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The Sustainable Protein Imperative

The Global Strain

@/ﬂ Population Growth

Rising global numbers drive
protein consumption

}

Increased Meat Demand

Shift toward animal-based
proteins strains resources

|

Resource Depletion

Greenhouse gases, water
scarcity, deforestation risks

Water Use (L/kg protein)

Resource Efficiency Matrix

Rice €
B 32,110 L/kg Beef @

1640-1850 m2/kg | 7280 L/kg

Sustainability
Sweet Spot

Microalgae (Closed Bioreactors):
0.5-1 m?/kg Land | 240 L/kg Water

Land Use (m?/kg protein)

Wong, Ting, & Kim, (2025). Trends in Food Science & Technology, 105188.
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COMPREHENSIVE NUTRITIONAL VAFOO
OMEGA-3 VITAMINS MINERALS ANTIOXIDANTS
FATTY ACIDS
. @0
@/
+
a3 3 7N
> f e

e High in EPA & DHA » Rich in Vitamin B12 « Significant source of « Contains pigments like

(essential fatty acids). (rare in plants). lodine (species- Astaxanthin,
+ Diatbaced « Contains Vitamin A depeqdent), . Phycocyanin, and

sustainable source (as beta-carotene), C, « Contains Iron, Calcium, Fucoxanthin,

' and E. and Magnesium. * Protects cells from
. ﬁ‘r’;’igc;g:l?ﬁa’t and * Key for immune system  « Essential for thyroid oxidative stress.
: & metabolism. and bone function. o & « Promotes overall &
R B 0 cellular health.
e (4g) o
@ o8
: & WARNINGS & CONSIDERATIONS -
 IODINE LEVELS: Can vary greatly by species; consult a doctor.
- CONTAMINANTS: Ensure source is clean (e.g., heavy &=
metals, microplastics) - source-dependent risk. — Funded by
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Relatively High Protein Content (20-70% DM)

Protein Content of Common Protein Sources { Amino AcidScore |/  PDCAAS ‘:Ir DIAAS |
(% dry matter) : >1.00 1029-046 1 NIL
100 Low protein digestibility and bioaccessibility may

be overcome through selecting species with

- 4 weaker cells walls, or via processing methods
O
m (=] = . .
% 20-70 % Amino Acid Score: comparison between
iy 0 0 0
o the essential amino acid content of a
2@ protein and a human reference pattern,
o9 o . 1 q q an__ons
» G © without considering digestibility
R Y oo
O® 31 gl -
a%z i b PDCAAS (Protein Digestibility-Corrected
% ~lE Amino Acid Score)
o5
2|6

DIAAS (Digestible Indispensable Amino

Animal Plant Concentrates Macroalgae Microalgae Acid Score)
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SPIRULINA VS MEAT: PROTEIN AND NUTRITIONAL COMPARISON

/7 1. PROTEIN CONTENT By 2. AMINO ACID PROFILE \
60-70g/ 100g (& Spirulina (Freeze-dried) 9 ecsantial
| rotein

locks
~ (especially:
Leucine, Valine,
7 Isoleucine (BCAAS)
Spirulina (Freeze-dried) Chicken breast Lean beef Spirulina (Complete) Meat (Complete)
2-3 TIMES MORE DENSE BY WEIGHT COMPLETE PROTEIN, RICH IN BCAAs
Typical serving (3-9g) = Significant contribution Muscle synthesis & Recovery
\ & 4
& Y )

3. BIOAVAILABILITY & DIGESTIBILITY 4. HEALTH & ENVIRONMENTAL ADVANTAGES

Biological Value (BV) Digestion v (% ‘
83-85% A \ )
li iss —60%60-65% @? Sl o V4

Zero Cholesterol Antioxidants B Vitamins and Iron
Digestive enzymes [ |

easnly access
3,2!5‘,“',',23, Meat Wheat Legumes ° nutrient core ® ‘ %
EASY-TO-ABSORB PROTEIN SOURCE

GLA Fatty Acids ~ No Saturated Fats Sustainable

\\\ Acts as a prebiotic A Up to 20x Tsoﬁe g'roteun/acrey
f__> (CONCLUSK)N USE SPIRULINA AS A DAILY SUPERCHARGE FOR A BALANCED DlET)

Funded by
the European Union

This project has received funding from the European Union under Grant Agreement N° 101084180.




Demonstration of Innovative Functional food production systems based on more sustainable value chains of marine and freshwater raw materials for conscientious EU consumers

I Y N — '\

STATUS OF MICROALGAE AS NOVEL FOODS:
KEY APPLICATIONS AND APPROVALS

i Examples of
Microalgae Year of | Approved S

Chlorella @ 1997 Whole  Cookies, Yogurt, Colouring agent, Batista et al.,

vulgaris biomass processed  technofunctional 2017; Falcdo et
cheese, gels (%) and nutritional  al., 2023

Arthrospira § 1997 Whole  Dairy products, Techno- A. B. Garcia et

platensis biomass bread, extruded functionaland al., 2021;
(Spirulina) snacks, pasta  nutritional Casciano et al.,
| properties, 2021; Grahl et al.,
O & protein in 2020
particular
Odontella aurita 2002 Food N/A N/A Mimouni et al.,
< ingredient 2015
Tetraselmis chui 2014 Food Wheat flour Increasing Qazi et al., 2022
(7 A\ ingredient replacement  bioactivity of
7 )
(\&ff) O gluten-free bread

Pasta, bread  Techno- Celente et al.,
O functional and 2022
nutritional
properties

Cookies, Gel, & Techno- Celente et al.,
Ingredient vegetarian food functional and 2023
gels, oil/water  nutritional
Emulsions () properties,
Antioxidant,
PUFAs

Dunaliella salina 1997 Food
/ Ingredient

Haematococcus 2019 Food

pluvialis @

Olsen et al., (2024) Physiologia Plantarum, 176(3), e14337.

Yang et al., Food and Bioprocess Technology, 17(8), 1-33.

&

O”Alroo0
THE TECHNOLOGICAL ROUTES AND THE MAIN USED
TECHNIQUES TO PRODUCE MICROALGAL PROTEIN FOR

FOOD APPLICATION

Microalgae Cultivation Protein Purification

Chlorophyll removal

=] _ﬂ Osmotic shock \‘k \-)
L Ch«mcals g
: % 2‘ C-a Freeze-thaw
-« M o lradi Light § a? Solubifization &

* Fed-batch or * Temperature lonic 'lqu'd ‘&% g ;%3 & Micronave - Fractionation
. S & °" S
8‘.}6: 31‘”?3“6 N . 'Q"

Pulsed electric field — =~ 4 c&\
W };;—:_{ \ ® %)

‘i S \3/
AR )
SHectreporation ./ N

Cell Disruption

Modes & Conditions
« Photoautotrophic * C/N source

* Acid or salt precipitation

* HPLC

* Foam fractionation

* Tangential ultrafiltration
—-’ * Dye ligand chromatography

Microalgae Harvesting

= Centrifugation O v ‘
= Can . ' —ge
":'lcdlmfnt_am" O ’ | High-speed Concentration & Drying |
- ~ .F'::cc: ation Low-pressure (@ =" T homogenizer « Micro/ultrafiltration I
W @ iltration e - homogenizer High-pw'ssure ’. » Equilibrium dialysis

» Magnetic separation homogenizer "{'y} * Lyophilization

Lo '.’-.’-}’a & * Vacuum evaporation
* Spray drying
* Supercritical fluid drying

v
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Microalgal Biomass Microalgal Protein Powder
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INNOVATION IN ALGAE PRODUCTION:NEXT-GEN METHODOLOGIES =
PHOTOBIOREACTORS
» Advanced closed-loop PBR design,——==& =
 Integrated LED lightingand > |
environmental controls. -
* High cell density cultivation.
S UL ALY i ey __ LABRESEARCH .
o Ci '/ N B | Genetic engineering for /7"
ﬁ;’g,‘g’,‘;‘,’;ﬁg{;ﬁ,’ﬂ y N - optimized species.
)« Reduced water and | | Htlgr_l-through_put )
energy consumption. =7 _~ [y SUANSCieoiing. e\
« Carbon capture o S CENTRAL P * Real-time metabolomicst\\
and utilization. Q J { INNOVATION HUB: analysis. A #
ADVANCED ALGAE
DIGITAL INNOVATION METHODOLOGIES JL S > BIOREFINERY CONCEPTS
» Machine learning for ~ gal g V 9N, of3. . *Downstream processing
process optimization. i integration.
* loT-enabled remote | « Fractional separation of
monitoring. ! Rurictional Forelents congp_onen{s ghpnds,
. icti i — * Functional ir I proteins, etc.).
alqu(zaidgi:rtrlu\:ﬁartri'gr(\j.e g =g (proteins, pigments). » Zero-waste principle_ =
—— L . * Biofuels and materials. & (waste streams - =
= {\' b * Novel food and feed products. : as nutrients). r ﬂ
— [ IMPROVED PRODUCTION EFFICIENCY —
& PRODUCT DIVERSITY e
INTEGRATED SOLUTIONS YIELD DESIRABLE YIELDS % ¢ \;o':h-
ACCESSIBLE PRODUCTS, ATTRACTIVE ECONOMIC \
COLORS, & APPEALING FUNCTIONAL TEXTURES  suweiny 58 Funded by
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Case Study: Phycoerythrin — The Future of
Pink/Red Natural Dyes

Commercial Applications

Spirits & @ % ) __ Confectionery

Soft Drinks = Dairy ® .. Leveragesthe

p Utilised in yoghurts . ‘ "\ psychological
and fermented milks 0F " association between
to visually replicate I L ;7 brilliant red/pink
the appeal of red fruit ) colours and perceived
flavours. sweetness in sweets

A clean-label, natural
substitute for
synthetic dyes in pink
gin, tonic waters, and
rosé wines.

and baked goods.

Technical & Process Hurdles

— D
= A cas e Rapid protein degradation at temperatures > 30-40°C. Highly incompatible with
"@ Thermal Sensitivity traditional high-heat industrial pasteurisation. )
L/ ™
o < . egs o Prone to loss of saturation and colour stability (photodegradation) upon
X Light Sensitivity prolonged exposure to UV or direct light. ]
|
? Requires high expenditure (via ultrafiltration and chromatography) to achi B e
e equires high expenditure (via ultrafiltration and chromatography) to achieve \e European Union
o - r. Purification Costs the analytical purity standards necessary for food-safe usage. ‘ +t Agreement N° 101084180
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SENSORY CHALLENGES moo
OF ALGAE-BASED FOODS

SMELL TASTE COLOR TEXTURE
(ODOR) (SENSE) (APPEARANCE) (MOUTHFEEL)
« Intense, strong, or « Acquired or overly « Unusual, deep « Potentially slimy,
unappealing marine saline taste. green/blue green tough, or gritty
odor. « Bitterness or hue. mouthfeel.
« Potential for "fishy’ astringency in « Can be unappetizing « Varies by species
or ‘musty’ notes. certain species. or unexpected in and processing.
= — Western diets. =

>

FINDINGS FROM SCIENTIFIC STUDIES T
Studies show that sensory quality is a ‘

& m% major factor in Western consumer
= acceptance.
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f 1. OPTIMISING SENSORY ACCEPTANCE

‘ Microalgae inclusion m

-
Low Acceptance Zone

High Acceptance Zone

« Recommended Level for Best Taste « Strong Off-Flavors & Colors

INNOVATION IN FUNCTIONAL FOOD: MICROALGAE
ACCEPTANCE & STRATEGIES IN THE EU

& :
Soups  Cookies » Cookies (2%):
un =41) (n=20%) (2%): Highest Sensory Scores j

( 3. CONSUMER PERSPECTIVE & AWARENESS\

FAMILIAR & CONSCIOUS UNAWARE
(MAJOR BARRIER)

V78 » @

» Interest in Health & » Lack of awareness
Sustainability is a major barrier

(

2. PRODUCT-SPECIFIC SUITABILITY

HIGH ACCEPTANCE LOWER ACCEPTANCE
(BAKED GOODS) (DAIRY & FRESH)

« Challenges with Cagliate
and Cream Cheese

« Bread, Pasta, and Crackers

perform well

4. STRATEGIES FOR IMPROVEMENT

\ngher Acceptance Cluster (n < MA30)

4

Olsen et al., (2024) Physiologia Plantarum, 176(3), 14337

Step 1. Step 2 Step 3
% ‘l/— \i @ £ : INCREASED
“4D WILLINGNESS
LHE TO PAY
COMPETITIVE CLEAR FRONT-OF-PACK
COMMUNICATION LABELS

Funded by
the European Union
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IMPROVING ALGAE SENSORY QUALITY:
PATHWAYS TO ACCEPTANCE

————

FERMENTATION PROCESSING BLENDING FOOD DESIGN

« Reduces ‘fishy’ or -« Minimizes strong .« Dilutes green/blue- « Optimizes texture and
musty notes. marine odors. green color. mouthfeel.

« Creates complex, « Mitigates ‘overly » Masks strong taste » Overcomes ‘slimy’ or
pleasant aromas. saline’ taste. with spices/flavors. ‘gritty’ feel.

» Species-specific « Reduces bitterness » Mixes alga with « Integrates alga into
flavor develop X)) and astringency. familiar food famlllar food formats
ment. SR ingredients. e rea SJaSta N

e , \ V N

IMPROVED SENSORY PROFILE

INTEGRATED SOLUTIONS YIELD DESIRABLE
1 AROMAS, ACCESSIBLE FLAVORS, \ "/
ATTRACTIVE COLORS, & APPEALING TEXTURES wauts scon
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LAB RESEARCH

BIOACTIVE

MIXED IN

ALGINATE  ENCAPSULATION
Seaweed P
Powder
+ WETBEADS —

- —b
Autotrophic growth e Q
(Open ponds,

Photobioreactor)

:‘ ENCAPSULATED BEADS
Fermentation reactor =

Y
(Heterotrophic growth) ﬁ \ Z:- F“‘Eﬁ;’;'“_..
- — <
dkey Do S s
@@@ (spray-drying, Abraham et al., (2021). International
solar drying, journal of biological

Water removal
(sedimentation, flocculation,

filtration, centrifugation)

Deodorization & decolorization

l freeze-drying, ...) macromolecules, 170, 540-548.

Cell disruption
Mechanical methods:

bead milling, Microalgae in healthy, sustainable
ultrasound, high
pressure and tasty food!
homogenization, ... L .
Enzymatic and Nunes et al., (2023). Current Opinion in Food Science, 51,101040. |

chemical methods Schiller et al., Front Bioeng Biotechnol , 8 ( 2020)
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ALGAE PROTEINS: MODERN FOOD APPLICATIONS

PLANT-BASED BURGERS o ALGAE-BASED PASTA
* Meat alternative with 5 7« Natural green color and
rich flavor profile. high fiber.
* High protein content, * Nutrient-dense
mimicking meat. carbohydrate substitute.
: » Boosted protein content
* Lower environmental =
footprint. {Orpas ez 7 = R
s Grahl et al., (2020). Food Quality and
Preference, 84, 103933.
PROTEIN SNACKS FUNCTIONAL FOODS -
~5, * Convenient, high- » Enriched beverages and \? ' ’
e protein snack bars. 7 \ high protein meal replacements. control Ap 2% 'Ap 6%

» Tasty protein chips
@ and crackers.
» Sustainable alternative 2o

to conventional
snacks. ‘

* High-protein bread and
baked goods. , '
. Source of valuable 2% v 6% Ts 2%
antioxidants and =% 5% 5
minerals. r ' - '

Ampofo & Abbey (2022) Foods, 11(12), 1744.

3

IMPROVED NUTRITIONAL VALUE
& PRODUCT DIVERSITY
INTEGRATED SOLUTIONS YIELD DESIRABLE AROMAS, 7 ¢
ACCESSIBLE PRODUCTS, ATTRACTIVE ECONOMIC
COLORS, & APPEALING FUNCTIONAL TEXTURES  sussesiy

m
Viabdity
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PRODUCTION COST . REGULATORY FRAMEWORKS
* High initial capital and » Stringent safety and novel
operating expenses. food rules.
» Specialized cultivation » Lengthy approval
required. processes.
m » Process optimization * Harmonization
needed. across regions. _ 4SS0k
SCALABILITY ; CONSUMER ACCEPTANCE
5 *Commercial-scale (7| « Cultural and flavor
@ production is limited. || |- barriers.
% » Significant tech L * Misperception of algae
). transfer hurdles. = products.
= * Yield consistency ' * Need for desirable
7y atscale. food formats.
OVERCOMING KEY HURDLES
TO REALIZE THE POTENTIAL
OF ALGAE-BASED FOODS ollo
Funded by

the European Union
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ALGAE: KEY TO A SUSTAINABLE & RESILIENT FOOD FUTURE
ECOSYSTEM HARMONY S CIRCULAR ECONOMY
« RESTORING HEALTHY (&) Lr « MINIMIZING RESOURCE
MARINE ECOSYSTEMS *~+ - ‘_ =GFN  WASTE
i " gl ) -Himcorc
« INTEGRATING Nl e #epie. LU u « ACHIEVING A
~ CULTIVATION W S —— = H@ CLOSED-LOOP "
SEA TO FORK _ FUTURE INNOVATION
« ENSURING GLOBAL (2% « DRIVING TECHNOLOGICAL
@ roonsecumy | ADVANCES
© 5 < FOSTERING CONSUMERRl '« ACCELERATING NOVEL
© & " Resiince B p” FOOD DEVELOPMENT
e * DEVELOPING L =+ SECURING CONSUMER _
&Y DESIRABLEFOODS (& ACCEPTANCE l
7, ABALANGED APPROACH FOR @
U™ LONG-TERM SUSTAINABILITY <Sbs -
Need O unde
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Thank you very much for your attention!

Amina Antonacci
National Research Council
amina.antonacci@cnr.it

r National Research
Council of ltaly
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