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Nutritional, antioxidant and biological activity
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nutraceutical gluten-free muffins†
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Celiac disease – a prevalent food intolerance – requires strict adherence to a lifelong gluten-free (GF)

diet as the only effective treatment. However, GF products often lack soluble fibre and have a high glycae-

mic index. Consequently, there is a pressing need in the food industry to develop GF products with

improved nutritional profiles. In this context, the impact of incorporating orange peel flour (OPF) into

muffins undergoing sourdough fermentation was examined, focusing on their technological, antioxidant,

and nutritional characteristics. The functional properties of OPF were investigated using human colon car-

cinoma HCT8 cells as a model system. Treatment with OPF extract demonstrated a notable reduction in

malignant cell viability and intracellular ROS levels, indicating potent antioxidant capabilities. Western blot

analysis revealed significant alterations in key signalling pathways, including increased phosphorylation of

NF-kB at serine 536 and reduced intracellular levels of caspase-3, alongside increased phosphorylation of

RIPK3 and MLKL, suggesting potential involvement in necroptosis. OPF incorporation in muffins with

sourdough increased antioxidant activity, reduced glycaemic index, and affected the volatile profile.

Furthermore, based on simulated colonic fermentation, muffins with OPF showed a slight prebiotic effect,

supported by the significant increase in bacillus-shaped lactic acid bacteria and Clostridia population.

Overall, OPF-enriched muffins demonstrated considerable antioxidant effects and impacts on cell viabi-

lity, underscoring their potential as functional ingredients in GF products. These findings signify the pro-

spect of OPF enhancing the nutritional profiles and conferring health benefits of GF muffins.

1. Introduction

Celiac disease (CD) is a chronic autoimmune disorder that
causes an immune reaction of the body to the intake of gluten
protein complex found in many grains, including barley,
wheat, and rye.1 In Italy, more than 200 000 patients have a
confirmed diagnosis of CD with a prevalence of approximately
1%.2 Typically, CD displays a benign resolution and alleviation
of the main symptoms upon the onset of a gluten-free (GF)
diet. However, failing to adhere to the GF diet increases the
risk of developing gastrointestinal cancer or intestinal lym-
phoma.3 In this contest, GF baking is very challenging due to
differences not only in production formulation but also in pro-

duction technologies. From a technological point of view,
gluten removal poses serious limitations in the management
of GF bakery products.4 From a nutritional perspective, GF
products have imbalanced nutritional profiles, containing
high levels of saturated fatty acids and sugars and lacking
several nutrients, such as dietary fibre, iron, zinc, magnesium,
calcium, vitamin B12, and folic acid.5 Considering the related
issues, various strategies are employed to meet the needs of
individuals with CD and improve the quality of GF. Although
additives are commonly used, fermentation processes, includ-
ing natural leavening, are also key to improving product
quality and acceptance.6,7 In addition, GF products are often
characterized by a high predicted glycaemic index (pGI) due to
their starch-based composition.8 It is well known the problem
related to the high pGI, for individuals with metabolic dis-
orders, such as diabetes and obesity increases the risk of
cardiovascular diseases and the onset of certain diseases
including cancer.9

In both CD and non-celiac gluten sensitivity, in which
gluten triggers adverse gastrointestinal symptoms, a GF diet
remains the only therapy adopted to date. However, several
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trials have shown how strict adherence to a GF diet leads to an
imbalance in microbial composition related to the absence of
wheat in GF baked goods, resulting in a critical deficiency of
fructans.10 Fructans are a type of fibre with prebiotic pro-
perties, promoting the growth of beneficial bacteria and main-
taining healthy gut microbiota.11 Oxidative stress, character-
ized by increased levels of reactive oxygen species (ROS),
reduced antioxidant capacity, and a pro-inflammatory state are
the main processes potentially involved in gluten toxicity.12

However, antioxidants and polyphenols play a pivotal role in
the prevention of oxidative stress-induced human diseases.13

Fruits, known for their high polyphenol content, have been
shown to exert anti-inflammatory, antithrombotic, and anti-
proliferative effects.13,14 Among them, the effects of table
grape polyphenolic extracts on the mechanisms of oxidation,
cellular inflammation, and metastasis have been studied,
which can inhibit cell proliferation and growth by affecting
cell morphology and inhibiting their ability to migrate.15 In
addition, fruit- and vegetable-derived polyphenols modulated
miRNAs involved in various cellular processes, such as inflam-
mation and apoptosis.16–18

Citrus fruits, prominent in the Mediterranean Diet, offer
significant nutraceutical benefits. Oranges, for instance,
contain flavonoids like hesperidin, naringin, neohesperidin,
naringenin, nobiletin, and tangeretin, predominantly found in
the juice, which contribute to human health.19 Even orange
peel flour (OPF) represents an excellent source of dietary fibre
and polyphenols including flavonoids, amino acids, triter-
penes, phenolic acids, carotenoids, and contains many nutri-
ents, including vitamins C, A, and B, minerals (calcium, phos-
phorus, potassium).19,20 It is worth noting that oranges are
widely consumed worldwide in both peel and juice form.
However, during the production of orange juice, only about
half of the weight of the fresh orange is processed into juice,
resulting in substantial residues (peel, pulp, seeds) constitut-
ing the remaining 50% of the orange weight.21 In the vision of
sustainability, one alternative for improving the management
of these wastes is the implementation of new recovery pro-
cesses.22 Orange by-products, due to the high content of bio-
active compounds,23 can be of particular importance to the
scientific community for their unique and enhanced thera-
peutic properties against various chronic diseases such as
cancer, diabetes, and cardiovascular conditions. These by-pro-
ducts could also be used in the formulation of new GF foods
with healthy properties. Numerous studies have explored the
antioxidant activity and nutritional value of OPF in various
food matrices, such as ice cream and yogurt.24–26

This study examined the functional responses of OPF
extracts in HCT8 human colon cancer cells. In addition,
research on the incorporation of OPF into GF baked goods is
limited, and comprehensive studies assessing the impact of
adding OPF to GF muffins undergoing fermentation with sour-
dough on technological, antioxidant, and nutritional profiles
are lacking. Based on these observations, our study aimed to
investigate the in vitro effects of OPF extract and OPF-enriched
digested muffins on cell viability and intracellular oxidative

balance. In addition, we evaluated the impact of OPF muffins
on glycaemic index, simulated faecal microbiota, texture, and
volatile profile. These analyses provide insights into the poten-
tial benefits and effects of incorporating OPF into GF baking.

2. Materials and methods
2.1 Chemical characterization of OPF

2.1.1 OPF extract preparation. OPF – supplied by the
company Packtin Srl (Italy) – was obtained by cold drying the
orange pulp, without the addition of additives, colourings, or
preservatives. OPF extract was prepared according to Caponio
et al. with some modifications.27 Briefly, 3 g of OPF was mixed
with water (1 : 10 w/v), vortexed for 10 min, sonicated for
15 min (Elmasonic S 60 H, ELMA, Singen, Germany), and
finally centrifugated at 12 000g for 10 min (SL 16R Centrifuge,
Thermo Scientific, Waltham, MA, USA) to recover the extract.
Extractions were repeated twice more with 30 mL of water. The
three extracts were combined, filtered as above reported, and
stored at −20 °C until analysis. All extracts were prepared in
triplicate.

2.1.2 Total phenol content and antioxidant activity. OPF
extract was evaluated for the total phenol content (TPC)
according to the Folin–Ciocalteu method, as reported in
Caponio et al.28 Briefly, to 980 μL of H2O Milli-Q, 20 μL of
appropriately diluted extract and 100 μL of Folin–Ciocalteu
reagent were added. After 3 min, 800 μL of 7.5% Na2CO3 were
added and then the sample was stored in the dark for 60 min.
The absorbance was read at 720 nm using an Evolution 60s
UV-visible spectrophotometer (Thermo Fisher Scientific,
Rodano, Italy). The results were expressed as mg of gallic acid
equivalents (GAE) per g of dry weight (DW) sample (mg GAE
per g DW). Each sample was analysed in triplicate. The anti-
oxidant activities of the extracts were measured by ABTS and
DPPH assays, as reported by Caponio et al.28 The DPPH (2,2-
diphenyl-1-picrylhydrazyl) assay was performed by preparing a
solution of DPPH 0.08 mM in ethanol. In cuvettes for spectro-
photometry, 50 µL of each sample was added to 950 µL of
DPPH solution. After 30 min in the dark, the decrease in
absorbance was measured at 517 nm using an Evolution 60s
UV-visible spectrophotometer (Thermo Fisher Scientific,
Rodano, Italy). The ABTS [2,2′-azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid)] radical was generated by a chemical reac-
tion with potassium persulfate (K2S2O8). Briefly, 25 mL of
ABTS (7 mM in H2O) was spiked with 440 μL of K2S2O8

(140 mM) and kept in the dark at room temperature for
12–16 h. The working solution, by diluting with H2O, was pre-
pared to obtain a final absorbance at 734 nm equal to 0.80 ±
0.02.29 The decrease in absorbance was measured at 734 nm
after 8 min of incubation. Results were expressed as μmol
Trolox equivalents (TE) per g of DW. Each sample was analysed
in triplicate.

2.1.3 Naringin and neohesperidin determination by
UHPLC-DAD. A UHPLC Ultimate 3000RS Dionex (Thermo
Fisher Scientific, Waltham, MA, USA) was used for the determi-
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nation of naringin and neohesperidin. The UHPLC system
accounted for a quaternary pump, autosampler, column com-
partment, and detector. The analytical separation was achieved
as previously reported with some modification.30 A Hypersil
GOLD aQ C18 column was used (length 100 mm, internal dia-
meter 2.1 mm, and particle size 1.9 μm), held at 30 °C and a
constant flow of 0.3 mL min−1 with water–formic acid (90 : 10
v/v) (solvent A) and acetonitrile–formic acid (99.9 : 0.1 v/v)
(solvent B). The gradient program of solvent A was as follows:
0–26 min from 94% to 45%; 26–33 from 45% to 30%;
33–35 min isocratic at 30%. Then, equilibration was performed
at the initial conditions for 9 min. The PDA detector was set to
scan from 220 to 600 nm of wavelength managed by a 3D field.
Quantitative analysis was performed according to the external
standard method based on calibration curves obtained by
injecting different concentrations of standard solutions of nar-
ingin and neohesperidin (Sigma Aldrich).

2.1.4 Proximate composition. Moisture content was deter-
mined by a thermobalance (Ladwag MAC 110/NP, Radwag,
Wagi Elektroniczne, Poland). Protein content (total nitrogen
×6.25), ash, lipid, and total dietary fibre were determined
using the AOAC, 2006, methods 979.0, 923.03, 945.38, and,
985.29, respectively.31 Carbohydrates were calculated as a
difference by subtracting the total dietary fiber, protein, ash,
moisture, and lipid contents from 100. All the analyses men-
tioned were done in triplicate.

2.2 In vitro assays of OPF samples on cell cultures

2.2.1 Cell culture and treatments. The human ileocecal
adenocarcinoma cell line, HCT8, was cultured as previously
described.27 Briefly, cells were grown in Advanced RPMI-1640
supplemented with 10% FBS, 100 i.u. per mL penicillin,
100 µg mL−1 streptomycin at 37 °C in 5% CO2. Cells were left
under basal condition (untreated), or treated with OPF extract
(200, 500, 700 µg mL−1) for 24 h.

2.2.2 Antibodies. NFKβ (1 : 200), pNFkB (1 : 200), and
RIPK3 (1 : 2000) were purchased by Santa Cruz Biotechnology
(Santa Cruz, CA). Also, caspase 3 (1 : 300) and pRIPK3 (1 : 1000)
were obtained from Cell Signalling Technology, (Danvers, MA,
USA). MLKL (1 : 500) and pMLKL (1 : 500) were bought from
Biorbyt, (Cambridge, UK, 1 : 500).

2.2.3 Calcein-AM cell viability assay. Calcein-AM is a non-
fluorescent and membrane-permeable compound. In viable
cells, intracellular esterase converts calcein-AM to a green fluo-
rescent and membrane-impermeant compound, that accumu-
lates in viable cells having intact plasma membranes.

HCT8 cells were treated as described above. After treatment,
cells were incubated with calcein-AM (1 µM) at 37 °C for
45 min, and then the fluorescence signal was measured and
analysed. As an internal positive control, cells were incubated
with ethanol (90%) for 1 min.

2.2.4 ROS detection. ROS were detected as already
shown.32 After treatments, cells were incubated with dihydro
rhodamine-123 (10 μM) at 37 °C for 30 min and then recovered
in a complete medium for 30 min. Cells were lysed in RIPA
buffer containing 150 mM NaCl, 10 mM Tris-HCl pH 7.2, 0.1%

SDS, 1.0% Triton X-100, 1% sodium deoxycholate, and 5 mM
EDTA. Samples were centrifuged at 12 000g for 10 min at 4 °C
and the supernatants were used for ROS detection. As a posi-
tive control, cells were treated with tert-butyl hydroperoxide
(tBHP, 2 mM for 30 min). The fluorescence emission signal
was recorded using a fluorimeter FLUOstar Omega (BMG
LABTECH, Offenburg, Germania) at excitation and emission
wavelengths of 508 and 529 nm, respectively.

2.2.5 Cell lysates and western blotting. HCT8 cells were
seeded onto 60 mm diameter Petri dishes, treated with 500 µg
mL−1 of OFP and lysed in RIPA buffer containing 150 mM
NaCl, 10 mM Tris-HCl pH 7.2, 0.1% SDS, 1.0% Triton X-100,
1% deoxycholate and 5 mM EDTA, 1 mM PMSF, 2 mg mL−1

leupeptin and 2 mg mL−1 pepstatin, 10 mM NaF and 1 mM
sodium orthovanadate. Cellular debris was removed by cen-
trifugation at 12 000g for 10 min at 4 °C. The supernatants
were collected and used for the western blotting analyses.
Proteins were separated using 10% or 12% stain-free polyacryl-
amide gels (Bio-Rad Laboratories, Inc., Hercules, CA, USA)
under reducing conditions. Protein bands were electrophoreti-
cally transferred onto membrane PVDF Immobilon-P (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) and incubated in
EveryBlot, blocking solution (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Blots were then incubated with primary
antibodies overnight. Immunoreactive bands were detected
with secondary goat anti-rabbit and anti-mouse horseradish
peroxidase-coupled antibodies obtained from Bio-Rad (Bio-
Rad Laboratories, Inc., Hercules, CA, USA). Membranes were
incubated with Clarity TM Western ECL Substrate (Bio-Rad
Laboratories, Hercules, CA, USA), and the signals were visual-
ized with the ChemiDoc System gels (Bio-Rad Laboratories,
Inc., Hercules, CA, USA). Obtained bands were normalized to
total protein using stain-free technology gels (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Densitometry analysis
was performed using Image Lab gels (Bio-Rad Laboratories,
Inc., Hercules, CA, USA).

2.3 Chemical and nutritional characterization of OPF-
enriched muffins

2.3.1 Sourdough preparation and selection. Type-II sour-
dough (tII-SD) with a dough yield (DY, dough weight × 100/
flour weight) 200 was made using a commercial brown rice
flour (Oltre le Intolleranze, Ostuni, BR, Italy) and a multi-
strain inoculum of Lactobacillus reuteri ATCC 23272 &
Lactobacillus plantarum LPAL. Two batches of tII-SDs were pre-
pared, varying the combination of incubation temperatures at
25 °C and 30 °C, along with a starter cell density of 6 log CFU
per g. To confirm the initial cell density, counting was con-
ducted on plates containing tII-SD samples on Man Rogosa
and Sharpe (MRS) agar culture medium. After 24 h of incu-
bation, the pH values and the lactic acid bacteria (LAB) density
was collected. The pH was measured using an ultrabasic ub-
10 pH meter (Denver Instrument Company, located in Arvada,
Colorado, USA), equipped with a food penetration probe. The
pH measurement of 3.49 ± 0.01 after 24 h of incubation
suggests that the environment or mixture containing tII-SD
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became slightly acidic during that time. To determine the LAB
cell density, 5 g of tII-SD was suspended in 45 mL of a sterile
sodium chloride solution (0.9 g L−1) and homogenized in a
Bag Mixer 400 P (Interscience, St Nom, France) at room temp-
erature. Serial 10-fold dilutions were then plated with De Man,
Rogosa, and Sharpe agar media (MRS agar; Oxoid,
Basingstoke, Hampshire, UK) modified with the addition of
1% (w/w) maltose and 5% (w/w) yeast extract and adjusting the
pH to 5.6 value. The plated LAB counts were incubated for
48 h at 30 °C. The LAB cell density of tII-SD was of about 8 log
CFU per g.

The decision to incubate at 30 °C was based on the
observed pH values. This temperature falls within the meso-
philic range, which is typically suitable for the growth of a
wide variety of microorganisms.

2.3.2 GF muffin preparation. GF muffin batches were man-
ufactured at the pilot plant of the Department of Soil, Plant,
and Food Science of the University of Bari (Italy). Details of
muffin formulations are explained in Table 1, in which six for-
mulations were listed: (i) tII-SD GF muffin (SD); (ii) tII-SD GF
muffin with OPF extract (SD-OPF); (iii) baker’s yeast GF muffin
produced without the addition OPF (YB); (iv) baker’s yeast GF
muffin produced with the addition of OPF (YB-OPF); (v) chemi-
cal’s yeast GF muffin produced without the addition of OPF
(YC); (vi) chemical’s yeast GF muffin produced with the
addition of OPF (YC-OPF). The sourdough muffins (SD and
SD-OPF) formulations were obtained according to a double fer-
mentation process accounting for, first, the production of
tII-SD (fermentation for 24 h at 30 °C), which was then added
(10% w/w of flour) in a dough containing brown rice flour,
milk, baker’s yeast (Lievital ®) (1.50% w/w). In OPF-containing
muffin formulation (SD-OPF, YB-OPF, and YC-OPF), the
powder extract of OPF was also added (6% w/w) as a substitute
for the brown rice flour. Each dough was prepared by mixing
the ingredients for 10 min using a planetary mixer
(Knetmaschine KM 370 CB Bomann) at 25 °C. The chemical
yeast, supplied from © PANEANGELI was first solubilized in
water, while other ingredients were gradually added during the
mixing. The SD- and YB-doughs were subjected to an incu-

bation step (1.5 h at 30 °C) before being baked at 175 °C for
20 min (Combo3, Zucchelli, Verona, Italy), while the YC-
doughs were directly baked after kneading. Three experimental
replicates for each formulation were tested.

2.3.3 Antioxidant activity and total phenol content of
muffin. Phenol compounds were extracted from OPF muffins
using a hydroalcoholic extraction according to Caponio et al.,
with slight modifications.27 Briefly, 1 g of muffin was mixed
with methanol 80% (1 : 10 w/v), sonicated for 20 min
(Elmasonic S 60 H, ELMA, Singen, Germany), vortexed for
30 min, and finally centrifugated at 8000g for 10 min (SL 16R
Centrifuge, Thermo Scientific, Waltham, MA, USA) to recover
the hydroalcoholic extract. Then extracts were stored at −20 °C
until analysis. All extracts were prepared in triplicate. Muffin
extracts were evaluated for the total phenol content (TPC) and
the antioxidant activity (ABTS and DPPH assays) according to
methods reported in paragraph 2.1.1. Each sample was ana-
lysed in triplicate.

2.3.4 In vitro starch hydrolysis. In vitro starch hydrolysis of
muffin was determined according to Difonzo et al. simulating
the in vivo digestion of starch.33 Briefly, 1 g of samples were
subjected to a determination of starch. Hydrolysed starch was
measured as the amount of glucose released, using the
D-glucose assay kit (GOPOD format) (Megazyme, Wicklow,
Ireland). Starch was calculated as glucose (mg) × 0.9 (the con-
version factor). Simulated digests were dialyzed (cut-off of the
membrane: 12 400 Da) for 180 min. Aliquots of dialysate, con-
taining free glucose, and partially hydrolysed starch were
sampled every 30 min and further treated with amyloglucosi-
dase. Then, free glucose was determined using the above-men-
tioned enzyme-based kit and finally converted into hydrolysed
(digested) starch in the muffin. Control white wheat bread was
used as the control to estimate the hydrolysis index (HI = 100).
The predicted glycaemic index (pGI) was calculated using the
equation pGI = 0.549 × HI + 39.71 as described by Caponio
et al.34 Each sample was analysed in triplicate.

2.3.5 Muffin simulated colonic fermentation in vitro. To
prepare the faecal medium, a 0.9% w/v NaCl solution was sup-
plemented with specific additives, including K2HPO4 (2 g L−1),
C2H3NaO2 (5 g L−1), C6H17N3O7 (2 g L−1), MgSO4 (0.2 g L−1),
MnSO4 (0.05 g L−1), glucose (2 g L−1), inulin (4 g L−1), fructo-
oligosaccharides (4 g L−1), Tween 80 polysorbate (1 mL L−1),
bacteriological peptone (5 g L−1), and yeast extract (5 g L−1).7

The pH was adjusted to 7.0 using a 6 M NaOH solution, fol-
lowed by sterilization at 121 °C for 20 minutes. All reagents,
except for inulin and fructo-oligosaccharides provided by
Farmalabor Srl, were sourced from Sigma-Aldrich. Following
Pérez-Burillo’s recommendation,35 the faecal medium was
modified by incorporating 0.5% (w/v) of experimental and
control muffins derived from in vitro starch hydrolysis solu-
tions of both permeate and retentate. The inoculum (faecal
slurry) preparation followed the detailed procedure outlined
previously.7 Fresh faeces from a healthy volunteer without
recent antibiotics or probiotics usage were collected in sterile
tubes, filled to 4/5 of the total volume. Within one hour of
sampling, the faeces were processed in bags with a 250 μm

Table 1 Formulation of the experimental muffins. SD, tII-SD gluten-
free muffin; YB, baker’s yeast gluten-free muffin; YC, chemical’s yeast
gluten-free muffin; SD-OPF, tII-SD gluten-free muffin with OPF;
YB-OPF, baker’s yeast gluten-free muffin with OPF; YC-OPF, chemical’s
yeast gluten-free muffin with OPF

Ingredients SD YB YC SD-OPF YB-OPF YC-OPF

Brown rice flour (g) 200 200 200 186.8 186.8 186.8
Sugar (g) 12 12 12 12 12 12
Stevia (g) 8 8 8 8 8 8
Orange peel flour (g) — — — 13.2 13.2 13.2
Partially skimmed
milk (mL)

200 200 200 200 200 200

Sunflower oil (mL) 90 90 90 90 90 90
Bakery yeast (g) 3.3 3.3 — 3.3 3.3 —
Chemical yeast (g) — — 12.1 — — 12.1
Sourdough (g) 22 — — 22 — —
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filter and distilled water (32% w/v). The mixture was homogen-
ized for 3 minutes in a lab stomacher, followed by centrifu-
gation (8000g, 20 min, 4 °C). Pellets containing viable cells
from 2 mL of the solution were recovered, while 10 mL of the
faecal medium were added to constitute the faecal batch.
These batches were anaerobically incubated at 37 °C for
48 hours under gentle stirring conditions (150 rpm).

2.3.6 Viable faecal microbiota profiling. Profiling of viable
faecal microbiota was conducted through plate counts based
on serial 10-fold dilutions in a sterile saline solution (NaCl
0.9%). Various culturing media were employed, including
plate count agar (PCA), Wilkins-Chalgren anaerobe agar
(WCAn), de Man, Rogosa, and Sharpe (MRS) agar, M17 agar,
violet red bile glucose agar (VRBGA), and modified
Bifidobacterium agar (mBifA). These media facilitated the
assessment of cell densities (log 10 CFU per mL) for total
aerobes (TAMC), total anaerobes (TANMC), lactic acid bacteria
(LAB – bacilli), LAB (cocci), Enterobacteriaceae, and faecal
Bifidobacterium, respectively. Except for mBifA, obtained from
Becton Dickinson GmbH (Heidelberg, Germany), all other
media were procured from Oxoid Ltd (Basingstoke,
Hampshire, England). WCAn and mBifA were subjected to
anaerobic incubation, while the remaining media were incu-
bated aerobically at 37 °C. The incubation duration adhered to
the specifications provided by the respective medium manu-
facturers. To validate data obtained from MRS and M17 media,
cells were randomly observed using optical microscopy.

2.3.7 Determination of volatile compounds of muffin.
Volatile organic compounds (VOCs) were determined through
headspace solid phase micro-extraction (SPME) coupled to gas-
chromatography/mass spectrometry (GC/MS) as reported by
Caponio et al.34 Briefly, 0.5 g of muffin was weighed in 12 mL
vials and 150 μL of 1-propanol was added as internal standard
plus 4 mL of NaCl (20% w/v aqueous solution). Vials were
sealed by butyl rubber septa and aluminium crimp caps.
Before extraction of VOCs, vials were shaken for 2 min with a
laboratory vortex to promote sample homogenization. The
extraction of volatile compounds was carried out by exposing a
75 μm carboxen/polydimethylsiloxane (CAR/PDMS) SPME fibre
(Supelco, Bellefonte, PA, USA) in the headspace of the vials at
40 °C for 50 min; then the fibre was desorbed for 6 min in the
injection port of gas-chromatograph, operating in a split-less
mode at 230 °C for 3.5 min. For the separation of volatile com-
pounds, a Thermo Trace 1300 gas-chromatograph equipped
with a Thermo ISQ series 3.2 SP1(Thermo Scientific, Waltham,
MA, USA) mass-spectrometer was used under the following
conditions: injector temperature, 250 °C; flow of 1.5 mL
min−1; pressure of the carrier (helium) 30 kPa. The oven temp-
erature was held for 5 min at 35 °C, then increased by 5 °C
min−1 to 50 °C and held in isothermal conditions for 5 min,
then raised to 210 °C at 5.5 °C min−1, and finally held constant
at 210 °C for 5 min. The mass detector was set as: interface
temperature 230 °C, source temperature 230 °C, ionization
energy 70 eV, and scan range 33–260 amu. Peak identification
was done using Xcalibur V2.0 Qual Browse software (Thermo
Fisher Scientific, Waltham, MA, USA) by matching with the

reference mass spectra of the NIST (National Institute of
Standards and Technology, Gaithersburg, MD, USA) library.
The volatile compounds were quantified by standardizing the
peak areas of compounds of interest with the peak area of
internal standard (1-propanol). The analysis was carried out in
duplicate.

2.3.8 Texture analyses. Texture parameters of muffins were
carried out according to Caponio et al. 2024.36 Briefly, the ana-
lysis was performed on muffin (2 × 2 × 2 cm) using a texture
analyser Z1.0 TN (Zwick Roell, Ulm, Germany), equipped with
a stainless-steel cylindrical probe (36 mm diameter), and a 50
N load cell was used. Data were acquired by the TestXPertII
version 3.41 software (Zwick Roell, Ulm, Germany). Two com-
pressive cycles were performed at a 1 mm s−1 probe com-
pression rate and 50% sample deformation in both the com-
pression, with 5 s pauses before the second compression. The
analyses were carried out on twenty-four muffins (four per
type, in triplicate).

2.4 In vitro assays of digested muffins enriched with OPF on
cell cultures

HCT8, human ileocecal adenocarcinoma cell line was cultured
as mentioned in paragraph 2.2.1. Briefly, cells were incubated
with digested muffins obtained from in vitro starch hydrolysis
at different concentrations (1 mg mL−1, 0.1 mg mL−1, 0.01 mg
mL−1, 0.001 mg mL−1 at 37 °C, 5% CO2, for 24 h). Calcein-AM
assay and ROS detection were performed as indicated in para-
graphs 2.2.3 and 2.2.4, respectively.

2.5 Statistical analysis

The results were expressed as the mean ± standard deviation
(SD). Significant differences (p ≤ 0.05) were determined by
analysis of variance unidirectional (ANOVA), followed by Tukey
test for multiple comparisons. The statistical analysis was
carried out using the statistical software Minitab (Minitab Inc.,
State College, PA, USA).

3. Results and discussion
3.1 Chemical characterization of OPF

The OPF extract was first evaluated for its chemical compo-
sition. Proximate composition, phenol content of the OPF
extract, as well as the antioxidant activity, is detailed in
Table 2. The proximate composition of OPF in terms of
protein, fibre, and carbohydrates was consistent with those in
the literature.23,37 As expected, OPF was low in fat and protein.
On the contrary, OPF was high in fibre, containing 34.4 g/
100 g fibre. However, results from other authors reported
higher results for fibre, about 64.3%, but similar results for
protein and lipids, 6.70% and 0.89%, respectively.38 These
differences in composition are most likely due to variations in
fruit growth and maturity conditions.39

Remarkably, the OPF extract exhibited high antioxidant
activity in both ABTS and DPPH assays, with values of 19.71 ±
1.15 µmol TE per g and 18.43 ± 0.94 µmol TE per g, respect-
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ively, as recently published.40,41 Moreover, the TPC evaluated
according to the Folin–Ciocalteu method was 19.08 mg GAE
per g. OPF is a source of polyphenols that exert antioxidant
activity. The main phenolic compounds have been detected
and quantified in OPF (Table 2). According to the literature,
orange peel waste mainly contains neohesperedin and narin-
gin, according to previous research findings.37,42

3.2 In vitro characterization of OPF samples on cell cultures

3.2.1 ROS detection and cell viability. To assess the anti-
oxidant function of the OPF extract, colon carcinoma HCT8
cells were treated as described before and used for measuring
the ROS content. As depicted in Fig. 1A, treatment with OPF
extract caused a slight but significant increase in the intra-
cellular ROS content compared to untreated cells, likely
suggesting that OPF extract might exert a pro-oxidant effect.
However, in the presence of tert-butyl hydroxy peroxide (tBHP),
a synthetic pro-oxidant compound, incubation with the OPF
extract significantly reduced intracellular ROS content, indicat-
ing an antioxidant action (Fig. 1B). Importantly, one of the
main features of cancer cells compared to healthy cells is the
continuous pro-oxidant intracellular condition that leads to
oxidative stress.43 Of course, the increased intracellular ROS
content is derived from an increased metabolism and the
blocking of the antioxidant signal mechanisms. In this
respect, ROS can accelerate cell growth and survival by acting
as signalling molecules.44 Conversely, an increased level of
intracellular ROS would also make cancer cells more prone to
different forms of cell death. Therefore, the effect of the OPF
extract on cell viability was further investigated by the calcein
assay.

HCT8 cells were left untreated (CTR−) or treated with
increasing concentrations (200, 500, 700 µg mL−1) of the OPF
extract for 24 h (Fig. 2). As an internal positive control (CTR+)
cells were treated with 90% ethanol for 1 min. Compared to
the untreated cells (CTR−), treatment with OPF at 500 µg mL−1

and 700 µg mL−1 significantly reduced cell viability. By con-

Table 2 Chemical composition, antioxidant activity and polyphenol
content of OPF

Parameters OPF

Moisture (g per 100 g) 8.14 ± 0.05
pH 4.15 ± 0.01
Protein (g per 100 g) 5.3 ± 0.03
Lipid (g per 100 g) 1.1 ± 0.08
Fibre (g per 100 g) 34.4 ± 0.06
Carbohydrates (g per 100 g) 45.1 ± 0.29
Salt (g per 100 g) <0.1
ABTS (µmol TE per g) 19.71 ± 1.15
DPPH (µmol TE per g) 18.43 ± 0.94
TPC (mg GAE per g) 19.08 ± 0.83
Neohesperidin (mg g−1) 2.02 ± 0.04
Naringin (mg g−1) 0.87 ± 0.01

Data are represented as means ± SD of three lots of OPF.
Abbreviations: ABTS, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid); DPPH, 2,2-diphenil-1-picrylhydrazyl; OPF, orange peel flour;
TPC, total phenol content.

Fig. 1 ROS content measured using dihydrorhodamine-123 fluor-
escence in HCT8 cells treated for 24 h at 200, 500, and 700 µg mL−1

indicated concentrations. Panel A shows the result of cells untreated
(CTR−) compared to 200, 500, 700 µg mL−1 of OPF. Panel B shows the
result of cells untreated (CTR−) and a positive control cell treated with
the oxidant tBHP (tBHP) compared to 200, 500, 700 µg mL−1 of OPF +
tBHP. Data are shown as mean ± SEMs and analyzed by one-way ANOVA
followed by followed by Tukey’s multiple comparison test. * means a
significant difference (p ≤ 0.05) of samples vs. CTR−; + means a signifi-
cant difference (p ≤ 0.05) of samples vs. tBHP; $ means a significant
difference (p ≤ 0.05) among the concentrations of OPF.
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trast, treatment with OPF at 200 µg mL−1 does not alter cell
viability compared to untreated cells. Altogether, these find-
ings suggest that OPF extract, already at 500 µg mL−1, may
promote cell death possibly by inducing oxidative stress.
Therefore, 500 µg mL−1 concentration was selected for the sub-
sequent experiments.

3.2.2. Evaluation of cell death. Apoptosis is a caspase-
mediated programmed cell death.45 Caspase-3, a pivotal player
in apoptosis, has been implicated in various cellular functions,
including angiogenesis and tumour relapse. In the colon
cancer cell line, HCT116, the caspase-3 knocking down corre-
lated with a less proliferative and invasive phenotype.46

Immunoblotting analysis (Fig. 3) revealed that treatment of
HCT8 cells with the OPF extract resulted in a significant
decrease of the abundance of caspase-3. These observations
likely suggest that incubation with OPF extract may reduce
malignant cell viability (Fig. 2) by decreasing the expression of
caspase-3. Anyhow, caspase-3 reduction might also result in a
down-regulation of cell apoptosis.

To further investigate the impact of the OPF extract on
intracellular signalling modulating cell death, the function of

the nuclear factor kB (NFkB) was investigated. Importantly,
NFkB is a crucial modulator of inflammation and different
forms of programmed cell death.47 Specifically, it has been
reported that inhibition of NFkB promotes apoptosis of hep-
atocytes.48 Conversely, NFkB function counteracts the induc-
tion of apoptosis.49 In the present study, immunoblotting ana-
lysis showed that incubation with OPF extract caused a slight
but significant increase in phosphorylation of NFkB at serine
536 which would explain the possible reduction in cell apopto-
sis (Fig. 4). On another hand, phosphorylation of NFkB at
serine 536 reduces the stability of NFkB,47 likely indicating
that the OPF extract would exert an anti-inflammatory function
by decreasing the abundance of NFkB. Also, in vivo studies
revealed that phosphorylation at serine 536 downregulates
NFkB signalling to prevent abnormal and dangerous inflam-
mation50 that, in this case, might be sustained by increased
ROS (Fig. 1). Importantly, inhibition of NFkB signalling pro-
motes cell necroptosis in murine keratinocytes.51 In hepatic
cells, necroptosis was elicited by ROS-induced NFkB/RIPK1
pathways.52 Therefore, to further investigate the cell fate under
OPF extract treatment, cell necroptosis was analysed.
Immunoblotting studies (Fig. 5 and 6) revealed that incubation

Fig. 2 Cell viability of OPF. Cells were treated for 24 h at the indicated
concentrations of 200, 500, 700 µg mL−1. Control (CTR−) cells were
untreated (100% of vitality) and 90% of ethanol was used as a positive
control (CTR+). Cells were then assayed for vitality by the calcein assay.
Data are shown as mean ± SEMs and analyzed by one-way ANOVA fol-
lowed by followed by Tukey’s multiple comparison test. * means a sig-
nificant difference (p ≤ 0.05) of samples vs. CTR−; + means a significant
difference (p ≤ 0.05) of samples vs. CTR+; $ means a significant differ-
ence (p ≤ 0.05) among the concentrations of OPF.

Fig. 3 Western blotting analysis of proteins in HCT8 cells exposed with
OPF extract for 24 h for caspase-3 and relative blots. Controls (CTR)
used in the blot were run on the same gel of the OPF samples. Data are
shown as mean ± SEMs and analyzed by one-way ANOVA followed by
followed by Tukey’s multiple comparison test. * means p < 0.01.
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with the OPF extract significantly increased to phosphorylation
of RIPK3 and MLKL which are key players in promoting
necroptosis.53 Interestingly, the inhibition of certain pro-
grammed cell death, such as apoptosis made cells more prone
to carcinogenesis.54 In this respect, HCT8 cells displayed a very

low level of p53 which is a known oncosuppressor protein that
functionally promotes cell apoptosis.55 Impaired apoptosis can
be considered a hallmark of cancer. In some cancers, however,
induction of necroptosis may represent an alternative type of
programmed cell death playing a defensive action against
carcinogenesis.56,57 Data showing the phenolic composition of
OPF (Table 2) revealed the presence of substantial amounts of
naringenin and hesperidin that have been suggested as prom-
ising bioactive molecules against cancer progression.58 Our
data suggest for the first time that phenols in OPF might
stimulate ROS/NFkB-induced cell necroptosis in cells showing
possible impaired apoptosis (Fig. 3).

3.3 Chemical and nutritional characterization of OPF-
enriched muffins

3.3.1 Antioxidant activity and polyphenol content of
muffins. The antioxidant activity and TPC were assessed in
muffin samples to investigate antioxidant properties (Table 2).
These values tended to increase when OPF was added to the
formulations. Specifically, the pairwise comparison between
muffin samples with or without OPF revealed not significant
ABTS differences between YC-OPF and YC muffins, by the con-
trast a significant increase in ABTS values in OPF-sup-
plemented muffin samples, i.e., SD-OPF and YB-OPF. A similar

Fig. 4 Western blotting analysis of proteins in HCT8 cells exposed with
OPF extract for 24 h for NFkB-pS536, NFkB, and relative ratio. Data are
shown as mean ± SEMs and analyzed by one-way ANOVA followed by
followed by Tukey’s multiple comparison test. ** means p < 0.001.

Fig. 5 Western blotting analysis of proteins in HCT8 cells exposed with
OPF extract for 24 h for pRIPK3, RIPK3, and relative ratio. Data are
shown as mean ± SEMs and analyzed by one-way ANOVA followed by
followed by Tukey’s multiple comparison test. * means p < 0.01.

Fig. 6 Western blotting analysis of proteins in HCT8 cells exposed with
OPF extract for 24 h for pMLKL, MLKL, and relative ratio. Data are shown
as mean ± SEMs and analyzed by one-way ANOVA followed by followed
by Tukey’s multiple comparison test. ** means p < 0.001.
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trend was observed for DPPH results, highlighting a significant
increase in YB-OPF and YC-OPF compared to YB and YC,
respectively. The muffin samples showed greater ABTS radical
inhibitory activity than DPPH radical inhibition, suggesting
the hydrophilic nature of most of the antioxidant compounds
produced.59 These results agree with the value of the TPC of
muffins, which were observed higher TPC by the addition of
OPF in muffins formulation, compared to those without OPF.
The functionalization of muffin samples with OPF allowed us
to obtain newly formulated products with an enhanced anti-
oxidant capacity. Indeed, the evaluation of antioxidant capacity
is a fundamental parameter to understand the real importance
of this type of application in the food system. Our results are
in line with those obtained from previous studies on func-
tional cookies added with different amounts of kinnow (Citrus
reticulate L.) peels, in which an increase in antioxidant activity
(FRAP and DPPH) of the supplemented cookies was observed
compared with the control, attributed to the higher phenolic
content of the citrus peels used.60 Similarly, biscuits enriched
with flour obtained from Bergamotto by-products and, other
citrus fruits showed higher antiradical activity in ABTS and
DPPH tests than control biscuits.61,62

Notably, the slight significant differences observed between
products with and without OPF can also be attributed to the
flour used in the muffin’s formulation. Brown rice flour is rich
in bioactive compounds, particularly phenolic acids, which
contribute significantly to antioxidant activity.63

Regarding differences between fermentation types, the TPC
value does not seem to be affected, as shown in Table 3 for
both SD and YB samples, where only an increasing trend in
the value appears for SD samples, but not significantly. A
slight difference was observed for YC muffin in terms of ABTS
and TPC content, while YC samples achieved the lowest DPPH
value compared to SD and YB samples. Several yeast species,
including Saccharomyces cerevisiae, are known to possess func-
tional properties (such as potential probiotic effects) as well as
improve the bioavailability of phenolic compounds of the pro-
ducts leading to an increased antioxidant capacity.64 The fer-
mentation mixture may also affect the bioavailability of poly-
phenols. In this regard, scientific evidence exploited the role
of Limosilactobacillus reuteri (Ls., basonym Lactobacillus reuteri)
and Lactobacillus acidophilus, and their co-culturing, on fer-
mentation performance and the resulting scavenging

activity.59,65 The results showed higher values of antioxidant
activity in the samples fermented by Ls. reuteri, rather than by
the combination. Therefore, the simultaneous use of the two
bacteria did not intensify proteolytic and antioxidant activity.
Further, fermentative processes, as well as cooking steps,
could deeply affect the antioxidant properties of the bakery
products.66,67 Also, Saccharomyces cerevisiae and
Lacticaseibacillus rhamnosus (basonym Lactobacillus rhamnosus)
were able to increase TPC after fermentation of four different
flours.68

3.3.2 In vitro starch hydrolysis of muffins. In addition to
antioxidant activity, we further investigated the potential func-
tional activity of enriched muffins on the glycaemic index. To
achieve this goal, GF muffins were tested in vitro to evaluate
the predicted glycaemic index (pGI) (textured bar of Fig. 7),
and hydrolysis index (HI) (textured bar of Fig. 7) of different
muffin formulations. As shown in Fig. 7, samples with baker’s
yeast (YB) and chemical (YC) did not affect the reduction of
pGI. Muffins with and without OPF extract presented a pGI
value between 65.23% and 67.15%. In contrast, muffins with
sourdough contributed to the reduction of pGI. In particular,

Fig. 7 Results of predicted glycemic index (pGI) (textured bar) and
hydrolysis index (HI) (smooth bar) of muffins with and without-OPF.
Data are shown as mean of triplicates ±SD and analyzed by one-way
ANOVA followed by Tukey’s multiple comparison test. Different letters
(a, b, and c) indicate a significant difference (p ≤ 0.05) among samples
for pGI and HI determinations.

Table 3 Antioxidant activity and polyphenol content of muffins enriched with OPF

Parameters SD YB YC SD-OPF YB-OPF YC-OPF

ABTS (µmol TE per g) 1.28 ± 0.06c 1.22 ± 0.05c 3.14 ± 0.08a 1.77 ± 0.03b,* 1.95 ± 0.05b,* 2.94 ± 0.18a

DPPH (µmol TE per g) 0.89 ± 0.08b 0.79 ± 0.05b 0.24 ± 0.04d 0.98 ± 0.04ab 1.06 ± 0.04a,* 0.63 ± 0.05c,*
TPC (mg GAE per g) 2.75 ± 0.43b 2.69 ± 0.24b 2.54 ± 0.36b 2.99 ± 0.28a 3.32 ± 0.17a,* 3.32 ± 0.22a,*

Data are shown as mean ± SD and analyzed by one-way ANOVA followed by followed by Tukey’s multiple comparison test. Different letters (a, b,
and c) in the same row mean a significant difference (p ≤ 0.05) among all samples. Comparing the same yeast, “*” indicates a significant
difference (P < 0.05) between samples without OFP and samples enriched with OPF. Abbreviations: SD, tII-SD gluten-free muffin; YB, baker’s
yeast gluten-free muffin; YC, chemical’s yeast gluten-free muffin; SD-OPF, tII-SD gluten-free muffin with OPF; YB-OPF, baker’s yeast gluten-free
muffin with OPF; YC-OPF, chemical’s yeast gluten-free muffin with OPF; OPF, orange peel flour.
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the lowest value of pGI and HI was achieved in SD-OPF,
60.37% and 37.64%, respectively. Although there were no sig-
nificant differences between SD and SD-OPF, it is noteworthy
to observe the decreasing trend when OPF was added to the
formulation, possibly suggesting that a higher level of OPF in
the muffin would have improved the pGI.

Data from the literature reported how a daily consumption
of foods with a high glycaemic index is correlated with the risk
of developing cardiovascular disease, insulin resistance, dia-
betes, and obesity.66,69 GF products often exhibit a higher gly-
caemic index compared to gluten-containing products. The
presence of gluten in foods can inhibit the hydrolysis rates of
starch in the small intestine, leading to an increased glycaemic
response to carbohydrates upon its elimination from foods.70

Thus, it is important to adopt biotechnological strategies to
develop new formulations with improved nutritional value.
Bioconversion processes and fermentation strategies for agri-

food by-products can both enhance digestibility and nutri-
tional value and reduce levels of anti-nutritional factors in
these substrates. Microbial fermentation of agri-food by-pro-
ducts is commonly used to produce ingredients with improved
nutritional and health characteristics by promoting the release
of bioactive molecules from the plant matrix or through bio-
conversion of compounds originally present in the by-pro-
ducts.71 Generally, the pGI of foods depends mainly on the
amount and type of carbohydrates contained but is also influ-
enced by several other factors, including the presence of
organic acids, such as lactic and acetic acid produced by fer-
mentation.72 Fermentation processes are well-known for their
role in reducing the glycaemic index of foods.7,34 These studies
have also evaluated the influence of the sourdough technique
on the glycaemic index, in addition to the health character-
istics offered by the enrichment of polyphenols and dietary
fibre compounds in OPF.

Furthermore, our results were in line with previous studies,
which assessed a decreasing pGI value in muffins enriched
with fibre-rich orange bagasse products, achieving a pGI of
approximately 70 compared to the control.73 Therefore, the
consumption of GF products with a medium/low glycaemic
index, such as the SD-OPF sample, could potentially improve
the health status of many individuals through significant
changes in the glycaemic index.

3.3.3 Viable profiling of faecal microbiota post-simulated
colonic fermentation. To better assess the effectiveness of
dietary OPF supplementation on human health, faecal micro-
biota fermentations were conducted in vitro. Considering the
faecal microbiota inoculum, which was characterized before
proceeding further with the fermentation in vitro (Table 4), the
experiments utilized retentate (Fig. 8) or permeate solutions
(ESI Fig. S1†) resulting from simulated enzymatic digestion,

Table 4 Viable bacterial count of faecal microbiota inoculum used for
simulated colonic fermentation assay

Plated bacterial groups
Viable cell density
(log 10 CFU per mL) ± SD

TAMC 6.3 ± 0.6
TANMC 7.4 ± 0.7
LABb 5.4 ± 0.5
LABc 6.3 ± 0.3
Bifidobacterium 6.0 ± 0.2
Clostridia 8.2 ± 0.5
Enterobacteriaceae 5.1 ± 0.4

Abbreviations: TAMC, total aerobic microbial count; TANMC, total
anaerobic microbial count; LABb, bacillus shaped lactic acid bacteria;
LABc, coccus-shaped lactic acid bacteria. SD, standard deviation.

Fig. 8 Viable bacterial count (log 10 CFU per mL ± SD) of faecal microbiota observed in batches simulating the colonic fermentation of retentates
in vitro. Retentate solution contained the residual from the simulated digestion of muffin differing for the addition of OPF and type of fermentation
(with chemical yeast, YC; baker’s yeast YB; or type-II sourdough, SD). Asterisk (*) represents a significant difference (P < 0.05; two-tailed Student’s
t-test) compared cell density of samples without and with-OPF. Abbreviations: TAMC, total aerobic microbial count; TANMC, total anaerobic
microbial count; LABb, bacillus-shaped lactic acid bacteria; LABc, coccus-shaped lactic acid bacteria.
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which were added to supplement the bacterial culturing
medium. However, the impact of the permeate solution was
not discussed in detail, despite its representation of the hydro-
soluble fraction of foods absorbed in the proximal tract of the
intestine and, consequently, it does not accurately reflect the
fraction available for microbiota fermentation in the colonic
environment.74

Regarding the results from retentate testing (Fig. 8), vari-
ations in OPF influence were observed among different bac-
terial groups. A 48-hour microbiota fermentation revealed that
total aerobic microbial counts (TAMC) were unaffected by the
presence or absence of OPF in the medium. However, OPF
showed minimal stimulation of the growth of total anaerobes
(TANMC), with statistical significance (P < 0.05) achieved only
for the SD-OPF compared to itself without OPF. The LAB popu-
lation was characterized by discerning bacillus-shaped (LABb)
from coccus-shaped (LABc) cells, revealing a significant
increase of 0.5–1 log in OPF-containing samples for the former
group. By contrast, OPF did not stimulate the growth of LABc.
Additionally, no prebiotic effect was observed on
Bifidobacterium cell density. Therefore, although previous
studies demonstrated how polyphenols also enhanced the
growth and colonization of bifidobacterial strains, our results
confirmed the effective suitability of OPF to stimulate the
growth of some specific probiotics.22,75,76

The last two bacterial groups studied through plating were
Enterobacteriaceae and cells belonging to the Clostridia class.
Once again, OPF led to tendencies in decreasing the viability
of Enterobacteriaceae, consistent with its recognized anti-
microbial effectiveness against pathogens and
pathobionts.77,78 However, it is worth noting how this effective-
ness should be considered dose-dependently,78,79 with low
concentrations unable to exert significant biological roles on
microbes and, therefore, on gut microbiota.80 By contrast, the
concentration of OPF used was sufficient to increase the viabi-
lity of some faecal microbes mostly representative of healthy
gut microbiota, including Ruminococcaceae (clostridial cluster
IV) and Lachnospiraceae (clostridial cluster XIVa), which are
important colonizers of the core microbiota in humans.81,82 In
fact, different species within both these families play pivotal
roles in the metabolism of undigested food by hosts, produ-
cing beneficial compounds such as short-chain fatty acids
(SCFAs). These results were aligned with those recently

obtained by Núñez-Gómez et al.,83 which observed an
increased metabolism of SCFA as a consequence of OPF-fer-
mentation by gut microbiota models in vitro (Núñez-Gómez
et al., 2024 83). In line with this metabolic activity, while not
species within Ruminococcaceae and Lachnospiraceae can be
claimed as probiotics, they can be considered as health-pro-
moting bacteria of the gut environment.84,85

3.3.4 Texture profile analysis of muffins. Table 5 shows the
results of the texture analysis (springiness, chewiness, cohe-
siveness, hardness) of the tested muffins. The data revealed
significant variations in springiness, cohesiveness, and hard-
ness based on the fermentation type, while chewiness
remained unaffected in all samples except YC, where the value
was significantly reduced. Moreover, the incorporation of OPF
influenced the cohesiveness and hardness of the muffins.
Although the addition of OPF, rich in fibre, could potentially
enhance the structural properties of the samples and increase
stiffness,86 our results found no changes in chewiness and
hardness following the addition of OPF in SD-OPF and YB-OPF
muffins compared to control muffins. This reduction in hard-
ness was accompanied by lower chewiness values in YC-OPF,
consistent with previous studies.87 In fact, OPF, and its fibre,
are one of the contributing factors to these results, as assessed
in a previous study, which emphasizes the reduction in chewi-
ness and hardness after the addition of orange pomace in GF
bread.88 The choice of chemical yeast also impacted springi-
ness, with lower values observed in YC and YC-OPF samples
compared to other muffins. Notably, muffins prepared with
sourdough (SD-) and baker’s yeast (YB-) exhibited higher
springiness values. This result is also confirmed by other
studies that found that sourdough influenced the textural pro-
perties of baked goods, improving their springiness and
hardness.89,90 Additionally, according to Novotni et al.
(2013),91 the strain of Lactobacillus plantarum used to produce
sourdough positively influences product cohesion, as evi-
denced by higher cohesiveness values in SD samples compared
to YB and YC samples. Replacing rice flour with OPF (SD-OPF)
resulted in decreased cohesiveness, consistent with findings
from other studies due to the increased ability of the fiber –

introduced with OPF – to bind water.87

3.3.5 Volatile profile of muffins. The identification of vola-
tile compounds contained in the muffins is reported in
Table 6. Among the aldehydes, one of the most abundant com-

Table 5 Texture profile analysis of muffins enriched with OPF

Parameters SD YB YC SD-OPF YB-OPF YC-OPF

Springiness 0.80 ± 0.02 a 0.78 ± 0.13a 0.64 ± 0.02bc 0.71 ± 0.03abc 0.77 ± 0.02ab 0.62 ± 0.01c

Chewiness (N) 6.66 ± 0.52a 6.44 ± 1.15a 5.3 ± 0.45ab 6.2 ± 0.62a 6.17 ± 1.06a 3.68 ± 0.49b

Cohesiveness 0.53 ± 0.02a,* 0.46 ± 0.02b 0.40 ± 0.02cd 0.44 ± 0.03bc 0.44 ± 0.03bc 0.37 ± 0.02d

Hardness (N) 15.22 ± 1.24c 17.37 ± 1.12bc 20.83 ± 1.29a,* 18.35 ± 1.35abc 18.55 ± 1.51ab 16.91 ± 0.66b

Data are shown as mean ± SD and analyzed by one-way ANOVA followed by followed by Tukey’s multiple comparison test. Different letters (a, b,
and c) in the same row mean a significant difference (p ≤ 0.05) among all samples. Comparing the same yeast, “*” indicates a significant
difference (P < 0.05) between samples between OFP and samples enriched with OPF. Abbreviations: SD, tII-SD gluten-free muffin; YB, baker’s
yeast gluten-free muffin; YC, chemical’s yeast gluten-free muffin; SD-OPF, tII-SD gluten-free muffin with OPF; YB-OPF, baker’s yeast gluten-free
muffin with OPF; YC-OPF, chemical’s yeast gluten-free muffin with OPF; OPF, orange peel flour.
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pounds is hexanal, which showed no significant differences
between the samples, except for YC-OPF in which the lowest
concentration was found. The nonanal concentration was
affected by the OPF addition but maintained the highest con-

centrations when sourdough and baker’s yeast were used. A
similar trend was found for the main carboxylic acids and alco-
hols according to Dingeo et al.92 Presumably, the higher
content of aldehydes and alcohols in SD and YB could be due

Table 6 Volatile compounds of muffins

Volatile compounds SD YB YC SD-OPF YB-OPF YC-OPF

Aldehydes
Acetaldehyde 0.26 ± 0.03b 0.96 ± 0.24a n.d. 0.96 ± 0.06a 1.13 ± 0.26a n.d.
Butanal, 2-methyl- 1.12 ± 0.03b 0.86 ± 0.10bc 0.39 ± 0.02d 0.79 ± 0.07c 1.48 ± 0.15a 0.13 ± 0.00d

Butanal, 3-methyl- 1.49 ± 0.05b 3.10 ± 0.28a 0.94 ± 0.08bc 3.06 ± 0.12a 1.51 ± 0.27b 0.36 ± 0.03c

Pentanal 0.55 ± 0.00b 0.83 ± 0.06a 0.52 ± 0.02b 0.86 ± 0.06a 0.78 ± 0.09a 0.19 ± 0.01c

Hexanal 20.59 ± 0.62ab 23.03 ± 1.23a 21.19 ± 0.94ab 21.03 ± 0.81ab 21.35 ± 1.16ab 19.22 ± 2.56b

Heptanal 2.19 ± 0.56abc 1.84 ± 0.23bc 1.55 ± 0.06c 3.38 ± 0.70ab 3.94 ± 0.46a 3.16 ± 0.36abc

Octanal 2.92 ± 0.25b 2.36 ± 0.33b 2.05 ± 0.29b 6.74 ± 0.07a 6.25 ± 0.28a 5.98 ± 0.13a

2-Heptenal, (Z)- 1.91 ± 0.01bc 1.93 ± 0.10bc 0.73 ± 0.05c 3.90 ± 0.58a 4.83 ± 0.52a 2.42 ± 0.16b

Nonanal 10.67 ± 1.60b 9.38 ± 0.66b 6.69 ± 1.10b 23.78 ± 4.29a 23.01 ± 1.03a 13.38 ± 1.45b

Furfural 0.72 ± 0.01c 0.33 ± 0.02c 0.80 ± 0.10c 3.69 ± 0.27a 2.96 ± 0.07b 0.33 ± 0.01c

2-Octenal, (E)- 2.80 ± 0.30b 2.40 ± 0.37bc 0.91 ± 0.01c 5.81 ± 0.59a 7.13 ± 0.88a 2.98 ± 0.01b

Benzaldehyde 1.41 ± 0.08c 1.74 ± 0.05bc 1.69 ± 0.02bc 3.05 ± 0.09a 3.35 ± 0.39a 2.29 ± 0.10b

Ketones
2-Butanone 0.85 ± 0.25a 0.69 ± 0.07a 0.59 ± 0.00a 0.80 ± 0.00a 0.63 ± 0.02a 0.77 ± 0.04a

2-Heptanone 4.91 ± 0.19a 6.60 ± 1.55a 4.45 ± 0.34a 5.39 ± 0.36a 6.85 ± 0.53a 5.24 ± 0.01a

Acetoin 1.58 ± 0.15b 1.92 ± 0.02a 0.20 ± 0.01d 1.01 ± 0.11c 1.56 ± 0.09b 0.10 ± 0.00d

5-Hepten-2-one, 6-methyl- 1.43 ± 0.02c 1.39 ± 0.09c 1.06 ± 0.01c 2.70 ± 0.25a 3.00 ± 0.00a 2.26 ± 0.05b

2-Nonanone 1.55 ± 0.13cd 1.67 ± 0.27cd 1.35 ± 0.07d 2.47 ± 0.04bc 3.54 ± 0.45a 3.20 ± 0.20ab

Ethanone, 1-(2-furanyl)- n.d. n.d. n.d. 1.49 ± 0.00a 1.75 ± 0.17a 1.62 ± 0.22a

Alcohols
Ethanol 185.84 ± 19.13ab 225.21 ± 25.83a 6.76 ± 0.08c 151.97 ± 10.88b 156.97 ± 6.34b 7.85 ± 0.81c

1-Propanol, 2-methyl- 8.35 ± 1.03b 11.12 ± 0.53a 0.73 ± 0.04d 5.74 ± 0.06c 5.93 ± 0.63c n.d.
1-Butanol 0.99 ± 0.04b 1.62 ± 0.16a 1.06 ± 0.03b n.d. n.d. n.d.
1-Butanol, 3-methyl- 155.25 ± 23.3a 184.16 ± 7.09a 6.45 ± 0.07c 79.8 ± 2.22b 72.01 ± 4.88b n.d.
1-Pentanol 6.13 ± 0.73b 7.72 ± 0.04a 4.40 ± 0.30c 5.44 ± 0.08bc 4.14 ± 0.15c 2.51 ± 0.22d

2-Buten-1-ol, 3-methyl- n.d. n.d. n.d. 0.68 ± 0.00ab 0.84 ± 0.21a 0.34 ± 0.03bc

1-Hexanol 33.72 ± 4.49a 37.52 ± 1.64a 13.65 ± 0.57b 31.40 ± 2.53a 32.52 ± 1.55a 15.95 ± 1.48b

1-Octen-3-ol 2.87 ± 0.01a 3.02 ± 0.21a 1.52 ± 0.05b n.d. n.d. n.d.
1-Hexanol, 2-ethyl- 2.37 ± 0.03c 2.07 ± 0.24c 3.09 ± 0.08c 2.97 ± 0.16c 4.47 ± 0.45b 5.9 ± 0.41a

1-Octanol 1.86 ± 0.01c 1.79 ± 0.04c 0.83 ± 0.06c 5.70 ± 0.52ab 7.16 ± 1.08a 4.24 ± 0.31b

2-Furanmethanol 0.77 ± 0.04bc 0.56 ± 0.04c 4.76 ± 0.01ab 2.10 ± 0.19bc 7.31 ± 0.93a 7.18 ± 2.26a

2-Methoxy-4-vinylphenol n.d. n.d. n.d. 1.38 ± 0.13a 1.31 ± 0.36a 1.84 ± 0.60a

Phenylethyl alcohol 23.81 ± 0.50ab 23.96 ± 1.00ab 2.82 ± 0.28b 22.85 ± 2.34ab 38.31 ± 18.16a 7.36 ± 0.27b

Carboxylic acids
Acetic acid 1.88 ± 0.40b 1.45 ± 0.01bc 0.46 ± 0.11c 6.37 ± 0.44a 6.45 ± 0.12a 1.84 ± 0.01b

Propanoic acid, 2-methyl- 0.95 ± 0.20b 1.28 ± 0.05b n.d. 1.83 ± 0.09b 8.03 ± 1.33a 0.82 ± 0.05b

Butanoic acid, 2-methyl- 1.76 ± 0.16c 1.67 ± 0.08c n.d. 2.76 ± 0.35b 4.29 ± 0.09a 0.67 ± 0.00d

Hexanoic acid 3.00 ± 0.21cd 1.96 ± 0.22d n.d. 5.19 ± 0.35b 7.36 ± 0.83a 4.07 ± 0.33bc

Octanoic acid 1.38 ± 0.02ab 1.18 ± 0.16ab 0.37 ± 0.05b 2.73 ± 0.50ab 4.58 ± 2.46a 2.66 ± 0.48ab

Nonanoic acid 1.66 ± 0.54bc 1.45 ± 0.00bc 0.65 ± 0.01c 2.69 ± 0.57ab 3.53 ± 0.09a 1.57 ± 0.30bc

Terpenes
3-Carene n.d. n.d. n.d. 25.43 ± 1.52b 29.67 ± 2.99ab 34.95 ± 3.23a

Limonene 19.66 ± 0.50b 23.81 ± 2.01b 20.19 ± 2.86b 7158.26 ± 227.09a 8013.97 ± 417.53a 8038.43 ± 310.27a

Terpinene n.d. n.d. n.d. 4.61 ± 0.66b 5.33 ± 0.10ab 6.35 ± 0.38a

o-Cymene n.d. n.d. n.d. 7.36 ± 0.14b 8.59 ± 0.42a 8.38 ± 0.53ab

Linalool n.d. n.d. n.d. 28.57 ± 2.66b 34.76 ± 2.73ab 41.02 ± 4.91a

Terpineol 1.09 ± 0.01b 0.97 ± 0.12b 0.79 ± 0.01b 23.15 ± 2.26a 30.19 ± 4.78a 35.71 ± 6.79a

Ester
Ethyl Acetate 0.99 ± 0.06b 1.44 ± 0.11a 0.4 ± 0.01c 0.87 ± 0.05b 1.27 ± 0.24ab 0.37 ± 0.03c

Furan
Furan, 2-penthyl- 5.45 ± 1.38a 5.48 ± 1.63a 1.59 ± 0.03b 5.09 ± 0.28ab 6.91 ± 0.04a 4.48 ± 0.15ab

Furfural 0.72 ± 0.01c 0.33 ± 0.02c 0.80 ± 0.10c 3.69 ± 0.27a 2.96 ± 0.07b 0.33 ± 0.01c

The results are expressed in µg g−1. Data are represented as means ± SD of three lots. Different letters (a, b, and c) in the same row indicate sig-
nificant differences at P < 0.05 according to two-way ANOVA followed by the Tukey’s HSD test. Abbreviations: n.d., not detected.

Paper Food & Function

8470 | Food Funct., 2024, 15, 8459–8476 This journal is © The Royal Society of Chemistry 2024

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 1
1:

36
:5

4 
A

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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fo01395f


to the action of lactic acid bacteria and yeasts during the fer-
mentation process promote the generation of hexanal,
1-hexanol, hexanoic acid.93 Ethanol was the most representa-
tive alcohol deriving from the pentose phosphate pathway of
glucose, according to Lee et al.,94 or due to the heterofermen-
tative LAB strains. The concentration of alcohols significantly
decreased in OPF-added samples, probably due to an effect of
the polyphenols on microorganism activity. Several studies
highlighted the influence of phenolic compounds on the
development of volatile compounds in the end products.95,96

According to Galvan-Lima et al.,97 the main volatile com-
pounds in peel flours from citrus are terpenes, in fact, the
addition of OPF in the product leads to an enrichment in
these compounds, and especially in limonene.

3.3.6 ROS detection and cell viability in cells treated with
digested OPF-enriched muffins. To evaluate the effect of
muffin extracts collected from in vitro digestion on the cell via-
bility, HCT8 cells were left untreated (CTR−) or treated with
the muffin extracts at different concentrations (1 mg mL−1,
0.1 mg mL−1, 0.01 mg mL−1, 0.001 mg mL−1). The concen-
trations of 0.1 mg mL−1, 0.01 mg mL−1, 0.001 mg mL−1

showed no statistical difference from CTR− (data not shown),
thus the concentration used for subsequent investigations was
1 mg mL−1. As shown in Fig. 9, incubation of cells with the

muffin extract at 1 mg mL−1 for 24 hours, significantly
reduced cell viability compared to untreated cells in SD and
YB fermented muffin. No significant reduction was instead
found in YC fermented muffins. A slight but not significant
reduction tendency has been found in cells treated with OPF
muffin extract, likely suggesting that a higher level of OPF in
the muffins would have been more effective in decreasing cell
viability.

Subsequently, to investigate the effect of the muffin extracts
on the intracellular oxidative state, HCT8 cells were left
untreated or treated with 1 mg mL−1 of digested muffin
extracts and assayed for ROS determination. Fig. 10 clearly
shows the antioxidant effects observed in cells treated with the
muffin extracts. Specifically, compared to cells treated with the
pro-oxidant tBHP, a significant decrease in ROS content was
detected in cells incubated with the muffin extracts regardless
of the fermentation method. Nevertheless, a slight but not sig-
nificant decrease in ROS content was found in cells receiving
the extracts isolated from OPF muffins, compared to the
extracts obtained by untreated muffins.

Conversely, under basal conditions, a slight but not signifi-
cant increasing tendency in ROS content was detected in cells
subjected to the extract isolated from OPF muffins SD and YB
fermented. Again, a higher level of OPF in the muffin would
have been more effective in promoting ROS release, which as
stated above might regulate NFkB function. Nevertheless,
together, these findings display a similar tendency in terms of
cell viability and ROS content observed in cells treated with
OPF extracts.

Fig. 9 Cell viability of OPF-enriched muffins. HCT8 cells were treated
for 24 h with 1 mg mL−1 of digested muffins. Control (CTR−) cells were
untreated (100% of vitality) and 90% of ethanol was used as a positive
control (CTR+). Cells were then assayed for vitality by the calcein assay.
Data are shown as mean ± SEMs and analyzed by one-way ANOVA fol-
lowed by followed by Tukey’s multiple comparison test. * means a sig-
nificant difference (p ≤ 0.05) of samples vs. CTR−; + means a significant
difference (p ≤ 0.05) of samples vs. CTR+.

Fig. 10 ROS content measured using dihydrorhodamine-123 fluor-
escence in HCT8 cells treated for 24 h with 1 mg mL−1 of digested
muffins. Negative control cells were untreated (CTR−), and positive
control cells were treated with the oxidant tBHP (tBHP). Data are shown
as mean ± SEMs and analyzed by one-way ANOVA followed by followed
by Tukey’s multiple comparison test. * means a significant difference (p
≤ 0.05) of samples vs. CTR−; + means a significant difference (p ≤ 0.05)
of samples vs. tBHP.
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4. Conclusions

These results underscore the potential of utilizing the polyphe-
nolic compounds and fibres found in OPF to improve the
nutritional profile of GF products, particularly when combined
with sourdough fermentation. The study conducted a compre-
hensive evaluation of the nutritional, structural, and volatile
aromatic compounds present in these products. Consequently,
this research lays the groundwork for exploring the potential
advantages of orange by-products as a valuable source of bio-
active compounds, which can be incorporated into the devel-
opment of GF foods. From a nutritional perspective, OPF-
enriched muffins fermented with sourdough exhibited
increased antioxidant activity, reduced glycaemic index, and
affected the volatile profile, influencing the viability of HCT8
cells. Additionally, OPF demonstrated a slight prebiotic effect.
Overall, these findings suggest that incorporating OPF
enhances the nutritional profiles of GF muffins and offers
potential health benefits, highlighting its role as a functional
ingredient.
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