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This study investigated the impact of dehydration temperature on physicochemical, antioxidant and antimi-
crobial properties of grape pomace. To this end, grape pomace from Vitis vinifera, a by-product of the wine in-
dustry, was dehydrated at 35, 50, and 65 °C in a conventional hot air dryer and subsequently ground into fine
powders. The three powders were characterized in terms of microbial contamination, antimicrobial activity,
antioxidant properties, condensed tannin content and total phenolic content. Furthermore, particle size distri-
bution, nano-scale structure, thermal properties, and water content of each powder were also determined.

The results demonstrated that increasing the dehydration temperature from 35 to 65 °C led to a reduction in
microbial contamination and the powders exhibited more pronounced effects against selected microbial and
fungal species. Notably, the antioxidant properties of the powders remained largely unchanged up to 65 °C,
although a kinetic effect was observed, associated with a slower release of the active components in the more
efficiently dehydrated samples. Physicochemical analysis indicated that dehydration temperatures >50 °C
induced minor alterations in the powder size, nano-scale organization, and composition, while substantially
reducing hygroscopicity.

1. Introduction anticarcinogenic properties (Machado et al., 2024). On this basis, grape

pomace extracts are extensively exploited in several fields, spanning

Grape pomace, a mixture of grape skin, stem, pulp and seeds, is the
most widely available by-product of the wine industry, with more than
10 million tons produced worldwide every year after the pressing and
fermentation process of grapes. Numerous studies conducted in the last
ten years indicate that grape pomace is an important source of value-
added bioactive molecules, including phenolic acids, flavonoids, tan-
nins, and stilbenes (Hassam et al., 2019; Peixoto et al., 2018; Chemat
et al., 2012; Xu et al., 2016; Teixeira et al., 2014), which are endowed
with antioxidant, anti-inflammatory, antimicrobial, antifungal and

from health supplements and food packaging to the pharmaceutical and
cosmetic sectors (Leal et al., 2020; Samani et al., 2025; Wang et al.,
2024). Grape pomace recycling offers a dual benefit, promoting the
recovery of valuable phenolic compounds, dietary fibers, and other
phytochemicals (Tseng & Zhao, 2013), while simultaneously reducing
the costs and environmental impact associated with winery waste
disposal (Garcia-Lomillo et al., 2014; Ilyas et al., 2021; Wang et al.,
2024). However, grape pomace is highly perishable due to its high
moisture content (50-60 %), which can easily facilitate microbial and

Abbreviations: ABTS, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt; CFC, cetrimide fucidin cephaloridine; DPPH, 2,2-diphenyl-1-pic-
rylhydrazyl; DTG, Differential thermogravimetry; DSC, Differential Scanning Calorimetry; FRAP, Ferric reducing/antioxidant power; FWI, Free Water Index; LT-DSC,
Low-Temperature DSC; PAB, Pseudomonas Agar Base; PCA, Plate Count Agar; PCB, Plate Count Broth; TGA, Thermogravimetry; TPC, Total phenolic content; TPTZ,
2,4,6-tris(2-pirydyl)-s-triazine; SAB, Sabouraud Dextrose Agar; SAXS, Small Angle X-ray Scattering; VRBA, Violet Red Bile Agar.

* Corresponding author. University of Foggia, Italy.
** Corresponding author. University of Naples, Italy.

E-mail addresses: amalia.conte@unifg.it (A. Conte), panzella@unina.it (L. Panzella).

! These authors contributed equally to this work.

https://doi.org/10.1016/j.1lwt.2025.118029

Received 14 April 2025; Received in revised form 20 May 2025; Accepted 11 June 2025

Available online 14 June 2025

0023-6438/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:amalia.conte@unifg.it
mailto:panzella@unina.it
www.sciencedirect.com/science/journal/00236438
https://www.elsevier.com/locate/lwt
https://doi.org/10.1016/j.lwt.2025.118029
https://doi.org/10.1016/j.lwt.2025.118029
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lwt.2025.118029&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

O. Panza et al.

fungal proliferation. To overcome this limitation, dehydration of grape
pomace is now considered a viable strategy to extend its shelf life
(Ramirez-Pulido et al., 2021).

Various dehydration techniques have been developed over the years,
highlighting for each of them advantages and disadvantages. In partic-
ular, the potential impact of these dehydration processes on the pomace
phenolic content has been extensively investigated (Carmona-Jiménez
et al., 2018; Chamorro et al., 2011; Goula et al., 2016; Kim et al., 2006).
In fact, in the literature it is widely acknowledged that drying methods,
including emerging drying intensification technologies (e.g.,
vacuum-drying, ultrasound-assisted osmotic dehydration,
microwave-freeze-drying), can influence both the retention and the
quality of bioactive compounds in fruit and vegetable by-products, as
well as their bioaccessibility (Cilla et al., 2018; Radojcin et al., 2021;
Ramirez-Pulido et al., 2021). Therefore, the selection of an appropriate
dehydration process must consider several variables, such as the initial
moisture content, the temperature, and the time of dehydration
(Carmona-Jiménez et al., 2018; Tseng & Zhao, 2012), to preserve the
bioactive components, which are generally sensitive to heat and oxygen
(Poblete et al., 2024). Among all the dehydration technologies, hot air
dehydration is commonly applied in the food industry to obtain
powdered ingredients, given the reduced costs, the low handling re-
quirements and the integral recovery of the material. Despite the
considerable interest, few efforts have been made to predict the dehy-
dration kinetics of grape pomace (Conte et al., 2024), and to the best of
our knowledge, a systematic investigation on the effects of hot air
dehydration at different temperatures on the physical and chemical
properties of grape pomace for its integration within polymeric mate-
rials is apparently lacking in the literature. By-products have been suc-
cessfully incorporated into biodegradable plastics for food packaging,
both to protect the polymeric matrix against thermal and photo-induced
degradation, and to extend food shelf life (Coppola et al., 2021; Ortega
et al., 2022). However, further research is still necessary on the func-
tional properties of powders from agri-food by-products for a rational
implementation of active food packaging materials.

On this basis, the present study investigated the effect of hot air
dehydration at three different temperatures (35, 50 and 65 °C) on the
functional properties and physicochemical characteristics of grape
pomace from Vitis vinifera. Firstly, the contamination level and the
antimicrobial activity of dehydrated grape pomace powders were
compared with those of the fresh grape pomace sample. In addition, hot
air-dehydrated by-products were evaluated in terms of their phenolic
composition, antioxidant properties, size, nanoscale structure, and
thermal properties. Therefore, the paper aimed to verify the activity of
grape pomace powders, their hygroscopicity, and aggregate morphology
to facilitate powder dispersion for potential incorporation within water-
based polymeric matrices.

2. Material and methods
2.1. Raw materials and dehydration process

Vitis vinifera (cv. Montepulciano) grape pomace was kindly provided
by a local winery (Cantine della Bardulia, Barletta, Italy). The sample
was immediately stored at —18 °C to avoid enzymatic degradation and
contamination. The initial by-product moisture content was around 85
g/100 g. The product was then thawed at room temperature and a hot
air dehydration was carried out at three different temperatures (35 °C,
50 °C and 65 °C) in a conventional dryer, according to the procedure
already reported by Conte et al. (2024). The temperatures were selected
to assure an effective dehydration without applying excessive heat
treatments. The temperature started from less more than room tem-
perature (35 °C) to reach 65 °C, increasing by 15 °C. Dehydration was
completed when the grape pomace weight was constant for three to four
consecutive measurements. Moisture contents of final dehydrated
powders were 4.73 g/100 g at 35 °C, 2.82 g/100 g at 50 °C and 2.55
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g/100 g at 65 °C. A total time of 45 h and 25 min, 20 h and 30 min and
17 h and 30 min was necessary for the pomace dehydration carried out
at 35, 50 and 65 °C, respectively. The dehydrated by-product was
reduced to a fine powder (size <500 pm) using a hammer mill
(16/BV-Beccaria s.r.l., Cuneo, Italy) and then stored under refrigerated
conditions before further utilization.

2.2. Contamination level of grape pomace powders and pH determination

To evaluate the effects of the dehydration process on microbial and
fungal level, microbiological analyses were carried out on grape
pomace, before and after the dehydration at different temperatures. A
sample of grape pomace (10 g) was diluted in physiological water under
sterile conditions and homogenized in a laboratory blender (Stomacher
LAB Blender 400 (Pbi International, Milan, Italy). The homogenized
samples were subjected to decimal dilutions, then plated on specific
media in Petri dishes according to the following groups: Plate Count
Agar (PCA, Oxoid) incubated at 30 °C for 48 h for mesophilic bacteria;
Pseudomonas Agar Base (PAB, Oxoid) with a selective supplement of
cetrimide fucidin cephaloridine (CFC), incubated at 25 °C for 48 h for
Pseudomonas spp.; Violet Red Bile Agar (VRBA, Oxoid) incubated at
37 °C for 24 h for Coliforms; Sabouraud Dextrose Agar (SAB, Oxoid)
with a selective supplement of chloramphenicol incubated at 25 °C for
48 h and 120 h, for total yeasts and molds respectively. Microbiological
analyses were performed in duplicate.

The pH was measured two times on different samples, using the first
sample dilution. To the aim, a pH meter (Crison, Barcelona, Spain) was
used after proper calibration.

2.3. In vitro antimicrobial activity of grape pomace powders

The antimicrobial activity of the three grape pomace powders was
evaluated by in vitro test against a mixture of Pseudomonas spp.
(P. fluorescens and P. putida) and yeasts, both isolated from spoiled food.
For the two Pseudomonas spp. strains, exponentially growing cultures
were obtained in Plate Count Broth (PCB, 5 g/L tryptone, 1 g/L glucose
and 2.5 g/L yeast extract, Oxoid) at 25 °C for 24 h. Subsequently, a
cocktail of them was diluted in saline water (NaCl in water, 9 g/L) to
obtain approximately 10° CFU/mL. The samples were: the inoculated
PCB with 5 g/100g (w/w) grape pomace powder dehydrated at 35 °C,
50 °C and 65 °C, and the inoculated PCB without any powder, used as
the control. All the samples were incubated at 25 °C for 72 h. The same
test was carried out against yeasts. The analyses were performed after 0,
4, 24, 48, and 72 h. After appropriate dilutions with saline water the
samples were plated on PAB, with a selective supplement of CFC incu-
bated at 25 °C for 48 h to count Pseudomonas spp., and on SAB, with a
selective supplement of chloramphenicol incubated at 25 °C for 48 h, for
counting yeasts. Experiments were performed in duplicate. A fitting
model based on a re-parameterized version of the Gompertz equation
(Lacivita, Lordi, Kalaydzhiev, et al., 2023) was used for the in vitro test
data to calculate the time within the viable cell concentration of Pseu-
domonas spp. and yeasts remained under the threshold for acceptability,
set at 10® CFU/g and 10° CFU/g for Pseudomonas spp. and yeasts,
respectively. The model parameters are referred to as microbial
acceptability limits (MAL) (Lacivita, Lordi, Kalaydzhiev, et al., 2023).

2.4. Antioxidant properties of grape pomace powders

2.4.1. a2,2-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
assay

The following chemicals were adopted: methanol, hydrochloric acid,
2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS), potassium persulfate, Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid). All solvents used for chemical
analyses were of analytical grade. The antioxidant properties were
measured on each dehydrated grape pomace powder according to the
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method reported by Cedola et al. (2019). Briefly, the ABTS radical cation
was obtained by reacting ABTS stock solution with 2.45 mmol/L po-
tassium persulfate. The mixture remained in the dark at room temper-
ature for 12-16 h. Using 5 mmol/L phosphate buffered saline (pH 7.4),
the solution was diluted to an absorbance of 0.700 + 0.020 at 728 nm.
Then, 300 pL of sample extract were added to 2.2 mL of diluted solution
and mixed for 6 min at room temperature before the measure. A cali-
bration curve was built using Trolox as standard, at concentrations be-
tween 1.56 mg/L and 50 mg/L (R? = 0.9904). The antioxidant activity
was expressed as mg of Trolox equivalents (eqs) per gram of dry weight
(dw) of sample. The analyses were run in triplicate.

2.4.2. a2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay

To a freshly prepared 200 pmol/L solution of DPPH (Sigma Aldrich,
Milan, Italy) in ethanol, a proper amount of each dehydrated powder
(final dose 0.2-0.5 mg/mL) was added. The mixtures were kept under
vigorous stirring at room temperature and the absorbance at 515 nm was
periodically measured on a Jasco V-730 (Cremella, Lecco, Italy) spec-
trophotometer (Goupy et al., 2003). ECsg values - the dose at which 50 %
DPPH reduction is achieved -were determined at 10 min. Experiments
were run in triplicate.

2.4.3. Ferric reducing/antioxidant power (FRAP) assay

The dehydrated powders were added (final dose 0.2-0.3 mg/mL) to a
FRAP solution prepared by mixing 0.3 mol/L acetate buffer (pH 3.6), 20
mmol/L ferric chloride (Sigma Aldrich, Milan, Italy) in water and 10
mmol/L 2,4,6-tris(2-pirydyl)-s-triazine (TPTZ, Sigma Aldrich, Milan,
Italy) in 40 mM HCI, in the ratio 10:1:1 v/v/v (Benzie & Strain, 1996).
The mixtures were kept under vigorous stirring at room temperature and
the absorbance of the solution at 593 nm was measured after 10 min.
Results were expressed as Trolox egs. The experiments were run in
triplicate. When required, the absorbance at 593 was monitored over a
longer time (up to 24 h).

2.4.4. Condensed tannin content (CTC) assay

The dehydrated powders were added (final dose 0.3-1 mg/mL) to 1
mL of 0.01 g/mL w/v vanillin solution in methanol (Herald et al., 2014).
1 mL of 9 mol/L HCI was then added, and the mixture was incubated at
30 °C under stirring. The absorbance at 500 nm was measured after 10
min. Results were expressed as catechin eqs. The experiments were run
in triplicate. When required, the absorbance at 500 nm was monitored
over a longer time (up to 40 h).

2.4.5. Total phenolic content (TPC) assay

Samples were added (final dose 0.5-2.5 mg/mL) to 2 mL of a solution
containing the Folin-Ciocalteu reagent (Sigma Aldrich, Milan, Italy),
NayCOs (75 g/L) and water in a 1:3:14 v/v/v ratio (Seifzadeh et al.,
2019). After incubation for 2 h at room temperature, the absorbance at
765 nm was measured. Gallic acid was used as a reference compound.
Experiments were run in triplicate.

2.5. Physico-chemical characterization of grape pomace powders

2.5.1. Laser granulometry

The size distribution of dehydrated grape pomace powders was
determined using a Mastersizer 3000 Laser granulometer (Malvern In-
struments Ltd., Malvern, UK). Sample powders fractionated through
500 pm and 355 pm sieves were analyzed to assess the potential ag-
gregation upon dispersion in water. The measurements were conducted
with a Hydro SM dispersing unit with a stirring speed of 3000 rpm. The
powder was added until a laser obscuration of ~5 % was achieved. For
each sample, 20 runs of 10 s each were averaged. Water (refractive index
at 20 °C: 1.333) was used as dispersant, while the optical properties of
grape pomace were: density 0.40 kg/m3 (Zhao et al., 2015), absorption
coefficient 0.01, refractive index 1.46. The Fraunhofer approximation
was used to extract the size distributions. The results (average =+
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standard deviation) were expressed as volume fractions, reported as Dy
(10), Dy (50) and Dy (90), and width of the distribution (SPAN = [Dy
(90)-Dy (10)1/Dy (50)).

2.5.2. Small angle X-ray scattering (SAXS)

Scattering experiments on grape pomace powders (sieved <355 pm)
were performed with a Xeuss 3.0 (Xenocs, Grenoble, France) working
with a Cu Ky radiation (A = 1.542 A) provided by Genix3D X-ray source
(operating at 50 kV and 0.6 mA) and equipped with a Dectris 1 M Eiger
detector. Two instrument configurations (sample to-detector distance of
300 mm and acquisition time of 600 s and sample to-detector distance of
1800 mm and acquisition time of 1800 s)were selected to access the
0.0075-0.5 1/A scattering vector (q) range. All the measurements were
carried out at room temperature. Samples were sealed in a powder
sample holder (sample thickness 1 mm) between two Kapton windows
(thickness 50 pm each). Scattering curves were corrected for Kapton
contributions using the XSACT software (Xenocs, Grenoble, France).
Data were analyzed with SasView software (http://www.sasview.org/).
The Unified fit model was used for modelling the experimental curves;
the Unified fit equation is:

=3 e ) () (L L)LY

q

where n is the level number used in the fitting, G; and B; are, respec-
tively, the Guinier and the Power-Law scaling factors, Ry; is the radius of
gyration and, lastly, p is the Power-Law exponent.

2.5.3. Thermogravimetric analysis (TGA)

Thermogravimetry was performed with a SDT Q600 thermogravi-
metric analyzer from TA Instruments (New Castle, DE, USA). An open-
type alumina pan was chosen as sample holder. The grape pomace
powder samples (sieved <355 pm) were subjected to a linear tempera-
ture ramp from room temperature to 1000 °C at a rate of 10 °C/min in Ny
atmosphere (flow rate 100 mL/min).

2.5.4. Differential scanning calorimetry (DSC)

DSC measurements were carried out with a DSC 2500 differential
scanning calorimeter from TA Instruments (New Castle, DE, USA).
Grape pomace samples (sieved <355 pm) were equilibrated at 20 °C and
heated to 80 °C at 10 °C/min in Ny atmosphere (flow rate 50 mL/min).
Low-Temperature DSC (LT-DSC) measurements were performed with
the following temperature program: equilibration at 5 °C, cooling ramp
from 5 to —80 °C, at 0.5 °C/min, heating ramp from —80 to 20 °C, at
0.5 °C/min. The Free Water Index (FWI) was calculated as:

AH,

FWI=—""2_*100
AHfree water

where AHey, is the enthalpy change (in J/g) of the water melting
experimentally determined by measuring the area under the peak in the
DSC curve, while AHfee water (333.6 J/g) is the standard melting
enthalpy of water (333 J/g) (Gelli et al., 2017).

2.6. Statistical analysis

Experimental data and fitting parameters were compared by the one-
way analysis of variance (ANOVA), using STATISTICA 7.1 for Windows
(Stat Soft, Inc., Tulsa, OK, USA). Duncan’s multiple range test, with the
homogeneous group option (p < 0.05), was carried out to determine
significant differences among samples.
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3. Results and discussion

3.1. Effects of dehydration temperature on contamination level and
antimicrobial activity

A progressive reduction in contamination level was found in dehy-
drated grape pomace at increasing temperature (Table 1). Mesophilic
bacteria and yeasts decreased from 5.79 to 6.41 to 2.42 and 2.95 log
CFU/g, respectively, in the fresh sample and in the pomace dehydrated
at 65 °C. A very low cell number (1.5 log CFU/g) was recorded for co-
liforms, regardless of the dehydration temperature. Viable cell concen-
trations of approximately 3 log CFU/g were measured for Pseudomonas
spp. on fresh by-products and the value decreased to 2 log CFU/g after
the dehydration process. Therefore, the thermal treatment in the range
of 50-65 °C is effective to reduce the microbial and fungal viable cell
concentration, which is generally high in food matrices with high hu-
midity content and elevated water activity (Tseng & Zhao, 2012). No
major variations among samples were recorded in terms of pH, which
ranged from 3.51 to 3.95 (Table 1).

After grinding, the pomace powders were tested against Pseudomonas
spp. and yeasts as typical food spoilage (Lacivita, Lordi, Posati, et al.,
2023). From data reported in Table 2 it is possible to infer that
increasing values of the fitting parameter (MAL) were recorded when
the dehydration temperature was increased from 35 to 65 °C. Specif-
ically, for Pseudomonas spp. less than 1 day was necessary to reach the
threshold in the control sample, whereas 3 days were required when the
powder was dehydrated at 65 °C. Regarding yeasts, 5 h were necessary
in the control to reach the set threshold and almost 30 h when the
powder was dehydrated at 65 °C. Findings in the literature demonstrate
that dehydrated pomace generally retains over time the polyphenolic
composition (Chikwanha et al., 2018; Guaita et al., 2021). Therefore,
our experimental findings are in agreement with the literature, sug-
gesting that the effects against bacterial and fungal species not
compromised by thermal treatment. It is worth noting that literature
data indicate that two different heating effects may occur simulta-
neously: on one hand, increased extractability of polyphenols due to
disruption of the pomace matrix; on the other hand, the depolymeriza-
tion of high molecular weight tannins. In other words, the thermal
degradation of some phenolics compounds may be balanced by the
release of other bound phenolic compounds from the matrix (Khanal
et al., 2009; Kim et al., 2006).

3.2. Effect of dehydration temperature on grape pomace antioxidant
properties

To evaluate the effects of dehydration temperature on the antioxi-
dant potential of grape pomace and its phenolic content, validated
chemical assays were performed. The results of ABTS and DPPH assays
run over 10 min reported in Table 3 indicated a comparable efficacy for
grape pomace samples dehydrated at the different temperatures. In
contrast, the pomace sample dehydrated at 35 °C exhibited significantly
higher reducing properties in the FRAP assay compared to the samples
dehydrated at 50 and 65 °C.

This result could be attributed to the presence of a higher content of
thermolabile anthocyanins in the sample dehydrated at 35 °C, as evident
by the UV-Vis spectra of water-ethanol extracts of grape-pomace

Table 1
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Table 2

MAL values calculated as fitting parameters for Pseudomonas spp. and yeasts in
contact with grape pomace. Means in a column without a common letter differ,
P < 0.05.

Sample MAL-Pseudomonas [h] MAL-Yeast [h]

Fresh sample 11.4627 +1.143% 5.3584 + 1.035¢

35°C 68.5486 =+ 103.08" 13.3516 + 2.170¢
50 °C 60.2886 =+ 4.903" 22.8192 + 4.236"
65 °C >72 29.57 + 2.528%

samples in the range 500-600 nm (Fig. S1). Anthocyanins could be in
fact rapidly released in the acidic medium in which the FRAP assay is
performed, thus affecting the antioxidant response in the first 10 min. To
understand if the amount of residual water, and hence the dehydration
temperature, could affect powder wettability, which is necessary for a
prompt release of the active components in solution, in other experi-
ments the FRAP assay was performed over a longer time (up to 24 h). As
reported in Fig. 1, no substantial differences were observed between the
samples dehydrated at 35 °C and 65 °C.

Notably, a similar trend was observed in the vanillin assay for the
determination of the CTC. Indeed, the highest value was observed for the
sample dehydrated at 35 °C (Table 3), whereas when the assay was
performed for longer time comparable values were determined for the
samples dehydrated at 35 and 65 °C (Fig. 2), in agreement with the
FRAP assay result.

Conversely, no significant differences in TPC were observed among
the three powders. Overall, the different trends observed in the various
assays could be interpreted based on the different ability of the grape
pomace samples dehydrated at the different temperatures to release the
active components in the assay media. Indeed, in separate experiments
(data not shown) it was possible to demonstrate that the response to the
different assays is due to the material passed in solution from the
dehydrated powders. Given the lower solubility of phenolic compounds
in acidic media compared to ethanol or neutral/alkaline solutions, the
FRAP assay and the vanillin assay, which work at acidic pH, are ex-
pected to be affected to a higher extent with respect to DPPH and Folin-
Ciocalteu assays, by the ability of the dehydrated powders to promptly
release the active compounds in solution. In line with the observed re-
sults, this ability could be in turn related to the amount of residual water
affecting the wettability of the powder samples and hence could be
significantly dependent from the dehydration temperature.

3.3. Physico-chemical characterization of grape pomace powders

3.3.1. Grape pomace powder size distribution

The volume-weighted size distribution curves as obtained by laser
granulometry are reported in Fig. 3 and the main mathematical de-
scriptors are listed in Table 4. The average powder sizes are described
using the Dy (10), Dy (50) and Dy (90) descriptors, referring to the
particle diameter at which 10 %, 50 % and 90 % of the sample total
volume, respectively, consists of particles with a smaller size. The SPAN
value is directly proportional to the width of the distribution. The re-
ported results clearly demonstrate the heterogeneity of the powders in
terms of size distribution, regardless of the dehydration temperature.

To assess the tendency of powders to dissolve or aggregate when
dispersed in water, the powders were sieved at 355 and 500 pm prior to

Viable cell concentration of bacterial and fungal counts and pH values of fresh and dehydrated grape pomace samples. Reported are the mean + SD values. Means in a

column without a common letter differ, P < 0.05.

Sample Mesophiles [log CFU/g] Coliforms [log CFU/g] Pseudomonas spp. [log CFU/g] Yeasts [log CFU/g] Molds [log CFU/g] pH

Fresh sample 5.79 £ 0.43a 1.50 + 0.71a 3.21 £ 0.29a 6.41 £+ 0.57a 3.17 £ 0.18a 3.51 £ 0.02c
35°C 5.56 + 0.07a 1.50 + 0.71a 2.00 + 0.01b 5.61 £+ 0.40a 2.74 +£ 0.37a 3.63 + 0.01b
50 °C 2.48 + 0.67b 1.50 £ 0.71a 2.00 + 0.01b 3.00 + 0.01b 2.50 &+ 0.70a 3.55 £ 0.01c
65 °C 2.42 + 0.59b 1.00 + 0.01b 2.00 + 0.01b 2.95 + 0.92b 2.98 + 0.70a 3.95 £+ 0.05a
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Table 3
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Antioxidant properties of grape pomace samples dehydrated at different temperatures. Reported are the mean + SD values from at least three experiments. Means in a

column without a common letter differ, P < 0.05.

ABTS assay [mg Trolox./g dw] DPPH assay ECso [mg/mL]

FRAP assay [Trolox eqs]

CTC assay [Catechin eqs] TPC assay [Gallic acid eqs]

35°C 71+ 9° 0.30 + 0.02* 0.0297 + 0.0003* 0.21 + 0.05% 0.0019 + 0.0009*
50 °C 73 + 87 0.31 +0.017 0.0146 + 0.0002" 0.15 + 0.01° 0.0016 =+ 0.0001?
65 °C 70 +7? 0.34 £ 0.01* 0.0149 + 0.0002" 0.16 + 0.04%" 0.0017 =+ 0.0003*
= T T T T T
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the measurement. The results clearly show that the particles spontane- 0.1 1 10 . 100 1000
ously tend to form aggregates that are larger than the cut-off of the Size [um]

corresponding sieve. This phenomenon is particularly relevant for the
design and engineering of food packaging systems incorporating grape
pomace powders and should be considered when such systems require
dispersion in water.

Other relevant aspects are the larger presence of particles with size
between 10 and 100 pm and the significantly lower SPAN value in the
sample dehydrated at 35 °C. On the other hand, no major differences
were observed between 50 and 65 °C, suggesting that clustering occurs
predominantly in the temperature range between 35 and 50 °C.

3.3.2. Nanostructure of grape pomace powders

Grape pomace powders were also investigated by means of SAXS, to
probe the internal nanostructure and potentially highlight the effects of
dehydration temperature. The experimental scattering curves, depicted
in Fig. 4A, showed an exponential decay which was successfully
modelled according to the empirical Unified Fit model, originally pro-
posed by Beaucage (1995, 1996). This model, which represents the
scattering intensity through the combination of multiple Guinier and
structurally limited Power-Law levels, effectively describes the hierar-
chical nanostructure of a material in terms of levels and, consequently, is

Fig. 3. Volume distribution curves of grape pomace powders dehydrated at
different temperatures obtained from laser granulometry experiments.

Table 4
Size distribution parameters for grape pomace powders as obtained by laser
granulometry.

Sample Dy (10) Dy (50) Dy (90) [pm] SPAN
[pm] [pm]

35°C < 500 17 £1 252 + 30 1028 + 102 4.01 £+ 0.63
pm
< 355 14.7 £ 0.3 88 +2 332+7 3.60 £ 0.15
pm

50 °C < 500 168 + 95 675 + 22 1242 + 111 1.59 + 0.17
pm
< 355 23.5+0.9 275+ 6 578 + 28 2.01 £ 0.05
pm

65 °C < 500 31+1 387 + 14 844 + 39 2.10 £ 0.08
pm
< 355 22.0 £0.7 205+ 5 474 +£ 11 2.20 £ 0.06
pm




O. Panza et al.

LWT 227 (2025) 118029

A B 100 0.8
= ' ' — -0.
35°C \"\d\j i 35°C
-0~ 50°C 90} D 1 —-50°C
- Jstage ] : ~/— 65°C
— Fitting ' Il stage '
80| T
) --06 O
q h
N ]
- ¥ o i : &
g = oA : 1l stage Q@
§ £ sof- it ‘ H-04 7
S k=) ":;’ ! 3
~ 5] HY '
!c- = 40 ;? "cm :‘ g
A ; n
30 | H M '
! % | = 0.2
20 /% :
10 'Q’\ '
W
1 1 n:».ﬂ"TE".r"‘.‘—“ T RTTr A N AT 0.0
300 400 500 600 700 800 900 1000
Temperature [°C]
Cc D
3.5 T T
T T T 2 T T LR B r
35°C F
-~ 50°C 3.0k ]
i A~ 65°C X
a : T,=46.35C _ 25p .
H : ‘ g
9 2 » \ S i
w : \v\ § 2.0F ]
G — ~—— 5 X
H : boo— : %
2 : T,=49.20 °C —— °
5 : ; =
Q '
= '
| T PRI FEETE FEETE FEERE SRS PERTY FERTE FAR T FERETS FETT Fwe

20 25 30 35 40 45 S0 S5 60 65 70
Temperature [°C]

35°C

50°C 65°C

75

Fig. 4. A) SAXS curves of grape pomace powders and corresponding Two Lorentzian model fittings (black line). Curves are vertically offset for clarity of presentation;
B) TGA (curves corresponding to the left Y-axis) and differential thermogravimetry (DTG) thermograms (curves corresponding to the right Y-axis) for grape pomace
powders. The main decomposition stages are represented by vertical lines; C) DCS curves of grape pomace powders; D) FWI of grape pomace powders samples.

frequently employed to model the scattering from systems exhibiting
features across multiple length-scales.

Specifically, the first term accounts for large-scale scattering objects
of average size Rg;, composed of small-scale structures of average size Ry
+1)- The exponent of the Power-Law term is interpreted as the fractal
dimension (Dy), which provides insights into the spatial organization of
the scattering centers.

Table 5 reports the results obtained from the fittings of the experi-
mental data. Grape pomace powders, irrespective of dehydration tem-
perature, exhibit two distinct length-scale regimes. The contributions
from level 2 are attributed to the scattering from macromolecule-size
objects, such as tannins, characterized by a R; value of less than
approximately 100 A and assembled into a mass fractal with Dy close to
~2.8 (for p < 3, p=Dy) (Anitas, 2018, chap. 10). No major differences
were observed between samples dehydrated at 50 and 65 °C, while a
slightly smaller fractal dimension was found for the powder dehydrated

Table 5
Results from the fitting according to the Unified Fit model of the SAXS data
obtained from grape pomace powders.

Sample Level 1 Level 2

R, (A) p R, (A) P
35°C > diax 3.93 £ 0.01 102 +1 2.76 + 0.01
50 °C > dmax 3.61 £ 0.01 76 £1 2.90 £+ 0.01
65 °C > dmax 3.58 £ 0.01 84 +1 2.92 £0.01

# The maximum dimension accessible with the current instrumental set-up can
be calculated as dyax=27/qmin and is equal to 838 A.

at 35 °C, consistent with lower compactness and suggesting that dehy-
dration at higher temperatures slightly enhances macromolecular
organization.

Conversely, level 1 accounts for the scattering from larger structures.
The results returned by the fitting show that the macromolecular ag-
gregates in all the samples are assembled into aggregates whose size
exceeds the maximum dimension accessible by the instrumental setup.
Regarding the exponential factor p, the values obtained are consistent
with surface fractal scattering, with a fractal dimension close to ~2.3
(for 3<p < 4, p=6-Dy) (Anitas, 2018, chap. 10), as observed in protein
gel-like structures (Chen et al., 2024; Shi et al., 2017). Also in this case,
samples dehydrated at high temperatures (i.e., 50 and 65 °C) do not
show significant differences, whereas grape pomace dehydrated at 35 °C
is characterized by a higher exponent (p, corresponding to a lower Dy),
suggesting that dehydration at 35 °C, compared to 50 and 65 °C, results
in aggregates with distinct internal and surface structural features.

3.3.3. Thermal stability and properties of the grape pomace powders

The thermal stability of grape pomace powders dehydrated at the
different temperatures was investigated by monitoring weight changes
as a function of temperature (TGA) and its time derivative (DTG). The
corresponding thermographs are depicted in Fig. 4B (TGA and DTG data
are shown on the left and right axes, respectively) and in Fig. S2. As
indicated by the changes in the slope of the TGA plots and by the peaks
in the DTG profiles, the grape pomace thermal decomposition consisted
in multiple degradation steps occurring in a broad range of temperature,
which could be related to the heterogeneous chemical composition of
grape pomace.
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The first weight loss (occurring below 130 °C) is characterized by a
minimal weight change (approximately 5 %), corresponding to the
forced dehydration of the sample and to the loss of organic volatiles
(Torres-Garcia & Brachi, 2020; Coelho et al., 2018; Khiari & Jeguirim,
2018; Berger et al., 2022; da Silva et al., 2024). Although the total
weight loss is minor, the sample dehydrated at 35 °C exhibits a slightly
higher loss, and the derivative signal reveals a notable peak around
55 °C, suggesting the release of volatile organic molecules. As previously
reported (Khanal et al., 2010) heating at 60 °C or above caused a sig-
nificant decrease in procyanidins and anthocyanins content in grape
pomace, due to their partial degradation.

The second stage, accounting for the largest fraction of total weight
loss (approximately 64 %), takes place approximately between 130 °C
and 590 °C. The DTG thermographs of this stage correspond to pyrolytic
events and are characterized by multiple peaks in the derivative signal
located at around 270, 290 and 330-350 °C, consistent with the thermal
degradation of polymeric materials such as cellulose-derived compo-
nents (Monari et al., 2020; Torres-Garcia & Brachi, 2020; Coelho et al.,
2018; Khiari & Jeguirim, 2018; Berger et al., 2022; da Silva et al., 2024).
Notably, the sample dehydrated at 35 °C shows a peculiar behavior
when compared to the other; in fact, the sample shows a higher weight
loss and a distinct peak around 350 °C in the derivative signal, thus
suggesting that dehydration at temperatures >50 °C causes a change in
the powder composition.

On the other hand, no notable differences were observed among the
samples in the broad shoulder around 450 °C, which can be ascribed to
the degradation of lignin (Monari et al., 2020; Berger et al., 2022; Yang
et al., 2007; Orfao et al., 1999). In the third stage, a flat tailing section
above 600 °C was observed, together with a weak signal at ~650 °C for
all the DTG curves. The weight loss is mainly ascribed to the formation
of char and to the final degradation of lignin (Khiari & Jeguirim, 2018;
Torres-Garcia & Brachi, 2020). Importantly, all thermograms are char-
acterized by a significant carbonaceous residue at 1000 °C, associated
with the presence of ash and highly condensed aromatic structures
(Gowman et al., 2018; Monari et al., 2020).

Based on the experimental results obtained by DTG, the dehydration
process carried out at 50 and 65 °C does not induce dramatic modifi-
cations on the grape pomace composition and on its thermal stability.
However, minor differences observed in the 35 °C sample suggest
reduced loss of water and volatile organics during drying.

Aiming at further understanding the influence of the dehydration
temperature on the thermal properties of grape pomace powders, dif-
ferential scanning calorimetry measurements were performed in a
selected temperature range (20-80 °C), where the powders are not
subjected to thermal degradation. All the obtained DSC thermograms,
displayed in Fig. 4C, show a step-like change in the baseline, referred to
as the glass transition temperature (T,), between 45 °C and 49 °C (see
Fig. S3 for more details). The glass transition is a reversible phenomenon
typical of amorphous or partially amorphous materials, where the ma-
terial transitions from a solid, brittle “glassy” state to a more rubbery or
molten state with increasing temperature. In food products, this tran-
sition, which can occur in a wide range of temperatures, is affected by
several factors, such as moisture content, chemical composition, and
processing conditions (Joardder et al., 2024).

The presence of a T, in the DSC indicates that the grape pomace
powders are at least partially amorphous and that their amorphous
structure is not significantly affected by the dehydration temperatures
tested. This suggests that an alternative explanation is needed for the
peculiar behavior of the 35 °C sample. Moreover, similar T, values have
been found for alginate/pullulan films enriched with water grape
pomace extract (Mugnaini et al., 2024), implying that the glass transi-
tion is largely related to the water-soluble components of grape pomace,
which are present in the solid powders, as well as in the water extract.

Although food products are often dried, they generally retain water
molecules that are bound or adsorbed to the solid matrix (e.g., poly-
saccharides or proteins), and quantifying this residual moisture is
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essential. LT-DSC measurements, which involves cooling samples to
—80 °C and then warming them to ~20 °C, is especially well-suited to
quantify the amount of water strongly bound to the matrix. During the
cooling and warming scans, the evolution of the heat flow was recorded.
The heating scans corresponding to the melting of the freezable water
are reported in Fig. S4, showing a single endothermic peak centered at
around —16 °C. A common way to quantify the amount of freezable
water (i.e., the water able to solidify and melt) present in a sample is the
Free Water Index (FWI)., As reported in Fig. 4D, the FWI decreases
markedly with increasing drying temperature: in fact, the value is
halved when moving from 35 °C to 50 °C, and is halved again from 50 °C
to 65 °C.

These results highlight the effect of the dehydration process and
indicate that the different samples display a different hygroscopicity, a
minor difference in absolute terms, but relevant to the properties of
grape pomace powders. These findings are consistent with the differ-
ences in the antioxidant properties observed between the grape pomace
sample dehydrated at 35 °C and those dehydrated at 50 °C and 65 °C
(see above).

These results suggest the potential use of grape pomace powders in
functional formulations. However, processability remains a critical
aspect that could influence their successful integration into various ap-
plications. One element that deserves further attention is the clustering
or agglomeration that may occur during the drying process, which was
not directly assessed in this work. Such microstructural changes could
impact dispersibility, rheological behavior, mechanical properties of
composite materials, and compatibility with formulation processes.
Future research should explore the influence of drying-induced struc-
tural modifications on the functional performance of the powders,
particularly under conditions relevant to food and packaging applica-
tions. This would support the optimization of processing conditions and
post-treatment steps (e.g., milling or granulation), ultimately enhancing
the technological value of grape pomace as a sustainable ingredient.

4. Conclusions

Grape pomace powders, dehydrated at three different temperatures
(i.e., 35, 50 and 65 °C), were investigated for the impact of dehydration
temperature on contamination level, antimicrobial effects against
Pseudomonas spp. and yeasts, phenolic compounds and condensed
tannin contents, antioxidant properties, size, nanoscale structure and
thermal properties, for their potential application as active agents in
polymeric films. The experimental results demonstrated that dehydra-
tion temperature has a significant influence on the final properties of
this by-product. Indeed, increasing the temperature from 35 to 65 °C,
the microbial and fungal spoilage of pomace decreased to a very low
contamination level without affecting the antimicrobial and antifungal
activity. More specifically, when yeasts were considered, the efficacy
increased as the dehydration temperature increased, probably due to
combined effects of heating on extractability of polyphenols and depo-
lymerization of high molecular weight tannins. On the other hand,
dehydration temperature significantly affected the release of antioxi-
dant phenolic compounds, mainly anthocyanins and condensed tannins,
and hence impacting on the shot-term antioxidant properties of grape
pomace powders, particularly in acidic media. These results are in line
with the physico-chemical characterization, which highlighted the
powder dehydrated at 35 °C differed from those treated at higher tem-
peratures, where a clustering process occurred as suggested by the
particle size distributions obtained from laser diffraction analysis and
fractal dimensions calculated from X-ray scattering. The TGA/DTG re-
sults stated that higher dehydration temperatures (>50 °C) minimally
altered the powder composition and reduced volatiles content, while
significantly affected the hygroscopicity, a feature which is also relevant
to their antimicrobial and antioxidant properties. Notably, the presence
of residual moisture and a different morphology of the aggregates may
also facilitate pomace powder dispersion and incorporation within
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water-based polymeric matrices towards the development of composite
materials.

In conclusions, these results provide detailed information on the
impact of the dehydration temperature on the functional properties of
grape pomace, of technological relevance for the exploitation of this
agri-food by-product in the food packaging sector.

CRediT authorship contribution statement

0. Panza: Writing — original draft, Formal analysis. M.L. Alfieri:
Writing — original draft, Formal analysis. M.A. Del Nobile: Writing —
original draft, Data curation, Conceptualization. G. Mugnaini: Writing
— original draft, Formal analysis, Data curation. A. Conte: Writing —
review & editing, Supervision, Data curation, Conceptualization. Lucia
Panzella: Writing - review & editing, Validation, Data curation,
Conceptualization. M. Bonini: Writing — review & editing, Visualiza-
tion, Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This research was funded by European Union Next-Generation EU,
Mission 4 Component 2- Project (2022NHBS97) CUP
D53D23011920006, E53D23010890006, and B53D2301794006. This
work benefited from the use of the SasView application, originally
developed under NSF award DMR-0520547. SasView contains code
developed with funding from the European Union’s Horizon 2020
research and innovation programme under the SINE2020 project, grant
agreement No 654000. CSGI (Consorzio Interuniversitario per lo Svi-
luppo dei Sistemi a Grande Interfase) is acknowledged for partial
financial support. GM and MB acknowledge the financial support of
MUR-Italy (“Progetto Dipartimenti di Eccellenza 2023-2027”
(58503DIP_ECC) allocated to Department of Chemistry “Ugo Schiff”).
MLA acknowledge the European Union through the Next Generation EU
plan, Mission 4, Component C2, Investment 1.1. as part of the PRIN 2022
PNRR Call (D.D.1409 of September 14, 2022) within the project
(P2022XT785) (CUP: E53D23017840001).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.1wt.2025.118029.

Data availability

Data will be made available on request.

References

Anitas, E. M. (2018). Small-angle scattering from mass and surface fractals (pp. 169-191).
Licensee InTechOpen. https://doi.org/10.5772/intechopen.70870 (Chapter 10).

Beaucage, G. (1995). Approximations leading to a unified exponential/power-law
approach to small-angle scattering. Journal of Applied Crystallography, 28(6),
717-728. https://doi.org/10.1107/50021889895005292

Beaucage, G. (1996). Small-angle scattering from polymeric mass fractals of arbitrary
mass-fractal dimension. Journal of Applied Crystallography, 29(2), 134-146.

Benzie, L. F. F., & Strain, J. J. (1996). The ferric reducing ability of plasma (FRAP) as a
measure of ““antioxidant power™: The FRAP assay. Analytical Biochemistry, 239,
70-76.

Berger, C., Mattos, B. D., Amico, S. C., de Farias, J. A., Coldebella, R., Gatto, D. A., &
Missio, A. L. (2022). Production of sustainable polymeric composites using grape
pomace biomass. Biomass Conversion and Biorefinery, 12, 5869-5880.

LWT 227 (2025) 118029

Carmona-Jiménez, Y., Garcia-Moreno, M. V., & Garcia-Barroso, C. (2018). Effect of
drying on the phenolic content and antioxidant activity of red grape pomace plant.
Foods for Human Nutrition, 73, 74-81. https://doi.org/10.1007/s11130-018-0658-1

Cedola, A., Cardinali, A., Del Nobile, M. A., & Conte, A. (2019). Enrichment of bread with
olive oil industrial by-product. Journal of Agriculture, Science and Technology, 9,
119-127.

Chamorro, S., Goni, L., Viveros, A., Hervert-Hernandez, D., & Brenes, A. (2011). Changes
in polyphenolic content and antioxidant activity after thermal treatments of grape
seed extract and grape pomace. European Food Research and Technology, 234,
147-155.

Chemat, F., Vian, M. A., & Cravotto, G. (2012). Green extraction of natural products:
Concept and principles. International Journal of Molecular Sciences, 13, 8615-8627.

Chen, D., Stone, S., Ilavsky, J., & Campanella, O. (2024). Effect of polyphenols on the
rheology, microstructure and in vitro digestion of pea protein gels at various pH.
Food Hydrocolloids, 151, Article 109827.

Chikwanha, O. C., Raffrenato, E., Opara, U. L., Fawole, O. A., Setatic, M. E.,
Muchenjed, V., et al. (2018). Impact of dehydration on retention of bioactive profile
and biological activities of different grape (Vitis vinifera L.) pomace varieties. Animal
Feed Science and Technology, 244, 116-127.

Cilla, A., Bosch, L., Barbera, R., & Alegria, A. (2018). Effect of processing on the
bioaccessibility of bioactive compounds — a review focusing on carotenoids,
minerals, ascorbic acid, tocopherols and polyphenols. Journal of Food Composition
and Analysis, 68, 3-15.

Coelho, C. C. S., Michelin, M., Cerqueira, M. A., Goncalves, C., Tonon, R. V.,

Pastrana, L. M., Freitas-Silva, O., Vicente, A. A., Cabral, L. M. C., & Teixeira, J. A.
(2018). Cellulose nanocrystals from grape pomace: Production, properties and
cytotoxicity assessment. Carbohydrate Polymers, 192, 327-336.

Conte, A., Panza, O., & Del Nobile, M. A. (2024). Modeling the dehydration kinetic of
grape pomace. LWT - Food Science and Technology, 198, Article 116021.

Coppola, G., Gaudio, M. T., Lopresto, C. G., Calabro, V., Curcio, S., & Chakraborty, S.
(2021). Bioplastic from renewable biomass: A facile solution for a greener
environment. Earth Systems and Environment, 5, 231-251.

da Silva, C. M. S., da Boit Martinello, K., Liitke, S. F., Godinho, M., Perondi, D.,

Silva, L. F. O., & Dotto, G. L. (2024). Pyrolysis of grape bagasse to produce char for
Cu(Il) adsorption: A circular economy perspective. Biomass Conversion and
Biorefinery, 14, 3947-3964.

Garcia-Lomillo, J., Gonzalez-SanJose, M. L., Del Pino-Garcia, R., Rivero-Perez, M. D., &
Muniz-Rodriguez, P. (2014). Antioxidant and antimicrobial properties of wine
byproducts and their potential uses in the food industry. Journal of Agricultural and
Food Chemistry, 62, 12595-12602.

Gelli, R., Del Buffa, S., Tempesti, P., Bonini, M., Ridi, F., & Baglioni, P. (2017). Multi-
scale investigation of gelatin/poly(vinyl alcohol) interactions in water. Colloids and
Surfaces A: Physicochemical and Engineering Aspects. In 30th European colloid and
interface society meeting, rome (Vol. 532, pp. 18-25), 2016.

Goula, A. M., Thymiatis, K., & Kaderides, K. (2016). Valorization of grape pomace:
Drying behavior and ultrasound extraction of phenolics. Food and Bioproducts
Processing, 100, 132-144.

Goupy, P., Dufour, C., Loonis, M., & Dangles, O. (2003). Quantitative kinetic analysis of
hydrogen transfer reactions from dietary polyphenols to the DPPH radical. Journal of
Agricultural and Food Chemistry, 51, 615-622.

Gowman, A., Wang, T., Rodriguez-Uribe, A., Mohanty, A. K., & Misra, M. (2018). Bio-
poly(butylene succinate) and its composites with grape pomace: Mechanical
performance and thermal properties. ACS Omega, 3, 15205-15216.

Guaita, M., Panero, L., Motta, S., Mangione, B., & Bosso, A. (2021). Effects of high-
temperature drying on the polyphenolic composition of skins and seeds from red
grape pomace. LWT - Food Science and Technology, 145, Article 111323.

Herald, T. J., Gadgil, P., Perumal, R., Bean, S. R., & Wilson, J. D. (2014). High-
throughput micro-plate HCl-vanillin assay for screening tannin content in sorghum
grain. Journal of the Science of Food and Agriculture, 94, 2133-2136.

Ilyas, T., Chowdhary, P., Chaurasia, D., Gnansounou, E., Pandey, A., & Chaturvedi, P.
(2021). Sustainable green processing of grape pomace for the production of value-
added products: An overview. Environmental Technology & Innovation, 23, Article
101592.

Joardder, M. U. H., Bosunia, M. H., Hasan, M. M., Ananno, A. A., & Karim, A. (2024).
Significance of glass transition temperature of food material in selecting drying
condition: An in-depth analysis. Food Reviews International, 40, 952-973.

Khanal, R. C., Howard, L. R., & Prior, R. L. (2009). Procyanidin content of grape seed and
pomace, and total anthocyanin content of grape pomace as affected by extrusion
processing. Journal of Food Science, 74(6), 174-182.

Khanal, R. C., Howard, L. R., & Prior, R. L. (2010). Effect of heating on the stability of
grape and blueberry pomace procyanidins and total anthocyanins. Food Research
International, 43(5), 1464-1469.

Khiari, B., & Jeguirim, M. (2018). Pyrolysis of grape marc from Tunisian wine industry:
Feedstock characterization, thermal degradation and kinetic analysis. Energies, 11,
730.

Kim, S., Jeong, S., Park, W., Nam, K. C., Ahn, D. U., & Lee, S. (2006). Effect of heating
conditions of grape seeds on the antioxidant activity of grape seed extracts. Food
Chemistry, 97(3), 472-479.

Lacivita, V., Lordi, A., Kalaydzhiev, H., Chalova, V. 1., Del Nobile, M. A., & Conte, A.
(2023). Sunflower meal ethanol solute powder as an upcycled value-product to
prolong food shelf Life. Food Bioscience, 54, Article 102869.

Lacivita, V., Lordi, A., Posati, T., Zamboni, R., Del Nobile, M. A., & Conte, A. (2023).
Pomegranate peel powder: In vitro efficacy and application to contaminated liquid
foods. Foods, 12, 1173.

Leal, C., Gouvinhas, I., Santos, R. A., Rosa, E., Silva, A. M., Saavedra, M. J., &

Barros, A. I. R. N. A. (2020). Potential application of grape (Vitis vinifera L.) stem


https://doi.org/10.1016/j.lwt.2025.118029
https://doi.org/10.1016/j.lwt.2025.118029
https://doi.org/10.5772/intechopen.70870
https://doi.org/10.1107/S0021889895005292
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref3
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref3
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref4
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref4
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref4
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref5
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref5
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref5
https://doi.org/10.1007/s11130-018-0658-1
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref7
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref7
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref7
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref8
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref8
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref8
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref8
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref9
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref9
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref10
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref10
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref10
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref11
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref11
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref11
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref11
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref12
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref12
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref12
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref12
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref13
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref13
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref13
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref13
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref14
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref14
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref15
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref15
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref15
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref16
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref16
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref16
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref16
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref17
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref17
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref17
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref17
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref18
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref18
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref18
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref18
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref19
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref19
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref19
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref20
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref20
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref20
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref21
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref21
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref21
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref22
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref22
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref22
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref24
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref24
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref24
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref25
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref25
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref25
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref25
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref26
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref26
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref26
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref27
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref27
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref27
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref28
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref28
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref28
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref29
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref29
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref29
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref30
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref30
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref30
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref31
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref31
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref31
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref32
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref32
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref32
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref33
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref33

O. Panza et al.

extracts in the cosmetic and pharmaceutical industries: Valorization of a by-product.
Industrial Crops and Products, 154, Article 112675.

Machado, T. O. X., Portugal, L., de, A. C., Kodel, H., Droppa-Almeida, D., Dos Santos
Lima, M., Fathi, F., Oliveira, M. B. P. P., de Albuquerque-Junior, R. L. C., Dariva, C.,
& Souto, E. B. (2024). Therapeutic potential of grape pomace extracts: A review of
scientific evidence. Food Bioscience, 60, Article 104210.

Monari, S., Ferri, M., Vannini, M., Sisti, L., Marchese, P., Ehrnell, M., Xanthakis, E.,
Celli, A., & Tassoni, A. (2020). Cascade strategies for the full valorization of
Garganega white grape pomace towards bioactive extracts and bio-based materials.
PLoS One, 15, Article e0239629.

Mugnaini, G., Bonini, M., Gentile, L., Panza, O., Del Nobile, M. A., Conte, A., Esposito, R.,
D’Errico, G., Moccia, F., & Panzella, L. (2024). Effect of design and molecular
interactions on the food preserving properties of alginate/pullulan edible films
loaded with grape pomace extract. Journal of Food Engineering, 361, Article 111716.

Orfao, J. J. M., Antunes, F. J. A., & Figueiredo, J. L. (1999). Pyrolysis kinetics of
lignocellulosic materials—three independent reactions model. Fuel, 78, 349-358.

Ortega, F., Varsino, F., Lopez, O. V., & Garcia, M. A. (2022). Biobased composites from
agro-industrial wastes and by-products. Emergent Materials, 5, 873-921.

Peixoto, C. M., Dias, M. 1., Alves, M. J., Calhelha, R. C., Barros, L., Pinho, S. P., &
Ferreira, I. C. F. R. (2018). Grape pomace as a source of phenolic compounds and
diverse bioactive properties. Food Chemistry, 253, 132-138.

Poblete, J., Quispe Fuentes, 1., Aranda, M., & Vega Galvez, A. (2024). Application of
vacuum and convective drying processes for the valorization of pisco grape pomace
to enhance the retention of its bioactive compounds. Waste and Biomass Valorization,
15, 3093-3107.

Radojcin, M., Pavkov, 1., Bursac Kovacevic, D., Putnik, P., Wiktor, A., & Stamenkovic, Z.
(2021). Effect of selected drying methods and emerging drying intensification
technologies on the quality of dehydrated fruit: A review. Processes, 9, 132.

Ramirez-Pulido, B., Bas-Bellver, C., Betoret, N., Barrera, C., & Segui, L. (2021).
Valorization of vegetable fresh-processing residues as functional powdered
ingredients: A review on the potential impact of pretreatments and drying methods
on bioactive compounds and their bioaccessibility. Frontiers in Sustainable Food
Systems, 5, Article 654313.

LWT 227 (2025) 118029

Samani, S. A., Pourvatan, D. S., Savarolyia, M., Aboutalebzadeh, S., Khezri, M.,
Kazemi, M., Khodaiyan, F., & Hosseini, S. S. (2025). Valorization of red grape
pomace for sustainable food packaging: Development of pectin/kidney bean protein
based biocomposite films enriched with grape pomace polyphenols. Food
Hydrocolloids, 160, Article 110806.

Seifzadeh, N., Sahari, M. A., Barzegar, M., Gavlighi, H. A., Calani, L., Del Rio, D., &
Galaverna, G. (2019). Evaluation of polyphenolic compounds in membrane
concentrated pistachio hull extract. Food Chemistry, 277, 398-406.

Shi, C., Tang, H., Xiao, J., Cui, F., Yang, K., Li, J., Zhao, Q., Huang, Q., & Li, Y. (2017).
Small-angle X-ray scattering study of protein complexes with tea polyphenols.
Journal of Agricultural and Food Chemistry, 65. https://doi.org/10.1021/acs.
jafc.6b04630

Teixeira, A., Baenas, N., Dominguez-Perles, R., Barros, A., Rosa, E., & Moreno, D. A.
(2014). Natural bioactive compounds from winery by-products as health promoters:
A review. International Journal of Molecular Sciences, 15, 15638-15678.

Torres-Garcia, E., & Brachi, P. (2020). Non-isothermal pyrolysis of grape marc. Journal of
Thermal Analysis and Calorimetry, 139, 1463-1478.

Tseng, A., & Zhao, Y. (2012). Effect of different drying methods and storage time on the
retention of bioactive compounds and antibacterial activity of wine grape pomace
(Pinot Noir and Merlot). Journal of Food Science, 77, 192-201.

Tseng, A., & Zhao, Y. (2013). Wine grape pomace as antioxidant dietary fibre for
enhancing nutritional value and improving storability of yogurt and salad dressing.
Food Chemistry, 138, 356-365. https://doi.org/10.1016/j.foodchem.2012.09.148

Wang, C., You, Y., Huang, W., & Zhan, Y. (2024). The high-value and sustainable
utilization of grape pomace: A review. Food Chemistry, 24, Article 101845.

Xu, Y., Burton, S., Kim, C., & Sismour, E. (2016). Phenolic compounds, antioxidant, and
antibacterial properties of pomace extracts from four Virginia- grown grape
varieties. Food Science and Nutrition, 4(1), 125-133.

Yang, H., Yan, R., Chen, H., Lee, D. H., & Zheng, C. (2007). Characteristics of
hemicellulose, cellulose and lignin pyrolysis. Fuel, 86, 1781-1788.

Zhao, X., Zhu, H., Zhang, G., & Tang, W. (2015). Effect of superfine grinding on the
physicochemical properties and antioxidant activity of red grape pomace powders.
Powder Technology, 286, 838-844.


http://refhub.elsevier.com/S0023-6438(25)00713-3/sref33
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref33
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref34
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref34
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref34
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref34
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref35
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref35
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref35
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref35
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref36
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref36
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref36
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref36
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref37
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref37
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref38
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref38
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref39
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref39
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref39
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref40
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref40
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref40
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref40
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref41
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref41
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref41
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref42
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref42
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref42
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref42
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref42
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref43
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref43
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref43
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref43
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref43
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref44
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref44
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref44
https://doi.org/10.1021/acs.jafc.6b04630
https://doi.org/10.1021/acs.jafc.6b04630
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref46
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref46
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref46
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref47
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref47
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref48
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref48
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref48
https://doi.org/10.1016/j.foodchem.2012.09.148
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref50
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref50
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref51
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref51
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref51
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref52
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref52
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref53
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref53
http://refhub.elsevier.com/S0023-6438(25)00713-3/sref53

	Effects of dehydration temperature on physico-chemical, antioxidant and antimicrobial properties of grape pomace powder
	1 Introduction
	2 Material and methods
	2.1 Raw materials and dehydration process
	2.2 Contamination level of grape pomace powders and pH determination
	2.3 In vitro antimicrobial activity of grape pomace powders
	2.4 Antioxidant properties of grape pomace powders
	2.4.1 a2,2-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assay
	2.4.2 a2,2-Diphenyl-1-picrylhydrazyl (DPPH) assay
	2.4.3 Ferric reducing/antioxidant power (FRAP) assay
	2.4.4 Condensed tannin content (CTC) assay
	2.4.5 Total phenolic content (TPC) assay

	2.5 Physico-chemical characterization of grape pomace powders
	2.5.1 Laser granulometry
	2.5.2 Small angle X-ray scattering (SAXS)
	2.5.3 Thermogravimetric analysis (TGA)
	2.5.4 Differential scanning calorimetry (DSC)

	2.6 Statistical analysis

	3 Results and discussion
	3.1 Effects of dehydration temperature on contamination level and antimicrobial activity
	3.2 Effect of dehydration temperature on grape pomace antioxidant properties
	3.3 Physico-chemical characterization of grape pomace powders
	3.3.1 Grape pomace powder size distribution
	3.3.2 Nanostructure of grape pomace powders
	3.3.3 Thermal stability and properties of the grape pomace powders


	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


