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Concept of
circular food
system,
zero-waste,
and by-
product.

Circular food system: it means producing food in a less
harmful, more regenerative way. It also extends to food
companies, chefs and domestic, mtegratln% food scraps
Into their food/dishes, food sharing apps or the way food is
packa_gcled to use less plastic and more biodegradable
materials.

Zero-waste: aims at rethinking the way we produce and
consume in order to preserve the value and energy
embedded in our planet's resources whilst enabling
civilization to flourish and prosper. While waste
management aims at turning waste Into resources, zero
waste Is about keeping resources from becoming waste.

By-product: is a secondary product derived from a
production process, manufacturing process or chemical
reaction; it is not the primary product or service being
produced.



Concept of
sustainability
and circular
economy

sustainability - is etymologically derived from the French
verb soutenir, meaning “to uphold” or “to support,” reflecting
its foundational emphasis on maintaining and sustaining
systems over time.

sustainability - as a systemic and balanced integration of
economic, social, and environmental performance,
explicitly accounting for equity and impacts within and
between generations.

circular economy - A regenerative system in which
resource inputs, waste generation, emissions, and energy
losses are minimized through the slowing, closing, and
narrowing of material and energy flows, achieved by means
of durable product design and strategies such as
maintenance, repair, reuse, remanufacturing,
refurbishment, and recycling.



Agro by-products or agro residues - are mainly obtained
from agricultural production, harvesting, and processing

co nce pt Of In farm areas and from food processing industries such

as oilseed extraction, brewery, malt production, cereal

Ag rO by' grain milling, fruit and vegetable processing.
products or
agro residues

 by-products from fruit and vegetable processing industry,
crop waste and residue, by-products from sugar, starch
and confectionary industry, by-products from distilleries
and breweries, by-products from grain and legume milling
Industry, and oil industry



CO nce pt Of In vivo digestion is performed on living organisms. It is
i . i} highly complex from a biological perspective, but costly and
in V|V0' 1N with strong ethical implications.
VItI‘O, d I‘ld In vitro digestion involves laboratory simulation. It is a
: =g reproducible, ethical, and cheaper method.
in silico
In silico digestion is a computer simulation. It is useful for

d I g e Stl on theoretical prediction, but it is model-dependent.



Bioaccesibility,
Bioavailability
and Bioactivity

Bioavailability: The fraction absorbed and
available for physiological functions or storage.

Bioaccessibility: The fraction of a compound that
IS released from the food matrix and is available for
absorption.

Bioactivity: The ability of a compound to generate
a beneficial biological effect after being absorbed.



Relationship between this key concepts

BIOAVAILABILITY

Bioaccessibility Bioactivity

P R absorption
' ‘ and distribution — Modulation

Macronutrients

\ metabolism

~—~—_gut microbiome
biotransformation

Cognition

.

Oxidative
stress

Inflammation

Rodrigues, D. B., et al.(2022). [Figure 1. Background and definitions] [Image]. In Trust your gut: Bioavailability and bioaccessibility of dietary compounds. Current Research in
Food Science, 5, 100123. https://doi.org/10.1016/j.crfs.2022.01.002. Licence: CC BY-NC-ND 4.0,


https://creativecommons.org/licenses/by-nc-nd/4.0/
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https://creativecommons.org/licenses/by-nc-nd/4.0/
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2. European legislation

uropean legislation:

*Council Directive 1999/31/EC of 26 April 1999 on
landfill

¢ Directive 2008/98/EC of the European Parliament
and of the Council of 19 November 2008 on waste and
repealing certain directives

* Directive (EU) 2018/851 of the European Parliament
and of the Council of 30 May 2018 amending Directive
2008/98/EC on waste

» Directive (EU) 2018/850 of the European Parliament
and of the Council of 30 May 2018 amending Directive
1999/31/EC on waste disposal

* Commission Delegated Decision (EU) 2019/1597 of 3
May 2019 supplementing Directive 2008/98/EC of the
European Parliament and of the Council with regard to
the common methodology and minimum quality
requirements for the uniform measurement of food
waste levels.

* Regulation (EC) no. 178/2002 - General principles
and requirements of food law, establishing the
European Food Safety Authority and establishing
procedures in the field of food safety
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2.1. National Romanian ~4 [y Law No. 21172011

legislation on the valorization e s I s S
and storage of by-products T Baguey
from the agri-food chain management 022021
regulation - juct
Food for human = definition
consumption
. ﬂ{ Y2) Law No. 21772016 ]
Order No. 168/202 (§) 4 SEE e
European j 4 ®, Food donation
-y X Compost and
Food hygiene &J /;\\ ey
Waste |/
Management

Laws in Romania
Government Decision ;- Yo7 Law No. 49/2024
No. 51/2019 &] '

Food waste 2030
prevention
Operator
measures obligations
Operator
responsibilities

[ﬁ% Law No. 249/2015 y

Prevention of
waste

Reuse of packaging
Recycling



2.2. Portugal national legidation on the valorization and sor age of by-products from theagri-
food chain

Directive 102-D/2020: Waste Management and By-Product Valorization Directive 152-D/2017: Consolidated Waste Management Systems Regime

Valorization Pathways @@ i

- Potential Recovery @ .
Cﬂmpgslmg - ﬁ ﬂﬂfﬂpﬂsﬂng i |Inr~n.:.|-;rll Eﬁﬂ =C0pe ‘
-

Anaerobic lo = Anaerobic ~ L2Y Organic Waste
Digestion o L‘%*-;- Scope e R Streams
= Directive 102- e - Directive 152-

Animal Fee D/2020 Other Recovery D/2017 Resource Recovery

Energy Recovery ~ Methods

|

o

l

E['H Key Provisions ]

[_@:“ Key Provisions J

Classification of Regulation of
By-Products Organic Waste
Separate Storage Flow

intended Further Mancetory

tiag Separate Collection



2. 3. Spanish national legislation on the

valorization and storage of by-products
from the agri-food chain

Key Spanish Environmental
Legislation Enacted on 8

April 2022
Law 72022
s Crden
Waste and i
contaminated soils TED/92/2023
for a circular Classification of
ECOnomy olive pomace
e riﬂﬂ
] i

Animal by-products
not imended for
human
Consumption
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- Plant-based (fruit peels,
vegetable residues, cereal bran)

- Animal

whey)
byproducts from ready-to

* Main categories:
meals)



Estimated Globa Annual

Food Loss and Waste by

Primary Sector

Brennan et dl., 2024



Key Byproducts in
European Food
Industry

Wine industry: Grape pomace, seeds, and
stems

Olive oil industry: Olive pomace, wastewater
Coffee industry: Silver skin,
Cereal industry: Bran, germ, broken grains

Fruit and vegetable processing: Peels, sedes,
Pulp

Beer industry: pomace

Milk processing: Whey, fermentation
residues

Meat processing: Blood, bones, hides



2. Importance of Agro-
Food Chain
Byproducts

 Economic benefits:
Alternative revenue
sources

* Environmental impact:
Reducing waste and
emissions

» Circular economy:
Reusing byproducts for
biofuels, animal feed,
bioplastics, and ingredients
to new food




Valorization Strategies for
Byproducts

. Bioenergy Nutraceuticals and Composting and
Animal feed . : . .
production food ingredients soil amendments

] Whey
Grape pomace] Biogas from ] proteins, ]

for cattle feed organic waste antioxidants




Challenges in
Byproduct
Management

 Storage issues: Risk of
microbial contamination

 Transportation and
logistics: High costs

» Regulatory constraints:
Compliance with food
safety and waste
management laws

Biochemical
composition

Physicochemical Elemental
composition ‘ @ composition

High Low
variability: variability:
Database of s
o torage
yp Food Waste temperature

ZA\\ @/-15:\
Collection ‘ I HH \* '

source Collection
season

Geographical
origin

Moonsamy et al., 2024.
https://doi.org/10.1016/j .fbp.2024.08.012



https://doi.org/10.1016/j.fbp.2024.08.012

Storage
Requirements for
Plant-Based
Byproducts

* Humidity and
temperature control

» Microbial safety
standards
 Packaging and
labeling requirements




Storage Requirements for
Animal-Based Byproducts

» Categorization under Regulation
1069/20009:

- Category 1: High-risk (must be
incinerated)

- Category 2: Intermediate risk
(fertilizers, biogas)

- Category 3: Low-risk (animal feed,
cosmetics)
* Refrigeration and containment




Storage and Transport of
Byproducts - Logistics
Considerations

21\ Cencedoslabbity
;;g Coneiddotion @E-I “‘n...""""mm.,.
Comortonain & Con o
e

* Cold chain
requirements

 Traceability systems

* Regulatory
Inspections




Sustainability and
Circular Economy
Approach

* Integration of storage and
processing for value addition
« Reducing food waste
through repurposing
byproducts

» Sustainable packaging and
waste reduction initiatives




3. CASE STUDIES




Grapevine 2 ) Vine shoots

cultivation
p Grape stalks
‘g’i“f. , Grape pomace
production

 Wine lees

Wine
Industry

Biorefinery 3‘
., BEnN =

ey —

* Main byproducts: Wine shoots,
grape stalks, grape pomace, seeds,
wine lees, tartrates

* Storage requirements: Temperature
control, aeration

+ Legislative aspects: EU hygiene
standards, waste disposal regulations

Energy and Fuels
Bioethanol

Biobutanol
Biogas

Bioproducts

Xylitol
Lactic acid
Biosurfactants
Adsorbents

Proteins



https://doi.org/10.1016/j.fbp.2022.05.005

By-products from wine industry

* Grape pomace is considered the main by-product of wine
production, accounting for 25-45% of the grape harvest,
consisting mainly of skins, seeds, and pulp obtained after the

=1 containing seeds pressing operation

w grope pomace

Skin and seeds account for about 13% of processed grapes
and are especially a rich source of polyphenols with multiple
health benefits.

= crganicwastes s pulp and skins

S—
L]

— wastewater = grape stems

Grape stems are eliminated at the beginning of the process
and constitute up to 25 % of total residues in the sector of
winemaking. It represents the less characterized material
from the point of view of their valuable content in bioactive
compounds

By-products from
winemaking are

classified in four
categories: emission of

greenhouse gases

volatile organic

wd dictomaceous earth Grapefruits

u Inorganic wastes B bentonite clay
s perlite

i
:

il




Grape pomace

Grape pomace is the main solid by-product
formed during the pressing and -
fermentation phases of wine production. P

Grape skin 50%

This is composed of the skins, seeds, and Capedeny S
stems remaining after  winemaking, # ,\",,‘GRAPE'[’OMA_CE;,"f.i

-

constituting 20-30% of the weight of the NN T 2
processed grapes. RIS A i R TR

Grape seeds 25%

This percentage depends on the grape AR

variety, viticultural practices, _
environmental factors, and winemaking ( I
techniques.

Stalks 25%




Grape pomace Wine making Grape pomace

Grape pomace
active polyphenols

Non-flavonoid

Flavonoids compounds

Conjugated glucosides

Anthocyanins Flavonols Flavan-3-ols Resveratrol Gallic acid of resveratrol

Catechins;
Cyanidin, Quercitin Procyanidins;
Delphinidin Proanthocyanidin
s

Waterhotice A | * Wine nhenolice Ann NY Acad Sci 2002:957°21—-236



Characteristics of pomace extracts obtained from four grape
varieties (Burgund, Pinot Noir, Italian Riesling, and White

Feteasca).
Grape Variety Pomace Condition Moisture Content Polyphenols
(%)

Burgund Fresh 62.44 Highest polyphenal
content in seeds

White Feteasca Fresh 54.55 Relatively high
polyphenol content

Pinot Noir Sun-dried (7 days, 7.19 Lower dry matter loss,

30-32°C) polyphenols

concentrated

Italian Riesling Sun-dried (7 days, 6.51 Polyphenols present

30-32°C)

despite drying

Teixeira A., Baenas N., Dominguez-Perles R., Barros A., Rosa E., Moreno D.A.,
Garcia-Viguera C. Natural Bioactive Compounds from Winery By-Products as

Health Promoters: A Review. Int J Mol Sci. 2014, 15(9): 15638-15678 DOI:
10.3390/ijms150915638

Process flowchart for the wine industry.

De-stem and
crushing

|

Pressing —® GRAPE POMACE

|

Alcoholic
Fermentation

|

Clarification

—3 STALKS §

N

VINESHOOTS

l WINE LEES

Malolatic .
Fermentation ’\

Clarification =3

|

Estabilization

|

Filtration =—» Bottling == Wine


https://doi.org/10.1016/j.fbp.2022.05.005
https://doi.org/10.1016/j.fbp.2022.05.005

Beer industry

The main by-products generated by the beer industry

Raw materials

-

—
Pharmaceutical and p
—> » | cosmetic products
' - Generated by-products: S S
=
Malﬁﬁed cereals . 8 -
e Spent Grains .=
=) A— 2 | Supplements, ® F ’
+ 4 el o o | additives, and food ‘ﬂ"‘
= e Hot Trub % .
g e Spent Yeast S [ W
Beer industry 2 - Agrlculture and / ,
Recovery of functional crop protection * 3

fractions

Yeast

Salanta et al., 2023, https://doi.org/10.1016/j.fochx.2023.100876



Beer industry

The main by-products generated by the beer industry

Hops

Yeast

Malt

Water

v

Milling

v

Mashing

v

Filtering

B

¥

Spent grain

Wort boiling

—

v

Clarification

Spent hops
and trub

v

Cooling

v

Fermentation

Spent yeast

v

Conditioning

v

Packaging

Fig A schematic representation of the brewing process and
the generated by-products, DOI: 10.5772/intechopen.69231



Beer industry

The main by-products generated by the beer industry

Water Malt

v

Milling

v

_ Mashing

v

Filtering

Up to 85% of the brewing by-products >

Up to 30% of the starting malted grain >

European Union: 3.4 x106 t BSG / year >

200 tons BSG/ 10.000 hl beer >

The main by-products generated by the beer industry, source: original

BSG = barley grain husk in the greatest proportion, minor fractions of pericarp and fragments of endosperm
and other residua compounds that were not converted to fermentable sugars in the mashing process



Beer industry

Total phenolic compounds and RS A values for dried BSG and different raw

materials
Sample Total phenols (Flavo;cl):)gs DPPH inhibition
P (mg GAE/100) mg QL1008 (%)
fw)

Barley 133.93+2.45 6.17+0.11 43.17+0.07
Pilsner malt 148.42+0.51 5.28+0.13 46.36+0.1
Caramunich

256.42+6.18 10.72+0.18 57.87+0.07

malt

Carafa malt 335.88+4.41 8.97+0.16 42 .07+0.02
Dried BSG 284.20+3.07 13.16+0.27 55.95+0.28
Wheat flour 21.12+1.42 2.85+0.10 32.74+0.24
Wholemeal

64.68+3.48 3.18+0.15 37.54+0.36
wheat flour

[Fircas et. al. 2015, Journal of Cereal Science / Macias-Garbett




Beer industry

Potential application of brewery wastes and by-products in biotechnological processes

—

=<
.':(’.'
E

\ oY
o

@
N
QA

——— —

Sensory evaluation

Eche et. al. 2025, Foods.
https://doi.org/10.3390/foods14162900

.*:.:3 - BSG-incorporated ‘
e value-added food

-

Health benefits

—— T rul o
Brewingwaste  Brewer's Spent Grain
Solid-State
Fermentation
T optmalconditons
“a - o
Brewer's Spent Grain
» Improve Nutritional Pf"'“f“_ f°mp°““ds
| Composition ~ Digestibility
............. Bioaccessibility
Protein content
il e Antioxidant activity
Brewer's Spent Grain Fermented Soluble fiber

Barrera-Leon €. al 2025, https://doi.org/10.3390/recydling10050170




Beer by-products

Hops Yeast Malt
| v
Milling
y
Mashing
Filtering

h 4

Water

o

™ Spent grain

» Wort boiling L

¥
Clarification
v
Cooling
¥
»  Fermentation
' v
Conditioning
v

Packaging

Spent hops
and trub

=P Spent yeast

Malt and other
auxiliary cereals

Milling |

Mashing ]

Lautering ]

l Beer Wort

Brewers spent grains

Schematic representation of the brewing process and the generated by-products (source: original)

Pilsner Malt




Brewers spent grain by-products

Brewer's Spent
Grain
1
1 1 1 1 1 1 1 1
Addiitive or | Paper urce of added- .
Boszars P r:ﬂ"e BeoickicEs Substracte Mutrition Adsorbent Production Fﬂ:k cumpﬂmui
| 1 1
1 1 | 1 1l 1
Anti-foaming | | Cultivation of Enzyme
agunt Polysaccharides microorganisi prodiiction Human Animal Energy Charcoal
Carrier for Xylanase by L L
| | FPhenolic | || Incorporationin . | Direct
J:xglmt campounds Pleuratos mt:s food Animal feed oAb tcn
ill] | | __Wipho-amylase |Fennnntiﬁuntu
SERbaing Agrocyhe Bacillus subtilis produce biogas
15 E—— || Anaerobic
1 fermentation
— Streplomyces

Bonifacio-Lopes et al. 2019,
https://ciencia.ucp.ptiws/files/88847592/19711259. pdf



https://ciencia.ucp.pt/ws/files/88847592/19711259.pdf

Olive Oil Industry

2024/2025
Portugal: 170-190.000 tons

Spain: 1.4-1.5 million tons

Infusions ) )
Bioactive compounds

Essential oil extraction Branches "" - Fertiliser or irrigation

Composting

Soluble and insoluble fibre

Bioactive compounds

source: original



Olive oil production at the mill of Alfandega da Fé, Tras-Os-Montes, Portugal 2-Phase system

Olives Mill Malaxation Extration/Separation

source: original



Fresh pitted olive pomace Composition: Phytotoxic Environmental hazard
(crushed olive paste, "without" oil) e =60-70% water

» =22-3% fat
* Pulp
* Skin

Olive pomace is mainly used for:
— Animal feed

— Biomass production

— Composting

— Biofuel production Bioactive compounds

15 - 20% Olive oil

| 80 - 85% Olive Pomace Hydroxytyrosol
y - Inhibits lipid peroxidation

— Offers protection against neurodegenerative diseases
— Exhibits antimicrobial activity

Tyrosol

= Inflammation

- { Oxidative stress

Olive Oil Production in Portugal — 2024: 170,000-180,000 tons

The second-largest olive oil production ever recorded in Portugal,
according to OLIVUM (Association of Olive Growers and Mills of Portugal)

Approximately 1,700,000 tons of olive pomace were generated

source: original



gflﬂﬂé Moisture Total protein " Ash Total fat Total fiber Remaining carbohydrates
Dry weight - 6.3+ 0.8 2.7+0.0 3.6+0.1 440+09 434+1.6

Fresh weight 60.9+0.3 25103 1.1+00 1400 1/7.2x0.3 16.9+0.3

The results are presented in g/100 g of sample in fresh or dry weight, as mean + standard deviation (n = 3).

Table 2. Vitamin E profile of olive pomace.

pe/100 g a-tocopherol a-tocotrienol B-tocopherol y-tocopherol &-tocopherol Total vitamin E

Dry weight 4133+ 138 62+1 50+1 97 +2 170 4360+ 143

Fresh weight 1614 + 54 24+0 20+1 38+1 720 1703 £ 56

The results are presented in pug/100 g of sample in fresh or dry weight, as mean # standard deviation (n = 3).

Table 3. Phytochemicals contents and antioxidant activity of olive pomace.

TPC TFC HTC FRAP DPPH*-SA
Sample

g GAE/100 g g CE/100g g/100 g g FSE/100 g gTE/100g
Dry weight 3.08+0.13 2.69 +0.03 0.36 £0.00 4.43 +0.57 1.53+0.06
Fresh weight 1.20 £ 0.05 1.05 £ 0.01 0.14 £0.00 1.73+£0.22 0.60+£0.02

TPC, Total phenolics content; TFC, Total flavonoids content; HTC, Hydroxytyrosol content; FRAP, Ferric reducing antioxidant p ower; DPPH®-SA, 2,2-diphenyl-1-
picrylhydrazyl radical scavenging ability; GAE, Gallic acid equivalents; CE, Catechin equivalents; FSE, Ferrous sulphate equivalents; TE, Trolox equivalents. The
results are presented as mean + standard deviation (n = 3).

source: Sousaet d., 2023, https.//doi.org/10.3390/mol ecul es28062876



W&E}ﬁﬁ%%? profiteof otive pomace:

Olive pomace

Myristic (C14:0) 0.03 +0.00
Palmitic (C16:0) 11.18 + 0.08
Palmitoleic (C16:1) 0.59 £0.03
Heptanoic (C17:0) 0.10 + 0.00
Stearic (C18:0) 2.82+0.15
Oleic (C18:1n9c) 73.07 + 040
Linoleic (C18:2n6c) 9.97 £ 047
Arachidic (C20:0) 0.51 +0.05
a-linolenic (C18:3n3) 0.92 +0.10
cis-11-Eicosenoic (C20:1n9) 0.38 +0.01
Behenic (C22:0) 0.28 +0.04
Lignoceric (C24:0) 0.16 +0.02
7 SFA 15.07 + 0.15
7 PUFA 10.89 + 0.46
Z MUFA 74.03+0.31
MUFA/PUFA 6.81+0.33

SFA, Saturated fatty acids; MUFA, Monounsaturated fatty acids; PUFA, Polyunsaturated fatty acids. The results are expressed in relative
% as mean + standard deviation (n = 3) in dry weight.

source: Sousaet d., 2023, https.//doi.org/10.3390/mol ecul es28062876



Coffee Industry

Graph 1: Summary of the World Coffee Market - ‘000 60-Kg Bags

— Ralance ——— Production ——— COnHampiesn

Table I: Summary of the World Coffee Market

Million 60-Kg Bags

2018/19 2019/20 202021 2021/22 2022/23 2023/24
Production 169.8 168.4 170.8 168.0 168.2 178.0
Consumption 171.2 168.6 165.9 176.6 173.1 177.0
Balance -13 -0.2 09 -B.6 -4.9 1.0

Growth Rates, Year-on-Year

Production 5.9% =0.9% 1.4% =1.7% 0.1% 5.8%
Consumption 3.3% -1.5% 0.8% 4.0% -2.0% 2.2%

Some fluctuations in coffee

production

Continuous increase in coffee
consumption

What the

consequences
"

= Continuous global warming;
* |ncrease of natural disasters;

= Other factors not related to coffee
production itself (e.g., COVID-19)

"sEasEsEsEEEEEE

effects

ENEENENE SRS EEE N
L]

Increasein the amount of wastes and by-
products generated throughout the chain

= Ease of consumption at home;
* |ncreased supply at competitive prices;

Changes in market trends (e.g.. out-of-
home consumption increase, consumption
increase in producing countries, increased
demand for specialty coffees,...)

= Consumers’ awareness of positive health

FESESASESESEEAEORE S

LI R R R R R PR R E R R R R R R RN R R RN R R E R R R AL

......................................... -

economic, and

environmental
sustainability of the

coffee chain is
increasingly at risk

ource: Barreto Peixoto JA et al. Compr, Rev. Food Sci. Food Saf. 2023; 22: 287-332; ICO (2023). Coffee Report and Outlook — April 2023; ICO (2023).
Coffee Report and Outlook — December 2023.




Coffee chain sustainability — What is coffee silverskin and why to study it?

Roasting process
[ Songerriages
Qi anetueian)al Green coffee Roasted coffee
|
/
81 pfoduch
c....oa..m "m Silverskin
' / Major by-product generated by
€rrennnnnn coffee roasting industries
(e.g., ~ 80.100 tons generated only in
2023/24)
* o

Roasted coffes bears | fO8sted coffeo)

By-products: Byproducts
Séverskin Parchenent
(~7.5 kgon ; (~183 kgton GC)
Green coffee beans

&
e source: Barreto Peixoto JA et al. Compr, Rev. Food Sci. Food Saf. 2023; 22: 287-
o By-peoducts 332; Bessada S et al. Sci Total Environ. 2018; 645: 1021-1028 doi: 10.1111/1541-

o £ | CGomroreie 4337.13069

— coffoe)




Coffee chain sustainability — What is coffee silverskin and why to study it?

Table 1. Nutritional composition of Table 2. Total phenolic compounds and in vitro Table 3. Caffeine (g/100 g), caffeoylquinic acids
coffee by-products (% dw). antioxidant activity (DPPHe inhibition and FRAP (mg/100 g), and 5-hydroxymethyl- furfural
assays) of coffee by-products (g/100 g dw). (mg/100 g) content of coffee by-products.
Silverskin Silverskin Silverskin
Ash 9.47 + 0.06
TPC (CGAE) 1.28 £0.01 Caffeine 0.71 £0.02
Protein 1631 +£0.12
TFC (CE) 0.70 £ 0.01 3-CQA 9.44 +0.22
Fat 2.91 £ 0.09
FRAP (FSE) 4.05+0.12 5-CQA 52.53+0.83
Total dietary fiber 65.87 £ 0.00 °
DPPH -SA (TE) 0.19 £ 0.05 4-CQA 17.71 £0.30
Insoluble dietary 56.86 £ 0.00
. HMF 39.52 £ 1.07
fiber
Soluble dietary fiber 9.01 £0.00 Results are the average of 3 independent experiments + SD. In each line, different superscript letters
] represent significant differences between samples (p < 0.05). TPC, total phenolics content; CGAE,
Available 5.44+0.24 chlorogenic acid equivalents; TFC, total flavonoids content; CE, catechin equivalents; FRAP, ferric
[
carbohydrates reducing antioxidant power; FSE, ferrous sulphate equivalents; DPPH -SA, 2,2 diphenyl-1picrylhydrazyl

radical scavenging activity; TE, Trolox equivalents. CQA, caffeoylquinic acid; HMF, 5-
hydroxymethylfurfural; n.d., non-detected.

ource: Machado M et al. Foods. 2023; 12: 2354 doi: 10.3390/foods12122354




Bread and bakery Industry

* Main byproducts: bread crusts, wheat bran, and spent grains.
« Storage conditions: proper ventilation, moisture control to prevent mold,

temperature control
* Regulatory challenges: EU food waste regulations, reprocessing

guidelines, hygiene standards

Microorganism Water

| Solid State
Fermentation
Waste Bread Enzyme
- Bread
> ; = | Hydrolysate ) Pmducth
*| Blending *| Hydrolysis [=————"| Fermentation >

Melikoglu et a, 2023

https.//doi.org/10.1016/j.fbp.2013.04.008
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Bread and bakery Industry

Excess bread — waste

A significant by-product in the commercial and domestic context is stale or waste bread
itself.
This can be upcycled into various new products to reduce food waste.

Animal Feed: - discarded bread is a source of carbohydrates for livestock feed.

New Food Products: - it can be processed into breadcrumbs, croutons, bread puddings,
or stuffing.

Brewing industry: - stale bread is used by some breweries to brew beer.

Industrial Feedstock: - bread waste can be used as a feedstock for microorganisms to
produce other chemicals such as lactic acid, hydrogen, and more ethanol, or even non-
food items like textiles.

https://www.sfig.dk/index/bread-by-products

Pastry products — waste

New food semi-finished products: these can be recovered and used in “brezar” and
“ponci”, which are important intermediate mixtures used in the production of
confectionery products.



Cereal
processing

Types of cereal by-products:
v Wheat by-products;
v Corn by-products;
v Rice by-products;
v Other cereals by-products.

« Depending on the milling process (dry or wet milling) the final nutritional
value of the by-products varies greatly.

« Therefore, the fractions obtained during dry or wet milling can find many
applications in food and nonfood products apart from use only as feed.



Wheat by-products

=i ={ *»( Grinding and sicving] =3 \R i 2 -

( Wheat flour )

I I
| !
| v v |
| fryroye= ~
| | e Wheat bran ’ I
. germ 8 . I
|
I Wheat dry :
| milling |
[ by-products ,
After milling the wheat, the following results: .
J starch q ) Types of by-productsresulted after wheat processing (Far cas,
arcny endosperm, A. et al., 2021)
v bran;
v germs, https: //doi.or g/10.3390/nu13113934

v hulls and polish debris.


https://doi.org/10.3390/nu13113934

Wheat by-products - valorization

Whole wheat
grain

Wheat bran
(13-17%) |

% 2

g9 Wheat Flour

By-products § g Main product (Endosperm)
fe—- = * (80-85%)

(2-3%)
Non fermentative
&
/ ~ .
&/ \%, ‘ Increased phenolic content
&/ %
>/ :
¥ " Fermentative, Formation of 2-MBQ and 2,6-DMBQ
Different . N 1
s Formation of bioactive compounds
applications
Reduction of anti-nutritional factors
Impmve abnormalitie
Often for cellular
immunity

animal feed

Khosroshah, E.D. et d., 2023
https://doi.org/10.1016/j tifs.2022.12.001
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Corn by-products

Bran separation

corn gluten meal.
‘l’ Starch - gluten slurry

Centrifugation Gluten Concentration Com
=l o~ e — e <o

v meal
" -

* .............

CORN WET MILLING BY-PRODUCTS
Starch washing /

12t 381

(a) CORN Aot
¥
v . :
g T . After milling the corn, the following
weer > (> =2~ > (o o5t '; results
¥ v starch (endosperm fractions)
gﬂozn rs:ﬂgpr;nr;r:;gn el Oil extraction e g;‘:”" T v bren . .
V 5';":‘1 V 5 v Other by-products, including
Grinding + - Com germ 1 corn steep I_|quor, corn germ
screening T—CRALEN 3 (meal and oil, corn bran, and

#

drying

Starch 68t

Types of by-productsresulted after corn processng
(Dapcevi¢-Hadnadev, T. et al., 2018)
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Corn by-products - valorization

BIODIESEL

. ’ : B BIOGAS
SOLUBLES + J ?_ 7] .
O & @ *S PROTEIN
Sl T e e 7
STEEPLIQUOR  GERM MEAL GLUTENFEED ‘ é ar - =
SUPERCRITICAL =
BYPRODUCTS
O TECHNBLOGY 7/  (MONOSACSHARIDE
 BIOACTIVE
COMPOUNDS

Santana, A.L. et a., 2023
https.//doi.org/10.3390/pr11010289



Rice by-products
(b) RICE Aoot
v R RICCRTEIERRS ;

Cleaning _h,:lln"lgcu,u'ityr and dust,
+ Immature grains (1t

After milling therice, the

following results: ¥ Cleanedrice| :
Dehusking ; !
_ _ Roll huller, s usk /1 :
vrice endosperm or white aspirator : SR .
rnce; { Brown rice E '
vrice huk; e : oil oo :
rice bra: F’nrshi:;g? -—l-: Rice bran = |[RESSESIINEY : =»-Rice bran oil
) ' ; 11 t : e
Jrice germ. : ¥y | a8t
] Defatted nce :
Bsrggznm?am -—}-Eﬂace_bmken grains bran .
 [101t ikt (R
\ TR s :
White rice /60t % s

-----------------

RICE PROCESSING BY-PRODUCTS

Types of by-productsresulted after rice processing (Dapcevi¢-Hadnadev, T. et al., 2018)
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Rice by-products - valorization

Rice husk
U

[
LT
) ol W

Biochar Biofuel Valuable chemical Catalyst

» Waste treatment | | » Liquid biofucls: bio- | | » Sugars: glucose, fructose, | | » Catalysts with
agents: adsorption of oil, biodiesel, ethanol, xylose, ere. modification by other
heavy metals & other butanol, ete. SR -ditaiivan: & residues  such  as
i ) > Gaseous  biofuels:| |  bydroxymethylfurfural, 'c':':;“/‘\:‘:?“ fos,

» Soil  amendments: hydrogen, methane, furfural, etc. s )
improve soil quality carbon  monoxide, | | 2 # Catalyst supports
& reduce undesirable | | syngas, erc. & 0"5:‘“" k":“’:; "’"‘;: loading active sites
residues, efc. e sl i such as Fe, S, Pt ere.

glyeolic acid, etc.

» Aromatic hydrocarbons:
benzene, toluene, xylene,
ele.

Zhang, W. et d., 2023  https.//doi.org/10.3389/fchem.2023.1225073
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By-products after barley processing

'

. Rootlet
) ()

| Barley malt l

Pasteurization

Yeast Hops Water
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Filtration

Packaging

| Hmr| '____l _________ ; r____l____'
I 1 | I
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I 1 | I
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: technology | l processing ! |

———————————— =~ . T

Types of by-productsresulted after barley processing (Farcas, A. et d., 2021)

https //doi.org/10.3390/nu13113934
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Barley grain by-products - valorization

My

Barley Grains Beer Production

Rootlet by-product

duced
Food ingredient? i
T \(‘j/ l
TER
+Antioxidant FUt ure Extract
Enzymes?
Potential? U ses 2 zy e Aoz
’ Feed

Biochar Fermentation
production? ‘“7.})3 substrate?

Current Use !

Neylon, E. et d., 2020

https.//doi.or g/10.3390/fer mentation6040117
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Fruit & Vegetable Processing

« Main byproducts: Peels, pulp,
seeds, stems.

« Storage conditions: Cold storage for
perishable byproducts, drying for
long-term preservation, controlled
humidity

« Regulatory challenges: Waste
management regulations,
composting and biofuel guidelines,
traceability standards.

CARROT
DISCARDS

& y}:
| A. niger |
( 'vv \ J

CARROT —

/ BAGASSE Solid state fermentation

Lﬂ-rmctofuranosldas.e k§

|
CARROT
JUICE

o

A £4

Processing ¢

FOS production
In situ

Guerraet a, 2023

https.//doi.org/10.1016/j.fbp.2023.01.011
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By-products on the Citrus
Processing

FLAVEDO

Essential oils,

phenolic compounds,

ﬂavon()ids, PULP

carotenoids Sugars, phenolic acids,
pigments

ALBEDO
Pectin, cellulose,
hemicellulose, lignin,
dietary fibre, phenolic

JUICE SACS
compounds

SEEDS
Essential oils,
limonoids



By-products Based on Citrus
Processing

Solid Liquid residues
residues 4 )

Washing wastewater, pressing waters,

and juice serum. S
g /
(‘ — P d.sz:,’f“ .
Pulp, peel, seeds, Origin: Mainly Potential uses: Oriain: Bﬁ@ﬁ%gﬁg‘llgﬁg g:?‘cli:nctt_lgr;,se;zsentlal ! ?
and albedo (the generated after Source of dietary gin: extraction processes. ¥
white part of the juice extraction fiber, pectin,
peel). and during peeling essential oils, \ s ,‘
and segmenting biofuels, flour for - - [ o S ).
processes. animal feed, and 4 . L ! o
composting. / >
. *Recovery of phenolic compounds,
Potential antioxidant extraction, fermentation for
uses: biogas or bioethanol production, and .
‘ wastewater treatment. .




Juice

Process

Citrus

&

Washing

pe

Classification

&

Shell Oil

Extraction

Shell

P

Decanter

&

Separator

¢

Evaporation

¥

Fresh Fruit
Juice

Extraction

Washing and Sorting:

Citrus fruits are washed to remove dirt, pesticides,
and contaminants.

Sorting is done to eliminate damaged or unripe
fruits.

Peeling and Extraction:

Fruits are either pressed (for oranges, grapefruits) or
mechanically peeled (for lemons, limes).

Juice is extracted through pressing or centrifugal
methods.

This step generates pulp and peel residues.
Separation and Filtration:
The extracted juice is filtered to remove excess pulp.

The remaining pulp contains fibers, sugars, and
bioactive compounds.



Pulp Composition

Water (85-90%). Gives it a soft texture and
contributes to its perishable nature.

Sugars (glucose, fructose, sucrose, ~5-
10%). Provide natural sweetness.

Fiber (soluble and insoluble, ~5-8%).
Important for gut health and prebiotic
properties.

Bioactive compounds:
Flavonoids (hesperidin,
Antioxidant and
properties.

naringin).
anti-inflammatory

Vitamins (Vitamin C, B-complex). Essential
for immune and metabolic functions.

Peel Composition

Cellulose and Hemicellulose (40-50%).
Structural components, useful for fiber
production.

Pectin (20-30%). Used as a gelling agent in
food and pharmaceutical industries.
Essential Oils (~2-5%). Contain limonene,

used in cosmetics, perfumes, and cleaning
products.

Phenolic compounds. Powerful antioxidants
with health benéfits.




POMACE

Origin: Pressing and Filtration

Bagasse is the fibrous residue left after
juice extraction.

It consists mainly of cellulose,
hemicellulose, and lignin, making it o
valuable source of dietary fiber. \

k o

Potential Uses:

Animal feed: Due to its fiber and
carbohydrate content.

Biofuels: Used to produce bioethanol and
biogas.

Composting and soil enrichment: Provides
organic matter to agricultural soils.

Paper and bioplastic production: Its fiber
content makes it a raw material for
biodegradable packaging.

extraction

SEEDS
Citrus seeds contain 20-40% oil, 5-10%
protein (essential amino acids), flavonoids
and tocopherols.

Extraction of Citrus Seed Qil: cold pressing,
Solvent extraction or Supercritical CO,

Wz

dustrial Applications:

osmetics: Citrus seed oil is used in
skincare products for its antioxidant and
moisturizing effects.

Nutraceuticals: Rich in omega-3 and
omega-6 fatty acids, beneficial for heart
health.

Food industry: Used as a cooking oil or an
ingredient in functional foods.



y products Based on the Apple
Processing

« Despite their importance in terms of consumption, the
recovery of bioproducts remains modest.

qf

N

Receiving Washing
Sorting Enzyme treatment

Apple juice and ciders

Schematic representation of apple juice extraction and processing steps and their main
by-products, Fernandez et d ., 2024



Apple by-products

69

: " |l Anti-oxidant Anti-obesity
Anti-
hyperglycemic

Anti-
carcinogenic

o
nt

(-
Anti-
hypertensive

APPLE POMACE
PHARMACOLOGICAL
PROPERTIES

Anti-
hyperlipedemic

Anti-viral

&
Anti-microbial

Kauser, et al., 2024.

https.//doi.org/10.1016/].focha 2023.100598

67


https://doi.org/10.1016/j.focha.2023.100598

Plum by-products

During industrial processing of
plums, tones of pomaces
(press cake residues from the
juice industry), seeds (stones),
and brandy distillery wastes
(spent fruit pulp/peels) are
produced and discarded.

Also during processing into dry
fruits, jams and juices, tones of
fruit pits are generated (agro-
industrial by-products).
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Plum seeds by-products

Quecn Claudia™ plum
(Prunus Domestica L.)

r Plum seeds ‘\

Anti-amyloidogenic
activity

C18:1n9¢
. ;i TC18:2n6c b
| Antioxidant capacity
i Plum seed oil

Heart-Healthy indexes d
[ll “ &

Cascade valorization

Antimicrobial
activity

Rodriguez-Blazquez, Set al, 2024.

https.//doi.ora/10.3390/ijms25021236
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“Tuica” distillery by-products — Bioactive compounds

Antidiabetic

-
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Antioxidants
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" , molecules r red from Antioxidant
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peels Vitamins, minerals

:‘L; s ~'>\\/ HepatO / |
\ 44 Renoprotective




Diary by-products

Dairy products

processing

obtained from the

separation of cream obtained during obtained during the production of
from milk butter production cheese, casein, and protein co-

precipitates




Technologica flowchart for whey and permeste processing
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R kgl i demineralization demineralization at > 95%
with immobilized PR

l _(Tfu) l

Retentate (protein
concentrate)

Hydrolysate Lactose hydrolysis with Lactose hydrolvsis with
concentration immobilized lactase immobilized lactase
l Hydrolysate l :

Molasses from e enEatad Concentration
hydrolyzed lactose l l
Partially Denuneralized
demineralized lactose lactose hydrolysate

hydrolysate syrup syrup

v

Lactose hydrolysis
with immobilized
lactase

Denmuneralization/
deacidification by
electrodialysis

1

Concentration

1

Hydrolyzed
whey syrup




WHEY PROCESSING INTO POWDER

liquid whey —<«—
Cooling

S
, . = })‘/
| break at

15 min. at a speed of Dryng at 60 °C
6000 rotations/min.

o
E




WHEY PROPERTIES

@Typical

.High—qualit',.r
complete
protein (all
essential amino
acids).

*tglactalhumin )
*B-lactoglobulin

*Immunoglobulins

composition:

*0.60.8%
proteins;

*4 5-5% lactose

*0.5-0.6%
minerals

*itamins
(B2 and B12),

*Minerals
(calcium and
phosphorus)

Functional

Properties
*Excellent
solubility
*Emulsifying
capacity
*Foaming
capacity
*Antioxidant
activity
*Antimicrobial
activity



Characteristics of whey obtained from cow’s milk processing

The main chemical characteristics of whey

Congituents (%) Sweet whey Acid whey
Water 93-H 9 -95
Dry matter 6-7 5-6
Lipids 0-03 0-01
Proteins 08-01 08-01
Lactose 45-49 38-42
Minerd substances 05-0,7 0,7-08
Lacticacid traces 0,8

Physico-chemical characteristics
e Density (p): 1.023 g/cm3

e Acidity: 100 °T
e Dry matter: minimum 6.3%

Microbiological characteristics

Whey is a favorable medium for the development of various types of microorganisms. Depending on the origin of the whey, the microorganisms
present can be very diverse. The most frequently encountered are: molds, yeasts, lactic acid bacteria, coliform bacteria, and butyric bacteria.
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M ethodologies for valorizing by-products

1. Drying: This operation is a well-known alternative for obtaining dried products with along shelf life, significantly reducing losses during harvest
periods and lowering the costs of treating the resulting waste. The types of drying used are: convention al oven drying, convective oven drying with
hot air, vacuum oven drying, conditioning by freeze-drying, spray driyng.

N . ;} 2. Encapsulation: isaprocess in which a core materid is packed into food-grade wall material. Microencapsul ation and encapsul ation

‘4,;-;;-; technologles refer to the techniques used to entrap solid, liquid, or gaseous substances within a continuous coating matrix, forming capsules
o that range in size from the micrometer to millimeter scale.

> 3. Extraction:

particular bacteria, yeasts or molds, that produces a specific product, usually including aeration potentiating microorganism

= 4. Fermentation:lis an engineering term used to describe the processes that utilize a chemical change induced by microorganisms, in
[
proliferation.

Sy i > 5. Extrusion

6. Food packaging: Agro-industrial waste is as an alternative for developing biodegradable, renewable, and sustainable packaging materials to
address the growing demand for environmentally friendly solutions in the food sector.




1. DRYING techniques: Evolution

Drying Techniques
| |
| | | I
First Second Third Fourth
. Generation Generation Generation Generation

Thermal drying
of solid
material

Kiln|

Tray
[ Tunnel \

‘Truck tray

]ﬁotéry Flow _C_onveyori

| I
Thermal drying of Non-thermal drying of

liquid and semi-liquid liquid and solid
material material
Drum Freeze
Spray Osmotic

Novel drying of
liquid and solid
material

Microwave
High-vacuum
Radio-frequency

Refractance window

Ruchika Zalpouri et a., 2021

DOI:10.1007/s12393-022-09313-3



https://doi.org/10.1007/s12393-022-09313-3
https://doi.org/10.1007/s12393-022-09313-3
https://doi.org/10.1007/s12393-022-09313-3
https://doi.org/10.1007/s12393-022-09313-3
https://doi.org/10.1007/s12393-022-09313-3
https://doi.org/10.1007/s12393-022-09313-3
https://doi.org/10.1007/s12393-022-09313-3

Drying techniques categorization regarding the type of heating system:
low temper ature, high temperature, and dielectric-based drying mechanisms

Food/Pharmaceutical Drying Techniques

Low Temperature Drying ] J Dielectric Drying | High Temperature Drying
N LY ~
High Hydrostatic Pressure Drying Microwave Vacuum Drying » Spray Drying
Window Drying Infrared Radiation » Steam Drying

Solar Drying

>
>
>
» Electrospray
>
>
(

(Far Infrared Radiation) » Thermal Drying

Microwave Fluidization » Hot Air/Air Flow Drying
Electrospinning Microwave Drying Heat Pump Drying

o 1 i >
Vacuum Drying Radio Frequency Drying > Fluidized-bed Drying

Freeze Drying / \ / " /

Continuous Drying / Hybrid Drying Techniques

VVV VYV

Fathi et al., 2021
DOI:10.1111/1541-4337.12898
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Conventional methods of drying

—

o

¥

a .

4

Drum drying|. 4 &

v Steam is applied to increase
theinternal surface
temperature of the drum.

v The material adheresto the
drums asit issprayed on and
drieswithin,

v The degree of separation
between the drums, steam
pressure, and drum rate of
rotation can be modified to
achievethe required output.

L

Cabinet drying

Vv A product is spread out on
traysor shelvesand subjected
to controlled heat and air flow
to remove moisture.

Vv Limits: Batch processing,
uneven drying, qudity loss,
higher space requirement for
equipment installation, limited
application.

Hot air oven drying

Used for producing powders,
dried fruits to be used in food
manufacturing, baking, or as
ingredientsin various
products

Vltisbdieved to be successful
processin retaining the
quality and flavour while
efficiently remove moisture.

Limitations relatively slow,
especially for the materials
with high moisture content, it
takes considerable amount of
time. The process can be
energy intensive for large
scd edrying processes and
can lead to highe

Richter Reiset al., 2022

Solar drying

https.//doi.org/10.1016/j.foodcont.2022.109254

v Used for products such as
vegetabl es, fruits, tobacco,
tea, coffee, fruit, nuts, cereals,
and rice, needs alow
temperature energy and has
played avital rolein human
life and technol ogy since
ancient times.

Vv Salar drying does not just
depend on solar energy. It can
also be gppliedin
combination with other
energy sources such as fud.

Besides, solar drying
provides higher drying
efficiency, uniformity, energy
conservation, and less spac



https://doi.org/10.1016/j.foodcont.2022.109254

L
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Vacuum drying

Vv A valuable method for
producing high-quality dried
concentrates and powder,
while preserving the original
flavour and nutritional content.

v'Vacuum drying work at alow
temperature compared to most
of the drying methods and
helpsin preservation of natural
flavour, color, and nutritional
content.

v'Vacuum drying takes place at
reduced pressure conditions
that result in lowering of
boiling point of the water and
facilitates the evaporation of
water at alower temperature,
preventing heat damage to the
produced powder.

Spray drying |

vIsamost common and
versatile method used for
drying liquid products.

v Advantages-produce quality,
shelf stability with preserved
flavour and color

v The main characteristics of
spray dryingincludesits rapid
drying capabilities that make it
suitable for larger scale
production, particlesize
control of dried powder based
on specific requirements, short
exposer to heat, longer shelf
life and its versatility to
various products including
instant beverages, flavouring
and ingredients in the food
industry

V' Stages. (1) atomization of
input feed; (2) dropletsmix
(spraying gas, air/neutra
nitrogen) and free/coated
moigure; (3) spraying the
mixture, air,and droplet to
nozzle; and (4) product
recovery

Tt
b

CCD process used to remove

— moisture, while preserving

z\ their structure, flavour and

S nutritional and bioactive
content by the process of

CINJ sublimation.

) v Thismethod isconvenience

QD for indusgtrial application.

II v Advantages-quality

preservation, higher shelf
sability, better rehydration
capacity, low bulk density and
less chances of microbial
contaminations.

e Limitation: eguipment and
processing cost, time, energy
consumption, equipment
complexity etc. are some of
thefor the use of freeze drying
at small industrial level

*Itisathree-step process,
including freezing (between
—70 and —80-C such that all
components havea crystalline
ice structure), primary
(removesby sublimation the
water from the solution), and
secondary drying (removes the
remaining water, boundina
crysdlinehydrate, or in an

- :{'i s b
i

o

la | HPXAY
ativl 'JI 1S DUIIU}.

Fluidized bed drying

fludization. It runsby
continuousfeeding of wet
particulate contacting with a
warm surface or hot air blown
through to maintain the
materia inafluidized sate.
Fluidized bed dryingisused in
thefood, pharmaceutica, and
chemical industries for drying
humid powders and sdid
capsules/particles,

v The fluid-bed dryer provides
efficient heat and mass
transfer, short drying time,
high drying rate, high
efficiency, and uniform
condensation.

v The operation units require
high thermal power, high
fludizing gasflow rate, and
high solids transport rateto
and from the dryer.

Richter Reiset al., 2022

https:.//doi.org/10.1016/j.foodcont.2022.109254
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Spray freezedrying .

VvlIsaninnovativeand
advanced drying method used
to preserve the characterigtics
and quality of various
materials including powders,
pharmaceutica's, and
biomaterials.

Vv This process combines the
elements of spray drying and
freeze drying to achieve rapid
drying while maintaining the
integrity of the dried materias.

Vv Advantages over
conventiona methods of
drying arerapid freezing of
pray dried powder,
minimising heat exposure,
higher rehydration ratio, low
bulk density and light weight
making suitable for storage
and transportation along with
reducing risk of microbia
contaminations and any
oxidative damage to preserve
itscolor, texture, nutritional
and bioactive components

Pulse électric field (PEF) drying

v'Involvesthe application of
high-voltage pul ses to thefood
placed between two
dectrodes. PEF drying is
considered an innovative
drying techniques which
includes the combination of
PEF technology with drying
process. The dectric pulse
cause the permeabilization of
the cell membrane and alow
theintercdlular water to move
out freely which isthan dried
mainly usng spray or freeze
drying.

v Advantages: helpsin
retention of flavour, color,
nutritional and bioactive
components by minimising the
heat exposure during drying
process. It accelerates the
drying process by increasing
themobility of intercellular
water, which can significantly
reduce drying time.

v [i

Microwave drying |

is novel techniques of
drying that uses the
microwave energy to
remove moisture from food
matrices while preserving
its quality and
characteristics . When the
food is exposed to a
microwave, the
electromagnetic waves
penetrate it and produce
heat resulting in
vaporisation of water.

v Utilizes unconventional
electric equipment with a
frequency in the range 108—
1010 Hz. The MW heating
mechanism, also known as
bulk heating, generates
heat in the whole material
by converting energy to
heat when MWfrequency
interacts with the material.

Advantages: it’s rapid and
efficient drying, making it
suitable for higher speed
production. Microwaves
provide uniform

Microwave vacuum drying

v Microwave with
radiofrequency between 300
and 30,000 MHzisusedinthe
MW vacuum drying
techniques as a heat source
ingead of conventiona
heating sysems.

v MW providesuniform energy
throughout the material and
solvent due to the vaporizing
moisture in the inner layer of
the material’s pores. Besides,
MW vacuum drying could be
amost 50% faster and more
efficient due to combined
vacuum drying (high-pressure
vacuum) to help remove the
moisture.

Vv Advantages: provides
productswith homogeneous,
high-quality texture as well as
maintains the material’s
chemical composition
compared to conventional
vacuum drying. VMW has
been more recently usedin
food indugtriesfor the
functions of heating,
extracting, drying, and
gerilizing.

Richter Reiset d., 2022

https://doi.org/10.1016/j.foodcont.2022.109254
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Infrared drying

v IRwaveengths, around 1-6
um, interact with the internal
layer of the product,
promoting the temperature
increase and consequently
moi sture evaporation

V' Far infrared radiation (FIR),
due to its capacity to alow a
uniform heating distribution, is
being applied asadrying
option.

VIt mugt be taken into
consideration that FIR drying
is fagter than the hot air-
drying, more expensive and
energy-consuming than
freeze-drying, and has a higher
drying rate compared to
conventiona drying
techniques.

The FIR drying technique is
used ingtead of conventional
drying in pharmaceutical and
food industries, especialy
fruit, vegetable, and meat
processing, due to less energy
cost and higher spee

Conductive hydro-drying

isanovel drying process that
tranamits heat directly from a
heated surface to material. The
materid retain heat, increasing
internal warmth and causing
moisture to evaporate.

v/ CHD drying involves
uniformly spreading of the
material on a heat-res stant,
clear plastic conveyor belt and
exposing it toinfrared
radiation of a pecified
wavelength. Thisresultsin
efficient penetration and
heating without overheating or
harming the product.

v'Heating continuoudy causes
water to evaporate, yidding
dried powder. CHD powders
have key qualities such as
quality preservation, energy
efficiency, reduced oxidation,
customisation, and hygiene.

Supercritical fluid drying

for manufacturing powders. It
has multiple applications,
including powdered fruit juice
for ingtant beverages, food
manufacture, and dietary
supplements. CO2 is
employed asa supercritica
fluid, exhibiting liquid and gas
properties at gpecified
pressures and temperatures.
The temperature and pressure
are regulated to expand the
supercritical fluid, resulting in
the precipitation of
components and separation of
CO2 fromdry powder. CO2is
naturally non-toxic, making
thistechnique ideal for
creating high purity products.
Minimal heat exposure
reduces oxidation, maintaining
thefreshness and colour of the
powder.

M icrowave fluidization

v'Uses MW instead of
traditional heat generatorsin
fluidized bed dryers. The
electromagnetic radiation is
the source of energy, resulting
inan internal vibration
(energy) that heats up the
materia and induces the
internal moisture from inside
tooutside.

v The drying temperature is
dmilar to hot air drying but
passes fagter, resulting in
fagter drying.

v The MW fluidization
technology is declared as an
effective, safe, and practica
technique for drying fresh
vegetables and fruits and for
improving sample uniformity
and drying efficiency.

Microwave hot-air spouted
bed-drying, compressed air
pulse-spouted MW vacuum
drying, and MW mechanical-
vibration fluidizat

Richter Reiset al., 2022

https://doi.org/10.1016/j.foodcont.2022.109254
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Advantages of using novel drying methodsin production of powder

Reduced Highly Purifi
Drying Time < ! =
. Ultrasound Minimal
mmghe;';‘ Assisted Exposuf:a '
Drying Maintain Freshness
Uniform and Color of the
Minimize Drying
Heat

exposure '

Retention

of flavour

and color

Maintain the i NOVEL
av;ii]::gii? of DRYING
3
S " Maintain col A texture and
componeats P - TECHNIQUES e
“Rapid) : * Minimize Heat
drving &= STy
]\__Higha Rehydration
y ratio of pomler

Bhavesh Khatri et d., 2024

https://doi.org/10.1007/s44187-024-00223-3



2. ENCAPSULATION for by-products

Basic concept of microencapsulation for bioactive compounds

Wall material

.\\
-

Protection against: Controlled release

* Temperature N

+  Oxidation L

+  Pressure R

Targeted release

Mehta et al., 2022, https://doi.org/10.3390/app12031424
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General classification of encapsulation

s

Spray drying / Extrusion / Freeze
Physical = | drying / Supercritical fluid /

~  method Lyophilization / Pan-coating /

Centrifugation / Electrospinning

Core material -

(Bioactive "

components) Inclusion complexation /
+ Encapsulation e Chemical Emuls;qn pol merization /
method Interfacial polymerization /

Wall material Interfacial cross-linking

Coacervation / Sol-gel method

Yhvsi - .
L éll"\)ef!l;i:ﬂ / Complex coacervation /
e Solvent evaporation /

Layer-by-layer adsorption

Encapsulation Morphology

Mononuclear Multilayer Matrix Multinuclear Irregular

O Wall material O Bioactive component

Zabot et al., 2022,
https://doi.org/10.3390/polym14194194



Encapsulation methods

Fabela-Moron et al., 2022.

https://doi.org/10.32854/agrop.v15i10.2
407
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Methods for encapsulation

Spray drying

Spray chilling/cooling
Extrusion

Fluidized bed coating
Lyophilization
Coacervation

MmO O >

Borahet al., 2023.
https://doi.org/10.3390/foods12203823
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MICROENCAPSULATION

MEAT MILK

Preservatives,. fat replacement
sensory improvement functional food:

Sensory improvement. functionat
food. preservatives

® ¢ & ¢ ¢ & © & & & 4 &+

FRUITS

Functional food (probictics and
prebiotics), sensory improvement

CEREALS
Functional food (prebiotics and
probiotics). sensory
improvement

& 5 5 9 9 o & & " e

OTHERS

Beer (functicnal food)

IN FOOD

(Calderon-Oliver et al., 2022)
10.3390/molecules27051499


https://doi.org/10.3390/molecules27051499

The main advantages of encapsulation

[ Vitamins } @ Protection of active ingredients
e Reduction of undesirable taste, odor and color
LBloacnve] ° Allows longer release time
pepiitie Q Prevents unwanted reactions and interactions

elements
=) .
el @ QControlled release in the body

° Long term storage
Application of

food ” -
= . \ O (o) 1\ /

5 W™ B

Antioxi Polyunsaturated Encapsulation allows for better stability
[ oxldants] [ fatty acid } and bioavailability after food ingestion

Zabot et al., 2022
10.3390/polym14194194
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3. EXTRACTION Technologies

Olive pomace

Ultrassound Assisted Extraction (UAE)

Optimized conditions:

1.53 g of olive pomace

with 100 mL of 65.7% aqueous ethanol

pH 7.27, 16 min 30 sec, 51% of power Ethanol

Microwave Assisted Extraction (MAE)

Optimized conditions:

1.25 g of olive pomace

with 100 mL of 75.8% aqueous ethanol
pH of 7.00, 76 °C, 28 min 30 sec

=N =N
TPC/TFC Antioxidants UHPLC Microbiology

AAA

1

2 Olive pomace

‘:'.'
= extract

L1l

TFCuap = 666.83 + 69.08X; +30.52X, + 38.10X; + 57.91X7 — 29.28X, X — 27.88X:X,

DOE > SRSM > >Model > T

source: original




3. EXTRACTION Technologies

Microwave Assisted Extraction (MAE) @0**

HO o
Optimized conditions: . ) - OH
1.25 g of olive pomace E OH

with 100 mL of 75.8% aqueous ethanol .

pH of 7.00, 76 °C, 28 min 30 sec
OH
~ QN Circular
' HO

OH economy

A

Bioactive
compounds

Ultrassound Assisted Extraction (UAE)

Optimized conditions:

1.53 g of olive pomace

with 100 mL of 65.7% aqueous ethanol

pH 7.27, 16 min 30 sec, 51% of power
source: original



3. EXTRACTION Technologies

Olive pomace NADES

HO HO

E& NOQ\/YO“ o I \’ OH
| i
0 0 0 4 O/W\OH
HO HO o M
= OH - ,vr\
o1

HO

Microplates UV-vis

SPE

source: Soares TF et d. Microchem. J. 2026; 220: 116479 doi: 10.1016/j.microc.2025.116479




3. EXTRACTION Technologies

Food Bioscience 61 (2024) 104759

Fresh olive pomace

Contents lists available at ScienceDirect

Food Bioscience

\‘,‘;"

B '3 p—; - Eae  Emp e -

i Malaxation

!L;- = — -, e N s e -
i

17
v
s = }  EEN e - =t

| Pressing (time, temperature,

ELSEVIER

Pressed olive

journal homepage: www.ealsevier.com/locate/fbio

Comprehensive analysis of the phytochemical composition and antitumoral
activity of an olive pomace extract obtained by mechanical pressing

I pressure) ‘ pomace

e Diana Melo Ferreira ', Juliana Barreto-Peixoto *, Nelson Andrade ", Susana Machado ',

e Claudia Silva ™", Joana C. Lobo ", Maria A. Nunes ", Gerardo Alvarez-Rivera ", Elena Ibdnez ",

| . . Alejandro Cifuentes *, Fatima Martel ", M. Beatriz P.P. Oliveira ", Rita C. Alves "
Centrifugation

!3! = SEEN $ SENE NN | BEER ONES e .

o4 §

N Total fat (/100 g} 7.9910.05 Ash (g/100g) 114002
_*— S e . L Total vitamin E {mgf]_[}[] g] 20+0.4 Total protein (g/100 g} 0.94 £0.02
| Supernatant removal (liquid : :
i phase) ] a-tocopherol 18+0.4 Total carh.ohvdrates (g/100g) 79.71+0.03
| I —— — - — — a-tocotrienol 0.065 + 0.001 Brix of sugar (%) 28.1£0.8

\l/ pH 5401 0.03
— o e ems Vems eus e e ey | ‘ B-tocopherol 0.049 £ 0.002 .
[ . _ / \ [ 0.0940.01 Total phenolics (g GAE/100 g) 29401
' Lyophilization - | v __" _ _ e Hydroxytyrosol (mg/100 g) 21549
[4 ——— - —— - 3 — Palmitic acid (C16:0) (relative %) 12.69 + 0.06 Total flavonoids (g CE/100 g) 2.29+0.08

\/ Stearic acid lc13ﬂ} {rEIatIUE‘ %: 3.05+0.01 FRAP (g FSE/100 g) 23+01

) Oleic acid (C18:1n9¢) [relative %) 72.14+0.04 DPPH (g TE/100 g) 1.0+0.2
Olive pomace extract Linoleic acid (C18:2n6c) (relative %)  9.31+0.05 ABTS (g TE/100 g) 0.193 £ 0.001

ource: Ferreira DM et al. Food Biosci. 2024; 61: 104759 doi: 10.1016/j.fbio.2024.104759




3. EXTRACTION Technologies

1) Exiracts preparation by Ulirasound-assisted exiraction (UAE)

0.5 g of ground

sample

+

25 mL distilled

water

A2
Ultrasound-assisted 8 replicates
extraction combined

and filtered

Freeze-dryed Aliquots
RP-HPLC-DAD

(-80 °C, 0.015
mbar)

RP-HPLC-DAD
s, Cellular assays

ource: Peixoto JAB et al. Foods. 2022; 11: 1671 doi: 10.3390/foods11121671



3. EXTRACTION Technologies

1) Exiracts preparation by Ultrasound-assisted exiraction (UAE)

: b) Pilot scale

faswnnsnsenenueENERRREn

S kg of sample
(not grounded)
+
250 L water

4

Ultrasound-assisted
extraction
(U, 10 min)

Filtration
+
Concentration in
rotatory evaporator
(40°C, 8 h)
until 300 mL

Freeze-dryed

(-80°C, 0.015
mbar)

X RP-HPLC-DAD
*+, Cellular assays

Aliquots Freeze-dryed "4
RP-HPLC-DAD
. (-80°C, 0.015
mbar)
RP-HPLC-DAD
Cellular assays
S_PS Extract
Filtration Filtered extract
J (top of +
the tank) 5 kg of sample
Repeat all the
3 L aliquot Aliquots process more 3
RP-HPLC-DAD times
(End: 4

extraction cycles)
S_PS_C Extract

ource: Peixoto JAB et al. Foods. 2022; 11: 1671 doi: 10.3390/foods11121671



From a biochemical point of view, fermentation is a metabolic
process through which organic compounds are converted into
energy, without the involvement of an oxidizing agent. As Louis
Pasteur succinctly suggested, fermentation is “la vie sans I'air,”
or “life without air.” However, fermentation is not one size fits
all. There is actually incredible diversity when it comes to
fermentation processes, as different microorganisms house
different mechanisms for the conversion of glucose into
energy.

Short chain fatty acids (SCFA) produced from the diet are
important modulators of the immune system and may play
a role in weight loss

NHDH
Pyruvate Acetaldehyde

P,rruvate
CoASH

Oxaloacetate o Acetolaclate

NADH Acetyl-CoA Formate CO
! F CoANADH l

Malate Acetyl-(P) Acetaldehyde Acetoin
ADP NADH
0~ ATP NADH
Y Ethano
Fumarate ¥ e 2,3-Butanediol

Acetoacetyl-CoA

| W
" y

Succinate Acetone Butyryl-CoA

P

NADH :
NADH &* CoA F’ EC:*
Butyraldehyde Butyryl-(P)

NADH ADP
ATP

Examples of fermentation
products

NADH




Fermented Foods: Overview Fermented Foods: Health Benefits

G Weight Management
@ » 9 9 Enhanced Digestibility

H “ Bioactive CO.mpounds

=
Increased Tolerance ‘ JET O J\/‘

Can Fermented Food Modulate The
Gut Microbiome?

I

»

Microbiome Nutrients

L\ ™~ g

: & o ~ G G
8 Hio i §° =0 (
- R Can Diet Modulate The Gut

Microbiome?

Leeuwendaal, et al. 2022.
https://doi.org/10.3390/nu14071527
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Olive Pomace Paste: Native Microbiota

Main

Total microorganism count was levaluafted, thrgugh surfgce . Bacteria — Lactobacill
spread in adequate culture media and incubation conditions to e Yeast
characterize the type of microorganisms present



M_icrobes maketh man

Olive oil by-products are rich in bioactive
compounds that can promote the growth of e
beneficial intestinal bacteria. Nutrition

After fermentation, these

produce sygw':g,gatf&gctional foods,or food

Ingredients at  arée” relevant for intestinal . . .
health and well-being, also due to their Gut microbiome modulation
antioxidant and anti-inflammatory properties
associated with the polyphenols present. These
compounds help stimulate the growth of
probiotics, improving intestina health,
producing beneficial enzymes and metabolites
that improve the intestinal microbiome. This
approach may also be advantageous in
obtaining low-alcohol symbiotic functional
beverages that are well accepted by consumers.

Healthy Intestinal Microbiota

This approach will allow adding value to by-
products, as a sustainable and regenerative
practice



Fermented Coffee by-products

Coffee berries

Coffee
industry

@ By-products

Husk Pulp Mucilage Parchment Defective Silverskin  Spent Coffee

\ Beans Grounds

High content of dietary fiber, melanoidins and chlorogenic acids

Gastrointestinal @ Fermentationby gut < m:‘s in e
digestion 2 3

microbiota _~_vivo studies

Short-chain fatty acids
Intestinal pH
Inhibition of pathogen growth

* Lower digestibility compared
to commercial prebiotics
(FOS, GOS and inulin)

-
~ 9

* Promotion of probiotic growth ({ZE

) Coffee by-products can be a valuable source of prebiotic ingredients

Machado et al., 2023.
https://doi.org/10.1080/10408398.2023.2181761
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Prebiotics are substrates selectively used IALLLLLLLIEF7S , eIy,

s

microorganisms that favor the host's health SCFA W%
» x (acetate, butyrate,
f: " P p \‘% and propionate)
Areyf A A . . % Pathogenic bacteria
.
mammalian  enzymes and ' - -’43\"':9:
] . . q Gases ARX% ahil
absorption; gastrointestinal Fermentation FSYSES {717
. o o
- metabolized by the intestinal
: : 77 Beneficial bacteria
selectively stimulate the g/SNERYREP 0P 9kivity of .
- ) A\Z7 '
o B SV i i S Bifidobacterium TR
the bacteria with beneficial health effects; L0777 TR\ s ‘ Lfactobacmus
. Propionib j
- not cause negative effects to the host, as for Streptf:: ::L:S:;i:;“‘;zh”us
example, the growth of pathogenic microorganisms. Akkermansiamucinipila

Machado, M., Ferreira, H., Oliveira, M. B. P. P., & Alves, R. C. (2023). Coffee by-products: An underexplored source of prebiotic ingredients. Critical Reviews in Food Science and Nutrition, 6420}, 7181-7200
https://doi.org/10.1080/10408398.2023.2181761
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5.Food extrusion processing

* Temperature processing

products with high density and

high humidity are obtained,
Cold . .
such as cookies, muffins,

candies or sausages.

products with low density and
‘ applying heat =% |5y humidity are obtained,

such as snacks.




Extruders by mechanic system

Extrusion

Piston

*The simples one of the
extruders.

eConsist of a single piston

that force the material
through a hole

eDesigned for precise
delivery and uses in

confectionery and meat
industry.

Roller

eConsist of two counter-
rotating.

*The gap between the Rolls
is controlled.

*A variety of products can
be obtained altering gap,
rotation speed and the
roller Surface.

*For crackers, hard cookies,
etc. Also for the

production of flakes (after
baked).

Nrwer

Ihaabety
Eaal Triww

flrevn Wladpr

Single-screw

eIt means that there is only

one screw inside de barrel.

*The length to diameter
ratio (L/D) varies between
2:1 until 25:1

o(itis the ratio of the screw
diameter to the lenght of
the barrel).

eIt have three sections
inside the barrel, feed
section, transition section
and metering section.

e N
3 vc,qvm'u‘.\
i heaiionl

]

Twin-screw

*There are two screws
inside the closed barrel.

eClamshell top opening
barrel (easy change).

*Replaceable barrel liners
(speed)

escrews parts mounted on
a line.

eScrew ejection.

*In one screw (12-17 % fats)
vs double screw (18 —22%
fats) and better union with
the rest of components.

*Wide range of moisture
(more tan 30%).




Screw extruders

—— iyl

4 Single-screw

Twin-screw

(b)
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Co-rotating Counter-rotating

(a) (c)
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Twin screw extrusor

- Xtrusion | Downstreaming

Cooling

Melting Homogenizing + Granulating iz 1% 1
Discharge e



TWin -SCrew extruder In the food industry twin- screw

systems is more used because of
their flexibility.




Multiple operations - one
machine

e Extrusion applying heat is a thermo-mechanical processing
operation that combines several unit operations:

* Mixing
Kneading
Shearing
Heating
Forming
Partial drying
Etc.




Advantages

food processing plant,

and energy costs.

Space

reduction

-
* Extrusion systems reduce
the space occupied in the

allowing lower operating

\

-
* Extrusion can modify

proteins (animal and

products.

New food

vegetable), flours, and
other food materials to
produce a variety of food

(' Extrusion has lower
processing cost tan other
cooking methods. Less raw
material, labor, and capital
investment.

* Extrusion can be fully
automated.

Automatic

control

-
* A variety of products is

feasible by changing the
minor ingredients and the
operation conditions of the
extruder.

Adaptability

eDue to extrusion is a continuous

process in short time, it
minimizes degradation of food
nutrients while it improves the
digestibility of proteins and
starches. (also reduce
undesirable enzymes,
microorganisms, anti nutrients,
etc.)

High quality
products

-
* The process is continuous

and capable of happening
in short time (< 1 minute).

Speed

\

-
e Shapes, textures, colors,

different apearances, etc
which is not easy produced
using other production
methods.




Ingredien

Cereal flours
Starch 4 such wheat, Complementary ingredients:
Y corn, rice, etc. * plant extracts
‘ foods e functional products
More used - * Salts
. - * Legumes
Extrusion * Insects (ants, crickets,
ingredient \ . Soybean, sunflower, . Etc.) .
S Protein- 4 yegetable, and y-products
rich foods cereal protein
isolates



What kind of products we obtain with
these ingredients?

Expanded snacks >
Breakfast cereals

Sweets

Cookies

Pasta

Precooked flours

Food for animals
(aquaculture, feed, etc.)

Texturized protein\




Improving functional properties of food

e Extrusion affects the structure and composition of

proteins.
e Denaturation.
* Bond formati * Solubility
R e Water retention
N o
C capability
e Gelation ———— ) [\eat substitute
* Texturing

W MEATLESS ¥
FARM

* emulsification




Improving functional properties of food

 Denaturation and inactivation of antinutritional factors.

* Some vegetables have high nutritional value, but
high concentrations of antinutritional factors.

\—'—I

* The conditions used In extrusion improve the suitability
of these plant foods for human consumptio

 Aflatoxins.
Gelation of vegetables proteins.
Saponines

Lectins,

Enzyme inactivation
* Etc.



6. FOOD PACKAGING from food by-products

Carvalho,et al., 2025. https://doi.org/10.1016/j.clwas.2025.100275



https://doi.org/10.1016/j.clwas.2025.100275

Cereals for
packaging

Starch is a good source of biodegradable material
for food packaging, originating from wheat, corn,
rice, and potatoes. It is widely viewed as a
sustainable substitute to plastics for food
packaging.

Moreover, various foods, such as fruits,
vegetables, snacks, and dry products, can be
packaged using starch as a biodegradable film

Kolybaba, et al., 2021. DOI:10.13031/2013.41300

YR LRS00,

( l\\tdl stluuuu
u o8 \./ \./ u

Molecular structure ¢

Applications

Film Foam

Composition, characteristics, and uses of starch

Cheng, H.; et al., 2021.
https://doi.org/10.1016/j.foodhyd.2022.108364


https://doi.org/10.13031/2013.41300
https://doi.org/10.1016/j.foodhyd.2022.108364

The process of obtaining corn starch packaging

The liquid
melange is
centrifuged to
remove the
corn oll,
leaving behind
pure starch.

Harvest the corn,
soaking it in water
to separate the
endosperm from
fiber and gluten.
The corn kernels
are then soaked
in hot water and
sulfur dioxide
solution, which
breaks them down
into starch,
protein and fiber.

Enzymes are
added to the
cornstarch,
converting it
into simple
sugars.

Once set and

cooled, the
Pellets of PLA finished
plastic are packaging is
Bacterial produced from removed from
cultures are this mixture. its mold and
introduced They are then ready for
into the melted down transport and
sugars, and molded sale.
fermenting it into specific
into lactic shapes for
acid. The various
lactide applications.
molecules in
the acid bond
together to 1% i . . -
form polymer g
chains, PHA PAll
resulting in PHU PUR

polylactic acid.

PE  PC -
BioPlastics J

https://www.greencompostables.com/blog/cornstarch-packaging



https://www.greencompostables.com/blog/cornstarch-packaging
https://www.greencompostables.com/blog/cornstarch-packaging
https://www.greencompostables.com/blog/cornstarch-packaging

Types of cornstarch packaging

Cornstarch can be shaped into different forms and types of packaging to
serve various practical purposes:

Clamshell Meat trays Resealable Beverage Cup lids
containers food bags cartons




Fruits and vegetables for packaging

The fruit and vegetable are valuable sources of cellulose, pectin and other biopolymers with potential in

B

Grape pomace
extracts

packaging applications.

Eco-friendly packaging material based
on alginic acid and grape pomace
extract from Vitis vinifera L. (winemaking
by-products) for storing red meat in
refrigerator. Specifically, biogenic
amines are considered “sentinels” of the
putrefactive processes.

Aresta etal.,. 2023.
Jdoi ..

—

. —=

oy
v

Alginate films
+

Grape pomace extracts



https://doi.org/10.3390/ijms242115958

Apple and Blackcurrant Pomace Powders as the Components of
Pectin Packaging Films

The addition of fruit pomace significantly increase the thickness and the mechanical strength of pectin films,
while water adsorption is reduced. All the films analyzed showed very good solubility in water, indicating the
potential for good degradation of materials in aqueous conditions.

500 -
45.0
40.0
35.0 4

oy
£ 300 -
% 250 - Control
oy - - . " s A m| —o—Lontiro
Apple pectin and fruit pomace Packaging films & 556 ] AP
& 150 - AP+BC

10.0 -
5.0 4
0.0 - —

0 01 02 03 04 05 06 07 08
Water actvity (-)

Pakulska,et d ., 2023. https://doi.or g/10.3390/coatings13081409


https://doi.org/10.3390/coatings13081409

Tomato pomace as a renewable resource for
bioplastic production

T, . 3G Main

Tornato A monomers
porhace, . - :

Extracting cellulose from the skins
of tomatoes discarded by the
canning industry after producing
tomato paste, sauce, or ketchup.
From the cellulose obtained from
these byproducts, a material has
been developed that can be

modified with bioactive
antibacterial substances and
antioxidants. This material

possesses properties suitable for
food packaging and, in addition,
degrades more quickly than
conventional plastic containers

https://www.tomatonews.com/en/tomato-pomace-as-a-renewable-resource-for-bioplastic-
production_2_1518.html



Carrot waste used for film production

Discarded carrots were successfully valorized through subcritical hydrolysis, vyielding biopolymeric
fractions to produce bio-based films. Pectin-containing arabinogalactan (P-AG) extracted via hydrothermal
treatment was purified through multiple cycles of UF and DF, resulting in solid fractions.

ULTRAFILTRATION / 3.5-103 KDA
DIAFILTRATION ‘ N b e FILMS

L PECTIN-CONTAINING P-AG+L-CNFs
[\ ARABINOGALACTAN (P-AG) :

>99% PURITY

L+>

LIGNIN CONTAINING NANOFIBRES (L-CNFS)

CARROT

DISCARDS ‘

* CONTENT
* COMPOSITION
* MOLECULAR WEIGHT

WATER

b

+ BARRIER PROPERTIES
GLYCEROL + HYDROPHOBICITY
[ . + MECHANICAL PROP.




Sugar beet pulp for -

Cell wall

packaging

- Lignin
4 Hemicellulone
X -+ Crystalline
Sugar beet pulp is a cellulose
lignocellulosic by-product of
the sugar industry that has
Polylactic acid (PLA) and traditionally been used for B Getl {iacrofiiisii
PHAs, are biobased and oS aeronon ) -
biodegradable bioplastics. s Al Y
PLA is a polymer composed W N WP A
of lactic acid (LA) monomers ,}{\; 89, -l
b . -
N p-coumaryl aleohol
o ? conifery! alcohol
Lignin"" ays sinapyl alcohol

Polylactic acid (PLA) is the
most widely used
biopolymer in the food
packaging industry, with an
annual production of

around 140,000 tons. PLA is
classified as Generally

Recognized As Safe (GRAS)
by the U.S. FDA, making it
suitable for all food contact
applications.

Temperature *  Temperature *
pH

Enzymatic cocktail
Enzyme cost

Enzyme production on
solid -state
fermentation

*  Microorganism *
* Carbon source *
*  Temperature o

pH
Nutrients:
Type of process

Provide DOI

Marzo-Gago et al. 2023.



Biodegradable Antimicrobial Films

EGRADABLE FILM C. BENEFITS
TS — 0 Antimicrobial

— Enhanced
—= Mechanical
Strength
Barrier to&
< == Moisture &
g:?:aa ' ) Oxygen
Grapefruit e =
Peel Extract ~ L_. 2D Biodegradable

, Eco-Friendly
’ Packaging

These films were further
enhanced by incorporating

Bashir et al. developed mint and grapefruit peel
a innovative extracts, both known for

biodegradable films by

their natural antimicrobial
: and antioxidant properties.
blending guar gum, To improve mechanical
chitosan, and polyvinyl strength and stability, the
alcohol (PVA). films were crosslinked using
non-toxic tetraethoxysilane
(TEOS).

The resulting films showed
improved barrier,
mechanical, and biological
properties, making them
suitable for food packaging
applications.

The use of plant-based
materials and
biodegradable polymers
supports the
development of
sustainable and eco-
friendly alternatives to
synthetic plastic
packaging.



Whey Biodegradable films and coatings

Formulation

Application

The dairy industry generates
large volumes of liquid waste as a
by-product during the casein
coagulation process. This liquid,
termed as dairy whey (DW) is a
yellowish green colored, water-
soluble protein by-product derived
after casein extraction in cheese
processing.

B Whey protein isolate/ Processing
B Whey protein concentrate ¢ Wet process/ Sovent Casting

v Extrusion & Compression-Moulding

Plasticizers, lipids,

Polysaccharides,
Cross-linking agents

Yadav, et al., 2015. DOI:10.1016/].bi otechadv.2015.07.002



https://doi.org/10.1016/j.biotechadv.2015.07.002

Meat industry

In the meat sector, slaughterhouses generate various animal by-products, such as organs, blood, bones, and fats. These
materials can be processed into gelatin for coatings or used in composites. Derived from collagen in animal skin and bones
(e.g., bovine and pork) and in fish by-products gelatine consists of a pool of protein segments carrying different molecular
weights (100 to 300 kDa), aong with high-molecular-weight aggregates and peptide fractions (<100 kDa).

Collagen Gelatin
‘  h: . acid/base hydrolysis S‘{SNL | ——
S 1 T — . ‘solution

v Oyt heat @
x. m m ® ®
triple helix cool heat\ water

(<x35°C)f §C=35°C) molecules
Gelatin is an animal-
based protein obtained by
iydrolysis of collagen and The skins of pigs and cow are

junction
is accepted as one of the
2008 e mF:Jst versatile the main sources of gelatin
igel3 biopolymers that are as they are easily available.
= extensively utilized in the The commonly used gelatin

food, pharmaceutical, sources reported are pigs’
and biomedical skin and cartilage (46%), and
industries. bovine hides (29.4%), bones
(23.1%), and other sources
(1.5%)

Nilsen-Nygaard et al. 2021
Li,etal.,2021 https://doi.org/10.1111/1541-4337.12715



https://doi.org/10.1111/1541-4337.12715
https://doi.org/10.1111/1541-4337.12715
https://doi.org/10.1111/1541-4337.12715

Gelatin applications

-as clarifying agent
-as thickening agent

-as binding agent -as binding agent

-as thickening agent -as protein
-as gelling agent concentrate
-as emulsifier

-as stabilizer

-as emulsifier '
-as foaming. gelling \
& binding agent

-as stabilizer
-as emulsifier
-as gelling agent

Usman et al. 2023. 10.1007/s13399-023-04547-5.



The vegetable oil industry

The vegetable oil industry, which includes the processing of sunflower, rapeseed and soybean seeds,
produces groats and other residues rich in protein and fiber.

Properties of edible coatings obtained from groats:

A

since they provide
physical resistance,
reduce the moisture reduce oxygen

exchange of the permeability,
product . :
avoiding chemical
changes such as
nutrient oxidation




Oilscakes

Oilcakes are the
principal by-products
obtained after the
extraction of oil from

the seeds. Then they
are air-dried to remove
the water before
storage.

Generally, the mealis
used in animal diet as
feeds because it is an
excellent source of
protein and thus
produces an increase in
biomass. It can be also
used for human
consumption (Serrapica,
F.; etal.,, 2019)

The essential amino
acids present in
sunflower press-cakes
are cysteine,
methionine, leucine,
valine, isoleucine,
tryptophan, alanine and
phenylalanine [Petraruy,
A.; etal,, 2021].

Edible films are suitable
for packaging if they
possess strong
structural, biological,
optical, and barrier
properties. They should
effectively block scents,

vapor, oil, water,
oxygen, and light to
prevent lipid oxidation,
moisture loss, and
discoloration, thereby
preserving product
quality and appearance.

Serrapicaet al., 2019. doi:https://doi.org/10.3390/ani9110918
Petraru etal., 2021. DOI: http://dx.doi.org/10.4316/fens.2022.035

Edible films must offer
good solubility,
antimicrobial activity,
and favorable sensory
properties. Ultimately,
their commercial
viability depends on
their edibility.



https://doi.org/10.3390/ani9110918
http://dx.doi.org/10.4316/fens.2022.035

Sunflower cake is a by-product that remains after the extraction of oil from oilseeds by the process of pressing,
primarily in the production of edible nonrefined or cold pressed oils. Cakes are rich in proteins and fibers,
making them excellent sources for biopolymer production.

( )
Protein-Based Biopolymers
\_ J
( )
Soybean Cake: Contains soy protein, used to produce biodegradable
kfilms with good mechanical and barrier properties. )
( )
Sunflower Cake: Rich in sunflower protein, suitable for film
kformation with moderate water resistance. )
4 )
Rapeseed (Canola) Cake: Contains rapeseed protein, utilized in
\creating edible films with antioxidant and antimicrobial activity.
4 )
Peanut Cake: H]gh in protein, used for making biodegradab[e films Cakes of sunflower seeds obtained from the production of cold pressed
\with good flexibility. )
e _ _ N
Composite Biopolymers
\ y,
e N
Mixed Oilseed Cakes (e.g., blends of soybean and sunflower): Used to
formulate composite biopolymer films by combining proteins and fibers for
dmproved mechanical and barrier performance. ) Popovic etal, 2020, ISEN 9780128181881



https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/oilseeds

N A5 UNIVERSITAT
: @é‘qw POLITECNICA ml:(.)..l}.lgm { )
W B DE VALENCIA  (§ Wesaioorons

Project code: 2024-1-R0O01-KA220-HED-000246776

ritional & d Functi
Potential

Co-funded by
the European Union



Why food by-products?

... are obtained
in

... are discarded or high amounts

used for composting,

... can be used to
develop sustainable

<=y Technological
applications: antimicrobial,
colorants, texturizing
agents...

feed or biofuel ‘ ingredients
N i Health promoting
o | applications:
... are .rlch in « Sources of antioxidants,
nutrients fiber, protein...
— ? : ‘ ... are an
... contain bioactive :
- environmental
compounds with concern
interesting
bioactivities. Cheap source ol S

Phytotoxicity

High organic load



Wine by-products Industry: Grape pomace

case study

The recovery of wine waste, such as grape
pomace, can be easily and beneficidly
reintegrated into the bakery industry.

These wastes represent natural sources of
antioxidants, the reuse of which allows the
reduction of synthetic analogues linked to
negative side effects.

Incorporating these antioxidants as preservatives
maintains the stability of the fina product, while
also adding potential health benefits.

This reuse of grape pomace can be an effective
strategy for creating vaue-added products, while
reducing the volumes of this biomass destined for
landfill, thus promoting a circular economy model.

Grapefruits

|

Flour combination

Winemaking

Echave, J.: et al., 2023,
https://doi.org/10.3390/ECP2023-14676

‘ —
¥
» o [
& w44
y
’ Polyphenol-rich extract

P
@)7 Antioxidant

‘«.. » ]I}vp)}:l}«‘(tl}ﬂ('

'@ Improved stability

“&’b’”‘ ‘

‘ Functional bakery product




Biscuits enriched with red grape pomace

Biscuits are generally characterized

Biscuitsare a staple by aoptimal nutritional profile,
food inthediet of being a source of carbohydrates with
most popul ations a high glycemic index, sugar, and
around the world. saturated and/or trans fatty acids.

In generd, biscuits are
consumed daily, being
suitable for many meal
occasons, from
breakfast to an after-
dinner snack.




Grape pomace flour

Grape sKkins,
seeds and Fresh grape
stalksare pomaceis
obtained from dried at 50°C
the wine or for 24 hours

grape juice and subjected
production to the grinding
industry process to
Immediately obtain flour.
after pressang.

Wine making

Biscuits

Grape pomace

Grape pomace flour



Biscuits enriched with red grape pomace

The biscuits can be produced from a
bas ¢ formula containing wheat
flour, white sugar, olive oil, milk and
baking powder.

Cookies

The amount of grape pomace flour
replaced 20%-30% of the amount of
wheat flour.

The percentage of grape pomace flour was
selected as a compromise to maximize potential

health benefits while ensuring dough workability. Grape pomace Grape pomace flour



Pastry with Grape Pomace Powder

Biscuits, cakes, and rolls—were developed using spelt wheat flour and varying percentages of grape pomace (GP).

DOUGH PASTRY PRODUCTS
. Speltflour (SF) b 3 BISCUITS  CAKES ROLLS Incorpora?lng - gr?ﬁe
FhE N Ly B, leavened with leavened with  leavened by pomace our 1nto €

recipes improved the
nutritional  profile by
increasing the amount of

baking powder baking powder yeast

* SF95GP5
» SF90GP10 q fiber and polyphenols
* SF85GP15 and reducing lipid and
» SF80GP20 energy content.

* SF75GP25

Grape pomace EBS
powder (GP) ‘
= TPC, TFC, FRAP value, DPPH value

* Retention rate of functional
properties in response to baking

* Proximate composition
* Physical characteristics
pommes * Sensory analysis

Dried grape

Poiana et al., 2023; https://d0i.org/10.3390/foods12173239
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https://doi.org/10.3390/foods12173239
https://doi.org/10.3390/foods12173239
https://doi.org/10.3390/foods12173239
https://doi.org/10.3390/foods12173239
https://doi.org/10.3390/foods12173239

Biscuits enriched with red grape pomace

Grape pomace : : : Ammonium
Wheat flour flour Milk Olive il Sugar bicarbonate

Ingredients for biscuits




Biscuits enriched with red grape pomace

sugar and oil with a
mechanica whisk for
5 minutes.

Mixing the wheat flour,
grape pomace flour,

Adding milk and
ammonium bicarbonate
and kneading
mechanically for
12 minutes.

Manually shaping the
dough with a diameter of
6 cm and a thickness of
0.3cm.

/

The process of making biscuits

The cookies were baked
in an electric oven for
16 minutes a 160 -C.




GRAPE POMACE BISCUITS

Phys cal-chemical properties (according to the

technical specifications)

Proprieties
Humidity (%)
Proteins (%)
Lipids (%)
Fatty acids (%)
Carbohydrates (%)
Energy value, kJ/100g
Sugar (%)
Fiber (%)

Salts (%)

Value

16.8

8.46

22.17

12.36

46.16

1770.21

16.69

6.42

0.25

Sensory properties (accor ding to the technical soecifications)

Proprieties Admissibility conditions

Aspect Round flat pieces, whole, with semiclusive surface, smooth,
without basics, Diameter 8 cm

Colour Light to reddish brown characteristic of the grape pomace.
Whitish or burnt coloration is not allowed

Taste Pleasant, characteristic, suitable for sweet, without sour or
bitter taste

Flavour Pleasant, characteristic of the sea buckthorn

Smell Without foreign smell (moulds, rancid, etc.)




Other uses of grape pomace

Grape pomace and its

constituents have been
added to avariety of Food
foods, including bread, 00
products

pastries, cookies, pasta,
expanded cereals, and
others.

Grape pomace

In addition to anthocyanins, grgpe pomace contains flavonoids and procyanidins
from gragpe seeds, contributing to the food products remarkable antioxidant

capacity.




GRAPE POMACE PASTA

Ingredients

Spdtawheat flour, grape pomace premix, eggs, salt, water

Physd cal-chemical properties (according to
thetechnical specifications)

Proprieties Value
Humidity (%) 124
Proteins (%) 13.6
Lipids (%) . Sensory properties (accor ding to the technical specifications)
Proprieties Admission conditions
Carbohydrates (%) 60
Agpect smooth surface without traces of unfermented flour,
Energy values, kca/100g 262 in the break of glassy appearance, punctate particles
of brown porosity of Spelta flour are alowed
Sugar (%) 0.8
Colour reddish-brown specific to grape pomace
Fatty acids (%) 12
Tade Pleasant, characteristic, suitable for sweet, without
Salts (%) 0.8 sour or bitter taste

Fiber (%) 84 Foreign corps absent



GRAPE POMACE MUFFINS

Ingredients

Speltawheat flour, grape pomace premix, Eggs, butter, sugar, vegetal oil, salt, baking power,
flavours

Physd cal-chemical properties (according to the technical

specifications) Sensory properties (accor ding to the technical specifications)

Proprieties Value Proprieties Admissibility conditions
Humidity (%) 2l.7 Shape Characteristic for Muffins product
Proteins (%) 6.7 Appearance matte surface, unburned, dightly cracked
Lipids (%) 219 Colour brown, uniform
Carbohydrates (%) U Core homogeneous mass, characteristic of a well-baked product, in
Energy value, kedl/100g 443.83 section without lumps or traces of unfrozen flour
Fatty acids (%) 33 Tagte ;l)i?sgrn’gi ﬁre\zrartzt;ri stic for grape pomace, suitable for sweet, without
Sugars (%) 25 Smell Pleasant, fruity, characteristic, without a foreign smell (of mold,
Salt (%) 03 rancid, sale, etc.)

Fibres (%) 33 Cons gtency dense core, dightly wet to touch, dightly crumbly with voids



Effects of polyphenolsisolated from grape pomace on human health

Cardiovascular Antidiabetic Anti-microbial Anti-aging >
properties properties properties properties —
- - - WINE MAKING
f‘ " FoLs o oGesiB. AN @ L BY-PRODUCT
2 5. - Caae —
Antioxidant Anti- Antioxidant
properties inflammatory properties
properties

HEALTH PROPERTIES



APPLE PROCESSING BY-PRODUCTS AS A POTENTIAL SOURCE OF
BIOACTIVE MOLECULES

— Fortification of apple pomace
in different food products

&=
{

Alcoholic beverages

please Anamaria add source, authors and doi



APPLE PROCESSING BY-PRODUCTS AS A POTENTIAL SOURCE OF
BIOACTIVE MOLECULES

Food and beverage
products

Apple processing
industry

By-products
(skin and pomace) Fig By-products and final baked biscuits. BJS: biscuits with
JS; JS: Jonathan skin; BJP: biscuits with JP; JP: Jonathan
pomace; BGS: biscuits with GS; GS: Golden skin; BGP: biscuits
Dehydration Enriched biscuits with GP; BCS: biscuits with WF; GP: Golden pomace; BCS:

prototypes biscuits control sample; WF: wheat flour.

Farcas, A.C.; Socaci, S.A.; Chis, M.S,; Dulf, F.V.; Podea, P.; Tofana, M. Analysis of Fatty Acids, Amino Acids and VolatileProfile of
Apple By-Products by Gas Chromatography-Mass Spectrometry. Molecules 2022, 27, 1987.



PLUM PROCESSING BY-PRODUCTS AS A POTENTIAL SOURCE OF
BIOACTIVE MOLECULES

‘ I

Sheikh et a., 2023, https://doi.org/10.1016/] .foodhyd.2023.108790



https://doi.org/10.1016/j.foodhyd.2023.108790

Beer by-products valorization

Lignin
Cellulose ‘\
!{' Hemicellulose \
Proteins ‘//
Lipids

Applications

Fractions present in BSG’s lignocellulosic biomass and their potential applications,
Arnaud 2024, https//hal.science/hal-04437457v1


https://hal.science/hal-04437457v1
https://hal.science/hal-04437457v1
https://hal.science/hal-04437457v1

! _J ) Valorisation of Brewers' spent grain for applications in Human health

Hydrolysis at pH and Temp
optima

anti-oxidant

&

\-

Gt & B

Barley Proteases
Pro1,Pro2,Pro3,Pro4,Pro5,Pro6, Pro1:Pro4, Pro2:Pro6

Brain health ?

\
k

———

Freeze dr
supernatant

"t’,

gut health

Naik et al., 2024
https://doi.org/10.1007/s43393-024-00241-3



Direct integration of BSG in food composition — cases
study

Volatile profile

[ Proximate
s\ composition
3 e

\w
B.evcfrages i » Consumers
mmduslry : ™ feedback
" ¥ Enriched - i
L kel S . 0 5 10 15 20 25 30 35 40
\V RS - I 50 < Performed analyses
Cereal by-products prototypes 4

(spent grains)

Figure — Graphic abstract of the experimental design

Source: Farcas, A.C.; Socaci, S.A.; Chis, M.S.; Pop, O.L.; Fogarasi, M.; Paucean, A.; Igual, M.; Michiu, D. Reintegration of Brewers
Spent Grains in the Food Chain: Nutritional, Functional and Sensorial Aspects. Plants 2021



Direct integration of BSG in food composition — cases

2021 and 2022 - Gold and
Bronze Medals at International
Invention Salons

Figure — Crackers graphic abstract of the experimental design

Source: Farcas, A.C.; Socaci, S.A.; Chis, M.S.; Pop, O.L.; Fogarasi, M.; Paucean - disertation thesis



Control BSGA5% BSGA10% BSGB5% BSGB 10%

o i

Side view

Top view

Internal
appearance

Visual appearance of muffins produced for the sensory study with different levels (0—10%) of supplementation of

brewers’ spent grain (BSG) sample A (BSGA) and enzymatically hydrolysed BSG sample B (BSGB), Cermeno et
Al 2021
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Slices of control bread (a) and (b) the 12 functional breads produced with brewer spent grain addition; (b) projections of
functional obtained breads Phenolics are in green font; Insoluble and Soluble Dietary Fibres are in purple; UP% is in dark green;
Moisture %, Ash %, and colorimetric indices are in red; structural parameters are in black (Baiano et al., 2022).




Schematic of biorefinery processto transform BSG into
biodegradable food packaging

Brewer’s spent grain

Thermal — . Chemical

N

Physical

N\

Biological

Ghazanfar Zadeh et a., 2023
https.//doi.org/10.1016/j.jclepro.2022.135726
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Olive by-products

Valorization strategies

_ : Extracted olive -
Sprelive Fresh olive pomace pomace Soilife
Patent PCT/IB2018/060111 Patent PCT/IB2017/053422
Foodstuff composition, process and uses Olive pomace products, method of production
thereof and their uses

The present disclosure relates to olive pomace
and a green methodology to obtain derivative
products for it valorization.

This functional ingredient is a mixture of
bioactive compounds, in particular
hydroxytyrosol, tyrosol, sterols, tocopherols,
triterpenes, coenzyme Q10, K, Mg and Ca, The obtained products may be used as a solid
among others, obtained from olive pomace by substrate, nutraceuticals, cosmetics or food
mechanical pressing. supplements.



Olive oil-based spreadable cream with olive pomace extract

70% olive oil 70% olive oll
Water Coconut oll
Technological agents Water
Extract Technological agents
Extract
Total phenolic compounds 11 Hydroxytyrosol content FRAP ' DPPH" scavenging ability
40,00 3,00 40,00 35,00
a a
35,00 b 2,50 a BS,W . BO,W a s
30,00 - I [ 20,00
£ ™ 25,00
§° 25,00 00 200 S 25,00 - g e
& 20,00 g 1,50 o 20,00 S °
3 z A 4 = 15,00
& 15,00 1.00 P 15,00 & & <
10,00 10,00 10,00 B
5,00 . é ¢ 0,50 5,00 5,00 .
00 e ) 000 L1l | < 0,00 0,00
A B ¢€1 €2 <¢3 A 8B & @ o | A 8B c c ¢ || A B8 c c2 3 |

GAE, gallic acid equivalents; FSE, ferrous sulfate equivalents; TE, trolox equivalents; FRAP, ferric reducing antioxidant power; DPPH", 2, 2-diphenyi-1-picrylhydrazyl
radical scavenging ability. Data expressed as mean * standard deviation. Different lower-case letters mean significant differences between samples.

Patent: PCT/1B2018/060111 — Foodstuff composition, process and uses thereof



Pasta Incorporating Olive Pomace: Impact on Nutritional Composition
;and Consumer Acceptance of a Prototype

o by Diana Melo Ferreira 1.1 £, Barbara C. C. Oliveira 1.1 & Carla Barbosa 12 &
lve p o m a C e p a St a Anabela S. G. Costa ' 2O Maria Anténia Nunes ! 2% Maria Beatriz P. P. Oliveira 1" 2 and
|Rita C. Alves 1 &

1 LAQV/REQUIMTE, Department of Chemical Sciences, Faculty of Pharmacy, University of Porto, Street of Jorge
Viterbo Ferreira, 4050-313 Porto, Portugal

2 CISAS/IPVC, Polytechnic Institute of Viana do Castelo, Avenue of Atlantic, 4900-348 Viana do Castelo, Portugal
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Olive pomace |Foods 2024, 13(18), 2933; hutps:/idoi.org/10.3390oods13182933

* Dried 40 "C 48h Sieved for

* Dried 70 °C 24h f stone
ragments
removal

Freeze-dried and milled

Benefits of incorporation of olive
pomace in foods:

After chemical analysis results, e Circular economy

olive pomace dried at 70°C 24 h
was selected for pasta
incorporation

e Upcycling of OPP
 Development of new food products

* Valorization of the olive oil sector




Olive pomace pasta

Sensory analysis

e Pastadried at50°C5 h Enriched pasta had increased

B
e Cooked at 100 °C 10 min macronytr!ents, vnt?rrnn E, T |
and antioxidant activity

=

o

o

R T
|—i:

o

Appearance Colour Shine Aroma

200 g wheat flour + _
B Control pasta 0 Olive pomace pasta
110 mL water
g
8
]
5 0
: Ll
3
185 g wheat flour + 15 g olive :
pomace + 110 mL water 0 N -
Texture Owverall acceptability
Flavour Flavour persistance Buying intention

B Control pasta [ Olive pomace pasta



Olive pomace pateés

Olive paté

Ingredients

Olive paté (P0)

75% depicted black oxidized olives, 10% vinegar, 10% EVOO, 3% aromatic herbs, 1% garlic 10

powder, and 1% salt. 9

Olive paté with 20% HT-

55% depicted black oxidized olives, 20% HT-OPP, 10% vinegar, 10% EVOO, 3% aromatic

OPP (P20) herbs, 1% garlic powder, and 1% salt.
6
Olive paté with 25% HT- | 50% depicted black oxidized olives, 25% HT-OPP, 10% vinegar, 10% EVOO, 3% aromatic % °
OPP (P25) herbs, 1% garlic powder, and 1% salt. ° .

High Pressure Processing (HPP)

7 7
6
Z ®
— Median
cP PO* P20* P25* 2
0,
Product e /5% _
Non-Outlier

Range Outliers

source: original



Olive pomace and cosmetic application

'Chemical and Rheological Characterization of a Facial Mask Containing
‘an Olive Pomace Fraction

| by Raquel Rodrigues 1.1, Joana C. Lobo 1.1 © Diana M. Ferreira 1 © Ewa Senderowicz 1,
[ M. Antonia Nunes 1 7, M. Helena Amaral 23" 2 Rita C. Alves 1" E2%7 and M. Beatriz P. P. Oliveira 1%

! REQUIMTE/LAQV, Department of Chemical Sciences, Faculty of Pharmacy, University of Porto, R. J. Viterbo
Ferreira, 228, 4050-313 Porto, Portugal

2 Associate Laboratory i4HB—Institute for Health and Bioeconomy, Faculty of Pharmacy, University of Porto, 4050-
313 Porto, Portugal

3 UCIBIO—Applied Molecular Biosciences Unit, MEDTECH, Laboratory of Pharmaceutical Technology, Department
of Drug Sciences, Faculty of Pharmacy, University of Porto, 4050-313 Porto, Portugal

* Authors to whom correspondence should be addressed.

T These authors contributed equally to this work

| Cosmetics 2023, 10(2), 64 https://doi.org/10.3390/cosmetics10020064

The incorporation of 5% olive pomace paste into facial masks resulted in:

A 17-fold increase in total phenolic content, enhancing antioxidant capacity.
Masks with good texture, no odor, and an appealing appearance.

Improved viscosity and firmness of the mask, while maintaining desirable spreadability and ease of
application.




Coffee by-produts: Food Applications

Coffee silverskin: from challenge to reality

DEVELOPMENT OF NEW FOOD PRODUCTS

4 Protein
/ Fibre

™ Minerals
4 Caffeine

4 phenolics
1 caffeine

source: original



Coffee by-produts: Food Applications

UAE: An effective and viable option to be applied by
industries to recover bioactive compounds from silverskin

== Good source of bioactive compounds (CGA and caffeine] -

= Easily extracted using “green” solvents and methods ) )
e Cookies enriched
*---« Possibility to with CS well
= Several anti-MetS effects (e.g., antidiabetic, antiadipogenic, develop a accepted by
and anti-inflammatory) found in different cell lines functional product consumers

Promote health and well-being

&) SUSTAINABLE "’:ALS ‘/@’ Silverskin valorization

<" DEVELOPMENT - (Sustainability and Circular economy in
coffee industries)

A

R

Promote sustainability and circular economy of
coffee value chain

-

J@' Prevention/ management

of MetS
{Major concern in developed countries)

Innovate and increase the availability and
diversity of food

Sustainable
alternative

@ Q@

source: original



Impact of husks and silverskin on prebiotic properties

Silverskin

In vitro GID

v carbohydrate profile
v chlorogenic acid profile

v caffeine content

et
Ly
g

Incubation with
Lactobacilli

RN

Lactobacilli strains
growth

organic acid production

pH variation



The polysaccharide fraction showed resistance to digestion,
with a predominance of pectic polysaccharides. Chlorogenic
acids and caffeine showed moderate stability, suggesting
that a significant fraction of these compounds may reach the
colon and act as a substrate for the local microbiota.

Both the control and the digested samples promoted the
growth and metabolism of probiotic strains, evidenced by
increased cell density, decreased pH, and production of
organic acids.

However, limitations remain that justify future studies,
namely evaluation in more realistic in vitro colonic
fermentation models and in vivo tests to confirm the

observed benefits. The use of coffee by-products in their
whole form as a prebiotic ingredient could be a way to
contribute to food waste reduction and decrease

environmental impact.

Ongoing study: in vitro simulation of human

colonic fermentation of husks and silverskin



Cereal by-products
valorization



CTEREAL CULTIVATION AND HARVEST

Brewery and other
alcoholic and non-
alcoholic beverages

INDUSTRIAL APPLICATIONS

Livestock and ici - - - Chemical intermediates and -
aquaculfure ) Nutraceuticals fonmulabions Packaging Others

Valorisation of by-products and wastes from cereal-based processing industry, Skendi
et al., 2020, doi:10.3390/foods9091243




The most relevant potential effects of bioactive compounds identified in cereal by-products

Anti-inflammatory l;lﬁ;?glsctiggly Antioxidant

Bran

> 4 Polysaccharide o
Neuroprotective (B-glucans) &' Cereal \ SR

Cardioprotective

5 spent goug Vitamins 2
© | Prebiotic 5 ‘\ (Jerm— = potertial Minerals 2 Anticancers «s
¥ i . (-é? benefits . orel | ) b
& . E < 12
® = g =

Husk £

i ~ &
Antiobesity? PLOWInSS \‘ _U_ Antidiabetic

Peptides

Antibacterial Nsl?t?égted
b 5 Hepato /

- — —  Renoprotective

Source: Chisand Farcas Intech Open 2024

DOI: 10.5772/intechopen. 1004865



Cereal bran as functional products in different industries

Phytochemicals

Dietary Fibers (Beta-GIucan, Arabinoxylan, arabinogalactan,
Oligosaccharides)

Phenolic Acid (Ferulic and Di-Ferulic Acid)

Flavonoids (Anthocyanin, Tricin, Apigenin, Quercetin, Iuteolin)
Vitamins (Carotenoids, Tocopherol, Tocol, Ascorbic Acid, Niacin, Riboflavin)
Minerals (Folate, Selenium, Zinc, Phosphorus, Copper)

Qil (Oryzanol, Sterol and Stanol)

Types of
Cereal Bran

Wheat, Barley,
Rice, Oat, Millet, ‘
Rye, Buckwheat

Cereal Bran

Metabolic Roles
Antioxidative - Discart.ied For .
Anti-hypertensive Organoleptic Properties
Anti-Diabetic Aesthetic Appeal

Anti-Hyperlipidemic
Satiety Induction

Industrial
Application
Beverage, Bread,
Spread, Sausage,
Baking, Flour

Foods Substitution
Bulking Agent

Fat Replacer
Humectant

Shelf Life
Technological barrier
Ignorance

Tufail eta., 2022,

https//doi.org/10.3390/5u142114597


https://doi.org/10.3390/su142114597

Side view and cross-sections of the breads formulated with the flour—bran blends at different ratios: (A) F100/BO;
(B) FOO/B1G; (C) F80/B20; (D) F70/B30 (Seo et d., 2021, https.//doi.org/10.3390/
app11094034).

¥, A= Y) =

9] e '\__\ b4
Submerged fermentation ( Solid-state fermentation
é ’ - i S " S ‘*
e e [] Cutture medium ) o .

[ | Spaces filled by gas
Microorganism

|
" Substrate

Solid-state fermentation and submerged fermentation of cereal bran (Nemes et al., 2022,
https.//doi.org/10.3390/anti0x11112159)

Bran-enriched snacks

&w&%&vma@b

Bran-enriched snacks, Tyl et a., 2021, https://doi.or g/10.3390/f oods10092024

y - = - Ca | — =

T

M0 mnas

FBO PBIO PBN PB2S PEMN

Nutri-cereal bran enriched muffins and buns, Mrunad et a., 2020, 10.9734/I RJPAC/2020/v21i2030282
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Fruit and vegetables by-products

Bvl.oad.“’e compound.s Industrial Application
(Vitamins, enzyme, oil,

polyphenol, dietary fibers,
etc.)
Natural polymers
(Starch, protein, pectin,
etc.)

Absorbents
Composite, Activated carbon

UOI)BZLIO[BA
ASNY

Waste: Peels, pomace, seeds,
skin, leaves

Energy ‘F
Guptaet d., 2024

o https.//doi.org/10.1016/j . wmb.2024.0
Chemical Industry g5 o ’

Biofuel, Heat and Electricity


https://doi.org/10.1016/j.wmb.2024.08.005
https://doi.org/10.1016/j.wmb.2024.08.005

Tomato processing by-products in food industry

Tomato by-products
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Source: Liana Salanta and Anca Farcas, 2024, https.//doi.org/10.1016/j.fbi0.2024.105567
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Tomato by-products

- ®

"

Potegg:lé‘tl:a'th A Kc’;ﬁﬂﬁ;ﬁ;‘,‘}ﬁﬁs of Today we will make focaccia with
s Food Industry tomato by-product powder
& ANTIOXIDANT Enhanced nutritional profile

ANTIBACTERIAL

@ ANTI-INFLAMMATORY
\ ﬂEVENTION OF

CARDIOVASCULAR

DISEASE
-~ "q
,"'

New functional food development
Enhances sensory attributes
Increase shelf life

Sustainable alternative to
synthetic additives

Human wellbeing benefits

"o 85! -
“oy Support circular economy
principles
ANTICANCER PREVENTING THE

RISK OF DIABETES Economic benefits

STRENGTHENS THE [LOWERS CHOLESTEROL
IMMUNE SYSTEM

Source: Source: Liana Salanti and Anca Fircas, 2024, https.//doi.org/10.1016/j.fbi0.2024.105567
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Valorization of Carrot Waste Flour in bakery products

In this study, carrot waste powder (CP) from a carrot processing line was added in different proportions to gluten-free rice-
based muffin recipes to evaluate the effect on the physicochemical and antioxidant properties of the mixtures, doughs, and
final products. The ultimate goal was to valorise carrot waste as a functional ingredient for healthier and more sustainable

muffins.

Partial replacement of rice flour by carrot " ———— " \ Above certain value, CP addition may
waste powder (CP) enhances nutritional : Impact of CP on doughs’ viscoelastic ! negatively affect pasting properties and
properties of gluten-free muffins. | properties "G and G” : muffins quality attributes.

T ——— N ———— —— - -~

. i
Baking powder, 1
margarine, sugar, eggs :
i

Rice flour l Doughs
= ———" BAKING | o) | STORAGE
i d L0 (o) e 2858

o Flour blends @ . Gluten-free
‘: : Q ]

muffins :
5, 10, 20 or 30%

of carrot waste
powder (CP)

Impact of CP addition on baked muffins

/?\ Antioxidant properties

S W W W W W W W -~ - &
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: Impact of CP addition on flour blends } Mar o2
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Bas-Bellver, C.; Barrera, C.; Betoret, N.; Segui, L.; Harasym, J. IV-Range Carrot Waste Flour Enhances Nutritional and Functional Properties of Rice-Based Gluten-
Free Muffins. Foods 2024, 13, 1312.



Extraction
Waste Products Food
Active Applications
Constituents 1
Ultrasonic- = // "
Assisted = I
I ‘
Microwave- \
Assm«l
) = Non-Food
- 2/ O“ Applications
—= =
Enzymatic j ‘
Extraction
Crucifer Vegetables
Waste Products ¥
Eutectic ' |
3 Solvents AR
‘ ion | NADES Y Antioxidant
% Anticancer
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Liver disease
Hypercholesterolemia
Diabetes

Vdorization of agri-food crucifer vegetables waste for food, functional food and nutraceuticals applications, Kaled et a., 2025, https.//doi.org/10.1186/s40643-025-00895-4



Potential applications of cabbage, broccoli, and cauliflower by-
products

There is growing interest in the use of cruciferous vegetable waste/by-products, including cabbage, broccoli, and
cauliflower, in food, because they are still rich in beneficial nutrients and phytochemical profiles.

Extraction of biomolecules ! Bioncoversiond biotransformation

Microwave- assisted Ultrsound-assisted

Anagrobic digestion

Supercritical fluids Deep eutectic solvents

¥

Pharamaceutical Biotecchnological

Pressurized liqud Pulsed electnc field

ssazoudoiq 2jgeUIRISNS

il

-

suoiyedijdde

- |

Recycling and Resource Digital Cleaner
recovery efficiency technology production

Shinali, et al. 2024. https://doi.org/10.3390/foods13081163



Cauliflower by-products valorized in bakery products

Cauliflower by-products,
including leaves and stems,
can be used as valuable food
ingredients. These by-
products are rich in bioactive
compounds such as
glucosinolates, carotenoids,
and phytosterols, as well as
dietary fiber, protein, and
antioxidants. This recovery
can be achieved by
incorporating special flours
obtained from these by-
products into food products
such as bread and pizza.

cauliflower
GBS N by-products
VIt A Y
Phytosterols
Springiness
Hardness

Development
Validation of of fortified
nutritional Pizza with by-
value products

Assessment

of the
enrichment

Vit A %RDI GBS ur 00g OW t .

P-control

Nartea et al., 2023. https://doi.org/10.1016/j.crfs.2023.100437



Biga dough preparation
Flour
Water
Oil
Yeast
Cauliflower by-product flour

.

Resting
1h at room T, then
20h at 4°C

( Pizza dough preparation
Biga
Water
Malt

\_ Sugar

-\'\

4

Sizing and rounding

Flow chart of professional pizza preparation

-

Baking
8 min at 220°C

Addition of salt and oil
' - N
15 Leavening
1h at 35°C
L Py
Drafting
' T
2nd Leavening
1h at 35°C
e A
i - ™
Pre-baking
! 2.30 min at 300°C )
g ; R

'

Ready-to-eat pizza

.\

A

Nartea et al., 2023. https://doi.org/10.1016/j.crfs.2023.100437



Potato and carrot by-products in processed cheese

In this study processed cheese samples were
prepared with the addition of potato and carrot
peels. These additions altered the
physicochemical properties by increasing
acidity, water activity, and dry matter content,
while decreasing pH and salt levels.
Additionally, the L-lactic acid content increased,
while glucose, lactose, and galactose levels
decreased.

- Legend:
cs
MCC 0.5
- MCC 1
MCC 1.5
MCPO.5
MCP 1
MCP L5
MCCP0.50.5
MCCP 11

MCCP1.51.5
MCCP 1.5 | =———

Melted cheese samples with carrot and potato peels

Tita, et al., 2024. https://doi.org/10.3389/fnut.2023.1260076.



Valorization of Citrus Peel Byproducts - Jams

PPJ—pomelo peel jam; LiPJ—Ilime peel jam; LePJ—Ilemon peel jam; CPJ—clementine peel jam; OPJ—orange peel jam; GPJ—qgrapefruit
peel jam)

100 - i ;

#: 3 el 7?c5?1 81.231
s .
%ﬂ 70 - m.t':az
=
5 07
g * a 4
O 40 - 34.393 35.043
=

20 -

10 -

0

PP LiP] LeP] CPJ oP] GP]

Total polyphenolic content (TPC) of jam samples. The results for the TPC are
presented as the mean value of three determinations + standard deviation (SD).

OPJ—orange peel jam Negrea et al., 2025. https:/doi.org/10.3390/foods 14081339



LePJ—Ilemon peel jam; LiPJ—lime peel jam

Negrea et al., 2025. https://doi.org/10.3390/foods14081339
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Total flavonoid content (TFC) of jam samples. The results for the TFC are presented as
the mean value of three determinations * standard deviation (SD).

GPJ—qgrapefruit peel jam

Negrea et al., 2025. https:/doi.org/10.3390/foods14081339



Valorization of diary byproducts - whey

Functional Jelly based on whey

AR s En
v |

Fluerasu et al., 2025;
https://doi.org/10.3390/foods14183193

Table 1. Recipes for jellies

- Abbraviation Berry Juice Whey Gelatin @ Sugar Water

{mL) (mL) (g) (g) {mL)

Control Cl - - 10 80 550

Whey jelly WhJ - 200 10 80 350
Whey strawberry jelly WhsJ 300 200 10 80 20
Whey raspberry jelly WhiR. 300 200 10 80 50
Whey blueberry jelly WhEBJ 300 200 10 80 50

Valorization of whey for jelly production is an
innovative approach to creating functional
foods enriched with essential nutrients and
bioactive compounds.

The products remained stable in structure
when stored at 4 °C, though room-
temperature storage led to lower pH and
higher acidity after 14 days (Fluerasu et al.,
2025).


https://doi.org/10.3390/foods14183193

Bread with whey powder

WHEAT FLOUR

- ’i. &
) | WHEY POWDER ———>
-— J J Y
WhWBI15 WhWBI10 WhWBS
15% whey powder 10% whey powder 5% whey powder
85% wheat flour 90% wheat flour 95% wheat flour

mixture was mixed for 5
minutes, at a speed of
80 rotations/minute

flour and salt

—

rest for 1 hour at a
temperature of 20°C

r )*—* )«
)
S ) ) J

shaped and left to

rise for 30 minutes at
35°C

and transferred

0 a tray

N
N
-~

Baking 15-20 min at breads product W
180 °C '

Wheat flour can be fortified with 5%, 10%, and 15% whey
powder, which significantly improves the nutritional profile of
both the flour and the resulting bread. The addition of whey
increases protein and mineral content while reducing
carbohydrate levels. Bread fortified with 15% whey shows
notable mineral enhancements, including a 27.8% increase
in potassium, 7.01% in magnesium, and 28.67% in calcium
compared to the control samples (Fluerasu et al., 2025).

YK A # +
—_— WhWBS WhWB10 WhWB15

-

Fluerasu et al., 2025); https://doi.org/10.3390/foods14162911
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L actobacillus and Bifidobacterium strains

Lactobacillus and Bifidobacterium strains, from fermented dairy by-products (Whey, Buttermilk) enhance
gut microbiota balance (Galanakis, 2021).

Probiotics are live microorganisms that contribute to gut health by improving digestion and immune
function.

Lactobacillus acidophilus

BIFIDOBACTERIUM

Gaanakis, 2021, doi: 10.1016/C2019-0-01446-X
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In Vitro
Digestion
Models




Historical Evolution of In Vitro Digestion Models

- Early Static Models (Before 2000s)
- Simple test tube digestion using enzymes (e.g., pepsin, pancreatin).
- Basic pH adjustments and temperature control.

] _ - Limitations: No simulation of peristalsis, secretion timing, or dynamic transit.
= o J
- N
LD Advanced Static Models (2000s)
an| i, - More physiological enzyme concentrations and digestion times.
LE %;_-, - Inclusion of bile salts and stepwise digestion phases.
LI - Still limited by the absence of dynamic gastrointestinal functions.

- J
(", -, Dynamic Multi-Compartmental Models (2000s—2010s) )

- @ - Examples: TIM-1, SHIME, Dynamic Gastric Model (DGM).

ﬁl E—— - Simulate peristalsis, secretion, pH gradients, and digestion kinetics.
@%ﬁ - A(%Iva ntages: Closer to in vivo conditions, useful for studying nutrient bioaccessibility and delivery

—==== systems.
_ - Limitations: High cost and complexity. )
s ™

o ) INFOGEST Static Protocol (2014—present)
. - Developed through international collaboration.
InFOGEST - Advantages: - Harmonized protocol for reproducibility across labs.
@ - Widely adopted in food and nutritional sciences.
— — - Suitable for assessing digestibility and bioaccessibility of various food matrices.}

References:
- Minekus M. et al. (2014). Food & Function, 5(6), 1113-1124.
- Brodkorb A. et al. (2019). Nature Protocols, 14, 991-1014.



Representative In Vitro Digestion Models
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Rodrigues, D. B., et al.(2022). [Figure 2. Comparison between physiological human digestion and in vitro digestion (IVD) methods] [Image]. In Trust your gut: Bioavailability and bioaccessibility
of dietary compounds. Current Research in Food Science, 5, 10012 3. https://doi.org/10.1016/j.crfs.2022.01.002. Licence: CC BY-NC-ND 4.0.
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3. INFOGEST Protocol
(Reference Model)




Development and
validation of the
Purpose: Simulate human gastrointestinal digestion for INFOGEST method

. bioaccessibility, food structure, and nutrient release
N e studies.

GENERAL CONSIDERATIONS

The INFOGEST method was

D a - Contol '?'aranégter:_: p",'['. enzymg acjcgvit_y, e'“”glyte designed to simulate the oral,

A\ M composition, digestion time, and agitation speed. gastric, and small intestinal

2 | 48 phases of human digestion in

=" Applicability: All types of food matrices (liquid, semi-solid, a reproducible and

e solid, emulsions). : :
’ physiologically relevant way.
This protocol was validated by
Volume ratios: Standard total digestion volume is 10 mL the INFOGEST consortium in

(can be scaled proportionally). 2014 (actualized in 2019)




Detailed
outline of the
INFOGEST
protocol
(Static In Vitro

Digestion)

Oral Phase

Solid or
:‘gg Solid
Liquid Min‘cé meal
Optional Mix 1:1 with SSF + salivary

amylase (75 U/mL), 2 min, pH 7

Gastric Phase
Mix 1:1 with SGF + pepsin (2,000 U/mL), 2h, pH 3

0.17 mM phospholipids (non-standard condition)

Intestinal Phase
Mix 1:1 with SIF + enzymes

2h, pH 7

Individual enzymes Enzyme extract
Trypsin (100 U/mL) Pancreatin (based on trypsin
Chymotrypsin (25 U/mL) activity at 100 U/mL)
Pancreatic lipase (2,000 U/mL) Bile (10 mM)
Colipase (2:1 molar ratio with

lipase),
Pancreatic amylase (200 U/mL)
Bile (10 mM)

Sample collection and handling options
Snap-freeze in liquid nitrogen immediately
Add protease inhibitor (e.g. 1 mM AEBSF, Roche)
Freeze dry


https://creativecommons.org/licenses/by/3.0/

Detailed
outline of the
INFOGEST
protocol
(Static In Vitro

Digestion)

POST-DIGESTION PROCESSING

Separation: Centrifugation or filtration to obtain
the bioaccessible fraction.

Storage: Immediate analysis or storage at
—80 °C for biochemical assays.

Optional assays: Micelle formation, particle size,

enzyme activity, nutrient release, antioxidant
capacity.

DHY

]

L




Static vs. dynamic INFOGEST digestion

Static In Vitro Digestion

- Fixed conditions: Uses constant
pH, enzyme concentrations, and
time points.

- Simplified model: Represents
average digestive conditions
without simulating physiological
changes.

- Low cost and easy to replicate:
Ideal for high-throughput
screening.

- Limited realism: Does not mimic
peristalsis, secretion dynamics, or
gradual pH shifts.

- Common use: Preliminary
assessment of digestibility,
bioaccessibility, or food structure
breakdown.

Static in vitro

digestion - INFOGEST
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Dynamic In Vitro Digestion

- Variable conditions: Simulates
real-time changes in pH, enzyme
secretion, and transit times.

- More physiologically relevant:
Mimics gastric emptying,
peristalsis, and intestinal
absorption.

- Complex and costly: Requires
specialized equipment and
protocols.

- Higher predictive power: Better
reflects in vivo digestion and
nutrient release.

- Common use: Advanced studies
on nutrient bioavailability, drug
delivery, or functional foods.

Rodrigues, D. B., etal.(2022). [Modified from Figure 2. Comparison between physiological human digestion and in vitro digestion (IVD) methods] [Image]. In Trust your gut: Bioavailability and
bioaccessibility of dietary compounds. Current Research in Food Science, 5, 100123. https://doi.org/10.1016/j.crfs.2022.01.002. Licence: CC BY-NC-ND 4.0.
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Parameters and measured results

IN VITRO DIGESTION PERCENTAGE - IVD
(%)

Initial mass —Undigested mass
VD= (—

Initial mass

BIOACCESSIBILITY OF A COMPOUND (%)

A
Bioaccessibility = (E) X 100

A: concentration of the compound in the bioaccessible

fraction corrected with compound present in tap water and
the reagents

B: concentration of the compound in the sample before
digestion.



Distribution,
Metabolism
and Bioactivity
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Evaluation
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) ‘ ) Rodrigues, D. B., etal.(2022). [Figure 5. Overview of nutrient distribution between systemic circul
Urinary excretion i yjyo. ] [Image]. In Trust your gut: Bioavailability and bioaccessibility of dietary compounds. Curr
https://doi.org/10.1016/j.crfs.2022.01.002. Licence: CC BY-NC-ND 4.0.
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Human Small Intestine Intestinal Cell Models
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Rodrigues, D. B., etal.(2022). [Figure 4. Intestinal uptake, metabolism, and absorption of nutrients in vivo and intestinal cell models of varying degrees of
complexity, potential throughput, and physiological relevance.] [Image]. In Trust your gut: Bioavailability and bioaccessibility of dietary compounds. Current
Research in Food Science, 5, 100123. https://doi.org/10.1016/j.crfs.2022.01.002. Licence: CC BY-NC-ND 4.0.
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Basic Concepts: Applied Cell Models for Nutrient Absorption

1. Objective of Cell
Models

To simulate
intestinal
absorption after
digestion.

Focus on
bioaccessible
nutrients:

o Water-soluble
(e.g., vitamins,
amino acids)

o Fat-soluble (e.g.,
carotenoids,
vitamin D)

2. Cellular
Transport
Pathways

Apical uptake by
enterocytes from
intestinal lumen.

Intracellular
processing:
metabolism,
utilization, or
efflux.

Basolateral
transport indicates
actual absorption:

o Water-soluble
nutrients >
blood capillaries
- liver

o Fat-soluble
compounds =
chylomicrons -
lymphatic system

Transformed Cell
Monolayers:

o Caco-2
(enterocyte-like)

o HT-29 (goblet-
like)

o Used in 2- or 3-
compartment
systems (apical,
cellular,
basolateral)

Advanced Models:

o Enteroids (2D/3D
stem cell-derived
structures)

o Gut-on-a-chip
(dynamic flow,
better simulation
of physiology)

3. Types of In Vitro 4. Cell Culture
Models Configuration

Static systems:

o Flat monolayers
on plastic or
membrane
inserts

Three-

compartment

systems:

o Simulate apical -
cellular >
basolateral
passage

o Allow study of
actual nutrient
absorption

5. Limitations of

Transformed
Models

Caco-2 and clones
(e.g., TC7) may not
fully mimic normal
enterocytes.

Differences in
transporters and
enzymes.

Uptake #
absorption unless
basolateral
transport is
demonstrated.

6. Transport
Mechanisms

Transcellular
(passive or active
transport)

Paracellular
(diffusion through
tight junctions)

7. Delivery of
Compounds in
Vitro

Typically to apical
compartment
using:

o Soluble or
micellar fractions
from digested
chyme

o Compound
extracts or
artificial micelles



Combination of in vitro models + cellular models

& l Static INFOGEST digestion
ﬁ l Centrifugation and

: collection of soluble fraction
S l Exposure to cell models
|_"_I\_’ l Evaluation of transport,

proliferative effects, etc.




Functional bioactivity assays:

CaCo-2 model simulated intestinal absorption

\ Post-digestion

le
@ samp

Monolayer
of intestinal
epithelial cells

Human epithelial cells (CaCo-2) form
monolayers that simulate the
intestinal epithelium.

The soluble fraction is exposed to
post-digestion to assess
transepithelial absorption.

This model is widely used in studies of
carotenoids, phenols and other
nutrients.



Functional bioactivity assays:
Antiproliferative studies with tumour cell lines

Functional Studies:
Tumor Cell Lines

e Lines such as HT-29 (colon), Hela (cervix) and MCF-7
(breast) are used to evaluate this activity.

 Antioxidant assays: ORAC, ABTS and DPPH. HT-29 Hela MCF-7
(colon) (cervix) (breast)
* Anti-inflammatory assays: ELISA (IL-6, TNF-a) and e Antiproliferative assays
gPCR. -
e Antioxidant assays

R
e Anti-inflammatory \\ (/

assays



Microphysiological systems (MPS), or
multi-organs-on-a-chip

These advanced methods are in vitro platforms that simulate the interaction between

different organs—such as intestine, liver, and kidney—using interconnected organ chips.

KEY FEATURES:

* Mimic digestion, absorption, metabolism, and excretion (ADME) of dietary
compounds.

* Organs are connected by microfluidic channels simulating blood and urine flow.

* Allow study of nutrient bioactivity in dynamic and physiologically relevant
conditions.

PLATFORM TYPES

1. Modular: Separate organ chips connected by tubing
2. Fixed Microfluidic Board: Permanent organ connections with constant Flow
3. Reconfigurable Single Plate: Chips inserted and linked via built-in channels

Example: Humimic Chip4 (TissUse GmbH)

> Connects intestine, liver, kidney, and another tissue.

> Supports complex cultures (organoids, spheroids).

> Useful for simulating nutrient absorption and metabolism.

Still in early development; used mainly in pharma, but promising for Food & Nutrition
Science.

Rodrigues, D. B., et al.(2022). [Figure 5b. Overview of microphysiological systems.[Image]. In Trust your gut: Bioavailability and bioaccessibility
of dietary compounds. Current Research in Food Science, 5, 100123. https://doi.org/10.1016/j.crfs.2022.01.002. Licence: CCBY-NC-ND 4.0.

Microfluidic biomimetic devices simulate
the biology of human organs and their
communication to model systemic interactions /in vitro

a Individual organ chips 9 Multiple organ chips e Multiple organ chips are

are joined together in a
flexible configuration

are connected through interconnected viaa
channels in a static microfluidic network in a

configuration semi-static configuration
Organl Organ2 Organ 3

MULTI-ORGANS-ON-A-CHIP

Microphysiological systems are available for assessing

absorption, distribution, metabolism, bioactivity and excretion

Tissue of interest
e.g., brain, skin or lung equivalents
ON

il 2
! Biood circuit

I Urine circuit




5. Conclusions
and Future

Directions




4

In vitro digestion,
especially the
INFOGEST model,
allows a
reproducible and
standardised
assessment of
bioaccessibility.
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The combination Validation of in vitro Further studies New in silico and
with functional effects provides integrating digestion, organ-on-chip
cellular models useful evidence for absorption, and strategies represent

(CaCo-2, HT-29...) the development of secondary metabolism promising avenues

offers a more functional food and are required to for the future.
realistic approach to reformulation approximate human

bioavailability and strategies. physiological

bioactivity. conditions.
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