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lime extract from by-products in
zein–pectin microparticles for gluten-free vegan
pancakes

Sandra Mariño-Cortegoso, *ab Roberta Tolve, *c Ana Rodŕıguez-Bernaldo de
Quirós, ab Raquel Sendón, ab Fabio Favati c and Letricia Barbosa-Pereira *ab

Amid rising demand for healthier and sustainable foods, this study valorised lime by-products as sources of

bioactive compounds within a circular economy framework. Lime extract was encapsulated in zein–pectin

microparticles using a Nano Spray Dryer (NSD) and scaled up with a Mini Spray Dryer (MSD), both yielding

comparable results. The developed particles showed high encapsulation efficiency (>80%), high yield

(>90%), strong antioxidant capacity (>6 mg TE per g), and quantifiable phenolics. Encapsulation improved

thermal stability: while free extract lost up to 92% of phenolics after 10 minutes at 200 °C, encapsulated

particles retained 52%. These microparticles were added to gluten-free, vegan pancakes, improving

nutritional quality and batter consistency. After in vitro digestion, encapsulated phenolics showed at least

10% higher bioaccessibility and recovery than the free extract. Even within the pancake matrix, 60% of

phenolics remained bioaccessible, with recoveries above 70%. Overall, lime by-products and spray

drying effectively produced stable, functional food ingredients.
Sustainability spotlight

This study contributes to the United Nations Sustainable Development Goals, particularly SDG 12 (Responsible Consumption and Production), by valorizing
lime by-products into a high-value functional ingredient within a circular economy framework, reducing food waste and improving resource efficiency.
Additionally, it aligns with SDG 9 (Industry, Innovation and Infrastructure) through the application of innovative food engineering technologies such as
ultrasound-assisted extraction and nano/mini spray-drying for efficient recovery and stabilization of bioactive compounds. The development of antioxidant-rich,
functional food ingredients with enhanced bioaccessibility also supports SDG 3 (Good Health and Well-being), promoting improved nutritional quality and
potential health benets through diet. Furthermore, by reducing losses of bioactive compounds during processing and enhancing their stability, this work
indirectly contributes to SDG 2 (Zero Hunger), supporting more efficient food systems and improved nutrient availability. Overall, this research demonstrates
how sustainable innovation in food processing can integrate waste valorization, technological advancement, and nutritional improvement, contributing to more
resilient and sustainable food systems aligned with global sustainability goals.
1. Introduction

Agri-food by-products are generated throughout the food chain,
mainly during industrial processing, which represents one of
the greatest challenges in terms of the inefficient use of natural
resources.1 Particularly, citrus fruits are among the most
popular and widely consumed fruits worldwide. The high
production is related to the generation of tonnes of residues
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during industrial processing; a mixture of peels, seeds, and
pomace that represents around 50% of the fruit weight.2

Many studies have focused on their valorisation through the
extraction and use of bioactive compounds, such as phenolic
compounds, with demonstrated antioxidant properties related
to health benets, including effects on cardiovascular protec-
tion, lipid metabolism, oxidative stress, and inammation.3,4

These advantageous properties promote the production of
ingredients to develop functional foods.5

Nevertheless, polyphenols are highly sensitive to heat, light,
and oxygen, and many phenolics are unstable during digestion
or interact with food matrices in ways that reduce bi-
oaccessibility and alter texture.6,7 To address these limitations,
various protective technologies have been explored. Encapsu-
lation is particularly promising, as it enhances the stability and
solubility of phenolic compounds, enables controlled release,
and masks off avours.8,9 It can also improve their bi-
oaccessibility and bioavailability while supporting benecial
Sustainable Food Technol.
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gut microbiota through the metabolites of polymeric poly-
phenols, ultimately increasing their functional performance in
food systems.8,10

Proteins and polysaccharides from industrial by-products
show strong potential as encapsulating materials. Zein, the
main corn storage protein, is widely studied as a delivery vehicle
due to its amphiphilic nature and ability to form core–shell
particles that protect phenolics from adverse conditions, like
heat and oxygen.11,12 Because zein is degraded by proteases, it
enables bioactive release in the proximal intestine. Its perfor-
mance can be enhanced by pectin, a citrus-derived poly-
saccharide resistant to gastric conditions and known for its
emulsifying properties, which improves the stability and func-
tionality of zein particles.13 Pectin also adds dietary bre, can
replace fat, supports structure in baked goods, and allows
extended release of bioactives through colonic fermentation
while reducing phenolic metabolization.14,15

Among encapsulation methods, spray drying is widely used
to stabilise core–shell structures and protect bioactives by
reducing water-related degradation.16,17 Nano spray-drying has
been developed to obtain lower-size particles, with a greater
surface area, which increases their solubility and, consequently,
the bioaccessibility of newly produced food ingredients with
functional properties.18,19

Despite rising demand for healthier foods, bakery items are
oen sugar- and fat-rich, a concern especially relevant for
individuals with celiac disease dependent on low-nutrient,
high-glycaemic indices gluten-free products.20,21 Additional
dietary restrictions, such as lactose or egg intolerance, further
limit the availability of choices and nutritious options. In
response, vegan alternatives are gaining popularity for their
inclusivity and broader consumer appeal.

In this context, functionalization strategies can improve the
nutritional quality of processed foods and meet demand for
healthier, allergen-friendly products.22 Lime by-products are
particularly suitable, as they are rich in phenolics such as
avanone glycosides and hydroxycinnamic acids.23

This study explored the valorisation of lime by-products
through the development of zein–pectin microparticles encap-
sulating lime by-product extracts, with innovation focused on
three main aspects. First, it was employed both nano- and mini-
spray dryers, with a comparative scale-up investigation con-
ducted by producing particles using both technologies, allowing
evaluation of how processing scale can inuence particle
properties. Comprehensive physicochemical characterisation
was performed, alongside the determination of antioxidant
activity, total phenolic content, and individual phenolic
compounds to assess encapsulation efficiency. Second, the
resulting microparticles were applied as functional ingredients
in a specic food matrix—vegan and gluten-free pancakes—at
two fortication levels by partially replacing the ours in the
control formulation. Finally, beyond conventional physico-
chemical and nutritional analyses of the fortied products, an
in vitro gastrointestinal digestion was employed to assess the
bioaccessibility of phenolic compounds, providing novel
insights into the effectiveness of the encapsulation system and
its impact on the delivery of bioactives within a real foodmatrix.
Sustainable Food Technol.
2. Materials & methods
2.1. Materials

2.1.1 Materials for particles and pancakes development.
Pectin from citrus peel (galacturonic acid $74%) was provided
by Sigma-Aldrich (St. Louis, MO, USA), puried zein was from
Thermo Scientic (MA, USA). Lime by-products from Citrus
aurantifolia were kindly supplied by Frubaça Cooperativa de
Horticultores (Alcobaça, Portugal). Rice our and chickpea our
were obtained from Molino Favero (Padova, Italy), soy beverage
from Alpro (Ghent, Belgium), baking powder from Selex
(Milano, Italy), and granulated sugar. All pancake ingredients
were sourced from local markets and certied as gluten-free.

2.1.2 Reagents. DPPH (2,2-diphenyl-1-picrylhydrazyl),
Folin & Ciocalteau's reagent, ABTS (2,20-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)), potassium peroxo-
disulfate $99%, diammonium salt $98% and all the digestive
salts described by Brodkorb et al. (2019)24 were purchased from
Merck-Sigma-Aldrich (Darmstadt, Germany). Potassium di-
hydrogen phosphate 98–102% was supplied by Panreac (Bar-
celona, Spain).

2.1.3 Analytical standards. Gallic acid and chlorogenic acid
were supplied by Fluka Chemie AG (Bus, Switzerland); eriocitrin
and narirutin were provided to Biosynth Carbosynth (Compton,
United Kingdom) and hesperidin was purchased from USP
(Twinbrook Pkwy, Rockville, MD, USA). Trolox (6-hydroxy-
2,5,7,8-tetramethylchromane-2-carboxylic acid 97%), ferulic
acid and rutin were supplied by Merck-Sigma-Aldrich (Darm-
stadt, Germany). All phenolic standards possessed purities
$98%.

2.1.4 Solvents. Methanol LC-MS grade, methanol HPLC
grade, acetic acid HPLC-grade, formic acid 98–100% for LC-MS
and hydrochloric acid 37% were supplied by Merck (Darmstadt,
Germany). Ultrapure water was provided from an Automatic
Plus purication system Wasserlab (Navarra, Spain).

2.1.5 In vitro digestion enzymes. a-Amylase from Bacillus
sp. (50 U per mg solid), pepsin from porcine gastric mucosa
($250 U per mg solid), porcine bile and pancreatin from
porcine pancreas (8 USP; lipase activity: $ 8 U mg−1; amylase
activity: $ 100 U mg−1; protease activity: $ 100 U mg−1) were
provided by Merck-Sigma-Aldrich (Darmstadt, Germany).
2.2. Extraction of phenolics compounds from lime by-
products

Phenolic compounds were extracted following the protocol re-
ported by Rodsamran et al. (2019)25 with slight modications
(see Fig. S1). Briey, lime fruit by-products were freeze-dried
and pulverized (TM6 Thermomix®, Vorwerk, Wuppertal, Ger-
many) for further extraction using EtOH 50% v/v at a 1 : 20 ratio
w/v. A pretreatment of 10 min was performed in an ultrasounds
bath (Branson 5510, Branson Ultrasonic Corp., Danbury, CT,
USA) for further 30min agitation in IKA Eurostar 20 digital (IKA-
Werke GmbH & Co, Staufen, Germany). A one-hour decantation
step was performed prior to Büchner ltration using What-
man® Grade 1 lter paper. Aer being stored at −30 °C for 12
hours, the extract was ltered once more prior to ethanol
© 2026 The Author(s). Published by the Royal Society of Chemistry
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removal using a rotary evaporator (BIBBY sterilin RE200; Stone,
UK). Finally, the remained extract was freeze-dried (Lyovapor™
L-200 Pro, BÜCHI Labortechnik AG, Switzerland).
2.3. Microparticles development

2.3.1. Antisolvent precipitation. Antisolvent precipitation
was employed to encapsulate lime extract within zein–pectin
particles. Initially, lime extract and zein were dissolved in 80%
(v/v) EtOH at a 1 : 100 w/v. The mixture was then centrifuged at
6000 rpm for 10 minutes at 15 °C (Hettich Universal 320R,
HettichLab Technologies, Tuttlingen, Germany). The superna-
tant was added dropwise to equal volumes of water and then to
0.5% (w/v) pectin solution.

The nal formulation contained 0.25% (w/v) lime extract,
0.25% (w/v) zein, and 0.25% (w/v) pectin, resulting in a nal
ethanol concentration of 20% (v/v). The formulation was
homogenized using an Ultra-Turrax (IKA T25 digital, IKA-Werke
GmbH & Co, Staufen, Germany) at 20 000 rpm for 2 minutes at
room temperature. The formulation was further sonicated to
reduce particle size (Branson Digital Sonier Model 450,
Marshall Scientic, Hampton, NH, USA) using a Tapered
Microtip 1/800, (101-148-062, amplitude range: 116–494 mm) at
50% amplitude for 10 minutes, applying 30-second pulses on
and off (maximum power 120 W). The formulation was centri-
fuged at 4000 rpm for 20 min at 15 °C to remove undissolved
solids; controls (without lime extract) were prepared using the
same procedure.

2.3.2. Spray drying process. Drying conditions were opti-
mized in a Nano Spray Dryer (NSD) (B-90 Büchi Labortechnik
AG, Flawil, Switzerland). The NSD's low formulation required,
and high yield with minimal material losses facilitated efficient
trial-and-error optimization (see Tables S1 and S2). To produce
larger quantities of powder for pancake fortication, the lime-
loaded formulation was scaled up and dried using a Mini
Spray Dryer (MSD) (B-290, Büchi Labortechnik AG, Flawil,
Switzerland).

NSD optimisation used the medium mesh (5.5 mm).
Formulations were diluted 1 : 2 v/v with water and dried at 110 °
C with a 130 L per min ow. Pump and spray rates were 80%,
yielding an outlet temperature of up to 45 °C. Spraying time was
limited to 45 min to prevent chamber overheating.

For MSD scale-up, formulations were used undiluted. Spray
drying conditions mirrored the NSD optimization: 110 °C inlet,
#55 °C outlet, 60% aspiration, 30% pump rate, and nozzle
cleaning frequency set at 5.
2.4. Pancakes development

Pancake batters were mixed in a planetary mixer (Chef XL
KVL4100S, KENWOOD, UK) for 3 min at medium speed and
1 min at maximum, then rested 10 min covered. Lime micro-
particles replaced 2.5% (PLP2.5) or 5% (PLP5) of our. Formu-
lations were prepared in triplicate, producing$15 pancakes per
batch (see Table 1).

Batter (∼20 mL) was dispensed with a commercial syringe
syringe (De Buyer, France; REF: 3358.01) and cooked 1.5 min
© 2026 The Author(s). Published by the Royal Society of Chemistry
per side at 200 ± 10 °C on a crepe maker (Krampou, CSRO4AA-
KR, France).

For specic gravity, 5 mL of batter was weighed in triplicate
to determine bulk density.
2.5. Characterization of formulations and particles

2.5.1. Dynamic light scattering (DLS). Polydispersity index
(PDI), particle size, and z-potential were measured using
a Malvern Nano ZetaSizer ZS at 25 °C, with the formulation
diluted 1 : 100 in ultrapure water. Five measurements were
taken per replicate ($3).

2.5.2. Thermal analysis
2.5.2.1. TGA & DSC. Thermal gravimetric assay (TGA) was

assessed by TGA-DSC (Mettler Toledo TGA-DSC1) using 2 mg of
sample, heated from 25 °C to 800 °C at 10 °Cmin−1 under N2, in
triplicate. Differential scanning calorimetry (DSC, TA Instru-
ments Q1000) was performed from 10 °C to 300 °C at 10 °
C min−1 under N2, analysing three replicates.

2.5.2.2. Thermal stability of phenolic compounds. Thermal
stability of individual phenolics was evaluated by heating
100 mg of extract and lime-loaded particles at 160 °C and 200 °C
(temperatures commonly used in bakery processing) for 2, 5, 10,
20, 30, and 60 min, including 0 min controls, in triplicate.
Phenolics were quantied post-heating by HPLC-DAD.

2.5.3. ATR-FTIR. ATR-FTIR was used to assess chemical
interactions between wall materials and lime extract. Spectra
were recorded on a FTIR-ATR (ATR-PRO ONE, FTIR 4700, Jasco,
Tokyo, Japan) with a diamond-composite attenuated total
reectance cell, over 400–4000 cm−1, with 25 scans per sample
at 4 cm−1 resolution, controlled using Spectra Manager™ v2
soware.

2.5.4. SEM determinations. Microparticle morphology was
examined via SEM (ZEISS FESEM Ultra Plus) at 3 kV using
a secondary detector (SE Everhart–Thornley), with samples
mounted on carbon tape and gold-sputtered for ∼2 min
(QuorumQ150T-S-Plus). Particle size, PDI, and aspect ratio were
measured for $200 particles using ImageJ v1.53k, according to
Silva et al. (2022):26

Particle aspect ratioðPARÞ ¼ Particle height

Particle length
(1)

2.5.5. Encapsulation efficiency, encapsulation yield and
payload. Encapsulation efficiency (EE) was calculated as the
percentage of lime extract trapped in particles (eqn (2)),
encapsulation yield (EY) as the percentage of total extract rela-
tive to the initial formulation (eqn (3)), and payload (PL) as
extract content per particle mass (eqn (4)), following Duhor-
animan et al. (2018)27 and Wang et al. (2014)28 with minor
modications. Individual phenolics were quantied by HPLC-
DAD.

For particle breakage, samples were suspended in 80% EtOH
(1 : 200 w/v), vortexed 2 min at 3000g (Wizard IR Vortex, Velp
Scientica, Usmate Velate, Italy), sonicated 2 min, and centri-
fuged 3 min (Ohaus Frontier™ 5000 series mini centrifuge) to
pellet pectin. The supernatant was evaporated under N2,
Sustainable Food Technol.
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Table 1 Pancake formulations of the control and increasing percentages of lime particles

Sample
Rice our
(g)

Chickpea our
(g) Lime our (g)

Soy beverage
(mL)

Baking powder
(g) Sugar (g)

PC 112 38 0 250 10 12
PLP2.5 110 37 4 250 10 12
PLP5 107 36 8 250 10 12
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reconstituted in water to precipitate zein, concentrated 2×, and
ltered (0.22 mm PTFE) before HPLC-DAD analysis.

Non-encapsulated extract was measured by suspending
particles in acetone (1 : 100 w/v), followed by vortexing, sonica-
tion, centrifugation, evaporation under N2, 4× reconstitution in
water, and ltration.

EEð%Þ ¼ ðWt �WsÞ
Wt

� 100 (2)

EYð%Þ ¼ Wt

Wi

� 100 (3)

PLð%Þ ¼ Wte

Wm

� 100 (4)

where Wt is the total phenolic mass in particles, Ws the surface
phenolic mass, Wi the theoretical mass of the individual
phenolic added,Wte the total extract content (from EY), andWm

the particle mass. Calculations considered each individual
phenolic compound. Determinations were performed in
triplicate.
2.6. Pancakes characterization

2.6.1. Proximate composition. The proximate composition
was determined in accordance with the guidelines established
by Regulation (EU) No 1169/2011 on the provision of food
information to consumers.29 Determinations were performed
following the UNE-EN ISO/IEC 17025 standard,30 covering the
assessment of energy value, moisture, ash, carbohydrates, total
sugars, protein, total dietary bre (TDF), including its insoluble
(IDF) and soluble (SDF) fractions, total and saturated fats, as
well as salt and sodium content.

2.6.2. Batter rheology. The rheological analysis was deter-
mined by using DRS500 CP4000 PLUS rheometer (Lamy
Rheology, France). The batter (∼20 mL) was placed in a vessel
and warmed until 25 °C. A MSDIN-11 system was employed
following the method described by Bianchi et al. (2022).31 Shear
stress was a function of shear rate over the range of 10–300 s−1.
The results tted with the Power-Law model (Ostwald-de Waele
relationship), according to the equation:

s = K$gn (5)

where, s represents the shear stress (Pa); K, the consistency
index (mPa s) and n the ow index. All measurements were
performed in triplicate.

2.6.3. Physicochemical, morphological & colour determi-
nations. Pancakes moisture content was assessed in agreement
Sustainable Food Technol.
with AACC method 44-15 A. The water activity (aw) was deter-
mined by utilizing a Hygropalm HC-2AWmeter (Rotronic Italia,
Milano, Italy) at 25 °C. All analysis were performed at least in
triplicate.

The weight loss of pancakes was calculated from initial
batter and nal pancake weights, with $10 measurements per
formulation.

Colour was determined using a Minolta Chroma meter CR-
300 (Osaka, Japan) in accordance with CIE-L*a*b* system. L*-
value represents the lightness from 0 to 100; a* represents
greenness-redness and b*, blueness to yellowness values,
ranging both from −127 to 127. Six samples of each batch were
measured in four different points. Colour variation was evalu-
ated by calculating the differences between each sample and the
control:

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DL2 þ Db2 þ Da2

p
(6)

DL = (L − L0); Da = (a − a0); Db = (b − b0) (7)

where, DE is the total difference among samples; DL, Da and Db
were the differences between each parameter of the control and
samples at different levels of fortication.

Morphological evaluation was determined by measuring the
thickness and diameter of the pancakes using a calliper.

2.6.4. Texture evaluation. A texture analyser with a 5 kg
load cell (TX-700, Lamy rheology, France) was employed to
assess the texture prole analysis (TPA) of pancakes. It was
followed the method described by Bruttomesso et al. (2024).32

Determinations were performed in at least 8 pancakes of each
batter batch.

2.6.5. Bioaccessibility and stability of phenolic compounds
aer in vitro digestion. The standardized INFOGEST protocol
for static in vitro digestion described by Brodkorb et al. (2019)24

was employed to assess phenolic compounds bioaccessibility.
All uids and enzyme solutions were prepared on the day of

analysis to minimize microbial contamination and pH dri.
Enzymes and bile salts were kept on ice throughout the proce-
dure to preserve their activity. The entire digestion procedure
was performed in a 37 °C water bath with rotary shaking (GFL
1083). To assess phenolic bioaccessibility and matrix effect, 5 g
of pancakes were digested, as well as encapsulated and non-
encapsulated extract, using equivalent doses (20 mg free
extract or 60mg lime-loaded particles lled until 5 g with water).
Test tubes with ultrapure water served as blank controls. All
samples were digested in quadruplicate.

To stop enzymatic reactions, samples were transferred to an
ice bath. Centrifugation followed at 6000 rpm for 10 minutes at
© 2026 The Author(s). Published by the Royal Society of Chemistry
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10 °C (Hettich Centrifuge Universal 320 R, Tuttlingen, Ger-
many), separating the supernatant and pellet. The superna-
tant's pH was adjusted to approximately 5.5 to deactivate
residual enzymes. Then, 15 mL of the supernatant was freeze-
dried and extracted with 5 mL of methanol. The methanolic
extract was evaporated under N2 stream at 40 °C using a Rap-
idVap Vertex Evaporator (Labconco, Kansas City, MO, USA),
then reconstituted in water to achieve a 4-fold concentration
and ltered through a 0.22 mm PTFE lters. The freeze-dried
pellet was subjected to the same extraction process. As
a result, both bioaccessible (supernatant) and non-
bioaccessible (pellet) fractions were collected for HPLC-DAD
analysis, with bioaccessibility measured from the supernatant
and recovery calculated by comparing post-digestion content to
initial levels.
id
e
n
ti
fi
ca

ti
o
n
th
ro
u
g
h
LC

-M
S/
M
Sa

M
S/
M
S

en
ts

(m
/z
)

C
ol
li
si
on

en
er
gy

(V
)

C
on

ce
n
tr
at
io
n

ra
n
ge

(m
g
L−

1
)

E
qu

at
io
n

−1
7

0.
1–
20

y
=

68
.6

−2
7

−1
8

0.
05

–1
y
=

53
.7

−3
1

−2
6

0.
25

–1
0

y
=

48
.2

−2
4

−1
0

0.
02

5–
10

y
=

17
1.

−2
3

0.
1–
10

0
y
=

44
.8

−3
6

−2
8

0.
1–
20

y
=

43
.9

−3
1

−2
6

0.
05

–1
00

y
=

48
.8

−4
4

−3
9

0.
1–
10

y
=

38
.9

−5
8

−2
3

0.
25

–2
0

y
=

86
.0

−2
6

2.7. Phenolic compounds extraction procedure

To evaluate the initial phenolic compounds content in food
samples (lime microparticles and fortied pancakes), the
samples were rst extracted before analysis.

Lime extract from microparticles was obtained by particles
solubilisation at a ratio of 1 : 100 (w/v) with EtOH 80% (v/v),
subjected 10 min UAE and further 30 min agitation at
2500 rpm (IKA Vibrax VXR Basic, IKA-Werke GmbH & Co,
Staufen, Germany). Pancakes were extracted at a ratio of 1 : 10
(w/v) with MeOH using the same protocol. Samples were
centrifuged at 3 500g for 10 min at 10 °C (Hettich Universal
320R, HettichLab Technologies, Tuttlingen, Germany) to sepa-
rate the supernatant. Freeze-dried lime extract was solubilised
at a ratio 1 : 100 w/v in MeOH. Extracts were diluted or
concentrated properly for further analysis. Extractions were
performed in triplicate.
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2.8. Content in total phenolic, avonoids & tannins

Total phenolic content (TPC), avonoids (TFC) and tannins
(TTC) were determined by following the methods described by
Singleton and Rossi (1965),33 Herald et al. (2012)34 and Herald
et al. (2014),35 respectively and then adapted to microplate by
Barbosa-Pereira et al. (2018).36 Thermo-Fisher microplate
photometer (Thermo Scientic™ Multiskan™ FC Microplate
Photoreader) for 96-well microplate was used to perform the
measurements at 750, 510 and 492 nm, respectively. Gallic acid
standard curve was utilized to quantify phenolics in TPC,
expressed as mg equivalents of gallic acid (GAE) per g of extract
and of particles. Results of TFC and TTC were expressed as mg
equivalents of catechin (EC), used for the standard curve, per g
of extract and of particles. All assays were performed in tripli-
cate for extract and microparticles.
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2.9. Radical scavenging assay

The antioxidant capacity of the lime extract and microparticles
was determined by the caption of the radical DPPH following
the methodology described by von Gadow et al. (1997)37 and
adapted to 96-well microplate Barbosa-Pereira et al. (2018).36 A
standard curve of Trolox was accomplished to express the
© 2026 The Author(s). Published by the Royal Society of Chemistry Sustainable Food Technol.
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Table 3 Particle size, z-potential and PDI of liquid formulationsa
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results as mg of Trolox equivalents (TE) per g of extract and of
particles. The assays were performed in triplicate.
Control Lime-loaded h Sig.

Zein nanoparticles
Particle size (nm) 140.36 � 4.06 177.90 � 1.57 0.98 ***

PDI 0.13 � 0.03 0.08 � 0.02 0.50 *

Zeta potential (mV) 9.27 � 1.46 24.61 � 0.78 0.98 ***

Pectin–zein nanoparticles
Particle size (nm) 389.38 � 3.84 361.48 � 6.92 0.89 ***

PDI 0.09 � 0.02 0.07 � 0.02 0.30 n.s.
Zeta potential (mV) −62.48 � 2.63 −39.75 � 0.66 0.98 ***

a PDI: polydispersity index. Statistical signicance: ***p < 0.001; **p <
0.01; *p < 0.05; and n.s. = not signicant (p > 0.05).
2.10. Phenolic identity conrmation and quantication
through LC-ESI-MS/MS and HPLC-DAD

Following the methodology previously described by Andrade
et al. (2020),38 individual phenolics were identied and quan-
tied through HPLC-DAD and their identity was conrmed
through LC-MS coupled to electrospray ionization source (ESI),
operating in negative mode. Phenolic standards were directly
infused into the ion source to assess MS/MS conditions by
obtaining the pattern ion [M–H]− m/z and the principal MS/MS
fragments. Phenolic compounds identication was further
conrmed by data acquisition in selected reaction monitoring
(SRM) mode. Standard stock solutions were diluted to quantify
phenolic compounds by the external standard method using at
least 6-point standards calibration, at the maximum wavelength
of each family group (278, 325 and 360 nm) as described
Table 2.

Then, individual phenolics were quantied through HPLC-
DAD by the external standard method by diluting the stocks
solution to obtain at least 6-point standards curves, at the
maximum wavelength of each family group (278, 325 and
360 nm).
2.11. Statistical analysis

All analyses were conducted at least in triplicate, and results are
presented as mean ± standard deviation. Statistical analysis
was performed using IBM® SPSS® Statistics version 29.0.2.0.
One-way analysis of variance (ANOVA) was applied, followed by
Tukey's post hoc test to determine signicant differences, with
a signicance level set at p < 0.05. Effect sizes were calculated
and reported as eta squared (h2) to assess the magnitude of
differences. In all cases, 95% condence intervals were
computed and are reported where appropriate.
3. Results & discussion
3.1. Formulation characterization

Particle size, PDI and z-potential are shown in Table 3.
Antisolvent precipitation produced zein nanoparticles of

140.36 nm (control) and 177.90 nm (lime-loaded), with positive
z-potentials of +9.27 mV and +24.61 mV, respectively. The
cationic charge arises from the aqueous pH (∼5.5) being below
zein's isoelectric point (pI = 6.2), causing protein protonation.39

The incorporation of lime extract further decreased the pH,
thereby enhancing nanoparticle stability and increasing
particle size.40

Adding zein nanoparticles to pectin additionally increased
particle size to 389.38 nm (control) and 361.48 nm (lime-
loaded), which can be ascribed to the high molecular weight
and degree of esterication of pectin. The incorporation of
pectin promotes interactions with zein, while the presence of
encapsulated bioactives inuences particle assembly, thus
modulating their nal size.41
Sustainable Food Technol.
With pectin incorporation, z-potential shied to negative
(−62.48 mV control, −39.75 mV lime-loaded) due to ionization
of pectin's carboxyl groups (pKa 3.5), indicating core–shell
formation via electrostatic adsorption onto zein nanoparticles.42

All formulations showed a homogeneous size distribution,
with polydispersity index (PDI) values#0.1, indicating minimal
particle aggregation and lower variability than other reported
for zein–pectin particles.13 This uniformity is due to steric
repulsion from the pectin coating, which effectively prevents
aggregation.13,43
3.2. Particles characterization

3.2.1. Micro-structure analysis. Themorphology and size of
the produced driedmicroparticles determined through SEM are
shown in Table 4 and Fig. 1.

Nanosprayed particles obtained from the control and lime-
loaded formulations have shown diameters of 0.62 ± 0.27 mm,
and 0.70 ± 0.30 mm, respectively. These particle sizes reect the
combined inuence of formulation composition and
nanospray-drying parameters, particularly mesh size and poly-
mer interactions, which rule droplet formation, solvent evapo-
ration, and nal particle consolidation.44 Both control and lime-
loaded nanosprayed microparticles exhibited a spherical shape,
as conrmed by particle aspect ratio results close to 1, with
lime-loaded particles displaying a smoother surface to the
control ones.45

Nano-sprayed microparticles provided a high PDI of
approximately 0.66 for both control and lime-loaded micro-
particles. This elevated polydispersity can be attributed to the
nanospray-drying process itself, where electrostatic forces
during particle collection, combined with the presence of highly
charged macromolecules such as proteins and polysaccharides,
promote heterogeneous droplet breakup and particle forma-
tion, ultimately leading to wider size distributions.18,46

As expected, MSD produced larger microparticles, about
twice the previous size, without affecting PDI or aspect ratio.

3.2.2. FTIR. Infrared spectroscopy was employed to assess
the inuence of the drying process in materials chemical
interactions (Fig. 2).

The pectin spectrum revealed characteristic peaks of carbo-
hydrates. Peaks allocated to O–H (3500 to 3000 cm−1) are mainly
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Encapsulation and morphological determinations of both control and lime-loaded particlesa

Microparticles (NSD)
Lime-loaded microparticles
(MSD) h2 Sig.Control Lime-loaded

Encapsulation efficiency (%) n.a. 80.72 � 6.44 82.64 � 7.77 0.23 n.s.
Encapsulation yield (%) n.a. 94.38 � 9.20 91.75 � 10.44 0.21 n.s.
Payload (%) n.a. 31.46 � 3.07 30.58 � 3.48 0.26 n.s.
Particle diameter (mm) 0.62 � 0.27c 0.70 � 0.30b 1.61 � 0.70a 0.49 ***

PDI 0.66 � 0.01 0.65 � 0.00 0.66 � 0.01 0.52 n.s.
Particle aspect ratio 1.03 � 0.11 1.02 � 0.10 1.03 � 0.30 0.00 n.s.

a n.a.: not apply. Statistical signicance: ***p < 0.001; **p < 0.01; *p < 0.05; and n.s.= not signicant (p > 0.05). Lowercase letters indicate statistical
differences horizontally.
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attributed to galacturonic acid inter- and intra-molecular H-
bonds. C–H stretching vibrations are assigned to 3000–
2900 cm−1 region. Peaks associated to the esteried carbonyl
groups (C]O) are represented at 1730 cm−1. The COO−

stretching vibration are depicted at 1615 cm−1. The peak at
1224 cm−1 was associated with the C–OH stretching vibrations
in the branched chains. The absorption bands observed
between 1200 and 850 cm−1, characteristic of polysaccharides,
Fig. 1 SEM images of: 1st line nanosprayed control particles at 10× (a),
sprayed particles at 10× (d), 50× (e) and particle size distribution (f). 3rd li
and particle size distribution (i).

© 2026 The Author(s). Published by the Royal Society of Chemistry
correspond to CH2 deformation as well as C–O and C–C
stretching vibrations. Indeed, the peak at 1010 cm−1 was related
to the C–O stretching vibration bond, representing glycosidic
bound. The band at 1225 cm−1 corresponds to CH3CO
stretching, while the absorption at 1145 cm−1 is attributed to
C–O–C stretching vibrations of glycosidic linkages.13,47,48 Freeze-
dried lime extract has shown a deep O–H peak (3500–
3000 cm−1), due to its hygroscopic nature. Additionally, the
50× (b) and particle size distribution (c). 2nd line, lime-loaded nano-
ne corresponds to lime loaded minisprayed particles at 10× (g), 50× (h)
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Fig. 2 Normalized FTIR spectra of wall and core materials, and both
control and lime-loaded nanosprayed microparticles. The region with
the main differences is represented by a green square.

Fig. 4 DSC thermograms of control and lime-loaded particle.
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extract shared the prominent band peaks observed for pectin,
considering some remaining pectin and other glycosides
content aer lime by-products extraction.

Zein spectrum revealed protein characteristic absorption
bands of Amide I, Amide II and Amide III, representing as the
strongest peaks at 1645 cm−1, 1510 cm−1 and 1444 cm−1,
related to C]O stretching, N–H bending and C–H vibrational
band, respectively.13

The successful incorporation of all components in both
control and lime-loaded particles was conrmed by the pres-
ence of characteristic bands from each material in their
respective spectra, while no new absorption bands were noticed.
Peaks corresponding to Amide I and Amide II from zein were
observed in both particles, although in lime-loaded were less
intense. Moreover, the vibration of the carbonyl group of pectin
(1730 cm−1) was also found. The region between 1400 and
1000 cm−1, associated with aliphatic and aromatic fractions of
amino acid groups, showed the most prominent differences
among the samples. Notably, this region also includes C–H
vibrations at 1230 cm−1, as well as –CH and –OH stretching
Fig. 3 TGA-DTG thermograms of control and lime-loaded particles.

Sustainable Food Technol.
from aromatic rings and glycosidic linkages present in pectin
and lime extract.

3.2.3. Thermal analysis
3.2.3.1. TGA & DSC. TGA-DTG and DSC thermograms are

represented in Fig. 3 and 4, respectively.
A similar degradation pattern was observed for both types of

particles, which presented various thermal decomposition
events within 25–800 °C, as presented TGA results.

Thermograms could be divided into three main regions: 25–
210 °C, 210–400 °C, and 400–800 °C. The rst event is related to
water evaporation absorbed in particles, as represented by an
8% weight loss for control particles, whereas for lime-loaded
particles just accomplished at 5%.49 The second and most
signicant degradation event occurred between 200 and 400 °
C, with a sharp weight loss peaking at approximately 230 °C,
accounting for around 65% of the total mass loss. This stage
represents pectin pyrolytic decomposition, where galacturonic
acid chains undergo extensive thermal degradation followed
by decarboxylation of the main chains.50 Moreover, it was
observed a degradation peak at 300 °C, corresponding to zein
degradation.51 In the last degradation stage, the weight slowly
lost until remain a 20% of initial weight, attributed to the
thermal decomposition of non-volatile residues, such as
char.50

Thermal transitions of both control and lime-loaded parti-
cles were assessed through DSC, which thermograms revealed
similar trends. Both control and lime-loaded nanoparticles have
displayed a maximum, broad endothermic peak at 110 °C and
100 °C, respectively, attributed to water evaporation. The
second exothermic peak at 240 °C was related to degradation
event.52

The main endothermic peak in control particles shown in
Fig. 4 overlaps with other thermal transitions, including the
glass transition temperature (Tg) of zein, which has been re-
ported by several authors to occur between 150 and 180 °C.13 In
contrast, lime extract–loaded particles exhibited a more distinct
endothermic peak at approximately 170 °C, which can be
attributed to the Tg of zein, suggesting a clearer manifestation
of this transition in the presence of the extract. As observed in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Quantification of eriocitrin in both the free extract and encapsulated particles after being subjected to thermal stability analysis. (a) Shows
results after exposure to 160 °C, and (b) to 200 °C. Reported loss percentages represent the average degradation observed over time for themain
flavanone glycosides (eriocitrin, narirutin, and hesperidin).
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TGA analysis, the main thermal degradation event occurred at
approximately 230 °C.

3.2.3.2. Phenolic compounds thermal stability. Thermal
stability of individual phenolics was assessed by their quanti-
cation aer heating exposure. Fig. 5 represents eriocitrin
degradation pattern, as the main phenolic compound found in
lime-extract barely presented in citrus pectin used for particles
development. At 160 °C, 20 min caused 53% eriocitrin degra-
dation in free extract versus 9% in particles; aer 30 min, 80%
vs. 20%; and aer 1 h, 100% vs. 35%. At 200 °C, aer 10 min,
15% of free extract degraded vs. 3% encapsulated; aer 20 min,
92% vs. 48%; and aer 30 min, 100% vs. 88%.

Therefore, encapsulation strongly protected the extract
against heat degradation, maintaining stability up to 30 min at
200 °C and over an hour at 160 °C, demonstrating suitability for
heat-processed foods.

3.2.4. Encapsulation efficiency, yield and payload. The lime
by-product extract was successfully encapsulated in zein–pectin
microparticles, with EE, EY, and PL are shown in Table 4. A high
EE of 82.64 ± 7.77% was obtained, due to the strong encapsu-
lating capacity of zein and pectin. This, together with the
preserved eriocitrin levels in the thermal stability tests, indi-
cates effective protection of the extract. The payload (30.58 ±

3.48%) was close to the theoretical 33.33% based on the core-to-
wall ratio, and the EY (91.75 ± 10.44%) reected minimal
extract loss.

When comparable denitions of EE, EY and PL are consid-
ered, the results shown in Table 4 generally fall within similar
ranges or are slightly superior.13,53,54 This highlights the
improved performance of the developed zein–pectin system in
terms of bioactive retention and process efficiency.

3.2.5. Lime extract and microparticles phenolic composi-
tion and antioxidant properties. Lime extract and microparti-
cles were characterized for TPC, TFC, TTC, and DPPH radical-
scavenging activity, and individual phenolics were quantied
by HPLC-DAD. Results are shown in Table 5.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Lime extract presented TPC value of 31.30 ± 1.25 mg GAE
per g extract, TFC of 8.85 ± 0.51 mg CE per g and TTC of 2.10 ±

0.40 mg CE per g. The extract yielded from lime by-products
displayed antioxidant properties assessed through DPPH
radical reduction of 19.69 ± 0.85 mg TE per g extract.

Both control and lime-loaded microparticles were charac-
terized. The citrus-derived pectin contained residual phenolics,
which contributed to spectrophotometric signals and HPLC-
DAD quantication.55 Even so, lime-loaded particles consis-
tently showed higher values than controls.

Specically, the functionalized particles attained 19.22 ±

0.26 mg GAE per g for TPC, and 3.01± 0.03 mg CE per g for TFC.
TTC values were low (0.44 ± 0.04 mg CE per g particles), and
undetectable in control particles. Lime-loaded particles showed
nearly double the antioxidant activity of controls, reaching 6.06
± 0.04 mg TE per g. Overall, both the extract and microparticles
conrmed a strong avonoid contribution, representing about
30% of total phenolics (see Table 5).

Table 2 presents the LC-ESI-MS/MS identication parame-
ters and validation data, conrming the identication of ten
phenolic compounds. HPLC-DAD quantication displayed in
Table 5 revealed phenolics belonging to different structural
classes: benzoic acid derivatives (gallic acid and p-hydroxy-
benzoic acid), hydroxycinnamic acids (chlorogenic acid and
ferulic acid), avanone glycosides (eriocitrin, narirutin, and
hesperidin), avonol glycosides (rutin) and avonols (quer-
cetin). Flavanone glycosides were the main phenolic subclass
found in lime by-product extract, highlighting hesperidin and
eriocitrin as the predominant compounds (19.95 ± 1.22 mg
per g extract, 16.71 ± 1.39 mg per g extract, respectively).
Moreover, gallic acid was measured at 5.23 ± 0.21 mg per g
extract and quercetin at 4.86 ± 1.17 mg per g extract. Control
microparticles also showed some quantiable phenolic
compounds, particularly hesperidin, eriocitrin and narirutin,
attributed to phenolics entrapped within the pectin matrix.
Sustainable Food Technol.
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Table 5 Total phenolic, flavonoid and tannin content; antioxidant properties and phenolic compounds quantification in lime extract and
developed microparticlesa

Lime extract

Microparticles (NSD)
Lime-loaded microparticles
(MSD) h2 Sig.Control Lime-loaded

Total phenolics & antioxidant composition
TPC (mg GAE per g) 31.30 � 1.25 10.42 � 0.18c 19.22 � 0.26a 18.45 � 0.19b 0.99 ***

TFC (mg CatE per g) 8.85 � 0.51 0.16 � 0.03c 3.01 � 0.03a 2.66 � 0.05b 0.99 ***

TTC (mg CatE per g) 2.10 � 0.40 <LOD 0.44 � 0.04 0.36 � 0.01 0.99 ***

DPPH (mg TE per g) 19.69 � 0.85 3.55 � 0.12b 6.06 � 0.04a 6.51 � 0.35a 0.98 ***

Phenolic compounds (mg g−1)
Gallic acid 5.23 � 0.21 <LOD 1.68 � 0.02 1.52 � 0.02 0.97 ***

4-Hydroxybenzoic acid 0.11 � 0.01 <LOD 0.02 � 0.001 0.02 � 0.001 0.33 n.s.
Chlorogenic acid 0.40 � 0.11 <LOD 0.10 � 0.002 0.10 � 0.01 0.20 n.s.
Ferulic acid 1.80 � 0.01 <LOD 0.53 � 0.003 0.65 � 0.02 0.99 ***

Eriocitrin 16.71 � 1.39 0.07 � 0.001b 4.84 � 0.11a 5.00 � 0.09a 0.99 ***

Narirutin 4.15 � 0.62 0.07 � 0.001c 1.15 � 0.007b 1.37 � 0.02a 0.99 ***

Hesperidin 19.95 � 1.22 1.56 � 0.03b 6.63 � 0.01a 6.49 � 0.19a 0.99 ***

Rutin 2.22 � 0.09 <LOD 0.59 � 0.003 0.56 � 0.02 0.63 n.s.
Quercetin 4.86 � 1.17 <LOD 1.43 � 0.005 1.48 � 0.06 0.32 n.s.

a Statistical signicance: ***p < 0.001; **p < 0.01; *p < 0.05; and n.s. = not signicant (p > 0.05).
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In agreement with the obtained phenolic quantication
results, Esparza-Mart́ınez et al. (2016)56 reported hesperidin and
eriocitrin as the main phenolics in fresh lime waste, and
observed similar antioxidant activity. Similarly, Mateus et al.
(2024)23 identied avanone derivatives as predominant,
though they found eriocitrin—not hesperidin—as the major
compound.

Standardizing extraction and purication processes, along
with thorough extract characterization, is essential due to the
many factors that inuence chemical composition—such as
climate, cultivar, and maturity stage. These variables also affect
antioxidant properties, which are critical for using extracts in
food applications. This variability challenges the valorisation of
agri-food by-products and hinders comparisons across studies.

3.2.6. Nano and mini spray production. Scale-up compar-
ison. For fortifying gluten-free and vegan pancakes, a large
quantity of microparticles was needed. While the NSD is suit-
able for optimization due to low sample volume, its limited
throughput hindered scalability. NSD achieved a high recovery
of 93.43 ± 1.71% but had a low drying rate (1.21 ± 0.13
mL min−1; effective throughput 0.60 ± 0.07 mL min−1 due to
required dilution).

Scaling up with the Mini-Spray Dryer MSD allowed higher
throughput without dilution, maintaining drying conditions at
110 °C inlet and #55 °C outlet. The MSD achieved a drying rate
of 8.17 ± 1.02 mL min−1 and 57.20 ± 8.59% recovery. Despite
lower recovery than NSD, production efficiency improved by
87%, providing a practical solution for larger-scale production.

Microparticles produced with MSD showed larger diameters
but similar PDI and aspect ratios. Antioxidant activity, total
phenolic content, and individual phenolics remained largely
comparable to NSD particles, with six of the nine quantied
phenolics showing no signicant differences. Minor variations
were observed, with gallic acid slightly lower and ferulic acid
Sustainable Food Technol.
and narirutin slightly higher. Encapsulation efficiency, yield,
and payload were unaffected (see Tables 4, 5 and Fig. 1).

The results conrm that bioactive compounds were
preserved during scale-up, supported by thermal stability data
(see Section 3.2.3. and Fig. 5). NSD is thus effective for initial
development, with MSD enabling scalable production of func-
tional ingredients for food applications.
3.3. Pancakes characterization

3.3.1. Proximate composition. The proximate composition
of control and fortied pancakes is shown in Table 6.

Macronutrient levels remained similar across all formula-
tions. Carbohydrates decreased slightly in PLP5 (from 36.30 to
33.7 g/100 g). Both fortied samples showed a reduction of
approximately 70% in total sugars, reaching <1.5 g/100 g. All
pancakes contained <3 g/100 g total fat and <1.5 g/100 g satu-
rated fat, allowing the nutritional claims “low in sugars,” “low
in fat,” and “low in saturated fat” under Regulation (EU) No.
1924/2006.57

PLP2.5 did not signicantly increase total dietary bre (TDF)
compared to the control (1.3 g/100 g), whereas PLP5 showed
a clear rise to 2.7 g/100 g. Insoluble bre followed the same
trend, increasing from 0.3 g/100 g in the control to 0.9 g/100 g in
PLP5.

Although the microparticles contained pectin (a soluble
bre), the non-selective extraction of lime by-products likely
introduced insoluble bre from the peel, explaining the higher
insoluble fraction content.58 This observed bre increase has
also been reported by other authors when fortifying bakery
products with plant extracts.59 The enhancement of insoluble
bre is related to health promoting effects, as it is associated
with improved insulin sensitivity, reduced type 2 diabetes risk,
and enhanced gut health.60,61
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Proximate composition of developed pancakesa

PC PLP2.5 PLP5 h2 Sig.

Energy kcal per 100 g 191.33 � 16.26 189.47 � 3.44 181.37 � 6.65 0.21 n.s.
Total fat g per 100 g FW 1.80 � 0.01 ab 1.87 � 0.05 a 1.72 � 0.04b 0.81 **

Saturated fat g per 100 g FW 0.29 � 0.01 0.31 � 0.02 0.29 � 0.03 0.13 n.s.
Carbohydrate g per 100 g FW 36.30 � 0.39a 36.41 � 0.34a 33.56 � 0.59b 0.93 ***

Total sugars g per 100 g FW 4.56 � 0.22a 1.20 � 0.14b 1.40 � 0.07b 0.96 ***

Protein g per 100 g FW 6.44 � 0.46 6.0 � 0.62 6.4 � 0.43 0.56 n.s.
Salt g per 100 g FW 1.10 � 0.15 1.098 � 0.05 1.02 � 0.12 0.51 n.s.
Sodium g per 100 g FW 0.44 � 0.03 0.44 � 0.02 0.41 � 0.03 0.46 n.s.
TDF g per 100 g FW 1.53 � 0.13b 1.11 � 0.15b 2.72 � 0.22a 0.96 ***

IDF g per 100 g FW 1.30 � 0.18b 1.0 � 0.13b 1.92 � 0a 0.91 ***

SDF g per 100 g FW <1.0 <1.0 <1.0 n.a. n.a.
Ash g per 100 g FW 2.70 � 0.03b 2.93 � 0.08a 2.71 � 0.04b 0.86 **

a Statistical signicance: ***p < 0.001; **p < 0.01; *p < 0.05; and n.s. = not signicant (p > 0.05).
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3.3.2. Specic gravity and rheological properties of batters.
Specic gravity and batter rheology are closely related parame-
ters that affect the texture of the nal baked product.

Table 7 shows a decrease in the specic gravity with
increasing concentrations of lime-loaded microparticles, drop-
ping from 1.06 ± 0.01 in the control pancake to 0.86 ± 0.04 in
PLP5. This reduction is attributed to the presence of pectin,
a gelling and a stabilizing agent commonly used in bakery
products. Its ability to lower the surface tension of the aqueous
phase promotes greater air incorporation during mixing,
contributing to the observed decrease in specic gravity.62,63

Batter consistency is a key property affecting product
volume, as higher viscosity improves air retention and loaf
height.

In this study, the consistency index (K) increased from 11.06
± 1.09 Pa s in the control (PC) to 21.77± 1.14 Pa s in PLP5, while
PLP2.5 showed no difference (see Table 7).

Low-consistency batters, like the control, entrapped less air
and produced lower-volume products.64 In contrast, the addi-
tion of lime-loaded microparticles signicantly increased cake
height, indicating enhanced air incorporation and batter
structure (see Table 8). This effect is ascribed to the increased
batter viscosity imparted by dietary bres, which hydrate and
restrict ow, thereby improving air retention during mixing and
baking.65
Table 7 Rheology and specific gravity of battersa

Samples Specic gravity

Rheology

Flow index
(n)

PC 1.06 � 0.01a 0.27 � 0.01c

PLP2.5 0.96 � 0.02b 0.40 � 0.02b

PLP5 0.86 � 0.04c 0.44 � 0.01a

h2 0.94 0.97
Sig. *** ***

a Statistical signicance: ***p < 0.001; **p < 0.01; *p < 0.05; and n.s. = no

© 2026 The Author(s). Published by the Royal Society of Chemistry
On the other hand, the ow index increased from 0.27± 0.01
in the control pancake to 0.44 ± 0.01 in the PLP5 formulation.
Despite the increase in ow index, all batters exhibited shear-
thinning behaviour, as described by the Ostwald-de Waele
model, indicating that their viscosity decreased with increasing
shear rate.66

However, the increased ow index at higher fortication
indicates reduced shear-thinning, likely due to the added viscosity
from lime-loaded microparticles. This rheological change may
have enhanced air retention during mixing, contributing to the
higher pancake volume observed (see Table 8).

3.3.3. Physicochemical, morphological and colour proper-
ties. Table 8 reported pancakes' Lab colour code and total
colour differences, morphological, water-related determina-
tions, texture prole analysis and the individual phenolic
content in each pancake formulation.

Moisture increased from 49.62 ± 2.33% in the control to
52.44 ± 1.04% (PLP2.5) and 52.76 ± 1.73% (PLP5). This rise
reects the uniform baking time and the higher bre content,
which enhances water absorption and retention.67

Water activity, as an indicator of shelf-life and microbial
stability, was identical across all pancakes (aw = 0.96).

Regarding morphology, the incorporation of lime-loaded
microparticles signicantly increased pancake height and
reduced diameter, consistent with the batter's rheological
Consistency (k) (Pa s) R2

11.06 � 1.09b 0.94 � 0.01b

11.95 � 0.95b 0.99 � 0.00a

21.77 � 1.14a 0.99 � 0.00a

0.95 0.93
*** *

t signicant (p > 0.05).

Sustainable Food Technol.
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Table 8 Morphological, water-related, textural, colour properties and phenolic composition of pancakes fortified with increasing levels of lime
particlesa

Parameters PC PLP2.5 PLP5 h2 Sig.

Morphological Height (cm) 0.80 � 0.09b 0.94 � 0.04a 0.97 � 0.09a 0.49 **

Diameter (cm) 7.25 � 0.29a 6.96 � 0.15b 6.35 � 0.12c 0.49 ***

Spread ratio 9.14 � 1.16a 7.45 � 0.43b 6.57 � 0.49c 0.67 ***

Water-related aw 0.960 � 0.007 0.960 � 0.01 0.960 � 0.003 0.01 n.s.
Moisture (%) 49.62 � 2.33b 52.44 � 1.04a 52.76 � 1.73a 0.42 **

Weight loss (%) 6.88 � 1.07a 3.04 � 0.37b 3.48 � 0.73b 0.83 ***

Texture Cohesiveness 0.80 � 0.03a 0.75 � 0.03b 0.73 � 0.01c 0.62 **

Gumminess (N) 4.40 � 0.92c 5.93 � 0.39b 8.35 � 0.96a 0.81 ***

Chewiness (N) 4.47 � 0.94c 6.04 � 0.40b 8.51 � 0.98a 0.81 ***

Hardness (N) 5.00 � 1.13c 8.56 � 0.71b 12.48 � 1.58a 0.87 ***

Colour L* 71.62 � 2.75a 69.19 � 2.86b 63.80 � 4.28c 0.60 ***

a* 5.47 � 1.62c 6.55 � 1.34b 11.25 � 2.08a 0.68 ***

b* 38.39 � 2.11b 40.85 � 4.09a 40.40 � 1.33a 0.12 **

DE n.a. 6.56 49.25 n.a. n.a.
Phenolic compounds Chlorogenic acid (mg g−1) — 3.03 � 0.08 3.94 � 0.34 0.83 *

Ferulic acid (mg g−1) — 3.32 � 0.06 6.69 � 0.31 0.99 ***

Eriocitrin (mg g−1) — 24.05 � 0.15 51.52 � 3.71 0.98 ***

Narirutin (mg g−1) — 12.26 � 0.18 22.88 � 1.28 0.98 ***

Hesperidin (mg g−1) — 73.65 � 0.84 147.30 � 5.95 0.99 ***

Rutin (mg g−1) — 5.00 � 0.02 9.18 � 0.76 0.96 ***

a Statistical signicance: ***p < 0.001; **p < 0.01; *p < 0.05; and n.s. = not signicant (p > 0.05).
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behaviour (Section 3.3.2.). As a result, the spread ratio
decreased from 9.14 ± 1.16 (PC) to 6.57 ± 0.49 (PLP5). The
thicker structural matrix limited moisture evaporation during
baking, directly contributing to the observed increase in mois-
ture content. Consequently, weight loss droppedmarkedly from
6.88± 1.07% in the control to 3.04± 0.37% (PLP2.5) and 3.48±
0.73% (PLP5).

Food colour plays a decisive role in consumer perception,
and fortication markedly altered the visual attributes of the
pancakes. As shown in Fig. 6 and Table 8, fortied pancakes
displayed signicant colour changes, characterized by a slight
reduction in lightness that imparted a more toasted appear-
ance. The a* value increased substantially, from 5.47 ± 1.62
(PC) to 11.25 ± 2.08 (PLP5), resulting in a visibly redder hue,
while b* values showed minor increases. Consequently, the
total colour difference reached 6.56 in PLP2.5 and 49.25 in
PLP5, conrming that fortication produced clearly perceptible
colour shis toward red and, to a lesser extent, yellow tones.
Fig. 6 From the left to the right, images of the freeze-dried lime by-pro
pancakes (PC (c), PLP2.5 (d), and PLP5 (e)).

Sustainable Food Technol.
Importantly, encapsulation effectively modulated the visual
impact of the lime extract by masking its inherent green colour
(Fig. 6), which would otherwise be undesirable in bakery
products. Given that colour preferences are strongly shaped by
familiarity and cultural expectations, this masking effect is
particularly relevant, as it may enhance consumer acceptance in
markets where green-coloured baked goods are uncommon or
perceived negatively.68

The encapsulation strategy not only preserved functionality
but also enabled colour adjustments compatible with consumer
expectations, reinforcing its suitability for food fortication
applications.

3.3.4. Texture evaluation. Textural prole analysis (TPA)
results (Table 8) revealed that fortication induced measurable
modications in pancake texture. Cohesiveness decreased
slightly with fortication, from 0.80 (PC) to 0.75 ± 0.03 (PLP2.5)
and 0.73 ± 0.01 (PLP5). Hardness increased notably, from 5.00
± 1.13 N in PC to 8.56 ± 0.71 N and 12.48 ± 1.58 N in PLP2.5
duct extract (a), lime-loaded microparticles (b), and all the developed

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and PLP5, respectively. As direct consequence, gumminess and
chewiness also rose, reaching 8.35± 0.96 N and 8.51± 0.98 N in
PLP5. Both parameters were strongly correlated with hardness
(r = 0.997), while cohesiveness showed a negative correlation (r
= −0.965), indicating that bre-driven structural reinforcement
governed the observed textural changes.

Increases in hardness are consistent with the incorporation
of fruit- and vegetable-derived by-products, which raise bre
content and reinforce the matrix structure.69,70 Importantly,
pancake hardness remained well below that reported for rice-
based gluten-free pancakes enriched with hydrocolloids (up to
30 N).71 Moreover, the fortied pancakes exhibited hardness
and cohesiveness comparable to wheat-based controls, indi-
cating that lime-loaded microparticles contributed to gluten-
like textural properties and enhanced product quality.

3.3.5. Phenolic compounds in vitro bioaccessibility.
Phenolic compounds undergo biotransformation during in vitro
digestion, inuenced by delivery form, encapsulating materials,
and food matrix, which affect bioaccessibility. Digestion was
performed on pancakes, particles, and extract separately to
assess matrix effects. Quantication results of the main
phenolic compounds, their bioaccessibility and recoveries are
presented in Fig. 7.

Encapsulation improved bioaccessibility and recovery of
lime extract phenolics by at least 10% compared to the non-
encapsulated form. Chlorogenic acid, narirutin, and hesper-
idin remained nearly 100% bioaccessible and fully recovered,
while rutin showed some degradation but ∼90% of recovered
rutin remained bioaccessible.

The lime extract was not further puried, thereby contained
phenolics and co-extracted pectin, which protected the poly-
phenols during freeze-drying. As a result, pectin contributed to
enhanced non-encapsulated extract stability and ultimately
Fig. 7 Results obtained after in vitro digestion: (7.1.1.) total amounts in
compound quantified in the extract and lime-loadedmicroparticles; (7.2.1
each phenolic compound quantified in enriched pancake; (7.1.2.) bioacce
vitro digestion of unencapsulated extract and lime-loaded microparticle
compound after in vitro digestion of enriched pancakes. The table below
as the average percentages of bioaccessibility and recovery. #PC wa
compounds in any fractions. B: bioaccessible fraction; NB: not bioaccess
content; % R: recovery percentage fraction considering the initial conten
pancake fortified at 2.5%; PLP5: pancake fortified at 5%.

© 2026 The Author(s). Published by the Royal Society of Chemistry
improved the bioaccessibility of phenolic compounds similarly
to the lime-load particles.72 Under acidic conditions, pectin-
based particles shrank and aggregated due to –COO− deproto-
nation, which restricted the release. In contrast, at neutral pH,
particle swelling induced more gradual release of phenolics,
thereby improving their bioaccessibility.72

Apart from the effect of pectin, zein also contributed to
maintaining extract stability and controlled release, supporting
the high polyphenol bioaccessibility observed in Fig. 7.73 In
zein–pectin particles, the release of the core material predom-
inantly occurred in the small intestine. The delayed release is
attributed to partial hydrolysis of zein under gastric conditions
by pepsin, which confers resistance to complete digestion and
results in higher bioaccessibility rates. Subsequently, zein is
further digested in the intestinal phase by pancreatin proteases,
including trypsin, promoting faster release at intestinal level of
the bioactive compounds.74

Flavonoids such as hesperidin and rutin can bind pepsin,
hesperidin specically to its catalytic residue, reducing zein-
particle hydrolysis, preserving particle integrity, and protect-
ing encapsulated phenolics.75 In this study, the recoveries of
narirutin and hesperidin exceeded 100%, due to their presence
in control microparticles from citrus pectin (Table 5).

In general, phenolic degradation mainly occurs during the
intestinal phase, largely due to alkaline pH conditions.5,76

However, phenolic stability during digestion is strongly
compound-dependent. For instance, quercetin glycosides
exhibit greater stability than their aglycone forms, while ruti-
nosides such as rutin show signicant losses, with approxi-
mately 40% degradation following in vitro digestion (see Fig. 7).
Accordingly, avonols consistently exhibited the lowest bi-
oaccessibility (<60%), which agrees with the results of the
present study and those reported in the literature. On the other
the bioaccessible and non-bioaccessible fractions of each phenolic
.) total amounts in the bioaccessible and non-bioaccessible fractions of
ssibility and recovery percentages of each phenolic compound after in
s; (7.2.2.) bioaccessibility and recovery percentages of each phenolic
shows the overall bioaccessible and non bioaccessible fraction, as well
s not included in the graph due absence of quantifiable phenolic
ible fraction; % B: percentage of bioaccessibility considering the initial
t. PC: pancake control did not display any phenolic compound. PLP2.5:

Sustainable Food Technol.
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hand, avanone glycosides, including narirutin and hesperidin,
demonstrated lower bioaccessibility compared to their corre-
sponding aglycones, naringenin and hesperetin, which is likely
attributable to differences in solubility.77,78

Lime-loaded microparticles incorporated into gluten-free
vegan pancakes showed differences in phenolic compounds
digestion, inuenced by the food matrix. Components like bre
and proteins interacted with the microparticles, affecting
phenolic release, solubility, stability, and bioaccessibility.

Narirutin, hesperidin and rutin showed markedly reduced
bioaccessibility and recovery in pancakes, especially compared
to the particles alone. This reduction is attributed to interac-
tions with the high starch content of rice our and the increased
dietary bre contributed by the lime-loaded particles (Table 6),
which can effectively bind phenolic compounds through
hydrogen bonding and van der Waals forces, thereby limiting
their release.79,80 Additionally, phenolics form insoluble
complexes with soybean and chickpea proteins through
hydrophobic interactions, whereby the aromatic rings of poly-
phenols bind to the hydrophobic regions of proteins. These
interactions further limit phenolic release, leading to reduced
recovery and bioaccessibility81,82

In contrast, ferulic acid showed an opposite trend, showing
higher levels in pancakes compared with both extract and
particles. This increase is linked to the presence of bound
ferulic acid in chickpea our and pectin, which can be released
during digestion.83,84 Its absence in the control pancake is
probably due to the low chickpea our content, and the lack of
ferulic acid dehydrodimers in rice our.85 Moreover, the
pancake preparation process may have facilitated partial
hydration and solubilization of the particles, promoting ferulic
acid release through mixing and brief baking-powder-induced
fermentation. These processing effects likely enhanced ferulic
acid availability, resulting in higher levels detected aer in vitro
digestion.86

This study demonstrates that zein–pectin microparticles are
an effective delivery system for protecting phenolic compounds
from lime by-products under gastrointestinal conditions.
Furthermore, these microparticles proved suitable for incor-
poration into a baked food matrix, such as pancakes. In this
context, they effectively preserved phenolic stability, modulated
release during digestion, and enabled functional food enrich-
ment without compromising bioaccessibility. These ndings
highlight the critical role of both encapsulation and foodmatrix
interactions in determining phenolic fate during digestion.

Further research should explore different food matrices to
elucidate how key physicochemical attributes—moisture,
protein composition, and dietary bre content—inuence
microparticle integrity, and phenolic release, thus supporting
the rational design of optimised phenolic-enriched foods.
4. Conclusions

This study demonstrates the successful valorisation of lime by-
products into functional ingredients using nano- and mini-
spray drying.
Sustainable Food Technol.
It is important to highlight that the study adopts an
application-oriented perspective, evaluating the performance of
these encapsulated systems under laboratory and pilot-scale
processing conditions. This approach provides practical infor-
mation on the formulation's feasibility and potential consid-
erations for its possible industrial production.

Zein–pectin microparticles effectively protected phenolic
compounds under thermal and digestive conditions, preserving
the phenolic composition and providing high bioaccessibility.
Their incorporation into gluten-free, vegan pancakes improved
both the nutritional and functional proles, addressing current
challenges associated with the nutritional quality of some
gluten-free and vegan bakery products.

Further studies are needed to evaluate the performance and
stability of these functional particles across a wider range of
food applications, in order to better understand their effec-
tiveness and adaptability within different food matrices.
Moreover, future work should include a sensory evaluation to
fully assess consumer acceptance and product viability.

Overall, these ndings underscore the potential of
combining innovative encapsulation techniques with circular
economy principles to develop sustainable, health-promoting
food products.
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69 B. Öncel, Investigation of physicochemical, bioactive,
textural and sensory properties of gluten-free cakes
enriched with kumquat (little jewel of citrus) our, J. Food
Meas. Char., 2025, 19(8), 5787–5795, DOI: 10.1007/s11694-
025-03354-y.
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