14 % w/v. The diameters of the nanofibres were between 300 and 400 nm, irrespective of the concentration of
gelatin and the additives. Heat treatments (80-110 °C) of the samples induced MR between gelatin and ribose,
which provided the mats with water stability. Nevertheless, the fibrous morphology only remained for those mats
heat-treated at 110 and 100 °C and containing 10 and 20 wt% ribose, respectively, after sample immersion in
water. Heat treatment at 110 °C, along with glycerol addition, resulted in a decrease of solubility (from 100 to ~
9 %) and provided a water absorption capacity (1,500-2,500 %), due to the crosslinking of ribose and glycerol
with gelatin. Release of MR antioxidant compounds from the mats into water exhibited DPPH radical scavenging
activity values up to 38 % (0.61 GAE pg/mL).

Maillard reaction
Physical crosslinking

1. Introduction

Solution electrospinning is a well-established, simple, cost-effective
and flexible technique that produces continuous solid fibres from a
polymer solution using electrostatic forces. Many parameters can in-
fluence the electrospinning process, including solution properties (e.g.,
formulation, polymer concentration, viscosity, surface tension), elec-
trical field strength, solution flow rate, distance to the collector plate,
humidity and temperature, among others [1]. Electrospun nanofibres
exhibit characteristics such as large surface area per unit mass, high
porosity, small interfibrous pore size, and high gas permeability. These
properties make them of interest to textile, agricultural, water treat-
ment, air filtration, energy storage, cosmetic, electronic and sensors,

pharmaceutical, biomedical, and packaging applications, among others
[2,3].

Different types of materials, including both synthetic and natural
polymers and their combinations, can be used to obtain fibres via solu-
tion electrospinning. Among these polymeric materials, synthetic poly-
mers, such as polystyrene and poly(vinyl chloride), biocompatible and
biodegradable synthetic polymers, such as poly(lactic acid) and poly
(lactic-co-glycolic acid), conducting polymers, such as polyaniline and
polypyrrole, and natural polymers, such as chitosan, alginate, collagen
and gelatin, have been directly electrospun into nanofibres [4-9]. Some
of the most commonly used solvents are alcohols, dichloromethane,
chloroform, dimethylformamide, tetrahydrofuran, acetone, dimethyl
sulfoxide, hexafluoroisopropanol and trifluoroethanol [4]. There has
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been an increasing interest in using non-toxic and more environmentally
friendly materials and solvents in recent years. These include renewable
biopolymers and water-based solvents, which are greener options
compared to synthetic polymers and toxic solvents [10].

Among the water-soluble natural polymers, gelatin is a protein from
biological origin, with high biodegradability, biocompatibility, water
absorbability, non-immunogenicity and commercial availability. Owing
to these properties, gelatin in various forms (e.g., films, scaffolds, cap-
sules, filters) has been used in cosmetics, pharmaceutical, medical, food
and water filtration applications [3]. However, due to the hydrophilic
nature of gelatin, stabilization of its structure is required, since, without
any stabilization of the biopolymer, gelatin-based materials generally
dissolve and lose their structure.

Among the methods available for gelatin structure stabilization,
protein crosslinking is one of the most widely used strategies to achieve
hydrolytic stability of gelatin-based samples [11]. In this matter,
crosslinkers such as glutaraldehyde and genipin have been widely used.
However, there are potential toxicity problems, as well as the require-
ment of intensive detoxifying strategies related to residual unreacted
glutaraldehyde groups, while the high cost of genipin is a major draw-
back when using these crosslinkers [11,12]. To eliminate toxicity risks
and provide cost-effectiveness, the heat treatment of gelatin with sugar
molecules has been introduced as an alternative chemical crosslinking
method [13,14]. This condensation reaction between proteins and sugar
is known as the Maillard reaction (MR).

The properties of gelatin-based materials (e.g., solubility, swelling,
antioxidant activity, morphology preservation after immersion) are
dependent on the extent of the MR, which, in turn, depends on param-
eters such as the type of sugar, reaction time and temperature, and the
pH of the solution. Pentoses (e.g., ribose) are a more reactive crosslinker
than hexoses (e.g., glucose) and disaccharides (e.g., lactose) [15-17],
while an increase in sugar percentage (up to a certain point), tempera-
ture or pH of the solution induces a more extended reaction [18,19].
Additionally, glycerol has been added as a plasticizer to improve ma-
terial’s processability.

In this study, gelatin-based solutions with different amounts of
gelatin and ribose (chemical crosslinker) and glycerol (plasticizer,
physical crosslinker) were prepared to analyse their rheological prop-
erties before electrospinning. After producing gelatin-based fibres, the
samples were characterized according to their morphology and fibre
size. Different temperatures were used to induce the MR and crosslink
the samples. Heat-treated samples were assessed regarding their
morphology preservation after immersion in water as a function of their
composition and heat treatment. Finally, a specific heat treatment
temperature was selected and the physicochemical properties of the
samples were further analysed using X-ray diffraction, Fourier transform
infrared spectroscopy, swelling, solubility, the release of MR compounds
and their antioxidant properties.

2. Materials and methods
2.1. Materials

A commercial type A codfish gelatin (Weishardt International, Lip-
tovsky Mikulas, Slovakia) was employed as a matrix. The gelatin had a
Bloom value of 200, 11.06 % moisture and 0.147 % ash. Ribose and
glycerol (ECP LabChem) were used as a crosslinker and a plasticizer,
respectively. Mili-Q water (MQW) was used as the solvent. 2,2-diphenyl-
1-picryl hydrazyl (DPPH) and gallic acid were purchased from Sigma-
Aldrich, while methanol was obtained from ECP LabChem (Auckland,
New Zealand).

2.2. Preparation of gelatin-based solutions

To analyse the effect of gelatin concentration on the rheological
properties of the gelatin-based solutions, 10, 12, 14, 16, 18 and 20 % w/

European Polymer Journal 180 (2022) 111597

v gelatin solutions [3] were prepared by mixing gelatin with 5 mL MQW
under stirring at 250 rpm and 60 °C for 30 min. To assess the effect of
ribose and/or glycerol addition (10 and 20 wt% on gelatin dry basis) on
the rheological properties of the gelatin solutions, 20 % w/v gelatin
concentration was chosen, given the formation of smooth, bead-free
nanofibres at this concentration with higher amounts of gelatin elec-
trospun per minute. The chemicals were mixed with 5 mL MQW and the
solution was then stirred at 250 rpm and 60 °C for 30 min. The samples
are named as follows: xGexRixGly where x is the concentration, and Ge,
Ri and Gly mean gelatin, ribose and glycerol, respectively.

2.3. Rheological properties of gelatin-based solutions

For all rheological measurements, a Modular Compact Rheometer-
MCR 302 (Anton Paar) with a stainless steel measuring plate PP50 (¢
50 mm) was used. The temperature was controlled using a water bath
(Julaba F 12). 1.5 mL of the gelatin solution was placed in the stationary
plate and the gap between plates was set as 0.3 mm. For each rheological
characterisation, a fresh solution was prepared and a minimum of two
replicates (n = 2) was assessed for each formulation [20].

2.3.1. Temperature sweep: Oscillatory test for storage and loss moduli
measurements

Temperature sweeps from 34 to 18 °C and 18 to 34 °C, with cooling/
heating rates of 0.5 °C/min, were conducted. The values of storage
modulus (G’) and loss modulus (G’’) were determined at 0.5 % strain
and 1 Hz frequency. The crossover point of G’ and G’ during cooling and
heating was considered as gelling (Tgel) and melting (Tmel) tempera-
ture of the solution, respectively.

2.3.2. Temperature sweep: Rotational test for apparent viscosity
measurements

A temperature sweep from 34 to 18 °C, with a cooling rate of 0.5 °C/
min, was conducted to analyse the viscosity of the gelatin-based solu-
tions, using a rotational test and a constant shear rate of 6.39 s™L. The
shear rate (y) was determined as a function of the needle (21G, inner
diameter of 0.51 mm) and flow rate (Q, 0.3 mL/h), used in preliminary
electrospinning trials using the following equation (1):

_40

TR

Y (@)

where Q is the flow rate and R is the inner radio (mm) of the needle.

2.3.3. Shear rate sweep: Rotational test for viscosity measurements

A shear rate sweep from 1 to 1000 s~! was conducted to analyse the
viscosity of gelatin solutions (10Ge-20Ge) using a rotational test and at
constant temperature (Tgel and Tmel). The obtained data were fitted to
the Carreau-Yasuda rheological model using Origin software to estimate
the viscosity in a non-Newtonian fluid [21]:

() = 1(e0) + (1(0) = n(eo)1 + ()] @
2.4. Preparation of gelatin mats

Gelatin-based solutions were prepared as indicated above (Section
2.2) and transferred to 5 mL plastic syringes. The syringe was placed in
the syringe pump (Adelab Scientific), which was inside the electro-
spinning chamber, previously conditioned at 30.7 °C + 0.6 and 29 % +
2 RH. The temperature of the solution was kept steady to homogenize for
30 min before electrospinning. This temperature was set to avoid
another variable in the electrospinning process, and considering that: i)
electrospinning of gelatin can be realized only from solutions in which
gelatin adopts a random coil conformation (T > Tgel) [22]; ii) formation
of droplets was avoided,; iii) all formulations (10Ge-20Ge) produced fi-
bres (preliminary tests). The solution was then electrospun under an
applied voltage of 22 kV (Bertan 230) across a fixed distance of 15 cm
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between the tip of the needle (21G) and the rotational (5.71 rpm) flat
stainless-steel (¢ 10 cm) collector covered with aluminium foil. A
controlled feeding rate of 0.3 mL/h was employed for 15 min for fibre
size analysis (n = 2) and 210-240 min for gelatin-based mat preparation
(n > 3).

2.5. Morphology of gelatin mats

The samples were fixed on glass slides using carbon tapes and
sputter-coated with gold (10 nm) using a sputter coater (Quorum Q150R
S). A scanning electron microscope (SEM, JCM-6000 Versatile Benchtop
SEM) was used to observe the morphology of mats at an accelerating
voltage of 15 kV and a magnification of > 800 x. For fibre size evalu-
ation, ImageJ software was used, taking at least 5 SEM images, and at
least 180 measurements were undertaken on 15-min electrospun fibre
samples.

2.6. Heat-treatment effect on the morphology of gelatin mats after
immersion in water

Samples prepared with 20 % w/v gelatin concentration for 210-240
min, producing smooth nanofibres and with higher amounts of gelatin
electrospun per minute, were peeled off, heat-treated (HT) at 80, 90,
100, and 110 °C for 24 h to induce crosslinking between gelatin and
ribose, and immersed in MQW at 37 °C for 24 h. The samples were then
taken out from MQW and left to dry in an air-circulating fume hood at
room temperature (20 °C) for 24 h. The morphology of the HT samples
was analysed before and after immersion using SEM as explained above
(section 2.5). The heat treatment temperature is indicated as follows:
xHT, where x is the temperature (°C).

2.7. Characterization of mats

2.7.1. X-ray diffraction (XRD)

X-ray diffraction studies of gelatin-based mats were performed with a
diffraction unit (Empyrean, Malvern Panalytical, Cleveland, New Zea-
land) operating at 45 kV and 40 mA. The radiation was generated from a
Cu-Ka (A = 1.5418 10\) source. The diffraction data of the samples were
collected at 20 values from 5° to 30°, where 6 is the incidence angle of
the X-ray beam on the sample [23].

2.7.2. Attenuated total reflection-Fourier transform infrared (ATR-FTIR)
spectroscopy

FTIR spectra of mats were carried out on a Bruker Vertex 70 FTIR
spectrometer using a single bounce Platinum Diamond Micro-ATR
accessory (Bruker Optics, New Zealand). A total of 32 scans were per-
formed at 4 cm ™! resolution and the measurements were recorded be-
tween 4000 and 750 cm ™! (n = 4).

2.7.3. Swelling

The swelling was calculated gravimetrically under physiological
temperature. Three specimens (n = 3) of each mat were weighed (W)
and immersed in 3.5 mL of MQW. The flasks were stored in an oven at
37 °C for 24 h. The samples were then removed from the solutions, drip-
dried for 5 s and reweighed (Wt) [14]. Swelling (Sw) was calculated
using the following equation:

(Wl - Wn)

o

Sw(%) = x 100 3

2.7.4. Solubility

Three specimens (n = 3) of each mat were weighed (W,) and
immersed in 3.5 mL of MQW. The flasks were stored in an oven at 37 °C
for 24 h. The specimens were taken out and left to dry in an air-
circulating fume hood at room temperature (20 °C) for 24 h before
reweighing (Wt) [14]. The solubility (S) of mats was calculated using the
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following equation:

(Wo - Wr)

W, x 100 @

S(%) =

2.7.5. Release of MR compounds and their antioxidant activity

The release of MR products from mats into MQW was analysed by
immersing the mats (3.38 + 0.21 mg) in 3.5 mL of MQW at 37 °C for 24
h. The specimens were then taken out of MQW, the liquid was introduced
into quartz cuvettes and analysed on a NanoPhotometer (NP8O0,
IMPLEN) by recording absporption intensity at wavelengths from 200 to
400 nm. Three mats (n = 3) were analysed for each composition.

DPPH radical scavenging activity was measured on the liquid sam-
ples (n = 3) obtained after the release test. 2 mL of the solution was
mixed with 2 mL of DPPH solution (150 pM) in methanol. The mixture
was vigorously shaken and allowed to stand at room temperature in the
dark for 30 min [24]. Free radical scavenging activity of samples was
expressed as pg/mL gallic acid equivalent (GAE, calibration curve
(0.125-1.25 pg/mL): y = 2.34 + 59.77x, R? 0.999). The inhibition
values were determined by the absorbance decrease at 517 nm as
follows:

(A. — Ay)

Inhibition (%) =~

x 100 ()

where A, is the absorbance of the MQW where 20Ge mats (control
sample) were immersed, and A; is the absorbance of the MQW where
other mats were immersed.

2.8. Statistical analysis

Data were subjected to one-way analysis of variant (ANOVA) using
an SPSS computer program (SPSS Statistic 25.0). Post hoc multiple
comparisons were determined by Tukey’s test with the level of signifi-
cance set at P < 0.05.

3. Results and discussion
3.1. Rheological properties of gelatin-based solutions

Fig. 1 a-c and Table 1 clearly show the influence of gelatin concen-
tration on the melting and gelling properties of the gelatin solutions, as
well as on their flow behaviour and viscosity. As the concentration of
gelatin increased, Tmel and Tgel shifted to higher values (Table 1). The
gelatin concentration showed a stronger influence on Tgel than on Tmel,
as reported in the literature [20]. More gelatin could lead to higher
protein—protein and protein-solvent interactions, which required higher
temperatures to i) break the interactions down, increasing the Tmel, and
ii) form bonds, increasing the Tgel. At these temperatures, gelatin
behaved like a non-Newtonian fluid (Fig. 1b), especially at high shear
rates, since the experimental data satisfactorily fitted (R? > 0.986 for
Tgel; R? > 0.998 for Tmel) the Carreau-Yasuda model (Equation (2)), as
shown in Tables 1S and 2S. Unlike gelatin concentration (from 10 to 20
% w/v), the behaviour of the fluids as a function of shear rate was
temperature-dependent, as the viscosity of samples decreased with the
increase in shear rate (shear-thinning) at Tgel, while it slightly increased
(shear-thickening) at Tmel. The decrease in viscosity at Tgel can be
related to the disentanglement of polymer chains, protein-protein and
protein-solvent interactions with the increase in shear rate. The increase
in viscosity at Tmel can be related to polymer chain stretching and
alignment, which lead to the formation of intermolecular forces [25].

Regarding the temperature effect on the viscosity of gelatin solutions
(Fig. 1e), the increase in gelatin concentration, and thus in gel rein-
forcement, notably increased the viscosity (at y=6.39 s™1) of the solu-
tions, as seen in Fig. 1b. As expected, the viscosity increased with a
decrease in temperature. It is worth mentioning that the sudden increase
in viscosity at temperatures close to the gelling point (21-24 °C, Table 1)
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Fig. 1. a) Storage modulus (G’) and loss modulus (G’*) for 20 % w/v gelatin solution (20Ge) as a function of temperature (cooling (<) and heating (—)); b) viscosity
values of 10 and 20 % w/v gelatin solutions (10Ge and 20Ge) as a function of shear rate and temperature (gelling temperature (Tgel) and melting temperature
(Tmel)); and viscosity (y=6.39 s~ 1) values as a function of temperature; and c) gelatin (Ge) concentration (from 10 to 20 % w/v) and d) ribose (Ri) and/or glycerol

(Gly) content (10 and 20 wt% on gelatin dry basis) (n = 2).

Table 1

Gelling and melting temperatures (Tgel and Tmel, respectively), as well as vis-
cosity values (y=6.39 s~1) of gelatin-based solutions, for electrospinning at 30.7
+ 0.6 °C, as a function of gelatin (Ge) concentration (from 10 to 20 % w/v) and
ribose (Ri) and/or glycerol (Gly) content (10 and 20 wt% on gelatin dry basis) (n
=2).

Gelatin solution Tgel (°C) Tmel (°C) Viscosity 102 (Pa*s)
(% w/v) at 30.7 £ 0.6 °C
10Ge 21.44 + 0.02 26.10 + 0.04 1.88 + 0.21

12 Ge 21.73 £ 0.01 26.23 + 0.02 2.69 £+ 0.13

14 Ge 22.26 + 0.03 26.53 + 0.01 3.83 £0.19

16 Ge 22.83 + 0.01 26.88 + 0.01 5.70 £ 0.05

18 Ge 23.15 + 0.02 27.08 + 0.02 7.97 £0.33

20 Ge 23.75 + 0.03 27.50 + 0.04 13.08 + 0.16
20Gel0Ri 23.43 + 0.00 27.24 + 0.00 11.83 + 0.25
20Ge20Ri 23.48 + 0.01 27.33 + 0.02 12.46 + 0.17
20Gel0Gly 23.75 + 0.01 27.54 + 0.00 13.33 + 0.19
20Ge20Gly 23.95 + 0.00 27.76 + 0.01 12.64 + 0.24
20Gel0Ri10Gly 23.76 £+ 0.03 27.57 + 0.04 13.30 £ 0.19
20Ge10Ri20Gly 23.84 + 0.04 27.58 + 0.03 13.43 £ 0.21
20Ge20Ri10Gly 23.74 + 0.05 27.53 + 0.05 13.39 + 0.23
20Ge20Ri20Gly 23.75 £ 0.05 27.55 + 0.04 13.50 + 0.28

is related to the coil-to-helix transition and the formation of a molecu-
larly ordered network induced by intra- and inter-molecular physical
interactions [26]. Regarding the melting point, Gornall and Terentjev

[27] reported that an increase in Tmel could be related to an increase in
the stability of the triple helix which provided higher thermal stability to
the gelatin solution.

The addition of ribose and glycerol into the gelatin formulations
(Fig. 1d) did not have the same effect on the rheological properties as
gelatin concentration. This is seen in the minor variation of Tgel, Tmel
and viscosity values, compared to the gelatin solution with no additives
(control sample, 20Ge) (Table 1). The small variations can be related to
changes in the concentrations due to additive presence, as well as
changes in physical crosslinks such as hydrogen bonds formed between
gelatin and the additives [28].

3.2. Morphological properties of gelatin-based mats

The increase in gelatin concentration prevented the occurrence of
beads in the electrospinning process, for gelatin solutions electrospun at
30.7 °C, 29 % RH, 22 kV and 0.3 mL/h (Fig. 2). Mats produced from
gelatin concentrations up to 14 % w/v presented lots of beads while the
use of gelatin solutions with concentrations equal to or higher than 16 %
w/v favoured the formation of smooth, bead-free nanofibres. Similarly,
Okutan and coworkers observed that gelatin solutions at 7 % w/v did
not produce nanofibres, whereas regular nanofibre formation occurred
with a 20 % w/v gelatin concentration [3]. Electrospinning of solutions
with higher concentrations and viscosities (Table 1), resulted in an
improvement in the viscoelastic forces. Hence, the partial breakup of the
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20 pm

x'800

Fig. 2. SEM images of gelatin (Ge) mats as a function of gelatin concentration (from 10 to 20 % w/V).

polymer jet and the formation of beads is prevented, enabling the for-
mation of smooth and uniform fibres [22,29]. The addition of ribose and
glycerol did not alter the morphology of the mats (Fig. 3), irrespective of
their percentages, resulting in the formation of smooth, bead-free
nanofibres.

With regard to the size distribution of the nanofibres (Fig. 4a), the
diameters were mainly between 300 and 400 nm, with a lesser per-
centage between 200 and 300 nm, irrespective of the gelatin concen-
tration (16, 18 and 20 % w/v). The addition of ribose and glycerol
(Fig. 4b), however, resulted in an increased percentage of nanofibres in
the 400-500 nm range, although the main size range was still around
300-400 nm. Overall, the average nanofibre diameter slightly increased
when ribose and glycerol were added (Table 2). Kawak and colleagues
observed that the average diameter of the sugar-crosslinked gelatin
nanofibres (in the 200-300 nm range) increased slightly when sugars
were added [12]. Similarly, Siimon and coworkers showed that the
average fibre diameters of pure gelatin nanofibres (between 280 and

575 nm) started to increase with the addition of glucose (> 5 %) [30].
This increase in fibre diameter was related to a higher concentration of
solid material (gelatin + additives) in the formulation, which led to a
slight increase in viscosity (Table 1). Although the viscosity of the so-
lution is usually considered to be the dominant parameter which decides
fibre diameter, the observed increase in fibre diameters might also be
related to a possible decrease in conductivity of the biopolymer solution
[31].

3.3. Heat-treatment effect on the morphology of gelatin-based mats after
immersion

Unlike the gelatin-based mats without sugar (20Ge, 20GelOGly,
20Ge20Gly), the ribose-containing mats were not water-soluble, irre-
spective of glycerol content and the temperature used in the heat
treatment (from 80 to 110 °C). This water stability improvement was
related to the temperature-induced crosslinking via MR between the

20Ge10Ri20Gly

20Ge20Ri20Gly

Fig. 3. SEM images of 20 % w/v gelatin (20Ge) mats as a function of ribose (Ri) and glycerol (Gly) content (10 and 20 wt% on gelatin dry basis).
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Fig. 4. Size distribution of fibres of a) gelatin (Ge) mats as a function of concentration (from 16 to 20 % w/v), and b) 20 % w/v (20Ge) mats as a function of ribose

(Ri) and glycerol (Gly) content (10 and 20 wt% on gelatin dry basis) (n > 180).

20Gel0Ri10Gly

20Ge10Ri10Gly

Table 2

Average fibre diamter of gelatin (Ge) mats as a function of gelatin
concentration (from 10 to 20 % w/v), and ribose (Ri) and glycerol
(Gly) content (10 and 20 wt% on gelatin dry basis) (n > 180).

Gelatin mats

Fibre diameter (nm)

10Ge -*

12Ge =¥

14Ge -*

16Ge 324.5 £ 59.6
18Ge 344.5 £ 55.4
20 Ge 319.5 £ 80.3
20GelORi 390.5 + 80.3
20Ge20Ri 400.0 +£92.4
20Gel0Gly 380.5 + 84.8
20Ge20Gly 391.7 £77.4
20Gel0Ri10Gly 3649 £ 71.1
20Gel0Ri20Gly 351.2+77.3
20Ge20Ri10Gly 352.6 £79.3
20Ge20Ri20Gly 400.1 +92.7

*High presence of beads.

gelatin and ribose [19]. However, although crosslinked mats became
more water-stable, the fibrous morphology of the mats was compro-
mised, which was dependent on the crosslinker (ribose) concentration
and heating temperature (Fig. 5 and Fig. 6). Fibre fusion happened after
the immersion of mats heat-treated at temperatures < 100 and < 90 °C
in mats containing 10 and 20 wt% ribose, respectively, resulting in film-
like morphologies. At higher temperatures, the fibrous morphology
remained, although the fusion of fibres still occurred. This was also
observed by Kwak and colleagues in a study of electrospun gelatin mats
crosslinked with sucrose, glucose or fructose [12], related to the extent
of the MR. Stevenson and colleagues studied the addition of ribose into
gelatin film-forming solutions and the subsequent heat treatment of
films to promote the MR. It was concluded that a greater crosslinking
extension occurred at the highest heating temperature (studied tem-
peratures: room temperature, 70 and 90 °C) [19]. It is known that the
MR is promoted at higher temperatures and prolonged heating, as well
as with an increase (up to a certain concentration) of the crosslinker
content [15,19,23]. Regarding the plasticiser addition, the presence of
glycerol might play a minor role in the preservation of fibres, since
glycerol induces the formation of hydrogen bondings between the pro-
tein and the plasticizer itself [32], which could help maintain the

Fig. 5. SEM images of 20 % w/v gelatin (20Ge) mats with 10 wt% of both ribose (20Ri) and glycerol (10Gly) before and after immersion in MQW water at 37 °C for

24 h.
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Fig. 6. SEM images of 20 % w/v gelatin (20Ge) mats with 20 wt% of both ribose (20Ri) and glycerol (20Gly) before and after immersion in MQW water at 37 °C for

24 h.
structure of the ribose-crosslinked mats.
3.4. Physicochemical characterization of mats heat-treated at 110 °C

XRD results indicated that the gelatin mats had an amorphous
structure (Fig. 7), confirmed by the lack of peaks at 7.5° and 20° (26),
associated with the residual triple-helix from native collagen and the
partial crystalline structure of gelatin, respectively [33]. This can be
attributed to fast water evaporation and, thus insufficient time to pro-
vide mobility to form ordered structures (e.g., hindering the renatur-
ation of the triple-helix) during gelatin fibre formation and sample
drying [22]. However, the intensity of the peaks slightly increased when
both ribose and glycerol were present together in the formulation. This
could be related to a more ordered biopolymer structure due to both the
formation of new physical and chemical bonds between glycerol and
ribose with gelatin, respectively. Morsy and colleagues observed similar
XRD patterns with glycerol-containing and glucose-crosslinked gelatin
electrospun mats [32].

FTIR spectra of all gelatin mats mostly presented the main charac-
teristic vibrational bands belonging to gelatin (Fig. 8a): C=0 stretching

—20Ge
——20Ge10Ri
——20Ge20Ri
——20Ge10Gly
——20Ge20Gly
——20Ge10RI10Gly
——20Ge10Ri20Ge
——20Ge20Ri10Gly
——20Ge20Ri20Gly

Intensity (a.u.)

26 ()

Fig. 7. XRD patterns of 20 % w/v gelatin (20Ge) mats heat-treated at 110 °C
for 24 h, as a function of ribose (Ri) and glycerol (Gly) content (10 and 20 wt%,
on a gelatin dry basis).
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Fig. 8. FTIR spectra of 20 % w/v gelatin (20Ge) mats heat-treated at 110 °C for
24 h as a function of ribose (Ri) and glycerol (Gly) content (10 and 20 wt%, on a
gelatin dry basis), a) full scale (4000-750 cm™Y), and b) zoomed in the
1750-750 cm ™! range.
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at 1630 cm ™! (amide I), N—H bending at 1530 cm~! (amide II) and
C—N stretching at 1230 cm ™! (amide IIT) [34]. Regarding the additives,
the main absorption bands of glycerol were due to O—H stretching at
around 3290 cm ™! and the five bands corresponding to the vibrations of
C—C bonds (850, 940 and 1000 cm‘l), as well as to C—O bonds (1050
and 1100 ecm™!) [35]. The bands associated with ribose were located
between 1160 and 950 cm . The band at approximately 1150 cm ! isa
characteristic vibration of a pyranose ring, and the 1200-950 cm™! re-
gion is associated with C—O and C—C stretching vibrations and
C—O0—H, C—C—O0 bending vibrations [36].

The presence of glycerol into the gelatin formulation was seen
through an increase in intensity of O—H stretching bands, especially in
samples with 20 wt% glycerol content (Fig. 8a). The addition of both
additives and the effect of temperature was observed via the intensity
changes in the 1200-950 cm ! region, as well as the Amide (A, [-III)
bands shifts (Fig. 8b and Table 3). These changes in band intensities,
such as variations in the two bands (1080 and 1031 ¢cm ) situated in the
saccharide region (1150-900 cm’l), and the movement of the wave-
number positions (Fig. 8b and Table 3), have been related to structural
changes that occur during the crosslinking reaction between gelatin and
sugars, promoted by temperature [13,15], as well as the presence of
hydrogen bonding between glycerol and gelatin [32].

Regarding the hydrolytic stability of the gelatin-based mats, the
control (20Ge) and only glycerol-containing mats (20GelOGly,
20Ge20Gly) were entirely soluble in water (Fig. 9a). This indicates that
the physical interactions between gelatin and glycerol were not strong
enough to maintain the integrity of the mats. The addition of ribose,
however, significantly reduced the solubility of samples from 100 %
(20Ge, 20Gel0Gly, 20Ge20Gly) to around 16 % for 20GelORi and
20Ge20Ri. This is related to crosslinking between gelatin and ribose via
the MR, promoted by temperature, since the formation of high molec-
ular weight (HMW) compounds by crosslinking protein molecules with
sugar can increase the water stability of protein-saccharide systems
[15]. It is worth mentioning that the solubility values did not increase as
the ribose content increased from 10 to 20 wt%. Comparable outcomes
for lactose-crosslinked gelatin films were observed in our previous
study, where films containing 10 wt% glycerol and crosslinked with 20
and 30 wt% lactose showed similar solubility values (around 12 %),
indicating that further addition of lactose did not promote additional
crosslinking reactions [37]. A further decrease in solubility (around 9 %)
with the addition of glycerol, especially at 20 wt% content, was
observed on mats containing ribose. A similar result was seen by Ma and

Table 3

Amide A, I, I, and Il band wavenumbers for 20 % w/v gelatin (20Ge) mats heat-
treated at 110 °C for 24 h as a function of ribose (Ri) and glycerol (Gly) content
(10 and 20 wt%, on a gelatin dry basis). Two means followed by the same letter
in the same column are not significantly (P > 0.05) different using Tukey’s
multiple range test (n = 4).

Gelatin mats Amide A Amide I Amide 1T Amide IIT
20Ge 3285.9 + 1636.4 + 1535.7 + 1240.6 +
352 1.0° 3.4 0.8
20Gel0Ri 3291.2 + 1639.8 + 1534.7 + 1236.3 +
4,28 5.3% 5.0% 0.0°
20Ge20Ri 3292.2 + 1637.4 + 1531.3 + 1242.0 +
2.0% 0.0 0.0 0.0°
20Ge10Gly 32922 + 1638.4 + 1537.6 + 1242.0 +
2.0% 0.9° 2.5° 0.0°
20Ge20Gly 3294.1 + 1641.3 + 1544.8 + 1238.2 +
6.4% 0.0 0.0° 0.0
20GelORi10Gly  3297.5 + 1639.8 + 1535.2 + 1238.2 &
3.4° 0.9° 0.0% 0.0
20GelORi20Gly  3292.4 + 1637.4 + 1544.8 + 1242.0 +
1.7 0.0° 0.0° 0.0°
20Ge20Ri10Gly  3291.8 + 1630.7 + 1534.3 + 1240.1 +
2.4% 1.6° 1.6%° 2.8%
20Ge20Ri20Gly ~ 3291.7 + 1629.7 + 1535.2 & 1240.1 +
212> 0.0° 0.0% 0.0%
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co-workers, where a reduction of water solubility for a gelatin film was
observed as the glycerol content increased. The decrease in solubility
was related to the combination of chemical and physical crosslinking,
where the latter further improved the integrity of gelatin mats during
immersion [38,39].

When it comes to water absorption capacity, unlike 20Ge,
20Gel0Gly and 20Ge20Gly, ribose-containing gelatin mats, regardless
of glycerol content, showed water retention properties (Fig. 9b), which
were related to the presence of chemical and physical crosslinks in the
mats, as seen in FTIR and solubility results (Fig. 8 and Fig. 9a). These
crosslinks decreased the hydrolytic degradation of gelatin, while
allowing the mats to swell and maintain their integrity. Swelling values
decreased as the concentration of additives increased. This reduction
was related to more interactions that made for a stronger polymer
network, which, in turn, hindered the water molecules’ entrance into the
polymer network [12]. The improvement of hydrolytic stability and
water absorption ability of crosslinked gelatin mats can be considered as
an advantage for the potential use of these mats in biomedical appli-
cations such as wound healing [40], and in food packaging applications
such as absorbents pads for meat packaging [41], among others.

The immersion of mats in MQW can result in the migration of
components (gelatin, glycerol, ribose, Maillard reaction products
(MRPs)) from the sample into the liquid, and so leaching of these
compounds was studied using UV-vis spectroscopy (Fig. 10a). Unlike
the control (20Ge) and only glycerol-containing gelatin mats
(20Gel0Gly, 20Ge20Gly), all 100 % water-soluble, the ribose-
containing mats presented a lower migration (dissolution) of gelatin,
since a narrowing in the absorption band related to peptide bonds of
gelatin (200-250 nm) [42] was observed in all gelatin mats with ribose,
regardless of the sugar content. This was related to the crosslinking re-
action, which could reduce the dissolution of gelatin into MQW due to
the formation of HMW compounds by crosslinking protein molecules.
Ribose-crosslinked mats also presented a broad band between 250 and
300 nm, which was related to the release of water-soluble MRPs. It is
worth mentioning that the 20Ge20Ri mats released the highest amount
of MRPs, which could be related to the higher formation of these water-
soluble compounds, due to the presence of a higher sugar content in the
formulation. MRPs have been reported to have antioxidant activity
[24,43] and so, the antioxidant properties of the released MRPs were
assessed through the DPPH radical scavenging assay, and the results are
shown in Fig. 10b and Table 3S.

Gelatin mats without ribose exhibited ~ 5 % DPPH radical scav-
enging capacity. This result indicated that the gelatin itself had some
antioxidant effects, which could be associated with the presence of
antioxidant peptide fractions [12,44]. The addition of ribose into the
gelatin formulation notably increased the inhibition values of mats, and
the antioxidant activity increased as the ribose content increased.
However, the addition of glycerol into ribose-containing gelatin mats
compromised the antioxidant properties of the samples, especially with
20Gel0Ri20Gly, 20Ge20Ril0Gly and 20Ge20Ri20Gly. The decrease of
antioxidant activity of ribose-crosslinked mats containing glycerol can
be related to water activity (ay) modification or the dilution effect of
glycerol (plasticizer, humectant). This could affect the formation and
concentration of MRPs, since this plasticizer has been used as an a-
adjusting agent in the MR and diluent agent [45]. Further investigation
is necessary in this regard. However, the release of MRPs and their
antioxidant activity can provide beneficial properties for the potential
use of these mats in active food packaging, as well as in wound healing
applications [46,47].

4. Conclusions

Ribose- and/or glycerol-containing electrospun gelatin-based mats
were produced in this study. Gelatin solutions with concentrations > 16
% w/v favoured the formation of smooth, bead-free nanofibres (di-
ameters between 300 and 400 nm). Heat treatments at 110 and 100 °C



A. Etxabide et al.

European Polymer Journal 180 (2022) 111597

3000
> o - X
100 -2 A 2] Solubility 77} Swelling
1| A a
gy N
Q0 A N a
s NN, 2500 -
iy ) A7
77 LA VA /,];/ ab
80 Al A VA sy
s A Vs s
41/ A / v 'l
77 7707 o @b % ab
| ' g = L7 A
10 s — 2000 A o /T/ s b _ T -
SN 777 = NV 7 7%
iy iy ; ’
~ 60 |- < N s T oy v
> L o N gy /-;l// s /
= 1L YN AN N g
= S £ 1500 4 SN LA NS iy
a 50407 = A LA A o
= iy ) L oy LA A N s
= | AN AN A NS %
° s = AN AN NN NS e
n 4041700 0 AN eV Vs iy
L] S A VS ANV VA s,
B 1000 N A VA /
30407 AN ANV e
L7 SN PI IR SIS RIS g
vy P YRy oy A N Py
1 A NN, 7
204l A / S s s
|| 500 + N A A 7
] A NN s
10 4 /;;;, A AV v
iy SN AV s o
oy AN SN N A g
o W 0 A AN 7
T T T T T T T T T
@ @ @ N N N N N
'7»00 ,LQG ,\Q &0 QCD 0('9 QO oV \QG AP
A\ A
o' © ©¥ A & a &
'LQ 'LQ v P @e &8 @6(2’0 &&Q
P

Fig. 9. a) Solubility and b) swelling values of 20 % w/v gelatin (20Ge) mats heat-treated at 110 °C for 24 h as a function of ribose (Ri) and glycerol (Gly) content (10
and 20 wt%, on a gelatin dry basis). Two means followed by the same letter are not significantly (P > 0.05) different using Tukey’s multiple range test (n = 3).
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Fig. 10. a) UV-vis spectra and b) inhibition values of Maillard reaction products released from 20 % w/v gelatin (20Ge) mats heat-treated at 110 °C for 24 h as a
function of ribose (Ri) and/or glycerol (Gly) content (10 and 20 wt%, on a gelatin dry basis). Two means followed by the same letter are not significantly (P > 0.05)

different using Tukey’s multiple range test (n = 3).

on mats containing 10 and 20 wt% ribose, respectively, provided mats
with water stability and maintained a fibrous morphology after im-
mersion, due to crosslinking between gelatin and ribose known as the
Maillard reaction (MR). Heat treatment at 110 °C and the addition of
glycerol resulted in a decrease of solubility and provided mats with
water absorption capacity as well as antioxidant activity due to the
presence of a chemical and a physical (hydrogen bonding) crosslinking
induced by ribose and glycerol with gelatin. This study shows that i)
gelatin was successfully electrospun using only water as a solvent, and
ii) the Maillard reaction, and the addition of glycerol in gelatin formu-
lations, are viable alternatives to improve and tailor the functional
properties of electrospun gelatin mats for active food packaging and
wound healing applications.
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