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 Proteins: composition, sourcing, and
diversification

* Plant-based, cell-cultivated, and
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 Cross-cutting considerations and tools
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Eat plant-rich,
varied and not
too much

https://en.foedevarestyrelsen.dk/food/nutrition-and-
health/the-official-dietary-guidelines

Check the label on
packaged foods

of an adul's reference ntake
Typical values {as sold) per 100g: 697K/ 167kcal
Choose foods lower
in fat, salt and sugars

Eat less often and
in small amounts

Eatwell Guide

Use the Eatwell Guide to help you get a balance of healthier and more sustainable food.
It shows how much of what you eat overall should come from each food group.

Water, lower fat
milk, sugar-free
drinks including
tea and coffee
all count.

< 3
o Foridge

Oil & spreads
Choose unsaturated oils

bea,,s : S, meat ) e ‘a\a‘c and use in small amounts
d
%%ﬁsbszweekp“’ses, 2 portions of sustainably sug?
,-,.,ea'roﬂsofwhich is oily. Eat less
o .
Per day i 2000kcal ' 2500kcal = ALL FOOD + ALL DRINKS

© Crown copyiaht 2016

https://www.gov.uk/government/publications/the-eatwell-guide

Food = Macros + Micros + Water

Dietary
Guidelines
For Americans

Protein, Dairy Vegetables
& Healthy Fats = '@ a & Fruits

https://cdn.realfood.gov/DGA.pdf
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o Food = Macros + Micros + Water EUROPE

Carbohydrates Proteins

Acceptable Macronutrient 0 nEo 20-35%
Distribution Range (AMDR): 45-65% 10-35% (saturated fat < 10%)

Caloric content 4 cal/g 4 cal/g 9 cal/g

Institute of Medicine. Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids. National Academies Press, 2005.
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digestive enzymes
help facilitate
chemical reactions

support muscle
contraction
& movement

provide support
to the body

antibodies support
immune function

support the regulation

and expression
of DNA and RNA

move essential
molecules around
the body

hormones help
coordinate

bodily function

https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-

function-in-the-body

Proteins — Amino Acids

« Building blocks of proteins: Amino acids
500+ amino acids occur in nature, but

humans use 20 standard amino acids to
build most proteins.

OH

H}KH H, L
HN" “COOH

EECETE T -~ sehie |
C,H,NO,

E%H

HN" “COOH
C,H NO,

h

HN" “COOH
CH M.O.

8 1422

BRIDGE2FOOD

EUROPE



https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body
https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-function-in-the-body

BEZOS CENTER
FOR SUSTAINABLE PROTEIN

BEZOS
NC STATE ‘ l. e
UNIVERSITY FUND

>
we

digestive enzymes
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support muscle
contraction
& movement

provide support
to the body

https://www.eufic.org/en/whats-in-food/article/what-are-proteins-and-what-is-their-

antibodies support
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bodily function

function-in-the-body

Proteins — Amino Acids

« Building blocks of proteins: Amino acids

500+ amino acids occur in nature, but
humans use 20 standard amino acids to
build most proteins.

« O of these amino acids cannot be

synthesized by the human body;
must be obtained from food:
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Complete Protein EUROPE

Foods containing all 9 essential amino acids

* Primarily animal-based:
Meat, poultry, eggs, dairy,

seafood

- Some plant-based sources:
Soy, quinoa, buck wheat, chia
seeds, blue-green algae
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Share of avg. daily protein (2023).  Pairy Seafoed

5.4% 4.2%

Plant Protein Meat

Daily per capita protein supply (2023): r— e e
Grams of protein delivered to household; does not necessarily indicate quantity f ot 1 ‘ \ ‘ : { ,
| ) T B \ ‘

of protein actually consumed (food may be wasted at the consumer level).
«s::."

~
oS

15.7% 7.8% 7.4% 4.0%

|

SOUTH AMERICA 41.3% 39.0% 12.6% 2.9% 4.2%

| TR TR %k ,i;: oA

J

EUROPE : 5.5% 8.9%

OCEANIA 39.5% 38.8% 13.5% 6.1% 2.1%

R

Nodata Og 50¢g 60g 70g 80¢g 90¢g 100 g 110 g 120 g 130 g

Data source: Food and Agriculture Organization of the United Nations (2025) OurWorldinData.org/food-supply | CC BY

NORTH AMERICA 37.2% 38.4% 16.0% 3.9% 4.5%

LT A T

https://www.visualcapitalist.com/visualizing-daily-protein-sources-by-region/ 8

https://ourworldindata.org/grapher/daily-per-capita-protein-supply
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Global meat production in tonnes (1961-2024).
Includes cattle, poultry, sheep/mutton, goat, pigmeat, and wild game in Data

100 million t

Country or region = 1961-2024 T Relative Change

Oceania @
Africa @

80 million t South America @ .
Asia

+1,726%

North America @ .
60 million t South America +634%

Africa +518%

40 million t

Buppe® Oceania +234%

20 million t North America +228%

Europe +119%

Ot
1961 1962

w, 1961 e —— 1967 2024
thy ® @

Data source: Food and Agriculture Organization of the United Nations (2025) - Learn more about this data
OurWorldinData.org/meat-production | CC BY

& Download <& Share 1 Enter full-screen

https://ourworldindata.org/meat-production
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Land use per 100 grams of protein (2018):

Lamb & Mutton

Our World
GHGe per 100 grams of protein (2018): in Data

184.8 m* Beef (beef herd) 49.89 kg
Beef (beef herd)

Cheese N o Prawns farmed) [ :: 15 =
. 2
Vo R 27 Bect airy herc) I <7 <
Beef (dairy herd) _ 219 m?
Cheese | 1052 <
pig Meat [} 107 m*

Other Pulses - 7.3 m?
Poultry Meat - 7.1m?

pig et [N 7.
Data source: Joseph Poore and Thomas Nemecek (2018). Additional calculations by Our World in Data.

Fish (farmed) _ 598k Data source: Poore and Nemecek (2018)
OurWorldinData.org/environmental-impacts-of-food | CC BY 7O KE OurWorldinData.org/environmental-impacts-of-food | CC BY

Eutrophying emissions per 100 grams of protein (2018): THE YEAR
Runoff of excess nutrients (grams of PO,eq) into the surrounding 2 o 5 o ANIMAL PROTEIN © & g XD

environment and waterways, which affects and pollutes ecosystems

Beef (dairy herd) | 1251z GLOBAL POPULATION 9/
Dark Chocolate I 1722 ¢ 10 BILLION @
Prawns (farmed) | 153 5 ¢ sl

GLOBAL DEMAND FOR

INCREASE

Beef (beef herd) | 151.2 g

|

Coffee I 138.2g
Fish (farmed) NN 103.1g
Tomatoes [N ©8.3 g
Rice [ININNEGNGNEEN 494 g

Lamb & Mutton [N 8.5 g b “’ B\ b g
Pig Meat |G 472 8 TII TIIT
Cheese NN, 44.6 g 20000000000 00084

Data source: Joseph Poore and Thomas Nemecek (2018). Additional calculations by Our World in Data. ‘ : 2019
OurWorldinData.org/environmental-impacts-of-food | CC BY

https://ourworldindata.org/environmental-impacts-of-food
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- Food Security x Planetary Health

=)

|

Sustainable & ]

[ Smart Packaging ] LBiodegradable Packaging

supp|y -
Reduction of
Precision Agriculture ] Food Waste

Genetically Enhancing Food Sources/Farming I Food Security Sources

Modified Crops (Increase Productivity)

Edible Insects

Key Directions (Alternative Sources of
. Animal Produced Proteins)

\-‘emcal Farming {Urban
Agriculture)

Food Safety
- Envionmonia] Science
4 ] Food Trauabihty J Reducing Food born

| Genetic Engineering |

Pathogens

M] 3D Printed Meat

Lurie-Luke (2024) Alternative protein sources: science powered startups to fuel food innovation. Nature Communications, 15: 4425.
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Concentrate

B2B COST

S
3
W
»
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S
&
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%,

Moderate Low
(65~80%) (50~60%)

PROTEIN CONCENTRATION




BEZOS CENTER BRIDGE2FOOD
FOR SUSTAINABLE PROTEIN

NC STATE \l. Plant-based PrOteins EUROPE

FUND

@

SEED COMPANY PRE-EXTRACTION

Harvest

EXTRACTION
Air classification
Alkalization/Acidification

FRACTIONATION
Milling/Grinding

Filtration
Membrane/lon Exchange FOOD PROCESSING

Aimutis WR, Shirwaiker RA (2025) The challenges of co-extraction of animal and plant proteins from transgenic plants for use in food and feed. Front. Plant Sci. 16:1626856
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CONNECTIVE TISSUE

Cell-cultivated Proteins

Meat Initial function

component

Culinary contribution
to meat

Cultivated meat
component

Contraction/ Texture, biomass

movement

Muscle

Muscle cells

Contribution of flavor
substances,
juiciness, texture

Fat Storage of energy,
role in signaling

Adipocytes

Connective
tissue

Structure, support, | Texture, biomass

protection

Non/Fibroblasts

ECM Structure, tissue Texture, biomass
homeostasis/cell-

matrix interactions

Natural and
synthetic scaffolds

Blood
vessels

Oxygen and Color, flavor
nutrients supply,

metabolite removal

Recombinant
heme proteins,
food dye, beet juice

https://medium.com/cookemistry/beef-101-part-i-ee877bc7bf8c

=y

- iy ) 7
. @ 18)

W - Cell line

development

Primary cell |
culture |
: (9

i \ 7,
T Direct use \-\ \ -
l i of cell -
biomass ’

Extrusion/Blending

\
-y

Unstructured meat

Advanced

= processes with
cells

Bioprinting Differentiation on
Scaffolds

&

Semi-structured meat Structured meat

Kirsch M, Morales-Dalmau J, Lavrentieva A. Cultivated meat manufacturing: Technology, trends, and challenges. Eng Life Sci. 2023; 23:2300227.
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Cell-cultivated Proteins

Vs

Source

e Storage

e Optimization for
large-scale
Non-gm
immortalization
Chemically
induced
pluripotency

Expansion

e Bioreactors

On-line
monitoring
Harvesting
Degradable/
Edible
microcarriers

Scaffolds

Microcarriers
Porosity
Vascularization
Biodegradable
materials
Tunable
properties

Media
Composition
¢ Animal supplements
e e Pharmagrade/Feed
Ve grade
&= - o Recycling/
: 7 Methabolites withdr.
= e« Differentiation triggers
- e Recombunant growth
factor production

Differentiation

Bioreactor Type
Shear stress
(mechanoreceptors)
Scale-up

Oxygen supply
Automatization
Monitoring of
differentiation

V

Primary cell |
culture |

T
l

Advanced

= processes with
cells
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Cell line

development

Extrusion/Blending

\
-y

\ /4
Direct use | B .
ofcell ) = - /
biomass : ’

Unstructured meat

Bioprinting Differentiation on
Scaffolds

Semi-structured meat Structured meat

Kirsch M, Morales-Dalmau J, Lavrentieva A. Cultivated meat manufacturing: Technology, trends, and challenges. Eng Life Sci. 2023; 23:2300227.
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Fungi

https://gfi.org/science/the-science-of-fermentation/
Courtesy: Dr. Adam Leman, Principal Scientist — Fermentation, GFI

Microbial Proteins

Plant Substrate

Improved/
Preserved/ ’

&
ASS
KRAUT

[ nattrtich -mildes
Sauerkraut

Converted
Plant Product

Traditional
Fermentation

BRIDGE2FOOD
EUROPE

Plant Substrate

Specific
Proteins and
Enzymes

Fat/Qil

Sweeteners &
Flavor Molecules

Precision
Fermentation

g High Protein or
High Fat
. ;’;4 Flour/Ingredient

Alternative
Meat Product

Biomass
Fermentation
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https://gfi.org/science/the-science-of-fermentation/
Courtesy: Dr. Adam Leman, Principal Scientist — Fermentation, GFI
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Purified ingredients

Intact cells

Growth factors

Precision
Amino acids, fermentation Enzymes
vitamins

Flavorings, pigments

Lipids,
protein isolates

Biomass Traditional
fermentation Tempeh o rmentation

Mycoprotein Cheese,
yogurt

Functional activity exhibited by the product
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- Microbial Proteins EUROPE

FUND

Fermentation is a relatively mature platform,
but alternative protein applications present new challenges

FEEDSTOCK OPTIMIZATION FERMENTATION BIOPROCESS DESIGN BULK AND SPECIALTY FINAL PRODUCTS

Any source of biomass can S s The whole cell biomass or

serve as a_feedstock for . T F_Ce S arehf" . e TEE fractions thereof can be Bioconverted
fermentation-based protein cultivator, which can be. JOPI Of harvested to produce bulk e
production open or closed, along with :

T : ingredients.
liquid or solid feedstocks. In some cases, the feedstock

and the microbial biomass

The cells digest the comprise the final product. < obial b
feedstock to support their . _ y _ Microbial blomass
growth. In the process, Alternatively, a specific protein

STRAIN DEVELOPMENT they may also serve as a or other high-value ingredient
The cells are optimized miniature production ey i L e e
for fermentation and factory for specific |§olated and punﬁe_d. f_or other
final product function via desirable ingredients. bJImeCE_'SS or appllc:?mons.
selection and/or cell Finally, sidestreams like cells

engineering. and spent media can be Functional ingredients
valorized for other bioprocesses and applications.

https://gfi.org/science/the-science-of-fermentation/
Courtesy: Dr. Adam Leman, Principal Scientist — Fermentation, GFI
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Critical cross-cutting considerations for successful EUROPE

“alternative protein product development and translation

FOR SUSTAINABLE PROTEIN

» Taste x Price x Convenience
 Supply chain robustness

» Lifecycle analysis

* Technoeconomic analysis

» Regulatory process
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Research + Engagement

“ Development  +Outreach =
Workforce

Development

Materials * Processes * Systems

Plant-Based * Cell-Cultivated * Fermentation-Made

Interdisciplinary Teams o httpS:/ /bezoscenter.ncsu.edu

Public-Private Partnerships

Y

#0e Lan i bezoscenter@ncsu.edu
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