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extract-functionalised pectin:
a sustainable substrate to obtain chicken meatballs
with antioxidant and improved sensory properties

U. Gianfranco Spizzirri,†a Eva Scarcelli, †b Matteo Carletta, c Rosa Nicoletti,d

Cinzia Benincasa,d Donatella Restuccia,e Domizia Vescovo,e Maria Stefania Sinicropi,b

Annalisa Serio,f Rosa Di Capua,a Francesca Aiello *b and Maria Martuscellif

High-methoxyl pectin, functionalised with phenolic compounds extracted from coffee silverskin, was used

in chicken meatballs formulation for improving antioxidant and sensory properties of the final product. An

enzymatic conjugation process was applied to obtain the functional pectin then added at the level of 2.5%.

At the same time, non-spiked chicken meatballs were prepared as control. At day 0, functionalised

meatballs (PLF0) exhibited a total polyphenol content of 10.44 mg GAE per g, significantly higher than

controls (PB, 2.74 mg GAE per g). Antioxidant capacity, expressed as IC30 against the ABTSc+ radical, was

0.0127 mg mL−1 in PLF0 compared to 0.8982 mg mL−1 in PB0. After 5 and 10 days of storage at +4 °C,

functionalised samples retained markedly higher antioxidant potential, with IC30 values nearly 9-fold

lower than PB5 and 14-fold lower than PB10, respectively. Cooking preserved these benefits: PLFC

maintained a TPC of 9.33 mg GAE per g and an IC30 of 0.1129 mg mL−1, while controls showed lower

TPC (5.54 mg GAE per g) and weaker activity (1.4920 mg mL−1). Sensory evaluation revealed that the

incorporation of functionalised pectin did not adversely affect the visual appearance, odor, or texture of

chicken meatballs. Both raw and cooked products maintained comparable acceptability to controls, with

no significant differences in overall liking. Notably, the functionalised meatballs retained their

characteristic sensory profile after 10 days of refrigerated storage, confirming that the enrichment with

coffee silverskin-derived conjugates did not impair consumer-relevant attributes. Overall, these results

demonstrated that functionalisation of chicken meatballs with coffee silverskin extract enhanced the

polyphenol content and the antioxidant stability while preserving desirable sensory qualities, making this

approach a promising strategy for developing antioxidant-enriched meat products.
Sustainability spotlight

This study highlights a sustainable approach to functional food development by valorising coffee silverskin, an abundant by-product of the coffee roasting
industry. Through enzymatic functionalization, bioactive phenolic compounds were successfully incorporated into high-methoxyl pectin, generating a natural
antioxidant conjugate that was applied as an ingredient in chicken meatballs. This strategy not only reduced waste by converting a low-value residue into
a functional additive but also improved the nutritional and technological quality of a widely consumed meat product. The functionalized meatballs demon-
strated enhanced polyphenol content, remarkable antioxidant activity during storage and aer cooking, and maintained favourable sensory attributes, sup-
porting their potential for consumer acceptance. By integrating food industry by-products into novel formulations, this work provides a model for circular
economy practices, contributing to waste reduction, resource efficiency, and the development of healthier protein-rich foods.
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1 Introduction

Coffee, initially classied as an anti-fatigue stimulant,1 has
gradually evolved into one of the most consumed beverages
worldwide. In 2022/23, global coffee consumption reached
approximately 173.1 million 60 kg bags,2 with a slight increase
to 177 million bags during the 2023/24 coffee year.3 When the
roasting process takes place,4 the coffee silverskin (CSS) is ob-
tained in large quantities (i.e. around 1 ton of CSS for every 120
tons of roasted coffee).5 This is one of the primary wastes
© 2026 The Author(s). Published by the Royal Society of Chemistry
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derived from coffee processing, made by a thin layer that covers
green coffee beans. Considering a coffee consumption of 10.386
million kg, approximately 2.077 million kg of CSS are generated
every year.6 Given that total global coffee intake continues to
rise, annual CSS production is estimated to increase accord-
ingly,7 soliciting several attempts to explore new strategies for
its valorisation and not only for its recycling. This approach
directly supports the achievement of SDG Target 12.3 of the
2030 Agenda.8 In this context, the adoption of circular models
for waste management is emphasised.9

Numerous ways have been investigated to reuse CSS,
including packaging realised by incorporating CSS into biode-
gradable polylactic acid (PLA polymer) resulting in reinforced
bio-nanocomposite lms.10,11 In addition it was used in the
production of biobutanol.12 More recent valorisation routes,
consider its exploitation as a low-cost fertilizer (∼V20–30 per
ton) due to its moderate nitrogen and potassium content13 or as
a substrate in bioethanol production, with theoretical yields
between 0.2–0.3 g ethanol per g dry CSS.14 However, low
economic return high pretreatment costs and low conversion
efficiency were underlined as severe limitations. CSS has also
been applied in the food sector: examples of beverages with
antioxidant properties,15 biscuits as a natural source of bre,16

bread formulated to reduce the risk of chronic diseases17 and
with prebiotic and antioxidant effects,18 as well as chicken meat
burgers19 can be found in literature. Recently, to facilitate the
transition towards more sustainable production and
consumption patterns, the reuse of CSS has been proposed as
a functional ingredient in bakery products. Compared to com-
posting methods, this alternative scenario yielded benecial
results, leading to a 50% reduction in disposal costs and a 96%
reduction in environmental impact.20 Moreover, this strategy
ranked higher within the waste hierarchy proposed by the
European Commission.21 In this sense, traditional disposal
methods, such as landlling or incineration, are the least
desirable in the waste treatments22 as they not only present
environmental burdens but also neglect the material's
potential.

The cosmetic industry has also explored CSS extracts as
exfoliating agents or antioxidants, although these attempts
remain niche applications and largely experimental.23 In
contrast, the reuse of CSS for the extraction of polyphenols to
formulate functional food ingredients is a high-value and
sustainable alternative. CSS contains notable amounts of
chlorogenic acids and other phenolic compounds (up to 25–
30 mg GAE per g dry weight)4 which exhibit strong antioxidant
capacity. Additionally, the presence of high-value biological
compounds like caffeic acid5 enhances CSS as a raw material
with notable health and nutritional properties.24 In particular,
the high polyphenols content of CSS has prompted investiga-
tions to valorise their recognised antioxidant activity.25 Antiox-
idant molecules, whether naturally origin or synthetically
derived, have the ability to neutralise free radicals and reactive
oxygen species (ROS). The growing interest in this eld derives
from the possibility to include these bioactive molecules into
food and beverage products, therefore dened as “functional”.
This property is crucial to offer protection against free radical-
© 2026 The Author(s). Published by the Royal Society of Chemistry
induced damage, which is involved in the onset and develop-
ment of chronic diseases, such as cardiovascular diseases,
ageing, heart disease, anaemia, cancer, inammation and
neurodegenerative disorders.26 Caffeic acid, a phenolic
secondary metabolite also found in CSS, exhibits high antioxi-
dant power, attributed to the presence of a phenolic second
hydroxyl group, which enhance scavenging activity through
resonance stabilisation and o-quinones formation.27 This may
explain its greater antioxidant power compared to other
phenolic acids, such as ferulic acid.28 Moreover, caffeic acid is
not only able to scavenge radicals directly via hydrogen atom
transfer mechanisms but also enables the formation of new
metabolites via oxidative degradation.29 Therefore, an impor-
tant objective is the development of a novel functional food
ingredient, characterized by a high content of phenolic acids,
such as caffeic acid, with potent antioxidant activity, specically
intended for incorporation into meat products. In particular,
chicken meatballs represent an ideal application due to their
sensory qualities,30 but also for being a primary source of high-
quality protein, vitamins and minerals, with low fat and
cholesterol concentrations.31 Moreover, chicken meat contains
a higher proportion of unsaturated fatty acids and is more easily
digestible than red meat.32 Nevertheless, quality determinants
of the nal product are inuenced by the ingredients used
throughout the production chain, which not always involve the
use of unhealthy ingredients.33 In this sense, there is a clear
consumer demand for healthier formulations, enriched with
bioactive compounds to enhance the overall nutritional prole
of the product.

Such CSS valorisation strategy, aligns with the European
Bioeconomy Strategy,34 reduces reliance on synthetic antioxi-
dants, and offers a scalable solution with added health benets.
This approach not only prevents waste remediation costs but
converts an environmental burden into a functional ingredient,
in compliance to the green chemistry principles and the
sustainable food innovation.

In light of these considerations, the aim of this study was to
develop a sustainable strategy for valorising coffee silverskin by
extracting its phenolic fraction and using it to produce an
enzymatically functionalised pectin with enhanced antioxidant
properties. This upcycled biopolymer was then incorporated
into chicken meatballs with three specic objectives: (i) enrich
the formulations with polyphenols, (ii) enhance their antioxi-
dant capacity during refrigerated storage, and (iii) verify that
these improvements could be achieved without compromising
the sensory quality of raw or cooked products. In this way, the
study explores how a coffee-processing by-product can be
repurposed into a functional ingredient that ts within circular
bioeconomy principles and contributes to more sustainable
food formulations.

2 Materials and methods
2.1. Chemicals and reagents

All reagents, analytical standards and LC/MS-grade solvents
were obtained from Sigma-Aldrich (Riedel-de Haën, Laborche-
mikalien, Seelze, Germany), Extrasynthése (Genay, France),
Sustainable Food Technol., 2026, 4, 1854–1868 | 1855
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Merck (Darmstadt, Germany) and VWR International (Milan,
Italy). Ultrapure water was produced using a Milli-Q plus system
(Millipore, Bedford, MA, USA).
2.2. Coffee silverskin

The CSS were provided by the roasting company Torrefazione
Adriatica s.p.a. (Giulianova, Italy) and stored, protected from
light and heat sources, until processing. Samples were classied
according to coffee variety and mixing into two matrices: 100%
Robusta (Coffee canephora var. Uganda), designated as “ROB”;
a blend (1 : 1 : 1) of C. canephora var. Uganda, C. canephora var.
India Parchment and C. arabica var. India Arabica, designated
as “MIX”.
2.3. Extraction of polyphenols from coffee silverskin

2.3.1. Particle-size determination. CSS samples were
ground using a Girmi MC01 coffee grinder (Trevidea S.R.L.,
Italy) and sieved on a Giuliani IG/3 EXP sieve shaker (Turin,
Italy). To determine the particle size distribution of the ground
CS, two sieves of 355 mm and 75 mm were used. The results were
expressed as a percentage deposited on each sieve (%).

2.3.2. Polyphenol extraction. Polyphenol extraction was
performed on fractions with a particle size greater than 355 mm
(labelled as “1”) and between 355 mm and 75 mm (labelled as
Table 1 Particle size distribution via sieving of the ground CSa

CS

Sieve (mm)

355 75 Bottom

ROB (%) 52.04 � 2.41b 47.42 � 2.11a 0.54 � 0.02b

MIX (%) 63.88 � 3.01a 33.08 � 1.48b 3.04 � 0.12a

a CS = coffee silverskins; ROB = CS originated from the roasting of
Coffea canephora (Robusta); MIX = CS originated from the roasting of
a blend of Coffea canephora (Robusta) and Coffea arabica (Arabica).
Mean ± SD values with different letters are signicantly different
(Tukey HSD, p < 0.05).

Table 2 Ultrasound-assisted extraction from the CS of Robusta and Ro

Sample
Plant matrix
mass (g)

Extraction
solvent

ROB1A 20 Ethanol/water (70 : 30 v/v)
ROB2A 20 Ethanol/water (70 : 30 v/v)
MIX1A 20 Ethanol/water (70 : 30 v/v)
MIX2A 20 Ethanol/water (70 : 30 v/v)
ROB1B 20 Ethanol/acid water (pH = 2, 70 : 30 v/v)
MIX1B 20 Ethanol/acid water (pH = 2, 70 : 30 v/v)
ROB2B 20 Ethanol/acid water (pH = 2, 70 : 30 v/v)
MIX2B 20 Ethanol/acid water (pH = 2, 70 : 30 v/v)

a ROB1A = Robusta, with particle size greater than 355 mm, in water/etha
ethanol; MIX1A = mixture, with particle size greater than 355 mm, in wat
water/ethanol ROB1B = Robusta, with particle size greater than 355 mm,
355 mm, in acid water/ethanol; ROB2B = Robusta, with particle size betw
particle size between 75 mm and 355 mm, in acid water/ethanol. Values ar
differences according to Tukey's HSD test at p < 0.0.

1856 | Sustainable Food Technol., 2026, 4, 1854–1868
“2”), as these exhibited the highest particle size distribution
(Table 1).

Samples (20 g) were extracted by ultrasound system (AU-32,
ARGOLAB, Italy) at 40 °C, 40 kHz and 120 W for 30 min,
using two different solvent mixes: (A) 105 mL of absolute
ethanol with 45 mL of distilled water or (B) 105 mL of absolute
ethanol with 45 mL of acidied water (pH = 2.0, adjusted with
37% HCl (w/w)). The supernatant was ltered using Whatman
no. 3 paper and 0.21 mm lters. The extracts obtained were
concentrated using a rotary evaporator under reduced pressure
and stored at +4 °C until analysis. All extraction yields (%) are
reported in Table 2.
2.4. Synthesis of antioxidant pectin conjugates

In order to obtain the pectin–polyphenol conjugate, high m-
ethoxylated (HM) pectin was functionalised with the chosen
extract (ROB1B) employing two methods: the polymerisation
technique via graing (g), performed according to the litera-
ture35 and the polymerisation technique via enzymatic reaction
(e), catalysed by porcine pancreatic lipase adapted from Zhang
et al. (2020).36 The resulting polymers (eROB1B and gROB1B,
details in SI) were subjected to comparative chemical analysis.
2.5. 1H-NMR spectroscopy of CS extracts
1H-NMR spectra were acquired using a Brucker 300 MHz spec-
trometer. Samples were dissolved in DMSO-d6 with tetra-
methylsilane (TMS) as the internal standard, at 25 °C. Chemical
shis (d) were expressed in parts per million (ppm). The signals
assignment was performed comparing the data already present
in published papers available in literature, and using Human
Metabolome Database, Chem Spectrum, and nmrdb.org
(https://www.nmrdb.org/).
2.6. LC-MS/MS analysis of CS extracts and pectin conjugates

Samples were analysed by electrospray ionization tandem mass
spectrometry (ESI-MS/MS) using an API 4000 Q-Trap mass
spectrometer (Applied Biosystems, Sciex) interfaced with an
busta/Arabica coffee varietiesa

Volume
(ml)

Temperature
(°C)

Time
(min)

Yield
(%)

Yield
(%)

150 40 30 0.746 � 0.03d 3.73 � 0.11e

150 40 30 1.188 � 0.04a 5.94 � 0.22a

150 40 30 1.011 � 0.04b 5.05 � 0.21b

150 40 30 0.497 � 0.02f 2.49 � 0.10g

150 40 30 0.835 � 0.03d 4.18 � 0.19d

150 40 30 0.909 � 0.04c 4.55 � 0.18c

150 40 30 0.741 � 0.03d 3.71 � 0.16e

150 40 30 0.608 � 0.02e 3.04 � 0.12f

nol; ROB2A = Robusta, with particle size greater than 75 mm, in water/
er/ethanol; MIX2A = mixture, with particle size greater than 75 mm, in
in acid water/ethanol; MIX1B = mixture, with particle size greater than
een 75 mm and 355 mm, in acid water/ethanol; MIX2B = mixture, with
e expressed as mean ± SD (n = 3). Different letters indicate signicant

© 2026 The Author(s). Published by the Royal Society of Chemistry
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HPLC 1200 series instrument (Agilent Technologies, Santa
Clara, California). The rst diagnostic evaluation was carried
out by direct infusion analysis,37 operating in negative-ion mode
in full scan product ion scan, and precursor ion scan. Aer-
words, quantitative analysis were obtained by multiple reaction
monitoring (MRM).

The mass spectrometer parameters were set as follows: ion
spray voltage, 4500 V; curtain gas, 20 psi; source temperature,
400 °C; ion source gases 1 and 2 set at 40 and 35 psi, respec-
tively. Compound-specic parameters such as declustering
potential (DP), entrance potential (EP), collision energy (CE),
and collision cell exit potential (CXP) were optimized individ-
ually for each MRM transition. Chromatographic separation of
analytes was performed using an Eclipse XDB-C8-A HPLC
column (5 mm particle size, 150 mm length, 4.6 mm i.d.; Agilent
Technologies, Santa Clara, CA, USA) at a ow rate of 300
mL min−1 with an injection volume of 10 mL. The binary mobile
phase consisted of 0.1% formic acid in water (solvent A) and
methanol (solvent B). The gradient elution was as follows: 10%
to 100% B over 10 min, held at 100% B for 2 min, and returned
to the initial conditions (90% A, 10% B) over the next 8 min. The
total run time was 20 min per injection. Quantitative analyses
were performed using external calibration curves built through
least-squares linear regression analysis. To this end, standard
stock solutions were prepared by dissolving in methanol the
standard compound of interest. The correlation coefficients (R2)
of the calibration curves ranged between 0.9994 and 0.9997. The
standards used for phenols characterization and detection
were: caffeic acid (CA), ferulic acid (FA), catechol (CAT), tyrosol
(TYR), vanillin (VAN), vanillic acid (VA), Luteolin (LUT), Ver-
bascoside (VER), Rutin (RUT). To assess analyte losses during
the analytical procedure and to determine the accuracy,
recovery tests on spiked solutions were conducted. Additionally,
the limit of detection (LOD) and limit of quantication (LOQ)
were calculated by analyzing procedural blanks.
2.7. Chicken meatballs preparation and analysis

Chicken meat was from retail (Amadori Group, Cesena, Italy).
Chicken meatballs were prepared using fresh boneless chicken
breast, ground through a 3 mm plate. Formulation included
ground chicken breast 83%, water 9.6%, maize starch 3.5%,
high methoxyl pectin (PLB) or functionalised HM pectin (PLF)
2.5% and salt 1.4%. All ingredients were mixed uniformly to
ensure homogeneous distribution. The meat batter was then
portioned into 12 g spheres and rolled manually to ensure
consistent shape and size. Raw samples were analysed for
colour and antioxidant features, immediately aer preparation
(T0) and aer 5 (T5) and 10 (T10) days of refrigerated storage (4 °
C) under commercial packaging lm. Samples were cooked by
a preheated air fryer (ENKHO, Eurospin Italia S.p.a., San Mar-
tino Buon Albergo, VR) at 180 °C for 20 min. Aer cooking,
products were tested for sensory attributes (cooled at 55 ± 5 °C)
and underwent instrumental analysis for colour and texture
evaluation (at room temperature).

2.7.1. Cooking properties. To determine the cooking
properties, chicken meatballs' weight and volume were
© 2026 The Author(s). Published by the Royal Society of Chemistry
measured in uncooked and cooked samples. Cooking loss and
shrinkage were calculated according to the following eqn (1)
and (2):38

Cooking loss ¼ Raw weight� cooked weight

Raw weight
� 100% (1)

Shrinkage ¼ Raw volume� cooked volume

Raw volume
� 100% (2)

2.7.2. Colour. Colour assessments were carried out on ve
replicates using a CR-5 colorimeter (Spectrally based, Konica
Minolta, Tokyo, Japan) with a D65 light source in the CIE Lab
colorimetric space. The measurements were performed at room
temperature on raw and cooked samples, considering both the
crust and the interior for the former. Notoriously, the L* value
denotes the lightness of colour from 0 (black) to 100 (white), the
a* value represents the degree of redness or greenness, and the
b* value represents the degree of yellowness or blueness of the
sample.

The coordinates a* and b* were used to calculate hue angle
value according to the following eqn (3):

h� ¼ Arctan

�
b*

a*

�
(3)

The colour difference (DE) between the sample colour
ðL*2; a*2; b*2Þ and the reference colour ðL*1; a*1; b*1Þ was deter-
mined according to the following eqn (4):38,39

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
L*

1 � L*
2

�2 þ ða*1 � a*2Þ2 þ
�
b*1 � b*2

�2q
(4)

2.7.3. Texture prole analysis. Texture Prole Analysis
(TPA) of the formulated chicken meatballs was performed using
Instron dynamometer mod. 5542-H5036 (Instron International
Limited, HighWycombe, UK), equipped with a cylinder probe of
35 mm diameter. Cooked meatballs' texture proles were ob-
tained by 2-cycle compression to 70% deformation of their
original height with a speed of 20 mm s−1. Before testing,
samples were equilibrated to room temperature for at least
30 min. Texture proles were then used to calculate the
following TPA parameters on ve replicates: Hardness, Frac-
turability, Cohesiveness, Springiness, Gumminess, Chewiness
and Resilience.38

2.7.4. Sensorsy analysis. A semi-trained panel of 11 asses-
sors (4 man and 7 woman aged 25–57 years) with prior experi-
ence in sensory assessment was selected for Quantitative
Descriptive Analysis (QDA). Considering the current regulations
for ethics in food science research, we collected informed
consent, while assuring data protection and privacy mainte-
nance. Panelists received a structured verbal brieng prior to
testing, to clearly explain the denitions and the use of each
sensory descriptor. The selected attributes, targeting four cate-
gories of sensory descriptors (appearance, odour, avour, and
texture) were rated by the panelists using a 9-point Likert scale
(1= not perceptible; 9= extremely intense).40 Assessments were
conducted under standardized conditions in individual booths,
Sustainable Food Technol., 2026, 4, 1854–1868 | 1857
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following ISO 8589:2007 guidelines for sensory testing envi-
ronments. Each sample was served at a standardized tempera-
ture of 55± 5 °C. Panelists were instructed to rinse their mouths
with still water between samples and to pause for at least 30 s
before proceeding to the next.

2.7.5. Polyphenol extraction from functionalised chicken
meatballs. Both raw and cooked meatballs were subjected to
cold maceration (+4 °C) to extract polyphenolic compounds,
according to literature methods41,42 (details in SI). Extraction
yields were expressed as percentages (%).

2.8. Antioxidant evaluation of CSS extracts, pectin
conjugates and chicken meatballs

2.8.1. Total polyphenol content. Appropriate aqueous
solutions of CSS extracts, pectin-based polymers and extracts
from raw and cooked meatballs were prepared to evaluate the
total polyphenol content, via a modied method (details in
SI).43,44 Data were converted as milligrams of gallic acid equiv-
alent per gram of sample (mg GAE per g sample).

2.8.2. Determination of avonoid content. Flavonoid
content (FC) of CSS extracts was assessed following a method
adapted from the literature45 (details in SI). Results were
expressed as milligrams of catechin equivalent per gram of
sample (mg CTE per g sample).

2.8.3. ABTSc+ radical scavenging activity. Antioxidant
potential of CSS extracts, pectin-based polymers and meatball
extracts (raw and cooked) was assessed by measuring scav-
enging activity against the cationic ABTSc+ radical (2,20-azino-
bis(3-ethylbenzothiazolin-6-sulphonic acid)) as described in
the literature46 (details in SI). Results were reported as IC50

value.
2.8.4. DPPHc radical scavenging activity. CSS extract anti-

oxidant activity was further evaluated based on scavenging of
the lipophilic DPPHc radical (2,2-diphenyl-1-picrylhydrazyl), as
described in prior studies44,47 (details in SI). The scavenging
activity of the samples was reported as IC50 value.

2.9. Microbial analysis

Meatballs, prepared with pectin (PLB) and functionalised pectin
(PLF), were subjected to the determination of total mesophilic
and psychrophlic aerobic counts during 10 days of storage at 4 °
C in aerobic conditions. In detail, 10 grams of meatballs,
representative of the whole sample, were aseptically cut and
diluted 1 : 10 in sterile saline solution. They were homogenized
by a Stomacher (200 rpm for 90 s) and serially diluted. Three
different samples were analysed for each sampling time (0, 5
and 10 days). Plate count agar was prepared and inoculated with
the appropriate dilutions, then the Petri dished were incubated
at 25 °C × 48 h and 4 °C × 7 days, respectively for Total
Mesohilic and Total Psycrophilic counts. The analyses were
performed in triplicate, and the results obtained were expressed
as log CFU per g.

2.10. Statistical analysis

All experiments were performed in triplicate, and results were
presented as mean ± standard deviation (SD). Differences
1858 | Sustainable Food Technol., 2026, 4, 1854–1868
among groups were analysed using one-way analysis of variance
(ANOVA). When the ANOVA indicated signicant differences (p
< 0.05), Tukey's Honestly Signicant Difference (HSD) post-hoc
test was applied to identify which means differed signicantly.
Statistical analyses were performed using GraphPad Prism 8.3.0
(GraphPad Soware, Inc., San Diego, CA, USA).

3 Results and discussion
3.1. Ultrasound-assisted extraction of phenolic compounds
from CSS

In this study, phenolic compounds were isolated using
ultrasound-assisted extraction (UAE). Compared with conven-
tional extraction approaches, UAE is recognized for its effi-
ciency, reproducibility, and reduced processing times, and is
therefore considered a reliable and sustainable method.48

Prior to extraction, CSS samples were subjected to a sieving
procedure using stainless-steel sieves of 355 mm and 75 mm
mesh size. This allowed the separation of the raw material into
three granulometric fractions: particles larger than 355 mm,
particles between 75 and 355 mm, and particles smaller than 75
mm. The extraction yields obtained from each fraction are re-
ported in Table 2, providing insight into the effect of particle
size on extraction efficiency.

Additionally, two solvent mixtures were employed: (i)
ethanol/water (70 : 30 v/v) and (ii) ethanol/water acidied to pH
2.0 with HCl (37% w/w), in the same volumetric ratio. The use of
hydroalcoholic and acidied aqueous-organic mixtures is
consistent with the principles of green chemistry and supported
by the evidence that such mixtures outperform pure organic
solvents in extracting phenolic constituents.49

For clarity, the different extraction conditions were labelled
using a coding system based on coffee type, granulometry, and
solvent mixture. The CSS samples originated from the roasting
of either Coffea canephora (Robusta, ROB) or a blend of Coffea
canephora and Coffea arabica (MIX). The granulometric frac-
tions were classied as particles larger than 355 mm (coded as 1)
or between 75 and 355 mm (coded as 2). Solvent systems were
distinguished as hydroalcoholic (coded as A) or acidied
hydroalcoholic (coded as B). In this way, a total of eight extracts
were obtained, and the extraction yields under different
conditions are reported in Table 2.

Overall, yields expressed as percentages, were comparable
across different granulometric fractions of the plantmatrix and no
direct correlation was observed between particle size reduction
and extraction efficiency. In general, smaller particle sizes provide
a larger surface-to-volume ratio, facilitating solvent access and
enhancing the diffusion of intracellular compounds into the
medium. However, excessively ne powders may lead to particle
agglomeration, reduced solvent circulation, and difficulties in
solid–liquid separation, which can counteract these advantages.50

Particle size is known to inuence extraction performance due to
its effect on surface area, solvent penetration, and mass transfer
kinetics. For this reason, extraction efficiency does not always
increase linearly with particle size reduction, and in some cases
coarser fractionsmay yield comparable or even superior results. In
some instances, coarser powders (MIX1A, ROB1B, MIX1B) even
© 2026 The Author(s). Published by the Royal Society of Chemistry
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resulted in higher yields than ner ones (MIX2A, ROB2B, MIX2B),
despite the latter exhibited a larger surface area. The highest yields
were recorded for samples ROB2A (5.94%) and MIX1A (5.05%).
The extraction yields reported here are consistent with previous
studies on UAE of plant phenolics, where values typically ranged
between 4–7% depending on solvent system and plant species.48,51

Notably, the absence of a clear dependence on particle size was
also observed in other studies, suggesting that cavitation
phenomena compensated for surface area limitations by effi-
ciently disrupting cellular structures. Moreover, the performance
of hydroalcoholic and acidied mixtures aligns with literature
ndings, emphasizing the role of solvent polarity and pH in
enhancing phenolic recovery.52 Taken together, these ndings
reinforce the robustness of UAE as a green and versatile extraction
technique for phenolic compounds, also highlighting the impor-
tance of solvent composition over granulometric factors in deter-
mining extraction efficiency.

3.2. Characterisation of CSS extracts

3.2.1. Antioxidant properties of CSS extracts. The bioactive
composition and antioxidant properties of CSS extracts were
assessed in terms of total polyphenol content (TPC), avonoid
content (FC), and radical scavenging activity (IC50 values for
DPPH and ABTS radicals) as summarized in Table 3. TPC values
ranged from 41 ± 2 mg GAE per g in MIX2B (mixed variety,
acidied ethanol, 75–355 mm) to 422 ± 17 mg GAE per g in
ROB1B (Robusta variety, acidied ethanol, >355 mm). Extracts
from the Robusta variety consistently exhibited higher TPC than
mixed Robusta–Arabica extracts, regardless of particle size or
solvent, conrming that the inherent phenolic richness of
Robusta beans is preserved in the silverskin by-product. Acid
hydrolysis (pH = 2.0, with 37% HCl) signicantly enhanced
phenolic recovery:

ROB1B showed an increase in TPC of ∼14% compared to its
non-acidied counterpart ROB1A (422 vs. 370 mg GAE per g),
demonstrating that mild acidic treatment effectively cleaves
glycosidic bonds and releases bound phenolic compounds, as
reported in previous studies.53 FC followed a similar trend,
Table 3 Total polyphenol and flavonoid contents and scavenger activity

Sample TPC (mg GAE per g) FC (mg CT p

ROB1A 370 � 13b 758 � 28b

ROB2A 186�6d 720 � 28b

MIX1A 140�5e 770 � 29b

MIX2A 89�3f 266 � 11e

ROB1B 422 � 17a 760 � 32b

MIX1B 287 � 12c 838 � 36a

ROB2B 180�7d 439 � 17d

MIX2B 41�2g 281 � 12e

a ROB1A = Robusta, with particle size greater than 355 mm, in water/etha
ethanol; MIX1A = mixture, with particle size greater than 355 mm, in wat
water/ethanol ROB1B = Robusta, with particle size greater than 355 mm,
355 mm, in acid water/ethanol; ROB2B = Robusta, with particle size betw
particle size between 75 mm and 355 mm, in acid water/ethanol. TPC = to
1-picrylhydrazyl; ABTS = 2,20-azino-bis(3-ethylbenzothiazolin-6-sulphonic
indicate signicant differences according to Tukey's HSD test at p < 0.05.

© 2026 The Author(s). Published by the Royal Society of Chemistry
ranging from 266 ± 11 mg of catechin (CT) per gram of extract
in MIX2A to 838 ± 36 mg CT per g in MIX1B. The highest
avonoid concentrations were observed in ROB1B (760 ± 32 mg
CT per g) and MIX1B (838 ± 36 mg CT per g), indicating that
acidied hydroalcoholic extraction and intermediate particle
sizes (75–355 mm) can favor avonoid solubilization. Interest-
ingly, larger particle fractions (>355 mm) generally returned
higher TPC and avonoid values, suggesting that these particles
may retain polyphenols better during processing and facilitate
their release upon extraction.

Antioxidant activity, expressed as IC50, correlated strongly
with TPC and avonoid content. ROB1A and ROB1B displayed
the lowest IC50 values for DPPH (0.0448 ± 0.0018 and 0.0678 ±

0.0027 mg mL−1, respectively) and ABTS (0.0869 ± 0.0031 and
0.1162 ± 0.0042 mg mL−1), indicating superior radical scav-
enging capacity compared to mixed extracts. In contrast,
MIX2B, the extract with the lowest TPC and avonoid content,
showed markedly higher IC50 values for both radicals (DPPH:
0.1706 ± 0.0077 mg mL−1; ABTS: 0.1445 ± 0.0063 mg mL−1).
These results conrmed the direct relationship between poly-
phenol content and antioxidant performance. Notably, ABTS-
based IC50 values were generally higher than DPPH values,
likely reecting differences in solubility and reaction kinetics of
hydrophilic versus lipophilic antioxidants. Acid hydrolysis
emerged as a key factor in increasing the bioavailability of
phenolic compounds, whereas larger particle fractions retained
higher levels of bioactive compounds. Robusta extracts ob-
tained with acidied hydroalcoholic solvent and coarser
particle size demonstrated the most promising combination of
high TPC and FC values, and low IC50 values, conrming their
suitability for innovative applications including nutraceutical
formulations or polymer functionalisation.

3.2.2. Characterisation of CSS extracts by NMR analysis.
The 1H NMR spectrum of total extract ROB1B (see Fig. S1 in SI),
did not show a good resolution. The choice of DMSO was forced
due to the extreme insolubility of the samples in other deuter-
ated media, despite the solvent signals hid several picks of
phytochemicals. The spectral windows from 4.0 to 10.0 (see
against DPPH and ABTS radical specie of the CSS extractsa

er g)

Scavenger activity IC50 (mg mL−1)

DPPH ABTS

0.0448 � 0.0018e 0.0869 � 0.0031e

0.0598 � 0.0021d 0.1334 � 0.0032c

0.0646 � 0.0027c 0.1480 � 0.0040b

0.1665 � 0.0074a 0.2125 � 0.0082a

0.0678 � 0.0027c 0.1162 � 0.0042d

0.0736 � 0.0029c 0.1207 � 0.0043d

0.1269 � 0.0058b 0.1438 � 0.0063
0.1706 � 0.0077a 0.1445 � 0.0063b

nol; ROB2A = Robusta, with particle size greater than 75 mm, in water/
er/ethanol; MIX2A = mixture, with particle size greater than 75 mm, in
in acid water/ethanol; MIX1B = mixture, with particle size greater than
een 75 mm and 355 mm, in acid water/ethanol; MIX2B = mixture, with
tal polyphenol content; FC = avonoid content; DPPH = 2,2-diphenyl-
acid). Values are expressed as mean ± SD (n = 3). Different letters
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Table 4 1H NMR characterisation of CSS extract ROB1B

Extract Compound 1H NMR (DMSO) splitting d (ppm) and multiplicitya

ROB1B Chlorogenic acid 4.37 CH–O (m, 1H)
6.26 CH]CH–C]O (d, 1H, J = 7.0Hz)
6.78 CH-6, (d, 1H, J = 9.2Hz)
7.08 CH-2, (s, 1H, J=)
7.47 CH]CH (d, 1H, J = 15.6Hz)

Caaric acid 9.22 OH (s, 2H)
6.46 CH]CH–C]O (d, 1H, J = 15.9Hz)

Ferulic acid Ethylenic signals overlapped with chlorogenic ones
3.89 O–CH3 (s, 3H)

Caffeic acid Ethylenic signals and many of the aromatic protons, overlapped with chlorogenic ones
7.00 CH]CH partially overlapped (d, 1H, J = 13.8 Hz)

a s: Singlet; d: doublet; m: multiplet. ROB1B = Robusta, with particle size greater than 355 mm, in acid water/ethanol.
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Fig. S2 and S3 in SI) contained the main signals of polyphenols
and phenolic acids, the most interesting compounds in our
work. The signals belonging to chlorogenic acid appeared the
most evident and easily assigned, in relation to the main
features of this compound (Table 4), such as the CH–O (labelled
as c in the structure), the connection point between caffeic and
quinic acid, and Ha, Hb quartet, 6.26–7.47 ppm of cinnamic
moiety, typically also of caffeic, caaric and ferulic acid skel-
eton. This latter was very difficult to detect, due to the over-
lapping of all the signals, except the methoxy group of the
vanillic nucleus, at 3.89 ppm (see Fig. S1 in SI). The signals of
double bond in caaric acid fall at 6.46 (Hb) and 7.0 (Ha)
partially overlapped. At 9.2 ppm were assigned the chemical
shis of both hydroxyl groups of the catechol moiety. Similarly,
the signals of caffeic acid overlapped in the region of double
quartet, but its presence was conrmed by LC-MS/MS analysis.
3.3. Synthesis and characterisation of pectin conjugates

Hydrophilic natural polymers exhibit three key characteristics:
biocompatibility, biodegradability, and non-toxicity. These
properties make them highly attractive for applications in food
preservation, biomedical devices, and environmental remedia-
tion.54 Moreover, their functional versatility allows the intro-
duction of additional bioactive properties through chemical
modication.

In this study, HM pectin was functionalised via graing,
following a modied procedure based on Restuccia et al.
(2018).55 Hydrophilic natural polymers, such as pectin, provide
an ideal scaffold for the covalent attachment of antioxidant
molecules due to their abundant hydroxyl groups and inherent
safety prole. The graing reaction was initiated using the
ROB1B extract (equivalent to 75 mg of gallic acid) in combina-
tion with a redox pair consisting of L-ascorbic acid and
hydrogen peroxide. This system operates at relatively low
temperatures, reducing the risk of forming toxic by-products.
1860 | Sustainable Food Technol., 2026, 4, 1854–1868
The ascorbyl and hydroxyl radicals generated in situ abstract
hydrogen atoms from the pectin hydroxyl groups, activating the
polymer chain and facilitating the formation of covalent bonds
with the phenolic acids present in the extract.56 The resulting
graed polymer, designated gROB1B, was subsequently char-
acterized using spectrophotometric assays to determine its
antioxidant capacity and polyphenol content.

In parallel, enzymatic conjugation has been reported as an
effective alternative for graing phenolic compounds onto
polysaccharides skeleton. This strategy engages enzymes, such
as laccases and peroxidases, which promote selective esteri-
cation under mild conditions.57,58 Following this approach,
ROB1B extract was conjugated to HM pectin using porcine
pancreatic lipase (PPL), which catalyses both the hydrolysis of
HM pectin methyl esters in aqueous solution and the subse-
quent esterication between the hydroxyl groups of phenolic
acids and the carboxyl groups of pectin.36,59,60

The resulting polymer, denoted eROB1B, along with non-
functionalised pectin (PB), was evaluated for total polyphenol
content and radical scavenging activity against ABTS, allowing
direct comparison of the antioxidant efficacy between the chemi-
cally and enzymatically functionalised conjugates (Table 5).

The results indicate that HM pectin functionalised via porcine
pancreatic lipase (eROB1B) exhibited a signicantly higher
content of phenolic groups compared to the same polymer func-
tionalised through the graing approach (gROB1B). These nd-
ings were supported by the eROB1B's enhanced antioxidant
performance, as demonstrated by the IC30 values, conrming the
superior radical-scavenging ability of the enzymatically conjugated
pectin against the ABTSc+ cation radical. The lower IC30 values
observed for PL indicate that a smaller concentration of the
polymer is required to achieve 30% inhibition, highlighting the
greater efficacy of the enzymatic functionalisation method in
introducing bioactive phenolic moieties onto the polysaccharide
backbone. Furthermore, the hypothesis that the phenolic groups
in the conjugates, and consequently their observed antioxidant
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Total polyphenol content and antioxidant activity (IC30) of
pectin antioxidant conjugatesa

Sample TPC (mg GAE per g) IC30 (mg mL−1) radical ABTS

eROB1B 10.96 � 0.48a 0.091 � 0.003a

gROB1B 2.02 � 0.08b 17.881 � 0.741b

PB — —

a ROB1B = Robusta, with particle size greater than 355 mm, in acid
water/ethanol; eROB1B = pectin conjugate with ROB1B, by enzymatic
reaction; gROB1B = pectin conjugate, with ROB1B, by graing; values
expressed as averages (n = 3). TPC = total polyphenol content; ABTS
= 2,20-azino-bis(3-ethylbenzothiazolin-6-sulphonic acid). Values are
expressed as mean ± SD (n = 3). Different letters indicate signicant
differences according to Tukey's HSD test at p < 0.05.10 = Not
detectable or below the limit of quantication of the assays.

Paper Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 4
/1

3/
20

26
 2

:4
2:

42
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
activity, originated exclusively from the ROB1B extract was sup-
ported by the negative results obtained from identical assays
conducted on the non-functionalised pectin (PB), which served as
the experimental control. The absence of detectable radical-
scavenging activity in PB conrms that the intrinsic HM pectin
matrix does not signicantly contribute to the measured antioxi-
dant effect. These results emphasize the critical role of chemical or
enzymatic modication in enhancing the functional properties of
natural polysaccharides, demonstrating that the method of
conjugation not only determines the quantity of incorporated
phenolic compounds, but also directly inuences the resulting
bioactivity. Overall, these data conrmed literature ndings, sug-
gesting that enzymatic functionalisation with ROB1B represents
a more efficient strategy for the incorporation of antioxidant
phenolic compounds into pectin backbone, providing a polymer
conjugate with both higher phenolic content and stronger radical-
scavenging capability compared to graing-based modication.61

This enhanced performance may be attributed to the mild reac-
tion conditions and the dual catalytic role of ROB1B, which
facilitates both hydrolysis and esterication reactions, leading to
more effective covalent attachment of phenolic groups to the
polysaccharide chain.

3.4. LC-MS/MS analysis of polyphenols in CSS extracts and
functionalised pectin

As a preliminary exploratory step prior to the quantitative
evaluation, a qualitative analysis on both extracts, ROB1A and
Table 6 Phenolic compound concentrations (mg kg−1) in extracts (ROB

Compound ROB1A ROB1B

Catechol 5.89 � 0.24b 42.79
Tyrosol 131.03 � 9.35b 238.54
Vanillin <LOD 11.94
Vanillic acid 4.28 � 0.19b 7.24
Caffeic acid 61.23 � 3.19b 390.91
Ferulic acid 58.84 � 2.47b 337.39
Luteolin 7.18 � 0.47b 30.84
Rutin 1.04 � 0.08b 10.80
Verbascoside 16.67 � 1.12b 51.72

a ROB1B = Robusta, with particle size greater than 355 mm, in acid water/e
gROB1B = pectin conjugate, with ROB1B, by graing <LOD = below lim
indicate signicant differences according to Tukey's HSD test at p < 0.05.

© 2026 The Author(s). Published by the Royal Society of Chemistry
ROB1B, was conducted. These experiments led to the identi-
cation of predominant metabolites that facilitated a deeper
understanding of the phenolic prole of the samples. Based on
metabolic annotation, few compounds stood up, primarily
derived from caffeic acid, quinic acid, and ferulic acid. Among
the identied compounds, chlorogenic acid (also known as 3-
caffeoylquinic acid) was detected and its presence was
conrmed based on its characteristic fragmentation pattern.
The molecular ion was observed at m/z 352.8, and its identi-
cation was supported by the presence of key product ions: m/z
191.3, corresponding to quinic acid, m/z 172.8, attributed to
a dehydrated form of quinic acid, and m/z 178.9, indicative of
the release of caffeic acid. Similarly, feruloylquinic acid was
identied through its molecular ion at m/z 193.05, with a frag-
mentation pattern showing product ions at m/z 191.3 (quinic
acid), m/z 172.8 (dehydrated quinic acid), and m/z 193.1,
consistent with ferulic acid, thereby supporting the structural
assignment. Furthermore, the presence of the molecular ion at
m/z 515.5, and fragments at m/z 352.9 (chlorogenic acid), 191.3
(quinic acid) and 178.9 (caffeic acid) strongly suggested the
presence of two caffeoyl moieties esteried to a quinic acid core,
identied as dicaffeoylquinic acid. All these compounds are
well known in literature for their health-promoting properties.
Chlorogenic acid, the most abundant caffeoylquinic acid in
foods like coffee itself, exhibited an interesting potential role in
the prevention of type 2 diabetes and cardiovascular disease
through the modulation of lipid and glucose metabolism. It is
also extensively metabolized, mainly in the colon, into active
derivatives that may bind to serum proteins or accumulate in
tissues, potentially mediating effects in vivo.62 Feruloylquinic
acid is a potent free radical scavengers and xanthine oxidase
(XO) inhibitor.63 Dicaffeoylquinic acid and its derivatives
showed strong antioxidant activity, effectively scavenging free
radicals and inhibiting Cu2+-mediated LDL oxidation in a dose-
dependent manner. These effects were proved to be due mainly
to their caffeoyl moieties, which also contribute to metal ion
chelation.64

Following the qualitative evaluation, quantitative analyses of
the extracts and polymers were performed. The results revealed
a signicant presence of the phenolic compounds under study
in ROB1B. Indeed, the concentration of catechol and tyrosol
was found to be four to six times higher than that observed in
1A, ROB1B) and polymer samples (gROB1B, eROB1B)a

eROB1B gROB1B

� 2.51a <LOD <LOD
� 11.74a <LOQ <LOQ
� 1.01 <LOD <LOD
� 0.50a <LOD <LOD
� 22.43a 3.21 � 0.14c 1.92 � 0.02c

� 17.33a <LOQ <LOQ
� 2.04a 6.00 � 0.36b 5.10 � 0.21b

� 0.65a 1.00 � 0.02b 0.84 � 0.01b

� 2.65a <LOD <LOD

thanol; eROB1B = pectin conjugate with ROB1B, by enzymatic reaction;
it of detection; <LOQ = below limit of quantication. Different letters
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Table 7 Total polyphenol content and antioxidant activity (IC30) of chicken meatballsa

Sample Refrigeration time (days) TPC (mg GAE per g) IC30 (mg mL−1) radical ABTS

PLF0 0 10.44 � 0.47a 0.0127 � 0.0004h

PLB0 0 2.74 � 0.11c 0.8982 � 0.0320d

PLF5 5 9.93 � 0.41a 0.4574 � 0.0153e

PLB5 5 2.63 � 0.12c 4.0226 � 0.1401b

PLF10 10 6.51 � 0.27b 0.3146 � 0.0111f

PLB10 10 2.60 � 0.09c 4.3885 � 0.1623a

PLFC — 9.33 � 0.41a 0.1129 � 0.0042g

PLBC — 2.54 � 0.21c 1.4920 � 0.0430c

a TPC = total polyphenol content; PLF0 = raw functionalised chicken patty, 0 days; PLB0 = raw chicken patty (control), 0 days; PLF5 = raw
functionalised chicken patty, 5 days; PLB5 = raw chicken patty (control), 5 days; PLF10 = raw functionalised chicken meatball, 10 days; PLB10 =
raw chicken meatball (control), 10 days; PLFC = cooked functionalised chicken meatball; PLBC = cooked chicken meatball (control). Values are
expressed as mean ± SD (n = 3). Different letters indicate signicant differences according to Tukey's HSD test at p < 0.05.10 = Not detectable
or below the limit of quantication of the assays.
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ROB1A (Table 6). Among phenolic acids, caffeic and ferulic
acids exhibited an impressive increase in ROB1B, suggesting an
enhanced extraction or stabilization under the acidied
conditions used. Likewise, signicant differences were noted in
the avonoid prole: compounds such as rutin and luteolin
were considerably more abundant in ROB1B, with rutin reach-
ing levels nearly ten times higher than in ROB1A. Notably,
vanillin was detected exclusively in the ROB1B extract, indi-
cating that acidic conditions may either promote its release
from bound forms or enhance its chemical stability during
extraction.

The enhanced phenolic prole observed in the acidied
extract (ROB1B) strongly suggested that solvent acidication
with HCl played a key role in improving the extraction efficiency
of phenolic compounds from coffee silverskin. Several factors
are likely to contribute to this effect. First, acidic conditions
seemed to promote the hydrolysis of ester and glycosidic bonds,
which commonly link phenolic compounds to structural
components of the plant matrix, including lignin, hemi-
cellulose, and pectin. Coffee silverskin showed no exception, as
its lignin content has been conrmed by the detection of
guaiacyl (G) and syringyl (S) units, characteristic of lignin
polymers.65 This hydrolytic action increased the availability of
free phenolics that would otherwise have remained bound
within the insoluble polymeric fraction. Further support for the
role of acidication in enhancing phenolic extraction came
from a comparative study undertaken by Petreska Stanoeva
et al. (2020), who found that HCl-acidied solvent systems
consistently yielded higher concentrations of total phenolic
compounds, especially anthocyanins, from Aronia melanocarpa,
compared to systems acidied with acetic or formic acid. This
improvement is attributed to the strongly acidic environment
(pH z 0.7), which facilitated the stabilization and solubiliza-
tion of phenolic structures.66 The acidied environment played
a key role in enhancing both the solubility and extractability of
specic phenolic acids, particularly caffeic and ferulic acid.
These compounds possess ionizable functional groups that,
under low pH conditions, remain predominantly in their
protonated form. This protonation improves their solubility in
1862 | Sustainable Food Technol., 2026, 4, 1854–1868
ethanol-rich solvents while reducing interactions with matrix
components such as proteins, polysaccharides, and lignin.
Flavonoids such as rutin and luteolin, which are oen unstable
under neutral or alkaline conditions, also appeared to benet
from acidication, which likely mitigated degradation and
oxidation during extraction. Among these phenolics, caffeic
acid was notably abundant in CSS, where it is frequently bound
to lignin or polysaccharide structures. Acidic conditions (pH <
3.7) have been shown to signicantly enhance the extraction
efficiency of hydroxycinnamic acids by limiting their ionic
interactions within the matrix and increasing their solubility in
organic solvents. This dual effect of reduced binding and
improved solubility under acidic conditions supported the
observed increase in extractable phenolic content.67 The anal-
ysis of the two polymers, gROB1B and eROB1B, revealed
a signicant reduction in free phenolic content compared to the
original extract ROB1B. Most phenolic compounds were below
the limit of detection (LOD) or quantication (LOQ), indicating
limited retention or accessibility.

However, a few phenolics, such as caffeic acid, luteolin, and
rutin, remained detectable, suggesting partial incorporation or
stability during polymer formation. Notably, eROB1B showed
slightly higher levels of these phenolics, indicating a marginally
better phenolic retention. However, while both enzymatic and
chemical strategies offered viable approaches to functionalised
biopolymers, enzymatic strategy was more effective in
preserving and integrating phenolic structures into the pectin
backbone, leading to signicantly higher antioxidant perfor-
mance. In contrast, the radical graing approach (gROB1B)
showed much lower phenolic incorporation according to the
TPC values and poorer scavenging capacity recorded.

This superior performance of enzymatic modication is also
consistent with literature reports: for example, Zhang et al.
(2021) demonstrated that lipase-catalyzed graing of gallic acid
onto pectin signicantly enhanced antioxidant activity
compared to native pectin. Enzymatic methods thus appear to
provide a more gentle and selective modication route, avoid-
ing harsh conditions or radical side-reactions, and enabling
a higher retention of bioactive phenolics.36,68
© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.5. Evaluations on raw and cooked chicken meatballs

3.5.1. Preparation and characterisation. The aim of this
study was to develop a functional food with enhanced antioxi-
dant properties by valorising an industrial by-product as
a potential source of bioactive compounds. To this end, chicken
meatballs were prepared incorporating the enzymatically func-
tionalised pectin conjugate (eROB1B) as a functional ingre-
dient. Minimal additional ingredients were used to limit
potential interference during analytical measurements. For
comparison, control meatballs containing non-functionalised
HM pectin (PB) were also prepared.

To evaluate the phenolic content and antioxidant activity of
the prepared meatballs, extractions were performed by a litera-
ture protocol with some modication.41,42 Chicken meatballs
were prepared using 83% minced chicken, 9.6% water, 3.5%
corn starch, 2.5% functionalised pectin, and 1.4% salt.

The pectin concentration (2.5%, w/w) was chosen following
preliminary trials (1–5% range), where 2.5% offered optimal
textural and binding properties. Similar inclusion levels have
been reported in the literature for comminuted meat products
employing pectin as a functional binder.37,69

The mixture was homogenized and divided into four portions
(10 g each), with three stored at +4 °C for shelf-life analyses and
one cooked by an air fryer at 180 °C for 20 min. Control meatballs
containing 2.5% non-functionalised pectin were prepared in
parallel for comparison. Spectrophotometric assays were con-
ducted on freshly prepared meatballs (t = 0 day), refrigerated
samples (t= 5 and 10 days) and cookedmeatballs (Table 7). These
experiments aimed to assess whether the antioxidant activity was
maintained during storage under typical household refrigeration
conditions with PVC lm covering. The results clearly demon-
strated that meatballs containing enzymatically functionalised
pectin retained signicant antioxidant activity, consistent with the
performance observed in the ROB1B extract and polymer conju-
gates. In contrast, non-functionalised meatballs (controls) exhibi-
ted minimal radical-scavenging activity, likely due to interference
Table 8 Colorimetric values, expressed as average ± standard devi-
ation, for control (PFB) and functionalised (PFL) raw samples at T0, T5
and T10

a

Time (days)

0 5 10

PLB L* 56.7 � 1.63Aab 58.84 � 0.96Aa 52.48 � 3.96b

a* 0.70 � 0.44 0.34 � 0.33A 0.23 � 1.14A

b* 11.17 � 0.79a 11.66 � 1.58Bab 11.89 � 0.55Ba

DE 2.47 � 0.98 4.45 � 2.38
PLF L* 46.84 � 1.83Bab 46.26 � 0.73Bb 48.60 � 1.04a

a* 0.49 � 0.17a −1.45 � 0.24Bb −1.88 � 0.47Bb

b* 9.70 � 1.22b 9.56 � 1.08Aab 9.02 � 1.17Ab

DE 2.34 � 0.69 3.24 � 0.49
PLF vs. PLB DE 9.99 � 1.13b 12.89 � 0.52a 5.79 � 1.66c

a PLF = raw functionalised chicken patty; PLB = raw chicken patty
(control). Different lowercase letters indicate statistically signicant
differences between time points based on Tukey's HSD post-hoc test
(p < 0.05); different uppercase letters indicate signicant differences
between formulations within the time point assessed by Student's t-
test (p < 0.05).

© 2026 The Author(s). Published by the Royal Society of Chemistry
from other ingredients or the protein matrix of chicken meat.
Despite these factors, functionalisedmeatballs showed amarkedly
higher TPC and enhanced antioxidant capacity, which was
preserved even aer cooking. The TPC and ABTS radical-
scavenging activity (IC30) of the meatballs are summarized in
Table 7. Freshly prepared functionalised meatballs (PLF0) exhibi-
ted a TPC of 10.44 ± 0.47 mg GAE per g, which was nearly four
times higher than the control (PLB0, 2.74 ± 0.11 mg GAE per g),
demonstrating the effective incorporation of antioxidant phenolic
compounds through enzymatic functionalisation. Correspond-
ingly, the IC30 for ABTS radical scavenging was 0.0127± 0.0004mg
mL−1 for PLF0, compared to 0.8982 ± 0.0320 mg mL−1 for PLB0,
highlighting a substantially higher radical-scavenging capacity in
functionalised samples. Quantitative comparisons further high-
lighted the impact of functionalisation: the concentration of PLF5
(functionalised meatball stored for 5 days) required to achieve
a 30% reduction in initial ABTS absorbance was nearly nine times
lower than that of the control. Aer 10 days of storage, the
difference between PLF10 and PLB10 increased to approximately
fourteen-fold, unequivocally demonstrating superior antioxidant
performance of the functionalised samples relative to controls.
Aer 5 days (PLF5), TPC slightly decreased to 9.93 ± 0.41 mg GAE
per g, with an IC30 of 0.4574 ± 0.0153 mg mL−1. Aer 10 days
(PLF10), TPC further decreased to 6.51 ± 0.27 mg GAE per g and
IC30 to 0.3146 ± 0.0111 mg mL−1. Despite this reduction, func-
tionalised meatballs maintained signicantly higher phenolic
content and antioxidant activity than their non-functionalised
counterparts, conrming the protective effect of the conjugated
pectin. Notably, the IC30 values indicate that a much lower
concentration of functionalised meatball extract was required to
achieve 30% ABTS inhibition, with reductions ranging from
approximately ninefold at 5 days to fourteenfold at 10 days
compared to controls. Once again, these ndings underscored the
superior antioxidant efficiency of the functionalised samples. The
antioxidant activity of raw meatballs remained stable during
refrigeration, showing excellent efficacy in aqueous environments.
No signicant differences were observed in ABTS radical inhibi-
tion between PLF5 and PLF10, suggesting that the antioxidant
capacity was preserved aer 5 days of storage, despite a reduction
relative to freshly prepared samples (PLF0). Cooked functionalised
meatballs (PLFC) also exhibited strong antioxidant properties. At
Fig. 1 Picture of control (PLB) and functionalised (PLF) cooked
chicken meatballs.

Sustainable Food Technol., 2026, 4, 1854–1868 | 1863
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Fig. 2 Interior and crust colorimetric values for control (PFB) and functionalised (PLF) cooked samples (T0). Significant differences computed by
Student's t-test (p < 0.05) are indicated by *.
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a concentration of 0.1129 mg mL−1, PLFC achieved a 30%
reduction in ABTS absorbance, whereas the corresponding control
(PLBC) required 1.4920 mg mL−1 to achieve the same effect. The
TPC was consistently higher in PLFC than in PLBC, aligning with
observations by Devatkal et al. (2010), who reported increased TPC
in pomegranate peel-enriched meatballs compared to controls.42

Specically, Folin–Ciocâlteu assays revealed a 4.89%decrease aer
5 days and a 37.64% decrease aer 10 days, with TPC remaining
substantially higher than in control samples. These results are
comparable to those reported by Al-Juhaimi et al. (2018), where
a 3.57% reduction in TPC was observed in chicken meatballs
containing Argel leaf extract aer 5 days of refrigeration.41 Overall,
these ndings conrmed that pectin functionalised with CSS
extract imparted substantial antioxidant capacity, which is
preserved in meatball preparations under both refrigerated
storage and cooking conditions. This highlights the potential of
enzymatically functionalised pectin as a valuable ingredient for
developing functional foods with improved bioactive properties.

3.5.2. Technological properties of functionalised chicken
meatballs. Colorimetric values assessed for the raw chicken
meatballs over time (0, 5 and 10 days) are reported in Table 8.
Table 9 TPA parameters and cooking properties for control (PLB) and f
computed by Student's t-test (p < 0.05)a

TPA parameters Hardness
Fracturability
Cohesiveness
Springiness
Gumminess
Chewiness
Resilience

Cooking properties Cooking loss %
Shrinkage %

a TPA = texture prole analysis; PLF = raw functionalised chicken patty
Student's t-test (p < 0.05).

1864 | Sustainable Food Technol., 2026, 4, 1854–1868
Control samples (PLB) were signicantly higher in lightness
value (L*) compared to functionalised samples (PLF) at 0 and 5
days of storage. At T10 this gap was less pronounced and the two
L* values are confounded. The redness value (a*) was similar for
the two samples at T0, however for PLF a slight decrease was
recorded aer 5 days. Similarly, the yellowness value (b*) of the
two samples was comparable at T0. The relevant difference in
lightness between the PLB and PLF samples could be explained
by the different coloration of the employed pectin.

Indeed, the functionalised pectin was obtained aer
a binding reaction with a CSS polyphenolic extract. Despite the
selectivity of the extraction procedure, it could be rational that
typical CSS pigments were also co-extracted.

In PLF (treated sample), a* value correlated with total poly-
phenols content (r, 0.75) and with antioxidant activity (IC30) (r,
−0.85), as expected; moreover, the hue angle value (h°) corre-
lated with total polyphenols content (r, −0.71) and with anti-
oxidant activity (IC30) (r, 0.86). No signicant correlation was
observed in the control (PLB).

The total colour difference parameter (DE) revealed differ-
ences in colour between two formulations (DE > 5), meanwhile
unctionalised (PLF) cooked samples (T0). No significant differences are

PLB PLF Sign.

11.97 � 1.15 11.55 � 1.89 n.s.
6.06 � 1.02 6.28 � 0.91 n.s.

0.430 � 0.029 0.417 � 0.029 n.s.
0.690 � 0.038 0.678 � 0.03 n.s.
5.14 � 0.64 4.81 � 0.87 n.s.
3.57 � 0.63 3.25 � 0.48 n.s.

0.143 � 0.025 0.152 � 0.025 n.s.
8.01 � 1.04 8.88 � 0.94 n.s.
46.9 � 1.08 48.7 � 1.37 n.s.

; PLB = raw chicken patty. No signicant differences are computed by

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 QDA profiles for control (PLB) and functionalised (PLF) cooked
samples (T0).
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no differences were observed for each investigated sample
among time of the storage. Colour is a crucial for driving
consumers to purchase decision;70 the effect of plant extracts on
the colour of meat formulated could be partially due to raw
matter used:71 chicken meat has a naturally low myoglobin
level, so the effect of pigments in newly formulated samples
may appear more evident. Furthermore, the occurrence of
antioxidants could prevent the change in colour during the
refrigerated storage, making the myoglobin more stable in the
raw functionalised chicken patty (PLF).19 Representative images
of the cooked meatballs are shown in Fig. 1. Colorimetric values
for the cooked samples (T0), both for the meatballs' interior or
crusts, are reported in Fig. 2. Control (PLB) and functionalised
(PLF) samples showed similar results for the different colori-
metric variables, except for the redness value a* for which
differences are statistically signicant, althoughminimal. Table
9 summarizes results obtained for texture proles analysis and
cooking properties. Cooked samples didn't show statistically
signicant differences in any of the explored parameters. These
results were further supported by sensory Quantitative
Descriptive Analysis (QDA) (Fig. 4), as, on average, panellists
evaluated in a similar way the different sensory descriptors. All
data suggested that the functionalised HM pectin did not alter
the sensory quality of the nal product.

Our ndings support the use of HM pectin functionalised
with CSS extracts as natural preservatives in clean-label meat
products, in alternative to synthetic additives such as butylated
hydroxytoluene (BHT) and butylated hydroxyanisole (BHA) the
use of which worries consumers for their potential toxicity
(especially hepatotoxicity, nephrotoxicity, and neurotoxicity).72

Total mesophilic (M) and psychrophilic (P) counts were
determined for the control (PLB) and modied (PLF) raw
chicken meatballs; these microbial parameters allowed to
obtain a frame of the microbial contamination and growth
dynamics during time of refrigerated storage of the samples in
aerobic conditions (under the same conditions as other tests
carried out). Results are reported in Fig. 3. The counts at T0 were
quite high, nevertheless, they were in accordance with data
observed by other researchers on chicken meatballs prepared in
laboratory conditions.73 Other authors recently demonstrated
Fig. 3 Total mesophylic (M) and psychrophilic (P) dynamics of control
(PLB) and modified (PLB) meatballs during 10 days at 4 °C.

© 2026 The Author(s). Published by the Royal Society of Chemistry
that psycrotrophic counts can exceed 5.80 log CFU per g in
chicken breast.74 Both the microbiological parameters investi-
gated showed higher counts for the treated meatballs, starting
from T0 until T10 days of refrigeraton, with statistically signi-
cant differences (p < 0.05) with respect to the control samples, in
all the sampling points with the exception of mesophilic count
at 10 days. The data reected the hand-made preparation of the
meatballs, particularly for PLF samples. It could be inferred that
the different steps of processing (e.g. extraction, liophilization,
etc.) could determine a higher contamination, thus suggesting
to devote special attention to handling, in order to reduce
microbial contamination as much as possible. Moreover,
starting from day 5, the high counts revealed for both kind of
samples underlined the need to use Modied Atmosphere
Packaging and/or other hurdles to contain microbial growth
and to guarantee the product stability over time. This would
allow to further take advantage of the valuable results obtained
for the oxidative stability of the meatballs.
4 Conclusions

The incorporation of high-methoxyl pectin functionalised with
coffee silverskin extract into chicken meatballs signicantly
enhanced total polyphenol content and ABTSc+ radical scav-
enging activity, both in raw and cooked products. IC30 values for
functionalised patties were up to 14 times lower than controls,
demonstrating effective antioxidant activity. The stability of
these compounds was maintained during storage at 4 °C for 5
and 10 days and aer cooking, suggesting that enzymatic pectin
functionalisation not only preserved but may have enhanced
the polyphenol stability under thermal processing conditions.
From a technological perspective, the addition of functionalised
pectin slightly altered the colorimetric properties of raw meat-
balls, mainly due to the pigments in the coffee silverskin
extract. However, no signicant differences were observed in
texture prole analysis, cooking loss, or sensory attributes of the
cooked product at T0, indicating that the overall organoleptic
and technological quality was preserved.
Sustainable Food Technol., 2026, 4, 1854–1868 | 1865
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In terms of sustainability, the proposed approach offers
a promising strategy to valorise an abundant coffee industry by-
product, converting it into a functional food ingredient. This
contributes to waste reduction and resource efficiency, aligning
with circular economy principles, while potentially reducing the
need for synthetic additives and responding to consumer
demand for healthier and natural products.

Regarding shelf-life, although the functionalised meatballs
maintained antioxidant activity, further optimization of
formulation and storage conditions is warranted to ensure
microbiological stability and extend product longevity.

Strategies such as active or modied atmosphere packaging,
refrigeration optimization, or the addition of natural preserva-
tives could further enhance safety and quality during storage.
Overall, the coffee silverskin extract-functionalised pectin
represents a promising strategy for developing healthier,
antioxidant-rich, and environmentally sustainable meat prod-
ucts, offering both functional and technological benets
without compromising sensory quality.
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74.

38 J. Delgado-Ospina, R. Lucas-González, M. Viuda-Martos,
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