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ABSTRACT: Exploring the chance to convert biowaste into a
valuable resource, this study tests the potential role of humic acids
(HA), a class of multifunctional compounds obtained by oxidative
decomposition of biomass, as physical agents to improve gelatin’s
mechanical and thermal properties. To this purpose, gelatin−HA
aqueous samples were prepared at increasing HA content. HA/
gelatin concentrations changed in the range 2.67−26.67 (wt/wt)%.
Multiple techniques were employed to assess the influence of HA
content on the gel properties and to unveil the underlying
mechanisms. HAs increased gel strength up to a concentration of
13.33 (wt/wt)% and led to a weaker gel at higher concentrations.
FT-IR and DSC results proved that HAs can establish noncovalent
interactions through H-bonding with gelatin. Coagulation
phenomena occur because of HA−gelatin interactions, and at concentrations greater than 13.33 (wt/wt)%, HAs established
preferential bonds with water molecules, preventing them from coordinating with gelatin chains. These features were accompanied
by a change in the secondary structure of gelatin, which lost the triple helix structure and exhibited an increase in the random coil
conformation. Besides, higher HA weight content caused swelling phenomena due to HA water absorption, contributing to a weaker
gel. The current findings may be useful to enable a better control of gelatin structures modified with composted biowaste, extending
their exploitation for a large set of technological applications.

■ INTRODUCTION

Gelatin, a natural peptide macromolecule obtained by partial
hydrolysis of collagen, is one of the most employed
polymers.1,2 Its large availability, low cost, biocompatibility,
biodegradability, and poor antigenicity make it suitable for a
wide number of applications in food as well as biomedical and
pharmaceutical fields.3−5 Gelatin is easily soluble in water at
temperatures above 30 °C, and a thermoreversible physical gel
can be obtained by cooling gelatin aqueous solutions,6−9 as
they undergo a sol−gel transition upon cooling, whose
characteristics depend on various parameters (e.g., gelatin
concentration, pH, etc.).10−13 Gelation of gelatin aqueous
solutions has been widely studied in the literature.14,15 Several
works reported the study of the time to onset of gelation under
isothermal conditions,16,17 as well as the influence on the
gelation temperature of a ramp rate applied to the
solution.10,13,18

Gelatin properties can be improved by adding cosolutes,
which interact through either chemical or physical junctions in
a way to increase, on the one side, rheological and mechanical
strength, or to confer, on the other side, peculiar properties,
such as water resistance or thermal stability.19−21

Despite the great efficacy of the commonly used aldehyde
cross-linkers (formaldehyde and glutaraldehyde), their toxicity
poses health and safety issues and strongly limits their

application, particularly in the biomedical field and food
industry.3,4 Thus, there is a growing interest to find more
sustainable and safe cross-linking choices based on natural
moieties.22 Among these, polyphenols are known to interact
with proteins, through physical and chemical conjugation,
providing higher thermal stability as well as antioxidant
features.23 For such reasons, polyphenols have been explored
as additives for gelatin, yet with contrasting results. In some
systems, gelatin benefits from their addition, exhibiting
improved mechanical properties as well as higher thermal
stability.22,24 In other cases, however, polyphenol addition
results in lower tensile strength of gelatin films.24

Among bioavailable compounds, humic acids (HAs), the
alkali-soluble fraction obtained from oxidative degradation of
biomass in either natural or biorefinery processes, are
intriguing moieties, with various functionalities in their
backbone, including quinone, phenol, carboxyl, and hydroxyl
groups, which confer them different properties, such as

Received: October 26, 2021
Revised: December 9, 2021
Published: December 22, 2021

Articlepubs.acs.org/Biomac

© 2021 The Authors. Published by
American Chemical Society

443
https://doi.org/10.1021/acs.biomac.1c01398

Biomacromolecules 2022, 23, 443−453

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Virginia+Venezia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pietro+Renato+Avallone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giuseppe+Vitiello"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brigida+Silvestri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nino+Grizzuti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rossana+Pasquino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rossana+Pasquino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giuseppina+Luciani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.biomac.1c01398&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01398?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01398?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01398?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01398?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01398?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/bomaf6/23/1?ref=pdf
https://pubs.acs.org/toc/bomaf6/23/1?ref=pdf
https://pubs.acs.org/toc/bomaf6/23/1?ref=pdf
https://pubs.acs.org/toc/bomaf6/23/1?ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.biomac.1c01398?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Biomac?ref=pdf
https://pubs.acs.org/Biomac?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


antioxidant, antibacterial, and anti-inflammatory activity. Thus,
HAs are biowaste already available in nature in large quantities,
as well as polyphenols, with the additional characteristic that
HAs are more stable in terms of degradation.25,26 HAs also
cost less than more common polysaccharides, such as pectin
and agar,27 that are also widely used as additives for gelatin
solutions, although they are obtained with a longer extraction.
They hold, as such, a huge potential as a source for eco-
sustainable materials. To this purpose, recent studies prove
that HA blending with hydrogels leads to promising solutions,
including biodegradable sorbents and delivery systems for a
large number of applications.28,29

Despite the similarity of chemical functional groups with
polyphenols, HAs have peculiar features.30−33 In fact,
according to the currently accepted view, they are made of
relatively low molecular weight compounds which are self-
organized into supramolecular structures, held together by
weak dispersive forces, such as van der Waals, π−π, and CH−π
interactions.34−36 Furthermore, because of the noncovalent
nature of stabilizing interactions, not only are these super-
structures greatly affected by the chemistry of surrounding
environment, including pH, cosolutes, and biological mole-
cules, and behave as dynamic systems, but also they undergo
self-restructuring in water.33 Because gel formation occurs in
an aqueous environment, these features may have great
influence on the gel behavior and cannot be disregarded.
Therefore, the effect of HAs on gel properties of gelatin cannot
be forecast by analogy based on the available studies on
polyphenols−gelatin systems, which exhibit contrasting
results.22−24 A dedicated investigation is required in order to
provide a concrete chance for HA technological application,
according to a waste-to-wealth approach. Prompted by this
need, this study is focused on understanding the gel behavior
and physicochemical properties of gelatin modified with HAs.
To this purpose, gelatin from porcin skin (type A) was selected
as the most exploited source for gelatin hydrogels,37 whereas
Aldrich Humic Acid was selected as a model HA moiety.
Rheological properties have been investigated over a wide

range of compositions (i.e., by tuning HA content, keeping
fixed the gelatin concentration) to study the effect of HAs on
the mechanical and thermal properties of the resulting
hydrogel. In particular, gelation kinetics and transition
temperatures have been investigated as a function of the HA
concentration. Hydrogels have been characterized in terms of
both the resulting strength and the chemical inter- and
intramolecular interactions arising between gelatin and HAs.
The physicochemical properties of gelatin−HA systems were
assessed through X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FT-IR), differential scanning calorim-
etry (DSC), scanning electron microscopy (SEM), and
swelling kinetics to investigate the noncovalent interactions
between HAs and gelatin and their role in conformational and
rheological features.

■ MATERIALS AND METHODS
Materials. Gelatin from porcine skin (gel strength 300, type A)

and humic acid sodium salt (HA), CAS Number 68 131-04-04, were
obtained from Sigma-Aldrich (Milan, Italy) and used as received. Its
chemical structure is reported in Figure 1. Elemental analysis of HA
was reported elsewhere.38,39 Briefly, carbon, hydrogen, oxygen,
nitrogen, and sulfur content were determined as 43.9, 3.5, 0.7, and
<0.3%, respectively.
Methods. Preparation of Neat Gelatin Solution. Gelatin powder

was dissolved in bidistilled water at 5.7 wt % using a magnetic stirrer

at 360 rpm and 60 °C for 30 min to guarantee complete dissolution.
Gelatin concentration was chosen in order to work in a semidilute
regime and avoid any precipitation during gel preparation. At the
same time, this value is close to those reported in previous
studies.10,40

Preparation of HA Solution. HA solution at 3 wt % was prepared
by dissolving HA powder, added gradually, in bidistilled water. In
particular, the solution was continuously stirred after each HA
addition for 15 min and sonicated for 10 min. The obtained
dispersion was kept for 2 days in order to separate the precipitate and
the supernatant from the solution. The maximum water-soluble
fraction of HA remaining in solution was 2 wt %.

Preparation of Gelatin−HA Solutions. Gelatin−HA solutions
were prepared according to the following procedure. Gelatin solutions
at different concentrations were prepared, and an appropriate volume
was mixed with HA solution at 2 wt % to achieve the final gelatin
concentration equal to 5.7 wt % and different HA composition as
reported in Table 1. The obtained solutions were stirred at 360 rpm
and 60 °C overnight, and the pH value was roughly 8. Samples were
stored in glass bottles at room temperature.

Dynamic Rheological Measurements. Rheological measure-
ments were performed in a rotational stress-controlled rheometer
(Discovery Hybrid Rheometer 2, TA Instruments, United States)
equipped with a Peltier cell for temperature control and 40 mm
diameter sandblasted parallel plates (thermal expansion coefficient of
0.957 μm/ °C). Tests were carried out by using a gap of 1 mm and a
solvent trap to avoid evaporation at high temperature.

Dynamic temperature ramp tests (DTRTs) were performed by
imposing a frequency of 10 rad/s and a deformation of 5% in a way to
guarantee linear viscoelastic regime. They were used to evaluate the
transition temperature of the solutions (reported in Table 1) in a
temperature range between 60 and −5 °C, by imposing specific
cooling and heating rates. Samples were loaded at 60 °C, cooled to
−5 °C, and (after a waiting time of 300 s at −5 °C) heated again to
60 °C. The transition temperatures were defined as the minimum of
derivative of | *|Glog( ) with respect to temperature.10,41 The transition
temperature during cooling is indicated as Tsol−gel, whereas the
transition temperature during heating is indicated as Tgel−sol.

Dynamic time sweep tests (DTSTs) were carried out in isothermal
conditions to evaluate the gel time in a specific temperature range.
The sample was loaded at 60 °C between the plates of the rheometer
and cooled to the reference temperature test with an imposed cooling
ramp of 10 °C/ min, with a frequency of 10 rad/s and a deformation
of 5%. When the sample reached the reference temperature, the test
started and the viscoelastic moduli were measured as a function of

Figure 1. Two-dimensional chemical structure of HA sodium salt.

Table 1. Composition of Gelatin−HA Samples

sample HA composition (mg/ml) % HA/gelatin (wt/wt)

gelatin−HA 1.6 1.6 2.67
gelatin−HA 8 8 13.33
gelatin−HA 16 16 26.67
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time. The gel time, tgel, was defined as the time at which the value of
the storage modulus equals the value of the loss modulus.16,42

Dynamic frequency sweep tests were performed at 5 °C and with a
linear strain of 5%. The viscoelastic moduli were measured in a
frequency range between 100 and 0.1 rad/s.
Uniaxial Compression Tests. Uniaxial compression tests were

performed on a rotational stress-controlled rheometer (MCR 702,
Anton Paar, Austria) equipped with a Peltier cell for temperature
control and 25 mm diameter parallel plates. Samples were taken out
from the gel mold (after 16 h kept in the fridge) with a diameter of
7.5 mm and a height of 13 mm and placed on the Peltier unit on the
center of the impacting plate. The gels were compressed with a
crosshead speed of 1 mm/s at 5 °C. Six repeated experiments were
performed for each HA concentration, and the stress−strain behavior
of the gels was assessed.
The true stress (σ) and stretch ratio (λ) were evaluated by the

measured normal force and reduced height, respectively, by following
the procedure explained in Li et al.43

The stretch ratio was defined as

λ = h
h0 (1)

where h0 and h are the initial gel height and its height after
compression, respectively.
The true stress and strain were calculated as

σ
π

λ= ×F
r2 (2)

ε λ= −ln (3)

XRD, FT-IR, and TGA/DSC analyses were carried out on dried
samples, which were obtained by an overnight thermal treatment at 60
°C to avoid any protein denaturation.
XRD Analysis. XRD patterns were tracked with a Malvern

PANalytical diffractometer (Malvern, U.K.) with a nickel filter and
Cu Kα radiation to investigate the crystalline phases of the gelatin
protein and its structural changes in the solution due to the addition
of HA. The relative intensity was recorded in the range of 2θ from 5◦

to 80◦.
FT-IR Spectroscopy. FT-IR spectroscopy was carried out on HA,

gelatin and gelatin−HA samples through a Nicolet Instrument Nexus,
Thermo Scientific, Waltham, MA, United States, equipped with a
DTGS KBr (deuterated triglycine sulfate with potassium bromide
windows) detector. FT-IR absorption spectra of all samples were
recorded in the 4000−400 cm−1 range at a 2 cm−1 spectral resolution
on pressed disks of powders previously diluted in KBr (1 wt %). The
spectrum of each sample was corrected for that of blank KBr.
SEM analysis. SEM imaging was carried on HA, gelatin, and

gelatin−HA samples using the following tool: FEI Ispect S; source,
6−12.5 kV; filament, tungsten equipped with an Everhart−Thornley
detector (ETD).

Samples for SEM analysis were prepared following the procedure
reported elsewhere,44 with some changes. Briefly, the samples were
immersed in 1 mL pipet tips. Then, they were soaked in an aqueous
solution of 1.6 wt % in glutaraldehyde and kept for 16 h, followed by
washing with bidistilled water for 16h. All samples were dried and
then sputter coated with gold before SEM analysis.

TGA/DSC Analysis. DSC measurements were carried out at low
temperatures, using a TA Instrument simultaneous thermo-analyzer
(DSC 2500 172.23.164.25) under nitrogen atmosphere (procedure:
equilibrate at −120 °C, isothermal 2.0 min, ramp 10 °C/ min to 200
°C). Samples were hydrated with a defined amount of water (15 wt
%) to verify the interaction with water through the evaluation of its
temperature melting/crystallization. Furthermore, TGA/DSC meas-
urements were recorded using a TA Instrument simultaneous thermo-
analyzer (SDT Q600, New Castle, Delaware, United States). About
10 mg of each powder sample was put into a platinum pan and then
heated to 600 °C, at a heating rate 10 °C/min, under air atmosphere.

Swelling Analysis. The swelling kinetics of both gelatin and
gelatin−HA hydrogels were determined following a well-known
method reported in previous studies.40,45 Briefly, the investigated
samples were dried at 50 °C, weighed, and then rehydrated in distilled
water at room temperature. The samples were drained with filter
paper in order to remove water in excess and weighed at 10, 20, 60,
and 180 min. The swelling ratio was defined using eq 4:

[ ] =
−

×
W W

W
swelling ratio % 1000 d

d (4)

in which W0 and Wd are the hydrated and the dried weight of the
hydrogel, respectively.

■ RESULTS AND DISCUSSION

Effect of HA on Viscoelasticity and Temperature
Ramps. Figure 2 shows the typical response of a dynamic
temperature ramp test, both in cooling (blue curves) and in
heating (red curves). The viscoelastic moduli are reported as a
function of temperature for both solutions (Figure 2a, gelatin;
Figure 2b, gelatin−HA 16). In both cases, at high temperature,
the sample is a viscous liquid, as revealed by the very low
viscoelastic moduli. Approaching a critical temperature, the
viscoelastic moduli start to increase abruptly, indicating an
incoming gelation process. At low temperature, below the
critical temperature just discussed, the elastic modulus exceeds
the viscous modulus by 2 orders of magnitude. This behavior
indicates that a gel-like structure is formed. Then, when the
temperature ramp is reversed, a melting process takes place,
characterized by a steep decrease of the viscoelastic moduli.
Finally, at high temperature, the moduli return to their initial
values, indicating that the gelation is thermoreversible. The
difference between the cooling and the heating ramps is

Figure 2. Viscoelastic moduli measured during cooling and heating ramps at 1 °C/min for (a) gelatin and (b) gelatin−HA 16.
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indicative of a hysteresis, which depends on ramp rate.10

Various ramp rates were performed, and the transition
temperatures were extracted, following Avallone et al.10 For
more details, see Figure S1 in the Supporting Information.
Panels a and b of Figure 3 report the complex modulus

during cooling and heating at 1 °C/ min, respectively, for
different systems containing various HA amounts. When HA
content increases, the rheological curves shift nonmonotoni-
cally, suggesting the presence of a critical HA concentration,
* ≅c 13.33 (wt/wt)%HA , for which the complex modulus
exhibits the highest values, in both cooling and heating ramps.
Figure 4a displays frequency sweep tests at 5 °C for various

samples at different HA concentrations. The linear rheological
response is typical of an elastic network, with G′ higher than
G″ and independent of frequency, regardless of the HA

content considered. Figure 4b reports the transition temper-
atures in cooling (Tsol−gel, filled triangles) and in heating
(Tgel−sol, empty triangles), measured at 1 °C/ min together
with the elastic modulus at 5 °C and 10 rad/s as a function of
HA content. The elasticity of the resulting gel (right axis in
Figure 4b) changes in a nonmonotonic way according to HA
amount. A low content (up to 13.33 (wt/wt)%) increases the
viscoelasticity of the resulting gel, whereas a higher HA amount
builds a “softer” gel, characterized by a larger value of the
viscous modulus and a lower value of the elastic modulus. In
other words, when HAs exceed a specific amount, their
presence reduces the “distance” between G′ and G″. Even the
transition temperatures show the same nonmonotonic trend as
a function of the HA content.
Notably, HA addition to gelatin up to a concentration of

13.33 (wt/wt)% has both G′ and G″ increased, resulting in |

Figure 3. Complex modulus as a function of temperature at 1 °C/min and 10 rad/s for different concentrations of gelatin and humic acid aqueous
solutions with (a) cooling and (b) heating ramp at 1 °C/min.

Figure 4. (a) Frequency sweep tests at 5 °C for samples with different HA concentrations. (b) Transition temperatures and elastic modulus at 5 °C
and 10 rad/s as a function of HA content.

Figure 5. Complex modulus as a function of time for different temperatures for (a) gelatin and (b) gelatin−HA 16 samples.
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G*| values greater than that of the water/gelatin system. These
features evidence that the mechanical and thermal stabilities of
the gel improve because of the presence of HA. Notably, it
must be argued that up to a concentration limit, HA has a
beneficial effect on the gelation process, promoting formation
of a tighter network.
Effect of HA on Gelation Kinetics. Panels a and b of

Figure 5 show the isothermal kinetics for gelatin and gelatin−
HA 16 samples, respectively. In particular, the complex
modulus as a function of time is reported at different
temperatures. The gelation process can be followed with
time by the transient increase of the complex modulus, being
faster at lower temperatures. Moreover, by comparing the data
plotted in Figure 5a,b at the same temperature (same curve
color), it is evident that, at short times, the value of |G*| is
higher for the gelatin−HA 16 sample. This means that HAs
affect the rheological properties, because they increase the
viscosity of the final solution. Conversely, at long times, a
weaker gel (characterized by a lower value of |G*|) is obtained
for the gelatin−HA 16 sample.
Figure 6 displays the temperature dependence of the gel

time for gelatin, gelatin−HA 8, and gelatin−HA 16 samples,

highlighting that HA slightly affects tgel because the time
necessary to obtain a gel is marginally influenced.
In order to investigate the reasons for this rheological

behavior, a detailed physicochemical characterization was
carried out.
Effect of HA on Compression Tests. The compression

responses of gelatin gels with and without HA are shown in
Figure 7a. Samples display nonlinear elasticity and strain
hardening at large stretch ratio. The value of deformation at
break increases on increasing HA concentration, showing a
tighter network that must be broken under the effect of the
uniaxial compression in the presence of HA. The stress at
break instead shows a nonmonotonic behavior with HA
content, although it is not significant. Such features can be
easily detected by the inset in Figure 7a, which reports also the
abrupt decrease of true stresses after breaking.
XRD Analysis. Figure 8 shows XRD profiles of gelatin, HA,

gelatin−HA 16 and gelatin−HA 8 samples. XRD patterns of
bare gelatin and HA are reported in the same panel for
comparison. The HA XRD profile, displayed in Figure 8 with
black curve, exhibits a broad halo, revealing its amorphous

structure except for some weak diffraction peaks related to the
presence of some inorganic materials, typical of clay soil. The
gelatin XRD pattern shows a sharp and a broad peak at 2θ of
8° and 20°, respectively, typical of a partially crystalline gelatin
structure.46 Notably, the former is assigned to the ordered
triple helical crystalline structure, whereas the latter confirms
the presence of α-helix in the protein.47 The peak at 2θ of 8° is
strongly reduced in the XRD profile of the gelatin−HA 16
sample, indicating a decrease of the content of triple helices in
the sample and, thus, a change in the secondary structure of
gelatin due to its mixture with HA.46 Instead, the gelatin−HA
8 XRD pattern shows that the peak at 2θ of 8° is only slightly
reduced, suggesting that in this case the conformation of the
protein is better preserved after mixing with HA. These results
are in agreement with the rheological findings, which
highlighted a weaker gel for the gelatin−HA 16 sample. In
fact, at high amounts, HAs influence the protein secondary
structure, preventing gelatin chains from organizing into triple
helix domains and causing the formation of more disordered
organization.

FT-IR Spectroscopy. FT-IR analysis was carried out to
identify functional groups of gelatin, HA, gelatin−HA, and

Figure 6. Temperature dependence of the gel time.

Figure 7. Uniaxial compression experiments; true stress plotted as a
function of the stretch ratio for the samples reported in Table 1. The
inset reports stress−strain curves.

Figure 8. XRD patterns of gelatin, HA, gelatin−HA 8, and gelatin−
HA 16.
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gelatin−HA mix powders and to assess if any change occurred
because of gelatin−HA interactions (Figure 9a). Tables 2 and

3 list the band assignment in the FT-IR spectra of gelatin and
HA, respectively.48,49 The FT-IR spectra of gelatin and
gelatin−HA 8 are similar. This evidence is due to the high
amount of gelatin in the sample, which covers the HA FT-IR
characteristic bands. On the other hand, in the FT-IR spectrum
of gelatin−HA 16 the band in the range 3500−3400 cm−1,
assigned to N−H and O−H stretching vibration modes, shifts
toward lower wavenumbers (3270 cm−1).50,51 This can be
attributed to the H-bond interactions between carbonyl groups
of HA and H atoms in gelatin residues, further confirming the
interaction between HA and gelatin (observed in the TGA
analysis, Figure S2). With a closer look, in the FT-IR spectrum
of gelatin−HA 16, the amide I band changes its shape, moving
toward lower wavenumbers, suggesting that the peaks, related
to unordered structures, become more prevalent, indicating

protein restructuring due to the mixture with HA.
Furthermore, the bands at 1653, 1540, and 1400 cm−1,
respectively, related to νC=O and νNH stretching vibrations in
amide I and to νNH, νC−N, νC−C, and ν −COO stretching modes in
amide II, grow more intense in the FT-IR spectrum in the
gelatin−HA 16 sample.50,51 This might be partly due to the
presence of HA, whose peculiar bands occur in the same
ranges. These modifications are a further proof of a
conformational change of the gelatin secondary structure.
More insight can be obtained by calculating the second

derivative of FT-IR spectra in the range of 1600−1700 cm−1,
which is reported in Figure 9b. This enabled resolving amide I
band into six main peaks at 1693, 1663, 1658, 1652, 1630, and
1620 cm−1, related to the presence of intermolecular
associations: triple helix (1658 and 1663 cm−1), single α-
helix (1652 cm−1), β-sheets (1620 cm−1), β-turns (1693
cm−1,) and random coil (1630 cm−1).52,53

In the second derivative of gelatin−HA 16, the peak of the
unordered structure is prevalent, whereas those related to the
triple helix are no longer evident. These features suggest that
the protein undergoes a conformational change due to its
interaction with HA. This is also confirmed by the shift toward
lower wavenumbers of the peaks at 1693 and 1620 cm−1,
related to intermolecular associations in the gelatin matrix.
Changes in the second derivative are more evident in the
sample with the highest HA concentration (Figure 9b),
confirming the key role of HA in modifying the protein
structure.
Notably, high concentration of HA leads to a random coil

organization, because the protein chains are not able to
establish triple helix domains, typical of an ordered structure.
This is also confirmed by XRD spectra that show a more
unordered structure of gelatin due to the presence of HA in the
matrix. In contrast, the second derivative of gelatin−HA 8
suggests that the helical structures are much better recovered,
indicating that HAs act through hydrogen bond interactions
with gelatin, also improving the elastic properties of the
resulting gel, as shown in Figure 4.
HAs are mixtures of relatively low molecular weight

compounds, characterized by a great variety of functional
groups, including quinone, phenol, carboxyl, and hydroxyl
moieties.35,54 HAs are organized in sopramolecular soft and
permeable clusters, exposing hydrophilic groups, whereas
hydrophobic species are shielded in the interior.55,56 These
chemical features make HAs highly reactive with proteins.57

Accordingly, they can interact with gelatin through non-
covalent interaction, such as hydrophobic and electrostatic
interactions, as well as H-bonds. Notably, H-bond interactions

Figure 9. (a) FT-IR spectra and (b) second derivative spectra.

Table 2. Infrared Spectral Characteristics of Gelatin

region wavenumber (cm−1) functional groups

amide A 3430 νNH, νOH
amide B 3060 νNH

amide B 2930 νasymmetric CH2

amide I 1650 νC=O, νNH
amide II 1540 νNH, νC−N, νC−C
amide II 1450 νCH2

amide II 1410 ν −COO

amide II 1330 δ waggingCH2

amide III 1235 δC−N, δNH
amide III 1080 νC−O

Table 3. Assignment of FT-IR Bands of HA

wavenumber (cm−1) functional groups

3690 νNH2

3390 phenolic −OH hydroxyl groups
2925 aliphatic C−H bands
1575 antisymmetric νCOO− of carboxyl salt
1380 symmetric νCOO− of carboxyl salt
1100 νCO (phenolic), νOH (aliphatic)
1040 νC−N
1005 νCO
910 out-of-phase δCH (aromatic)
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should be established between carbonyl groups of HA and
hydroxyl groups of hydroxyproline and proline residues as well
as amino moieties of glycine, which are the most abundant
amino acids in gelatin chains.58 This hypothesis is supported
by previous studies, reporting interactions between gelatin and
polyphenols, which bear similar functional groups as HA.50,59

Indeed, electrostatic interactions between HA and gelatin
should be negligible, because the pH value of HA−gelatin
solutions is roughly 8 (close to the gelatin isoelectric point)
and both moieties are expected to be negatively charged. Thus,
HAs improve elastic properties of the final gels if their
concentration does not exceed 13.33 (wt/wt)% dry gelatin. In
particular, this kind of interaction accounts for gel formation in
the investigated samples, as evidenced by the marked
dissolution of the gel in urea solution, which is effective in
breaking hydrogen bonds.44 More specifically, FT-IR spectra
and XRD patterns (Figures 8 and 9a) clearly evidence that
HAs affect gelatin structure. Notably, the addition of higher
HA concentrations hinders the protein structuring into the
triple helix conformation, probably because water molecules
are constrained by interactions with HA moieties, preventing
H-bonds between gelatin and water.60,61 In this way, they may
interfere with the hydrogen bonding among three α-chains
required to form the triple helix structure.
SEM Analysis. Figure 10 shows SEM pictures of gelatin

and gelatin−HA surfaces. Bare gelatin exhibits a smooth
surface (Figure 10a,d), whereas the introduction of HA
determines a significant change in gelatin structure, producing
a rougher surface (Figure 10b,c,e,f) due to the presence of
submicrometric particle aggregates. These results suggest that
the interaction between gelatin and HAs induces a partial
coagulation of the protein, preventing the formation of the
ordered structure.40,62 This phenomenon occurs at a larger
extent in the presence of higher HA content in the samples. In
fact, the gelatin−HA 16 sample shows the most heterogeneous
structure, with large aggregates and large voids. Observed
aggregates might be produced by the precipitation phenomena

caused by the interaction between HAs and gelatin. A similar
behavior was already observed by the addition of polyphenols,
which caused gelatin coagulation. Precipitation could prevent
gelatin chains from reverting to triple helix structure and causes
a decrease in the gel strength.63,64 These findings are in
accordance with FT-IR and XRD results, which evidence that
an excessive amount of HAs in the gel causes the loss of triple
helix organization in the gelatin network.

Low-Temperature DSC. A number of studies report the
key role played by water in the network formation of
gelatin.16,17,65 At the same time, HAs show great affinity
toward water because of their hydrophilic groups.33,66

Therefore, HAs and gelatin might compete for interactions
with water molecules.
In order to investigate if any selective affinity occurs between

water and HA or gelatin, respectively, low temperature DSC
analysis was carried out on gelatin films containing different
amounts of HA (20 wt % and 50 wt %). Figure 11 shows the
DSC curves, evidencing an endothermic peak at about 0 °C for
the bare gelatin (red curve), related to the melting point of
crystallized water.65 Instead, this effect is not present in the
DSC curve of bare HA (black curve), suggesting that water
molecules are constrained by intimate interactions with HA
moieties, which prevent them from crystallization.66 Water
affinity to HA must be larger than to bare gelatin, whose DSC
profile shows an evident ice melting peak, suggesting the
presence of a relevant amount of crystallized water. To
highlight a significant change in crystallization water by varying
HA concentration, a sample in which HA concentration is
equal to that of gelatin (green curve) has been prepared. In this
aspect, it is possible to observe that the peak area decreases and
peak temperatures shift to lower values by increasing HA
content in the samples, confirming that upon increasing HA
amount, the content of crystallizable water decreases. The
great ability of HA to attract and interact with water molecules
should enable formation of more protein−protein junctions,
increasing the network tightness and gel viscosity. Similar

Figure 10. SEM Pictures of gelatin (a and d), gelatin−HA 8 (b and e), and gelatin−HA 16 (c and f).
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results were obtained by introducing sugar molecules into
gelatin solutions.22 On this basis, it can be inferred that in
gelatin−HA samples, HAs preferentially interact with water
molecules and “sequester” them, preventing their coordination
with gelatin chains. It is known that water plays a key role in
stabilizing the triple helix structure and the arising gel network,
because it is able to act as a bridging agent between gelatin
chains through H-bond interactions.60,67

Elastic properties show a nonmonotonic trend with the HA
content in the samples. Both elastic and viscous moduli, G′ and
G′′, increase up to an HA critical concentration of 13.33 (wt/
wt)% dry gelatin, whereas G′ decreases at a greater HA
content. This behavior is in accordance with other studies
reporting the rheological and physicochemical features of
gelatin hydrogels including polyphenols.40,68,69 However, the
amount of HA that can be added to gelatin solution without
impairing its elastic properties is significantly larger than the
usually used polyphenols content. This can represent an
intriguing feature for technological applications in view of
antioxidant or antimicrobial properties of HAs. Indeed, the
best-performing composition of the system gelatin−HA is
equivalent to that of other studies, reporting the use of Galla
Chinensis as an additive for gelatin.69 Nevertheless, compared
to natural polyphenols, HA have the great advantage of being
more stable toward oxidation phenomena.
In order to explain the non-monotonic trend of gelatin

rheological properties with HA content, we deduce that if HAs
do not exceed a cr i t i ca l HA concent ra t ion (
* =c 13.33 (wt/wt)%HA ), the presence of tight physical
interactions between HA and gelatin and the ability to attract
water molecules improve gel strength. However, high HA
content more likely produces coagulation of gelatin and the
further increase of viscosity prevents interchain interactions
because of the inhibition of gelatin molecules from
approaching each other required to achieve an ordered
organization. At the same time, water absorption by HAs can
produce relevant swelling phenomena;70,71 consequently,
protein chains interact less through interchain hydrogen
bonds, thus producing a weaker gel, as confirmed by the
decrease of the elastic modulus, previously shown in Figure 4.

Swelling Analysis. Figure 12 shows swelling kinetics of
neat gelatin and gelatin−HA samples. The swelling ratios of

bare gelatin and gelatin−HA 1.6 samples steadily increased,
reaching a constant value soon after 20 min, whereas gelatin−
HA 8 and gelatin−HA 16 specimens achieved constant weight
after 60 min, evidencing slower swelling kinetics with higher
water absorption. In fact, constant swelling ratios of the
control, gelatin−HA 1.6, gelatin−HA 8, and gelatin−HA 16,
were 2500%, 1200%, 5000% and 5500%, respectively. There-
fore, HA addition to gelatin resulted in a nonmonotonic trend
of swelling ratio, with gelatin−HA 1.6 showing the lowest value
among investigated samples, revealing a decreased ability to
absorb water. Furthermore, measured values for gelatin−HA 8
and gelatin−HA 16 specimens are much higher than those
reported in the literature for polyphenol containing gelatin.40

The obtained results evidence that gelatin−HA 8 samples
combine relevant water absorption with improved elastic
properties.
The swelling ratio is usually influenced by cross-linking

density as well as hydrophilicity.40,72 From the analysis of
obtained results it can be inferred that at low HA
concentration, physical junctions between HAs and gelatin
result in a lower ability to absorb water. On the other hand,
HAs evidence a marked hydrophilic behavior, proven by low-
temperature DSC analysis as well as relevant swelling
phenomena in water, usually with slow kinetics.33 These
features must prevail at high content, leading to a marked
improved water uptake, but with slower swelling rates as
shown in Figure 12.

■ CONCLUSIONS

The incorporation of HAs into the gelatin network affects the
viscoelastic properties as well as the thermal stability of the
resulting gel. Rheological characterization and in-depth
physicochemical investigation of gelatin samples at various
HA concentrations demonstrated that HAs affect the final gel
structure through additional H-bonds. In addition, gelation
kinetics is only slightly influenced by HA concentration,
proving that humic acids marginally affect the time needed to
obtain a gel with respect to a water/gelatin solution.
Nevertheless, a nonmonotonic behavior in the elastic, swelling,

Figure 11. DSC curves of sol 1 (red curve, pure gelatin), sol 2 (blue
curve), sol 3 (green curve), and HA (black curve). Figure 12. Swelling kinetics of gelatin hydrogels with and without HA

at different concentrations.
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and thermal properties of the final gels was found, by varying
HA content in solution.
At low HA concentrations (up to 13.33 (wt/wt)%), HAs

improve both elastic and thermal properties of the obtained
gels because of H-bonds’ intimate interactions with gelatin
chains, as also suggested by FT-IR results.
Physical interactions between HA and gelatin also reduce

the water absorption ability of the final gel up to HA
concentration of 2.67 (wt/wt)%.
Low-temperature DSC analysis evidences that HAs have

higher water affinity than gelatin. Therefore, at higher HA
concentrations, elastic properties and thermal stability decrease
because of the HA-driven swelling phenomena. This implies
that the interchain interactions with the gelatin matrix are, as
such, inhibited. On the other hand, the marked hydrophilic
features of HAs result in swelling ratio increase.
Furthermore, XRD and the second derivative of FT-IR

spectra proved that a higher HA content in solution leads to a
prevailing random coil gelatin organization, because the
protein chains are not able to establish wide triple helix
domains.
Our results shed light on the key aspects that might

contribute to a more conscious management of gelatin
properties, in the presence of bioavailable moieties, such as
HAs, contributing to the expansion of their repurposing in a
wide range of applications.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01398.

Tsol−gel and Tgel−sol as functions of the imposed ramp rate
for various ternary systems (HA, gelatin, and water);
TGA curves of the investigated samples (gelatin, HA,
gelatin−HA 0.8, gelatin−HA 1.6, and gelatin−HA mix
powders) (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
Rossana Pasquino − DICMaPI, Universita ̀ degli Studi di
Napoli Federico II, 80125 Napoli, Italy; orcid.org/0000-
0003-3513-2794; Email: r.pasquino@unina.it

Giuseppina Luciani − DICMaPI, Universita ̀ degli Studi di
Napoli Federico II, 80125 Napoli, Italy; orcid.org/0000-
0002-1169-0137; Email: luciani@unina.it

Authors
Virginia Venezia − DICMaPI, Universita ̀ degli Studi di
Napoli Federico II, 80125 Napoli, Italy; orcid.org/0000-
0002-6368-2681

Pietro Renato Avallone − DICMaPI, Universita ̀ degli Studi di
Napoli Federico II, 80125 Napoli, Italy; orcid.org/0000-
0002-1317-1664

Giuseppe Vitiello − DICMaPI, Universita ̀ degli Studi di
Napoli Federico II, 80125 Napoli, Italy; orcid.org/0000-
0003-3389-6942

Brigida Silvestri − DICMaPI, Universita ̀ degli Studi di Napoli
Federico II, 80125 Napoli, Italy; orcid.org/0000-0003-
1654-8698

Nino Grizzuti − DICMaPI, Universita ̀ degli Studi di Napoli
Federico II, 80125 Napoli, Italy

Complete contact information is available at:

https://pubs.acs.org/10.1021/acs.biomac.1c01398

Author Contributions
‡V.V. and P.R.A. contributed equally to this work.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work is dedicated to the memory of Veronica Vanzanella.
R.P. acknowledges TA Instruments for awarding the rheometer
used in this study as part of the “Distinguished Young
Rheologist” program. Luciano Cortese, Istituto di Ricerche
sulla Combustione IRC-CNR, Napoli, is deeply acknowledged
for help with SEM analysis. The authors acknowledge Philip
Davies, PhD, TA Instruments, a subsidiary of Waters Ltd, who
contributed to the study through low temperature DSC
measurements.

■ REFERENCES
(1) Poppe, J. In Thickening and Gelling Agents for Food; Imeson, A.,
Ed.; Springer US: Boston, MA, 1992; pp 98−123.
(2) Veis, A. The macromolecular chemistry of gelatin; Academic Press:
New York, 1964; p 433.
(3) Rubini, K.; Boanini, E.; Menichetti, A.; Bonvicini, F.; Gentilomi,
G. A.; Montalti, M.; Bigi, A. Quercetin loaded gelatin films with
modulated release and tailored anti-oxidant, mechanical and swelling
properties. Food Hydrocolloids 2020, 109, 106089.
(4) Zhang, X.; Do, M. D.; Casey, P.; Sulistio, A.; Qiao, G. G.;
Lundin, L.; Lillford, P.; Kosaraju, S. Chemical cross-linking gelatin
with natural phenolic compounds as studied by high-resolution NMR
spectroscopy. Biomacromolecules 2010, 11, 1125−1132.
(5) Zhao, H.; Kang, X.; Zhou, X.; Tong, L.; Yu, W.; Zhang, J.; Yang,
W.; Lou, Q.; Huang, T. Glycosylation fish gelatin with gum Arabic:
Functional and structural properties. LWT−Food Sci. Technol. 2021,
139, 110634.
(6) Guo, L.; Colby, R. H.; Lusignan, C. P.; Howe, A. M. Physical
gelation of gelatin studied with rheo-optics. Macromolecules 2003, 36,
10009−10020.
(7) Djabourov, M.; Leblond, J.; Papon, P. Gelation of aqueous
gelatin solutions. II. Rheology of the sol-gel transition. J. Phys. (Paris)
1988, 49, 333−343.
(8) Joly-Duhamel, C.; Hellio, D.; Ajdari, A.; Djabourov, M. All
gelatin networks: 2. The master curve for elasticity. Langmuir 2002,
18, 7158−7166.
(9) Avallone, P. R.; Pasquino, R.; Costanzo, S.; Sarrica, A.;
Delmonte, M.; Greco, F.; Grizzuti, N. On the inverse quenching
technique applied to gelatin solutions. J. Rheol. 2021, 65, 1081−1088.
(10) Avallone, P. R.; Raccone, E.; Costanzo, S.; Delmonte, M.;
Sarrica, A.; Pasquino, R.; Grizzuti, N. Gelation kinetics of aqueous
gelatin solutions in isothermal conditions via rheological tools. Food
Hydrocolloids 2021, 111, 106248.
(11) Pang, Z.; Deeth, H.; Sopade, P.; Sharma, R.; Bansal, N.
Rheology, texture and microstructure of gelatin gels with and without
milk proteins. Food Hydrocolloids 2014, 35, 484−493.
(12) Dai, H.; Li, X.; Du, J.; Ma, L.; Yu, Y.; Zhou, H.; Guo, T.; Zhang,
Y. Effect of interaction between sorbitol and gelatin on gelatin
properties and its mechanism under different citric acid concen-
trations. Food Hydrocolloids 2020, 101, 105557.
(13) Ahmed, J. In Advances in Food Rheology and Its Applications;
Ahmed, J., Ptaszek, P., Basu, S., Eds.; Woodhead Publishing, 2017; pp
377−404.
(14) Duconseille, A.; Astruc, T.; Quintana, N.; Meersman, F.; Sante-
Lhoutellier, V. Gelatin structure and composition linked to hard
capsule dissolution: A review. Food Hydrocolloids 2015, 43, 360−376.
(15) Johnston-Banks, F. Food gels; Springer, 1990; pp 233−289.
(16) Ross-Murphy, S. Incipient behaviour of gelatin gels. Rheol. Acta
1991, 30, 401−411.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.1c01398
Biomacromolecules 2022, 23, 443−453

451

https://pubs.acs.org/doi/10.1021/acs.biomac.1c01398?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c01398/suppl_file/bm1c01398_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rossana+Pasquino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3513-2794
https://orcid.org/0000-0003-3513-2794
mailto:r.pasquino@unina.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giuseppina+Luciani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1169-0137
https://orcid.org/0000-0002-1169-0137
mailto:luciani@unina.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Virginia+Venezia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6368-2681
https://orcid.org/0000-0002-6368-2681
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pietro+Renato+Avallone"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1317-1664
https://orcid.org/0000-0002-1317-1664
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giuseppe+Vitiello"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3389-6942
https://orcid.org/0000-0003-3389-6942
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brigida+Silvestri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1654-8698
https://orcid.org/0000-0003-1654-8698
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nino+Grizzuti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01398?ref=pdf
https://doi.org/10.1016/j.foodhyd.2020.106089
https://doi.org/10.1016/j.foodhyd.2020.106089
https://doi.org/10.1016/j.foodhyd.2020.106089
https://doi.org/10.1021/bm1001284?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm1001284?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm1001284?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.lwt.2020.110634
https://doi.org/10.1016/j.lwt.2020.110634
https://doi.org/10.1021/ma034266c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma034266c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1051/jphys:01988004902033300
https://doi.org/10.1051/jphys:01988004902033300
https://doi.org/10.1021/la020190m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la020190m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1122/8.0000298
https://doi.org/10.1122/8.0000298
https://doi.org/10.1016/j.foodhyd.2020.106248
https://doi.org/10.1016/j.foodhyd.2020.106248
https://doi.org/10.1016/j.foodhyd.2013.07.007
https://doi.org/10.1016/j.foodhyd.2013.07.007
https://doi.org/10.1016/j.foodhyd.2019.105557
https://doi.org/10.1016/j.foodhyd.2019.105557
https://doi.org/10.1016/j.foodhyd.2019.105557
https://doi.org/10.1016/j.foodhyd.2014.06.006
https://doi.org/10.1016/j.foodhyd.2014.06.006
https://doi.org/10.1007/BF00396526
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c01398?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(17) Normand, V.; Muller, S.; Ravey, J.-C.; Parker, A. Gelation
kinetics of gelatin: A master curve and network modeling.
Macromolecules 2000, 33, 1063−1071.
(18) Goudoulas, T. B.; Germann, N. Phase transition kinetics and
rheology of gelatin-alginate mixtures. Food Hydrocolloids 2017, 66,
49−60.
(19) Liu, J.; Zhang, L.; Liu, C.; Zheng, X.; Tang, K. Tuning structure
and properties of gelatin edible films through pullulan dialdehyde
crosslinking. LWT−Food Sci. Technol. 2021, 138, 110607.
(20) Campiglio, C. E.; Contessi Negrini, N.; Fare,̀ S.; Draghi, L.
Cross-linking strategies for electrospun gelatin scaffolds. Materials
2019, 12, 2476.
(21) Norziah, M.; Al-Hassan, A.; Khairulnizam, A.; Mordi, M.;
Norita, M. Characterization of fish gelatin from surimi processing
wastes: Thermal analysis and effect of transglutaminase on gel
properties. Food Hydrocolloids 2009, 23, 1610−1616.
(22) Casas-Forero, N.; Moreno-Osorio, L.; Orellana-Palma, P.;
Petzold, G. Effects of cryoconcentrate blueberry juice incorporation
on gelatin gel: A rheological, textural and bioactive properties study.
LWT−Food Sci. Technol. 2021, 138, 110674.
(23) Quan, T. H.; Benjakul, S.; Sae-leaw, T.; Balange, A. K.;
Maqsood, S. Protein−polyphenol conjugates: Antioxidant property,
functionalities and their applications. Trends Food Sci. Technol. 2019,
91, 507−517.
(24) Yang, T.; Yang, H.; Fan, Y.; Li, B.; Hou, H. Interactions of
quercetin, curcumin, epigallocatechin gallate and folic acid with
gelatin. Int. J. Biol. Macromol. 2018, 118, 124−131.
(25) Buurman, P.; Van Lagen, B.; Piccolo, A. Increase in stability
against thermal oxidation of soil humic substances as a result of self
association. Org. Geochem. 2002, 33, 367−381.
(26) Du, Q.; Li, G.; Zhang, S.; Song, J.; zhao, Y.; Yang, F. High-
dispersion zero-valent iron particles stabilized by artificial humic acid
for lead ion removal. J. Hazard. Mater. 2020, 383, 121170.
(27) Ge, H.; Wu, Y.; Woshnak, L. L.; Mitmesser, S. H. Effects of
hydrocolloids, acids and nutrients on gelatin network in gummies.
Food Hydrocolloids 2021, 113, 106549.
(28) Nuzzo, A.; Mazzei, P.; Drosos, M.; Piccolo, A. Novel Humo-
Pectic Hydrogels for Controlled Release of Agroproducts. ACS
Sustainable Chem. Eng. 2020, 8, 10079−10088.
(29) Klucakova, M.; Smilek, J.; Sedlacek, P. How humic acids affect
the rheological and transport properties of hydrogels. Molecules 2019,
24, 1545.
(30) Piccolo, A. The supramolecular structure of humic substances.
Soil Sci. 2001, 166, 810−832.
(31) Piccolo, A. The supramolecular structure of humic substances:
A novel understanding of humus chemistry and implications in soil
science. Advances in Agronomy; Academic Press, 2002; Vol. 75; pp
57−134.
(32) Piccolo, A.; Spaccini, R.; De Martino, A.; Scognamiglio, F.; di
Meo, V. Soil washing with solutions of humic substances from manure
compost removes heavy metal contaminants as a function of humic
molecular composition. Chemosphere 2019, 225, 150−156.
(33) Venezia, V.; Pota, G.; Silvestri, B.; Vitiello, G.; Di Donato, P.;
Landi, G.; Mollo, V.; Verrillo, M.; Cangemi, S.; Piccolo, A.; Luciani,
G.; et al. A study on structural evolution of hybrid humic Acids-SiO2
nanostructures in pure water: Effects on physico-chemical and
functional properties. Chemosphere 2022, 287, 131985.
(34) Angelico, R.; Ceglie, A.; He, J.-Z.; Liu, Y.-R.; Palumbo, G.;
Colombo, C. Particle size, charge and colloidal stability of humic acids
coprecipitated with ferrihydrite. Chemosphere 2014, 99, 239−247.
(35) de Melo, B. A. G.; Motta, F. L.; Santana, M. H. A. Humic acids:
Structural properties and multiple functionalities for novel techno-
logical developments. Mater. Sci. Eng., C 2016, 62, 967−974.
(36) Canellas, L. P.; Olivares, F. L.; Aguiar, N. O.; Jones, D. L.;
Nebbioso, A.; Mazzei, P.; Piccolo, A. Humic and fulvic acids as
biostimulants in horticulture. Sci. Hortic. 2015, 196, 15−27.
(37) Lee, B. H.; Lum, N.; Seow, L. Y.; Lim, P. Q.; Tan, L. P.
Synthesis and characterization of types A and B gelatin methacryloyl
for bioink applications. Materials 2016, 9, 797.

(38) Badger, C.; George, I.; Griffiths, P.; Braban, C.; Cox, R.; Abbatt,
J. Phase transitions and hygroscopic growth of aerosol particles
containing humic acid and mixtures of humic acid and ammonium
sulphate. Atmos. Chem. Phys. 2006, 6, 755−768.
(39) Hartley, N. R.; Tsang, D. C.; Olds, W. E.; Weber, P. A. Soil
washing enhanced by humic substances and biodegradable chelating
agents. Soil Sediment Contam. 2014, 23, 599−613.
(40) Zhao, Y.; Sun, Z. Effects of gelatin-polyphenol and gelatin−
genipin cross-linking on the structure of gelatin hydrogels. Int. J. Food
Prop. 2017, 20, S2822.
(41) Acierno, S.; Pasquino, R.; Grizzuti, N. Rheological techniques
for the determination of the crystallization kinetics of a
polypropylene−EPR copolymer. J. Therm. Anal. Calorim. 2009, 98,
639−644.
(42) Te Nijenhuis, K.; Winter, H. H. Mechanical properties at the
gel point of a crystallizing poly (vinyl chloride) solution. Macro-
molecules 1989, 22, 411−414.
(43) Li, X.; Liu, X.; Lai, K.; Fan, Y.; Liu, Y.; Huang, Y. Effects of
sucrose, glucose and fructose on the large deformation behaviors of
fish skin gelatin gels. Food Hydrocolloids 2020, 101, 105537.
(44) Chen, D.; Zhu, X.; Ilavsky, J.; Whitmer, T.; Hatzakis, E.; Jones,
O. G.; Campanella, O. H. Polyphenols Weaken Pea Protein Gel by
Formation of Large Aggregates with Diminished Noncovalent
Interactions. Biomacromolecules 2021, 22, 1001−1014.
(45) Charulatha, V.; Rajaram, A. Influence of different crosslinking
treatments on the physical properties of collagen membranes.
Biomaterials 2003, 24, 759−767.
(46) Qiao, C.; Ma, X.; Zhang, J.; Yao, J. Molecular interactions in
gelatin/chitosan composite films. Food Chem. 2017, 235, 45−50.
(47) Bigi, A.; Panzavolta, S.; Rubini, K. Relationship between triple-
helix content and mechanical properties of gelatin films. Biomaterials
2004, 25, 5675−5680.
(48) Staroszczyk, H.; Pielichowska, J.; Sztuka, K.; Stangret, J.;
Kołodziejska, I. Molecular and structural characteristics of cod gelatin
films modified with EDC and TGase. Food Chem. 2012, 130, 335−
343.
(49) Vitiello, G.; Venezia, V.; Verrillo, M.; Nuzzo, A.; Houston, J.;
Cimino, S.; D'Errico, G.; Aronne, A.; Paduano, L.; Piccolo, A.;
Luciani, G.; et al. Hybrid humic acid/titanium dioxide nanomaterials
as highly effective antimicrobial agents against gram (−) pathogens
and antibiotic contaminants in wastewater. Environ. Res. 2021, 193,
110562.
(50) He, B.; Wang, W.; Song, Y.; Ou, Y.; Zhu, J. Structural and
physical properties of carboxymethyl cellulose/gelatin films function-
alized with antioxidant of bamboo leaves. Int. J. Biol. Macromol. 2020,
164, 1649−1656.
(51) Sahraee, S.; Ghanbarzadeh, B.; Milani, J. M.; Hamishehkar, H.
Development of gelatin bionanocomposite films containing chitin and
ZnO nanoparticles. Food Bioprocess Technol. 2017, 10, 1441−1453.
(52) Liu, F.; Chiou, B.-S.; Avena-Bustillos, R. J.; Zhang, Y.; Li, Y.;
McHugh, T. H.; Zhong, F. Study of combined effects of glycerol and
transglutaminase on properties of gelatin films. Food Hydrocolloids
2017, 65, 1−9.
(53) Derkach, S. R.; Voron’ko, N. G.; Sokolan, N. I.; Kolotova, D. S.;
Kuchina, Y. A. Interactions between gelatin and sodium alginate: UV
and FTIR studies. J. Dispersion Sci. Technol. 2020, 41, 690−698.
(54) Pota, G.; Venezia, V.; Vitiello, G.; Di Donato, P.; Mollo, V.;
Costantini, A.; Avossa, J.; Nuzzo, A.; Piccolo, A.; Silvestri, B.; Luciani,
G.; et al. Tuning Functional Behavior of Humic Acids through
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Schaumann, G. E. Hydration of humic and fulvic acids studied by
DSC. J. Therm. Anal. Calorim. 2012, 110, 451−459.
(67) Thakur, S.; Govender, P. P.; Mamo, M. A.; Tamulevicius, S.;
Thakur, V. K. Recent progress in gelatin hydrogel nanocomposites for
water purification and beyond. Vacuum 2017, 146, 396−408.
(68) Liu, H.; Jiao, Z.; Guo, S. Effect of epigallocatechin gallate on
the properties of gelatin. Int. J. Food Prop. 2014, 17, 2119−2130.
(69) Zhao, Y.; Li, Z.; Yang, W.; Xue, C.; Wang, Y.; Dong, J.; Xue, Y.
Modification of gelatine with galla chinensis extract, a natural
crosslinker. Int. J. Food Prop. 2016, 19, 731−744.
(70) Qu, Q.; Li, W.; Wu, Q.; Chen, X.; Wang, F.; Asiri, A. M.;
Alamry, K. A. The formation mechanism of the micelle-templated
mesoporous silica particles: Linear increase or stepwise growth.
Colloids Surf., A 2019, 577, 62−66.
(71) Sawadkar, P.; Mohanakrishnan, J.; Rajasekar, P.; Rahmani, B.;
Kohli, N.; Bozec, L.; Garcia-Gareta, E. A synergistic relationship
between polycaprolactone and natural polymers enhances the physical
properties and biological activity of scaffolds. ACS Appl. Mater.
Interfaces 2020, 12, 13587−13597.
(72) Silvestri, B.; Luciani, G.; Costantini, A.; Tescione, F.; Branda,
F.; Pezzella, A. In-situ sol-gel synthesis and characterization of
bioactive pHEMA/SiO2 blend hybrids. J. Biomed. Mater. Res., Part B
2009, 89B, 369−378.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.1c01398
Biomacromolecules 2022, 23, 443−453

453

https://doi.org/10.1016/j.watres.2018.08.019
https://doi.org/10.1016/j.lwt.2020.110018
https://doi.org/10.1016/j.lwt.2020.110018
https://doi.org/10.1016/j.lwt.2020.109192
https://doi.org/10.1016/j.lwt.2020.109192
https://doi.org/10.1016/j.lwt.2020.109192
https://doi.org/10.1039/b713075a
https://doi.org/10.1039/b713075a
https://doi.org/10.1016/j.vacuum.2017.08.011
https://doi.org/10.1016/j.vacuum.2017.08.011
https://doi.org/10.1021/jf010897z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf010897z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.foodhyd.2016.02.025
https://doi.org/10.1016/j.foodhyd.2016.02.025
https://doi.org/10.1016/S0268-005X(86)80018-2
https://doi.org/10.1016/S0268-005X(86)80018-2
https://doi.org/10.1002/(SICI)1097-4628(19990118)71:3<465::AID-APP13>3.0.CO;2-1
https://doi.org/10.1002/(SICI)1097-4628(19990118)71:3<465::AID-APP13>3.0.CO;2-1
https://doi.org/10.1002/(SICI)1097-4628(19990118)71:3<465::AID-APP13>3.0.CO;2-1
https://doi.org/10.1007/s10973-011-2178-1
https://doi.org/10.1007/s10973-011-2178-1
https://doi.org/10.1016/j.vacuum.2017.05.032
https://doi.org/10.1016/j.vacuum.2017.05.032
https://doi.org/10.1080/10942912.2013.784329
https://doi.org/10.1080/10942912.2013.784329
https://doi.org/10.1080/10942912.2015.1013633
https://doi.org/10.1080/10942912.2015.1013633
https://doi.org/10.1016/j.colsurfa.2019.05.055
https://doi.org/10.1016/j.colsurfa.2019.05.055
https://doi.org/10.1021/acsami.9b19715?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b19715?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b19715?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jbm.b.31225
https://doi.org/10.1002/jbm.b.31225
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c01398?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

