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Abstract

The growth of the world population has | e
meat and dairy products, further iIintensif)y
use of grain for animal feed aondnswmpteiton.
parallel, over time, the |Iivestock sector

| arge areas of arachl eahdedrdedngatad wel f ¢
This highlights the urgeénscnpkdmhdrmoyt Ripd roa
t haee m$¢ this thesis were to evaluaalet ¢ hmatiu

pl éomtsed products, including hemp, cardoon,
properties, bi oactive peptide profdieréveda
product s. It al so aimedofomoptoml gaet hen
Eugl ena tgor aenharsce i ts functional prof il

nanopslamsd i mi cy o@d tasmidroatiingn cwhdew athiearer ot
conditions. Additionally, the research so
producti on by developing alternatives t o
met hods, and t hedeirntveegr actoimpomrodfn tosalstitoeps w | i
di fferentiati on. These objectives <coll ect

i nrmdv ve pr actfiocoads sierc ttore agr i

Hemp fpaoadcts apnrdodultésr haoe demonstrate:
functional profilies, dageebsenvaddfebl senhc
Il n supporitn ofifr Mahli,s ,coasnduct ed on | aying hen

hempprcowduct of up -sttoan9% r(dl ehaevneps ,s eneodns , hul

performance while increasing the functione
i S i Mporodammphasi se that tshteoicrk aspepcltiocra b
mul tidisciplinary approach, evalwuating not
taking into account | imiting factors such

Among the various possible alternatives,
strong candidat es. Il n particular, as demor
medi uBlgrod¢i custi vated under heterotrophic
nutritional and functional profile. This I



product t hat can be specifically designec
wi despread use of pl astic bioreactors f ol

chall enges for the user:and dmreeaemndq ptigdeatsitdlst su
medi um, which can accumul ate in the biom
Il mpacting animal and human health.

Finally, a possi bl e @alhtee rpmraotdiedelfivcddredriod c & rhti
field, cultured meat 1is certainly the most
find answers to the main questisesonstaonaérl
many open issues still remain. Among thes
guarantee the growth, proliferation and di
sustainabl e process desegaéei teavotnkdima atehdi sn
thesi s, possi bleguabtechde.iogihedy o igep yoa hesh @&yt h

support the viability, g2Clal infueri antei anu saan de c
Al t hough further studies are needed, al |
towards the <creation of resilient and en
promising results, further researcdhdriessne
unresolved issues, ensuring their feasibi

exploration of these alternative proteins
food systems and mitigate theadntvi onamenag
practices.
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ofilo funzional e, i ndagando nel cont e
pl astiche durante | a clodadlitvrae,i ohe
ntato | e principali sfide nella prod
fetale botwabbo) canetode dcalbalili e |
ati da scart. per supportare | a prol
tivi hanno mirato collettivamente a p

ed-atl oirnee natgarr e .

dot ti

onal

nti

teli)

cni

s al

A

a bagpeodottanapane

come

0 S S erivnated tae és engeuti a doi

di mosoraod o ¢

daeil | e

Supponrtgob mddiotctia, ,suungaalprionvea ov a

9 %

ap
di s

cor

| us itpomoed oddit oumdedd a canapa fino al
abbia migliorato | e performance
uovafonmdid meaooti@mlneear e che |l a | oro
co richiede un approccio mul ti
ute ani mal e, ma anche tenendo
.a variabil it

e



Tra |l e varie possibili alternative, | e pr.

forti candi dat e. Il n particol are, come di m
di colEtgurraag idcios ti vata in condi zioni eterot
profilo nutrizionale e funzional e. Quest
formul azi one di un prodotto che pu, esser ¢
aniimada all evamento. Tuttavia, | "uso diffu
mi croal ghe presenta potenzial. sfide per
rilasciare micro e nanoplasti chwemunlear sme dni
bi omassa e entrare nell a cat esilala ad almetne aanr

e umana.

Il nfine, una possibile alter naptriovdecetldtliiiulli &arc e
guesto campo, | a carne coltivata =~ sicuran
abbia cercato igiri ncdavweilig@euan dagpmotsit ei la pr oce:c
l a sua sostenibilit™, mol t e probl emati ch
alternative alimigreddentail ree bloavi mmroe sicli t a,
di ffereendmi & e cell ul esmusoopbabnpceasbraveco
ul teriori e necessar.i approfondi menti . Co
riguar dparnood oit tdo al i ment ar i (ad esempi o, | e

supportarerlodi vetaki amendted de f cet énmtie mus.
cz2cC12.

Sebbene siano necessar.i ul teriori studi,
fondament al i verso | a creazione di sistem
Nonostante i risultat:i promet pemtist andmae d:
guesti approcci e affrontare | e probl emat:i
ali mentare, mangi mi stico e zootecnico. L'
l i nea con gl sforzi adlioteanltiarpersoct eal & i
ambiental. poste dalle pratiche agricole t



| ntroducti on

1 Worl d popul aCoinocsre qoueonwttéhe | i vest ock
sector

The world population has wundergone prof ol

centuries. As reported by Roser and Ritchi
hi gher than that recorded 12.000 yetahes ag
current gl obal popul ation figure is indee

rapid pace of thi ¢ Fggowelhuls)tHiasttecsr itchails ddart;
1800, the worl doés popul ati onhadsr iapenm otxa na
and as of 2023, it reached around 8 billi
soar to-ldetbwddn oth by 2050 (R°°s et al ., 2

_/\_Annual growth rate of the world population
__A World population

10.43 Billion
in 2086

9.7 Billion
in 2050

& Billion
n 2023

2 Billion
in 1925,
0.04% .‘\'\S e average

populatian growth rale
batwaan 10,000 BCE
and 1700

1800 188 1900 2000

2023 _—
Projection
(L T Pty Vora

FigaWwerl d popul ation gr d\RosBefrramdl R0O®@ ctho e21 Q@Q



These high rates brought about substanti al

support these important trarhsafsorcmatiaomd.y A
by the food sector. As reported in the |
significant increase in the warnlcd epacsp winlga tdie
for food product s, r e anaggh ibnyg 25006% , b yat2 OaMh0 cah
di fficult to meet it without negatively ir
For sure, major products requested are thc
me at . Only in 2012, the Food and Agricult

estimated that worl d demand f or mmeiantc rwe d sl e
76% compared to 2005. This trend also app

from aquaculture has increased from 4.7 toc
i's expected to reach 140 mWm0L9) oRubiyo2664al
this reason, today's |ivestock system has

i ntensi ficati oinnctroe assatnigs fdye meamdevern f act,
|l i vestock popul atipnhgébcandl ppushegp, i goats
until 2050.

TablRrojectionpowpull atvieen ofctkkom 2020 .upValou es0 5a0r e nr efr

billions (Yitbarek, 2019) .
Livesto 2020 2030 2040 2050
Cattl e 2.170 2.423 2.593 2.636
Sheep an 2.359 2.566 2.677 2.939
Pi gs 1.115 1.121 1.076 1.141
Poul try 24 . 76| 28. 81! 32.42 37. 031
It i s easy to understand, how these growth

cause great pressure on the production of
i ndustry. Currently, as report ed ky rMakksa r(
one third of total production) are desti n
by 2050. Worrying data concern the monoga
about 155 million tonniesn odf f%2 dmiplrloit@n nt m
data Jjust reported reveal an alarming pr
signifi-oahs wradethe production of food f
supply of food of saminmdli cantgicomnvessli bsa I

However, alongside the problem of feed/foc

N M



sector is causing concern in the scientif]
and transport of feed for the |ivestock se
production. At the same time, dasicaepedt ¢ d

cul tivati on account s for 33% of the tot al

grazing, with water consumption exceeding
As previously reported, the food sector [
precisely, it is the main cause of resour

responsible not only for high Itanodn coofn soucne
and fresh waters (Vermeulen et al ., 201 2;

by Benton et al. (20Rttyuyrbed(Daléh,-20d7Rbdr
GHGs produced by the food. - Yys3®BmM afccohatte
ant hropogenic GHGs (52.0 N 0.45%). More s

for about 4.9 N 2.5% of all GHGs, ruminant
and manure for abospo2t2 Mabu?7®ctwhilng tama
2.4 N 4.8% (Benton et al., 2021)

NN



2. European strategies for promoting

The above situatEuam preasn pndmnmt g EEU)ha o wor
| ohgegrm prosperity of a safe, green, cl ean
goal passes through the application of mul
Heal th, Gr e@aem DeoalFoarkd (F2F) play a major

Agenda 2030

Th2030 Agenda f or Suisst aam aad tei dbre vierl omgprmemme
and prosperity, signed in September 2015 &

of the United Nations. As shown in Figure
Goals (SDGs), i nmme bafoald6 % cttarogietps o(uUmi t ed
Yy SUSTAINABLE S
1/ DEVELOPMENT Zan ALS

NO ZERO GOOD HEALTH QUALITY GENDER CLEAN WATER
POVERTY ! AND WELL-BEING EDUCATION EQUALITY AND SANITATION

DECENT WORK AND i 10 REDUCED
INEQUALITIES

11 e 12 e,

16 PEACE, JUSTICE PARTNERSHIPS

AND STRONG FOR THEGOALS @)
INSTITUTIONS SUSTABABLE

z @ DEVELOPMENT

Fi guSes?2ainabl e Developmdiini Geal Naft i dAqhesnda@ 020

ECONOMIC GROWTH

13 Korov B 15 oo

The official sparatteof nt RO1ISDGguti dolkg the

the next 15 years, with a target date of
on the achievements of the Millennium Devck
food/ feed agsedtyorntr hecemost prominent and i mp
15.

Z
Il



x Goal 2. End hunger, achieve food securit
agriculture

2.1) By 2030, end hunger and ensure that a

ncluding infants, have secure access to s
Nations, 2015).

2. 3) By 2030, double the agricuddalral f pa
producer s, particularly women, indi genous

i ncluding through secure and equiatnadb li en pauctc

knowl edge, financi al services-addmead kand @
agricultural employment (United Nations, =
2. 4) By 2030, ensure sustainable food p
agricultural practices that increase prod
enhance resilience to climate changeteepsgt{
and progressively improve soil quality (Ur

2.5) By 2020, maintain the genetic diver s|

ani mals and related wild species, i ncl udi
national, regional and interna&tdildbnal seed
x Goal 12. Ensuring sustainable patterns o
12. 2) By 2030, achieve sustainabl e manage

(United Nations, 2015) .

12.3) By 2030, hal ve gl obal per capita f o
food | osses during producti-mar vaendt slugpspd gs
Nations, 2015).

12.5) By 2030, substantially reduce wast
recycling and reuse (United Nation, 2015).

12. a) Support devel oping countries in st
capacities to achieve more sustainable c
Nati ons, 2015) .

NO



x Goal 13. Promoting actions, at al/l l evel

13.1) Strengthen resitkiedmde danmrd s&kda mtnalt inan
countries (United Nations, 2015).

13. 2) I ntegrate cli mateowmcéalangel meiassiyresti
(United Nations, 2015).

One Health and Green Deal

The European One Health strategy represent

to sustainably balance and optimise the h

specifically, It recognises that, tpkeahesal t
the environment (including ecosystems) i s
Organisation, 2023). This approach incl ud:c¢
at different | evels of saocicm eotfy ptrod readotoignegt raw

addressing threats to health and ecosyst
coll ective need for clean water, energy a
change and contributeng (Worsludt HeabhbheOdeg
Al ongside this approach, on 24 June 2021,
Deal , a roadmap designed to reduce GHG em
neutrality in Europle &yaRIO&E0t hdhEWY Gor mo e
it s20&HOt negati ve emi ssions target (Europe:

Farm to For k

Sustainable
Food Production

L

Farm
to Fork

Sustainable

Food.
Processing &

Distribution

FiguOéj@ctivesForfk Fsa{rBratteoggan Commi ssion, 20

N M



The F2F strategy (Figure 3), an integral p
systems fair, heal t hyMama ppmediroelme,ntad | yr

today's foocdspyssems eadr®r al most one thir

consumption of natural resources, causing
i mpacts (dueantdo-mnwtetrrhtuodé¢r Further mor e, a ¢
Commiison (2024) , they do not allow for f a
stakehol der s, especially primary producer

accelerate the transition to a sustas nabl

described bel ow:

O Have a neutral or positive environment al
0O Hel p mitigate climate change by adapting
U0 Reverse biodiversity | oss;

O Ensure food security, nutrition and pub
access to sufficient, safe, nutritious a
O Preserving the affordability of food wlt
promoting the competitiveness of t he EL

Commi ssion, 2024) .

NP



. Alteresastai nabl e protednfomadrapgeli

In |ight of this, i n I'ine with European a
research, supported by the |livestock and f

to reduce the i mpact of the phantepfobédi il

with a high nutritional and functional pr
|l ow environment al i mparcap aphedvat erfentl D1
use of microbi al pr ot enienvs taencdh ntoh eo ge »es| o iotl
cel Hwloadrs fdrMad wstsa et al ., 2016 ; Chri ki a |
2021) .

3. Tlhhe evaluation of sustainabl e alternatiyv

3. Helmp Hi story

Hem@a@nabils. )saitd vaan anemophil ous herbaceou
currently debated. As reported in the Ilite
of Asia without, however, i dent i f yducgt itohne
of hemp into Europe, as shown in Figure 4
B.C. (Fike et al., 201%kentonryt B.¢C, , hamp

90.000 hectaredtentturyat8drianthero202021).

HISTORY OF HEMP PRODUCTION | Central Asia

IN EUROPE AND ITALY
Europe ’
4 SPREAD OF HEMP

2 milleniumBC

Italy

1 century BC

Geneva

Protocol on the Single
Convention on Narcotic Drugs

L Protocol of Amendment in

STOP HEMP
PRODUCTION

30 March 1961 | [25 March 1972

| ~
Italian Government, official I

gazette n 236

/

10 Sept. 1974

RESUMPTION OF
Reg. Reg. } HEMP
1251/1999/EC N. 1307/2013 | PRODUCTION
FiguHéesf#4ory of hemp production in Europe
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Despite this rapid expansion, between the
suffered a sharp decline, di sappearing f
synt heticabboweeal|l |l bdue to I taly's adhesi
Convention on Narcotic Drugs proposed by 1
March 1961, and subsequently to the Proto
March 1972meftdmehttivas aonverted into | aw
its publication 286t lhhé Q0f iSeipdle mBaezetlt9d 4n.
end to hemp cultivation in more than 183 ¢
in FéAdgumé the be’giemrniumrg ,ofatt Head1t in Eurc
revived with the intr(@&WctRegul ati 6wo 1288,
17/ 05/1999, which established a support sy
including inddRguhbat hemp( EBBNd1370/ 2013, w
was included among those eligible for Com
the only condition that the sesd®radednf
European cat@teguahwidtdcannabi nol ( THC) C
(Sorrentino, 2021). Foll owing the enact mer
began to spread in the main European cour
18. 000 he@zltwnretsheansgdeddand | argest producer,
3. He2np Cl assi fication
%
E===0 () ol

due to high content ‘
) of THC )

[ Narcotic purposes

( Low CBD/THC ) "’?ﬁﬁlﬁr presence

Fi guOedgr,

of the two
\___cannabinoids

L Medical Field J

genus,

" High CBD/THC
due to the high

presence Otg Bl! J

Production of fiber
and seeds
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s p e cG aensn aabnids cshaetmovtay pes o



Hemp bel ongRos$ al & sCaminnyacdearcacnadecC remadlsi ¥ epor t e

i n Figure 5, this genu€.is€&€tuvadae@mapi s5decc
(Farinon et al., 2020). To date,C.i tslaitg ,caon
which comprises thgatei vsauibrsdpeeacd es s ubbaipasIpi. ¢
(Farinon et al ., 2020) .

A common trait of all/|l cannabis plants is

cannabinoids, or more precisely phytocann:
of trichomes (fl owers). The profidel yandToq
reflect this wvariabi ICiatnyh,alairts eha®esbesdmus dg
according t o chemical phenotypes (chemot
specifically on the basis of tpiec ceofnfteemtts
cannabidiol (CBD), i mpo4tndnhtammart oirtys a@mti ive
al ., 2020) . Mor e spCecidfatdidved yc,h efnort ytplees o

foll owlrnwg tynae'ifiiumine J thy mei)ntaemrdne di(ameed i tcy o
us,arcording to the cannabiansoisdh opwno fiinl eF i(gFue
European countries, as anticipated, incl uc
consequently com@fee rfcoiral THC. miTthiosf vl ue su

di fference between hemp and marijuana (Pet

3. He3np Applications

The cul ti vhaetmpo,n aolfs of ikbnroewn as i ndustri al h
Today, the hemp market comprises more than
reported in Figure 6, the sectors most i n:
tmks to the ability to proehdéi baegé Rgpac
2020; Rehman et al ., 2021) . I n addition, |
i ndustries due to the 1important omeedisc adn d
characterised by an important functional

hemp has been attracting a | ot of attenti
the high nutritional andpfewcoushwpnl conepe
product of (Rupaprogbéesengal ., 2020). I n ac
sector s, hemp plays a key role in environ

grow rapidl yedoml wainadalusoagr it can reach f

NY



makes it an excellent candhdateemhonrn oonarsad |

roots (approxi mately two metres |l ong) pr e\
metals from the deeper | ayeerrs aowfaislaoaibli.l iltny
in the second case, hemp acts as a phytor
ni ckel, cadmi um, l ead, copper, armald isoed cetnii
natur e. Mor eover, i tes l@uligtei mantoiuonn sd e s wrad t

it acts as an antagonist against weeds ( Re

FEED r—

FOOD *——-*’V *;%yf/

COSMETIC (oil) &
FURNISHING

PHARMACEUTICALS |

IILDING
COSMETIC — BUILDINGS

ENERGY

ROOTS

= SOIL CONSERVATION

Figure 6. Hemp usefigndeappdbhptatdi &6nem Farinor

3. Nudritional and Functional profile of h
As previously reported, hempseed (HS) 1is
food and feed industry due to its ampemear

envel oped by a thin and hard peric-abpo cha
neutral deter g3bn% afciibdr ed e(tNeDR)esh3f & bir @ d AtDd
' i gni n (30DA )p)r;ot2e3i ns easy t o do gaecsitd sa n(dA Asi)
285% | ipids with balanced fatty )achHawe \édra

as reported in the Iliterature, these conc

N ®



environmental growth factors and, most i mg
seed Ii's subjected to (Fi)ke et al ., 2019; L

Fi bre Content

The fibrous fracti on of HS s account s for

precisely, fibre content is characterised
value to that of other food/ feeedsionrticles, |
sector (Call away, 2004; Farinon et al ., z
treatment and extrusion, it is possible to
for food and feed applications (Amaducci e
Most of the phenolic compounds characteri ¢
fraction, particularly at the I evel of the
are | ignans, phenols derivedyfsroml shoi Kinmi
phenyl propionamides. These compounds bel or
and |Iignanamides (Farinon et al., 2020). L

HSs and includetrcamfiadleioyi hmdBiaanm cheeidp d thred s i

fracti on; catechin in the cotyledonary fr
(Farinon et al ., 2020) . However, fibre pl
phenolic compounds. bBpdedekenoi s aead physobk
within a matrix by chemically interactin
bonding (oxygen atoms from polysacchari de:¢
phenolic compounds), pahnedn od sv arleeancth btohned sg u 1
colon where they can exert a beneficial ef

Protein Content

I n HSs, the proteins are mostly |l ocated i1
the hull. More precisely, 181 proteins hav
al bumibc,ongnd cinin (Farinon et al ., 2-020) .
80% of the total protein content, al bumin

accounts for approximately 5% (Farinon et

prova deeual i tatively and quantitatively hi.
essential AAs, resulting in a high biologi
are | imiting AAs, as reported in Tamlng 2.
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(2019) and Call away (2004) , the compositi

guality proteins, slW@ch as soybean and r ape

TabadAmi no acids composition of hempseed.Vada%)s, ag ey
expressed in g/100. Table adapted by Ca

Amino aci Hempseed Soybean Rapeseed

Al ani ne 1.28 1.39 1.05

Arginine 3.10 2.14 1.49

Aspartic 2. 78 3.62 1.82

Cystine 0.41 0. 54 0.39

Gl ut ami ¢ 4. 57 5.89 4. 41

Gl ycine 1.14 1.29 1.28

Hi stidin 0. 71 0. 76 0.72

|l sol euci 0.98 1.62 1.00

Leucine 1.72 2.58 1.80

Lysine 1.03 1.73 1.49

Met hi oni 0.58 0. 53 0. 46

Phenyl al s 1.17 1.78 1.05

Proline 1.15 1.65 1.59

Serine 1.27 1.54 1.10

Threonin 0. 88 1. 35 1.13

Tryptoph 0.20 0. 41 0. 31

Tyrosi ne 0. 86 1.14 0.69

Val i ne 1. 28 1.60 1. 26
I n addition to AA composition, protein d
parameters in determining the nutritional
proteins was demonstrated by Mamofnoel leotwianlg
i n digestion, only a few peptides resisted
proteins results in the release of pepti de
thus able to escape enzymatestideglatdaacon
and introduced into the bloodstream (Farin
t hese pepti des ar e characterised by hig

anti hypertensive, a rsttioprrod leirdi ecff, & @ inavmattior hy
neuroprotective effects (Farinon et al .,
concerns allergenicity. Hempseeds are cons
As reported by Dercluy pfeirvetalaller g(e2n0sl 7ha v eo
pl ant s. Only the RuBisCo protein in HSs.

this allergenic protein is completely deg

Il
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observed by the authors, no protein frag

di gestion.

Li pid Content

Tab3dFkatty acid prafivVlae uefs hempexpdessed in % of o
analysed , the maal mesm ahdt méeni ammomge of data obtai
cultivar was Adstmaydadd déei ameiamn is reported. SFA
Monounsaturated fatty acids; PUFAsFaPohgunsesttalat

SFAs MUFASs PUFASs n-6 /- REF

n.a. n.a. 84.0 2.5 Call away (

10. 9NO 13. 1N 75. 1Nz 4 Siano et a

10. 9NO 17. 5N 72N4. 3.2 Vecka et a

9 -160 . 3 n. a. n. a. n. a. Vonapartis

9 .-141 . 7 9.-176. 1 72-8B.7 2 -48. 5 Gal asso et

n. a. n. a. n. a. 3.-5. 5 I rakli et

n. a. n. a. 72-78. € 3.-52.0 Lan et al
Over the past decade, the |lipid content o
l' i vesnhdoaktry due to its attractive nutri
specifically, it i s characterised landa |

monounsaturated .f &Oft t haecsieds t(hMUFMse) most p
9), the amount of which (11.90 N 0.35%) i s
in the food and feed industrye dwchPaamzs RX
the same ti me, it has a high c9gnt eAmtongf t
PUFAs, those most presdnt(5dr @5 Nnidd ecli7edh)a @a
(18:33, (nNN6. 7FaMNi hom8 %)t (ah .ad@iOROon to bein
as they are introduced excl usi velhyaitnh rPduUgl
i ncluding arachi égni cdoxoisk hgxXddemd) cnrad i
eicosapentaenoi-X) ,acwid p(2¢: k®By mol es i n
cardiovascul ar heal t h, 0 bce saintdy iannfd atnhnea troer
through the synthesis of prostagAsngdhawn air
Tabl e 3, i nteresti BY-resundesdarasrdpsescted
values around 3.5, typical of the mediter)

and phydieaalg.wel |

At t he s asmé st iathes,o0 KSraracterised by an int
to its unsaponifiable matter -1.A4%)h ooufg ht hiet



content, it is rich in antioxidant compour
al ., 2020; Leonard et -sall.ubl 202®)mpoTandasp hcer

mar ked antioxidant activity duwe tTd etyh airre

into f oukb,olaangiit esppherol . Il n HSs, thhe pro¢
tocopherol (21.68U0Umdg/ BQ0 mdgh iEtowddgd) pf hBakrdoi v ya n
et al. , AeodOySnganoedt ocaclompidhg2@828) |y absor be
to accumul ate within tissues where it pl a;

cyclooxygenase activity -PHBnipiolsiittiiom ampgpeintr
better able to caipltaag,e duplopas | reaectdece ro
tocopher ol is somewhat | es&t podpmdr dlin. dlomeal
l atter i's generally comsbdepéaéedr olbré&ak mog
antioxidant for inBkBivangetipld,pépbagj)dat

I n addition to tocopherol s, phytosterol s
f sstol ubl e compounds that cannot be synthes
They have a structure similaartoyt hewhenfi

phytosterols are able to reduce the solubi

of free cholesterol, playing a key role |
di sease (Farinon et @l ., 2020; Leonard et
Hempseed oi |l is also rich in phenolic com
stability. I n particular, Smeriglio et al
pol yphenols, particularly fVvamoheidanduchc

known for their potent antioxidant-3@cti vi
glucosi de, epicatechin, and daidzein. Phen
i nclude di hydr oxy bteanretcaiact i @ c ii-csyonmeera $cf € apy i d
caffeoyltyfaemuog)]tgndmNne (Smeriglio et al

3. L.i5Miting factors in-bhtake dwipdeosprceaasd iwmsda h
sector

As described above, HSs are distingui shed
Nevertheless, their characterisation, whi
|l i vestock sector, i's stildl at samaiemalryycau
stringent European regul ations. More ©pre
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2022/1104 of 1 July 2022, has only regi st
fibre (both originating from stems) wi t h

(European Union, 2022), excluding, poscowi ||
products. This has caused a sl ow spread of
argued by Muzyczek (2020), in fact, the ma
Uni ted States and Canada. Onl gd2bt &LUr ope
France being the main producer, as shown i
Share of surfaces
by country (%)

LT

3% 844
UA
3% 15
AT 3538
y a20 875
3.114 1.708
699 1.500
460
1583 4,
0 .5 3.400
Surfaces per country 5 10 oo 300 —
(ha)
119
FiguEeropean spre&esof tbBempe reported in hectare:
(2018) .
This | i mitednadinf fcauisen oifs tthlee el evated cost

when compared to that of soybeans (0.5 eur
sector, which does not allow, in conjunctd.i
hemphenfteed mar ket. For this reason, it

i nvestigating this alternative matrix to e
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3. T2he evaluation of sustainabl e atppreduatisv

The increase in food waste has been a maj
highlighted by FAO (2011), globally about
year . I n this scenari o, as pr evniiotuisaltye dr etpf
trategy with the wultimate goal of reduci
ustainability of food's production, proc
chieve this, one possi hiloen aopfp rfooaoccch echoauil nd

o T n

-

ducts of the |Iivestock sector (Rakita €
t al . (20 80)o,dudcfieer st etran t hose product-s obt
ustri al processes, including the produc

® T 9@ 0O n

5

_..,
—
O O O o

zen vlehgiest asbtlreast.egy has mul ti ple advant a
fr

ec

m the |linear economy and towards the ¢
nomi cr camnde netnavli sustainability. This eco
system that ensures a reduction in the us:
al ., 2017) . Il n addition, it guarantees a
products and an i mprovement | Thoadhatmal - melatd
products have been included in the ani mal
for mer, as shown in Table 4, thgseumoisti o

proficlger adwexzp sl @ef grape marcs and pomegr an

Tabl@hemi c al compo girtoidurc t sf (f% DIM) cd appl e, Darapar a

reported as memant tvearl;,ueCP:DM:r uddcey protein; NDF: net

detergent fibre; ADL: acid detergent |lignin; EE: e
et al . (2022) .

Fruit Ceprodu: CP
Dr i-peadma c
Dr i-peadma ¢
Appl e Dr i-ppadmac
Fr epsohma c
Fr epsohma c
Fr ersehsi d
Dr i-peadma ¢
Grape Dr i-peadmac
Dr i-peadma c
Dr i-peadma ¢

Seed

Peel

Pomegr Peel
Pomace
Seed cz:¢

T

ADF ADL EE
15.
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The use @roluvai$s o the dhas o©b L[Lakestthe

composition into consi deeghastagmal iAsetr eglo.r t (e
al . (2017) , Steyn et al . (2018), Atalay (
pomegranate processingdrasidtessctaoukd bar
with high amounts of neutral detergent fi |
same time, as Phowdomcits Ddblveg®t abd e ori gir
in the feed and |livestock industry.

Tabl e Chemical composiptriodmucdafs (&g OtMabl €d 2 oonat o, pep]

pumpkin, beebDat & ammé aneported as mean value. DM: d
detergent fibrefi AD&E; ARLd aeciteérdgemnergent | ignin;
Table adapted from Vastolo et al. (2022)
Vegeta Ceprodt CP NDF ADF ADL EE As h
Drj-ppwdl | 19. ( 55. 4 2 . 26. 1 5.1 n. a
Dri-ppdma 13.° n.a n.a n.a 0.9 11.
Tomat «Dr i-peadma 22.: 49. 32. n.a 15. n. a
Dr i-peadma 18. ¢ 45, 13. 5.3 4.1 7.5
Fr ersehs i 21. . n. a n. a n.a 13. 3.3
Peppe Core 19.: 31 22. 5.5 6.7 n. a
Skin 9.9 75. 6 4. 38.:. 3.3 5.1
Fr ersehs i 18.¢ n. a n. a n.a 8.1 n. a
BrocccFresh « 27.2 24. 21. 3.3 5.1 5.7
CardocCardoor 21.: 46. 36. 6.4. 7.7 5.5
Cameli Camelin 35.: 38. 20. n.a 13. 5.9
Pumpki Cake 19. ¢ 41. 32. 10. 14. 6.5
Beet Pul p 27. ¢« 13. 4.0 1.5011. 5.2
Canol Me a | 50. 7 13. 39. 5.8. 13. 5.0
Hull s 2.2¢ 63. 8.2 0.8 2.2 n.a

Howeveprr,odcuoct s of new matrices such as hen

t heir ipnutterrietsito nnagl and functional profile
As shown in Tabbduéts hame chbaracterised |
described by Kleinhenz et al. (2020) g the:

a different use as a source of dietary filtl
i nteresting protein content, espeEumnbpgahe
regul ations (Regulation 202&vild0dl,y Enepptrrel
their use in the feed and |ivestock sector

their use i n ani mal di et s.
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Tabl@heémi cal composptodoncbs (Remptecoleaves, stalk
Extracted f.|l owadruse,s haulel se)x pressed in % DM (KIeinhe

and Fi ke, 2022). CP: crude protein; ADF: acid det ¢
Pla LeaveStal Chaf HS ca Ex. fI Hull

CP 6.9 13.0 5.3 21.2 30-3a. 24. 5 21. €

FAT 2.7 8.9 1.2 4.6 10-12. 3.2 23. ¢

ADF 60. 20.8 64. 18.C 32-39. 18.1 37. ¢

NDF 81. 44.7 84. 27.9 39-53. 30. 9 57.1

Al t houpgrhoduccot s represent tdevalcihd evtematne gy f

circul ar economy, it mu s t be emphasi sed t
Mainl vy, t hey present much wvariability in
considered, environmeinquds farcd oprsgc dasivieg t
they are subjected (. At the same ti me, asc
(2022), they require preservation treat me
par ti culparroldyu bftosri gchot moi st ure and | ipid val

factors ®scalehaplpipirgpatuicars ,ofproompti ng sci el

their characterisation to favour t heir Us e
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3.T3he evalsuwdgtiwinnaodl e alternative protein |

Al t hough the use of microorganisms for f el
use of mi croorganisms as a direct food s
identifiedmicdebi athdPE)et mpglnassy a pri mary ro
more sustainable food production system,

current statwus of their wuse as an alterna
sources (GCkanmgi MicabbjaPRripsedebynwsaahieghkhpi
the presence AA$ wailtanisnsse,entmiamer als and o
Ssubstances. Wi thin this group, as reportecf
bacteria and mycoproteins. This productior
opdn el ccudltanwtati on and today's farming sys
stable growing conditions, | ow environmen
antibioticgs 200Qilgni Aest aalgued by Ci ani et a
aspects associated with MPs is the efficie
are fully converted into consumabl e protei

where the production of pl ant proteins on

di spersing them into t he environment an:
groundwater, eutrophication of surface we
e mii DN s . At the same ti me, as previously
interesting nutritional profil e, ot her wi s«
main matrices used in the feed industry (1

TablAkverage composition of proteidfabbetandagdgtedomrad

(2023) ; Banaszkiewicz, (2011) . Range of wvalues ar
mi croorganism used. n. a.: not available.
Al ga Fungily Bacter Soybean
Protei 460 30060 5@ 3 43-48. 9
Tot al 455 350 6@BO0 4&b0
Lysine 4.-7. 0 6 .-77. 8 4 -53. 8 2.8922
Met hi on 1.24. 6 1.-15. 8 2.-3.0 0.-06. 69
Fat s/ Li 510 513 810 0.850
Carbohy 9 n. a n. a 33
Nucl ei ¢ 4-6 9.70 15 6 n. a.
Mi ner al 7 6. 6 8. 6 n. a.
Ami no a n. a. 54 6 5 21-249. 9
As h 3 n. . n. a 5.-76. 2
Moi st ur 6.0 4 -66. 0 2.8 10-12. 6
Fi ber 3 n. a. n. a 4 -73. 2




For this reason, the food industry has i

alternative source to traditional matri ces
Tabl e 8.
Tabl@vearview of prodwmatrkeh gokemésraddf.f enr.ean.t nnoitc
avail able. Table adapted by Matassa et
Organi s Vol ume Cost Gl obal Yearly
(ton DI (eur/ k¢ (Billio (% per
Yeast 3.000. n. a. 9. 2 7.9
Mi cr oal 9. 000 4-2 5 2.4 10
My copr of 25.00¢C n. a. 0.214 20
Bactler i 80. 00 n. a. n. a. n. a.
Bact’er i 5000 n. a. n. a. n. a.
IProfl2eaedcdki n E
Among the MPs, although microal gae are th
reseairncchr elassi ngly investing in their use |
nutritional composition, as shown in Tabl €

TablMutdri ent composition of( Kluisfnaeyreedit eri calo.a,l g2ae2

reported in %.
Mi croal gae Composition ( %)
Lipid Prote Carbohydr
Botryococcus 33 39. 61 2.38
Chlorella vu 12 515 8 127
Haemat ococcus 15 48 27
| sochrysis g 1214 5666 1a 7
Nannochl orop 22381 3A4 814
Porphycidémtmu 5.-785%t 27-40. 22-39. 3
Scenedesmus (! 1.9 4 2152
Spirulina me 6-7 6 071 136
Synechococcu 11 6 3 15
Tetrasel mi s 3 52 15
Lipid Content
The | ipid content of the microalgae, as sh
strain considered. However, the |-Bpa®ddpnof
PUFAs (Kusmayadi et al ., 20249 . Grospa(roo
Choopani et al. (2016), théelyi aokeictadmaicdef
>l i nol ei ¢ -@)c,i dl i(ndBl:6¢ naodda¢a8h2donic aci
in health defence mechani sms, including ¢
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the same time, they are characteri-sed |
and ei cosapeiBt)aeclmoanagn afcatdt  2&c i5ds ,n whi c
rovement of brain function, prioper of
| ammati on, the management of cardiovasoc
stroke, due to their ability +to red
smayadi et al ., 2021).

tein Content

previously described, since the | ate 1¢
h proteBPhecastentmicroal gae are charact
(Il eucine, i sol eucine, met hi oni ne, |y si
comparable to that of other food aseourc
t alesseonbi al AAs (arginine, proline, gl
tamic acid) t hat dbaemeprir ogi, de ncmpdr ngnt

ression, cellular responses and anti oxi

bohydrates Content

roal gae are recognised to be a good sc

uctural components of <cell walls and as

esent in the cytosol and chl eropugsatsof

ot her polysacchariCeéeds aj KUymataaos ge infh @ #
mention .The part & manyollcerevel gt g p ol frls,a3c ¢ h a
can) , found exclusivellyy Eing |lesapwdce resi, d swh
e is to stor(eGiemsdrbgy edndaplapt b2l &) ., p
racterised by 1 mriwrkomo ccu If aathadri yn goriid2pse rotw
ce in the nutraceutical sector, especi
eased the certific@@RARN Mot iac & odvad. axdld3 ,t
elheal|l ¢ corft ecnatr bdapdndseen the al gal speci
t he photoconversion %d6fi ¢ ibdadawrtyy, weriegahcth
bohydrates, amountabmddulyatoefd Ibiyg htthe taw
i ne concentration, during the cultivat
Ve, it i's T mportant to choose algae s

guate sugahecodmpdsianidohekdr stector
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ns and pigments

tritional profile of the microal gae
ant of which are vitamins A, B1, B2
, pantothenic acid, thiamimcdéd, ariebefl
eir positive effect -loonpeazniemalala.nd 2nh(

i me, as feoperzt ed y . Vi(l2l0alr7yel mi cr oal
S of pi gment s, chgesicfoileodur asi ocnar,o
wi sh <colouration), phycobilin (red
ation). Carotenoi ds, the main pigme

|l es by acting acxygearecdpagaieans,h etrise rod

i ssues fr omMelx$ adreatpiavweo deatmaagle ,( d2e0 1 3) .

i on products of car optheynceose.r yPthhyrcionb)i |ai

roma of the chloroplasts of Cyanobac

C 2014) . Finally, chlorophyl |l s are

phyl |l A is thetmaibhpbhbeocmepmrctahtpr
i nvol ved i-lno ppehzo teots yanlt .h,e s2 G1 A )V.i | As

<

s, chlorophyl/l can be used also as |
S cbemicalmstaobcto that of haemogl o

growth through the rapid exchange ¢

gh the nutritional and functional P
bed by Kusmayadi et al . (2021), t h
ions such as pH value, |l ighQsupplekwnsi

is reason, it is easy to understand

approaches to modify growing media to

rit

ious and healthy product s.
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3.Tlhe evaluation of sustainabl e alternati v

Ani mal products gemafadcodmi h&kve elpgasnaan i nt e
and a strong cul tur al identity for milli ol
consumption has been | inked to an increasi
gl obal mriodutchte ol a®2100 290 Yyaasr s ncte@@sed dr an

Tabl €ohGumption (kg/ person/yr) of ani mal derived
America and Af ri cTaabilne 1a9%6alp taendd b2y0 2FAO0 (2021

Wo i Europ: Chi na N. Amer Afric

196 202196 2021196 202 196 202|196 202

Mea 22. 42.|47. 75.]3.361.|74.:.:100./13. 16.

Mi || 75 70.1171 182(2.325.|1220.169./29. 27.

Fis 8.920.(2123. 21.|4.311.| 11.18. 4.5 9.5

Egg 4.510.1]8.913.]12.014.|14.: 15, 1.2 2.1
I n particul ar, me at and related products

167% to 918 Mt, fish and seafood by 355%
2021). As reporteendd imi fidabbdlee cloQu,ntlr o wa, par

experienced the highest gr owt h, driven b
consumption (WAsdpeeéeviabusl yoadd)ici pated, t
retail), i's responsible for a hi gshi oenrsviarro
taken into account, as shown in Table 11.

Tabl.&€&sil1 mates of greenhoegeigast eamisgsifoom(KgoBOct.i
agriculturallaptedadaepted by Wood et al

Ani mal s \ Pl ants
Perpkgduct s

Beef (beef 99.5 Wh e at 1.6

Beef (dairy33. 3 Tomat oes 2.1

Pi g meat 12. 3 Peas 1.0

Poutry me¢9. 9 Bananas 0.9

Mi | Kk 3.2 Ot her vegetO.5

Cheese 23.9 Potatoes 0.5

Far med fi<13.6 Roat vegetiO. 4

Eggs 4 . 7 Nut s 0. 4
Specifically, meat, dairy products, fish a
the farming phase dominating production, w
part (Wood et al ., 2024) . |l evc tpead tfircaurh a3 8. 7
in 119 different countries, shows that pr

@)
|



emi ssions than those of pl ant source. Sp

rumi nant s, where the main source is meth
processing (Wood et al ., 2024). Thi satrepr
the amount of methane in the atmosphere he

It has a shorter agcumuhati an -fpog pdr ocd iitnisaat eel
over -yaealrOOperiod (Wood et aldent20when clTdness
the environmenilanidmmaecthap€€Oemi ssions) of

presented in Figure 8.

Arians Figh maters  Low meat eaters  Mediom meat  High meat eaters
aabers

Fi guGelG8 (HWHB £LQui val ents/ day) associatedWwodh di
et al ., 2024) .

I n | ight o f the above, the rationale bel
consumption of a#ninmalmeprcodindtrd eisn ilsi glvi de
with the pr-ojme dtdiil @ns ncefomeowountri e awsleern en
the coming decades (Wood et al ., 2024). Th
as the Western diet is a symbol of prosper
are a key component of earmtilnygsofi ns achieasle i
(Wood et al ., 2024, Parl asca and Qaim, 20:
(2020), it is important to emphasise that
body nutrients sucnh nasBli2r,omwhi zihnc sanhd gvil

prodilactdat e, as reported in this first par

0)e)



by the scientific community to reduce the

Among ¢élelsel, ar wagt dcblet aneexcell ent candic
di scussion and debate. Cellular agricul tur
fish, dairy products) from individual cell
as aniimal g,hewul ti mate goal of producing pt
similar to those obt diEndd y tadadi t2i0@&rgl. t
Figure 9, the production processes are si

i mportance when considering the production

34 weeks for cul tured meat .

TRADITIONAL MEAT PRODUCTION PROCESS (9-18 months)

'™ -al P

Cell multiplication during animal growth Slaughterhouse Muscle Meat

CULTURED MEAT PRODUCTION PROCESS (3-4 weeks)

r/ \\.
e - -~
Tissue/cells sample Cell line Proliferation Maturation Hamburger
FigucCempari son between traditional meat pgrigduetic
modi fied by Ding et al. (2021). Figure cr e
Of the major products, cultured meat i s c
of debate today. Al though it i's of recent

precisely, as early as 1931, m¥i byt omtClouduc
early form of the cultured im&at sbahtepptsce

absurdity of growing a whole chicken in o
parts separately in susd,abdyyentstoatli.c |Ifnodd ey
(Churchill, 1032; Ford, 2011). However, th

on



the interest of the sci'édnetnitfuircy.c aSmnaurtiitnyg
first with the first patent on the cul tur
and | ater thanks to the National Aeronaut.
i n culturing goredafti sbhe gnaena tt,o cmeletturwed h gr e
al ., 2002).

The popularity of cultured meat, however,

television presentation of the first synt

From 2013 onwards, as reported i mnfFisgureatil
publications on cellular agriculture star:/
meat products were commercialised in Decer

80
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0 = . m = jai] m I
O i~ - o~ ‘ O-ANMTNWOMN NN
0 0 Pe) ) et} vt e vt e e e e
o ¢ S222223288°%

FigurhNhumMher of articles deabjiagewetthpeul yeaed( msabd
in the Web of Science( ®hrbilkiomett ralc. ,daz Gd@)s

As described in Figure 10, the scientific
over the years, especially in the | ast de
this new producti on. The firsd icrertttae nl iyt
cultured meat is referred to using variou:

beiing: wmetatg c¢cl ean meat, culturedbaesad,h mesygt
artifici-garlowre arme dtfr,abaeigmélar ivan meatb,aswagar

meat , sflraeueg hmeeart and f ake meat (Chri ki et

OoP
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ChaptjJerentEinthlammdimg and chall engiessy mutcmioer

and nanopl asbticioochudmenant s

0 Manuscr:iFutncVi onal characterisation of E
medi um enfroi elvrmd utat e how the suppl ementat
the cul turkEgrneecdialsinrsabf e to modul ate its
profile. The evaluation was <carried out
andemandigestion process.

0 Manuscrilpmpawltl of Nanoplastics on the F
Species Used as Food Suppl ement s: l nsi gl
Di gesti olmb Stswsdkisess t he i mpact of single po
and mixed nanoplastics (NPs) (PS+PE) e X
mi croal g€e us gacHd slsuvusaded sas food suppl em
aftarandx odi gestion. I n parallel, the beft
by determining the particle size (hydrod:
surface)cshiamggeDyynami ¢ Light Scattering (I

Chaptdrd entCulltedr eil me at devel opment : exp
regul atory hurdles, andomprtieseati ve growth
U Manuscr i:Ppitotvédhnol ogi cal and technical c
produTodiomtl i ne and di schialsl earhgesriinvaclav e
meat production, focusing on biological

ani mal spefci @ees , alatne mmad t-b ivemattea i BBS,i ntefr
scal abl e, sustainabl ebbhiecftalvrei a ast itoon enmeptl

cultured meat hol ds significant promi se
preliminary stage, necessitating-sdalrd he
producti on.

U Manuscr:Cpt t uKed meat iin the European Uni

safet yloi pgswevd de an overview of the curre

al so economic challenges of <cultured mea
first of al | the |l egislative regul ati ons
fous d&rnkc ohmeext . I n parallel-dephbk dpammealt
food safety issues and the need to provi

oo



point. At the same ti me, the main critic

nutritional properties that <can guarante
hi ghlighted. Finally, t he papercuditms etd¢
meat, with a focus on consumer acceptanc

ManuscrMiptk Xvhey as a sustainable alterna

serum i n mus.cTloe ecallluadt el tvhreey pp i &ViRiédn B b

supporting myobl ast proliferation in the
ability myotfumbkca | fiadramati on in the C2Cl2
effect of WP on myoblast proliferation i
foll owed by t he i nduction of mmbdDt agen f

di fferentiatientmedi um. tdhdebdbfy mine whet

alternative to FBS in promoting myobl ast
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Chapter I

From characterisation to applic
products amd odiulasnesendahconutri ti on
The research presented in this c Hapsbtesdd eXx)
pl acnggr oduct s, part ifoul atrhleyi rf raopnp | h empg,i on i
function fedd dgavealldErmentt.he research al so
cproddbes.overarching aim is to address ¢
agriculture and ani mal husbandr y pbryo pienrvte sef
o f t heetsrei cBys examining their tot al phenol
bi oactive peptide profiles during differe
t h ebierhavainodurf uncti onal potenti al within th

studies evaluate the prabenpetoduumpt $s cani o
diets, focusing on their effects on produc

qgualitieslepifveadhi mabduct s, fsiurcsht acsh aepgoe ry ool

provides <critical i nsights i n-tderdt nper owWaircd a
emphasi zing their potenti al tdo pernohdaunccte gsuua:
the livestock industry.
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ABSTRACTSustainable agriculture aims to p

security and play a key role in environme
scientific research, are investigathnghneyv
performance and preserve Ctameliarbilse ¥slaltls .v@ac
great success, both for its active rol e

nutritional pri@0i% € aoboti@Wapgedse QB easy
rich in essentiiBl5 % rmiimpad dacidd o ,lataanyd aZm:m dc cc
al so ensurperdodouyc ttshe pcaa t i ¢3ud% rpryo tsedile@8 caarkd

l' i pids). However, the | ast scientific repo
of htearspe d products intedhebdeldtce20dl. nbhw
objective of this review, in addition to
andprcoduct s, aims to investigate their us
diets of pilgasyi g ohdreg,s,bynsgdummari sing t he
to 2023, i nvestigating the effects on ani
showed that the addition of 50 g/ kg of HS
mi | k lasmglt cwom in | actating sows, particul ar
heal th of piglets. For broilers, the incl
growth performance. This was not nkagt)c heldn
particul ar, although a better polyunsatur :
growth performance were contradictory. The
50, 150, and 200 g/ kg incluSsoOupFbo R&OI C
oi l (up to 300 g/kg), and HSs cake (up to
profile of the eggs, safeguarding perfornm
promising resultdasthde piswmat itthre afi etemg m
needs to be further il nvestigated to ident
admi ni stration, necessary to ensure high g

KeywaC€Caeps odHempayi ngPiHgeonugl t r

https://doi.org/10. 1016/
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| MPLI CATI ONS

Feed from sustainiavdseeaignichéeétiuireessoak keg
by research, are investigating new alterne
(Cannabils. satepraesents a viable alternati vi
its |l ow environment al i mpact . For this r¢
i nvesti gat e -btahsee du sper oadfuchesmp n addi ti on to
demonstrating the potenti al of these proc
brei$ and | aying hens.

I NTRODUCTI ON

Sustainable agriculture is the production
t hat does not jeopardise food/feed securi
research is investigating new oaldmeswmrae i vk
principles. This objective is strongly pur
approach, and subsequently with the Green
that human, ani mal , and e nevdi,r opnrnoenmottail n gh eeaf
of resources through a circular and <cl ean
alter €Ganinabdsls. sacommonl y known as hemp, i s
in the food/feed sector, not only due to
hempseeds (HSs) but also for the role it g
ablewtoagrialy in different agroecol ogical
whil e requamouwmgt d ionfi twater and herbicides
carbon sequestration (nine to thirteen to
metres |l ong) prevent soil erosion and al sc
| ayeRspasinghe et al ., 12r02M®ar tRiechudaanr ,eti natle
grown foll owing the European Regul ati on

system for al |l producers of particul ar t
Ewrpean Regul ation 1370/ 20183, with which h
eligible for Common Agriculture Policy pa

used for cultivation be of varietigds reg
tetrahydrocmtnenmatb i onfdl.l 3% s( Schrarne Mt.i2no, 2021)

To ensure sustainable agriculture, one po:
resi dues and -purnoudsuacbtlse acnrdo padcdo ng t hem t o t
among t hespe,odhuecmhps c@a e attracting great in
| eaves and fl owers (obtained before/after
whol ehseaads, and seed hull s, as reported b
(2022), and Ely and Fike (2022).

However, the | ast report by the Europ-ean F
based products in feed sector, enGanreld sS¢
genus) for wuse as ani mal feed, dates back

mnn



report, EFSA suggests inclusion | evels bas

expected, the number of scienti-basegupil od a
i n the diets of monogastri c aenasnman,s thhaes oib
of the following review, in addition to
product s, aims to investigate their wuse i
hens) by summarising the mai 20@8r ks nvest hi
on ani mal health and performances.

Nutritional properties of hempseeds

Hempseed is the main component of the plan
promising nutritional and functional prope

pericarp characterised by ©0®Wi §bDFHEM® QAMDF, o f
andilb@® ADBO%2 dProteins easy to digest and

235% | i pids with balanced fatty acids and
Lanzoni et al ., 2023). drhe s=xi miall aire st, 0 atsh e
i mportant matrix in the food/ feed industr
TablMutritional profile of hempewdsy OHSHOM bampal e
present el SIBEM.meBEh = et her extrac¢(20Z8ble adapt
DM CP EE NDF ADF ADL ASHE
HS<94N06 123. 1N27.9N44.6N33.2N14.4N5. 8N
FXs91.6N23.0N36.0N41.5N19.5N 9.2RKN02. 7N(
However, as reported in the I|literature, t
environment al growth factors and, above al
subjected (Fike, 2019; Leonard et al ., 20:
The fibrous fraction of HSs is characteri
similar value to that of other food/ feed =
et al ., 2020) . However, due to 1teatmemoiss
concentrate fibre fraction, making them m
(Amaducci et al ., 2008).
I n HSs, the proteins are mostly | ocated i
the hull. To date 181 proteins have been i
al bumi c,ongndycbhb nin (Farinon et approfoma)e
80% of the total protein content, al bumi

conglycinin accounts for approxi mately 5%
Edesti n, whose mol ecul ar weighat isaab300t kD

which reorganises itself into an acidic al
which make it I ess flexible than al bumin.
proteins is their AA enimpodiliy oam.gEeaatsen nn
branchadn, and aboeb AAS, ssoahphsar cysteine

npe



provide greater nutritional value than al

provide a qualitatively and quantitativel
essential AAs, resulting in a hidht rby potl copgh
are |imiting AAs. However, as demonstrate

comparabl e to-qulaat tgf potohern nsi,gbuch as so:

The | ipid content of HSs, called also oil
reported in Table 2.

Tabldkatty acid prafiVlae uefs hempeapdessed in % of o

analysed, the maximum and minimum values of the r
cultivar was analysed, the mean N SD ilseirce paccritded.L
Linoleicoacind)] eGcAlhcindd)] eAlids: acid; SDA: Stearidoni
aci ds; MUFAs: monounsaturated fatty acids; PUFAs:
reported by ®B3drinon et al. (202
Call e Siano Vecke Vonapal Gal as: I raklLan e
(200 (201¢al . ( al . (z al . ( al ( (201
PA 5.0 7.0NC 5.6N  6.77.0 6.-77. 3 7 .-91. 1 6 .-71. ¢
SA 2.0 2. 8N0 3. 9N 2 .-21. 8 2.-33.5 2.-2. & 2.-43. (
OA 9.0 12. 7N 16. 2T 9.-43. 0 9.-125. 10-13.12-138.
LA 56.C 56. 2N 54.7FfF 5556.¢ 5558. 51-58.53-59.

GLA 4.0 2.9NKN0 n. a. 2 -46. 5 0.-46. 5 1.-59. C 3.-6b.
ALA 22.(C 15. 0N 16.2F 14-127. ¢ 12-16. 10-15.12-18.

SDA 2 n.a. 0. 5N n. a. 0.-12. 5 n.a. n.a.
SFAs n.a. 10.9N 10.9fF 9.-160.3 9.-141. n. a n. a.
MUFA n.a. 13.1RK 17.5f n. a. 9 -176 . n.a. n.a.
PUFA 84.C 75.1N 72.0fF n. a. 72-8D. n.a.72-78.
n-6 /- 2.5 4 3.2 n. a. 2.-48. 5 3.-59. £ 3 .- (
It is distinguished by a | ow content of sc¢
content of wunsaturated fatty acids, i n pa
|l atter, as shown in Tabl e 2,r e caiolunftrsa cftoiro
up to 84% (Call away, 2004; Siano et al .,
are |linol ei6g almiddoal( di8c 2%,c iNAIL A)1,8: Bef inned as
aci ds. They ar e tchheaiUFAefc,ur @ama chiodfo+i)gngac
docosahexaenod3), aandl d€di2QoSapead),aewbichapi
roles in brain development, cardio vascul a
and inflammatorgypribheeissesf piastagl andi n:
et al , 2020) . Hi gh | evels of I inoleic aci
mean t hGa/h trlae i o, respondebhg, fos pbwsiaphp
define&@FBMA Btbethe i1ideal i ntake (Leonard ef
l i noleic acid and ALA, HS oi | al so <ont a
l'i nol enic -Aciadnd 18t 8&ar inBgni awhacihd a(1® w4 ,t h
enymati c 6sltes@tof adet obebypassed, facilitat]
active fohmi of PUBAg (Farinon et al ., 2020

nz



acids (MUFAs),the most -pyewhlieht i Bspobkskn
comparable to flaxseeds andegleaPaer ehanal c

Al t hough, as previously reported, HSs ar e
i mportant to underdniune i thenplresanter»fasa
nutritional factors in HSs ar enrmihrygd,i cs ago |
and -sntoanr ¢ h polysaccharides. Al though phyt
l' i pid peroxidation, i1t can alter the actiyv

of minerals and proteiThe( Rhysocamadi Begoina e
to be Br%unfd tdhe dry weight of defatted m

found in soy beans(2%) (Russo, 2013; Russ
phenolic compounds i ghd ahthe sienffd eaantnaa woatyia R
mi crobi al activity. Howemeatyrithewahr €acbnt
i nsoluble complexes with minerals and prot
(Mattila el talbugh20WwW8)Y hin HSs, trypsin i
concentration than in soybeans, they pl ay
particular, as reported by Farinon et al

of proteinases in the stomach and trypsin
degradation of protein chains, thus reduci
gastritis and haemolysis of ghedulahoodi esl |
the concentr antuitan tafontanhe sfemacamtris i s | ower
fl axseeds, guinoa seedRegagndansp?2b&éhs FRDo
characterised bysttare hprpeod g¢grscaec chifar nde s, al
l'iterature. As repomtosmd abghHebl gsdcebhaal di
t hat can resi st the animal dés digestive ¢
environment, consequantainyd afbfsectpitn@nt lod ai
by House et al . ¢s$a@adoOh, pohgsamrachmarn ares [
(1.14N0.17mg/ g) , Arabinose (2.99ManBamg/ ¢
(1.23N0.21mg/ g), Galactose (2.61N0.28mg/ g
these values are el evated, processes invol
these values, smphaéi pophgstbateaano d ens t dairee sn
(Houseetal ., 2010)a.l tlhno ulgihg hHHS so fa rteh ec haabr cavce ,e
anthutritional factors, their content is na
used in the feed industry but <can al-so be
starch pod,ysaaxmcsheaqguamrt | y increasing the nu

Nutritional propeduicés of hemp co

The use of cgroducts is a valid strategy to ensure ghetainability of the feed sector. As
reported above and shown in Table 3, the main hempraducts investigated in the
scientific literature are: whole plant, leaves, flowers, stems, stalks, seeds cake, chaffs, seed
heads and hulls.
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Tab3d e Chemi cal C o mp oepsriotdi.uocrt wchfo | tee mpd ama |l eaves, see

extracted fl ower, whole plant SHB, stem and | eaves

adapted by Kleinhenz et al. (2020); Vastplbi emasat$.
CP FAT ADF NDF
Whol e Pl a 6.9 2.7 60. 8 81. 6
Leaves 13.0 8.9 20. 8 44 .7
Stal ks 5. 3 1.2 64. 6 84 . 4
Seeds Calk 30-3@.¢ 10-12. 32-39.¢ 39-53. 9
Seed heat 23.0 13.2 29. 6 53. 2
Chaf fs 21. 2 4.6 18. 0 27.9
Extracted 24.5 3.2 18.1 30.9
Whol e pl an 22. 4 4. 3 32.3 40.1
Stems & Lece 19. 2 7.5 17. 6 23. 4
Hemp hull 21. 9 23.5 37.9 57.1

The percentages of t hese nNutridretchnivau g ¢

environmental conditions, and genotype aneée
I n particular, the CP content varies from
cake34.30%), due to the high | evel of the
procAdss.he same time, as reported by Vast ol
digestibility, itnesvdetgreos bl bawipnrgcebs, sho

comparabl e -poodwdbtaxz.col ctoer esting values i
(21.2%), hulls (21.9%), and exhausted biomn
and Ely and Fitkeed, b2y0 2AZ2 )e.s A Or2elpjo,r -phedtutot a]
obtained as a result of the cannabinoid e
values for the | ipid content.

As shown i n T@marmdaekuddts hermp «cloaracteriThed al
NDF ranges from 23. 4% t epr84d.udc%,s whicchh iins |

component s. The | atter have higher di ge st
However, as reported bypKbeuohemacespabregq
within |ivestock diets, suggesting a diff

rumi nants.

Furthermore, as reported by Ely and Fi ke (

coekason fodder sl ows down, hemp coul d ha\
or used in emergencies, althougheval date it
as fodder. However, -atrodbhet samaveai smeme hlei
include the high variability of nutrients
essenti al preservation,trecaptmematl $§ yt ¢ hotsab i
and | ipid values (El'y and Fi ke, 2022) .
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Use of hempbased products in monogastric animals

Swine

The use of -H&Esednpr dickunpt s i n the swine se

shown in Tabl e 4, the main studies concer
sows and piglets, which are key onteysl|feor
Tabd e Ef fects of t bhasiedclpuovidurctesf (HSmp HSs oi |, HS

and pigletHS)s:diHetmpseeds: FA: Fatty aci

Ani ma Las Treat ment s Effects Ref
10 sow2l1l dControlSogusop 0l ncrea88edFAR |( Habea
96& uckl HSsPi;gl ets (15 Decreaf6é3d inn ccal2018)
pigle and mil k; Il ncr
I ncreased Aver
during first we
24 so 35 dControl50grgdkm; | ncredsEBEAsnprof (Vodol i
25 g/ kg HSs oiDecrea®G/@8d im ccand
beans oil ). and mil k; -@©/&ctr Laurid
pl as ma of sow 2020)
Decreased Sows
I ncreased of t
piglets; Il ncr e
piglets during
7 sow28 dControll6grgo/ukpgg No di fferences (ldric
oi | . I ncreased fina al ., 2

Il ncreased Aver

Il ncreased sows

10 sow3l1l dControlSogusoup2lncreavaeddantve( Pal ad
16 suc HSs meal bef orsows; |l ncroxd e 2019)
pigle g/ kg of HSs status of pigle
|l actati omi gleeti
g/ kg mkBaHPs

Weaning piglets represents the most del i ca
During this phase, the animals face envir
(union of di fferent broods) , akn dt onug aliitd o
chanAlels.these factors act as stressor s, S |

no



i ntake t(hFed )deawmedl op ment of gastric and int

physiological and i mmunol ogical disorders
202B9r. this reason, it is necessary that t
breast mil k is high, Alot hoovuegrhc opmeg Itehtiss acrrei t
deficit and | ow fat reserves, the absorpti
is efficient (Palade et a20),. 2F0lr9 ;t hviod,o | are
supported by research are trying to inter)
the possible alternatives, still | ibtatsleed e x
products i n syywsow apgii lhest & opertfudr mance var

As shown in Table 4, the addition of HS s

resulted in positive resulfTdiegnrekbel growatt
Habeanu et al . (2018) , i's related both to
the diet, which allows for an increase 1in

high nutritionall ippriodf idoent eenstp eccfi aH$s/. tlhred e
observed that the adndBi tPiUOFPAso fc oS £ nitnd me &
sows (6.66% of total content) compared to
resul ted-6i/Bh aalodd( &R 1 respectively). Si mi
obtained with the inclusion of 50 g/ kg HSs
Vodol azska and Lauri dsen (2020) f o-Bhd h i
arachidonicblandds({€a80i doBB)¢ aesd!| (Ch&: #nna
6/ ratiion (tdh.e30mi | k of treated sows. Positi

with a | ower (16 g/ kg) inclusion | evel of
As previously reported, i n the pig sector
per However, at this stage, according to tF

to 40 kg during the entikoer Itahcitsa trieoans opne,r iic
select a diet that guarantees both the hee

Al t hough, as previously shown, the additi
resulted in the same positive effects on g
affected the total wdidghB8 &ff)t heomparadi hg
(346N11.4 kg) (Vodol aEkea @mmendawas$ deeh, o

i nclusion of 16 g/ kg HSs oil (l'dricenau e
content in the diet of | actthaet ignrgo wstohwsp earlflo
piglets, high milk production with a high
resulting in weight | oss (Hansen, 2012).

Anot her determining factor I n wei ght | oss
related to the process of | ipid peroxidatd:i
I n particular, oxidative stress affects th
reported, negatively Il i mits t he gr owt h a
conditions | ead to the formatieactoifvea dxay
speci es, which can affecémthkenendegenascus

P M



nutrient intake may be one of the main ca
et al ., 2019).

I n the study con(daCl*®)d, bhyo weV eard,e telte ailncl u
with HSs (20 g/ kg HSs meal before farrowir

antioxidant profile in the plasma of sows
positive etowegernd allS®namd anti oxi dant activ
PUFAs, which are known not only for their
to increase gene expression and the acti\
(Paleadeal . , 2019) . This hypothesis was al s
Lauridsen (2020), i n which the addition o
ei cosapentaend) cinmdbisdpe@G2 @eh odh)c, aicn dt e 22l
sows and piglets, as a result of the conv
nn3 PUFAs. I n fact, as reported by Farinon
not onl yf lbaymmatgdr yi nacti vi tty, abuitoxail dantbyaa
As reported earlier, there are f ew-bsatsueddi e s
products in the pig sector Asmasihmlwn,c d msil dies

of up to 50 g/ kg of HSs in pregnant sows r
piglets due to a better nu6ratBd PrJFlAspr &fi im
results were obtaiinled avlitthodb@®dh gt/ tkkigs oif n HISs s
sow weight during prtegalaaneryyed wihtem otmea oin|

suggesting that | ower |l evels may benefit b
However, although all -bhesd pesdubtsssuogage:
pig diets, further studies are needed to i
to ensure the best ani mal health and perfc

PN



Broilers

I nteresting results were reported for broi

Table 5. Effects of the inclusion of hemgbased products (HSs, HSs oil, HSs cake, HSs expellers, hemp
plant top) in the broiler diet. HSs: Hempseeds; FCR: Feed Conversion RBtidzeed Intake; PUFAS:
polyunsaturatedatty acids.

Ani mal Last Treat men Effects Ref
160 br 42 deControl5,grlofl ncreased final BY( Khan
chick g/ kg of HSs |l ncreased FCR (20 2010)

Fl (20HSgsHNkg No di
mort dlnicryeased prof

50 bro 49 deControhllOgr@ Il ncreased final BY(Parr
chick 40 g/ kg of Il ncreased FCR (20 2020)

[e}]

192 br 42 deControl2 gamDecreased BW gain (Visput

[e}]

chick g/ kg of HSs weeks; Decreased 2019)
triglyceride in se
540 coc¢ 35 deControld40gr@ Nodi fferences in B(SkSiwes
HSs . FI'; No differencesal ., 2C
in PUFAs,; I ncrease
150 br 21 deControl30grasm@mNo differences in (Jing
chick g/ kg of HSs FI ; dNbferences im 2017)

PUFAs in thigh and

200 br 21 deControl6lgrgDecreased BW gain(Kanbur
chick HSs oil . Decreased FI; I ncr2022)
N o di fferehoésgstie

triglycerides.

1200 ¢ 70 deControllo@Pr o No di fferences in (Erikss
(starter), FI; N o di fferencewall ; 2

(grower) of differences in mor

75 coc 35 deControll1500r oDecreased final BW(Stastn
50 g/ kg of No differences in al ., 2C

muscl e.

60 coc 27 deControl25gmgd No differences in (Stastn

[}

HSs expd@®l Ige i n carcass yield;al ., 2C¢C

hemp pl ant mi crobial coloni za

-
Il



More precisely, as obse(r2v0eld0 )i,n tthhee isntculduys il
HSs resulted in a better feed conversion r
to the control group (2087.2N10.25 g/ kg an
this trend i s adue AtAo ptrloé i hieglmfl it mied HSs, ¢
by Parr et al. (2020) , where the inclusio
g/ kg, and 40 g/ kg t o nnmtoed uolfa tber otihlee rgsr.owt h

However, the inclusion of 40 g/ kg, as re
comparable results in terms of performanc
60 g/ kg, confirming the high nutriveaontobr
bone healt h, a key parameter for ani mal
conditions. Mo s t probabl vy, as reported by

correl ated wiWtho ctohpeh eprroels,e nwheitcbhe idsi ehti gahnedr -
of animals that reckioceophteheo| HS pgil etme nlit rac
an increase in osteogenic bone mass in the
bone remodelling occurs (Skrivan et al ., 2
an inclusi okng odf uHpSst o MObrgdi |l er diets | ead
to consider how in the first weeks of the

could afftehctoft Hehehaanli mal s. l ndeed, as rep
stage, chickens have an underdevel oped mtL
capable of digesting high cellulose conter
The use of HSs oil l ed to similar results
al. (2017) showed that the inclusion of 30
on corn oil) did not changethéet peaf edman
i ncreas3edPUFPAes mcontent in the meat (71.4NKN1
respectivel y). Result partially confirmed
advises against the wusir off tHiEseei We e ks pafc
recorded negative values for growth perfor
(2019), where it was the high fibre conte
dealing with &icuptdtmaspexul atdi bn t he ¢
Fouad -SasenmdowEdey (2014), a high inclusion of
fattpowmicdati on by reducing fat deposition.
The wuse epfr odaumpg scan the diets of monogas:H
i nterest, however, to date there is | imit:e
the use of 25 g/ kg of HSs expgelsl,erHSsamdadl
shives) in the diet of broilers, observing
to the control diet (maizebdsed)pr tlowewver!l
been authorised by tlhWe ,E wrugmean i ligi darh e( B,
on the val or ipsraotdiuocnt so.f Itnh epsaer acld el |, t he Eu
of HSs cake, although conflicting results
Eri ksson and Walrlat é@0bh2w démonshcl usi on o

PO



registered highly comparable values in gr

weight) and mortality to diets based on s
these results suggest the use oft &dStsnicla ket
(2015) reported opposite results with in
worsening in final weight compared to the
effects can be attri-robwttreidtcitaom al,h efeapyrteasriealc le
polysaccharides, whose content at the fib

fraction.

As shown in Tabilbas®e,d tphe dwsd sofl edemp contr
of HSs recorded better values on growth p
g/ kg. Studies conducted on thefibcbubeon o0
a highly i mproved PUFAs profile in meat, a
or depleted. The gamaduaxppl.i S etdo clakmp sho w
with the inclusion of 50F@R kagnd 1f50n agl/ kBW,
further i nvestigation of these matrices tc

Laying Hens

As shown i n Tablbeast,d tplreo dwsce so fh ahse e en wi ¢
hens sector.

Table 6. Effects of the inclusion of hempbased products (HSs, HSs oil, HSs cake) in the laying hens
diet. HSs: Hempseeds; SFAs: saturated fatty acids; PUsd\gunsaturated fatty acids; MUFAS:
monounsaturated fatty acids.

Ani m¢ Las Treat mer Effects Ref

60 h 21 dcControl 1% Decreased cholesterol (Shahid
g/ kg, 200 SFAs in keggrggaoade&d PUF,2015)
g/ kg of HSI ncredsied aeagg yol k.

240 84 dControl 3f§Decreased cholesterol (SkSivan

g/ kg, 60 gtocopherol | ¢énelr eased(2019)

of HSs. wi t hi nacl usi on of 30 g/
respedtnicweclays;ed | aying
Decreased shell thickn

108 +t84 dControl 1% Il ncreased PUFAs in egg(konka e

g/ kg of refor -threecaatt ed HSs) i n 2019)

150 beée-ageec¢MUFAs in egg yol k; I n

HSs. raw HSs; N o di fferen
di fferences in |l aying

PN



40 42 dControl 46No di fferences i n MU (Jing et
g/ kg, 80 (differences in SFAS in
oil N3 in egg vyol k; No dif
48 84 dContgobulpd; No differences in SFA(Neijat
g/ kg, 200 MUFAs in egg VY3l RUFAs: 2016)
g/ kg o045 HEyol k.
90 g/ kg of
48 84 dControl 1@ No differences in egg (Neijat
g/ kg, 200 eggshell thickness; Nc2014)
g/ kg o045 HgE
90 g/ kg of
48 84 dControl 48l ncred&8sedJFAs in egg y(Gakhar
g/ kg, 80 weight only for 200 ¢2012)
g/ kg oHSk0 egg mass producti on; )\
g/ kg, 200
48 84 dControl 48l ncrea3dse®PUMAS; |- c rPeJaF ( Gol dber
g/ kg, 80 Il ncrease egg yolk redr2102)
g/ kg of 18!
g/ kg, 200
30 35 dControl gr Decr eascehdo |teosttaelr ol l ev (Park et
16.8 g/ kg serum; Il ncreased egg
rate.
102 +t28 dControl 58 No differences in egg (Silvers
g/ kg, 100 Il aying rate. Lefran-o
g/ kg of HE
216 + 168 Control 5No differences in egg (Halle a
day g/ kg, 100 producti on. Schone,
g/ kg of HE
800 |t 112 Control 1@ No differences in |l ayi(Rajasek
day g/ kg, 200 2021a)
g/ kg of HE
800 |t 112 Control 1@ Decreased MUFAs in egt(Rajasek
day g/ kg, 200 No detection of cannak2021b)
g/ kg of HE
120 +t70 dControl 88 No differences in cho(Mierli™
g/ kg @®foOHSI ncreased tocopherol
of HSs caklncreased egg weight
di fferences in |l aying

PP



The major studies, in fact, focus on the f
well as the evaluation of qualitative and
production per fwerlnfaanrcee haanvde abneemali nvesti ga

Regarding the functional aspect of eggs,

in the tot al chol esterol content of egg vy
g/ kg) , studies by Shahid et al .f gr2e0nlt5)t raen
More specifically, Shahid et al. (2015) r
g/ kg, 200 g/ kg, and 250 g/ kg) reduced the
(16.91N0.01 mg/g; 14.29N0.@d1tmghdpe tbné5
soy bean meal) (19.27N0.01 mg/g), respect.i
et al . (2019), even with | ower inclusions
agreement with the WA&d&)Dk amfd Makmpmouei eeé¢t aal .
this positive effect is relaté&ditostbBeobpr e
i's able to reduce hypercholesterol aemia b
coprecipityastiadh i aadi cm. Further mor e, phyt
compared to cholesterol can misplace chol
2015) .

Functionality also depends on the presenc
i mportant to point out that SkSivan et al
resulted in an increase in tocoipdheproéyvemmni
| i pid peroxidation during the storage per
(2019). Indeed, as reported byrehéeedamai me
only showed Whtgbhephétereolk) sboeval sofamadwead
mar ker of | ipid peroxidation) than the cor
Anot her aspect to consider is the nutritic

henrpased products showed a bet tbears eldi pp rdo dpul
tend to decrease the | evel of SFAN§FAanda Ml
reported by Shahid et al. (2015) . -3TH&FAsTr e
foll owing the treatments with 150 g/ kg (7.
250 g/ kg (15.11N0.81 mg/g) O6f 1LASsmgéagmpare:

an | mpéhedatni o (shahid et al ., 2015) . Sir
et al. (2017) with the inclusion of HSs ir
al. (2016). The | asien obsepveod 80t gt kg «
of HSs oil, although not vyielding statist
did decrease MUFAs content by i-8c rPdJEFsAisn g
i mpr ovi-G/gn trhaetd mof.i,xS¥eplel gported by Gakh&8r et
fatty acid subject to an increase is ALA.

and 200 g/ kg HSs resulted in higher | evels
mg/ g, reompatriedelty, tche contr ol 15. 8N3. 23 |
with inclusion of 40 g/ kg, 80 g/ kg and 12«

Pz



role, as ALA can be converted to docosahe?
positive role of which has been expl ainec
derived from ALA, following the scqalemngad
anfloxi dati on, with eicosapentaenoic aci d &
These reactions explain why high | evels o
and docosahexaenoic acid ar e iftoeuntdhei nf atchte
l ack t hem. I n fact, as shown by Gakhar et
g/ kg) resulted in an increase in eicosap:
respectively) comparedanomeahnhtamd dcdanrmrtoibla
and docosahexaenoi c aci d (39.2N1. 64 mg/ g
(17.1N1.64 mg/g). These results are also
(2012) and Rajasekhaobseraati ¢292weéb)e mad
(2019) .

Ot her aspects to consider are the physical

thickness and breakage. Al t hough <col our [
i mportance in the consumer' s perycecpotlioounr. al
guality parameter, as it depends on indivi
Table 6, thebadddt poondaoattbBempsulted in cha
et al ., 2019; Konca et Palr.k, e20 1a9 ;. , Go2l0dlbde)r.
Gol dberg et al . (2012), the intensity of
and red oxycarotenoi ds, or xanthophyl Il ic
l evel of these tbompocohosriofthéediyet k can
an intense orange. However, it is importar
are statistically significant, the percept

and thesseamaeoul i nfer consumer preferences

Egg weight, on the other hand, represents
egg weight is directly related to the 1inc
components. As shown i nbdsadd ep 6@mdluyhters eastumlti tt
comparable results to the control eggs ( H:
2005; Neijat et al., 2014), but also in be
by Mierli ™ML (2019), théiSsuppelsemeémtdatiinonhi
(61.7N0.937 g) than eggs from animals tre:
control animals. Similar resul tlsndweerde alnsc
treated with an inclusion of wup to 200 g/l

60.57N1.14 g, higher than those treated cc¢

I n parallel, eggshel |l tPhliacsknmae sGa iasn da nPo tihne r
interrelated. The Ca and P content in the
bl ood pH with a cbasegbehaeaecen(Kbshacadz,
mai ntaining -aasepdalmhoeacagdsary for bi car
eggshell formati on. Di fferences in eggshe

PT



mi ne
et a
t hes
d e ma
may
di et
exce
resu
cont
i ncr
whi c
Om)
pl ay
is i
t he
i mpr
repo
canc
As f
t he
furt
prod
cond
Konc
t he
(201
l ayi
t he
89. 4
wi t h
et a
comp
expl
val u

As
| ay
per
to
t he
for
prod

N —h — —

ral profile of the hens' Dbl ood pl asma
l. (2014), it is difficult to find a ¢
e minerals i n the Dbl ooedi.r Moesvte llsi kred fyl, e
nd with age. For example, Ca requireme
be reflected by serum/ plasma cal cium

, may reflect anntalket owerexmede adbodfi cCa ¢
ed peak production. However, as shown
|l ts. While Park et al. (2014), Neijat
r ol gr owmgs, (2Kk0rlidvyans heotwed a negati ve
eased. I n particul ar, the control gro

h was comparable to the diets containi
of HSst,habnutt hhei gdhieert wi t h 9TCh egs/ek gni onfe rHaS
a key rdlseobsebore bhgalSkisi van et al

n agreement with theemiighled Chi dédtesv,el up
same time,UtCaophlirdiolal amd produce po:

oves fracture heal-liinmgkibryg,acwhinlge otnh e oll
rted, tends to induce an | @&ac¢r esaesceonidm
el l ous bone, where active bone remodel
ar as the production parameters of | ay
most i mportant. As shown in Table 6, t
her i nvestigation. | -b a sgpesmidauptetals,n ab h e d i
uction rates to be matched or i mpr ov e
ucted by Jing étOan), (sakhipr Beipaht ¢
a et al. (2Q01290)2,1 aRa | ansoe kdhi afrf eerte naxle.s we
contr ol groups, interesting results w

4) and Halle and Shone (2013). More pr
ng ratead VWaeod |iompmagvitreratd3eng/ K§3IHBENO. 59
control group and the 60 g/ kg and 90
9NO. 59 %, respectively). These results
a supplementatiosn odakéeOOompagedndolbD
| . (2014) showed that 16.8 g/kg HSs o
ared to the control group (96.07NO0. 25
anation forythis&ekbypfasbd phethpst yehave

e by modul ating the genes responsi bl e
ust reportleased hpr amdec tod rhaeanpresul t ed
ng hens, both in the functional and n
orTnhaenscee .posi ti ve effects were recorded
50 g/kg). In parallel, the use of HSs
PUFAs present, with an incleursi an sof rueg
hempdouat s, I nc akeer t(iwcpul as HBG g/ kg) [
uction. These findings add to the know
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of HSs and HSs cake were confirmed up to 2
the performance of the animals and the ser

CONCLUSI ON

The incl udiasredofpribpampt s in the diets of mc
results depending on the species consider
further investigation, especiudlileys.i rHopiey ®
these species, this review increased the
the first time considerations for the wuse
the other hand, thettudrgse hasmbemdefi scpeans
confir-mabetdpproducts as effective and saf
ani mal heal th and perfor mance, whil e sin
functional profiheioftbggscakldewevbae, cboe C e
henpased products requires further evaluat
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ABSTRACTThe growth of the world popul ation
food/ feed al-baesedtpwveducHsmpan be consi der

(Cannabi &.i)ssatamaenvironmentally sustainab
Foll owing the reintroduction of its culti:?
food/ feed industry. To date, scientific re
Threef ore, the aim of the work was also to

content (TPC) and antdaoridgnanacokvidant (pe
azi nodti Byl benz6stunlifaeemwild ng ABTS)-haset bemgdu

(hempseeds (HSs), fl ower s, and HS priont ein
vitdigesti on, to study the behaviour of t
i nteresting nutritional value, even when c
such as soy and flaxseeds. The f@nfcal loomwail n
met hanol extraction for HSs, flowers, and

2982.8 N 167.78; and 568.9 N 34.18 mg Tan
was also confirmed for FRAP (5a.82Nmg. 28¢
Acid Equivalent (AAE)/ 100 g), recording Ve
flaxseeds (17.4 N 1.55; and 10.4 N 0.44 m
foll owing physiological dipgeaniisam.g, T mexsd
i nvestigation, confirming what has been ol
and identifying individual mol ecul es invol
be necessary to gaitrhea fhuentctte ro nuanl d ecrhsatraancd ien
for use in food/feed formulations.

Keywar ddsnt i ox iCd aorcta;l t eaul; i nfFunctlin nwiitgr®ss bif ohe; PH
compounds.

https://doi.org/ 10. 33

I NTRODUCTI ON

The steady growth of tine warllld omopyl 2t0i5®n
there wil/ be a dramatic growth in demand
2050 at which point it wildl bet idvdlfy ciump a
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the health of the environment (Roos et al

2020) . The main products required wild!@ be
dairy products. According to sthtasitowgsof
Uni ted Nations (FAO), the world demand f ol
an increase of 76% compared to 2005 (Bell e
a SsSubstanti al i ncrease iIimetchorneopehongf ¢
competition debate. Today, around 800 mil
sector, a value that wildl exceed 1.1 bil!l
sector wil |l |l ead toiame iamdr ease siengdamaisd
half of the cereals produced in 2050. I n

of feed grains. More precisely, i n 2013, t
of proteins, dadnd imywa203%@, madlaon wil]l be
demand. Most of these are in direct compet
necessity has therefore arisen to satisfy
popullnrowghtsustainable and environmentall
pursued by the European Union (EU), which
with the Green Deal (1 December 2019) , a
envnimeont al health are interconnected, pr ot
clean and circular economy (Wolf et al .,

food safety and environment al p r o tfeocctuisoend,
on finding new food/feed alternatives that

Among the possi bl@ananlatbeirbn.ag aitveevsat threanpt i(n g

He mp, originated 1in Central Asia and con
di cotyledonous annual, herbaceous, and anc
due to its easy adapt ®etlittet( Béehmag20oe0D) al
I mpact crop, traditionally cultivated for
hemp trade declined sharpPBgObetdesappbari
mar ket, as a result of both the introduct |
force of the Protocol on the Single Conve
Nati ons, signed i n Nevwndorskubemeq@d®ntMayr cth
Amendment adopted in Geneva on 25 March
cultivation of hemp in more 183 countries
21st century, interessts t o bhempi wasodetaual
1251/1999/ EC of 17/ 05/ 1999, which i nstit.:
particular types of arable crops, among t
Regul ation (EU) No 13t0i70n2 0v&8s tdalag o hiemgl ucc
gualifying for Common Agricul tur al Policy

that the seeds wused for cultivation be of
agbtetrahydrocannabimnolk. (THGr ¢@oéaNneds rec
compound) of Il ess than 0.2% (Sorrentino,
| aws all owed hemp to reach the market, f
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nstruction and energy to cosmetics and p
rket comprises more than 25,000 product:
terest in-bhemd anddbetmp has ifncodckasred, f
ctor, as reported by EFSA (2011). I n par
hempseeds (HSs) to obtain oil, protein
to food products, suRWbmpasi ywplgh uett aln.d, b2
ang and Wenwei (2010) used HS flours t
evention bydeinmsdrteasliinpgo pltrioghei n | evel s an
i gl ycerides andt Ha piomptreort ees tn si.s Aisn sthlbevns e
nsidered as a waste product in fibre pr
nctional profiles (Farinon et al ., 2020
nefi ¢isali nefhfuenan and ani mal diets. To da
the nutritional characterisation. The f
is reason, the aim of the st udyt wadso vteo a
e functiondlaswgrdo fpirlod uacft shemm particul ar
tioxidant activity, foll owi ndg geexsttriaocnt,i ar
e behaviour of the modtecpha&ases nofol vied d
us enabling new information on the funct
re specifically, in our study, the char
alysis of the protein, Il i pi d, fibre, an
igestibility level. The funentamnalkdpogaofaint

e TPC and antioxidant capacity.

MATERI ALS and METHODS
terial s

mps&€edslatg i wari ety Futura) were purchasec
ech Republic). Speci fically, the hemp s
rvest was carr iAefd eacutcodtl ec% omat urhiet ys.ee
nal moi sture contiehAACoifn 7heandarsk or @an me
rfor med at t he I nstitute of Ani mal Sci
nnabidi ol (CBD3dncdoha e@@g/sg.,ofr é@ds Oeydtgi vel y.
alysis, were stored at 4AC in the darKk.

e hempCif | olavteirwsar(i ety Car magnol a) were pr.

aly). Specifically, they were collected
rvested in October 2021. Manual harvest
|l l owed bg isMn owv drgsad, ventilated envir
mi dity between 12 and 14AC. Subsequent |
d CBD (7. 24%) contents. The s ampooens, b
mperature (RT) in the dark.
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HS protein extract, Ssoy Lpnomeiusilea)t rweesi en

provided by a commercial supplier.

Chemical Analysis

The chemical analysis of the samples (HSs,
and fl axseeds) was performed according t
Commi ssi on, 2009), and the fibrousby r\aacn i ¢
Soest et al. (1991).

Met hanol Extraction

For methanol extraction, each sample (HSs,

and flaxseeds) was ground and weighed (5 K
for 48 h at RT in the dar k. Suebrs epgaupeenrt I(yWh &
¢

54, FI orham Par k, NJ) in accordance with
Tot al Phenolic Content and Antioxidant Act
Subsequently, the chemical extracts were a

and FRAP).

Tot al Phenolic Content
For the total guantification of phenol s,
acid, metiCanoh| t Eal (RC) reagent, and sodi

Sigma Chemical Co. (St. Louis, MQ@, dugAdt.i oTi
from 960 Og/mL down to 0 Og/mL. The FC re

while sodium carbonate was prepared as a
added to 500 OL of FC and 400 tChle odarskodatur
20 min. At the end of incubation period, ¢
bl anks were run in each assay. TPC was ex

TAE/ 100 g) .
ABTS Assay

ABTSa 2iNn(o#dt sy | ben z6stunhlifaoznoilci naeci d) assay wa

t he protocol of Re et al . (1-PP@®nN2D,x54, 7, & a
tetramet29ahbomahi c aci d; Sigma Chemical
usad antioxidant standard. Fresh working ¢
ethanol. ABTS, provided by Sigma Chemical
distilled water to a 7 mM coﬁkemagemwcmhuc‘

reacting ABTS stock solution with 2.45 mM
all owing the mixture to stanid6i im thledé odar k
the study of ant.i dsiod an i oactwiasi tdy ,| utt leel AB
absorbance value of 0.70 (NO.02) at 734 nr
di |l ut e’ oABITtS0mm Q.A700 N 0.020), incubated f
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read to 734 nm. Appropriate solvent bl ank
Val ues were expressed in terms of Trol ox e

Fer-Reducing Antioxidant Power (FRAP) Assay

FRAP assay was performed following the pr
with minor adaptations. I n particul ar, as
prepared in seven dilutions from 16p0oOwé&s t
prepared using 2.69 g sodium acetate trihy
in 16 mL of glacial acetic acid and made 1
(2,-t4) ptrdpakzine), provi ded. blyo uSiisg,maMQh eUt
obtained dissolving 31.2 mg Sin mMa0 Cile noifc adl O
Louis, MO, USA)) was obtained dissolving C
of each sample was added to 300 OL of FRAF
dark and read at 595 nwer eAprpurno pirn ad a&c s od ¢
expressed in terms of acid ascorbic equivVve
I n Vitro Digestion and Digestibility

I n yiitgreeti on was performed according to R
reported by Castrica et al. (2019). The pr
At the end of each digestive phasea(olgalot s
corresponding to the soluble fraction wer
the TPC and anti oxindawiittgresoscttiion.t i les addi hic
di gesti on, an undi gesabletdaifnreact i Tone (UH) wans
harvested in a filtration unit uswaigghedpo
filter paper (Whatman 54 Florham Par k, NJ
dried overnight atto65deAQirmiwégeihewds |uded

Digestibility (% dry matter; DM) = (sam

The described procedume3was Fpéit wagmegd iionn ,t
samples were analysed for total phenolic c
as described above.

Statistical Analysis

Al l dat a wer ewaayn aA nyosvead fboyl looomeed by Tukeyads
using GraphPad Prism 9 9.3.1 (GraphPad Sof
expressed as means N standard error tof t
experiments. Values are considered spatist
value = 0.05).
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RESULTS and DI SCUSSI ON
Chemical Anal ypsigesdandillntWyitro
The chemical composition and digestibility

Table 1. Chemical compositi orn% awnbdw dO M ebsatsiibsi)l.i tDya t«
presented as mean (NSBEN)and@rDdM e=r rdorry oniatmeearn, CP =
ether extract; NDF = neutral detergent fibre; ADF
hempseeds; PE = protein extract; DIG = digestihbi

statistically oi<gni0fs5i cant differences

DM CP EE NDF ADF ADL ASHE: DI G.
HS 94.¢23.:27.¢44.¢33.:14.¢ 5.8KN 53, ¢
0.2 0.% 0.% 0.2 0.38: 0.%8. 0.0 0.
Flowe 98.:18. ¢12.¢37.(23.711.7 16.3 37.:¢
0.0 0.2 0.2 0.% 0.8W! 0.%7¢ 0.08 1.'%8"

HS P11 95. " 45.:. 9.2 40.«20.:2 9.5 8. 3N 65.¢

0.9 0.9 0.9 1.8t 1.90:0.%% 0.8 0.%"
Soy F91.:51.: 1.2 48.: 8.8 2.2 6. 6K 74. "

0.2 0.% 0.9"0.9 0.9« 0.9 0.20 3.%"
Flaxs 91.¢23.(36.(41.%"'"19.°%t 9.2 2. 7N 24. ¢

0.9. 0.% 0.0 1.25 0.%8! 0.9: 0.20 2.9
As previously reported, HSs can be consi d:é
nutritional per smei¢triite ochae thhatrlaeterhisgih
shown in Table 1. I n the Iliterature, many
due to genotype and environment al growt h
House et Holweve201l@ys. reported by Leonard e
and Callaway (2004), they tigpl%cplbigéibont 3

i piiBHD,% Z@Gr bohydrates (MmMeo%tayghdi Ehasg Valb
in Takkl «eolnpaarabl e to those obtained for fI
crops for industrial as well as food, feec
2011) . HSs show a good | evel of ghagwisng b
statistically 9xgOi. 0O5¢antZhodiuf feer eandicre va(@ 2
di gestion of flaxseed polysaccharides dic

mol ecul ar weight), suggestingathat hiengasyge
i ntact. Similar results were reported by
foll owi ng Wtitygesst i on process, the protein
12. 61 %, values that tended to increase f
contents. I n the |light of the results obte
digtei bi lity of these two matrices, it is g
treat ment (heaatd, dexhturrdsingn to reduce the
to prefer the meal to reduce the fat conte
feed applications.
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p flowers are an i mportant component

ament al purposes as well as i n cosmet.i
ctional proper t-i mfsl a nama ti oorxy )d a (n E anrairbdo na n
ained from their processing. Although

thoroughly documented in the I|iteratu
ecially in terms of protein hdmntteret ,f ese
confirmed by Kleinhenz et al . (2020) .
ersely affect final digestibility. Furt
essary to study themanefiéalctls. oRorani Imia
estigations are needed to assess their

our experi ment dat a, the digestibilit)
ni ficant differences with soy protein e
protein is characterised by &dw,ghf dlilgewi
vigesti on, only a few peptides withsto
firmed by Wang et al . (2008) . They no
estibl e, but t hat t he Ilheavrel t hoaft dofgesa)
estibility I S a cruci al par ameter, a ¢
availability, It determines the nutrit.i
protein is charact etrenste,d gbrye aat egro otdh aanmi o
, wWith the exception of aspartic acid,
enti al amino acids (Farinon et al ., 20
bl e s ubpsrtoittevitne, ttohesonyai n protein source
ortant nutritional valwue (Tang et al .,

Tot al Phenolic Content and Antioxi dant Act

I n
ext
t he
Tabl

TAE
PE

Tabl e 2, the values for TPC and anti ox
racts are reported. I n our study, c¢chemi
best possible yield, as demonstrated

e 2. Tot al phenolic content (TPC) and antioxid
= tannic acidokaguwi val emtt; AAE == ascorbic acid
= protein extract. Data are pr ensen.t3eldi fafse rmemtn

superscript letters in column pi n<d)Oc &tse st at i s

Sa

mp | TPC (mg TAE ABTS (mg T FRAP ( mg ;

H
Fl

S 550. 3N28. 205. 14N3 50. 9N4. 3
owe 2982.8RK16 6122.1RK24 123. 6°N8.

HS PE 568. 9RN34. 174. 52 N4 29. 73N1.

So

y P 792. 3@NO0. : 209.6NK10 17. 4R¥. 5

FIl ax s 634. 0N18. 73.2R3. 3 10. 4N0. 4

TN



Tot al Phenolic Content of Met hanol Extract

As shown in Table 2, the TPC of HS i s com

634.0 N 18.95), known f orl itgmeainrs,hifdha vppmeor c
flavones, and phenolic amides (Al asal var
Gal asso et al. (2016). The authors invest.i
the |l evels wereesfogmety Thhighedi ihertehnce
i nfluence of sever al biotic and abiotic
phenol s, among which, genotype, year of C
factors (Il rdMelFre pteal sel 201B%s used in thi
a different year of cultivation, altitude
maturity, mo s t l i kely factors responsi bl ¢
secondtaalyolmet es, which plants produce as
abiotic stresses, among them predator att
i ntrinsic antioxidant effect, which means
Imi ti ng degenerative diseases associated v
reported in the |iterature are character:i
hull than in the kernel (Matltidsa ien aill. , ( f
flavonol s, flava@g8meri qalnido iestof abvpnedD)N6e) .
phenolic compounds identified in HSs are
acid biosynthetic pathway,esaltshamankal Iteond tph
chemical structure. They are part of t wo
|l ignanamides (lrakIli et al., 2019). Lignan
i ncluding Bcamalabesdifnreoy!|l tyrami ne, whi ch a
compounds in the hull fraction; catechin,
we l | as cannabisin A, F, I, and Q and gr o:c
Bowrtj et al ., 2017).

I n the Iliterature, the characterisation
However, as shown in Table 2, they have a

showing statistically significant hdinfpf &rleor
can be regarded as a promising new source
authors demonstrated through their charact

by a high content of liginmnAmiBesandp@.ciAd
compounds include hydrozycinnamipe oaagniad s c (
aci d, and ferulic acid) and flavonoi ds. (
flavones, in particular, cannflavin A and

properties0O@Gndi mes mMOre abuofianhet phantn
explaining the reason for such a high TPC

As shown in Table 2, the TPC of the HS pr
whole seed (550.3 N 28.27 vs. 568.9 N 34.
the protein extract tested iosnsnoats ptuhree wbhuo

—
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a component where most of the phenolic con

protein extract of HS is comparable to tha
di fferences, although that of esey ias$ . hil @
Il sofl avones, one of the main Dbioactive ¢
component , resulting in a greater-phahoéi cl
compounds, such as some -abtaarhind, afnadl itcheacr
aci d, retinoic acid, and thiamine), nucl e
tryptophan, and cystein&?d K Miandamd mpdre aicn o
we l | s wiCtiloctathe ebolriemgent . Neverthel ess,
the study of the TPC in food products (Kal

Antioxidant Activity of Methanol Extracts
The antioxidant activity of phenolic acid:c
hydr oxyl groups in the molecul e. Phenol ic
metals, such as iron and coppmeerr;ed( Ibly) flrreeca
and (111) sl owing down or accelerating en
di fferent modes of action of phenolic com
two different met hods: (oln) OoAIBTfSr,eeal rl advisc a
capacity and (11) FRAP, all ows the quant.
compl ex of *fediiganidon® ¢(Berous complex (F
As shown in Table 2, HSs are characterised
to that of flaxseeds. No statistically si
met hod, unl i ke that reported for FRAET H
scavenging activity than met al chel ati on.
cannabi-tsiammaBf ebyltyramine, and high concer

capabl e of di srupting free rdgc€iheal ed¢ hailn ,
Engin, 2009). However, as suggested by Che
much related to the type of mol ecul e pres
compounds within the mBdblix ZAnalhegmedf.|l Awer
antioxidant activity t han al |l ot her matr
di fferences. Again, the scavenging activit
i's not only dupehetnoo Itihce cpormepsoeunncdes ,o0fbut al so
the only component of t he plant to have
properti es; niflnalmmiitmg yamtnid anti oxi dant pr

i nhi bi tmodxicdidrets by interrupting the <chai.
capturing them or transforming them into |
promote a direct reduction in oxi danngti ngeve
the | evel and activity of antioxidant mol
antioxidant activity of HS protein extrac
|l iterature, the functionabtaveveryieytehsthe
shown by Farinon et al. (2020) and Chatte
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value onl vy, and foll owing the process of
fragmenting the protein structure by relec

Tot al Phenolic Content and Antioxidant Act
A further step in the study was the eval uc
the differendipgeadeonoflend of oral phase,
phase, and end of intestinal phase) to ass:s
Tot al Phenolic Content of I n Vitro Digeste
Figure 1 shows the TPC trend of all analy:¢
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Figure 1. Tot al phenoWigrecoMdBnt TadPIC)c odcid equi
presented as mean N stan@8ardDeffereat meper 6EEMDPL
significant <di0f & & nheennt(p Bdeachtdasog)v @n s mp $§eed pd) oseynpext e

extraamt;flaamxdsdeds. End of or al phase, end of gast:
phase.
The nature of phenolic components i s i mpo
sample (GiromAsnisledwmgbire 2020he TPC within
shows the same trend, with higher values f
bi oavailability of phenolic compounds. HS
two protesnamathighly comparable. These r e
the |iterature conductedBonhi @] aand MBar ok e
end of the or al phase, there is an initia
(Ma et al ., 2020; Goul as and Hadjisol omou
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reported by Leonard et al. (2020), there i

fact , in addition to being able to trap
i nteractions, hydrogen bonding dogyglkai as$ c
hydr oxyl groups from phenolic compounds)
bi oavailability of phenolic compounds witet
by Ginsburg et al . (2012) , s aslaitviao nc ooufl dp hg
compounds by substantially increasing thei
At the end of the gastric phase, an increse
This increase is the result of a | ow pH va

following the breaking of baandlsarmwideéeds nand
( Goul as and Hadjisolomou, 2019).

Subsequently, in the middle of the intest:i
confirmed by Friedman and Jurgens (2000),
phenols at high pPH wadleuesnd( ®©.f8 tfhed.iMZ)est i
i ncrease in TPC, as the phenolic compoun
structur al for ms, formed as a result of 1
(Pinacho et ealmo,| ezl ®)ys., dJdewy,e cttleuws brye stunlet a
concentration of TPC.

I n concl usi on,n TR ®eduriiomg ptrbrnrecess i s thus
components, especially fibre, but above al
process. Concerning the individual matric
this casbeshogadest TPC. HS showed a sl igh
the HS protein extract compared to soy.
Antioxidant Activity of I n Vitro Digested
For the evaluatit hodiiglestt h® ne fofnedtheofanti oxi

based product s, the ABTS and FRAP assays
shown in Figure 2.

As reported in Figure 2, HS shows higher
than fl axseed, further confirming the i mp
applies to HS protein extract whend,coh®ar
protein is not characterised by high bioe
protein structure | eads to the formation a
can be defined as isolated deakbbmérapmend
health benefits (Giromini and Cavalleri, :
by high functional properties, i ncluding
chol elsawermil-ngf | ammat opyotantdi neupooperties
Zanoni et al., 2017; Malomo and Aluko, 201

within the native protein structure and a
particul ar, TaeagO0OGndacowwWakgegrand col |l eague
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hydrolysates with a greater degree of

vipaoticularly with regard to radical
, 2006; WHlegnpetf | awey s20@9) hough they o
Il oxidant power, show a different trend
e |iterature. For this reason, i theisr n
ssible use within the food and feed sect

~ -

e antioxidant activity of the sampl es U
hods used (ABTS and FRAP). The values ¢
ant matrices, as reported by Kedcheki Té(
can be seen in Figure 2, there is a pea
explained above, this may | ead to the r
cess. These resultsGanegabhkgoetomatir hed.
020), where differegwpdndnabamltes ,| saicds ass
end. I n the middle of the intestinal pha
reported by Ma and coll eagues, a | arge
age of the diMpe setti vad .pr 200e2s0) . At t he en
crease in antioxidant activity can be ot
hhgh antioxidant activity, such as fl av

corbate (Pinacho et al., 2015).

o

far as the antioxidant activity recordeé
gualel 2show the same trend, with the exc:¢
crease in antioxidant activity at the er

r al | the other matrices, a peak is obs
at was previously reported. Based on th
mpounds are sensitive to thethl kafFeasonp
converted into other structural for ms,

tioxidant activity at the end of digesti

ese values, coupled with th-batedcprodatt
considered as a viable alternative to

d feed industry. Il n agreement kwi tehg gsh,e a

at contains 575, 263, 307, and 173 g of

teratur e, soy has a high environment al

aracterised by an i mpor tdnmi triodaet @ nt heinsv i
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hempseed pr d)t esiony epxrtortaegtn;f e(aksaetds. akEdd( of or al p h

i intestinal phase, and end of intestinal

CONCLUSI ON

n the | ight of these reports, HSs and HS
nutritional profile. I nteresting results v
content suggests their posstblie Howévenf iy
nutritional -baseedctprodubemphas already bee
l'iterature, the functional one is stildl [

was to further explroirseattihoeb afeuendcht @ nmpadad c tcsh a
extraction with ipnurdei tgmestthiaonno | p raoncde stsh,e obt a
on TPC and antioxidant activities. The |
characterised by a high functional prof il
similar or higherted|l 6®@s Ohahert hoose/ fepd
flaxseeds. The high nutritional aspect con
based productdserean alse veiambd e alternatives
However, these results, although promisi ng
been observed with different assays of an
mol ecruMeelsvead in the functional pat hway. Th
better understanding of the functional c h i

formul ati ons.
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Department of Veterinary and Ani mal Science (DI VAS), Un
Lodi ,"iparyj mento di Scienze Farmacol ogiche e Biomol eco
‘CRC, Il nnovaBeiomg faomrd WehvYi ronment, Universit”™ degli S

ABSTRACTThe wvalorisation of bfi ooonda scsh agienn eirn

products represents a valid approach to pr
Al t hough topdadect somaveoalready been inc
ani mal s, the charmacecuctsati{CGanmdbihe mpatciov
stage. For this, the aim of this this wor
profile [total phenolic cont eRAP)]TPLCH henmp
products [mix flowers and | eaves (MFL), h

chemical extraction (0% EteOH; di5@eéos tEit cOH; p rl
Hi ¢Plrer f or mance Thin Layer Chromatography v

extracts to identify the main phenolic c
nutritional profil e, although cdgepenudetnt D
functional aspect of the chemical extract
50% Et OH extraction (3551.12 N 98.54 mg T/
Ruti n, Chl orogenic acid, UFecolpher alci &ds
compounds present, a profile similar to t

(6950.10 N 546.82 mg TE/ 100 g) andExFRAP
vidiogestion confirmed tththee hiwgph nfadmrdtciecssnalD
i mportant to emphegsiodacttlsatarer cdagaictgerd s
that may |l ead to different results and ef
ani mal s.

KeywoAdsioxi dant ; Extraction; Di gesti on; He mp
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1 The high environment al i pp@amopt ed 4 diiee rf toio
to val opiroedutchs ®d t he food chain.

1 Hempproducts are characterised by an int
terms of protein and fat content.

1 Hempprcoduct s, particularly hulls and mix
functional activity.
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| NTRODUCTI ON

The high environment al i mpact of the food
topic in recent years, which is attractin
particularly fr om -fteheed pceornsppeetcittiiyoeno. a i@ ltfodoa
processing, and transport o f feed for the
production of greenhouse gases (Makkar, 2
author, the arceraop ecdulctaitveadt % oconf f adcdedo utnd tsa If o
whil e about 30% is occupied by grazing, wi
2018) . This scenario I s bound to worsen i
will exceed 9 Dbil |l i olne gdionpd -etnac naena keevnegre R € e 8
and food producti on, which could have a f
projections fd4man2@5@omyni sise oBAT Wi I | et et
For this reason, the European Union (EU) i
the i mplementation of strategies such as
i's the transformation of the EU,imttl @aa, pck

circular economy that recognises the cl osce
health (Fetting, 2020; Sinndcdlhaisr ,c o2n0t1e9;t ,Pitr
(F2F) strategy, the hearg afmajher Erug bbere afz
plan devised by the European Commi ssion t¢
equitabl e, heal t hy, and environmentally
sustainable than they J)r eTd oadalyi € \Eau rtolpeesaen
approach is to utiteidds é&lteh d ilungpe sama wrdtu ccefd
chain (about 1.B8rbdbttenfoonhegsgegstecko( FAOQC
As reported. bly20®2 ) ptrtiondetctteadrne fceor s t o any |

di ffer-emdusatgmrioal processes.

To date,psedects soch as beet pulp, soybes
me al , and grape marcs ( GMs) have already
interesting nutritional profil e,22;utMintramnae
Aghsaghali-Sasd ®RMadd8githepeoditdbtes cof i ndu
(Cannabibk. saair®eaattracting increasing inte
herbaceous, angiosperm pl ant t gt adaptvalde
(Lanzoni et al ., 2023; Lanzoni et al ., 20
plant as it does not require | arge amounts
to weeds (RupadcAitn ghhee estanmeel .t,i neQ 2 0)s. wel | a
in diffeceihdgiagalo conditions, it 1 s an exc
due to its height (it can reach up to foul
Rupasienghad . Fol21002W0i)n.g EU Regul ati on No. 1
cultivation of hempseeds (HSs), on condit
cataloguegdred rlmbbyera@acannabinol (THC) <cont
has been attracting the interest of Isrever .
particular, the food and feed industry has
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a waste product from the processing of th
I mportant nutritional and functional pr ope
I n the F2F contest, hemp showes -mso du ovtad uaf
processing. As reported by EIly and Fi ke (
(2023a), phedhemp can be summari sed as fo
stal ks, hull s (HLs), HS teak e a(nth®)i ,n oli edla vee
fl owers (before and after cannabinoid extr
products are characterised by an interest
protein contentr sshakkssamdtseathé&s Vval ues
chaff s, fl ower s, and HLs. |l nteresting res.!
Fi ke, 202 2; Vastol o et al ., 2021) .

However, their nutritional and espet®habkly
i's probably due to the ffaxdalteh,ate vheermmpt lcaud ¢
reported by Horne (2020), iI's one of the m
Furthermore, as reported by Ely and Fi ke (
are in their early stages, without signifi
hemp scraps and comgequen tpnrgsdguechtesc.a tTion gd alt
through Regulation 2022/1104 of 1 July 20
flour and hemp fibre (both originating fr
materials (EU, 2022).

On this basis, the aim of this work was t
of hempodwct s (mix fl owers/l eaves ( MFL),
GMs, matrices highly describedrihitviestloicke
I n particul ar, tot al phenolic @anmnn@ibt s (1

et hyl ben z6stuhlifaoznohlBiTraec;i dFr ri ¢ Reducing Ant
1 ,dli p h-2miydhrywdr azyl freewenai maftho lt(I®PWPid)g a
chemical extraction, al so ident iPfeyifrog mame
ThiLmyer Chromatography (HPTLC). I n parall
eval uat ed efxoldliogweisntg oanon pr ot oc ol

MATERI ALS and METHODS

Materi al s

1 Hulls: HLs are derived from the dehulling process of HSs using sieveairfiogdv (C.
satival, variety Bialobrzeskie). The HSs were supplied by a Czech company (Chrastice,
Czech Republic). Specifically, the HSs were sown in May 2022 and harvested in early
October 2022.

1 Mix flowers/leaves: The MFLG. satival, variety Carmagnola) was provided by a local
company (CN, Italy). After hanrtarvesting, the sample was dried slowly in the dark in
a closed and ventilated environment in order to safeguard the functional compounds.
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Subsequently, the cannabidigCBD) content was recorded and resulted in a
concentration of between3s.

1 HSs cake: The HSGZ( satival, variety Carmagnola) was supplied by a local company
(CN, Iltaly). Specifically, the seeds were sown in May 2022 and harvested in October
2022 by threshing. Following the harvesting process, the seeds were dried to stabilise
the moisture content. Finallyhey were colegpressed for the production of HSs oil. The
remaining fraction obtained (HSC) was harvested and stored in a dry and ventilated
environment.

1 Grape marcs: The GMs (from red wine industry, also containing seeds) were provided
by a local producer (PD, Italy).

Met hods

Chemical analysis

Chemical anal ysis was performed foll owing
2005) . I n particul ar, dry matter ( DM) an.
met hod 942. 05. Protein content and ether
2001lamd DM 21/12/ 1998, respectively. Fina!
according to Van Soest et al. (1991).

Gr e@memi cal extractions

Green chemical extractions were performed
(O: Et OH) (0% Et OH; 50% Et OH; 100% Et OH) .
by Brighent.i et al. (2017) was perfor med
Foll owing grinding (diameter of 1 mm, 71 ot
the samples (0. 150N00:05 Of), wermelL acdfd esdo |amedr
at room temperature (RT), undertbbaknoagbab
the samples were centrifuged at 4000 rpm f
was recovered and stored at 4 , (11) preci
extracted twice, obt aieguady & of ldalmLv pleu mes
extract obtai-2@d wmatsi Istfourrtdheart anal ysi s (°
Each extraction was performed in triplicat
duplicate was considered.

Tot al phenolic content and Antioxidant Act

The protocol of Attard (2013) with minor |
test TPC. Specifically, 200 OL of-Céachldam
reagent and 800 OL of sodium caebemat eofin
i ncubati on, the samples were read with a
Val ues were expressed in terms of Tannic a
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At the same ti me, antioxidant activity wa
FRAP (Abdel al eem and El bassiony, 2021) met
to 1.0 mL oY% dlidtyisosmsd QAATODNO. 020), incubat
the dar k, and read at 734 nm. Data were e
dried material) . For FRAP, the working sol
a) 25 mL of acetpddt 8.169f f dr) -t1(23iGE0smrirMLoafz i 2n,ed | (
mM); c¢c) 2.5 2L noM) .FeNeIxt, 10 OL of each se
FRAP reagent and incubated at RT for 10 mi
expressedadalsOOmgy FoefSQ@Qri ed materi al.

Hi ¢erer f or mance Thin Layer Chromatography a

I n this study, the HPTLC technique was U
Cannabiger ditocOP@erandafter chemical extr
TPC was obtain@al lwid hadihd,s Chltormogeni c aci

Rut hin, Epi @taot ceocpdittm,mdands were purchased
(Steinheim, Ger manGgl,ucwlsiildee , QKearecrptfierr 03 ,
purchased from Extrasynthese (Genay, Fran
Solutions (Riazzino, Switzerland) . Il n par:
each sample were centrifuged at 3000 rcf
Ger mahkfyt)er centrifugati on, the samples we

(VWE) and dried with nitrogen flow to con
200 OL ofVWRtlhmtneorl n at ismABa®li,s , FoFrtaenscaely)t i ng i

concentration of 250 mg/ mL. Subsediuemttd ya
HPTLC -géll i phat(el 06102 OF 2c5mf, Mer c k, Dé&br nislt aodft |,
QuerceQ@glnucdsi de, Ruti n, Catechin, Epi cat
Chlorogenic acOBdG dhtedrcudphceradi ds;t andamid so
automatic sample applicator (Linomat 4, CA
used, the coneghmk at wionhh wakbe 28€0ception of
chromatographic run, where the mobmnéef phmis
acid (4.5:4.5:1 v/v/v)sd®aViRs,l nFeamaeée) onal
exposed to UV |ight at 254 and 366 nm. Sub
DPPH methanolic solution (Sigma AhdridahksS
mi n, and then examined under visible | ighi

Switzerl and) .

Ex vivo digestion process

The digestion process was adapted from Devle et al. (2014) and performed as reported by
Lanzoni et al. (2024). More precisely, gastric and intestinal fluids were collected from pigs
(n=20) at slaughter between 50 and 110 days of age. Then, in order v@ theandigested

fraction, the fluids were centrifuged for 10 min at 4000 rcf and used to pool gastric and
intestinal fluids to reduce variability. The resulting fluids were frozeg &t for up tc
Before digestion, pH and enzyme activity were cleecknd adjusted if necessary to match
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gastric and intestinal conditions. As reported in Figure 1, at the beginning of the gastric phase
(Oh), at the end of the gastric phase (2h), and at the end of the intestinal phase (4h), aliquots
(1 mL) were taken to measure TPC and antioxidant activigT@& and FRAP) duringx

vivo digestion. The digestion process was replicated three times (n=3) taking two technical
replicates for each digestion step.

(Oh) START GASTRIC PHASE —_—

[ TPC, ABTS, FRAP |

0.5 g of sample + 5 ml gastric fluids (39°C x 2 h, under shaking conditions)

(2h) END GASTRIC PHASE

— [ TPC, ABTS, FRAP ]

START INTESTINALPHASE

Gastric phase + 5 ml intestinal fluids (39°C x 2 h, under shaking conditions)

(4h) END INTESTINAL PHASE E— [ TPC, ABTS, FRAP ]
Figure 1. aMordifyest oopDevbeoeblal ., 20TRC: Lhntzalni
Phenolic Content.
Statistical Analysis
Tot al phenolic content and antioxia@anti aact

di gestion wer-wawnAkyO&E dC by c & aporroadt i cooms -xx Coo
producnespectively) foll owed bysiTuke®Gbapm
Prism 9 9.3.1 (GraphPad Software I nc., S a
means N standard error of the mean (SEM) o
are considered statisticalelrwpndalgnddf 0&ant f
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RESULTS and DI SCUSSI ON
Chemical anal ysi s
The nutritional profile of HLs, MFL, HS C,

Table 1. Chemical composition of MFLs (mix flowers/leaves), HLs (hulls), HSC (HS cake) and GM
(grape marcs). Data are presents as meastandard error of mean (SEMh £ 3). DM = dry matter; CP =
crude protein; EE = ether extract; NDF=neutral detergent fibre; ADF = acid detergent fibre; ADL = acid
detergent lignin. Ashes, CP, EE, NDF, ADF and ADL expressed in % w/w on DM basis.

Sample DM ASHES CP EE NDF ADF ADL

MFL  94.58+0.43 17.40+0.19 15.79+0.02 12.02+0.37 42.06+0.31 18.05+0.72 5.34%0.15

HLs  91.28+2.11 12.03+0.31 14.49+0.75 9.85+0.04 44.70+1.47 29.30+0.50 10.67+0.11

HSC 94.46+0.05 8.27+0.85 32.54+0.71 7.69+0.05 52.59+1.84 29.00+1.59 12.14+0.95

GMs 94.02+0.02 7.57+0.14 10.69+0.27 8.33+0.62 55.49+0.66 47.54+0.12 35.47+0.47

As reported i nprToadodcet s1,s hhoewnepd caon i nt er est
when compareg¢grobduGMspofatbe wine industry,
sector. I n general, the resul tds ionbttahi en eldi ti
(El'y and Fi ke, 2022; Vastolo et al; 202 2;
al . (2022), these differences are probably
to harvesting, agrolnadgitdaln,s.and environmer

I n more detail, MFL showed a high ash con
hemp | eaves are characterised by an ash <co
that a combination of them resuatesmedi at ee
case). The high ashes values are due to th
magnesium, potassium, and sul phur, which a
(Kl einhenz et al ., 20u2e0nc eantdh ewhdiicghe s tiinb itluir
by LanzonzoO2et) .alAs reported in Table 1, H
(32. 54NM0h.i7s1 %)e.ature is related to the-trea

product . I n this case, the removal of oi l
an increase in the total protein comntaht (
(2010) and Ely and Fi ke (2022). I n par al

comparabletenbptelsa. 49N0. 75%; 15. 79NO0. 02 %,

reported by EIly and Fike (2022). This di-
variability factors |isted by Vastol o et &
HLare a matrix obtained following the remo
process), they showed a high protein cont
due to the fact that, during t h(er ideet uild i mrc
and | ipids) is also inevitably removed, tF
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This al so
with GMs
Baumg?arte
content (
could be
in the <co

explains the high |Iipid content
(8.33N0.62%), <confirming the va
I et al . (2007). Among the dnatr.
12.02N0.37%), confirming the val

justified by the presence of esse
smetic and pharmaceltipcadlpesectear

et al ., 2020) . Al l anal ysed matrices pre:
Detergent Fi bre (NDF), Acid Detergent Fi b
Hi ghest values for al | analCyseldn fpraarcttiicounl
measured in HSC was c¢l ose to GMs, confirm
Hall e and Shone (2013). More precisely, t
and ADL of 45%, 30% and 12% dlex,prwealseas onc
with those reported in Table 1. I n paralle
values for NDF (42.06N0.31%), ADF (18.05K
there is no data in thesiltiitoer adfurteh eo nMR Lh,e
the values observed in the present study
analysis of the matrices tested individual
and Fi ke (2022s)h.oweidnaa Ilyowetrh ec otnLtsent of ND
by House et al. (2010), Kim and Nyachoti (
authors showed that NDF6»®W &ah®& %88 mMaADFceéer
basi s) .

Agai n, t h

e observed differences can be at

environmental differences. Al t hough high
i's i mportant to emphasise thanmnciti®natdeqes
probiotic, role, as reported by Farinon et
Tot al phenolic content and Antioxidant act
extracts

Scientific research is increasingly invest
their associated benefits, which can be e>
nutraceuticals (Abdalla et al., 2007).
The properties of these compoundsTa adatbe,
sol beasted extraction i s one of the most wic
and -efofseacti veness. The efficacy of this ty
used, i dentified by Rottarieeti @adl gamdmegt e
di fferent chemical characteristics and pol
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mg TEM00 g

0% 50% 100% 0% 50% 100%

Figure 2. Total phenolic content and Antioxidant
extr.aclftA£F: Tannic Acid Equivalent, TE: Trolox Equi\
of meannft SEM) ,Di(fferent superscript | etters in co

bet ween t he s amptlreasc twiotnh.i nBaerasc hh ndi cate significan
samples in difafefTenal eRhebpclhBO®BEscpr e EBAPR.; d§say

For this reason, as shown in Figupreo ®ugt sw,
using three dOf EEOEBNtasapresi oisHy report e

As shown, 50% EtOH extraction (3551.12KN98
hi gherp<toP@ %(or MF L . This was also obser v
TAE/ 160mpared to 100% EtOH (600.53N23.55 |

not statistically significant compared to
partially confirming what has been report.
al ., 2020) . More specifically, Prasad and
of longan fruit pericarp increased with in

decreased for concentrations hdgherOthak &
(2020) on pistachio HLs. Most ptokebdyssobl
l i ke pr,i nchi®@prlad Hows pol ar compounds to di s

solvent , di ssolves | ess polar ones, resul
Al t hough Ozbek et al . (2020) reported a |
100%O,H it is evident in Figure 2a, how t hi
reported by Robbins IOVWEnNt, usne ldaykddata mpodnte i |
temperatur e, and extraction ti me, the nat
consider, as they <can linmfelewde ncceontshaeleeknag
matrices (Figure 2a), MF L S hpxvwe D 5 ;i gena d |
concentration tested, except inAddeampargihs ot
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phenolic profile of the | eaves is little ¢
characterised by 1l zzo et al. (2020). The
new resources for nutraceutisahcd ooimuphaen
particul ar hydr oxyci acnoaunmacr i a&c i diser (ud h lco raocg
fl avoMwmriedsprecisely, |l zzo and coll eagues (
are 10 to 100 times mordepr @paent oif n hfelmpwe i
the high TPC | evels, expressdd avhemgameEN ]
results obtained for HLsSs in each extractic
TAE/ 100g; 600.53N24.55 mg TAE/ 100g, for 0%
comparable with those of GM®D,it aisnlkadwad Ri @h
publication for HSs (550.3N28.27 mg TAE/ 1
solvent than EtOHTHhLanzesul etial mpos20pB8pb

phenolic compounds are more concentrated
and the dehulling process |l eads to a high
Finally, as shown in Figure 2a, HSC showe
These results partially confirmed what was

the authors reported a TPC for HSC, extr
GAE/ 100 gpmpagbhble to that observed in th

g). With regard to GMs, on the other hand,
bet ween 0% Et OH and 100% Et OH, al though
confir miansg rwehppar twed by Spigno et al. (2007
Rotta et al. (2017) reported the i mportan
| east two methods based on different reaci
2b and 2c, the antioxidant capacisayswaMoe)
precisely, Figures 2b and 2c¢c show that the
TPCs, confirming the active role of phen
reported by Ozbek et al. (2020heonuphetact
how concentrations between 70% and 100% E
study, this effect only occurred for MF L s
matrices except HSC. ThisofdibBtoactivwvae ¢ oo

the relative amounts recov®raddaEeOHNf | odt
the polarity of the sol veO)t twa rlyeisn@) pforltoame \

ability of the solupsetotoadtserl dantsel at s
i mplication on the subsequent antioxidant
Thus, as reported, sol vent extraction i s

compounds-dferramepdl amatt eri als due to the si my
and the wide range of possi bl @ teppltiuceet,i ar

several solvents that can be used (methano
the possibility ofOciombanyngat€it ®©H twheé hdiHf
sol vent s, and their aptepbhabimakty theti r h mn

S
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suitable solvents to obtain phenolic extr
(CoMHee nandez ®&BrdtGuerr 10d4) .

Hi gepher f or mance Thin Layer Chrmreaeratolgemiphal at

Because of the interesting results obtaine
to characterise the phenolmnct ciosnpatsudy.,onHEF
3) was usgeudanttd tsaemivel y characterizeUfl avc

tocopherol contTeret HPT LChanaa ympli es was al so
contribution of various types of -3phean alnidc
phenolic acids) to the overialelctdryt irexdiadaend
mol ecul es in the sampl es.

K Q@ R C EC MFL Hls HSC GMs GA CA CLA FA CBG TP

K Q@ R C EC MFL Hls HSC GMs GA CA CLA FA CBG TP

Fig8reHTPLC plate of standards and samples detect

DPPH dedte ovtiesd bl e HK:i gkhae nfjpvfiesr)o I€(hg)lQuec Qsiede gt Rn But |

Catechin; EC: Epicatechin; GA: Gallic acid; CA: C

CBG: Cannaltligepphpr®P; MFL: Mix Flowers/|leaves; F
GMs : Grape Marcs.

As shown in Fi-pupbpdu@dtas dleanwedcoa cdMmpkbkex
specifically, the band patterns in the <ch
showed a greater degree of similaritlynthar
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particul ar, as shown in Figure 3b, MFL an
fronkfi st bose wused for tQuee recR&B @Bl s, Kaamp
(R£0. 83) RERuibn, (ChIlRH00.9g2M)i,c aancdR#b e(RE)rie¢ ac

shown i nThleashd epRenol i c compounds are char a
as shown in Figure 3b, confithDBAOGa) heNagsg
(2019), an@d2®AnAdo.tbe abhme time, the WUIFL r ¢

tocopherol band, a iR fO=.s%6f)o,r ms uvopf p owitti anngi nt hke
Bel egg(a0o2g8)alln particular, the authors,

hemp fl owers, detected the high presence
wald( 868.96 4 %), fMFm( 8-lowe2d Wy aoplh e2r.a3l %)1.(Bel e
et al ., 2023)Ut ocDipbhepoésevmse abfso found in
al . (2020b) and Engin (2009), this molecu
key role in preservings,thaectoxigdpatsakar ch a
consequently sl owing down the | ipoperoxi de
Figurwhal3b.has just been observed plays an
dehulling process, the I|lipid profile in th
the nutritional and Ifnunpcatriaolnlaell ,p rMFL |seh oonfe
an i mportant phytocannabinoid(2@»afiamdnhia
al . (20t@annalPihrydiods ar e produced, coll ec
peduncul ated gl andul ar trichomes, small sg
abundant on flowers, in fewer numbers on |
of seedo the | atter organs should not co
However, HLs also showed bands for CBG. \
with other parts of the plant dur i(nhZQg0 2nG)r,v ¢
the presence of cannabinoids in HSs repre:c

considered cultivar and the seed cleaning
CBG, a highly antioxidant moddctul e raes wslhtos
reported with the ABTS and FRAP assays f ol

i n an increased antioxidant profile. For
aci d, CafRfoeiL ¢5aci dnREOCHT7T@chipmr¢i ally con
reported by Teh et al. (2014). More specif
acid and Quercetin in HSC, but the absence
as shown i moFieglwewnwe dmt ifol | owing derivati
I ngallina et al . (2019) , the presence/ ab
compounds depend on environment al condi ti
profiles esedewhpg tbe same matri x. These
i mportant antioxidant activity, as shown i
confirming the results reported by G¢l -in

(O)N|



Table 2. HTPLC standards with thed(rnne)o rvraelsiysosn dveinsti
| i ght7 003 &0m) .

Standard Abbreviations Ratio frontis (Rf) 2 (nm)
Kaempferol K 0.83 254, vis
Quercetin 30-glucoside Q 0.79 254, vis
Rutin R 0.16 254, vis
Catechin C 0.57 Vis
Epicatechin EC 0.62 Vvis
Gallic acid GA 0.63 254, vis
Caffeic acid CA 0.75 254, vis
Chlorogenic acid CLA 0.29 254, vis
Ferulic acid FA 0.78 254, vis
Cannabigerol CBG 0.94 vis
Utocopherol TP 0.96 vis
Tot al glhhenelntc and antioxipdaniucact exi vy vof

Figure 4 shows graphs of tipe oORC,t sABR TS ]|l waw
di gesti on.

I v
HLs
HSC

1 oems

a
—
=]
=]
o

1

mg TAE /100 g
B
S
1

[~

(=]

o
1

100 =
800
o 804
o 600 3
=] S 60+
= a O
Eauo 340-
E
200} g 504
0 0=
FigdreTotal phenolic Content and Andx odigasnti amct o
hemppcoducIAE: Tannic Acid Equivalent; TE: Trol ox
standard error of mean (SEM), (n=3) Di fferent sup
(p<0.05) between the samplesdiwcahensegohfidtcgestdod
bet ween the same samples in different digestion ph
assay. Oh: start of gastric phase; 2h: end of
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As reported in Figure 4a, all the matri cec

an increase in TPC after the end of the g:
signips«s@)amnior( HLs and GMs. This trendnis c
vidigestion protocols (Lanzoni et al ., 20
2019) . Il n general, as reported in the | ite
process is highly influenced byibobhst (&I
Aguirre et al ., 2017) . Mor e speéeciOf)i cad Il loyws
release of phenolic compounds from the f ot
pol ysaccharide (fibre) bondls9) ( Goiunlcaraesa s B I
availability, thus confirming the results
Pin®&ddill o et al . (2016) , the acid pH pr.
altering their quanti faitcdthieore.ndA fs hdven iini
there was a decrease in TPC compared to tfF
(p<0.05) only for HLs. This trend is causc¢
al kaline pHf(*heO) ntteyspiimall @nvironment,hk ¢
which | eads to the transformation of phen
chemical properties, di fferent bi oaccess.i
( Woj tKuwnlieksza et al ., 2020). Considering th

reported for HLs (486.57N11.56 mg TAE/ 10C
statistically (p<0.05) higher differences
GMs (291.68N27.86). Although, dietary fibr
thus influencing their biokwlceeszma bet ialy, |
al so true that in HSs, as praeowdloiusdd iorb stehlr
following the gastric phase, the disinteg
I ading to a greater concentration than ir

(¢

parallel, as shown in Figures 4b and 4c
says showed the same trend as the TPC, c
volved in antioxidant activithe astrepbc
pacity is also influenckul eyzaigtesdali.on( 2
at the | ow pH, typical of the gastric
mpounds due to an increarse. ilnn tpmaenal ladli,
served for each sample at the end of th
ructural reorganisation of some phenol ic
to the fact omatof duhemgade gablteono ki
od matri x, forming complexes t¥HKatesnhilk
, 2020) . Considering t he i ndi vi dual n
gni ficant 8Cfaeprde6GNMSBs Wrbm Hhe exception
the intestinal phase, confirming what
traction. Al t hough these results can be
mpoundbt suephasol and CBG play a major r
efore. At the same time, multiple biologi

O X ——™—7O0 = ‘0T O T 99 5 0 >
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anitmfl ammatory, anti bacterial, antifungal

neur omodul at or (Jastrzab et al ., 2022) .

particularly THC, despite their positiwv
bi oacatuimud i n ani mal products with a resul
reason, it should be emphashasseedd tphractd uchtes s
of broilers did not result in tr,acceosnfoifr nTil

the safety of these compounds (Jing et al
di fferent trend at Oh, suggesting a ready
to chelate metals, the principle of actior

I n Figure 4b, the values for HSC -dwetechabl
values at each stage of the digestive pro
behaviour of the phenols duriagnbdygebarant

by the presence of caffeic acid, ferulic a
Woj tH&Kwoilsza et al. (2020) , not all phenol
activity. More precisedmnt,ems( Z3h®3w)n, bso e ok
al kaline pH or the presence of oxygen <can
oxi dant behaviour of some phenols, especi:
them caffeic acicdd lbaappeparas!| tel bef emel o¢ ar
l i nked to tsitgaricrh gmd ysamcharides in HSs;
antioxidant -Hotesma (®Wobjtalbni,k 2020) . Howeve

assay showed hviaglhueys cwiniphar@Ns eat every st g
This result could be related to the fact t
are phenolic compounds also characterised

~

et al8; ¢l -in, 2006; Leopoldini et al ., 2

Hemp-pcoducts were characterised by an adc
functional potential . Fboawseevde rp,r otdou cdtast ei,n ttl
l i mited, due both to the currentriegs| at dir
and | imited volumes produced (Sal ami et al
shown by Moscariello et al. (2021), the pr
feed purposes, is arouinadn 10f3901®&80ha/ pgr wi
significantly higher than that of soybean
Association Milano, 2024) , the main prote
However, althoughnttcpopstheésiatereéesiicad putri
profil ebadedhepnmpoducts compared to soy pro
previous work (Lanzoni et al ., 2023), sug:{
For t hesteo rsetaisnonisat ebadhed uprodd epthse daunca st, h &
necessary to increase cultivation and pro
ensuring the core principles of the Green
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CONCLUSI ONS

Hemp-pcoducts showed an interesting nutrit
and | ipids, comparable or superior to that
For HLs and MFL, valuable resul bgi daent abl
( ABTS, FRAP and DPPH), both f odX odviigque@gs tgir @re
Extraction with 50% EtOH showed to be tI
compounds and antidexi da@nt smaft romeegs.leafhi sa

preliminary report on tphre dfucr st ifomalt hperiaf i
in the féadvrrwalustvr V! be necessary to eval
growth performance of farm ani mal s, takir
matrices. The presented data support t he

i ndustrcesatitrhpusmar kets capable of absort
consequentl y vmrl oducti s df drh dtuleda ofye o
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815, 104 00 Pr aglunes,t iGzuetceh fRoerp urboloidc ;Nutri ti on and Heal th
5EU, UK.
ABSTRACTThe European Union promotes a ci:
i ndustry -pprcadpcst sasf awro aCmainmmaalb i ise gspard @ tleamp s ( a
promising for t heir nutritional and funct
remains | imited. This study evaluated the
hempprcoduct (variety Fuhgra)né€lodethempseéal
(contsr gTgyT, Ton performance and tdfe egdryol

focusing on total phenolic content (TPC) a
al so assessed after igm ekingediteimo c.all rexlItudicn
ceporoduct in diets did not affect dry mat
functional profile. A 9% inclusipROpO&mdTf.i
reduced saturated f7a6t7t2y negd il850% 49n mgTh 18083 T7g ;
mg/ 100 g; control: 874 2np mgH6E&B;O0OMagdty adoindg
Chol esterol |l evel s were significantly | owe
better MOPKIO) ¥ 1 Aot i oxi dant activiity, vintac
di gesti on, increased significaat|I7y73( damt4r3
mg TE/ 10076§5. G4N38. 7% n8gs 3T H#/8INB®B . gpl< OMg 5T E/
despite no differences in TPC.ptadaoonhcli osi
hens6 diets i mproved egg production and vy
feed. However, the compositinorn ovearisalgiel if tuyt
scale application.

KeywoAdsioxidant, Digestion, He mp, Poultry, Y
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T Far m tsot rFaotrekgy ai mss etca ogu itdoe stuhset aa giraib | ¢
1T Hempproducts are featured by an interes

T The 9% i ncl usi-prno duc tt hiemphreanwpe cc ot he per f
and the nutritional and functional prof
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I NTRODUCTI ON

n recent decades, the European Union has
ircular economy (Garcia et al ., 2020; Be
ork strategy plays an i mportanttormrolteowayg
eal thier and more environmentally friend
han the current ones (European Uni on, 20
se the | ar geediabnhoeu nbti oonfasnsomprchdiu meédnal ommg v
s-pcdaoduct for the |ivestock sector (FAO,

date, scientific r egeoadruch si ded&€aevpeamibmg r
)y BalLl oni et al ., 2021; Vasthdnp eits awel
wn in the food/ feed sec3tho% Ifiopri dt2hBedbonitnepn
tein rich in es86fMticakrbamydoatesdsaamd
tary fibre) and functi cmntaloxprdafnitl eno(l perc
ds (Lanzoni et al .Des?023>b;t hkear, iprtdrd uats sa
still in an early st agep.r oAdsu cdtesmocnasnt rbaet e
whol e planthulstemsHSshaédkesstheltages a
nnabi noi(dVasxttoalaoc teitona)l ., 2021; EIly and F
022) and Vastol opeodwmdt.s (&r0€2 13 h a rhaeanpe rci
tritional and functional profil e, whi ch
c
a
r
[

® ® O O

hvas oame retcaoll ,ogagcrad conditions, genotyp
nsformation processes. To dat e, t hroug
opecam dmliy authorised HSs, HSs oi |, HSs
ginated by stems) for ani mal feeding,

Materials (European Uni on, 2022) . For thi
new h-bmped matrices, which are able to gt
i mprove the nutritional aspect of ani mal

related to the fact that i mportaonn ofeshH$d s
the livestock industry, particularly in t}
i ncrease the performance of the treated

nutritional and functional podR| | €cakbhat he

oOm™—"w > —~0 9 —TwWaoaT XN 4 VS ~+F>TTO —

T Cc ST Cc Cc N O o T 5o 0

Neijat et al., 2014; Shahid et al., 2015;
2019; Mierlita, 2019). I n the | ight of th
results can albgb bbeaehhawmepdrnoechucotosf. hemp ¢
For this reason, the aim of this work was
6% and 9%) -pfodaudbntempdemwni ving from the <cle
nostandard HS, hull s and stems), uilmttehaea ha

production performance and nutritional/ fu
addition to assessing the fatty acid profi
compounds such ad$caoobpherzoelawxtame thii moldye r e
Finally, the tot al pdhxinbdantc mgrownftielneg ¢ fT PeC9 g
foll owing green dhhme micgaels teixoenr.acti on and
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MATERI AL and METHODS
Material

The heprpodioctsHti vari ety Futur a) (Bl OHEMP,
harvested at the end of September 2022, w
using sieves apdoduct!| waws Ebmpacoberised by
standard H@&and KB$SembBul IThe resulting sampl e
temperatur e.

Experimental design

240 hens (Bovans Brown) aged 21 weeks tool
weeks (two weeks of adaptation and seven
the peak production phase, as fromlweekR030Q
Gonzd&dkheguin et al., 2021). The hens were
T3, sdNnd) T(selected on the basis of our pr e
i ncreasing i nclpursadounc tofi nt htéhdh edmpe tO 66,0 %, e s3pk
as shown in Table 1.

T a b | @ompgosition of the dietary treatments fed to laying hens (Control, T3, T6 and T9Values are
reported in %.

Contr T3 Te Tg

I ngredient (% 0 % 3% 6 % 9 %

Wheat (11% CP 39. 1cC 37. 7¢C 36. 20 34.10

Corn 19.6¢C 19.6¢C 19.60 19.60
Soybean meal 24. 4 24 .1« 23.70 23.70
Wheat bran 4.10 2. 70 1.30 0.00
Hemp-pcoduct 0.00 3.00 6. 00 9.00
Rapeseed oi l 1.97 2. 34 2.79 3.48
Cait Q@ 0.78 0.75 0. 72 0.69
Sodium bicarhb 0.30 0.30 0.30 0.30
Sodium chl ori 0.20 0.20 0.20 0.20
Li me sgtroile ) 8.90 8.60 8.40 8.10
LLysine hydro 0.00 0. 02 0. 06 0. 07
DLMet hi oni ne 0. 14 0.16 0.18 0.20
L-Threonine 0.01 0.03 0.05 0. 06
AMI NOVI TAN 0.50 0.50 0.50 0.50
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Al l diets, as reported in Table 2, were f«
energy and protein ciomctreenas,i ntgh ecroenfcoernet,r aftoil
product featured by contained energy | ev
Il ncreased to maintain iIsoenergetic diets &

T a b | €herdical composition of dietary treatments fed to layindiens (Control, T3, T6, T9) HCP:
Hemp ceproduct; MEN: Metabolisable energy.

Contr T3 Te To
Nutrient co 0 % 3% 6 % 9 % HCP
Dry matter 899 901 902 902 889
Ashes (g/ kg 124 142. 128. ! 132.° 148. .
Crude @Pgl/lok e 173 174 170 175 156
Et her (eg¥tkrgd 36.9 37.7 39.1 40. 7 64.8
NDF (g/ kg) 190 207 208 193 423
ADF (g/ kg) 33.7 39.1 46. 53. 7 281

7
ADL (g/ kg) 7.2 8.1 11.9 13.4 107. .
ME( MJ/ kg) 10.9 11.0 10.9 10. 9 5.2
Calcium (g/ 36. 2 36.0 36. 3 36. 2 32.2
5
0

Phosphotksg) 5.69 5.73 5.6 5.74 5.25

UTocopher ol 40. 1 42.0 44 . 47 . 3 19. 2
>Tocopher ol 14. 1 16. 9 17. 4 18.5 12.0

Ret i(magl kg) 1.89 2.10 2.40 3.08 -

Lutema/ kg) 2.46 3.36 4.32 5.54 26. 4
Zeaxa(mmdli kg 2.21 1.92 1.62 1.57 1.02
b-Carotmaglkkg 0. 26 0. 68 1.17: 1.07 4. 90

More precisely, the-fhoms were chedsedgies B
hens/ cages for a total of Si X cages per
technologicalcooneaddéredsgéonot ype, with a o
(02-18030). The cages héad A magtf alcex ,arfeeae bd
and three nipple water dispensers were 1 ni
equi pped with a perch (15 cm per hen), a c
temperatur e wais22mad,ntaanidnedcheatl igoht i ntensi

the central storey.
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At the beginning and end of the experi ment

mortality rate were assessed daily, while
weekly. The number of eggs | aid was regist
Met hods

Chemical apabgscs amndcaoi et s

The chemical an@olrygdiuctofantdhei leeamp was carri
met hods reported by AOAC (2005). I n partic
a f oaicredoven at 65AC for 24 h (AOABGemat hod
samples in a muffle at 550AC for 3 h (AOA

measured by the Kjeldahl met hod (AOAC me
extraction i n petroleum ether, usi by a

21/ 12/1998). Finally, the fibrous fractior
Soest et al. (1991). Calcium content was
spectrometry using the Contr ARewd,0 Gerimearny
described by Skrivan et al . (2019) , whi | €

vanamaltgbdate reagent, as reporTled bat APA
prof[islaee urated fatty acids (BFAS()MUF AM® n 0 wa
pol yunsaturated fatty acids (PUFAs) ] wer e

extraction of the total l i pid fraction as
trared hyl ation of fatty adiydsRawas eperafl ar nfe
specifically, the fatty acid methyl ester s

(HP chromatograph 6890, Agil en3d clemgihinlodroy i
(12B0AC) and a fl ame iperci$atci drempetractuor,
featured in the Supplementary Material s.
retention times compared with st-aochpodenf{
FAME mi xes (Supel co, Bell efont e, PA, USA))

The concebtoabpbteswmdfpbeandt ene and retino
following saponification and extraction i
standards (European Committee for Standar
werceal cul ated using HPBAE€ragyuidppedt wit KVER s

Kyoto, Japan) as reported by Skrivan et al
of 450 nm was applied for the det e(cltl0 nx

4.6 mm; 2.6 um (Phenomenex, Torrance, USA)
acetonitrile:water:ethyl acetate (88:10: 2)
the samples were analysed byncoeammardianm g swif
Al dri ch, Prague, Czech Republic). The an

zeaxant hin was of 18 mi n.
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I n vitro digesti on -parnodd udcitg easntdi bdiileittsy of he

The heprpo dcuoc t and diets were digested fol
modi fications (Lanzoni et al., 2023b), as

At the end of digestion, the samples were
54 Fl orham Par k, NJ) , collecting the undi
overnight at 50AC and used to determine tt

Digestibility (%UFDMY)/~ {ammpeé eDDM 1

For diets only, filters were used to asse
(AOAC, 2005) .

I n parallel, aliquots (around 2 mL) -wer e
product, while for the diets at the end ol
activity, as described bel ow.
Determination of physical parameters of ec
The physical parameters of the eggs were ¢
egg production was analysed and the val ue:
foll owing the measurement of t hreokeort adn dve
i ndi vidual fractions were isolated. For e
based on this, the percentages of white,
shell's breaking strength gvaasn dlenstrrmd m e3d3 4
(I nstron, Nor wood, MA , USA). After remova
measured using a micrometer. Finally, the
fan (DSM Nutritional ProdMchesB30OBac€Bl or Sm
(Konica Minolta, Osaka, Japan) (Skrivan et
Nutritional and functional profile of egg
Eggs for determination of fatty acid, chol
were coll ected at the end of theThei abnte&n
and | ipid profile were determined as prev

2003) by gas chromatography (HP chromatog
fatty acids were identifiedabhdatheir PUEAetL
2, PUFA -do mpan e3nit FAME mi xee, (BApeUSA) W®Bet
standar ds.

I n parallel, the atherogenic and thr omboc¢
Ul bricht and Southgate (1991) and the perc
(200 30t odtedteorcod plrcearodt,ene, retinol, |luteir
egg yol ks were analysed as indicated above
Froescheis et al ., 2000; Skrivan et al .,

Japan) equi @oedamwrn a\h detddacamrn deéeeymi kat
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subjected to alkaline saponification wit
appropriate extraction with diethyl ether.
Finally, the cholesterol content was meas:
following saponificatiosapbni heeldi prdct om
to extraction in ethyl et her. i Elde ude migv aaf
chromatograph ecduippeidl warntryh @olSuAth ( Supel
i sothermal conditions with a temperature ¢
Green chemical extraction and in vitro dicg
Before the extraction and digestion proces
to tharfynegzerocess (3 yolks (=1 sampl e)
were created for eachs @Toelt aMgr ¢ repae mesne !l Y
green chemical @xEtr@H)t i wans (bHr: {50, medd as de
materi al s, following the protocol of Brig
reported by Lanzoni et al. (2024).
I n wiitgresti on was performed following the
Brodkorb et al., 2019) (Supplementary mat e
used for the evaluation of TPC and @axnitd aomnti
Power (FRA®2i ma(odlh 2y, 12be n z6estuhlifaoznoilci naeci d ( AB°
Tot al phenolic content amrdodawndti ,0oxdideatnd arcd
Tot al phenolic conteni waal aeseassdy wi aé
(2013) . | n parall el , antioxidant activit)
according to the protocols of Abdel al eem
respectively, with minor modifications as
expressed as mg tannic acid 1@dd@uigvadredt mg
equivalent (TE)/ 100 g, for TPC, FRAPaialnedd A
i n the Supplementary material s.
Statistical Analysis
Data on ani mal performances, physi cal Cc h e
chol esterol content and anti oxwadyanAnomal ewc
GLM procedure in SAS software (Versieorne 9. 3
tested by the Duncan test. Theprmadiunc t e f fTe
mat hemati cal statistical model was as foll
Yip Ql++ige
Wherigga¥ the value of t rUawiats; t® ewad fpetcetd wodf & rr
i nclusion (I = 0 %, 3 %, 6 %, 9 %) and ei ] w a
experiment At uhetsé&me6)i me, DM/ protein dic

da

ta of-prhedwpctc,o di ets and eegwmpyy AAlnkosy awdrod | «
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Tukey's multiple comparison test, using Gi
San Diego, CA, USA) . Al l data are report
statistically significawal ueor= a0 .9065 .conf i c

RESULTS
Nutritional and functional-ppodotict eanmd dinet

As shown in TaplredfB¢ctthadhaempioberesting r
to Iits high protetme coamenti md56i tg/ kyggseml
(64.8 g/ kg), enriched by the high presence
(263.47 mg/ kg) and SFAs (430.61 mg/ kg), wh

the diets, aes 3r.eplonr tpeadr ailn eTlablit showed a
and fibre (423 g/kg, 281 g/ kg and 107.1 g/
a reduced DM digestibility (36.09K1.29%).
produbt dnet (control, 3 %, 6% and 9 %) di

di fferences in DM (64.21N0.97%; 64.06K1. 3"
(81.13N6.62%; 79.10N2.60%; 77.71N7.06%; 7
cont (o031 %y(,B%W) &MWE) T

T a b | Fatty&cid profile of hemp coproduct and dietary treatments. Values are expressed in mg/100 g.

HCP: Hemp ceproduct; CLA: Conjugated Linoleic acid

Contr T3 Ts To

0 % 3% 6 % 9 % HCP
Capracxiicd (C6: 0) 0. 05¢ 0.07 0.12C 0. 11
Caprylic acid (( 0.21 0.21 0.23 0. 2¢
Capric acid (C1¢ 0. 42 0. 43 0.4%5 0.5¢C
Lauric acid (C1: 1.87 2. 76 3.18 3. 41 1.55
Trydecylic acid 0.08 0.12 0.123 0. 1c¢
Myristic acid (( 3.35 7.14 9.1C 10. 2 42.69
Myristol ei-e5pci ¢ 0.22 0. 44 0.5€ 0. 8¢ 4. 18
Pentadecylic aci 1.82 1.82 2.18 2.2« 1.76
Pal mitic acid (¢ 388.0 381.1 450. 449. 254.65
Pal mitol eic7hcic 7. 28 7.99 9.92 11. 8 10. 32
Margacid (C17:0) 3.12 3.20 3.97 4.07 3.20
Stearic acid (CI 84. 5¢ 89. 4t 1109. 123. 94.57
Ol enic achyy (C1¢ 1318. 1409. 1853.2126 214.59
Vaccenic a-€)d (C 66. 07 71.5¢ 92.4 112. 26. 02
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Li nodceiicc (€6)18: 2, 1479. 1490. 1687. 1729 856. 32

CLA (C18:2 (9,11 0.61 0. 64 0.73 0. 8¢ 15. 46

CLA ((C18:2 (10, 0.21 0.23 0.34 0. 41 0. 22

ol inol eic &gid ( 3.11 3.40 7.9¢€ 9. 2¢ 43.02

Glinolenic -axid 241. 3 256. 4 334. 381. 290. 06

Arachidic acid ( 14. 8¢ 19.0tf 24.8 29.7 31.40

Gondoic achyg (C 27.6: 29.5f 39.3 46.1 8. 36

Ei cosadienoi-6) ac 2.45 2. 45 2.78 3.2¢ 3.23

Heneicosylic aci 0.97 0.93 1.01 0.9:

Di heohao nol ei ¢ &9 0.28 0.28 0.57 0. 7¢€

Arachidoni c-63ci ¢ 0.49 0.67 0.9C 0. 8¢ 0. 83

Di heohd nol eni ¢c -&) 0.16 0. 44 0.6¢ 0. 8¢

Behenic acid (C: 0.30 0. 38 0.3¢ 0. 4c¢ 0.79

Ei cosaparcti alen &i2¢ 4. 07 5. 33 8.41 10.1 11. 03

Erucic ac®9pd (C2: 0. 77 0. 814 0.94 1. 3¢

Tricosylic acid 0. 27 0.31 0.3€¢€ 0. 4¢

Adrenic ae6i)d (C: 0. 38 0. 85 1.57 1. 871

Lignoceric acid 0.20 0.25 0.47 0. 4¢

Clupaaoiddc(822: E 5.23 6. 33 9.7¢ 11. 8

Nervonic a®)d (( 0.55 0.59 0.73 0. 8¢

Docosahexaenoi30 4. 27 4. 82 7.65 9. 6¢ 5. 44

Tot al 366 3. 3799. 4677.5086 1919. 7¢C

Saturated fatty 500. 5 508.1 617. 627. 430.61

Monounsaturated 1420. 1520. 1997.2299 263. 47

Pol yunsaturated 1742. 1771. 2062. 2158 1225.61

Pol yunsatur at3gd 255.0 273.3 361. 41 4. 306.53

Pol yunsatur atégd 1486. 1497. 1700. 17414 903. 40

n-6 /-3 5. 83 5.48 4. 71 4. 21 2.95
As previously reportperdgduwdti qgmertes odl Iteicet ehc
the digestion process to investiagmaticeoxihdcal
compounds ( FTlgaur e epfro,dcudcd) .pr esented an i nc
(Figure l1la) from the beginning of the dig
peaking at the end of the gasp<0)0 pAtastehd 1
of the intestinal i ncubation (1127.37N40.

NN



(p<0) OBMOmMent ary decrease was observed, alt]
process, resulting in a value highly compa
gastric phase (1507.50N9.72 mg TAE/ 100 g) .
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0% 3% 6% 9% 0% 3% 6% 9%

Figure 1. Total phenolic content and antioxidant activity (FRAP and ABTS) of hemp ceproduct and
dietary treatments. TAE: Tannic Acid Equivalent; TE: Trolox Equivalent. Data are presented as mean +
SEM of at least three replicates. Different superscript letters indicate significant differermi<atbj.a)
Total phenolic content of hergop product monitored each hour; b) FRAP assay of heorproduct
monitored each hour; c) ABTS assay of hetogoroduct monitored each hour, d) Total phenolic content of
dietary treatments; e) FRAP assay of dietary treats) f) ABTS assay of dietary treatments.

The same trend was al so obtained for t he
the end of gastric di ¢elsOtOi ogn) ,( 1s6i 99.m8 @ N 4. ndt -

than at any other timepoint. I n contrast,
cour se. More specifically, the beginning
showed a ps@n08&ecrasmdasd in antioxidant act:i
digestion (2852.03N183.27 mge T THIL1O0O@r gnces
observed during the gastric incubation, t
(b<0)Obncrease (4573.77N39.38 mg TE/ 100 g)
three hour s, before declining in the | ast

(P<0)AWsS presented in Figure 1d,priandcuctasiimpr
the TRBC3 Wf(,6T%) 84®9&) Tcompared to the contro
showed a spi<gOn)iOfBii cgahretcloyph(eno!l ( 255. 53N29. 07 |
the control (670.42KN3.88 mg77VREBBNT . ®)7 angd
g) . Better resud(t8s4 1wesr9eN 2d9b.t9a6i nmegd TfACEr/ 1T 0 ¢
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witéh Bimilar trends were observed for the
higher prx®) 0&o(r46T 48N2. 4810y ghHleSompared t
(27.89N2. 11 0mMgs (B & SAION2. 291 0rdg gHEeSEn @ 3 N3 . 42
FeQ0L00 g) .

I n parallel, the antioxidant activity assa
results for the 9% (3451. 51N 1p4r30 ddudc tmgi nT Et/t
significamrtol)Ytihiaggheéhe( contr ol (2963.76N62.
with the inclusion of 3% and 6% (3125.50N7
g, respectively). However, al t houghse amoi nc
statistically significantofditfhfee rdeinectes wcaosn sc

Laying hens performances

Table 4. Laying hen performancesDifferent superscript letters indicate significant different dpt0(05

Cont T3 Te Tg

0% 3% 6% 9 % SEM P-val

Body weéiwgek® 2§ 183¢177 180( 179, 13.¢ NS
Body wefiveretkk 32 186¢180 183. 184( 15.¢ NS
Feed consumpt.i 122.118 118. 120. 0. 7{ NS
Mortality (%) 0 0 0 0 - -

He-day egg prod 922 789% 89h ( 9423 ¢ 0.5« <0.0
Feed consumpti 132.134 133. 128. 1.1: NS
Egg mass produ 56 :53% 54¢ 7 592 ( 0.3 <0.0

As reported, the incr eparsoidnugc ti nicnl utshieo nd ioeft
did not resuheirnfchahgwei ght Dboth foll owi
end of the experimental trial. The same r

(g/ hehhdpg) agrelup (B®d. B%Jayepggtpdodubéenor
to that of the control p(<90).071%):(t&8Bed 1T%H¢ a & h d
(89. 0%), although feed consumption (g/ egg)
addition, the 9% inclpu®) OHi gbsul £gd masstp
g/ hen/ day) t hen 0%, 3% and 6% inclusion
g/ hen/ day, respectively).
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Egg physical parameters

Table 5. Physical characteristic of eggDifferent superscript letters indicate significant different data

(p<0.095

Cont Ts Tse To

0 % 3 % 6 % 9 % SEM P-val
Egg sur?® ace 73 0 72%€ 72%¢€ 742 0.36 <0.0
Egg weight ( 6026 60°:2 602 ¢ 622<¢ 0.37<0.0
Al bumenght ( 40° 6 4022 40%¢ 4222 0.1 <0.0
Yol k wei ght 14.¢ 14.¢ 14.4¢ 15.:. 0.0¢ NS
Shell wei ght 6.34 6.2 6.2 6.3« 0.02 NS
Al bumen perc 65°7 65" 4 6527 662 0.1( 0.01
Yol k percent 24.1 24.. 24, . 23. 0.0¢ NS
Shell percen 1028 3 10%Z 103z 10%C 0.0¢ 0.00
Egg yol k/egg 36.¢ 37.. 36.¢ 35.!' 0.2 NS
Shell thickn 37% 370 3 68 3628 1.0 0.014
Shell deform 0.2¢ 0.2' 0.2¢ 0.2¢'0.00 NS
Shel |l streng 4754 476¢ 4667 474+ 32..: NS
Shel |l streng 48.%t 48.( 47.1 48.. 0.37 NS

DSM yolk col 4.%8 5.°¢ 5.%7; 6.8t 0.04 <0.0
Redneds (a*) 1.%3 2.9: 3.%8: 4.8: 0.06 <0.0
Yel l owness ( 3699 42t 46°%7 4827 0.2 <0.0

redne8®@r gen; H@0Froeldddssbl(ue; 100=yell ow)

As shown in Table 5, ther@&udtncsheswed af
(ph<0) O0dreater eg9 sawnrdf egeg Wed.ghtcni62.%24 g)

60.6 g), 3360.(Z2gp amd 6%3%i ne0.usi gh,NoO7&s B
di fferences were observed in the weight C
al bumen, wi tph<Os)iOgdnriefaitcearn(tdlayl @(eg) f bhams cont
(40. 2 @()40aned gT) . These valuesO0jeésubhed BhHhDb
percentoege .f304) T han f or 3(céobn.tdrww)l, (b6ust.s7c%®) mpa
(65. 7%). Although no difference was obser
cootr shell (10. 300)0 w2 %y(slaOmd2I9®r;, tad p ¥ &B)i Wi f
super ig0X 0.t ®%)T. Despite this, the shell t hi
appreciabl e di ff erFeinncael |bye t vaese imr etphoer tgerdo u pns .’
were obtained for egg yol ks col our. Mor e s

cgproduct resulp<e@) 06hi ssdasgnb dtiweaenrt dach gro
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2. 74; 3.83; 4 .
at 3%, 6% and
Nutritional an
The nutritiona
of t he -phreontlpu cd o
compared to th
mg/ 100 g) .

mg/ 100 g; 1296
PUFAs values
contr ol

mg/ 100 g) . N o

32) and yell
9%, respect.
d Functional

ownes
vel y.

prof

s (36.9;: 4

i1l e of egg

-
£

I prof il eThoef 9% gi nycoll Lkssi ans (st
reisghitfeidcamk®y 6tloctihen SFAS

e

di

control
Th<0)sOtames trreecnadr dled f
6 mg/ 100

(8742

mg/ 100

g) .

or MUFAs (

03 ed2d 5P ensgp/elct G vge,l
weK®O) 88 0gg hzi(réclddmbtr Inyly /(100
(54316(MmMP/2000mgg)LO0®DN Q)T
beewernoecwasrobsandedncl u

g) ,
buteo(BIBONWI vy

T a b | Fattyécid profile (mg/100 g) and cholesterol content (g/kg) of egg yolkBifferent superscript
letters indicate significant different data (p<0.05). CLA: Conjugated Linoleic acid; HH:
Hypocholesterolemic/hypercholesterolemic fatty acid ratio.

Cont T3 Te To

0% 3% 6 % 9 % SEM Pval
Caproic acid (C6 1.9 1.2¢ 1.%2 1.0 0.0 <0.0
Caprylic acid (C 2. 2.%: 2.5 2.0 0.0 0.00
Capacicd (C10:0) 1.%7 2.8¢ 1.91 1.3 0.0 <0.0
Lauric acid (Cl2 5.2 5.0t 4.4 4.%57 0.1 <0.0
Trydecylic acid 0.9 1.9¢ 1.933 1.7 0.0 <0.0
Myristic acid (C 962 953 ¢+ 77b 5 7269 2.0 <0.0
Myrisaoieic6l14:1 182 182 ¢ 1026 10°%3 0.7 <0.0
Pentadecylic aci 18- 20b ¢ 262 5 2521 0.6 <0.0
Ci-s@pentadecycl ) 12. 13.. 12.7 13.2 0.2 NS
Palmitic acid (C633»% 637¢ 6062 5591 74. <0.0
Pal mi toleic7pncid 7124 673 5 54 5 194 15. <0.0
Margaric acid (C 49 582a ¢ 52°b 7 44¢ 0 1.1 <0.0
Stearic acid (Cl1l 228 2234: 22862 1980 30. <0.0
Ol enic acDy (C181148 1198 11727 1103€¢118 0.01
Vaccenic a€)d (C 568 5632 53°1 5 Q°5 6.7 0.00
Linoleic a&k)id (C 407 408:.: 4374 4187 47. NS
CLA (C18:2 (9,11 5.0 5.8¢ 6.209 5.4 0.1 <0.0
CLA ((C18:2 (10, 1.% 1.%7 2.27 2.20 0.0 <0.0
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ol i nalceidc (6€)18: 3, 32t 30% ¢ 4129 4126 1.0 <0.0
Ol inolenic -&axid 31°9 3 1° 3 6°7 4 138 8.4 <0.0
Arachidic acid ( 6.2 6.°2°1 8.26 5.%0 0.2 <0.0
Gondoic achby (C 7 328 65°% ¢ 722 2 63%5 1.0 <0.0
Eicosadienoi-6) ac 44°% 502 ¢ 5020 427 0.8 <0.0
Heneicosylic aci 2.% 3.0t 4.%1 4.49 0.1 <0.0
Di hoeohd nol ei ¢ &qQi 25" 27°% 1 332 4 3321 0.7 <0.0
Arachidonic-63ci d 505 55?9 5 81 5 1°5 8.t 0.00
Di heohd nol enic -&ax 4.9 5.%: 5.%3 7.26 0.1 <0.0
Juniperonic3pcid 4.% 3.8t 3.%2 4.2%°8 0.1 0.02
Behenic acid (C2 3.8 4.M( 5.04 4.%4 0.0 <0.0
Eicosapartiae{&i2€d 5.0 6.2 7.08 6.9 0.1 <0.0
Erucic ac9yp (C22 3.8 3.%¢ 3.4 2.9 0.1 <0.0
Docosadienoi®)ac 10.2¢f 6.9( 8.%22 7.47 0.2 <0.0
Tricosylic acid 4.2 3.8¢ 4.%¥3 4.3 0.0 0.00
Adrenic aecbi)d (C2 8P,P1 11° ¢ 332 6 3320 2.2 <0.0
Lignoceric acid 4.9 5.%7 6.%216 5.%5 0.1 <0.0
Clupanodic -ayid 51¢ 54¢ ¢ 893 6 74P 1 2.9 <0.0
Nervonic a6)d (C 7.9 6.7 7.4 7.%6 0.1 <0.0
Docosahexaenoi30 335 4 5°9 5 422 5 221 15. <0.0
Tot al 27022 27 7°8 2763 257°21269 0.01
Saturated fatty 8784 8837 85214 7692 104 <0.0
Monounsaturated 128« 1333 1296 12152132 0.00
Pol yunsaturated 548 562C 61835 5897 76. 0.00
Pol yunsatur at3ed 72°0 8 4°4 1045 1081 25. <0.0
Pol yunsatur ateed 470 47BE 5122 48589 57, 0.04
n-6 /- 6.% 5.%f 5.95 4.9%2 0.1 <0.0
HH 2.% 2.9 2.%89 3.00 0.0 <0.0
At herogenic inde O.3¢0.%5 0.33 0.32:0.0( <0.0
Thrombogenic indO. 2¢0.P5 0.69 0.650.0( <0.0
Peroxidation ind 389 41¢¢ 4752 4822 0.7 <0.0
Cholesterol 113 105 7 10°%°4 100 0.1 <0.0
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The same tendenc¥y WUFAebsénveodntormsh, I nc
hempprc@duct increa8eBUFAge. akoua(t&plcmd/i T@0
showed sigrDfjDbaghkey (abuéesothé&am@m20heg/ 100
content( 1tOhlabn nig/ 140(01 0B)L argd 1DO g) . No di ff
bet weandh.TTThese resuld/t3s deipelndedtamnnincl u
statistically sp<gn)iOhbetamaendiddehr eqqcesp (( 6.
respectivel vy, §®dmd)cDnThel same tendency wa
hypochol esterolemic/ hyperchol esterol emic f
peroxidability i1indices.

Finally, interesting results were obtainec
yol ks of hens f-gpdodvidth ©OP0O .hGke mp/ kp) showed
(10.4 g/ kg) group, bULOsvVgglikgraantdycooniweoc
same tzameéwé&ile significantl yAshirgehpeor ttehda ni nt
although no diffétenophwas!| rephbet epdrcofdauscito r
at 6% (42.1 mg/ kg) and © fe §pg<ad) 10(tvhge/clogp)h e s o
content compared to the control (28.7 mg/ k
results webearepeneedntdorutein values. I n
hempprcwduct cor r efscpaornodteedn et ov allouweesr i n egg vy
for the control (0. 0608 3ntg0/.k0g6)0,5 @nggd/ hkogh)d,d

mg/ kg), but sipg)fobb@mt Oy3bimhpekg). I n con
was dependent on hemp inclupkOnhOoOHdeftenta
bet ween each group (5.8 mg/ kg, 10.6 mg/ kg
control, inclusion at 3%, 6% and 9 %) .

Tabl @ort.enttoowdpHlkoodpher oicarotenes lutéinnand zeaxahthin in egg yolks.
Values are expressed in mg/kg DM. Different superscript letters indicate significant differemt<fa@by,

Cont T3 Ts To

0 % 3 % 6 % 9 % SEM P-val
Ut ocopher 231 256 261 252 4. 4 NS
>t ocopher 28¢ 7 33% ¢ 4238 . 453 . 1.2¢<0.0
Retinol 9. 8 10.: 10.¢ 10. . 0. 1: NS
Lut ein 598 10¢ ¢ 16°% ( 212 ¢ 1.0¢<0.0
Zeaxant hi 5.1t 5.0 5.1t 5.9! 0.16¢6 NS
b-carotene 0.0% 0.0% 0.0% 0.0% 0.00 0.02

Foll owing the gremgmoacédsesni cagg exdlrlacti oom
product had px09i0dnigfthiecdamtPICy ((Fi gure 2a) th
diet (295.09N22.18 mg TAE/ 100g:; 458.25K30.
g; 414.36N24.53 mg TAE/ 10 eargd) .T efhp esc ttir vealdy
confirmed for the antioxidant activity mea
assay (Figure 2b) showed that, although t
comparable to 6We(49cOuUNioRr6amg FeSO04/ 100
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FeSO4/ 100 g), ipt<Owas osviegn itfhiama mBtd y 52 . 53 N3
while no differemnmcedndasT noted bet ween T

400

=]
o

mg TAE/100g
S

100

Fi g@reTotalcpheaeont iand antioxidant activity (FRAP

chemical .€XEr aTanminc Acid Equivalent; TE: Trol ox E
SEM of at |l east three replicated. Diff e@réntobayper .

Tot al phenolic content; b) FRAP assay;
As shown in Figure 3, following the digest

in the TPC (Figure 3a), the ABeTpS rdtaetda (cFoingf
More specifically, egpalmdiucd | ryxricomr pef) &5 gn
hi gher values than the control (601. 12N42
765.64N38.71 mg TE/ 100 g; 843.48N38.71 m
respectively). For FRAP (Figurne83bJ0NaA&a.ignh
FeSO4/ 100 g), =(o7ndp.a3r6aNb3l.e0d 6wimgh oRTe7HO 46/2INMA0. 6)5
FeSO4/100g ), but significantlegS®4/ghkad dg)h.:

di fference was obssanded bet ween control, 1

a:‘3000- b e

gzouu- g S

cEn100[) ng.’ Ea

0-
0% 3%

Figure 3. Tot al phenolic content and antioaxivdamb
di gesltAiEon.Tanni ¢ Acid Equivalengred&nt dd oddxmE&Eagmui N
|l east three replicates. Different superscript |e
phenolic content; b) FRAP assay; c¢) AB
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though it is difficult to cpmpduettbahsedu
ial with values found in the |iterature,
i's evident that it preeentsel gy, hidgdhcrauwmt i
e interesting protein content derives fr
reported in the I|iterature (Kleinhenz e
nzoni et alame 202&bhH) i tAt st e s¥i ngui-shed
sed matrices, characterised by a higher

(Call away, 20014; Vonaparti-6 PUFAd .pr @ddnmi
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rcentn3g e rtehsaun -6 AF3mgP UFMAsan 2n 95) simil ar tc
al. (2019) and Ga#dasSsoretspalctivV2z0yqg) HD
ted, the high ashes and especlal spithbeof
creasing inclusions of up to 9%, did no
ets, demonstrating its potenti al use.

t he same tpirmel,uctth e hhoewepd caon i nteresting
e behaviour of phenolic and antioxi dant
what stage of digestion t hheeyalatrhe. rPerleeca
eviously described, from t-peodbegi nshowe
creasing TPC reaching a peak at the end
our previous -sasudad/, pr evd wmthtSsc hp h&tmei n f
gested winhwpittoeadsame (Lanzoni et al ., 2 C
pl ained by the action of the acidic pH o
mpounds as a result of the breaking of
brempohentcowi th the highest phenol cont
rthermore, asVardégddrot ed kay .Pi(mReddlé6) , t he
e structureemdbltihemg pthleemiod sexact quanti fi
pancreatin (4 h), a steep deXKuée¢aseawas
020), this is a consequence of the inste
e pancreatic phase. More precisely, t hi
enol s compounds t hat modul at es their f
eviously described, the final TPQG ghoewe
stric phase. As demonstrated by Tar ko el
e food matrix during the digestive proce
13). Although 10% of t hese actormpxo, u nadpsp rroexr
% are digested in the smal.l andT Mi2s% iisn o
ramount i mportance, as their absorption
ch as anitnbkadcmat owigmad nidnti enptrional heal th
j ust reported, phenols are characteris

FRAP assay showed the same trend as the T

co
t h

mpl etely opposite course. As desetrweerd |
e antioxidant assays can be observed as



di fferent mol ecul es wi t h di ver se mechani s
obtained in the ABTS assay.

This is in |inetwtophetbelag oh temeei, n@ind zeaxa
in the-pheoemdmcdao More precisely, as reportec
f sstol ubl e compounds with a high antioxi dan
from oxidation Iduey ttoo tshceaivre nhgieg hf raebei r adi c
of ABTS. Of these, as doga vcoipthed oby hRer thbe e

the most active antioxidant I n | ipids anc
together awittiloxodhat compounds (e.g. phen:
stabili tbyasied ppemmpuct s. At t-hreo cswane 9 h aonvee d
carotenoi d val ues, wi t h bcghet emceonaadt rza
respectivel vy, confirming the observations

are characterised by a greater free radic:
the mechanism of actialn. ,0of2FRAP. assay (Sir

As shown so far, the hi gh -pfruondcutcito nhaalv ep ri onmppe
o f di ets,q egdpemoinaltiryyt i Tng t hat the increa
digestibility parameters, but also increas:s

These results can be correl atedAwiphexih@u s
descri bed, the body weight of the treated
adaptation period and the entire trial. T
digestibility and t heprpodurddb iUy twi tdfo uitn caln
aspects for the growth performances of the
content than the contr alt.edThios trhes algte iod n

(21 weeks). In this period, chickens are ¢
However, as reported by Vispute et al-. (20
3 weeks), i tt ovoauM ali do et Hhea steda maft rh emps , as

chickens have a poorly formed mucosa, whi
cellulose. This was also observed by Gakha
the | ageogoheins-dagreggnpyoldecstion (Lanzoni
this, as previously reported, thand® %Thiuntc I
similar to the control. For this reason,

inclusi omr @mdudtheatco3% and 6% i s transitory
to the dietary treatment.hdaindreeduyl tidayesgar
egg production are oft eonugdh,s cSokrrdiavnatn ient tahle.
that the inclusion of 3% HSs in the diets
rate (93.6%), compared to the control (88

(89. 40%) , Gakhar etdi aferé¢érd0d2Wpobeenmednn
This was confirmed also by Neijat et al

was al so register epdr omducht & .hel ruspearotfi chelmgpr ,c
30% HSs in thg Hdeaesssbbwkdyno change as d



Lefrancois (2005) and Rajasekihad at salgni {:
hi gher egg mass production (g/ hen/day) th

t hasmn® TAgain, it is possible thagantghel eff
not related to dietary treatment. l ndeed,
inclusion of 15% HSs cake in the diet of

was also confirmed by Gé&kiH&s.etFroal t hi23012
better production performances was obtain
cgroduct, further investigation is needed
treatment, depositiaomnd hegny/ dreays se gog opdruocd u cotni

As previously reported, interesting resul
and nutritional/functional profile of egg
cgogroduct resulted in significanbthehi gheat
partially confirming what was described b
observed how the inclusion of 8% HSs in t
wei ght compared to the céoéowewokr (babed bne
reported by Konca et al. (2019) and Silvel
15% HSs and up to 20% HSs cake, respect.i
reported an increase innweeght t 0o pPel koweec
the only increment was found to be egg al
Schone (2013). Al beit shell thickness was
products inclusionas defier mpayamseteesgftshc
altered. The | atter plays a key role. Thi
calcium and phosphorus in the different di
by Keshavarftofmad94pn sbelinfluenced by the
the diets, which are able to regul abasethe
bal ance. More specifically, mai ntaining t
homeamssts and subsequent shell formation (
Nei jat et al . (2014) , it is difficult to
content of these minerals in the chluocsodo;n iol
hemp products in the diets of | aying hens
al (2024) and Park et al . (2014) observe
negative correlation as HSrs paircd nuestieorn iinvce
the |iterature concerns the colour of the
parameter, as it depends a |l ot on individdtu
in Tabl e 5, i 1 co ke abgppermpd uccotc | ruess wint ed 1 n i n
yell owness values, confirming( 2«hlaz) ,waka rokb
(2014) , Skrivan et al . (2019) and (K0nlc2a) ,e |
col our imftlemesnaded ibsy ithe presence of carot
observing the values reported in Table 7,
due to the | ut ebmarcotngareentand az ehaex a nthhainn, ¢
al (2021) reported.

Z
111
111



F

rom a nutritional point of view, irtois i

cgoproduct modul ated the | ipid profiweubtl ec
seem to be no correlation between differe
di fferent fractions (SFAs, MUFASs , osPhUdFvAesg v
a significantly reduced SFrasndcoimbéent ycdmp e
reduction of myristic (Cl4:0), palmitic (¢
l i kely also related to the digestive physi
et al. (2016), f atetsyt iaocni ddsi frfeelre asne d hdeu rri mac
then be absorbed, with unsaturated ones ¢
SFAs, espebtiaahl yneesngAs argued by the aut!
of even jluesstbomd idsousbuffi cient to increase
greater benddinnge nosfi otnhael tshtrreuect ur e . Il n addi
able to function as natur al emul si fiers f
absorption and consequently a higher prese
This trend, was also observed for the MUFA
(2015), Konca et al. (2019), and Mierlita

r

esults are duebasedhpr deccti S batdhempoghet

PUFAs than SFAs and MUFAs (Sh-8@8haeéddtUFals. i r

e

T T -0 o< oOoom®mo®Do®DO®—~T OO0 9 0o

b

gg vyol ks, better results were obgpernodadtwi
artly reflecting th2& di#we PAUFAScoOoNt ent. i Wipt
e content of i)ndinednol aoi d -BELE8t HAELMaBnN
i ds of -ptrhoed thcetmp Moor e speci fically, altho
ntent of osshowkdi @ acigd} f Fiohenhi gy htgbeco
nteahcdg. TThis result plays a key role as
senti al since they <cannot be synthesis
roducedet ln @etghl Fari non et al ., 2020) .1
| ogi c &l layBdaRiti FHAvse inn  h uman sc.h aTi ne saer aicnhci | duo
64, dreri ved from the conversi on-naf) lainndo |
osapent aemmgi doadci b2l nEd ifmrod nti ke aEn &l
al ., 2023a) . l ndeed, in this study, ar

S compared t o dietary treat keevmetrs,, fwoil
osapentaenoic acid this trend was not ¢
6% all owed differences to be observed

al uesanfdpirim Teggs were | ower than those in

ecdddsemol enic acid and |linoleic acid comp:
onv@lritrsol enic acid to eicosapentaenoic a
eading to a reductitdre itrwot featdwntalce diss ( &f
he samantdr ipprTed a significantly higher

he <contsr ot omfnidr nTi ng what has been repor
i ologically active forms in egg yol ks is
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mai ntenance of cel | me mbr ane Sstructures.
neur ol ogical functions, obesity and infl ar
I n addition to the evaluation of PUFAs, as
anal ysée/-3t matmo, as this is a fundament al

state of healt h, particul arley aitm ver e@v srtaisr
study, as noted earlier, tpheodurcdr addanct eidn ¢
rati o, | eadingotd naebedt,t ears rped nitte df wrutT by
Aut hority (EFSAG/32A@O0ODPDP, shbal ddbal appr oxi me
of di et s, i ncluding the Mediterranean di e
di sease (Call away, 2004) .

I n parallel, the evalwuation of the ratio
fatty acids showed significantly better r
product. As reported by Chen amed hire C2020
more beneficial due to the effects of hyp
on chol esterDhi smettradorod i svims al so confir me
thrombogenic indices. They -<dé&&omrgiemd ct (e an
and -aatnhteir ogeni ¢ (unsaturated) fatty acids
within blood vessels, respectively (Chen a
bel ow the wupper i mitismcf@aSiagdi Acl reisprd
product were found to be positively asso
confirming what was o0DbsAesr veexd ebcyt eMli, e rtlhiet g ee
of the eggs showee rhoidguhcetr i well wess oans |tehvee | csc
greater risk of oxidation. Thi-8 PUFAst Whi
are highly susceptible to oxidation, con
i nvestigatedprodudcths sobtadyed abbdweed tpreadw
showed a | ower content of Malondial dehyde,
(Mierlita et al ., 2024 ; Mierlita 2019). A
hi ghsl ettehnti oxi dant mol ecules, in partict
peroxidation, a result also obtained in tfF
Finally, i ncreasing pomdarcttr at e dunse dofc hloe
respectively. Although Mierlita (2019) r e}
egg yol ks of hens fed HSs (80 g/ kgi fafnedr enOt(
trend. Specifically, the authors showed hc
g/ kg) significantly reduced the cholester
11.65 N 0.01 mg/g) comparecacdstpectthieeddyrctad ol
observed by Mahmoudi ¢ee0ab) a&aBA1LY)spSGSkei ®
positive result can be related-bacteld tpo otdh
and to the peculiarities of the chickens'
Shahid et al .e(@D0D1phytodbeepolsiehosHSESsp!| | ni

re

duce hypercholesterolaemia by absorbing



precipitation and crystallisatiosol Abl eheh

cholesterol, they are able to replace chol
as reported by Ravindran etteasl . f@20®%6)a,ci
esterified and combined with multiple mol e
chol esterol to form chylomicrons. From her
portal <circulationsamnéstramsparteduti arvarmwi
are used for the synthesis of various comp
and phospholipids, metabolised as an energ
phenomeresrnt ssudggat a higher concentration o
Il ncreasing | epwveoldsucaf) RémMpwsofor a greate
|l eading to its physiological reduction bo
pr oduRedluci ng chol esterol content i s an i mg
or degenerative disorders including cardi
and morbidity globally (Carrillo et al, 2
I n general, from a functional poltndc odher @
(Skrivan et al ., 2019). AlthoughU(t msopleeroo
|l evel s in egg yol ks, it is necessary to a
observed in thtecephdyol Hvwéues, wer egdinsdi gni
To, confirming the values reported by Skri:
result plays a kéy Gal@azsiencealas (200wn ,
characteri sedt ocyopaereldduvadue, bel ow det ec
reported by Wagner et al . (2004) , althoug
i ntestinal mucosa,ltexopheirve emritdhemédumanf
absorption rate. This effoesof ohowewmark, nigs
for important functional activities in hu

addittao oint s ant i oxtiodcaonpth eprrod p eirst i elsnd rl aaontneart ios
properties (reduction edfi afpred s tca gplraonpdeirnt i %Y

vi abibpancroefati c cells and insulin product
the onset of diseases such as atheroscler
tumours and finally, is positively invol v
protecting the brain against Salkdeénye2001t
parall el carotenoid values s hbaaa&rdo tda nsec ow
found to be i nverpsreoldyu cpr oipnocrltuisoinoanl |teov ed os .
(2019) and Mierlita et al. (2024) observe
Taai fi et al . (2023) . Mormr &t escp eltta W i icrad l ga s i

of HSs (10%, 20 % facnadr 03t0e%)e rceodnutceendt ,t hree s pec
l utein increasedi sclgmwsiforc aq@ft bgfluaevt h dinvie add an
of 182.8 %, 275.9 e@BnandspPédtivvel yorcdmpar

This effect, as reported by Gao et al . (
efficiency of lubeanoiengol kucbmpamedet} oas
al. (2023), denrobemroiedarsupheasur sorbbof vi



ot e rded 01x5y,gle5nNNy s e oxi datively cleaves thi
d to produce one or two molecules of re
reases the concentration bdarvatteamme nc 0An
|l ai ning the results obtained.

5
T O S &

To study the availability of functional c
emically extracted phntbhnaicgést dd udhiend ia
tracODi BhOH{;H 50: 50) observed a signific.

treatments that recei vepd otdlue t i ncllhu si otnr emft
atistically significant, wa s al so obse
nowl edg@geartheo studies in the I|iterature

reat mentbawied nheetmpi ces. Despite this, Ben

2020) conf i r ned etrhva sneg fainndinmcgs,ase i n TPC

omat o peel and bilberry and wal nnut |l eave

ncrease in TPC is caused by the depositi
mor e by ca natpwrpeh;i Icompound-babBedhpyogduesent

2020, Farinon et al ., 2020). This effect |

described, phenols, in addi tiinofnl atnomahtaovriyn ga

heal th enhancing activity (Mahfuz et al ,

tivity, affecting cholesterol met abol i s

upl ed with the reduced cholesteraltilaév el

iproduct to i mprove the healthiness of
so recorded for antioxidant activity me
emi cal eixn raeicge®tini @amd Thios prreoswilntg tihne aidr
phenolic compounds in the modul ation

i dence which reporUoedctolpdter modl, ed $slod o r sns

e main antioxidant compounds <capabl e of

roxidation caused by free radicals (Tr a

011) attributedxtamtrhdlIne c bluds eswpeelciad | zye
t he yol ks of eeigvgesd ftrhgem ditbermpg )ctoh dther ed i |

droxyl and superoxide radicals by means

|l ecul es, as demonstrated by Panasenko e

roxynitul ¢ e¢char amotl @rca xsiedla bty ac thii \giht yp rag a
i ncrease in antioxidant activity was a

mplicated to find a close correlation wi
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CONCLUSI ONS

I n conclusion, theprnandcdatsidind orfott hal thermpt h
digestibility of the diet, compared to t he
better results obtained forr @®dw ctTihers ep & refs
Al t hough no differences were observed in t



of the trial compared to the control grouyg
day) showed better tpewmds ctvi §# mc B&s iodn.helm

nutritional profil ezcamfdstilmeveadg oy dliKd er @&intcl
the control for the content of sahoweaded
significant di fferences, al so increasing
bet t6e/t3h mati o. This trend wasthtsmbagpeariia
peroxidation indices, as well as for chol €
cardiovascul ar pat hiohogitwgmesest Fonal by )] {1 akl «
ceproduct Il ncreased the antioxidant acti vi
providing a healthier product for human c
valorisati@moduchetmpaoafcolhayidnge hens, wi t h
i nclusi on, it 1 s tcreuchiiagth tvoaremphlasitsge dtbleat
genotype considered, encvwil ognmant ad onfda ¢ ti @
techniques, but above alll transformati on
utilisation, wkpekhtmaby |l atfyeotf the results.
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ABSTRACTI n recent decades, the food syste

probl em of i ncreasing food waste. Therefc
research, I's attempting to vadpowmidsaet sheé ol
l i vekstoect or, i n line with EU objectives.
that can ensure ani mal heal th and perforn
ani mal husbandry and feeding. I n thi&) cont
and cardoon meal (CM), due valuable nutrit
Therefore, the aim of this work was to inyv
CM fol li owivhiggresst i onazu stofbg 592 | B &ljn z6st uhl i pahzoonliic
acid) (ABTS), Ferric reducing antioxidant
capacity (ORAC) assays. Tot al phenolic cor
(ACE) i @makbitbwvioyy actively involved in mod.u
studied. Further, a peptidomic analysis wa
pepti dies wditgesti on. The results obtained
profile of CAMC, CC and CM and relevant a
particul ar, considering antioxidant profi
(109698.808 N 1TEd 100and 1045mMmg40 NEHAD.017

respempki 9ebD%) ABTS value tham CEHXTO008511Le
also confirmed with thg FRISHAD;as2s7a2y. $ii43 N6 .17
FeSOD0®; 103.M8¢ RALADP27 for ccC, CM and CAMC
Similar results were obtained for TPC, d
modul ating antioxidant activity. Finally,
activity (40. 34 N mMat.rlild®s .t hFawnr tthtee mot @er
pepti des associated -hwiptelr t AG&a nanehri,b nd otriymi
antiviral, adtVi timrha b diteilhoy, baDiRbPr RER ct i vi ti e
CAMC. This preorf itl eanvatsh atr omafd CC and CM. Tl
corroborates the antioxidant and ACE prof
report the i mportant antioxidant profil e
use, futume , i puwaeidnt icgravtaaridsy wi | | be critical
i nvestigate their effects on the health ar
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KeywarAdgs i oxi dant activity, Bi oacti veMSpRIBL i de
Peptidomics
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I NTRODUCTI ON

I n recent decades, the food system has bee
food Wwadeed, as reported by the Food and
Nations (FAO), approximately 1.3 billion
year (FAO, 2011) . For this reason, the Eur
tensure the sustainabillinyt lmifs tdceen tfeoxotd, atn
| ater supported by the Green Deal, plays a
clean and circular economy ( Fied trieagsormrR,029c
research is inveadilylae¢ i migomhes uproddc-adnal
products (any product -ionbdtuasitnreidal f rpornmo ccisfsfe
(Rakita eAts aslh.own2 21 )Govoni et aprodaeps8) (
16%) to rerpilalcef endkergryops (such -2%8. 8eMeal s
I

and9. Bokmbl ue wdt3gr. Baftkkdg r7eden2 wat er, repr e:
strategy to ensaifr@abniVitygnmeé&at dpart osduuschatl st hhoe
already been tested (pomace, beet pulp, he
meeting EU obRedriigweesz (&tarali.a, 2019; Mu hl a
2023) .

As reported (b2y01®ur caondetSianlg.h-predodwdt s (Rf0 28
(Camelinla. S@tanmtaz)Cyamar @ acdoduwmedalt ds acting
scientific research thanks to their l ow
profile. More specifically, camelina and c
of 25.9% and 16. 7% olmy da yl immitd eper( e}t aagme
30% on DM, respectively (Gad®ovés&saght eal a)

described by Singh et al . (2023) and Petr
camelina and cardoon seeds, rich in polyun
and | ow in saturat ed NfOatOt7ybe, a aiedssp e(cX.i 0vded% yar
and feed industry to isolate the | ipid fr
creating in parallel scrap products. The n
camelina cakeonf Cadke, (€E€&ydand cardoon mea
i mportant nutritional profil e, can find

Giromini et al . (2021) , Lol Ii et al . (202
However, the characterisation of the funct
by Corino and Rossi (2021) , i nvestigating
matrices plays a key role i n molseg fiengpdr a madh
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antioxidant profile is certainly one of t

ensuring high ani mal performance.
Therefore, in the |l ight of the above, the
characteristics, particularly the Bntvioki a

di gestion praoziers(cHi lswil tblke n 26sBuNji pahzoonliicn eac i d)
ferric reducing antioxidant power (FRAP) &

assAysthe same time, total phenolic conte
( ACE) i nhibitory activity, dplaaaimedg et e aat
profile, were investigated. Finally, the p

bi oactive peptides resulting from the di ge

RESULTS
Determination of nutritional profile and ¢
Theutritional profile is shown in Table 1.
characterised by an interesting nutrition

hi ghly comparable, this trend wasreoor @dd
for CAMC (92.08 N 0.16%) showpd<.90 a®binptair e
to CC (93.23 N 0.27%) and CM (93.70 N oO.

presented a significantly hi gher cCude
(16.88 N 0.98%) and CM (16.58 N 0.84%). T
concentration (7.86 N 0.19, 6.61 N 0.009,

respectively). 1Astbbaownbroausablractions re
pr ediys CAMC showed no difference for neut
fibre (ADF) and acid detergent l'ignin (A
significantly | ower NDF content than othe
(37.00.044) with stat(ipsat<)cOdlOdHn ICIAMICe ( 3al8Be
CM (33.76 N 2.29%), and ADL (13.13 N 0.65%9
to CAMC and CM (15.50 N 0.49% and 12.05 N

TablMutlrritional profile oNu€CAMCj o6&l apdo€MI e of ¢
cardoon cake (CC) and cardoon meal (CM) (% W W or
error of mean (SEM). (n=3). DM = dry matter; CP =
aciedt e gent fi bre; ADL = acid detergent | igni Di f

n.
significant differences (p<0.05).

Sample DM ASHES CP FATS NDF ADF ADL

CAMC 92.08+0.18 4.76+0.43 31.42+0.4% 7.86+0.19 67.40+0.04 32.88+0.53 15.50+0.49

93.23+0.2%Y 4.49+0.48 16.88+0.98 6.61+0.09 50.81+2.67 37.00+0.44 13.13+0.68
93.70+0.19 6.11+0.23 16.58+0.84 0.53+0.05 67.12+0.58 33.76+2.29 12.05+0.93
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At the same time, as can be noted in Figur
an interesting DKRAMCot &i4dn 08NGeJT7hi lhiatdy .a

(P<0) O®PM digestibility than CC (49.30NO0. 9
significant differences between the | atter
protein one. More specifically, i n this ¢ceé

di ges tpi<ti) 0i6thyan( CAMC and CC (68. &3NVv.ed 3%,

100+

= CAMC
= 80 . A B mm CC
- =1 CM
£ o] » c
8 c
@ 404
[<+]
=
(=] 20—

DM PROTEIN

Figure 1. Dry matter (DM) and protein digestibilit

caroon meaJal(u®M) .in % are presented as mean N stan

|l etters indicate statistically significant differe
(p<0) 05

Tot al phenolic content and antioxidant act

Figure 2 shows the TPC of CAMC, ccC, CM at
filtratiéadsa (&@PpokbDaelyy, at the end of the ore
(621.19N88.98 mg TAE/ 100 g; 304.13N42.43 n
for CAMC, CC and CM, respectively). I n par
TPGhatn t hat | ust descri bepd<s0)wvibtent weiegin iefaicchi
analysed (1636.67NK78.89 mg TAE/ ZT0O®8H)N8.3557
TAE/ 100 g, for CAMC, CC and CM, accordingl

= CAMC
4000+ c = CC
= 4 = CM
;'33000-
52000- b
=
E’wuo«a a
a
ORAL FILTERED
Figure 2. Total Phenolic Content of camelina cake
(CM) Data are presented as mena&n 3N .sthamphkaemsend prtord ed
columns indicate spc@nDbicant di fferent
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At the same time, as shown in Figure 3, C/
antioxidant activity.

As can be noted, ABTS and FRMBrterempegsi ¢ oIre
the ABTS assay, although at the end of 't he
g) showed significantlprOgOédhtaemr CLnt(i5®X0i. BB
TE/ 100 g) and comparable to CM (764.64N135
filtration, pwDYbbewgni fataas (9511.18N315.
similar ones of CC (10451.40RNR149.17 mg TE/
g). Even with the FRAP medhfoadr GE@tamrmd CMs({u
mg F£300 g; 96. 10N®042y, mgeEp®0Otively) wit
(p<0) OBompared to CAMC 4(14040.91)0 Na2t. 5t4h emge nFde ScC
This trend was also observed foll awlh@ d;h:
272.84N11.Hp20mMggFe303. 8&4NBQ 2§, mgorFeSGO, CM
respectHowevegrn, as shown in Figure 3, ORAC
observed for ABTS and FRABp<Q)OBosi ghef bce
(154. 49N3.91 mg TE/ 100 g; 149.09RNR4.23 mg

CAMC, CC and CM, respectively) than those

TE/ 100 g:; 83.96N1.24 mg TE/100g; ashl. 200WO .
respectively), with no statistically sign
of the digestive process.

= CAMC
= CC
= CM

ORAL FILTERED ORAL FILTERED ORAL FILTERED

Figure 3. Antioxidant activity of camelina cake (C
Dat apraeseent ed as mean N stan8ardDeffereat mseper 68E
indicate signips@andba)di ABES emgs alyat ab) FRAP assa

ACE inhibitory activity

Il nteresting results were observed in the
of ACE occurred in CAMC ismmyliitgre4DoB84Nwh.i

NOT



signi fi capn<tOl)y0 Bhoingphaerred( t o t he effect obser
although not statistically significant, w
10.88N9.05% following the digestive proce:
i nt e shtaisrea | p

CAMC, CC and CM peptidomic profile

The peptidomic analysis was carried out as

al | the peptides present in CAMC, as wel |l
common between CC and CM sampl esi.ed n npaOAM
(Suppl ementary Table S1), whose 188 are
proteolysis of 180 proteins. We | | i n acco
above in cardoon, |l ess peptides ewerieveilden

which 5 and 7 are unique peptides (Suppl
i dentifies 5 peptides common in CC and CM

exclusively present in CC and CM,derse sweerce
generated from 6 and 8 proteins in CC and
to all sdmiklee pir od le@R e, 30S ri bosomal prot
(D1), -pNlAaDsHt oqui none oxi dor eduicctals ec hsludbruonp Ite
protein. I n parallel, the search for pote

of 30 peptides in CAMC, as shown in Tabl e
and one in CM (SATPdb aa&d D BPahlllag ab.ases),

A

cAMC CcC CMm CAMC CC  CM CAMC CC CM
- . - - - CAMC CC CM

+0,3% HCOOH
> —_—

>

Digested Fraction Ultra-filtration with Liofilization of the
10 kDa filters flow-throught

v

@ | s
Proteome Discoverer 1.4 b ,‘ ZIP-TIP C18
MS/MS analysis
B
CcC | / \ CM
6 (5) 1\‘ 1w \‘5(4) 8(3) | 13@)
peptides’\ /peptides
CC ¢ v CM
6 | lw (g, 30 | 8w
proteins \ \ /proteins

Figure 4.r Sgrhegmartiati on dfF ethpeph ¢ tdo uw) clQavirear llvy iws o
wor kfl ow applied on CAMC, CC and CM specimens. B)
comparison CC vs CM. Uni que peptides are indicate
generated all ppeaprtiisdoens CfCr ovms tChive cPaomot eins t hat gen.
in brackets.
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Tabl

t he
nu

highlighted

e 2. List of
sequence
mber, gene

name

potent

stretches

and

ially

protein

glutamine.

bi

-thraane s laa tei
wi:t hms ocoxwi edr actaesde nheetthtieor nsi

oacti
corresponding

CAMC SATPdb

Bioactivity Peptides identified Database Protein Gene Protein name
SATPdb origin
EFCGGTDTKRVIKPTEDKRFEEMT LOC eukaryotic translation
NTVGMIEHYMnInHWVC VIKP 1109068111 104746755 j.itiation factor 3 subunit C
GAGAGPGLGGGIGPDNTLVFFmH LoC dirigent protein 1dike
DILGGSNP GAGP 727457383 104786832
LOC probable inactivéRNA-
= RPYL 104750981 - ;
S GQDHVQPSNMDSPAKKKTSSqG specific adenosine
2 PDVQIDSGEETLRNPSMERPYLC 1109077495 deaminasdike protein 3
g multiple organellar RNA
2 YQGS L
£ GQGGLLSPYGSYNGGQGTPLP Q Loc  editing factor 4,
o GQGQE 727647923 104771657 mitochondriallike
Q
< IKDLNNYNYTPSYNHYNINNQNMm VSGP Loc  Probable WRKY
MNLPYVSGPSTYNANMI 727534450 104724745 transcription factor 8
nISDGSKSFLPVDISEESEVSGSDK DeS Loc  casein kinase Il subunit beta
EDSSWISWFCNLRGNKFLC 727423875 104730545 2-like isoform X1
LocC protein MEI2like 4
QGYVAGSPESSGFHLG AGSP 727560928 104734746
EFCGGTDTKRVIKPTEDKRFEEMT LoC eukaryotic translation
NTVGMIEHYMnInHWVC VIKP 1109068111 194746755 initiation factor 3 subunitC
GQDHVQPSNMDSPAKKGKTSSqG LOC probableinactive tRNA
_ q q e ;
e PDVQIDSGEETLRNPSMERPYLC RPYL 1100077495 104750981 specific adenosine
@ 09077495 deaminasdike protein 3
@ LoC multiple organellar RNA
LSPY 104771657 it
g GQGGQLLSPYqGSYNq editing factor 4,
g GQGTPLPGQGQE 727647923 mitochondriallike
= LoC : .
<
= ROGYVAGSPESSGFHLG AGSP 727560928 104734746 Protein MEI2like 4
< LoC transcription factor PIF5
mAMQSQMQLPGFPVMNRSAPONH AMQS 757446624 104781817 isoform X2
SDQIRLNFLPGMSDYEAQQHLKMKS Loyl 10570407 15y rANScription factor
DYHQQALGYLPENTNKEMMGLNP 727588840 ABORTED MICROSPORES
Anti- b | AVERQLAMSKMVGMNPLMHH HHPHG 105704%431 oligouridylatebinding
cancer (1)  pHGQHALKHAAMGATGSSQGMYDGGFQNA 727573477 protein 1B
Anti vacuolar proteirsorting
Microbial KWKW Loc  associated protein 41
@ GLAGQLHMNSnKWKWFSSGDEVLHSGEGPI 727605090 104754999 homolog
KACCGSGPLRINTCGNRMGPSQS LoC .
YELCENVTDYLFFDSSHLTEKAHRq! SYEL 727617266 104758748 GDSL esterase/lipaseli&e
Anti KACCGSGPLRINTCGNRMGPSQS LoC )
Viral (1)  YELCENVTDYLFFDSSHLTEKAHRq| SYEL 727617266 104758748 GDSL esterase/lipaselke

NOO®

ve pelpnt ibdoelsd f
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omali crad cidf

ne, n= deami

da



(o]

m

Tabllei 8t of potentially bioactive peptidéesa boblddt h
sequence stretches corresponding to potential bi
numbernamgenand protein name ar-erandiaadaiedafomodat
highlighted with | owercase |l etters: m=oxidated

glutamine
CAMC DFBP
Bioactivity Peptides identified Database Protein origin Gene Protein name
SATPdb

EFCGGTDTKRVIKPTEDKRFEEmM LOC eukaryotic translation
TnTVGMIEHYMnInHWVC VIKP 1109068111 104746755 initiation factor 3 subunit C
GAGAGPGLGGGIGPDNTLVFFm LOC dirigent protein 1€ike
HDILGGSNP GAGP 727457383 104786832
GQDHVQPSNMDSPAKKgKTSSq LOC probable inactive tRNA
GPDVQIDSGEETLRNPSmMERPYC RPYL 104750981  specific adenosine

1109077495 deaminasdike protein 3
GQGGQLLSPYQGSYNqQGQGTPLP multiple organellar RNA
GQGQE YQGS LOC editing factor 4,

727647923 104771657  mitochondriallike
HQSFSYGQESNEFVGSFGASSSY\ LOC dof zinc finger protein

§ AAATIG AAAT 727528607 104722956  DOF4.3like
e NnGCGDGGGVTAAATNMQEPSIE LOC patatinlike protein 6
o DK AAAT 727470599 104792737
E IKDLNNYNYTPSYNHYNINNQN LOC probable WRKY
£ MmmNLPYVSGPSTYNANMI VSGP 727534450 104724745  transcription factor 8
© KTFLEQVEILSERYRPDIAEDRED LOC RNA polymerase |
& FDNRPYDPED RYRP 727556889 104732697  termination factodike

LSLCDnFPqGPGTVVEVVSLVLQ LOC small subunit processome

RICEDLEA EDLE 1109046314 104730197 component 20 homolog

nISDGSKSFLPVDISEESEVSGSDk LOC casein kinase Il subunit

EDSSWISWFCnLRGNKFLC SDGS 727423875 104730545  beta2-like isoform X1
LOC

RQGYVAGSPESSGFHLG AGSP 727560928 104734746  protein MEI2like 4

TRESPLTqQGSENNMGDSVmMNADE LOC DUF724 domaircontaining

SV GSEN 727450232 104783311 protein 6like isoform X2
LOC phosphate/phosphate

VSGMNYYACLSMmMSLLIVTPFAI 104770334 translocator 2, chloroplastic

AVEGPgMWTAGW(gNAVSQI LIVT 727432264 like

Anti - GAGAGPGLGGGIGPDNTLVFFmM LOC dirigent protein 1€ike
hypertensi HDILGGSNP GAGP 727457383 10478683
ve (2) G LOC probable inactive tRNA
QDHVQPSNMDSPAKKQKTSSq RPYL 1109077495 104750981  specific adenosine
GPDV(IDSGEETLRNPSmMERPYC deaminasdike protein 3
Anti
cancer (1) SESEEEIRASDDVLAHDEDDDE LOC B3 domaincontaining
DEDDD 727425466 104737174  protein At5g6013@ike
MGGPmMGMGGPMGNIPAVQGLP
ATGPGGVPPGYFgGAGSDPMQQ LOC neurogenic protein
QQYM GPGG 727630269 104764299 mastermindike
NLGGGPAKNGGKGAPGGGGGG

o GKGGPGGGGENQNQGGGKNGG LOC neurogenic protein
T KnGP GPGG 727630269 104764299  mastermindike
g nnKPMDDFDSPGPGGGRGSSSPV LOC WPP domairinteracting
€ SKGQGL GPGG 727551462 104730762  protein tlike
E QAVQGLPAMGPGGGGGGGASG LOC S-antigen proteirlike
'§ GAPPGYFqGQgVPGS GPGG 727563725 104735970
< NAVSQLTNnmGPPMPQAPRNMGS  GRGDS LOC zinc finger CCCH domain

GGRFSGRGDSGPGHVSSF RGDS 727412897 104776219  containing protein 36
pentatricopeptide repeat
?;;anCLCRanIDEALKLLGEM CLCR LOC containing protein
1109054035 104735908  At5g18475like
HQSFSYGQESNEFVGSFGASSSY\ LOC dof zinc finger protein

> AAATIG VAAA 727528607 104722956  DOF4.3like
L glucose6-

g VSGMNYYACLSMmSLLIVTPFAI AIAV phosphate/phosphate
= AVEGPgMWTAGW(gNAVSQI LOC translocator 2, chloroplastic
= 727432264 104770334  like
& MGGPmMGMGGPMGNIPAVQGLP neurogenic protein
a ATGPGGVPPGYFqGAGSDPMQQ  GPGG 727630269 LoC mastegrmin df’ke

QQYLAAM 104764299

NMM



NLGGGPAKNGGKGAPGGGGGG ) .
neurogenic protein

GKGGPGGGGENQNQGGGKNGG GPGG 727630269 LOC mastermindike
KnGGGP 104764299
nnKPMDDFDSPGPGGGRGSSSPV LOC WPP domairinteracting
SKGQGL GPGG 727551462 104730762  protein tlike
QAVQGLPAMGPGGGGGGGASG LOC S-antigen proteiriike
GAPPGYFqGQqVPGS GPGG 727563725 104735970
LOC S-antigen proteidike
QMLNAHKNGGGGPGPAGGK GPAG 727563725 104735970
plasminogen activator
ARNGPAGGRGEGRGGENGRER & Loc inibitor 1 RNAbinding
727516553 104718584  proteinlike
LOC VHS domaincontainin
NPVGGILGSQNPGFVQNSMLPGG  LPGG 1109025921 104781161 protein At3g1627dike ’
PEP- LOC factor of DNA methylation
inhibitory LAGHAEPVPRPPPVPPQLEE PPPV 1109086438 104755904  1-like
2 LPEFNNSYTYLPPVSGQAMmMPVD LPPV LOC ETHYLENE INSENSITIVE
ERPMLYGSNPN 727504473 104712991  3-like 3 protein

Tabllei A&t of potentially bioactive peptides found i

I n bold the seoquerpondtimgt cdlbegpotenti al bioactive
segquence, Gl number, gene name and fgrmratmsilmtnameal
modi fications are highlighted withmioda¢edassplaetyg

g=deami dated gl utamine.

CM SATPdb
Bioactivity Peptides identified Database  Protein Gene Protein name
SATPdb origin
Ace Inhibitors (1) IQEESQQFLnPNnEVVPP VVPP 916445796 atp4 ATPase subunit £

ESNEQQR (mitochondrion)
Antihypertensive  IQEESQQFLNPnEVVPP VVPP 916445796 atpd ATPase subunit £
(1) ESNEQQOR (mitochondrion)
CM DFBP
Ace Inhibitors (1) IQEESQQFLNPnEVVPP VVPP 916445796 atpd ATPase subunit £
ESNEQQOR (mitochondrion)

DI SCUSSI ON

The results reported in Table 1 revealed
of CAMC, CC and CM partially confirmed whe
et (&210.20) , Serrapica et al. (2019pP0N&hnutct
possible that the differences observed be
mul tiple factors, including plant genotyp
harvest type (Vastol o etd aby ,VvVasdt2o2l)o eturall
variabil i tpy ollautcwesen scacaused by the proces
obtained. The higher protein content of C
seeds, the originatodactt $§ xafeombwaicéaddt hkes
camelina seeds are characterised by a hight
a greater -pabdactn(8heghboet al ., 2023; Gel
extractisomnr é¢hel concentration of the prote
by House et al. (2010) -baande Elpr achudc tFs k eT K i2
for CAMC, however, for CC and CM this did

NTMN



used to fpocrodutches ¢m this study were most
protein content than that reported by Genc

Neverthel ess, as shown in Figure 1, CC wa
than CM, confirming the results of Serrapi
i mportance as it shows how di ftfheer el e noiic.
nutritional-ppodpetsiebnofacb, as reported
Sonia (2020), the Acaked is the result of
the fAimeal 06 i s obtaineda -yl iandg i pprgo caensost ,h eg e 1
organic solvent and high temperatures (>1¢
of oil However, heat treatments, as repot
Mai | | ar db ertevaecetni oaami no aci ds and reducing
decrease in nutritional val ue, but also t
confirming what was observed in Figure 1.
digedi |l it pweeveAll aimfo@@.h t his parameter i s
the |iterature, it can be assumed that an
tannins and erucic acids, present in came
al tericntg vtihe af digestive enzymes or for
(Russo etl ntler,es20Ing) .results were also r e
significantly higher content than CC. Thes
technique adopted, confirming what has be.:
hi gher values observed for CAMC are most p
camelina seed than in cardoon seed, as der
(2019), and Singh et al. (2023), AtMICe aM@DF,

CM showed differences from those reported
(2023) . Agai n, as highlighted before, ger
conditions and processing technt eggrute s( Weasyt oh
al ., 2022). I n parallel, CC had a fibre pr
et al . (2019) . More specifically, the aut!l
for NDF, ADF, and ADL, moespgeattiede lby. FAlrti ma
adequate fibre consumption may have a f

gastrointestinal |l evel, high | evels may af
Despite this, as shown in Figure 1, C A M(
confirming the value reported by Mol oney ¢
comparable to the DM digestibilitycefs saGec
in the |ivestock sector, as demonstrated |
same ti me, di fferent met hods for oi |l extr
bet ween CC and CM, suggestiogmbhaéedtWwet us:
could affect the nutritional aspect of the
CM are characterised by an interesting nut
l evel of f i br e s uugngensatnst sa Nreevaetretrh ed e sf, 0 1Z
Buccioni et al . (2020) investigated their

NI



authors, although no difference in growth
and eggs was i mproved, suggesting a potent
t o -proytSepierc.i fi cally in this study, the resu
than those of CM, i denti fying cake as a |
enhances the use of-rpcéssedyredkentasia a@n
reged ahy t he Commi ssi on Directiiovne 22000088/)7.6 /
parall el as reported in Figure 2, f o
served between the samples at the end o
haviour of phenolic compoundsi dalrliy,g tthhe
ase, as reported by Hur et al. (2011) ,
e food matrix, does not affect the avail

no high values in ffloheél DRCngThel tnat eat

I n

ob

be

p h

t h

i n

changes undergone by phenols during the di
the acidic pH |l eads to the breaking of pro
fibres, causimgnohec rebmpeendd ((PGoul as a
Lanzoni et al., 2024). Later, although at
the alkaline pH and the action of pancreat
structhireasctaindi-Kyl ¢S Wppteni &l ., 2020), as r
about 48% of phenolic compounds are diges
fraction (about 10%) remains bound to the
Figure 2. Considering individual matrices
characterised by the presence of sever al
guer-8@gygli ncosi de, p r eht yodcraa xeycbheun zco aacciiddc, i €pi n &
acid, saliaylniyd a@eird vand ves of hydroxycin
or greater than those contained in the se
concentration in the icmkereHowstvepr, o B&ICI ¥y o0
concentrated during the production of the
i's not properly described in the Iliterat:u
observed 1in Figuiye theame e ssethatrecenod e an gbs a c
compounds t hat can i ncrease intestinal V
experiment), thus trapping phenols and pre
Singh et al. g 20M&) . tAte tclae do@m seed, as |
i's also characterised by the high presenc
reported by Ju8niz et al . (2017), only a
foll owi nddg greobon, this is not confirmed in
by Petropoul os et al . (2018) , genotypic d
i mportant role in the profile of phenolic
of the different studies. Finally, t he si
are most probably due to the high temper:
reduction in TPC, as reported by Ghafoor e
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As shown in Figure 3, FRAP and ABTS assays

suggesting t hat phenol i c compounds ar e e
antioxidant activity, confiKmilregzewhat wads
Again, in addition to the food matrix, it

l i mited duration of the oral phase (2 mir
enzymes and t he food bol us, wi tuhnodust ammad
consequently in relative antioxidant act.i
Ginsburg et al . (2012), the saliva, but

profiiméd proteins, enabl e t hei nsgoltutbailri sawa
digestibility, absorption and antioxidant
explain the higher values obtained foll ow

time, the increaserepnoratnetd ekxyil drgta uaad tkiav i.t y
result of the action of the acidic pH at s
o f phenolic compounds by mainly strength
principle ABT&Hctaisesmyof Theel atter plays a
values were recorded for ABTS than FRAP.

I n parallel, as reported by Ngo et al. (2
caused by hydroxyl radicals, as they are
DNA, proteins, |l i pid membranes lhndplaeni nel
damages. For this reason, antioxidant act
met hod, an assay that guantifies compound
(Ketnawa et al ., 2022). Howevear ,opgpnsshoewn
t hat observed for ABTS and FRAP. Al t houg
correlation between TPC and ORAC in vari ol

al ways correspond to a high ©ORACd(Zbpbeapeaenc
al so be observed between antioxidant assa\y)

a high profile of phenolic compounds and &
of action, as demonst rdatfefde rbeyn cZeh ocuo ueltd aall.s
species of the same pdranta,l vaas ertepadr.t g d Obly7
authors observed how in t Heaeodhnf fpart emts

graveolens,)Lippthopghmanti oxidant activi

gastric phases with ABTS, with the ORAC as
pl ant matrices are characterised by mult
i ndependeinft flyr @@udsr e j a¢ xa et al ., 2017). F
reported, during the digestive process, K
compounds, undergo profound changes. |l n t |
peroxy-bra&gkhaignactivity appear to remain s
degraded at the end of digestion.

I n spite of this, CAMCGCp r oCdCu catnsd cChia rparcotveerdi s
profile and antioxidant activity compar at
(1841.11N23.02 mg TAE/ 100 g; 2968. 40NOG. 81
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g, for TPC, ABTS and FRAP, respectively) (
use as functional substitute matrices.

As reported (bbZ0MAhmadt ee <@attudy of ACE i nhitk

plays a key role in the food/feed seNotor,
detectable values were reported by the ass
phase, while increasingdigreeli warecohbhs$er me
of Ver mei(r2s0s0e3n) .etThael .aut hor gli gpepadn tved phow e
and ani mal proteinstomyeraatsiedi ttyh.ei Mo AtCEp 1 o
of the action of enzymatic proteolysis du
bi oactive peptides (Singh et al., 2016). A
with val peesahteady the end of the oral p h
what Akillioglu and Karakaya described ( Ak

reported how ACE inhibitory peptides may &

As stated above, the search for potentiall
CC and CM sample datasets using the Struct
SATPdb (Singh et Dlerjv2adl®) cacd i WEBPRE @ Qd d ¢
et al .The20m@&i)n activity is related to ACE
accordance with previous repor©Ogsidaivuomti
i mportant <contributor to mamy thwmaen canmdia
that are associated with germ«rygteino s pefciiers

(Zhang et al ., 2022). Therefore, the prot ¢
a key factor in preventing such diseases
regul ation of Dblood pcaesasaluyseesstpbahedr dly)
decapeptide angiotensin | to the potent va
For this reason, ACE inhibitors with anti
treat ments (22)h.ankgoretmoarle ,t h2aOn2 t en year s, t

vegetables proteins and their hydrolysate:
and anti hypertensive peptides (Xia et al

seedeoUgwe and Aluko, 2010), rapeseed (Yu
al ., 2011) and wheat gluten (Khan et al . |
i nhi bitory and antioxipapti hhesulvtid i edentlin
peptides that contain a sequence stretch
Tabl e 3) ,Thiery ©OAM@.. nated fr-bmkeht4pdkeanbgente
and WRKY transcription factor (TF) 8, res:fy
response has alreadyTheedi dieg elnitikbge diosi @i nhviot
the synthesis of Iignin that plays pivot al
and abiotic stressdésnctixemsi sgch aar iaety
antioxida&yt oam&kiant iKlhathatitnails ,tR& 1t8ni. vi al
of gl ycoproteins that make up > dd®I%anoum t
tubenodwmers that serves as storage prote
bi oactive sites for numerous bifunctional:
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previous study c¢(02n0d2u0c)t epdr obvye dF ut heatt aola.t at i n
concendemendent manner exhiThea egr cama b loex | WR
8 belongs to one of the major plant protei
regul ation of transcriptional reprogrammi:r
et al ., 2022) . Recent <4dtudisesi nldauwe ss hitdwrm
contributed to the ROS el i-msaati i ah.Al s20% 9
pl asminogen acti-bandrngnprbteon Li RBAgener
oxidative stress respempde.daisre-idnfdii(dDiRdnriyvoa
(Tabl e 2DPW&¥blpéa$¥yr. an essenti al role in g
fopd odeirmveldy OPPhi bi tors are promising gl
by preventing the onset of type 2 diabete
2022) .

The peptidomics resul ts on camel i na ar e
characterisation of its antioxidant profi
CM speci men. I n this case the analysis ¢

exclusively presemtaini €M sampliesnce stre
pepti de& Ewiitnhainbdi taonrtsi hpy@tee a ¢ceinigiTiatleyAd t D)get het
peptidomic results show the presdrbdd oafs sae
antioxidant activities, according WwWhebet h.
resul ts, combined with the high content

significant antioxidant activity measured

I n conclusi on, CAMC, CC and CM showed an
digestibility. I n parallel, CAMC, CC and C
that of soy protein extract, a xmiadamnt dapgéea
and ACE inhibitory activity seem to be po
bi oactive peptides. Although, the sampl es
high fibre content, as weuUtriasi,omnhale hactsol
variabil i tpyr obdautcwesem adcda hes need to be cons
feed sector. These iimsivghwtad s, cavuplledewictrhu
efficacy on the health and performance of

METHODS
Nutritional profile determination

The determination of nutritional profile of commercially available CAMC (Panghea s.p.a.,
Milan, Italy), CC and CM (Novamont s.p.a., Novara, Italy) was performed following the
official methods of analysis according to AOAC (2005). Specifically, DM was ciddy

drying the samples at 65°C for 24 h (AOAC method 942.05). Ashes were determined by
incinerating the samples at 550°C for 3 h (AOAC method 942.05). Crude protein content
was assessed by the Kjeldahl method (AOAC method 2001.11), and ether exuturby
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extraction with the Soxtec system (DM 21/12/1998). Finally, the fibrous fractions were
identified using the protocol developed by Van Sost et al. (1991). The procedure described
above was performed at least in triplicate.

I n vitro digestion and digestibility

Thien digeseti on protocol was performed accec
mL), corresponding to the soluble fractiol
the end of di gestive process (foll awilryg f
frozewU&Lt t o measure TPCAanthanéendxbfiadt ge
replicates were vacuum filtered using a po

54, FI or haTmhePaurkdi g\NelJs)t.ed fracytiodmi dFQ v evrars
65UC and quantified to measure DM digestit

Digestibility (% DM) = (Sample DM UF DM) / sample (DM) x 100

Subsequently, protein digestibility was also measured. Specifically, UF on the filters was
analysed according to the Kjeldahl method for CP content quantification (AOAC method
2001.11). The procedures described above were analysed in biological trifplicateFor

each biological replicate, the technical duplicate was considered.

Tot al phenolic content

Reagent s (tanni c -Cdowicda,l t maet raemagle,nt F dIFiCn a
(NE@Q were purchased from Si gma Thee nfiPcCa lw aC
determined following the protocol of Atta
al ., MOd24)precisely, tannic acid was prepa
(0 Og/mL to 480 Og/mL). FC reagent @@s di l
was prepared at a concentration of 1 M. Si
20 min in the dark at room temper ag0@Qr At ( R
the end of the i ncubatnigona stpheec tsraonpphloet so nveetr
of 630 nm. Each analysis was per Dat mewver B
expressed in terms of taniliod adcipdhea@lii calc
anal ysed for each rFeoprl i «aad e tif oltohgei cdil g erse
technical duplicate was considered

ABTS assay

Reagent s -h(yAB-bXp-t €t 8 ametRoahboxmgahi c acid (
potassi um pSE)S)u Iwehraet epu(rkc hased {BSom BEbgma,
USAJhe ABTS method was tested(1999pwi 8geth
Trolox (2.5 M) was used as the antioxidant
to 2000 OM/ mL). Sub6d@uetivt ImyM) 8v8a sOla dadfe dK t
(7 mM) to form the ABT&ndaidncabatadi oar ( Ad
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before wuse. For the quantifitsatubhoonfwasat

with ethanol to an absorbance value of 0.
added to 1.0 mbkobbutdohu(®d7ABTS82) and inct
min. At the end of the incubation, t he s a
wavelength of 734 nm. Each analysis was p
Data werenekprmssed iTrol ox elghusiBW&Sl earmsts alymao
anal ysed for each replicate of the diges:
technical duplicate was considered.

FRAP assay

The reagents (ferri g 6@l Jo,r ifdeer rhoewsr hsyudl ppdht aatn
acetate trihydrate, ghadipaglrtird gakztiince & cTiPdrl,Z
purchased from Sigma Chemi EBAPCassédytwas o
foll owing the protocol of Lanzoni et al . (
Buffer acetate (300 mM, pH 3.6): 2.69 g s
gl acial acetic acidiaheéddwlaonteed tHo TPIZwis:
mg of TPTZ were dissolved 3{ 6:0H]D) w®mbl aft i@l (
0.054 g3(bhOl]Fewelre di ssolved in 10 smhsof ¢
used as an ant iporxed pdaarngd sitm ngdiax ddialnwdt i ons f
Subsequently, the working solution (FRAP 1
TPTZ solution +(@0§] msobbttifdrCk 25 mL of
guantification of antioxidant activity, 1
reagent and incubated at RT for 20 min in
performed incl ddiemd dpamkpr.i Dtad as al €lr0Od e@x p
FRAP was anadgpmpleidc dtoe @®facthhe digestion. Fo
the technical triplicate was considered.

ORAC assay

Antioxidant capacity was determined using
MA , USA) . FIl uorescein was used as substr at
used as standard for calibration curovfe (O
digested sample were incubaweld|l wpt at 858né&L
at 370C for 30 min. At the end of the incu
added to each well to compl erteed tehvee rrye aSc tmio
h at 37UC at Ex/ Em = 480/520 nm. All det e
Each analysis was performed including app!
mg TE/ 100 g. The ORAC assdsaycawaes odn alhyes eddi gfe
bi ol ogi cal replicate, at | east the technic

ACE inhibition assay

The ACE inhibition assay was performed as
modi fications (20@P6MB]-Busi GAPGG)anasral syh
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for t#AeeA@Fme. More specifically, 150 OL ¢
min. At the end of the incubatilon,1510mUJL wc

added to the substrate, thus | mi twaast intega stuh
with Synergy KTX at a wavelength of 340
captopryl as a positive control 1 Hyadursceldy s
decrease in absorbancd atct B¥4Dt yn mwo WAE tle0 i0 ¥

i nhibition of the enzyme.

%ACE-1 inhibition = ((Absno sample Abssample) / Absno sample) X 100

Absno sample is the-sabsear@amrceaeni xft urfee i @nz
whil e Abssampl e i s t hseu bashtsroartbea nntiex toufr et hien
matrices under study. The c;wpleirdateen.t was ¢

MS/ MS peptidomic met hods

To identify endogenous peptides, the per|
strateegyanmy EISC tandem mass s-pabélkr obrceeyap
without any digestion prior to MSHoMS o(wW3dinrg

the digestion process, the samples were i
FI orham Par k, NJ) , as previously reported
component, correspondi ng -fliceatr hues idnigg ecsetnetdr if

(10 kDaM (Pietreien Concentrator PES, Ther m
wei ght protein depletion (Tavares et al .,
prior to mass spectMoormetpriecci SM3)y,-drmie# g3 ic
supernatant of CAMC, ccC, CM, containing p
was dissolved in 0.3% (MAp) CALBr, miMc | & ¢ ipadran
USA) (Aletti etl ap1ll) HPUW&n o« Dauwd reeds teot MES/ M
performed on Dionex Ultimat-8pB@YDMHPLGmMs Y-

150 Om capillary columnpéaitiebdewj-ERagh®ume
Orbitrap (Thermo Fisher Scientific, San Jo
acid in water) and mobile phase B (0.1% fo

of 0.300 OL/ miwas Té& &Cltheempa®cbgautiurreed raw fil e
data analPyrsoitseomei nOgi scoverer software (Vve
performed agai nsGartdueusN @B Imer d uprdean ea on N
sequences) for CC and CM samglaene pira@d oangea
(updated on November 2023; 116195 sequenc
set as wunspecific and methionine oxidati or
as variable modifications (Tavlayepepti caed s
high confedemcéuded for AMdlolsipgepwtei dedse nwe If @
SATPdb (Singh et al ., 2016) , a database of
i n DFBP, a ddeabasd bODfodotidve peptides (C
possible further prroftoeromreyds ikse,e ptihneg sae anricnhi m
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of four amino acids and applying an Al FO
sequence of each peptide found with the
version TH&. 8ta)s.s spectrometry raw dat a
Pr ot eome Xc h angtetCmp:n/s/oprtdtuam mecen) rwil a ptriod ek

partner depository with the dataset i1 dent.i
Statistical Analysis

Chemical anal ysi s, DM and proteway dAgewsada
foll owed by Tukey's multiple compariisron t
vi di@gesti on wersaagnaily sned by rtéwd mewed by
mul tiple comparison test, using GraphPad
Di ego, CA, USA). Al I data are reported as

|l east three independent eipetriieonezinit\swf sosivghiut
confidence®ailnmneerval 06p .
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Chapll er

Enhancing and chall enging mi cr
nutrients and nanoplastic cont a
This chapter explores the potenti al and
mi croal gae for foodEpgurp®¥$ ek gaamnd pslhu vai afl oi csu
particul ar, It was studied how suppl ement
and amino acids can modul at e BEdreaceniuldifré @riion
new opportunities to iIimprove the quality
contamination by nanoplastics (NPs) and m
problem in cultivation systems, wehsepeec itahlel
bi oreactors may favour the Thetreddwectti onf
contaminati onsC.walsgaaadipd u &t ectoinesni der i ng si n
exposures to polystyrene (PS) and polyeth
si muli at eedn®lxo Wiigy@esti on processes to study
mi croal gae, while the properties of the N
surface charge) were characterised by Dyn
approach kkalhamdeogi kciawt tolpta me¢ siat i oal asses

ri sks.
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D. LafhzR.niRelFut,€CiRalviad i &r e GhilLl.arMhir&A.h®ertoBadlidi
and C. 2Giromini

Department of Veterinary and Ani mal Science (DI VAS), Un
Lodi ,CRCal ynnovaBdiomg faomrd WehdVYi ronment, Universit”™ degli

‘BGee Technologies S.r. | ., Via Stezzano 87, 24
ABSTRAQCMT: recent year s, Bmugrkrenbhgad,auphibteid
candidates for the food/feed industry tha
However, the i1nclusion of E. gracilis in
especially regarding its iamtoiad giacka mtr ea cktnio
variability i n nutritional qguality and f
conditions. For this reason, the aim of th
functional aspectTHQ,otCGdd ¢ € reaul iacs s@gnt; e matn
(ABTS and FRAP assays)) of E. gracilis, gr
extraction (ek2 OdibBg@dHt)i cam dmet hod. The micr o
characterised as foll ows: EgM (standard mi
extracElYX DEBEX + microelements). The resu
profile for alall ysled, matt baughe t he val ues
nutrients. Although EgM (6.94N0.25 g/ L) w:
yield than ETX (5-ETXNQ.414&42d¢N0OL)YL7amd LPQETr es
the paramyl on 183agn t3e nt6 N(04 .085N® . 2xNQ .0065 tg/dl

not show a high function&lMT Xpsbbwked. hMgher
TPC, ABTS and FRAP, foll owing chemical ext
ex digestion. These resukEt sg masanifal irvsad du atbH e
of functional feed ingredients. Further

formul ation of the culture medium to obtai
characteristics.

Keywar ddsnnt i oxi dBntviage § tvile d@ ie wnh neennrt Mi croal gace

https://doi.org/10.1080/ 1

HI GHLI GHTS
T Constant population growth has prompted

alter Eagl eeaargpraesénss a valid candidate
T The type of growth medium influences th
phenolic content aBd gnatbkidant activit

T The addition of E.migcnaecdiileemsenésult bed hien a
content and more marked antioxidant actii
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| NTRODUCTI ON

I n recent year s, mi croal gae and cyanobact e
the wide range of bi oactive compounds wi
emerged as attractive candidat essdo,r gwch

phar maceutical, cosmeti c, i ndustrial, agr i
I n particul ar, food and feed research is
alternatives to protein sdemaes, ¢lovensphk
according to the United Nations report, t|
billion by 2030, 9.7 billion by 2050 and
Department of Econom)¢ angh8oomehoAft aiats)]
i ncreasing di fficulties i n meeting de mar
environment al health (R°°s et al., 2017).
origin, mai nly meaitnarmeaasdeaiirry fpaed urcd gy i rte

is significant (Bellet and Rushton, 2019).

addition to the most studhledr ealnldancournge
rul i n@Fmpdaziemiskesygl ahahgfa@aws a great
nks to its potentiaE. sgviaxahng ywpesguiotf
cellul ar photosynthetic eukaryotic fl
|l enozoa, often included in the eukary:q
shwater habitats (Zoltngrtaedabsehdg »2E€
s making the nutrients stored inside tI
6) . Due t o t his pecul i ar mor phol ogy,
toautotrophic (usingudingcansenrkteght) , «
otrophic (using both kind of sources) ¢
O). Furthermore, due to it &. ngtreecptrlebseeanlt
ery promising source of food and feed.
chemical c&mpgsgiatwietpiosdfi ng the presence of
of crude protein (CP) (containing all 20 &
ofpol yunsat vy d ®&JiFads ) ) , 5.8% DM of ash and
fibre (NDF). I n parallel, seker gtltiass cd belset it
produce functional-victoanmfcnanAs(esedh &8st pmbn
vitamOhocopherol) and, i n particwmoaeecupar
wei ght polbylssg3ccban) def ¢und exclusively in
i Eugl ®emaci es, whose role is to store laeaner
particul ar, paramyl on i s c¢har acWadrainzaebde beyt
2017, Barsant.i et al ., 202 2; Skoy et al
nutraceuti cal sector, especially after Fo
certification as a food addA,t i2a6b4d)nt RIOSL 7r g
the EFSA Panel on Nutrition, NoveH. Fgoroadcsi |l
dried whole cells as a novel food (EFSA, =

N
o
P < P X OPFRPRcCcoDQ T 99 —
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't has been widely rep.or g mvahcritlleiss dtelpe ndo mmg

factor s, mainly environment ali n(dtuecmmegr aetluert
presence of | ight and aerobic or anaerobi
Wang et al ., 2018) . Fiutr & rheetr mroea ,e , t laes Ersu tart ie
gradisl iesasi ly modul ated by acting directly
particularly on the sourcagrofennist f@oger ha
(Regnault et al., 1990; Schwarzhans et al

modul ati on of culture conditions,E.agracgtlri
I's only described to optimise paramyl on g
compounds such as phenols and antioxidant

Therefore, in |l ight of the above, t he ai.l
nutritional but alB.o dmanc ifoluinsetri ¢ malasprecfsi |
ani mal feed ingredient. Specifically, the

o fE. grwene i anal-gsedoddylsy 2 Nje n z6stuhlipahzoonliicn ea
(ABTS) and ferric reducing antioxidant pow
ex digestion (a faster digestion method),
with AAs extract and microel ements.

MATERI AL and METHODS
Materi al s

AxeilEi c gr(akcTiEBX s753) was purchased from the
University of Texas at Austin (UTEX). Cel
(EgM) at a predetermined temperature (22K
and -csudétdurweekl| y.

The t hr ee medi a tested, whose formul ati o
modul ati on of growth rate and nutritional

T EQM medium (1 L): 2 g of trypticasein so

chlorige @2O0a@l of glucose, 0.1 mg of wvita
T Ami noaecxitdriacct (ETX) medium (1 L): 5 g ami
by the presence of, a2d @A Acsf) ,glOudads g, od. I1C
0.05 mg of vitamin B12.

T DOETX medium (1 L): same constituent of
magnesium sud phdt & @MopB 6O ypdoptloagsespihual @ , ( KH
0.05 g of-etlkeyrasedi ami ndNB&OTAJac atnidc 0a &i5
mi croel ement mix consisting of 10% of ir
(Mn), 1% of zinc (Zn), O0.5% of Dboron (B)
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Al | media were sterilised at 121AC for 20
and glucose were sterilised separately anc
unwanted reactions.

Met hods
Growth yield and paramyl on content

The growth period fastede 7Twelalks. 4 Emler gf da:
under sterile conditions to monitor gr ow

I
specifically, the cell bi omass was measur
were centrifugedwawashdd owirtelmodiestsiall t sd an
oven overnight, and finally measured with
foll owing the method of Bar santii et al

centrifuged iamda rsecslustpiecnrdecdont ai ning 1% (w
(SDS) and 5% (BMDTVA EDFBAYJiI soadi timen i ncubatec
The resulting paramylon granules were reco
centrifugati ons-NAEDGAtwastrepeat SdSand t he

(n=2) with hot distilled water (70 ). Aft
overnight at 60 for total weight determir
Chemical Analysis

The chemical analysis was performed foll ov
to AOAC (2005). In particular, DM -anars oovem

at 65 for 24h (AOAC method 942.05pl edshes
a muffle at 550 for 3h (AOAC met hod 942.0
met hod ( AOAC method 2001.11), while ether e
system (DM 21/ 12/ ibHBCH.) PRvarsaldeyt, grcii Gnble€ds f
(2009) (m&Bhod Ba 6a

Chemical Extractions

Different solvent confe 1kt OXlt)i wes eobrwaptae rC
Et OH; 25% Et OH; 50% Et OH; 75% Et OH; 100%
extracted for three times (n=3), foll owincg
adaptations. More psampselsy, p(@viID UNO yO0 Fr
mm, rotor mil | Retsch Mod. zm 200, Hann, (
(O: Et OH) and incubated for 1 h,urmdemr ohmaki
conditions. At the end of the incubation,
The supernatant was removed and stored at
repeat the extraction pracasd st wbhtmomedt i(1
sample) we2(® sumtrield faurt her analyses (TPC,
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Ex vivo digestion

Gastric and intestinal fluids were coll ect
110 days. After collection, the fluids wer
undi gested component (particud aitret d gtaicialor
reduce variability. Gastr i-Z0 anfdori nupe stta néd
di gestion. Subsequentl vy, pH and enzyme ac
i ntestinal phase, and gceosrtrievcet epdr oicfe snse c €5s sne
were added to the previously ground and we
39 , for 2 h, under agitation. At the end
were added t o tatee d amrpd eers tamed S aamaibcondi ti
taken at each digestive phase (beginning o
of intestinal #Pasaen@d4byspd toomeni abr TPC
(ABTS &Pd FEFRenadxs wiuge sa1t(gi on. The digestive
three times by taking two technical repl ic
Tot al Phenolic Content

For TPC, the protocol of Attard (2013) wa
Lanzoni et al. (2023). Values were express
g of dried al gal material ) .

ABTS Assay

The antioxidant activity was assessed usi:
Re et al. (1999) with minor adaptation as
expressed in terms of Tdoliex afggiaVvVamanher { «

FRAP assay

The FRAP assay was performed following ¢t
(2021), with minor modifications (Lanzoni
sul phat)e wWaFrse Sused as the standard for moni
expresseda4sdalsOOmgy FoefSQ@ri ed al gal materi al

Statistical Analysis
The chemical anal ysis, growth yield, parar
chemiexalrmenres anal yway Arnyovanefoll owed by

comparison test, whileekPda., geBTS oaandvekF RAR
t woay AmMowa (X Jréadalt memwted by Tukeyds mul ti
GraphPad Prism 9 9.3.1 (GraphPad Software
expressed as means N standard error of t
ex persi nfebnitol ogi cal replicates). Valwues are
confidene®ai=m€de.rOvba)l. (
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RESULTS and DI SCUSSI ON
Growth yield and paramyl on content

I n Figure 1, t he growth ymedduraend gfatrearmyd
days), are shown.

8 .
A Em Growth Yield
6 B =3 Paramylon content
B
By a
> 47 b
c
i} ﬂ
O_
EgM ETX DOE-ETX

Figure 1. Growth yield and parafyfXomfdcemt emte weekg
Val ues are expressed in g/L. Capital l etters indic
l etters in pga0angdybl on content (

As observed in Figure 1, EgM showed a hi
statistically significant differences (p<I
ETX (4.72R0.17 g/L). The same trend WwWgs ob

significant differences (p<0.05) between |
DOETX (2.25N0.05 g/ L).

As reported in the I|EB.t egradraerlesitsriomg | gr o witf h

components in the culture medium (Schwar z
composition is highly important in any bi
cost, thereby increadgi mpg otdluetr ed omv epray t o fc u
optimi sed must support the growth of targe
whil e maintaining cel/l viability (lvusic
prol iE.ergartaeogielsi ¢« he supply of vitamins such
and nitrogen (Oda et al ., 1982,; l vusi c an
all the media conditions studied, play a k
thiamialthough not urEiugdsemeat il ¢ sy elfjgin a ek &
for its growth. More specifically, as repc

of vitamin Bl is required tB. sd&mpagorws maXiir
reqguirement for vitamin B1l2. As demequditirsad

at least 22.000 molecules of wvitamin B1l2
Euglheansa t he abil ity to take up and accumul
t he presence @z ymateirou pr mtoeri ns i n t he
chloroplast, and microsomal fractionddg)that

N Z



The carbon source in the present study 1is
(20 g/L). As reported by Ilvusic and Santek
and paramyl®b.n groadiglnidle monstrated by the a
fructose are the most efficient carbon sou
are easily metabolisable by the cell

The differences found in the growth yield
to the type of nitrogen source, which diff
source is yeast extract (3 rge L)OBh amhtiacch ats
More specifically, Bhattad et al. (2021)

g/ L) stimulated the growth yield, reachi ng
which are highly com@gai abltehewiptrlesemds et a
mi croal gae -ETX, and DOE other hand, were g|

AAs extract (containing all AAs) (59g/L).
not all AAs are rleqituiiore.d WNMmmre gproevd ihs elty ,mua
AAs such as glutamine, asparagine, al anin
when glucose is present in tkdeamadAhm, agl
threonine, aydutpirloilsente bay eceolnlls i n the pre:
and s-abpbharning AAs are unakl e gtr(aCdsat iestul al
1982) . Specifically, in the study conduct
cysteine, threonine, | eucine, and phenyl al
due to their competiti oni tf oirs cpeddsuil balre ttrhas
the extract did not allow dif felkhseirceesd.i n
Finally, although mi croel ements suP@ as i
are known to pEomagtr@kliglftoweth ah, 1987; Ma
statistically significant difference-o0on g
ETX, as shown in Figure 1. As reported in
concentration oft htehecsuel tauanep omuenddisum,n due t
inclusion | evel that would ar(€&senteeinalgr
As previ ous.| ygrrascpiblnibsed t o produce bigd am
gl ucan, which i s characterised by high f
(Bhattad et al ., 2021). ThiSacalialriomycies ale
But whereas the | atter is capable ofE.prod
gr acrielaicshes th&5vad yeBshadft a2dl0 et al ., 2021)
study, where EEMX BHpTXdarceke dDGR . 7%, tHhde.ixX% fa
wei ght , respectively. These differences ali
again underlining the i mportance of t he ¢

paramyl on.
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Chemical anal ysis

The nutritional proETKei ef segMn EmXTabide DI

Table 1. Chemical composETJX 6éenwoonf D[EM M a EATSXp raen dp rDeGsEe 1
mean N standard esr8)y. obMmeadr y SBEM)te(; CP = crud
CF=Crude Fibre Different superscript letters in

(p<0. 05) .
Sampl « DM ASHES CcP EE CF
EgM 98. 24N 1.71R015.60N 30.37°N6.17N.
ETX 95. 71®N% 2. 14R0 18.61°N 15. 16°N 6. 95N/
DOEETX 94.52N 3.63RKR025.11°N 11. 26N 6. 18N

As r efor tgeidgsc iclhiasr acteri sed by a high nutri

DM recorded is in |line with studies repor:
as demonstrated By ¢hasciautosumrds ,9 604 ian val u
of multiple factors, including the charact

(98. 24N0. 04 %) shows statistically signifi
(95. 71N0. 17EWX arOK5 BRMNOt.0e same trend in tlF
and shown in Figure 1.

The opposite trend was observed for the as
their value is variable and can reB&BETXK 3.5
(3.63N0.07%) . The |l atter shows sNOatli9%)i caanl
EgM (1.71NR0.01%). This difference is most
the -BDE medi um, which IEed gt @ atplpéee sau g thagk @ nb
content . However, the nutri$si pnamampirloyi Ae
protein, fat and fibre content.

The proteil. copmdaaipltirseported in the | iter:
(Aemiro et al ., 2019) . I n fact, mi croal ga
intracellular | evel, characterised both by
di gest isbhidwni nb ysasntdmo it wai es, thus represe
alternative to more traditional sources of
2017; Gissibl et al . ,r e@adr9t)e d ,Hoomelvteiry, a taiso ry
the total protein content, especially whe
mi xotrophic growth conditions, with maxi
heterotrophic condi t)i,onBhe(s@i sckiifbfleretncas .
depending on the type of nitrogen that 1is

in Tabl-ETX, (P®E11NO0. 35%) showed statistice
to ETX (18.61N0. 309%)) .anTdh eBsgeM d(i If 5. e6r GefnOc.e3s0 a
both the source of nitrogen (increasing tr
although not statistically significant) 8
medi um. I n thewhibpgtOdaset als. s(1982), AAs
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are easily metabolised by cells and conse

case, as reported in the Iiterature, mi C |
synthesis process of plants (Kwplzieadat iedn adf.
copper, mol ybdenum, manganese, and -EbToXr on
cul ture medi um) resulted in an increase
mi croel ements are essenti al paedisf iocf € sisve
functions as component s of many enzymes
organi sms. Among these, manganese IS not
photosynthesis, but al so st ibmwlsatndsh emsiitsr;og
similar to that of boron (Kozera et al .,

cul tivat Eongmeotuhlbdd sbhe a viable alternative

hi gh protein content outlined above.

At t he <samgritascmdhiasr acteri sed by a high | irg
i n microalgae cells as they ensure their s
vital bi ol ogi cal processes such as <cell d
diiwsi on (Kottuparambil e&. abripgc cOhlaS)a.c tTehre s
presence of 13 different types of fatty ac
whi ch i ncreases u nedteer ophop lmisy ntared i ca,n a d
(Kottuparambi | et al., 2019). As reported
of dry weight (Kottupar ambi l et al ., 201"

(30.37N0.27%) s hotwerdt ,a vhiitghh esrt dtiips tdi acalnl y
ETX (15.16NR0. ET%) (dnid 2 D®&. 0rmo%)u.l ati on of

heterotrophic culture conditions has | ed
Kottuparambi | et al . (2019) reported that
concentration of eéependenboof sobhecei andgend
bserved how the |l atter Enfguadbleidssahae 0Dt
this work would corroborate the findings o
obser vieidpitchaproduction was highest 1in the
concentrations compared to the mikaroat giae
reason, as the samples in this study were
l' i kely that the | ipi dETX¥nwasntaloso EmgoMd u IEA tXe
the nitrogen source, and thatthbeghddttioc
tot al protein value, was in tlhli scomdsea medl
growth yield and tot al paramyl on producti c
as an iIimportant Esowmaepirdefivs moiutrd qggdr e pior t le e .
of microel efneXitrsedwnl tbeDE i n a further reduc
Abelhanab et al . (2012), the addition of z
dosesponse effects i n rlviepdMdicnpa otdiurit, u man p
freshwater alga.i Mbmenpreti selyureheamednum
their total production, underlining the ne
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With regard to crude fibre content, no

(6.17N1.33%), ETX (E6T.X9 5(N60.. 158M4). 9arme) MmO u p «
di fferences in culture media in thisucase
few studies focus onEthgnrdétemmi matiegn | @f
of its nutritional profil e. I n fact, as r e
in crude fibre cont enrltl % g Mertiesaoavth al .max2 nu9
the data we obtained.

I'n | ight ,ofE.t heee pacbeosveest s a f ood/ feed matr
nutritional profil e, especially iinn vtrevranhss
conducted on broilers (Choi et al., 2004;
their yields, which can be observed foll o
further study and investichariaonbhernsoidsr of
t hat guarantee high nutritional profil es.
Tot al phenolic content of chemical extract

Figure 2 shows the TRETXTff oHglM,wiBhTgX caeredni b
(H2O0: Et OH) .

a) 1500+ b) 1500 ©) 1500+
ab b
o o o a
§ 1000 g 1000+ 8 10004 a
-~ E o
1] L
: 500 : = 500 : 500
T a,c o -1 -
£ ab A2 £ c £ c
b a a a
0- 0- 0-
0 25 50 75 100 0 25 50 75 100 0 25 50 75 100
% EtOH % EtOH % EtOH

Fi gbreTot al phenolic contemt) d&fg Mc h épld TE&T IX TAEN r AAtRIN G

Acid Equivalent. Dasaaadarpgreseon= o0 )amebiafafieSrHeVt, o
|l etters in columns ingkc@Gte@5significant
As can be seen in Figure 2, the highest T

foll owingxthemtcahs with 50% Et OH and 75%
ETX algae showed a higher TPC following 5

statistically significant di fferences com
EgM ane&E TDSOhEowed a better trend with 75% Et
1104. 40N68. 18 mg TAE/ 100g¢g, respectively),

extraction with egpQabndoEt Ot r(a83t7i7amM2 N6t 7
1030.33N66.43 mgcTAEeNlLY9Pg, These results
conducted by Lagalj et al. (2021). More sp
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OH extracPadnnaegtheomwiooal ga) resul ted i
curs duekeodtprsion cviepsl d ivkledr e water di sso
hanol , an organic solvent, di ssol ves | e
nfirmed by Tierney et al. (2013). As r ey
difmderewhgad ound in aqueous organic mi
sults obtained followingiepegtwathi omowet
gal j et al . (2021), hi gher concentratio
ecifically, the authors reported how ex:

TPC, a trend differenthifsr ohwdnalt s wasr eobs
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tabolites produced by plants as defensi
ey are therefore recognised for their ir
idative stredor($hrncsemteiason,2MmdB)Y. studi e
ols following heavy met al contaminat. i
ies characterise phenolic compounds u
As rneaprodr taendd bGu eBjeuren, phenol s produ:
ce. Il n particul ar, glucose is not onl
uction of bi ol ogical compounds i nc
phoenol pyr UMBatremapdt mmal Gueguen, 2022
ose represents the common carbon sour
eivabl e how the micr oelETnXe nrtess ua dideedd iinn
es compar eedl Xt.o NBgM P&LCn val ues are repor
addition of these micH.oedrdhvwammdnesr.i-n Kt g
kuwicz et al. (2019) demonstrated how
p mo cou c tpihoe no | i Na sctounrptoi uunRd so Bifni ci amal-aquat
uatic plant. As r epordteepde,n dbeensti deefsf encatt, otb
sted were higher -HThX.n Rdrostehiasd dreaa s onn,D (
ggest an invol vementtheofs ttihneusleatmiocnr ooefl epnh
ey require further i nvestigation in orde
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cC O 0O nva " Na
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the same ti me, the involvement of mi
mpounds is reported by Sampaio et al . (2
nganese and zinc stimul atLeafpheersg laapnadcdun:
cognised for FHtnsf |ammapyrret ipa ogpred tHimedesi (S
| ati onship between these microel ements a
ctors. Firstly, t hese mi rudeli emdrst sa,s spa
e process of photosynthesis, with the s
enolic acids (Sanpaio et., 2011). Furthe
pper S directly inbgl vaecd i ng p b emml apc
enyl al anilyveasamrdAiLa pat hway, an i mport
ogenesis of phenolic compounds. A furth
y be associated with tdhecampmpereri ¢ odecan
actions that can |l ead to the producti o
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i ncrease in TPC could have two meanings:

through its reaction with phenols and red
for med, thanks to the antioxidant alc)t.i on
Finally, manganese and zinc are involved i
enzyme cofactors (metall oproteins) (Sanpai
Antioxidant activity of chemical extractic
The next step was to assess the antioxidar
assay. I n Figure 3ETXnhyetdhlRrowm) ukaviiomg ®K
ETX -denhectable values in both asdays, i n
a) 800+ b) 20+
a a
b b b
o 600 e ] D154 a2 a =
o a = L
= a 3
o 400 O 104
- 2
(@] LL
E 200 g 57
n.v.
0- T T 0- T T T
0 25 50 75 100 0 25 50 75 100
% EtOH % EtOH

Figure 3. Anti oxi-HTaXhta)a cABTvS tays soafy .D®B FRAR aas Nay .

standard erron= 0o3) melinf f(eSreevWt, quperscript |l etters
datpa 0. 05) . n.v.:not valuabl e.
Mor e specifically, EgM and ETX showed n

concentrations tested.

For the ABTS assay, the only positive val
extraction (21.50N2.32 mg TE/100g), where:
mg TE/100g) and 75% EtOH (35.94NK5.04 mg
si gmitf idciaf f erences. This t+#dXXd wdg halugdh cdh
significance between the two concentration
I n general, it was observed that tahne tvhaol suee
of the FRAP assay.

This disparity i n ant pOo xaindda nEEt CaHc tciovnicteinetsr a
that the type and amount ofE.r egraacirlaibd € uan

by Et OH concentrations, as confirmed by Li
3, varying the polarity of the solvent fro
al so varies the solvemtrriosupabiolfi taynttim xd idsR 3
modi fying their activity (Abbasi et al .,
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consistent with the results observed in t|
extracts were sensitive to the polarity of

As previously reported, the values record
those observed using the FRAP Hnet goids i lAis
characterised by the presence of compounds
free radical scavenging rather than the mg
ABTS and FRAP assays, respectively (Gissiltl

Of these, vitamins E and A are the most i |
tocoplas®l. (These isoforms in addition to |
i mportantE.sgurmadwolries speci f iUt @lclop,healotl hosgtc

to be the most i mponiaoatofmriant mal mphgsco
where the vegetable oils consumed are pre
|l eading to an Unescudphei enlt Mo.weadkreaocikleisss e s
pl drithteocopher ol pathway, it Witloncoospth ea xod | uiss
thanks to otbeommeaeryome methyltobosdéehasel t i
tocopher-atlenseswnlg et hi onine (Gissibl et al
I n parallel, vitamin A plays.a gkaywiials™a ni
comprises a group of compoumnwdy i dwcshr rasimne
(Gi ssi bl et al ., 2019) . |t i's only found

currently suppl ement ed wi t lrc ap rod weinteg mi nL i A
photosyntheti &. migcpacod bgcsmersostmesn,e as a prot e
avoid-ophdthti ve damage to chdtaropémst it wd
hi gher under phototrophic conditions. How
2019¢aroteneE.l egrchasn lasa leg i ncreased by <ch
conditions.

However, although the values reported for
they are, especially following 50% and 759
widely used in the feed industryofiukeet os tid
flaxseed and soya protein extract, as re
mi croel ements also seem to be involved in
phenolic compounds c¢c39n amampblee tterdaintsto B¢ h €
facilitating the mobilisation of this min:

in the redtuctFeothhe fprFieBci pl e of action of
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Tot al phenolic content -BEfMX erRtvOxXxDddngeatt

I n I'ight of the inter eETtXi,ng tr ewausl tdse coibdt ead
and antioxi dant eac tdii wietsyt i foml Ipawicreg st,heas s
a) b) c)
800 800 100+
b a
26000 4 =1 a - 6004 a L > 809
S g S
d = F 60 5 a
W 400+ 0 400+ o)
= = D 40-
o g b i b
€ 2004 2004 o
0- T 0- T 0-
Oh 2h 4h Oh 2h 4h Oh 2h 4h
Figure 4. Tot al Phenolic Content ard Adntgeosxtiidoann to f
DOEETX TAE: Tannic Acid Equivalent; TE: Trolox Equ
error of meaB) (SBMjfefant superscript | ettegs in
0.05). (a) Tot al Pheno) iERAPnaendy. (bh: ASBiITEHr tassfay
gastric phase, 4h end of intestinal

The TPC trend shows a peak at the end of
with statistically significant di fference
gastric phase (0h) (501.01N12.05 mgh)TAE/ :
(465. 24N37.36 mg TAE/100g). This trend is
such alsadednpproducts, bamboo | eavesn Butrt a
digestion protocols (LanzoniHaed)asol othoad3;
The peak observed at the end of the gastr

|l ow pH value (2N0.05), which allows the re
within the matrices, acobhuddeg pGouehaBs ac
2019) . Subsequentl vy, as anticipated, a de
observed at the end of the intestinal p ha
and Friedman ancdoudur gbeensa (QI00O&OJt conseque
phenolic compounds at high pH values (6. 8fF

The antioxidant activity, assayed by the A

t hat observed for TPC. As reported in t|
(586.86N32.10 mg TE/ 100 g for the ABTS ant
asay) i's probably due to the release of p
decrease is observe following intestinal C
25.38N2.17 mg FeS04/ 100 g for the FtRRAIPs as
result is due to the degradation of al mo

consequence of the basic pH.
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demonstrated in figure 4, the values r
the FRAP assay. As previously reported,
aracterised by scavenging actieax asi 0@
gestion process proved to be a reliable
ti VEi.t ygrafci | i s

®» o o0 o >
O — T —*w

l i ght BE.f grhaacsialgipseat potential for the f
owth rate and ability to store high qua
mpounds (Klinthong et al ., 2014) . I n pa
dl lceoagueB. (@0Qpdda)ylsi sa key role in enviraon
ility .tbreughet&8® process of chlorophyl|l
cells. This rerder gys sad cstoo rc.r il cneded eadig m vt ehine
2C@to chemicals and fuels through this
vironméKtaht BOng et al ., 2014).

® O T H O —
S5 5 T 5 O S

CONCLUSI ONS

conclusion, the modulEat igapdcaylsitsh ek ey | 1t a
owth yield, in paramylon content, and 1in
this microalgae. -EhX pamoewed| howemrl t lgo v
ramyl on content than EgrMe aatnedr ETuXn c tiito ndad
eci seHTyX prOEsented a higher TPC and ant.
traction, for 0aEhOEHpndideepanieigtt eblg ¢ Mok
ace elements in the modul ation of the fu
rsgeal eEusegrian€ itlhies feed indus-tept hfunvbet:
e required to characterise the best cul
tain a homogenewws, abbestmantri andf ooda me
surewahfmak and guarantee high standard
i mals. Furtheér mauane, tgdgiowman ,t Ha nkitg onal p
vironment aH. pgroaeiclpiosoni wmife application i
nsidered.
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ABSTRACTThe widespread wuse of pl astics in
pl amitgrcati on and health risks. The degrad

(PS) and polyethylene (PE) can generate na
study assessed the i mpactChobdbr &€ISI, & PEN | eaendi

Haemat ococc(usP)p lbuevfioarlei sam@dlx adlt gesti on, foc
particle size, polydispersity index, and
content (TPC) induced by NPs contaminati onr
NPs behaviour varied wi tehr stihsetdeidg eppdodatd p,a e p
health risks. Significant size increases
significantly with NPs exposur e, especi al

regul atory measuresatse@esemdurmpd afscod <same tayn
the behaviour and toxicity of NPs.

Keywords: Chl orel la WFNoadtdamsiupppe matemd &G c;u s n apnloupvliaaslti
Polyethylene; Polystyrene.

https://doi.org/10. 10:
I NTRODUCTI ON

Pl astic is a polymer commonly wused thr ouc
strengemetdredti veness ( North and Hal den,
production of plastic products reached nea

to increase dramatically by 2050 (Sana et
billion of new products (Tayl or, 2017). Tl
huge amount of plastic waste, of which onl
Within al/l uses of plastics,ods pecitalr, atdtuer
concerns that are fundamentally associated
foodstuffs, and consequently, to their pot
et al ., 2023; Wen et aald. Bo2024,;, AROWanNIi t Ay
pl astic pol ymers are polystyrene (PS) an
Al t hough pl astic pol ymer s ar e generally

mi croplastic ( MP, <5 nmnD O ammnd) npaanrotpil calsets ,c
degradation of primary plastic product s, r
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2016) . The small size of MPs and NPs i s a
organi sm. Specifically, they can enter toh
contact, i nhal ation and ingesdeosar (&/gepat:t
attenti on, as It I's estimated that t he ¢
approxi mab6elpo0®9(CoQ et al., 2019). Contac
matri x can occur in multiiphatiwary;s: (l{)a)dwem
and storage; (c) during food processing;

Jadhav et al ., 2021). However, data gaps
to mixtures of pdasandstioa ifompldi ecnattiromcse o
once undergoing gastrointestinal di gestio
accordance with the recommendations of t !
2016), a comprcihreqg safv et huensdee rdsytnaanmi ¢s i s of
fluids in the digestive tract can change
formation of a protein corona that <can al
becautshee olfi gh speci fic surface area of NPs
toxicity due to the impact of their great
more easily translocating cellulartbabeia
absorbed from the gut.

I n a rapidly changing world, food supplem
with the altering dietary habits, t he gr
popul ati on, as due to their concernctlreatiemn
supporting overbeaelilngheadlothtgpsamae welglul ar di e
2010) . I n this context, mi croal gae are en
the production of functionaéet fabdCh|lpb&dREd)} a
vul g@CV)s Harednat ococcUMHdP)plave akwe microal ga
prominence as food suppl ements due to tF
compounds. Whil e the fkinroswn idsuec etrot aiitnsl yi mpt
prof i-d7 % 5ppBrlost e, i g@ingdl %9 di et ary fi bre on a
i mportant bioactivity (Matos et al ., 2017
interest due t o 5t h¥% opfr oddruyc tniaotit 3 Njooudhy darxsyt a
b-1-c ar 04 ,edhido,ned potent antioxidant cont-ri but
tumouragiamgt iamd ]| ammat ofrOs | men eefti tasl . , 2021)
acknowledged by the European Regulation 20C

( Eu
for
ef f

Thi
can
i mp
mi c
mi X

ropean Parliament, 2015). Among the fun
t heir high phenoplaircantea netre rktn,o wann tiomphoarvt
ects on human health.

s plays a key role in the food sector,
influence the total content (Frazzini
ortant data gaps are yet & betbhye prddafriels
oal gae as d.ogptdu dsi vepsp | aermee ng tsi, | | needed

-

tures affect the functional profile of
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process. On t hei n¢ helradhtaind, pan tcirol es, but
research attention regarding their presen:

safety and quality. Studi es hawse fdoacd metnd
assessed their interactions with food comg
and potential health risks (van Raamsdonk

for detecting and-eguarmttiiféyiengtMRY .gr € 0vel) |,
understanding of their behaviour and effe
newer area of research with | imited avail a
A growing rbdPegmistiansiogni ficant human he
i ncreasingly exploration-adfdethi vrad aalegaseo uac

supplements, highlights the need of studi e
NPs, espemiatluyes of polymers, once in col
but particularly during the digestive prc
measures aiming to safeguard food quality

user ffood sector.

To date, the study of the toxic effects of
gr owt h I nhibition, mor phol ogi cal changes
(Khoshnamvand et al ., 2021) . On thehether

i mpact of NPs on the production of phenol

serve as a defence mechanism for microal ge
al ., 2023) . Understanding phenol sf epgryo dauncd
efficacy efasmidcrfomaldgsappl ements for consu
bi oactivity and potenti al heal th benefits
contribute to human health bgye pamd eicrfi lngm
(Lanzoni et al., 2023). Although, to the
i n food applications, |l ive microal gae <can
cul ture syst ems, wher e mvat edl-giana |l kaarrpgl eacs
bi oreactor s, especially PE bags or phot ol
cultivation phase, contamination by plast.
materi al degrades. oThiisnfstlep aitrest hdes cuplty
mi croal gae being exposed to plastic conta
contamination pathway with plastic nanopar
product s ,alegvaeen airfe tshuebsequetnivli wgpfocenssed
By testing |live microal graies,k wsec eanrag i mo d d Ifl
contamination during the cultivation phas
understand and mitigate the Isi koefl ithhoeo dp roof
process.

Takiabgment i oned, in this work we aimed to
profile of two microalgae species (CV and

(PSS, PE) and NPs mixture (PS+PE) expQgsure
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bef ore iamdaiadixcecdi gesti on. Variations on tF
content (TPC) was a-€sesaldeu smaghotdh.e TFOO
transformations before and after the two
considered. Mot es(psyedzrecsceyl nyg mipd r dpiod rgedti esrp)e r s
(Pdl) were determined by Dynamic Light Sc
surface charge wepaet enetaisallr ean dlyy zied .a (

MATERI AL and METHODS

The experimdepactddssghematically in Figure 1

Functional
Activity after

Digestion

Functonal
Acitivity before -
Characterization of Digestian
Microalgae-
Nanoplastics after -
Digestion .
Digestion * N
Process £ o %
Characterization of
Microalgae- *
Nanoplastics J l -
- =
Microzlgae | + I
Contamination = - =
Microalgae & =
Growth | 5 -__!
o -
Nanoplastics l y
Characterization &
Total phenolic
content
Total phenolic Fualual Hatal
* rvalualion ol lala
content phenol_\c madulation

DLS analysis + Evaluation of after digestion.

N N ) total phenslic
In vitro d'QEStlon = Size; modulation

Ex vivo digestion  « polidispersitiy before
PS, PE, DLS analysis index; digestion

= Infagest 2.0; .
C. vulgaris PS+PE « Size; + Gestiie e Cpotential
PS, PE, PS+PE H. pluvialis . _Pc:lidespersity Intestinal fluids
. Pa index; {slaughterhouse)

« PS100+15nm + €. vulgars X0z pmL, ¢ potential
* PE 2461227 nm Mixotropic = PE:

canditiohs. 5x10%9 p/miL.

+ H. pluvialis: = PS+PE:
Autotrophic 1x10"12%
conditions. 5109 p/mL

Fi guEeperi ment aFi gesé ganr eated with Biorend

Nanopl astics

Size analytical standard (spherical, Mo n 0 C
physical diameterColG)fOf.iOci(eKhtlSo)f\ nvr (i @\W,ce C
solids in aqueous dispersant weMierascplier e

008T%®) . Particles average diameters are i
procedures from National l nstitute of Stan
NPs wdaroausyent heti sed -fwdat ewi aguulasi @on | preci
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(Cassano &tamaln. sp2€@2X)pscopy was conducted
plastic particles chemical composition, a
modi fied or degraded during the synthesi
di stri bpuatritoinc laensd densi t ac evretrrei fded &Ir ms exceidmaey |
(Suppl ement ary rmeatt ehreirdlIn,g HRiad war e nSd hheensiec apl a

characteristics i s key to previPde NiP®ss iugnh
physi ol ogi cal condiitn owis&x opaehirg @ tuil amr | (ya «d ui
Kknowi ng t hese par ameters, t he stability,
bi oavailability of the PE NPs can be infe
particles interact tofthenteotdhmatrritcasnsfe
and toxicity in the gastrointestinal tract

Mi croal gae growth and nanoplastics cont ami

Mot her strain (axenic) cultures of the t w
exposure experiments -Wasgqguacihucredl dgaemCaI
[ BMCC127] CV (Trebouxiophyceae) and [ BMC:

conltlreed (light intensity, photoperiod, tem
an environment al c kSO r, (t@leR eSrtlu,ar Z0 4
mi croal gae species (the first) was crutur ¢
waste (hydrolysed cheese whey) as organic
freshwater (Amurri o, Spain) mi croal gae sp
conditions using-l1the mBldu e mGr aewi Hl (nB@ e p or
for microal gal bi omass and | ipid producti c
mi croal gae cell density to use for lwedreeexp
monitored in the correspondadirng agnpdwtnlyg merdi
the cells using a Neubauer chamber, under
a B$ 3 digital camer a. Speci fic growt h ¢
mi croal gae species ( Suppalte npeerrtna rtyt enda tteor idael
nomi nal concentrations (cell density) for
were at the exponenti al growth phase durir

To, BuUuéEétures depowmddngnmcoroal gae mot her s
48 h prior the contact ted<thd otrel N&t vaingme:
10cel I'sandL HP atcell I*stekle 1t0hen e x'pPpoasrettio Lo 1
standard Pfgaatndinthousy®t heti zed PE, either
exposure or combined (mixture), under st
mi croal gae mother strain cultures, for 24

As plastic nanoparticles size and density
to microal gae celilns wangwlkio oda dg @eméd ti roing e SNPsn t €
concentrations were selected considering t
have a higher ensdtyg [(artgBdl gme Maatei @ar @a@r
to a greater number of particles per unit
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prone to higher sedimentation rates towar

decreasing the possibility of encounters t
exposur-a medhar test (nonmipnaarlit)i &@loensa st hat &
set to ensure sufficient exposur e, despit
aggl omeration events; 2) as |l arger parti
materi al , Figure S1) tend Iteo deuxehitba tt hae idri
(0.883% Sumpm!l ementary material ,t®Hiogume Shk
resulting in fewer particles per unit mas
rates, but being more |ikely to remathnhl suog
-t herefore, despite the | ower (as compared

1®partic)est meir reduced tendency to rapi
aggl omeranhsucant Bat |l Aneadequate number of

encounters to microalgae cells. Ultimately
detection |Iimits of the analytics cdmgi der
aims to comprehensively assess haonwndi fofnerd§
can i mpact the functional profile of micr

behaviour and the various tr amntsifrog mad i minsr
as food matrices during a digestive proce
potenti al ri sks associated to the use of

Dynamic Light Scattering (DLS) analysis

Batch Mode DLS was used tweicghhatread tmneead e eh ytd
di amedaeerage) and Pdl of standard PS and F

medi aangrdiogdsti on. Mor eover, gi eemitfherein
expected between the particles size popul
considered to resolve multimodal NPs -si ze
and -piogdstion studies); asl i goers ti cnhvaensgtei sg ait n
(hydrodynamic diameter), PdlI and size dis
debris (l-yesesadleyed TDM® was wused to charac
particl es sedi mentati on, aggnegiart i bhe addHf
mi croal gae growth media during the same e
di gestion). El ectrophoreti cdiDdes tMoodre omalsy
enzymedpromdulty-di d stpioen c ancaro dprfoyp eérhtei eed e
as interfering on NPs particles, interfere
required for stabilization and the overal
mobility in therdwfhemediami wi 6hl gadocgi t h
potenti al assessment and particles surf a

measur emeao s duncetreed using Zetasizer Nano

Mal vern, UK) at 25 N 1 AC for a backscatt
di amet-aver a(gle ) and the dispersity from ¢
according I S(O S22 4 BROPB)a.7i al anal ysis for
assessment was conduct-@d2Dh2agt &EOmeaodoled. |
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I n vitro digestion

I n vdiitgreost i on studi es wer e performed fol

(Brodkorb et al ., 2019; Mi nekus et al .,
purchased from S3tg.maL oQuhiepmi cBADmuOb&®Ae(d di ges
or al ( SOF) , gastric (SGF) and intestinal
Brodkorb et al. (2019) and Minekus et al

cel l-comptreemi nated (fdrl 24eld) toot NBs finwayanko f( r
9.5 %gellDsandlL 4 *delxl sSLOmespectively, for CV
incubated f orUadnyrhiarseat 7pHUTFE0Ot)g under st
the or al bolus was diluteéed mwHth. BGF amd ipn
UcCc for 2 h, under stirring. At t hienewndat &d
with bile salts (10 mM, pH 7.%0) p&ddnd.tOhe f pa

37 U0UcC, under stirring. Once the digestio
centrifuged following the protocol of Gon-
digested fraction (super mat(apnetl)l eftr)om Stutbes
samples wex® @QC ouretdi latfurther analysis, to
on the NPs primary f eatrurienst ernadc th com st hva & eh
food matrices, the behaviour modification
digestive fluids and discuss whether these
upon the digesatiswe tpr goesvs ,debxigrosiuglet acsfs o
variations on the microalgae TPC that <can

Ex vivo digestion

Thex digestion process represents an innov
l iterature for r eplEixc adtiigmegs tdiiogne swai so np ecrof nodri
and intestinal fluids collected from sl aug
50 and 110 days, as reported bycdmtnaminn a te:
(for 24 h) to tNPRs gwaesrter idci launtde di nitnest i nal p
cell densi®¢el lon@L 80°che I1418s1 mespectively for
the end of the digestion process, sampl es

thus separating the digested fraction (st
(Goncalves et al .t,ai2red )we-gTéh el) @ a mectt ii botnfsu rotk
as abewti oned.

Tot al phenolic content

For quantification of microalgae TPC, the
wi th minor (nioadnizfoinciatetonasl . , 2023) . The re
Ciocalteu and sodium carbonate) were purch
USA) . Briefly, 0.100 mL of each <fawmplétt wa
(dilTuted 1LIN1OYwWwHDEG di 400 mL of sodium carb
di stiO) edorH 20 min in the dark,n gter RD.d, A"
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absorbance of t he resul ting bl ue col our
spectr opha=t 06n3elt enrm.atAppropri ate blanks wer
for TPC (expressed in %) were normalized t

Statical analysis

The saver §dgde, emot,erPtdilalandmV) of the NPs ar
pr-rand -gpiogdsitni ovaintgixo Vi was anal ysewdy uaANOYA a
foll owed by Tukey's multiple comparison,
Software I nc., San Diego, CA, USA) . Al l |
expressed as average (ast thmeee ci meéame n de
Val ues were considered statisticaPl llivyaesi=gn]
0.05) .

RESULTS and DI SCUSSI ON
Pr-c&di gestion characterization of nanopl asti

To better understand the biological i mpac
necessary tdepehfohar aoteni zation of their
exposure media (Sendra et atav,greaQlopdl Aasn
potenti al of PS, PE and PS+PE in the diff
(Tabl e 1).

Tabl e 1l-av8ragel]&poPtdd n tainadl of PSS, PE and PS + PE n
growt h. mPdf herent superscript letters indicate st
O. ORgs.ul ts are reported mean N SEM.
Sample Z-average PdI g-potential (mV)

(d.nm)

PS inCV growth medium 85.32+0.32 0.05+0.01 -10.60 = 0.26 pH 7.65
PS inHP growth medium 87.86 £ 0.09 0.10+0.0% -11.93 £ 1.09 pH 7.36
PE inCV growth medium 207.50+1.18 0.13+0.0% -15.57 + 0.29 pH 7.68
PE inHP growth medium 20530+ 145 0.13+0.00 -24.60 £ 0.95 pH 7.17
PS + PE ilCV growth medium 267.20+4.84  0.33+0.0Z -19.03+ 0.17, pH 7.73

PS + PE irHP growth medium 204.67+ 1.77  0.17+0.00 -17.23+0.98, pH 7.13

PdI =Polydispersity index; PS = Polystyrene; PE = Polyethyl€Ws; Chlorella vulgaris HP = Haematococcus pluvialis.
CV growth media (only, no NPs) pH = 7.69.03.HP growth media (only, no NPs) pH = 7.22 + 0.10.
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All these parameters are crucial i n deter:
influences their reactivity (Sing et al .,

Al t hough, PS NPs swewght ad| oeveam hynwdreodyn gn
CV (85.32 N 0.32 nm)granwt HPm¢ @ira 86t INe e 0Wa
the range of the expected standard particl
Z-average di d not di ffer from the expec
(Suppl ementary matenboaldj fFegenwesSdhnedsmea
hydrodynamic di ameters were r ecor(d2e0d5 .a3nMo nN
1.45 nm) growth medi a. Once in a -aAaveangem
results were recorgreadwtim mecdcki & .woWhmilce oiad ghh
+ PE showed-waeiigmt edt enesaint hWydrodynamic di ;
highly comparable to single PE (independe
growth medi um a savgewiRfQi&c ®mmt)| walsi greerorded
nm) .

By DLS analysis, the intensity of the |igt
power of its radius (Rayleigh scattering t
readily than smallyar ed nad . KRRtdir2¢3lg &1 € A.aalrsgoe r ¢
slowly due to Brownian ( rtamaelasn)r anoftli wnt u ate

scattered |light, ttmadsaegr aoi @, hamgd emalsii o
particles more prGan)n.enltt (iCsa ptuhteor eeftorad .un @
binary mixture, the data analysis algorit/|
of PS (smaller particles) over the strong

over shadowistkg ngnd hem detection of the (we:
interesting to noti-aeetdhge wasl des t @bttt dien e
CV growth media, a higher Pdl value (0.33
of aneglad i on and (or) aggregation event s,

demonstrated PdilI val ues greater t han 0. 2
aggregation factor among NPs. Additionall
(Furge 2), it could becolusner vad et lodt thet N
the HP growth media was higher (~ 4000 Kkecy
(~ 3000 kcps), but also constant ,24r ehmai ndn
the contrary, an erratic count rate was T €
medi a, showing a significant decrease in
(count rate ~ 2000 kcps) fcorrtoherfaiti atg 1 2
of particles clustering overti me, becomi nq
more prone to settle out, thus | owering
contributing to &tphet dsncteisat &kreiyn g op ruoncdeesrss.t a
coll oidal dispersions, influencing cell pe
et al., 2022). It measures the magnitude ¢
particle off népuldseigoneeanong adjacent and
coll oidepotsgmsttieanl t hreshold values of abs:«
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often cited as the boundaries for col |l oi d:

Wu et al ., 202%pptewWheml hauwuitsgda this rang
particles are higher, making these | ess pi
considered more stabl eecpoAsenshawnvahudabla
boundaries for colloidal stability for the

opotentidlo.i6® GV O( 26 -1MB)9Narnd 0i9n mNP @r owt
for PE NPs a mor e n3e0g amM vwa sc hraercgoer dcel do sien tt
24.60 N 0.95 mV), therefore suggesting th:
medi a, feprotwemitchala si mil ar to PS NPs was d:¢
also in HP growth media that once in a bi
aggl omerate and (or) aggregate overtime (F

ved Co

e 5+ FE P I O grosstth mmazila

ved O

Fi g@reDerived count rate of PS + PE RBs =i Pomiyct gale
PE = Polyethylene; GIPsorelNaa ¢itlalegndit os pcCUEKTpbuwi a
kil o counts per second.

Gi ven t he di fferent behaviour of PS+PE NP

stability overtime was investigatddtasbhgl
di stribution and monitor the chamgeat ioonpa
(or) aggregation events. Measurements were

same exposure timeoonft amheamionoalgas, pras
Figure 4.
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Size Distribution by Intensity

Size Distribution by Intensity
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Size distribution results of PS + PE NPs |
previously anticipated stability.

More precisely, along the 24 h analysis, D
a maximum intensity (%) at F 200 nm, con
scattering signal of P&mpPsthbuahabagghdmi
aggregation events wil |l t ecnodnttaomioncactuiro rd uaa
I n contrast, an inconsistent and reversib
recorded for PS + PE NPs i4n ,t demOVisgrawi
particles tend to highly aggl omerat e, rat
can be observed with intensity peaks that
and |l oosely boundrefostenshightdychetagoghkn
to the increased (> 0.20) Pdl values prev
aggregat es, aggl omerates are formed by t\
physditearmi cal imtarmaevermnsnisbl e process (Soko

This reversibility is clearly noticeabl e i
mi nor intensity peakmenrtdonreddeddi gvferryenit.esA
probably due to the distinct sanletdicao niphoasti
influence their 1T onic strength and the el e
ot her factors can influence the aggl omer at
addi ves and disper sanretns ear ealp ar t2i0c2ull; a rS hy
I n f t, sodium c hioi atissyermtahse suisse da si na nP Ea nN Po
part |l es steric stabilization. |t can a
sign icantly negative surface charge, as
mo st neutr al (dTuaeb | teo 1t) he Ad epgrhdtsonpaH i on
adsorption of i1ons fR3 MRS sariHdg hjgu sytwinle g meé d |
(Tablewpolpnul &8 sBEggest that whmiclee i ME aNPbsi n

contribute moderately to stabilize the (.
instabilsitiyl caulidger aggregation and (or ]
(estimated) i1ionic strength of HP growth me
thicker electrical double I ayer can then b
el ectrostatic repulsion forces, therefore
dightlytbashicghpeélr ionic gtrmoevt dpt meaes tai hat &
compress the electrical d onugb Iteh el aryaenrg ea roofu r
repul sion, thus permitting these to approx
(Figure 4).

Knowl edge gathered on the behaviour of P <
understand their dynamics once in an ope
gastrointestinal tract anddJpohe i agseotCi ahe
suppl emesntmi croahgami nated to NPs that mi
bi oreactors or package, particles that <co
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uice or intestinal fluids) encounter a va
an adsorb onto their surface f-aguoi ogmeaaf
combination of polymer typeg @rRrbowrcdeswi
ccur that cause changes on NPs density, i
Summers et al ., 2018), which ultimately c
rom digested food.

[S—

-~ 0 0

I nteraction of nanopl asandcspasntdi mi cr @aaldg e
di gestions

Prior digestion studies, mi croal gae cell s
contact tesutndekFsrt amdbegt ef the multiplici
among NPs and the -diogelsthioomaamalxy,tiacapr el
mi croal gae suspensions &l NFS swaes sadrydu atde

PE and PS + PE increased in both microal ga
observed in absence of microalgae cell s (1
At the same time, although e@ otiaemtli alh,anwyel:
still outside of the boundaries for coll o

sizaveZage) of the NPs was significantly
those measured forl sheumpensiadbtgae( Foglye £

a)
5000 1.5 - 40+

4000 - 30+ a
3000+
- 20
2000

size (nm)
o
Pdl
3-potential (mV)

- 10
1000 b

b) ¢ & & & & & & & ¢ & &
5000~ S 1.5- o - 40+ G
4000
3000

2000

size (nm)
3-potential (mV)

10004

Figbre Saver@age) detected for microal gppantdregabywiemms i o

di gedtiifdrer ent superscript | etters indicate statis

PS = Polystyrene; €kl er bol;y dfaleEdn@amiexs o€Yus pl uvi
More precisely, a size of 2040 N 27.43
reported in the |literature (Safi et al , ‘

NY @&



nm. As documented in the | iteratur e, HP c ¢

on the replicative stage (Niizawa et al .,
the haematocyst phase,nahmmot kihewastaxamehi
phasethe | ast step of the |ife cycle (Shah
size oObserved is correlated wpthemnheepeto:

pal mel Itahe phase sel ecntteadc tf otre stthse tmi cNrPosa | ¢/
i n Figure 4Seitghe edntmemsni thydr odynamic diam
mi xture, showed a si-gunlifucantoimhlte emiser @oalc
incawd ture tova&lVueawagbatt6ed7d&dO0. 32 nm) th
caeulture to HP (197.30 N 5.18 nm). A tren:
which no relevant particles size dif-ferer
cultures (Figure 5).

Il nteraction among PS NPs and the negati vel
enough to overcome the hydrophobic repuls
aggl omeration as Acomparntedalt @pHRPE deBpi t e el
weaker, repul sioscbecaggpegaenon] abger ar e
formation -p&r tsit@lbeé eaggvloomer ates (di mers).
combinatiorlefctreduateidc r elpruilsmoinn dya&amy

prevents | arger aggregate formation and

mi croal gae exudates. I n fact, both CV and
extracellular polymeri c syurestsa nsceecsr,e tvehdi cihn
stress that act as a protective | ayer ag
Extracellul ar polymeric substances <consi s
proteins, among ot her bdi amolteiceuli ens,r avheil d hu
NPs surface, | eadingornrmnd htehdtoraonarns equerft |
physdhlhermi c al properties (as affecting p
sedi mentati on, aging membopanpsittyranel acwaedtli
interactions (Cao et al ., 2022; Neagu et &
For PS +c PIEt &Me && particles may preferent
sterically hindered by these, |l eading to

the | arger particles (PE), rather than int
suref accur vature of NPs are critical factors
extracel lul ar p%l yAmoer itchi subsdsanmcesi t i s

increased curvatureabtblbe aggP8mer EI NiPs ¢ir
area and interaction strength between NPs
preventfciom@nkai d or mati oMo r(eYav ert, atl h e-c 2d002r2a) t. i
can counteract ionic effects and stabilis
interactions, explaining the | ower values

similar result wasuobtuaiened HFEr (R99+ 2RE |
croalgae growth media, weaker el ectrost e

3 >
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PE NPs being | arger again dominate the siz
wei ghted mean hydrodynamic diameter (Figur
Given the complaesxiotcy avbedt hat &NPsctions to
changes on the NPs size (Figure 6) and on
8) were i nwedt-ipgathend dprge st i on s ihneulsacteinoanrsi
that might occur during cultivation of mic

Obt ained results (Figure 6) suggest the a

making thus these available for absorptior
by Paul et al. (2024). Oncestdiimels tleudme M Pcsa
tissue irritation; (I'l') be absorbed by in
cel | death (approximately 72 h | ater); (1
pat hways (throughespbpgptipan¢thahnhs) sorthyo)
or by <cells of the intestinal epithelium
Paul et Holweve2(2d)hesd romtged ymesnfadmumenced b
digested NPs are particularly more prone
matter that facilitates translocation to
reason, i t nicse otfo girnevaets trieg eetvea t he i ndi vi du
characteristics and behaviour during diges:s
a) 800+ 800
a
6004 __ ¢ 600
E E
= [=
= 400 d T 4004 R
@ b ®
200 zon-l b | | d
0- 0-
Y o] & & 2 ] % <
b)  goo © ng G\;‘Q 35_,3 800 ¥ Qg*q Qg'ﬁ xq‘-"ﬂ
S &
6004 600+
E E
= 400- = 400
2007 a b b a 200 . b c b
SN Nl ol Tl e W
& P & & & L & &
S & &P & & &£
& &
Figure 6. Size (Zaverage) detected for microalgae suspensions of NPs posti(ayitro and (b) ex vivo
digestion Different superscript letters indicate statistically significant differences among gsE3.Q5).
PS = Polystyrene; PE = Polyethylene; C\Chlorella vulgaris HP =Haematococcus pluvialis
Posh digestion, the size of the microal gae
PE and PS + PE NPs (Figure 6). Il nteresti ng

(296.77 N 2.48 nm) was small er t hanalftohro utgh
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as previously reported, the first was cha

5) . These differences are most probably
mi croal gae. More precisely, althocyhiat

di stinguished by a single microfaperl starut
with a very thick outer | ayer and a thinne
2022) . For this reasonedCWVntel Asswhubbkeaat
the | atter consisting of complex resistan
action of Aharshero enzymes (e.g. chitina
used (Weber et al., 2022).

At the same ti me, although HP in the palm
testing) i's characterised by a compl ex st
membr ane | ayer, one of which i shoimotcikl ande

astax-antbmol atingthaesgstcephase ncrease dr
becoming surrounded by three thick and to

(Kim et al ., 202 2; Boussi bae @O0t i Wairtt
with hydrochloric acid, which is highly p
protocol used (Ye et al ., 2020i))n wWinge®igiao
whil eculnt croe to HP, NPs showed a reduced

(Figure 6) a sdicgoensptairoend dtaot apu(efFiug er & o5 )CV i
increase of the NPs size was recorded.

Thi s trend was also confirmed for PS+PE i
di ameter of 303.53N4.33 nm armobraea. afhe.r&

reducing aggl omeration through steric 1inte
copmared to-cNPsui@e ©to CV as most i kely f
produced as final product.

Obtained results are partially confirmed

di fficult due to the numerous factors vary
t hat despite PS NPs showed no chaowlearilny
di stinguished by a rough and heterogeneo!l

suggesting propensity to partial degradat i
et al . (2024) demonstrated t had irgeasntiicon
involved in the increase of NPs si ze, co
cel | debris can indeed influence the NPs |
by Li et al . (2023) . (2 02U p p ermtp hafs i tskeids ,t h
considering theofonmabnonhefsar baoe of t he
organic matter as proteins, carbohydrates

process.

Posek digestion seemed to result in a more
wei ghted mean hydrodynamic diameters of 7
detected f,oes@g¥candeHpP, besides confirming

N ®



among the two microalgae species. A signi-Hf

debris is therefore expectexd utintaenr doori hgo
di gesti on, i ncreasing the repealing force
eventuallgotbnhnaeken bhe NPs surface.

These differences were al so nc odhfigiersne do nby t|
of the NPs were just slightly modified co
values of 0.34 N 0.02 and 0.20 N 0.01; for
for PS + PE NPs, Pdl va®&l®ds wefr e0 rcidl diud@ed Ot
CVan”WP respectieel yheowhill « aff aes reported
a more polydisperse fimoal diogpetedtpdodgect

fluids. Although there are studies in the
usiimg eystems, to our knowledge this is the
of animal origin. For this reason, a direc

fluids used.

Tot al Phenolic Content of microadilga®et beh or
a) b)
400+ 400+
- 300
o 300 o
i 2 r 200
o 200+ o 200 b c
o~ b b s a
1004 pa 100+ pu
0- 0-
=]
& £ & & & & & L
& & &P T R
S &

Figure 7. Pre-digestion analysis of microalgae total phenolic content: a}hlorella vulgaris b)
Haematococcus pluvialisData expressed in %, are reported as mean + standard error of the mean (SEM) (n
= 3), and are standardised towards experimental control group (microalgae in growth media only; no NPs co
exposure)Different superscript letters indicate statistically significant differences among gréup®.05).

PS = Polystyrene; PE = Polyethylene; C\Chlorella vulgaris HP =Haematococcus pluvialis

Overakbntpamenati on of microalgae to NPs si
Specifically, exposure of CV to PS NPs (1.
resulted i &.68bgnhfgbant phpenol content ¢
with no differences being recorded though
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However, once exposed to PS + PE&KNPS) (RRiO@h
TPC was recorded, than that obtained once
trend was registered for HP, although con
TPC (104.72 N 5. 13%)c utlhtaunr et htabt. Pr&e dNoR 2d. eldd %)
hi ghly comparable to the cont-coltgreupf BF
+ PE NPs, the highest TPC valwmet wasbeaestcoc
knowl edge, mi croal gae phenolic content as
pol ymers is not highly investigated in the

The majority of the studies focus on the e
mor phol ogy, chlorophyl |l content and phot oc
Ye et aThis20e2@nd was confirmed by Menica
authors observed how NPs | ed CGymadodax rread
a seagrass, highly described in |literatur e

Posth winelxo diigyestions, interesting result:
(Figure 8).

a)

4004 400
b b b
300 b b, o 3007 T
Q o
= " 200
s 2004 B
a
100- o 1004
0- 0=
d P& & & & £ & &
N & & &
b) ¢ o & &
400 G 4004 b b
b
300 300
Q c Q
& b =
s 200+ b = 2004
a
100 1004 g
0= 0=
S 43"’ 4’3‘0 & & £ & &
& & & & & £
St S

Figura 8. Postdigestion analysis of microalgae total phenolic content: aj vitro; b) exvivo. Data
expressed in %, are reported as mean +* standard error of the mean (SEM) (n = 3), and are standardised
towards experimental control group (microalgae in growth media only; no Negposure)Different
superscript letters indicate statistically significant differences among grBup8.05). PS = Polystyrene;
PE = Polyethylene; CV €hlorella vulgaris HP =Haematococcus pluvialis

Tar ko et al . (2013) demonstrated that t he
digestive tract are responsible for their

during simulated digestion is adtqgabtel ®2C
Ginsburg et al ., 201 2; Goul as and Hadji sol
about 48 % of phenols are digested in the
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only a smal/l part corresponding to circa
confirmed by Ginsburg et al. (2012), althc
or al cavity, it is only in theallgawg rtilteicra
(Goul as et al ., 2019; Lanzoni et al ., 202
digestive process would also explain the

obser vedi gens tpiroen, althoeglb!l sheni asat ab iklail ty
such as that typical of the smal.l i ntestior
the transformation of these compounds i nt
bi oactivity andt bKiokheseasiebhi lailty RWRj0) . I
production of TPC i s maeisntd ulciekde |syt raesssso crieastpe
i's difficult to ascertain with the curren
digestipkeapracbenseficial role in animal an
(2008)n wevt@ are available in Iliterature
antioxidartdaontspron the stomach, intestin
present at hi gher concentrations in 4he o
oxi ckedrtects by phenolic compounds has yet

I n I'ight of the above, alt hough aehes ug ggens t
t h@YandPar e able to cope with the restricti
these compounds on ani mafluratnhde rh uinmavne shteiaglattt

QJ""O<O_'Q_(DQ_UC1'|""3_'<_
w o 5 Q9Q 53 53 S5 O D Wn»wW TS TS 9 S

<Q ST O+® >0 O —+ =

concl usi on, the obtained results per mi
i ous transformations occurring whether
eracting to micr odil gest iaosn)f oweadsc ehdit gbhil cye
roal gae gr-doiwg évs tmeamn ast Pobises reveal ed th
digested fraction, indicating a poter
ally, the increase r ecprogbend ainm ntalt e dp hma
d as f oodi nmawinwlocoe ®lii yg@®nhi on suggests a
ween the polymer particles and the bio

ris, fluids, enzymes and other biomol e
anced phenol isconteo nathetnito xciodual ndt obfefneerf i t s,
ested fraction mi g ht i ntroduce hi gher
estigated. Undeirstkey itnag urderes tdaymad ntihces
the nutritional value of mi croal gae a
lations that trigger changes in the bic
t he syntviee ciognpmwfu nbdiso g cet.ig. phenol s), aft
se factors comprehensively is essenti al

contact materials of microal gae as f ooc

N®P



Ar v

Rev.

At t
Sci,
Bit
pro

Bo
re

n

Br
st

v O

Ca
A Kk

o

Ca
S i
c h

N T

Q

Ca
na

S »

Ce
int

>

Co
mi

O X

de
qua
Env

Dog

REFERENCES

eu, A.P., Fernandes, B., ViMienater,o AhiAcCltlTekid lelaa &
guasriinsg i ndustrial dair yBiwarsd 0 wars. dieg@ahnniod car bon

anitoyanni s, I . S., Bosnea, L. 2004. Mi gCaiton o
Food, S647@Nut 63

ard, E. 2013. A Ciapc¢al meermet hoed fpdmrat tehpde nd sLgiefses
83.48

o, T. , Okumur a, E. , Fuji shCmlagaeM.laa Waeéaaalhe sub,
mot e h uNwatnr ,iheeh&lst 1252 4.

ssiba, S. 2000. Ca rHoateemmact goecnoecsciusE ei pnl utVhiaea | gprdeyesni oall
pBhygeiol, PAATt1I11

dkorb, A., Egger, L., Al minger, M., Alvito, P.,
tic in vitro simulatiMat ofPgaitsti@lodiontt esti nal f oo

, J., Yang, Q., Jiang, J., Dal u, T., Kadushkin,
ey determinant PartheFr.b,relskXoxissS.elssments.

uto, F., Vogel, R., Savage,Call.zolVeail, aL. G202 1L.awMe
e distribution and mass <concentration of nano |
Il  engemi dmor hsl.saChrlalngied , 1 rbt848L, 7 adddel Sc i

sano, D., La Spina, R. , Ponti, JdopB8dapohypr op
oparticles for AMS tAhmln.c MaddHEFE &t ecti on.

ci c, A. Chingwar u, W. 2010. The role of funct
esti Natl r,heZbgdll

, K. D. , Covernton, G. A., Davi es, H. L., Dower , J
ropEmsiti es. .Scib37Dghéd |

Brui n, C. R., de Rij ke, E., van Wezel, A.P., Ast
nt i-faynydnmsindassozed plastics in relevant medda. for

i ron.l ;255283 .8

ari s, ., Wel c h, M. , Mei ser , A Wal msl ey, L.,

higkensity cul ti vBitormeas od.r, millERANDIHe .

EFSA Panel on Contaminants in the Food Chain. 201 ¢

wi t
Eur
foo

Fou
202
Vit
Fr a
and
Gi n
pol

h parti cul arF SfAo clluds, o0 =@ .ood.

opean Parliament. 2015. Regul ation (EU) 2015/ 2
d .-L eXU.R

rnier ,-M&Esmi rEtile,nn@Grodehebak, EDi,0tSy bSeBrpgn,MekK; .c,MeB |
1. Microplastics in the human digestive envirol
ro gut model Hagwadltibpméadso32.

zzini, S., Scagl i a, E. , Del | 6 ARhonsos,i ,M.L,. Re0g2g2i., A
antimicrobial activity of al gPanlt iaonxdi dcaynatnSo9b2a.c t e
sbur g, l., Koren, E., Sialiv@l, iMcr ekhasrmrsetrn held.ayva

yphenols as antioxidants andrehha®cat 7B &i3r2 7r et

N®



Gon-alves, R. F., Martins, J.T., Abrunhosa, L., Bai
Li ppiadsed nanostructures as a strategy to enhance ¢
cytotoxici FpodsResslme3nt .110278.

Goul as, V., Hadjisolomou, A. 2019. Dynamic changes
of carcébr droanita (pPprbidgeasLdur iLnvglr i1n0 42,7 52r609 di gesti on

Hal | i wel |, B. 2008. Areoypiodgmptheh oWsatandd owe dla@marsn c
vivo shArucdhi.esB? oc.h,emd 7218,i20pt% s

Hazeem, L. J., Yesil ay, G. , Bououdi na, M. , Perna,
Il nvestigation of the toxi c-aenfdf encanso polfa sd iiGdfdeooeenltimapc
vul ghayr iasnal ysi s of cell viability, pigmeMarcoRbEhuUt
Bu.l,, 156, 111278.

| SO. 2012. CoMéetoh adds-pesyshreasd det erimin@®LId)on (I SO 1
I SO. 2017. Padtdynonbmi si keghhabkygatsering (DLS) (1 SO

Jadhayv, E. B. , Sankhl a, M. S. , Bhat, R. A. , Bhagat, D
of human consumpti on, heal tEmvti ho@at Nananaecallibheér n at
100608.

Jin, c., Zhou, zZ. Zhu, Y., Liu, Q. , Zhou, X. 202

Haemat ococ auwg udlau wida lbiys manAowdat eldrel63@B.L7quality.

Khoshnamvand, M. , Hanachi , P., Ashtiani, S., Wal ke
mi cr o@H Igaree | |I:a Chuwlngeersi s n bi omass, p hot ocCshyemtohsegpthiea ep
280, 130725.

Ki m, B. , Lee, S. Y., Nar asi mhan, A. L., Ki m, S., Oh,
HaematococcufRepkeunvBiaddivanacwrs.. 31T hnb26124.

Krasucka, P., BoWujsei, k A. E. Ba€CaaeowskBO| eSzwajugi e P,
Digestion of plastics using in vitro human gastroi

pol | uStcaint sTot.al 8EBmMBvi ridbrn7 10 8.

Lanzoni, D. , Rebucci, R., Cheli, GFromCaval iCer @02R.
charact eEuglagn afnglodewi hg gr owt hl mg82&Bm.Hhri chment .
Lanzoni, D., SkSivanovs§, E., Rebucci, RLot adr oPthtein,ol
Content and Antioxidant ABdased tRFaadisitis VeODAdio Diges
Li, Z. , Huang, Y., Zhong, Y., Liang, B. , Yang, X.,
characteristics and cellul ar toxicitiesFomfd iChgaenst
Toxig¢olL79, 113984.

Martin, L. M., Gan, N., Wang, E. , Merrill, M. , Xu,
nanopl astics tBEmxvicrodno.,gyR & l2lsuethT &h4 2 .

Mat os, J. ., Cardoso, c., Bandarr a, N. M., Afonso, C
food: AForoedviRun c2685 .

Mazzol eni, S., Magni, S., Tretol a,PiM.o,t tLiucilana,0 2A3.
contaminants in former food products: Using Fourie
and the asgdodaztaad 6@BisskKs80888.

Meni cagli, V., Castiglione, M. R. , Baalredsitcrcii,, E.., 2®iZ
evidence of the impacts of microplastic and nanopl
CymodoceaScrniodolod. gl 8BmBvi ridbr6514.

N®T



Mi nekus, M. , Al minger, M. , Al vito, P., Ball ance,
standardized static in video dhgeshiad Fomat Fadad e nt
1113 24.

Neagu, M. , Piperigkou, zZ. , Kar amanou, K., Engin, /
Protedmr dna: Critical i ssAechn . onxoitd @ MMBBrMot oxi col o
Ner 2n, C., Aznar, M. , Carri zo, D. Te6mhfds Headhn®&8obht s
48,683

Nii zawa, ., Espinaco, B. Y., Leonardi, J. R., Hei nr
productH@aemdtr @eno c awnd ep | wwitaltirsophi ¢ growth conditio
Prep. Bi oc.hje m.8 3B4502t8 c h

Nort h, E. J., Hal den, R. U. 2013. P IREsVIEIHC2SB ,anld envi r
Osl an, S. N. H. , Shopar we, N. F., Yusoff, A.H., Rahi m
revi édmeanat oc oc cbu so pprlowcweisasl iospt i mi zati on of green an
production of Biadlmao,all lagst2ébxéant hi n.

Paul , M. B. , B° hmert , L., Thé¢egnemann, A. F. , Loeschn
I nfluence of artificial digestion on -chsaubncitaarrd st
nanoplFaosotdi cCsh.em, T&Xi,cdll4423.

Paul , M. B. ,-Cartmoka,Vd, ,Cdraicki, E., Shopovand S. ,
nanopligetirest state of knowledge wiNamhotskcalfAdd 360
4367.

Pl astics Europe. 2019. An analysis of PEwrsdpeasn Eplra
R o d r i-Lgouyeaz, J., L eTomrar, e Md ¢ y PBjadradiwiac 202 8ht scattering
control nanoparticle aggreMiaci mommad hiSpeLUBoi dal syst
Safi, c., Zebib, B., -dearaha, OC, Podndal Mer phB.l ¥v.g,y, \
processing, aGHl arpepll li ac AVt U PgnEssews S u s t3.5, E22ea@85g . Rev. ,
Sana, S.S., Dogiparthi, L. K., Gangadhar, L., Chakr
nanoplastics on mar i ne Eennvviirroonn meSncti2.7a,ARdd [A5u@m3a n Rhe al t
Sendr a, M. StaffieGiarrEdo, Yést e, GaMi Pa, MNMomM™Meno Cor
primary characteristics of polystyrene nanopl astic
di aPbmeodacty!l wlEntvriiroamr, n Rt 6 1 0

Seoane, M:FerG&mzd&lzez C. , Soudant , P., Hwwndt,, 1A. ,20E
Polystyrene microbeads modul ate thehaenergy ometnelg
Environ, R&IUT LB63

Shah, M. M. R. , Liang, Y., Chengi;prdducingbDagoeén )
Haematococcu&rpimuegi algviasl ucee Iclo ntnoe rifdiiganlt . p.rRd ditna t 53cli.
Shupe, H.J., Boeni sch, K. M., Har per, B. J., Brander
surface chemistry on particlEnvaigrgdnn.meToaxtidcOdn8 .2 6802h0e na
Singh, N. , Ti war i, E. , Khandel wal , N. , Dar bha, G.
aqueous environments: Effect of ionic strength, te
Environ., S€,i2.2 BNg&&h o

Sokol ov, S.V., TbdMcAulek, €&., Batkstehar, K., Compto
Di stinguishing aggl omeratiAmalandC8yfmlreind®3i3on at th

N®Y



Stock, V. , Fahrenson, Cc. , Thuenemann, A., D° nmez,
artificial digestion on the Foiozde Lhemd 3Sdpaxdad0dD . mi

Summer s, S., Henry, T., Gut i-remd emi,cToplR&48Bi c Aggt bim
autocht honotps odnud edle smauvac es of MeaxopPdlylimeB @6EB/@bB.st ¢

Tarko, -hogd®dkdaA., Zaj ac, N. 2013. Digestion and a
vitro simul ati oRo cnee.t hPrad@Es.t ,vA 68MakfOw. Hi ¢

Tayl or, M. 2017. Pl asticormptod hiunatoinom i stk sn amtewamralp eegm
Guardi an.

van Raamsdonk, L.W., van der Zande, M. , Koel mans,
Weesepoel, Y. J. 2020. Current insights into monit
mi croplastics présedsd,inf2t.the food chain.

Weber, S., Grande, P. M., Bl ank, L. M., K|l Mhsleo r eH.l a2
vul gRreo S, Or6262500.

We n , S., Zhao, Y., Wandii cMo, (Mwarro,) H.l,asXu,csH. n20 24
i mpacts on huma@riint eRév.nalFo&dlLsAB4EM2 ONuUt r

Woj tHKumi lsza, K., Oni szczuk, A. Oni szczuk, T. , Co
2020. I nfluence of in vitro digestion on composi

pol ypdanmesbysst e matNuwt rrieeiizegsn.140 1.

Wu , D., Wan g, T. , Wang, J., depeamgderit ,t oxineg &ff e Gt
mi cropl astiMi cexgysurn gr awetrhugda md smi ¢ rScciy.s tTiont,apl 7 6Ednuvci tr
143265.

Xiang, Q. , Zhou, Y., Tan, C. 2023. Toxicity eff ec
freshwat ercChhmhiowmd gghscul&8s 3958.

Xi ao, R. , Zheng, Y. 2016. Overview of mi croal gal
appl i Bdtoitercs,n 0l 4 ;1 21422 5

Yan, Z. , Xu, L., Zhang, W. Yang, G. , Zhao, Z. ,

mi croplastics &htampdombaas iGreiwdiha ridnthiiibi ti on, 0 X i
mor phaol.ogMa.t er .Porok3®,sslEhy9ol.

Ye, Y., Yu, K., Zhao, Y. 2022. The development and

contamination det ectii.omot Al c&RIMYIi agladn & 5lv.i e w.

Ye, Z. Tan, X. H. , Liu, -WwiRaAWheemadMIl , 282M. , MEahanY.sda
Haematococacwed Iplwavilalbiys i oni c | i g-endyg mehylderaE®mBatL i C
318289.

Ye e, M. S. L., Hi i, L. W, Looi, C. K., Li m, W. M. , Wo

microplastics and naMaormpd msitdicisalosnd h.uman healt h.

Yu, Y., Luan, Y., Dai, W 2022. Dynamic process, me
corona flonrtmatJi.onmBi o0l 2 078a9c.7 8 ino |

N®O



SUPPLEMENTARY MATERI ALS

Characterization of sidenslisyrobusiyonhesdzedar
nanoplastics (NPs) wusing analytical ultracent

A centrifugal s-adiamgni atil onl me Bnvaesd tursiefdu g @t icdhim
the size distribufhioousyrninlde diemesd t E oNPg.hel t me
which particles move through a |l iqgquid medium
experi ments can provide data on polydispersit)
The sediimenntcoefficients depend on the parti o«
parameters madeiwphnlenewmeri ments at different |

to determine both the effective dens2 _t2y0 1adm)d. sA
Proteomél aamaXlyti cal ultracentrifuge (Beckman

absorbance optics was therefore used to regis
% water 90 % dgyt emi xtteud ewaatter2 00 rpm rotatio

window cell s usi ngTllt hseampnltee rsfeecrteonrc ewaosp tli awasd e d
sample in @atehi be t heDreference celll cont ai n
medi um. I nterferencg*fa)amwdek ©6fttheiagfttver
in -200@®0S range at 100 r es3°0I0M0ISombihdg®Owateasno!l at
DO . The modes of t he resulting sedi mentati c
sedi mentation speed values i ncitthye empradad com IsS
(I SO -2820HF®r) .10 % wA@tmrx®©O0Or &, DI i qui d medi um de
determined by I|linear i nt e¥Yapnodl alt.i2on6 ammRla sv aw eurees

applRerdt.i cle density deter M nwas i applhiiesd waoy t
sedi mentation coefficient di strdbstriobutoibomi s
Figure S1. Considering that the interference
in a wide particle size range, the distributic
size di.stribution

FigurMassst based size distribution of synthesized P
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Figur.&i S2oal gae gr otwiten rcwmhresty coefl | c edlelnss i mly ) was m
corresponding growth media overtime by regular sam
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Chapller

Cul tured me at devel opment : exop
regul atory hurdles, and alterna
This chapter explores the main challenges
cultured meat, an emergirregq ol e?ac hmmli csgy tthlea
through the production of meat without ani

bovin

g

strategies aimed at overcoming current ok
e serum (FBS) wr hht imoas, sdpEtoiaminsaibi ¢
a

i nteractions and developing scal abl e biof e
these solutions are still in the experi mer

efficiency anpd ondaukcet iiomnd uosft rciuallt ur ed meat a

I n addition to technical aspects, the chap
with a particular focus on the |l egislati ve
meat i s beginning to enter trmhmeed etgaul eanourye
organoleptic and nutritional properties o
conventional product, a keyFiorglelcyniovrte hcef o e
i mplications of this technology are discus
future market s, hi ghlighting how soci al e
commer ci al S uc c eFsusr tohfe rcmwolrteu r edde vned aotparsetnd s
producstuseiheyasp,r ot@i msomote cell proliferat
FBS are explored, paving the way for more

approach representnmspraonviinngp ocretlantc usltteupr ei nt e
some of the major technical and e esocnad nei ¢
producti on.
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ABSTRATHe constant growth of the popul ati

protein sources. A possible solution to t|
specifically in the production of d¢olrtuhedo
producitn ometwtfoare i dentified, as well as t
bi ol ogical and technical approaches are ta
of ani mdlreeamilmaelrnati ves to fetal Dbioonsne s
and the i mplementation of scalable and sus
the light of the findings, as promising a:
chall enges are in an initielt hsetsaeg ec.h aHelnecreg,

effici-eoal €éapgeducti on.

Keywar dcsul ti vated meat, cellul ar agriculture,
edi bl e bi oi nikn, wvsieuttoai nabi |l i ty,

https://doi.org/10. 3

I NTRODUCTI ON

The current gl obal population is approxi ma
by 2050, when it i's estimated thdatt bheél ha
(Roos et al., 2017). Such a angexpoweocaentiab
in the demand for food product s, reaching
point the demand will be difficult to meet
(Bell et and Rushton, 2u0clt9s; sRu bsjcehcetr teat hailg h,
of ani mal origin, especially meat and dai
Organi zation (FAO) estimated that the gl o
million tons by 205®5. aThi6és% tirnemd asles d rapr
where the amount of fish obtained from aq
tons in just 32 years, and the gl obal d e ma
et al ., 2020t oBel CoatlsEAgnude nR U sy, to meet t h
ani mal product s, intensive farming has bec
i ndustrializati on process of the 1960s,

extremelCurfrreengi-diead ves thrriezeldi ng systems have
regarding ani mal webfaciei ore,nvaSnadrcma ithaet 1K

M


https://doi.org/10.3390/app12136771

i ntensive |ivestock farming has been the

mad cow disease and | ater the contaminatio
products with dioxin, and mor e anedc eRud hyt, o
2019)

Anot her problem related to intensive |I|ive
i ntensi fication of I|ivestock and agricul tu
emi ssi ons, partsg caharhiyteudbade EPONt ed Db
(2013), agricullta%eofcoaltlritbattaels €M% si ons,
especially ruminants, contributes a total
However, this statement i's at odds with
According to these authors, while it Is
especially 4i N aeadms aobofHdmbpssdealfL®i true
l atter is the maiim wmedwnt®e daufe e nmi stshieo nfso sosfi
ensure cell growth and proliferation (Ch
contention, Lynch and Pierrehumbert (2019
will be minor ontgimnn2®hegeashs)yt betr mmn@twiir
years) ,2 sunte k€@€0OC€HmMul ates for | ong period:
and PierrehMmbeo vVt eurghOdldfvheost oc k, mostly ru
not intended for humans, they occupy abou
about 35% of agricultural crops, directly
consumpti on andternht ipwd ehtandl uaes, i ncl
(Stehfest Tete alg.r,i cad @)y .al s ercitcohr ainsd ecxotnrte
transform with popul ation growth. Gl obal 1
and uses fabtohe I1388d.o The remaining 62% of
be unsui tabl e for cultivation due to c |
devel opment, or because it is covered by n
| arednari ns f or agricultural expansion witho
( Ri zvi et al ., 2018).

Cellul ar agriculture and Cultured meat

l ndustri al bi otechnology holds a possibl e
and healthy food while minimizing the wuse
(Ri scher et al ., 2020). This we@lsutpiromuics na
products such as meat or fish from single
whose priority is to manufacture products
made by traditional t eicthhn i geulelsu | (a&i bd g reitc ud
possible to produce artificial me at , al s

di fferentiati on ionf ymWwesrcd eer Cau d2t0ellrdeidt ene@ae | Ir £ |
in prodoction of meat without the sacrific
from cells using tissue engineering techni
of skel et al muscle tissue. Howewverdjuctt or

MP



fibroblasts and/ or chondrocytes, for conn
provide vascularizaTooda(®]icaloured méat

debated topic with conflicting opinions o
reason, the followingimewiewmwo pirmsdutbdi a@n s
highlighting its main advantages and chall

perspective.

Cultured meat production process

Cultured meat production follows a precise
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FiguCeltured meat pfBducteoBi prencéess) .

Cell harVhsetfongdamental step iometheppoodue
for which three methods are used. (1) A ce
or recovered post mor t em. The cell s acqui
Pl uripotent cell s, S u c he da sp leunrbirpyootne nct sstteem
(Reiss et al ., 202Rni mdr3y)y deaenmord wllt cred d d:
mechani sms of cultured meat production on
finite number oérgovngioesedbeéonce. uhmmort a
on the other hand, do not wundergo senesce
all owing for safer and more consistent cul
bi opsi esthélowemaee, currently no i mmortali se
avail able to researchers and developers. -
model species commonly wused in resealrgh, s
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Such cel |l l i nes would | ack the Waskengnwtt
tissue biopsies involves an additional St
cells from the rest of the fibers, achieve
and coll agenase. Aft ecrr uecn zayl mattoi cr ednosvseo cfii abt
debris and connective tissues in order to
202The next stepharsveotendhi melalisnn ithecul ture
proliferation and then cell di fferenti at.
i ncreasing biomass.

Proli flehemtd®inl.s are initially all owed to

grow +4dm mewsei onal sheets, anchored to a sul
for | aboratory <cell culturing method®r ma
| arge scale industrial cel | production st
increase the efficiency of the process: t
cells with mini mal energy a@amudtuesgouwmede umo
materials), time and haThdel icnug rsetnep sc e(l Mosr ict
involves the use of specific growth medi a
ensure cel/l proliferation such as glucose
factor s, antibiotercsubstdanocoesfuoagabe. addle
properties such as proteliinkse ocrol piugme(nQnsg t
However, t ol tdeartneat ivvieasblteo acl assi cal cul tur
goal i's to introduceriodtuctshe omediswumeedialp
same principle should be applied to fetal
proliidre,y abut not at all ethical and sustai
Scaffdidsomeg. fabrication and maturation prc
are provided the correct environment, i n v
(O6Brien, 2011; Seah e-tdi mensi @0alr)asdtbaraifda
by correct porosity, texture architecture
speci fic cel | type mat urati on. Mor eover,
scaffolds must be Dbi odegirradsatbrluec tourr ee diisb | ael
in the final organol eptic properties of t
approach, based on tissue engineering, i n
seeding in a 3Dn chid tabteai ed fitflodl @dsglt at i ssu
can be fabricated. There are several di f f
used are solvent casting and porogen | ea:
sinteringinelaessseetnbbsilpyi nennd 3D printing (3DF
bed 3D printing, fused deposition modell ir
Bi of abri Raetciean |l y, anot her approach i S ga
(O6Brien, 2011). This prodadesn enabltesctlse U
containing mixed cells and biological mo |
fabricate thicker structures and to contro

MT



types, which are the major | imitations of

al ., 2018) . 3D bioprinting (3DBP) IS bi
manufacturing (AM) all ows precise oaltlr opo s
of the structure, and the ratio amongst

constr umatser iCaellsl mi xtures wused in the pro
2020) . 3DBP represcdmtngar possithhlae tivoeeant 0
manufacturing, assuring high scalability
expenditure, and | ower N20O emissions (Hand
ar e e xbtarsuesdi,oni nkj et , st eramnd ithagddaprhs,

(Derakhshanfar et al ., 2018) .

Ti ssue difdiecreeWbhewmttewenr t he construct fabr
scaffold must be placed in a bioreactor fo
el ectrical stimul.i are required to compl e
(Martiash0®4; aRosseVazanuwe ZT,h o2mMrils8) . Bi oreact o
systems in which <cells can proliferate,

forming the tissue. Bi orveeac troelse vparnav i vdaer iy
temperature, oxygen concentrations, pH, a
of bioreactors are used, the most common |
bi oreactors (e. gg ,wasltli)r r(eRlo st\saeark) uaenzd, r T@hOodniBa) sl
the bioreactor s, cells go through ©prolif
triggered by changing the scaffold and cu!
such as prodejnandami mer alcs (Martin et al
and the creation of structures suitable f«¢
procedur e.

From | aboratorywplfbei ndmberi aff seadls requi
protein from muscle cell'tls 8'4xRioksOsteh e aman Jé
Vazquez, 2018). To achieve these huge numb

to occugcalnel airgreeactors (Zidaric et al .,
in the order of GDO®Y. |Adeaorsdi(mPp stto eZi adr. i, c

wi || be essenti al in the industriapmemniodu
woul d require at |l east two different st ac
sufficient amount of cells for construct f
(ii) the tissue differemafif@it dompltBced BBhadg
bi oreactor) which wil |l |l ead to the final
mechanical, electrical stimul.i (Zidaric et
processes in the cduwestircyaldao nrdotb i meresdc aclad u ii
cel | and tissue cultures, mainly in terms
there is the perspective to develop imet hooc
vi meat in the near future (Specht et al .,
smaslilzed | aboratory meat cultures too f ac:é

cultured meat production requir eA asndhuari osni
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t his

probl em, especially within 3D printi

bi omaterials and bioinks, and mixing prod
protaised additives to provide adihesi dm om

remaining suspended within the construct (
are critical to allow cells to grow on sSc:
muscl e cell di fferentiatifoomr €&rusithr isncgafd wll
products with multiple structural propert.
al ., 2021) . Scaffolds can be created from
(cellul ose, decel | ultersiazne d cpoll d natgse,n, a laghidn a
(polyethylene gl ycol or polyacryl amide) ((
ani-thafki ved products are the most suitable
( McKee and Ch,aubduntr yt, h ey la’/r e i naddqleaet aneitrm o
for the cultured meat process. Mor eover,
scaffol ds, i f not edi bl e, musexi cbeoratallteea
desi gnednotvlabde rbef ore consumption (Rei ss
has reached maturity, the final product mt
i ncreasing the complexity of the prolcleydur e
chemically, or manually, wi t h t hke nfcier,s tt ht
cul tured meat and +iutps fiomdwotmmealci @l o aig P 0O
mul tidisciplinary matter, t hat require a
technical, and industrial f iheel dd e viehl eo pmaint
i mprovement of cell l ines available to set
|l ines, scaffolding and biofabrication.
Chall enges related to cultured meat produc
Theenefits of cultured meat production ar
meat production would | ead to an 89% reduc
and a 96% reduction in greenhouseigaeasi (VE
|l i vestock production (Rei ssWhetl ealt.h,e s20 2als;]
interesting but stil!] controversiailn vitt ri
meat production that nebeidotteoc breolcoogiisd ale raert
points of view (Table 1).
Biotechnological Challenges Technical Challenges
Choice of animal for cell harvesting
Choice of site of collection Scaffold fabrication
Methods for cell harvesting Alternatives to scaffold fabricatiol
FBS: ethical challenges Biofabrication and 3D bioprinting
High cell proliferation and genetic instability Bioreactors
Nutritional and functional properties of cultured meat Industrial process scalg
FBS alternatives
Food control system for cultured meat
Tabl®hel.main biotechnological and technical <chal
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Bi otechnological <chall enges

Choice of animal for cell harvesting

The first chcaullteunrgeed fraecaitngprionducti on i s th
perform the <cell bi opsy. The choice shoul
mul tiple variables including age, sex, ant
absencel bftesatell s (adul't skel et al mus c |
concentration of satellite cells within t
number of satellite cells occurs most dur
beause satellite cells in younger ani mal s
mi ght retain their differentiation capacit
Mel zener et al , 2021). Threvoslexed fi n hteh e np
of muscle stem cell s. Sex hormones such a:
cel | growt h. Compared with female ani mal s
content and activityhefpesatel ivetentelubksace
et al ., 2021) . This beneficial action 1s
demonstrated that castrated animals preseil
cells «hanraped omnesd reversed with the

propionate. Ani mal rearing conditions al
muscle fibers. Vestergaard et al showed t
of type fitmessl but also a reduction in ty]
reared animals. This difference, according
the animals are subjected; more pwkictlselyy
hi gher in animals reared under extensive ¢
Choice of site of collection

Anot her fundament al parameter to consider
satellite cells varies between muscles or

twitch fibers are characteri nadraygtathoi ¢glyg
t witch, muscle fibers, i n which the concel
muscles belonging to the chuck contain pr
contain predominantk@2iype 11 (Mel zener et
Met hods for cell harvesting

Anot her factor to be considered is the met
harvested either at the time of sl aughter
cellular agriculture, or thropsgyh ki @Epoiced
used within veterinary medicine, i nvol ves
i's quick and causes little stress to the
0.5 g, and is nobl vedynatrerce sef duleet®ammlee
second option involves a small incision at
15 g, and greater success, although it is

NM



(Mel zener et al ., 2021) . To reduce the n
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oduction, it I's desirable to maximise t
nsidering the |l evels of stress a@do0dil¥yco
possi ble approach to harvesting muscl e
volve taking multiple biopsies (up to f
ree mont hs, using the needl e ebiroepcsoyv etreyc
r ani mal wel fare (Mel zener et al ., 2021)

t al Bovine Serum: et hical chall enges

e of the cornerstones of <cellular agricu
ocess. Today, al most al/l cel l cul tures i
sure opti mal gr owt h. Fet al Bho xit me e Se ha
dition to providing a | arge number of ¢
rbohydrates, i norganic salts, proteins
ovides essenti al hor monoali ffeaattarosn.f drm o
tritive function, FBS ensures adhesion a8
r cel |l attachment . I n addition, it allo
ndling and agi,t a2 loh; (Buluminehaneatd aal .et
sitive aspects of the use of FBS are wio
al so true that it presents multiple pl
shingasid hprtihrecibpl e of <cellular agri cul
sed a stir. When a pregnant cow is sl
ture i s-bmadda nign htehae tsttiol lcol |l ect ser um
bl e, causing first enormous suffering
foetuses are at | east 3 months ol d t
ect serum collection ( Jodc HeBnss peto daulc.e,d
he world is unknown. However, it is es
is sold annually, which transl ates it
bi ahanadar et al . ,s 2&0r2el)e x Heoovteerdert, o tihl
easing use of cel | cultures for drug
apeutic diagnostic treatments (Paradk
pecti ve, the FBScmalrkadi ng tho gbbobgt idyu
ng it unsustainable on a | arge scale
tuate due to changes in the number é
| ations, be¢b,amdddavieay hepri cesndi to®dns
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being an ani mal derivative is charact
ndent on the batch to which it belong
h makes it necessary to t1e97t5 )t.h el np raodddu
sues regarding variability, serum may
mogl obi ns, and other factors adverse to
crobi al contaminants suchsas, fongpyibas
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ng the sampling phase (Brunner et al .,
are stildl unknown, which prevents us

el | viability (Anderson, l1®88NteMmat ie!
to suppoat et peodacgeon of cultured me:

cel | proliferation and genetic instat

ur ed me at producti on chaolace ®r it hed pb
[ erative capacity. However, there is
o the formation of cancerous cell s
cell s, althowgldhan mltehses ,t i arse tohfe yme:
ore not incorporated alive inside t
e consumer (because the cells are s
I's proeess nmest ilgpatfedr tamd studied t
ette, 2016) .

— —h

—

ional and Functional properties of

(@)
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the greatest challenges for cul ture
nol eptic properties typical of conven
ction is to create a proidualt drhea.t Hosw
we are far from achieving this. As
ned, it cannot be similar to that of
i mal i s slaught ercad,eswhemitglge rd nmp Imy
s that Il ead to the formation of | act
tes different families of enzymes ne
bsequent héemdati zahienpobcess is re
, It is a |l ess considered problem in |
her studi es (Hocquett e, 2016 ; Bal asu
acttehme stokorn sof the final product . Me
meter s: myogl obin and iron concentrat
ow, di st ant from the pink/red col or (
dance occurs because myoglobin is rerfr
en and because commonly wused culture
ain mini mal i ron content. This probl el
on, but this supplementation remains
2021; Rubio et al ., 2019). A further
bolites present in conventional ogneaa |
bol i s m, but are not derived from the
her mor e, ani mal me at I's the result of
ors of the Ilipid fractipmodwet vietss alma
I taste (Hocquette, 2 0 2cou)l.t uRreesse awicthh gf
r to achieve this goal, as wel/l as to
human heal th damd tihd ne a shiel ydiiertt rtohdruocueg |

c

c 9 ® S5 T

111
Z
111



uld risk being |l ost with the Pvedutheoye
tensive breeding has undergone profound
oducts for the consumer. Red meat, i n f
ovides2dabgpubdf 2protein ,petrogke@heg. wihihs t
arantees a high energy intake. The | att
d its content varieonacdereidng  The pPhefit
d meat varies according to the proportio
pol yunsaturated fatty acids (PUFA), whe
I ds (SFARiomomigermtboudo®Bt7 g of SFA per 10C
ntains similar proportions of monounsat
e exact proportions vary depending on th
e patmdti(€16:0) (about half)-t Rindd)s.t eWhii l
rmer appears to increase blood cholester
L cholesterol. Red meat al so c:oh)t aamd Isar
id (C12:0), which are thought to raise I
addi tion, although it contains | ow | ev
e diet pr®&viPUIFAg (8 WroM%e mdd PaOdEIAG )N edred ¢ a ¢
ntributing about 23% of total fat i nt ak
clude these characteristics in order to
ifficult to thfokutédathemeitmayneta®o saushpp
onsumers are offered a variety of muscl es
me at di ffers between species, breeds,
onditiwhschntdbey are raised (Chriki and F
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FBS alternatives

As previously reported, to comply with t he
to find reliable alternatives to FBS for
et hical devel opment . Several demaddefohae
FBS alternative. However, most of the stu
the principles of cellul drasa&gr iad uletrmrae i va:
as foet al serum fr omodthleer app endilesbsy( €egg,
ocular flwuid), which, although very effici
(Subbi ahanadar et al ., 2021; Paranjape, 20
considered,ydue poomoseabhéiproliferation
adi pose tissudaderbwtedbeitng shwman suitabl e f
2010; Guiotto et al ., 2020). When working
medi ao mbrn e@nt protein and growth factors)
et hical and suitable for human consumpti o
them unsui t-saddlee fapplliacragtei on . It i's there
marices that, when added to the culture mi
in both the short and |l ong term, t hus en

producti Pospirbtessmatrices t estnetd coenl It hceu lptr
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those reported by Ho et al. (2021) (Tabl e
candidates as alternative to FBS due to tfF
be discussed in terms of sustainability ar

Table 2 Applications and analysis of different matrices in cell culturesModified by Ho et al. (2021).

Matrices Cell type Effects Ref
Plant peptone CHO-320 Improved cultivation and  Burteau et al(2003)
(CHO K1 productivity of human
clone) interferon gamma
Yeast hydrolysate  CHO, rCHO Higher productivity of Spearman et al. (2014
human beta interferon; Sung et al(2004)
higher cell growth
Rice protein CHO-320, Protection against oxidatior  Mols et al. (2004)
hydrolysate Human HepG stress from hydrogen Wang et al. (2016)
cells peroxide
Soy peptone CHO DG44 Improved cell production  Davami et al. (2015)
Wheat hydrolysates CHO Improved cell viability Ho et al. (2016)
Marine Human Lung  Improved cellviability and Jeong et al (2016)
cyanobacterium Carcinoma proliferation
SM.
Chlorella vulgaris  CHO-K1 and Promoted cell growth Ng et al. (2020)
extract MSC
Rapeseed cake CHO-C5 Promoted cell growth Chabanon et al. (2007
Silk sericin CHO and Hela Improved cellgrowth and Zhang et al. (2019)
hydrolysate cells proliferation
Whey protein CHO K1, Improved cell viability and  Pradkar et al. (2019)
JURKAT E6.1 proliferation
The matrices shown in Table 2 are those th
and viability. Mo st of these are of pl ant
cyanobacter mami 83gihl oriemd a vul gari s, and 1
principle of cellular agriculture. Particu
relatively | ow cost makes them very attra:

as hydr oldwsdtse apre not f udrl y u ncdhearrsatcat nedrii nsg
components and the mechanism by which the

crucial to their | arge scale application (
Sericin is a macromol ecul ar, gl obul ar, bi
within the central gland of sil kwdromb.y xI t
mo rFior a |l ong time, it was considered a was
explored i ts potenti al wi t hin phar maceut
(Subbiahanadar et al ., 2021; Sur y aswernisdiin
finds application as an eddtbhd edwe atta nigt smaa
oxidative activity to polyphenols damage,
as an alternative to FBS in the maintenan:
an ani mal derivedl mooeddatl, yi tsatusdée ywauiule r
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edi bility. However, it must be reprbeeatsed

I ndustry and its use within a different se
Whey protein, is one of the mai-prodmpbnehnt
dairy industry <characterized by a hi-gh b
i nfl ammatory, antiviral and ant i t umeodr pr
I ndividually and as an additive in other
Kerasi ot et al ., 2012) . These functions
composition; it Ut@amcsias s mintagianl leayckt wrigilnma,b u | i
I mmunogl obulin (Veskoukis et al ., 2020) .

substitute for FBS within culture medi ums
However, It i's a waste product wieplbrtaed it
Veskoukis et al. (2020). l ndeed, it has be
a biochemical o0XYygen -fdoelnda nhdi gahpeprr otxh anma t teH ¢
moder n cities. Therefore, ilte me a unsheesn sdei rsi
(Veskouki s et al ., 2020) . For this reasor
alternative to FBS might be considered. M

It possible to meet the Shighvemaarlklet idte mag
I mportance to find suitable alternati-ve of
based products (e.g., those reported in te
chemical compositiaantiaonnd onie cthlaems & mmatfr i c e
i nvestigate the effects of their combinat.i

Food control system for cultured meat

A fundamental aspect within any producti on
As reported by Chriki and Hocquette (2020)
standards of cul tiumewieme@aton®Proeonientas mdc

conventional one, due to the fact that it
with no possible contact with external pat
This aspect plays a key rol e, especially
pat hogenic intestinal bacteria such as E.
me at , t hat i's subsequently mar ketledni nHO we
possible risks throughout the production ¢
to adopt appropriate controls to identify
same ti me, It I's 1indi spetpalsloedeshatc,cual t kec
surveill ance of t he me at producti on chai
increasingly safe product s. Therefore, pr
combined with surveil lcahnaden,alcohnag atcher esti
production, would make cultured meat prodtdu
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Technical <challenges in cultured meat prooc

The main technical chall enge in producin
environment of real muscllad,orian owhyi cohr cae If le
the tissue. This complex process involves
which can be globally aggregated at a hig
scaffol ds, bii mkateimidailtsht e a ddtiioon wi th cell
and culture processes for <cell proliferat

2018; Polrtam 2a&0 1t4¢chni caéspabihit sowéd vinetwho dve
from tisswmeg amgi megrener ative medicine are

purpose (Post, 2014) . I n the foll owidgg se
technol ogi es, such as bi oprinting, are p
per 9 pecst. Moreover, the most common biorea

Scaffold fabricati on

A scaffold can havel akposbusgc¢cttubul @ahe mos
are porosity and matesitalucteampooiftitdre. SThe

specific application for which it i's desi
fulfilled are essentially two: all ow cell
strudber éol |l owing sections present severa
di vided into converwtoinwreallt i (ofhiagurfeb2)i cand or
SCPL PHASE SEPARATION
POLYMER CASTING AND SOLVENT REMOVAL ' :
SOLUTION ‘«' b )
REMOVAL
: _ AT ‘ PHASE SEPARATION }
ﬁ
\ , §
POROGEN ADDITION (@) (b) I&
() (d)

POLYMER
SOLUTION

«0 o

o
o6 . LD g
( /\ 4 \ SINTERING

GAS BLOWING AND STABILIZATION

GAS FOAMING SINTERING

Fi guCen2entional porous scaffol Repabsénonaioontacdtr
scaffold, respectively (a) SCPL, (.b) phase se
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Conventional porous scaffold fabrication t

T Sol vent casting and )po(rMigkeons leetacdli .ng 1B
Il nvol ves mixing a polymer solution diss

i nsoluble particulates (porogen). The mi
the solvent i s evaposraitrender sFeidnailn yan tdaceu
| each out ©particulates in the structure.
depend on the particulate choice of par
dawbacks are the | ack of control of i nt
reproducibility, formation of a skin | ay
to internal por o-Bsmm)i hiPradathietkmelss 22
properties, possible cytotoxicity due to
1T Phase se(pMaratPiemeaz et al ., 2011) : The t e
scaffold through the separationcbf oaemi a
pol ypmear . This is achieved wunder t her mo
example, s€obluingnthel ow the freezing poi
nucl eation inside the solution; after th
structure is comppsesed okgoohywihé poflr pme
and ptoH e¢rmeah phase are evacuated from th
highly interconnected porosityiwk cshroaan
by applying a directional temperature gr
of @s®cparameters (e.g., temperature, po
nucl eation) are the main problems i n man
and Yousefi, 2011). Moreover, the typica
typical di mension in tissue engineering
T Gas f olaMdamey et al ., 1996): This is a cl
exploiting a blowing agent to generate g
agent . The main advantage is the absenc
i ndew cytotoxicity due to possible resid
chemically or thermally or by pressure ¢
ar e: |l ow contr ol over pore size andal nte
uni formity, and difficulty in incorporat
processes (Costantini and Barbetta, 2018

T SintddGimgon and Ashby, 1999): The techni
scaffolds through bonding of a polymeric

procedures involve a bed of randomly pac
t empaet ur e above the glass transition tem
its melting point, creating a | ocal fus
porous microstructure. Al ternatime andt
pressur e. Sintered scaffolds are charact
di fficulty in precise control and distri

used mainly in dent al and behé®lnpepairing

NT



Nowonventi onal porous scaffold fabricati or

T El ectrogBirmgihmg ol | i et al ., 2014) : The
generated between a polymer solution del
coll ector, drawing the solutiowovehofab#ti
The Iteeaxsdd technique has b-basedrmatedi &ab:s
those similar to the extracellular matri

and the achievabl e pore si ze hins gluoewse r atchh
fibers with diameter up to a few nanomet

advantage for specific applications (e.d
l' i mits the cell mi gr atiyon nt d i & spei reth gw mee
a probl em. Sever al process parameters ¢
alignment, adapting textur al properties

—  HIGH VOLTAGE

Figure 3. Il Tustrative example of the electrospin
constrAdapted from Sola et al. (2018)

1T SeasserHlay t gerink et al ., 2002) : The t e«
amphiphilic peptides with the capacity t
i ncluding nanofibers. The method all ows
bui |l dicrkgg bin.up Bestgm approach for tissue

T Hybrid sWiatthottdse: aim of controlling str
mai nly porositycadtesdi sfeevreermatl lagpmpgtolaches
used, such as, SCPL and electrospinning
el ectroppsint eecsomwi th different par ameter
combination of more than two faMiriteat i2dni
Salerno, 2011).

T Additive manuf @abeteurciomgge O AMDPnNal techni qu
fabrication, as well as other emerging a
to recreate the complex micro and macros
them have | iow tmariroonve caonndt radll over i mport
as pore shape, di mensi ons, and interconn
family of technol ogi es, based on addit.i

NY



manufacture and contr ol of compl ex shap

generic definition and represents a | ar (
sever al ways (Badyl ak et al ., 1995) . Wi
acording to Rey and Pierre (2019), S 0me
produce scaffold with a high spatial re:
over the internal pore architectubed Th
b a s30P, such as selective | ammdrelrasadd e 8 DR

such as stereolithography (SLA) (Rey and
Al ternatives to scaffold fabrication

Ti ssue DecelAhuladrtiezrantaitarnve approach to en

tissue/organ decellularization. This apprc
| arge proportion of the major histocompat.i
natuabhtfolsd to be seeded. I n this way, the
1995). There are several successful exampl

t hec &slol eddbikekestrategy, riegewlkeirah edonorrs sare
type (Rey and Pierre, 2019). Neverthel ess,
procurement would Wdequived theswees ,h6 ofcoanpil read
fundament al cpurl d rueg eui gnetad .o f

Mi crocarri BMrccotauresrs are beads with ty]
200 Om, and they represent a possible sol

on which they can grow (Moritz et al., 201
f or pfrooodduct s, -bmisedocyrstieens are retained as
achieve a high volume of cells because the

of medi um (Verbruggen et0h8) ,prRoddd9ed Var In
production system based on microcarriers

stirred tank bioreactor, achieving promisi
cosetfective devel opndenotu oeft caul.t u(r2e0d2 Ome, a tp.r
based on cultures with microcarriers: temg
edi bl e but degradabl e microcarriers, and e
According thetthkei mdtih®rt he most promising
et al ., 2020) . Beyond the great possibili:~
or aggregates is that the cells may form
beause of which, i f not modified, the cell
(Moritz et al., 2015).

Bi ofabrication and 3D Bioprinting

Bi ofabrication refers to the production o
matri xes, bi omaterial s, andndoi menod iecg | es e
medi ci ne, and food engineering. This emer
devel opmemdas eodf tAeMchnol ogies (Tenenhaus et

N ®



bi ol ogi cal material, including cell s, IS
adapt technol ogies devel oped to molten pl e
bi ol ogi cal materials (bioinkdgshe Thenptemrmt m
architecture of the ECM better than other
and deposition (MoThphwaanddAawback20614) he
bi ofabrication aims to ovoenr ciomei dies ptohreo uls
According to Sachlos and Czernuszka (2003)
surface and, most importantly, they do not
are several 3DBP syt rdaitfefgeireesn,t cfheaartaucrteesr,i zuesd
| aden structures. The most diffusedbamadod
bi oprinting, while hydrogels are commonly
3D Bioprinting strategies
There are different bioprinting strategies
B3EFigure 4 provides a graphical represent
hi gher research). According to Wiojdayawd rdk :
excursively used to achieve the goal of b
being research in the development of hybri
TWO-PHOTON
EXTRUSION INKIET LASER-ASSISTED STEREOLITHOGRAPHY POLYMERIZATION

Mechanical force

from screw Bioink Objective lens femltusecﬂnd
aser
) ' Laser pulse ’ -
Syringe l Light  Projector
Piezoelectric Jsource armay  Fabrication
actuator ' ' AL L. O platform
Blolk Nozzle Binink! - Pattern light ‘,ﬂ“‘-‘,‘
N oylindrica " Droplt , Drope 7\ -
/tonstructs o ¢ h#- Bioink
[ — I

FigubDéefderent 3D biqgpraidratpitreg tfe ohm iSanmdoni et

ExtrusionThieomoisnticogomon 3DBP-bmastllodnies ml

because it is versatild4evahdbafofpori chalelres an
mar ket [ 94]. Kang et al. for exampl e, suc
(Kag et al ., 2021) . Extrusion bioprinting
syringe with an appropriateheadzlbsedrtoep
deposit bi oinks on a print bed. ,Ther dscmpe
driven: the first allows better cell viab

shape fidelity (Murphy and Atal a, 2014; Z
extr-based method are scal aabnige tof, mat erntiad
vi scosity, and high cell concentration (Vi
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Neverthel ess, the resolution is the | owest

to the nozzle diameter, I n that reducti on
(Vijayavenkataraman et-pal nt iigaghli8lgil tl yMod eepoevre
bi oink viscosity and cell concentration (¢
clogging and the | imitation due ¢t#dimai aeqg]

property can be used (Vijayavenkataraman e

Tabl@omBpari son of major bioprinting methods consi i
dr awbacks, and .maTianb laep paddapatteido nfsr om Der akhshanfar
al. (2018); Santoni et al (2021)
Properties Extrusion Inkjet Laser-Assisted Stereolithography Two-Photon
Speed Slow Fast Medium Fast Very fast
Cost Moderate Low High Low Very high
Cell viability 85-95% 80-95% <85% 25-90% >80%
Cell density High Low Medium Medium Medium
Scalability High High Low Medium-high -
Resolution 100500 pm 100500 pm 20-100 pm 20-100 pm 0.1-10 pm
Bioink viscosity 6-30x10 mP& <10 mP& 1-300 mP& No limitation No limitation
. . Is nozzlefree,
simple, capablAPility to print low Is nozzlefree has a high
of printin viscosity Has a high resolution, S .

p g . ) has high complexity,

various biomaterials, fast ~ nozzlefree, and can . .
Advantages - L .. complexity, and has the highe
biomaterials, fabrication speed  deposit biomaterials it : :

: "low cost, and ahic  solid or liquid phase 25 @ Migh - resolution, an
high cell 0% ale ank uiap resolution has high cell
densities viability
Only for Limited to low High cost, thermal . L?le of .

. . . damage due to printing multr Lack of
viscous viscous fluids, . .

Drawbacks o . nanosecond/femtosecc cells, printing multk
liquids, resolution, cell N
resolution density laser irritation, cell damage cells, cost
scalability, cost during phote
curing
Tissue models
for cell
research, drug Scaffolds and Vascularised
L testing and Supplementary tc Precise cells complex and high
Applications . . . . L
regenerative other technologie deposition structures with precision
medicine, mea channels models
analogue
constructs

Il nkjet bA dprqgiuntdi dg opl et di spensing system

driving technology is used. Due to the

characterized by high speed and resoluti ol
be duscenl y with | ow viscosity mat ecrcilaolgsg,i nagn
mechani sm. Mor eover, to enhance and facild@

all owed (Murphy and At al a. 2014; Vijayaven

Stereolithogphaployn 3 mwdbyansecodi zbaititpermi ena liintghogr
based on the posgmeirt izae i pml yhed s,ghWV or v
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phodwre the matheyfr aywér i mamnelraye@Per akhshant:
nozkttee method, and so does not face the
a great | imitation in the previbualwpniegph
high resolution and high pgemdiitnigve ep @lcy me
used and the UV dJaicghtatierdistpitmettobr sas cldw da
consistent-pyi nedogevpabil i,ty20(138er avk hj satyaarvfee
et al ., 2018; Chang et al ., 2008; Bejoy e
Il i ght processing (DLP)-clhras peleynmedresv.e| Dlpe d
projector emitting vbilseinbsl edulei gthot ,UM oi rorvaedri
2021) . Wit h t-imleotaadn emao tbyarBeertdiwzeatteiroenol i t hogr
resolution is achieved, the highest spat.i
with costly sysmamsei( Val aya2éhBathea et al

Lasasrsi st ed:Tohieopmetnhodgi s -badedednt it ames fl eal

(Barron et al ., 2004): it uses a pulsed | .
ri bbon composed by a donor trassemgoshuippa
and agibciadl omat er i al | ayer. The focused | as
highessure bubbles that propel the materi e
LAB i s -Ahreezzéehnol ogy amapahbighoc¢elhli ghensp
However, it i's | ess common than inkjet a

technology and the difficulty to pupodfucre
higlbl ume producti on 1(4Mur phy and Atala, 2

Bi oink formul ati on

Bi oink formulation is one of the most 1| mpo
25% of the overall publications in the f
typically based on cytocompati bpreomegrdtriogs |
from a mechani cal (e.g., Vi scosity, prior

cytocompati-matetyal andteebhbttion) point of

Hydrogels are a cl ass of Hyidrkeepdh ifloirani pnogl yan

capabl e of absorbing and holding a | arge
dry weight). This property al leolws ftohuen dp oiln
tissues. Moreover, the porous network allc
wastes out of the material. These hydroge
and dissolve (Hoff man, 200r0t2u)n.i t We ntcoe , r etchreey
mi croenvironments suitable for cell s, mi m
cellular niche, i mportant for tissue rege

formed using natur alpoldiyaonealsy near sc,o nsbyi mtah & toi
mo st common have been formed using prote
polysaccharides (alginate, agarose, chiti
polyethyl ene gl ycmwpdl,yapcolyylvaimmydle , alacnodh odqgl y



Pierre, 2019) . A more complete framework
provided in Tabl e 4.
Tablkydirophilic polymers used.tAdAdaphthledirnen MHypdrf o
(20.02)
Natur al Pol Synthetic Pc Combination o

Synt Pet ymer ¢

Anionic polymers:

HA, alginic acid, pectin,
carrageenan, chondroitin
sulfate, dextran sulfate

Cationic polymers:

chitosan, polylysine

Amphipathic polymers:
collagen (andyelatin),
carboxymethyl chitin, fibrin

Neutral polymers:

dextran, aga

r

Polyesters PEGPLA-PEG,
PEGPLGA-PEG, PEGPCL-
PEG, PLAPEGPLA, PHB,

P(PFco-EG) + acrylates

P(PEG/PBO terephthalate)

Other polymersPEGhbis-
(PLA-acrylate), PEGxCDs
PEGg-P(AAm-co-Vamine),

PAAM, P(NIPAAmMco-AAC),
P(NIPAAM-co-EMA),
PVAC/PVA, PNVP, P(MMA
co-HEMA), P(AN-co-allyl
sulfo- nate), P(biscarboxy

phenoxy phosphazene),

P(PEGco-peptides)alginate
g-(PEOPPGPEO),
P(PLGA-co-serine), collagen
acrylate, alginatacrylate,
P(HPMA-g-peptide),
P(HEMA/Matrigel®),
HAg-NI PAAmM, Ge

P(GENRAI fat e

The

main advantage of n

recogni zabl e
anthodul at e cellul ar res

bi ol ogi cal

atur al pol ymers 1is
moi eties (typicall

ponses such a

S at

However, t hey ar-teb aatfcfthecvy @i abbyi |bdatych t hey
extraction and puri fication protocol s an
sustainability and availability (Post et al
ani-thafkFi ved source are useful just for- rese
scale cultured meat produdtyimenr sd pe tteantti hadi
hi gher reproducibility and uniformity in |
controllability of physical properties. I
bi ol ogi cal behavioumtelracki wg tihn cmdil st iaend
envi r olnhnuesn,t .several combinations have been
t he t woAlctlearsnsaetsi.vel y, functionalization pr
in order tadbebbnone (EHeffman et al ., 200 2;
example, Chaudhuri et al. (2015) show the
peptide mot i-§l Ra&Dm4g ratrigé na ebiedn)d,i nagn liingtaengdr.i n
tranbmame receptors of cells and turned o
because they activate signal transducti o
spreadi ng, mi grati on, gui dance, prolifer e
Hunhpr i es etThae .net2wo0r7k) .of t he hlyidmloigred §(fSi >
or gelation) with hydrogel precursor poly

O
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Il dingTlkceo!| apbateion mechanisms can be di
mi c al and physicall.i nkyymigcaild ya pekyeirc
ociated with poor mechanical stability,
hanbchltgthy creating coval@mds slriomrsksilng
stimulated by | ight (ir. éb.a,t hU\Y iore .v,i siiobnl

combination of mechanisms or steps may b

osi et al., proposed a bioink blend con
|l ow concentratiaresd Gby5%ow w) sclosn a gt emw
cel |l viability during the extrusion pr
i ng (using a coaxi al nozzl e) and afte
bilisedsbyiCoNiosg et al ., 2016). The fc
ink and its bioprinting is complicated
uirements forCeheerhihyg pndnvabbil-tyy.t
mi c al parameters of a hydrogel i nclude
face tension, gelation properties, and
sideraprontithg bechnique (e. gaf @e«ltlr utso
d. Thus, the characteristics of the Dbic
process point of view and at the same
hin the constructs r(edodrmretl papearls ,o WLR2t0ILli6N
d the best compromise between printabil
sue under analysis (Santoni et al ., 20
mul ation akeaibtoi akcmomust t he overall

rusion bioprinting, which is to date tl
achieving an opti mal bi oink design cay

enipracit ( Fi gure 5).

4 PROCESS PARAMETERS )
Bioink Design Printing Phase Post-processing phase
Chemical composition Extrusion pressure Crosslinking methods
Functional additives Printing duration Maturation procedure
Rheological properties Nozzle diameter and shape Media supplements
Crosslinking method Cell type and concentration Culture conditions
Time dependence Sterility Mechanical stimulation
\ Degradation Cell ink mixing /

CELLULAR BIOLOGICAL ASPECTS

FigbreSchematic represepaabamenhens, mgjouppdobgsbi oi

po$trinting design phases, and the biologicAtdapeteéadyv

frekmtz et al. (2017).
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Viability is considered the key challenge

such as proliferation, di fferentiati on, a
cell stress and their severtiynaléynoteyeéetuw
cellul ar projections and network formatior
al ., 2017) .
According to Rutz et al. (2017) the major
net work formation are the followings. Thei
TablRel5ati onship between bioink material ,prad@maentteide
from Rutz et al. (2017).
Bioink Cells
Printing pressure ® Viability
Nozzle diamete® ® Viability
Printing time= ® Viability
Degree of crosslinkin@® = Density in bioink
Viscosity® = Density in bioink
T There is a circular relationship between

rheoilaongdy t hus proeesisvpaeamet sns akaor fexwan
a twofold | owering i-nastehde bviiosicnoks ivwhye no fp ra

and 1.5 million cells/ mL and a fourfold |
(Billiet et al., 2013). Henlteql da diiec &l imr
of ink with cells inside.

T Mechani cal stresses mu st be minimized,
nozzle diameter because cells are mecha
stresses.

T The modul upshasfe tthieghgley | mpacts cell viabi
weight, polydispersity. The mechanical p
is a cruci al aspect poorly understood ye

T Poptinting crosslinking can affect cel l
construcdarsosasriei nkked and it i's not clear
tolerate, probably between 30 secoendosf an
crdssnking can interfere with cell proje
mechanism to ensure tissue formation. T
concentration i s i ncreased t o i ncrease

conttcreati on of the polymer must be bet wee]
dependent quantity.

Anot her i mportant matter of focus these da
evaluation of printability (Paxton et al
propose a printability assessmpeatt imed hofd |
for extrusion processes. It I's divided i
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formation and | ayer stacking capabilities,
I ni ti attihoinnnnisnhggeraarmd | p@str ecovery properties

Through i mage analysis during bioprinting,
be cal cul ated, such as the printabili-ty in
| i ke structur e ReGueyaarncgh eftoraln. o v e2l0 1s60)l.ut i on
3D cel |l culture and bi oprinting pur poses
engineering and food bioprinting. The ¢

bet ween a matenripdlodngchbamif @alidursensg uch atr ahe

ef

fect on cellular cyepli pabicessmat eMoalksyv

the standardization of t he -ypgaoklueet manhe rpira
mat ur at i onderail wseod amd tearl ibeel usaerd ( Stephens e

et al., 2018). Specifically for the food b
According to Post et al., the most i mport e
to biolegvcabnmedt al concerns: sustainabil
and energy and carbon footprint)r®euramd
scal able), taste and safety for human cons:s

Bi oreactors

I n the context of tissue engineering, bior

parameters and conditions to constructs o0

culture are tempandtotdéder pHj oC&®gi cal , bi

nutrients transfer, or waste removal), an
specific requirements and the architectur
cul ture. uTshtusbe tdheesyi gmed anwepemanufacpwur pds

and TWemgsez, 2018).

T Static culThey sryesttelms :si mpl est and provi
fluid environment. Thus, the media must
fluid diffusion-VaRqgsesEer a0t8)Thomhsese sy
coupl ed -bweagrhirmecbddni sms, for example, to
the engineered tissues (Waldman et al .,

T Spinner Spil ddéssalsed systems arendsgseddt ®he
stresses to constru-ctscuslubtmenrgedhdvimatdi o
solution (Rodsegueaend ZDaBas Al though thi
environmentwittoh croenssptercutctt o the static cu
opti mal due to turbulent flow and the r
Hu, 2006) .

T Perfusi onlhey ptoeoms :di f fusi on condition of

perfusion bioreactors, especially in the
These systems are characterised by a cul
(nut-riiemtand oxygenated), and a pump ge
Mor eover, perfusion systems allow for au
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al so provide shear stress due to the fIlc

such as for dermis and cartilaginous tis
2006) .

1T Rotating wal lalvegsqaltii ve approach for re
nutrients and waste with | imited shear s
(Martin et al ., 2004). Al though shear st

forcél wlead to damages or to the for mat
tissue (Chen and Hu, 2006). This met hod

rotating fluid inside the biiovree a@cotrorc,elan
especially chondrocytes and cardiac cell
t he-umarf orm ti ssue growth, due to the for
cause collision betweemoseaftctolrdg Chreed talm
T Pul satifFer fdaomwdi ovascul ar cel |l cultures
bi oreactors exploiting pol gsawndli ¢éi bhew @Ay
vascular cells are cultured into tubul ar
With technological and design tools, incre
application can be fabricated, with high s
The main assumption in bioramactsdr mdud 9i ¢ rh ail
phenotypic nature and fuhnot jvomadlsiot ideest etr an
progr essiionn \oTtamadeol nl set al ., 2013) . Sever al
mechanical, el ectricad ,micrhieark icrad ,t laen de mmw ixre
conditions. Skin and cartilaginous$theslaset
mai nly due to iitpsyoavadsaoagl avechanucal stim
dynamic cultures (Mauck et alipnabDO0@;- DegeE
induced flow is used to culture bone tissu

i mpl emented a system capable of applying
culturingonpsdtremtsof or cardiac tissue enc
Zi mmer mann et al ., 2006) . For cardiac ti
providing electrical stimulation are spec
Tandaoan .et 20009; Mai dhof et al ., 2011). Oth
heart valves and blood vessels (Tandon et

l ndustrial -ppocess scaling

I n cul tured me at producti on, there are ¢
appropri-ape Wcahimgthis contexsscatllee bkoey eic
for a high volume of <cell produstien ahd,
research will test other configurations at
by minimizing bioresources utilization anc
et al ., 2020). Accordiagl It oprtdicku staimen aair d ¢
wi | | be two separate and different stages
to cell proliferationimyt al cswetti athtlaena mmbka i
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mai ntain cells in an exponential growth st

di fferentiation. The second is related to
an efficient way (Verbruggen etammal i amn0deé
bi oreactors is stirred tanks, i n which ce
mi crocarriers (Melzener et I ., 2021;- Moro
ef fecti ve -bnaiscerdo ccaurlrtiuerres seynsgteesmsmu sste vieeg afl a «
being, the surface and physical properti es
size (Verbruggen et al., 2018). Moreover,

(2020), the relmitaromcar mpi edred waered ttthe f i nal
considering technological possibilities.

unsol ved problem of <cell separation and r
edi bl e bumi dregec adraibéres and edi bl e microcar
the edible or biodegradabl e materials to b
i ssues (Bodiou et al ., 20a2d0)n. clom stthrea tciassrei |
process, the main challenges are related
correct alignment and, eventually, mechani
for efficient medium uti ldhmitguwens (i Narrtoidnu
Badyl ak et al ., 19®&8coVvdrimrgud e Maett ial et =2
from a | aboratory batch to an industrial

bi oreactors twysitgemsy wompddindlziezlled nd st and
point of view.

The industrial scaling up represents al so
the market. The first example of a cultiva
and it required a total f abranceatti ar .c o0 s2t0 2a
presentation, sever al companies and rese.
chall enge. According to Guan et al ., the <c
fish products rangesgfroomp®&r dd $t/t dgatfoe & 2(
for the conventional meat and most of the
( Guan et al ., 2021).

From the abovementioned discussion, the m
accomplished only if new approaches for e
systems wil | be found. These must ®Hlodsmpl
including also in silico models for the bi
2003). The preddesctmwvet, bhencestmateri al s u
and afnien@al sour ces, and the produwactoinomi grd
sustainabl e, with mini mal waste producti or

Consumer acceptance

Although the main purpose of this review was to consider and investigate the technological
and biotechnological challenges, it is necessary to emphasise that consumer acceptance plays
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a key role in the spread of cultured meat. Bryant at al. (2018) conducted a systematic review
of several surveys on this topic. This work highlighted the complexity in formulating a

A

compl ete picture in peopl eds pevweyseporttadon o
different results. The average acceptance rate of cultured meat reported by Wilks and Philip
was 63,5%, while the same parameter, identified by Hocquette varied between 5% and 11%
(Wilks and Phillips, 2017; Hocquette et al., 2015). Theseltseare discordant due to the
population and sample considered as well as the structure of the questions. The most
common objections relate to the unnaturalness of the product, a personal perception that is
less safe and healthy than conventional meataaranticipated impression that the product

has an inferior taste, texture and appearance, accompanied by a higher price. In contrast, the
positive arguments are related to animal welfare and environmental benefits, however
accompanied at the same timednubts feasibility, ethical status (Hocquette et al., 2015).

As suggested by Mark Post, a leading author in the field of cultured meat, customer
acceptance of this product will remain speculative until this product is actually on the market

(Post, 2014).
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i nvestigating what the possible future mar

| NTRODUCTI ON

The high impact of the fabtragstteoq toment éa&
from the scientific community. The food s\
negative ecological footprint, being respo
for the gl obal eand ofphe s lantemwal neeno e to Yaela.n,s 20
et al ., 2018). At the same ti me, as repor
(2016) , over -2tl7)decqprdee n(h200u0sbe gases ( GHG
system account @€d:A7f @88) 28 f 9% ot 2| gl obal

(52. 0NO0. 45%) . More specifically, agricultt
4.9N2.5% of all GHGs , met hane from ruminar

manure for abouangpa@NO, 7anwhatceurirng and
2.4N4.8% (Bentonnatrial is 2xdkxteBhitd swoe s
the steady growth of the welrll doipdp ulna tpieoomn,

(R°°s et. alln ,pa&roal7l)el , there wil.l be a dr
especially of ani mal origin, due to the f
content of meat, fish and dairy product s,
ecnoomi ¢c growth, as well as an aspiration fc
2019). More precisely, as reported in the
by 2030 and double by 2050, gttwkei demaoaidnw
further worsening environment al heal th (B
Therefore, considering the goal of f-feedir
economic and environme+h Daddc tsours t sah cnwalbd | b d ye
by the guarantee of a high |l evel of food s
For this reason, traditional breeding 1is
adopting strategies and technologies to a
matrices with a | ow environment2a02 3 amp alcatn zi
et al ., 2024) . I n parallel, precision | iwv
reported by Tull o eheabappR6adBO)ondefi pedc e
and techniques to | i Jvdgt omokniftarmi nmp dted aun
productitchre pri mary objective of which is t
socially, and environmentally sustainabl «
i ndi vidual ani mal control . As demonstrat e
fami ng has made it possible to reduce prodtdu
as the emission of poll utants into the ai

l i vestock f arnngi ngg,o ds ahfeeaguahr dand hi gh ani ma
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l nnovation and new technologies can there
Prince, 2018, Siegrist and Hart mann, 2020C
context, novel foods represent a great opf¥
Among the various alternatives, cultured
by sever al names, iimc lyuidcirmag ng e Isly nbh edhseed d cme
| abr f @aoctoavmy meat , although there is stild]l
(Verbeke et al ., 2015) . Cultured meat, p a
science, ri enp ryeirsteerchat st itchre of meat without tl|
specifically cellul arraggi ¢ elcthnrn guesesthi
produce food products (e.g. meat, fish, mi
( Mouat and Prince, 2017; Ei bl et al ., 2021
Al t hough <cultured meat i's of recent i nter
appeared in 1897 i mMud <onvedn tPd fadncttieenw edppaa
accounts in the | ast century, as reported
criticised farming methods by introducing
sent &ANecesthall escape the absurdity of growi
or wing, by growinguitthalslee paagitls. slemp atr md efl v
food wil lo a(l Ghou rbeehiulsle,d 1932; Ford, 2011).
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d then with the cultivation of gol df i s|
ministration @g§NAIBAJancubdbtwuweeei wme i ncreas
2002). The popularity of cultured meat
esentation on |ive television of the fi
st (Post, 2014) . From 2013 onwa0@2@), atsh
mber of scientific publications on cell u
e first mar keting of the first cul tur ec
reich, 2021). To date, mmststafr ttulpes 1 eoxTas
e USA and Europe, with a few others in
reich, 2021; Cameron et al., 2019; Ye at
ven the rapid and growing interest, but
|l tured meat in the European Union (EU) f
continue studying its possirlolce sar ihtaisc a
scribed in the |iterature, It is 1T ncumb
dul ation of sensory and nutritional pr o
e entire production chain.
rr- this reason, the aim of the review is
od safety, technical, but also economic
tends to examine first ofngalthet mar kegi s
oduct, with a focus-mankaetien ge Ua uwctohnad reixsta
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established by the Novel Foods Regul ati on

l T nk bet ween, on the one hand, | egi sl ati v
ot her hand, scientific assessmentrsdept Ror
examination of food safety issues and t he
analysis on this point. At the same ti me
organol eptic and nutritional proapertoegh
conventional one. Finally, the paper ai m
meat, with a focus on consumer acceptance.

How to regulate the marketing of cultured meat: the EU Novel foods Regulation between
open challenges and political considerations

I n recent years,-foodosatcitom iibmotubokt adel i
chall enges to food regul ation ( Ni and Lin
Commi ssion Communication ASafeguar dcengoff o«
food systemso (23. 03i.MR0I2RJi,n gn eNve i e@edamozhiocg |

an indispensable tool for food security (I
particular attention has been ngdiud pte tbhed |
new foods, not existing before, and tradit
procedures (Scaffardi and For miia,l | 202 N).v
Foods is wusually subordinated ttyo ra spkr iacsrs ea
del egat edidgeon ercd lelnytiififoiaok paewntdrearti t i es or age
solution characterizes sever al countries,
United Kingdom JrFoAsG,, 2200221), where | egi sl a
specifically addressing the marketing of

high standard of consumers6 health protect
Due to its +dm@advatiownwal X nepmoducti on Pr oce
considered a Novel Food and should therefoc
food products (Post, 2020) . That 0settshe nda
processed shredded pou-basgd pcbdokensn bane:
worl doés first approval i n 2020 (Singapore
granted by the Singapore Food Agkedyby SFEFA
regul atory framework for Novel Foods and N
di sciplining the marketing of foods not ha
2019) According to this dfssapetinsge a@sebst
been consumed as an ongoing part of the d
popul ation of a country), for a period of

health effectso (SFALefd2Md3)i.onBaegddurcetris
mar ket Novel Foods are required to submit

for reviewing the studies. Precise docume
updated bwetltHe aSFAyast he newly appointed N
Group (Singapore Food Agency, 2023) . I nt e
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Novel Food Virtual Clinics, Awhere novel

SFA at early stages of their research. Wit
an early stage, companies can pchoditestei
which will mi ni mi se compliance costs and
requirements and informati on, toget her wi
private companies in an earl yiplhdse,n PPeom
cultured meat i n Singapore: after the chi ¢
formats of cultured poultry i n 26f2rle ea nndedin
for the production of cau |l K euyr e d d vmeerad € mewlt i
compl etelyfskaughoduchgon (Good Food 1[I nst
SFA in several documents, with specific re
i's reviewed at thngeoditherkntptedetsiohop
medi a, reagent s, toxicology etc.), t he 11
adherence to good safety and hygiene pract
mu s t me entd atr ls ®tsd abl i shed by the nationa
all ergenic proteins) (Singapore Food Agenc

Similarly to Singapore, in the EU culture
( Reg. EU 2015/ 2283) . Al t hough, at the ti
concerning cultured meat have been submit
udoubtedly be considered as a food "which
S i ni ficant degree within the Union befor
[
0
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| e |l ati on entered into force), regat tdee
Un
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t h

s
n" (Art. 3, EU Reg. 2015/2283). The | e
of the ten categories I|listed in Art.
rs to Afood consistimgcefl csbtatedof
ved from anomaansismpd,antsngimier oal gaedo
t, that thereforaeanamd«eds aiptpatorsalt o notr ai
EU territory.

O 9 =~ DO TTQ Q

Th
au
20
ma
i n

urrent Reg. EU 2015/ 2283, entered in
risation procedure established by t he
now the procedure is entindelwn ¢édrt
ement phases (Volpato, 2022). The aprtr
ding foodosahet EUsCodimessi on that sh
bef ore appointing th8AEufopetaheFoedt
e scientific risk assessment phase (
i fic reasons) (Dall 6Asta,jwho2h). b@nt ti
otioon ntdhnengf ood saf eéthye Clommhesspooaduct t |
management phase, by preparing a dr
ptance or the denial of the authorisat
co iTf ioongexampl e ntgh otsheei.clodnticeelsindmagf t deci si
approval of the Standing Committee on Pl a
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opean Commi ssi on, 2023a) with a
ot her than the applicalntFood,t eca
on the market without submittin
n and fisecrecyo is granted (accor
21) .

y appear s, the current l egi sl at i
I, 2020) based on the assumpti on
t in order to safeguarrdttehcea ihoingh €
tly plays a significant and key
r this reason, it comes with no ¢
i bl e aut hor iusraetd ome arte:q uwehsatts ecnoenrcge
he 2023 EFSA6s Sci-tenrtiivfead fCooddsoqg
tso is that guaranteeing a clear
operatolrsas ianchnsitmern snesewsalwsel ex
e foods are concerned (EFSA, 202:

me at , i n particul ar, seems to be
by the scientific community but 3
kers and | egi sl at or sa.t iTch eo fc atshee oc
gul ating Novel Foods entail s: f ac
di sruptive effect on traditional
overnment MaschlezZ022d tloe padpptie
ood and feed made, i solated or |
from whiaoh malcacl,ear |l vy includes
www. senato. it/ |l eg/ 19/ BGT/ Sadhede/ L

ive text, appr eAYye d wkhays tstuedbs@@muatnea |

by the Chamber of Deputies of th
72 (Official Gazette ofoveal vams il
ction, use, sal e, i mport, di stri
nment as 'synthetic meabnady wpitin.
d by Article 7 of EC Reg. 178/ 20!

onsumers but al so for the | ivelihood «
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udes
ement
| at or

has opened up dcdebatveel (yF opronhiictii,c a2
t he possi bl e future relationshi
il oned EU Novel Foods Regul ation.
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regarding cultured meat obtained at EU | e\
the generic reference to the precautionar:’
(Ragone, 2019) could prove insubhiati d@mamn .t ¢
from the questiodsveégaredgiunatoheg w©hiulmeinsi

shows howiaew foopgarticular highly innovat
ipose delicate | egislati viesdisesm etsh atndi P rroan
on food safety considerations but reveals
economic evaluations. Mor eover, t he It al
governments are ackmpwlredgoicergotfheudttuateagilr
security and gl obal sustainabilityo (Ber
regul atory and policy apgporooda csheecst otra iTrhn sv &
could potenvermnsé ypoleiadi ¢ @l dposi ti ons expr e
EU I nstitutions, should prompt a renewed ¢
related to the marketing of i nnovative f
consumeherahdret the | abelling of cul ture
Aimeat o and which information should be pr
qguestions, which have already been at the
regaveget@al or vegan products such as bur ¢
(Sirsi, 2020) .

The need to boost this regulatory anal ysi
considering recent relevant advancements
America in June 2023 the Good Meatdhe &BIt
Department of Agriculture (USDA), after he
guestionso |l etter from the US Food and |
Research Service, 2023) . This | andwmanyg d:¢
scenario and shows, at the same time, a di
is not a specific | egislation dedi dwtéet to
an anti ciiptahteo rtywomonvoest r eliewantnf i dicde magbrti Au
USDA and the FDA, outlined the marketing |
agencies agreement (FDA, 2019; Grossman, :
FDA is in charge of otfhet hceonitnriotlisala nsdt aagsesse s
USDA is responsible for the oversight of
i nterested food busi nesmarokpetr act corrssu Isthatuil adn
FDA, who eval eatyes nfloe maooadnsathe company
guestions i f doubt s ari se duri ng-marhlkeetr e
consul tation process fiall ows d-&wperloodpuecrts btao
and informsthbhgmmosti eenesder to produce s
Feder al Food, Drug and Cosmetic Actobs req
absence of a comprehensi ve |l egi sl ati on,

procedur apr awisdiiersg biyndi cations on the con.
required as well as on the role attributec
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prompt a coherent and clear cooperation.
the cooperation between private actors anc

research stage. The USA case, i s whli dhe timn
already wel |l advanced phase, demonstrates
andd poeccedural solutions to specific inno
of rules and agreements. eAd salnsd airn ajpgpp am,
where the Association for Cell ul ar Agrici
institutions, gui dMak ibnyg tShter aGeengtieers ,f ohra sR ut
final aim of Acreatingeaommerddiasttirgn gfuard el
i mpl ementedod (Miyake et al ., 2023) .

The different regul atory solutions promot
debate and the diverse approaches promot e
| srael and Chine, that boosted,ial abtéhna
protein sources, FAO, 2022) demonstrate t|
accurate food safety -depeésmemgti sbati aé sd
regul atory issues that innowviadewvet i@atodit Ipe
which cellul ar meat is regulated wil/l be
(Soll ee, 2022). The final aim of such debe
and efficient bal anmcee dbsgt werewmi rfoonarme ns$ @ ¢ u rpi
sustainability, economic interests, ethica
food safety safeguard.

Cultured meat production: potential safety hazards

To dat e, cultured meat i's one of t he mos
considered a more sustainable and safer pr
by Chri ki and Hocquette (2020), t it $ meygpe
bi ased, because nowadays there are no cert

which are difficult to compare with the de

For sure, from an environment al point of
l ess | and and water use. More precisely,
cultured meat (* &epeplrlosx)i , mawiell ly Bead@®i re 50
exclusively for the production of the cul
55DP00 L of traditional meat (Chri ki and Ho
this -asst wetilsn the | iterptuoeassésssthésqu
resulting from processing, the main wast
unguantifiabl e. l ndeed, as argued by Chr ik
gr owt h factor s, hor mowoeuss damdpotebent c hemit
environment al sustainability. However, Ssci
utilisation of such wast e, promoting 1its
ani mal / human nutrbyi élayagachiemenstatat @02
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ventional |l ivestock farming, as report e
I mportant to copnpstter mbhe GHpEpatr odic €¢
ducti on, which has a | onger bi oas g cumu
hough 1t will need to be monitored ove
ed -bermopgoj ections, environment al S us
|l iterature. At the same time,the repo
ety is stildl a topic that need to be i
er product than traditional meat, as it
ri ki and Hocquett e, mp2h0a2s0i)s.e dH o wiehvaetr , on t.
duct wi | | not be produced in the | abo
ossible to completely eliminate possi bl
a common prboabsleedmepwn t fir @d watt s . l ndeed, é
(2023), processing can iSnttarpchdyu coec onticcurso
nly through food Lhandlriimg mesnkoicmy ¢ coqmetn e et
it can be found in the processing envi
phens et al. (2018) , to prevent this
uired that can pr oviydcen dhitghhe |neovred st road
l udmngtsh cell biologists, materials s
entists, technicians, and food technol o
nts in the production chain oebnsubeudur &
ditional me at production is <characteri
egrated for the cultured meat
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Cel | Har Mdstriepmg esents the first step i n t

a cell or tissue biopsmofrem peti oé @bamad
This step has been extensivelynsnhgditde ign e
number of stem cells (satellite muscle ce
2022; Guan et al ., 2022) . More precisely,
but must take i ntbd easccaduwmrctl udu Intgi mlgee , v asreixa
addition to genetic ones (Lanzoni et al .,

to the decrease in the concentration of s
numbemi todt i c divisions, thus maintaining

shorter period, compared to cells taken f
same time, as reported by Choi et alof (20
stem cells than females, due to the positi
with extensive compared to intensive housi
(Lanzoni et al ., 2022) .priens epravrea |l d reil mali twea
reason, as argued by Mel zener et al. (2021
a |l ess invasive technique than tissue har\
of donors, itmisedelsermbmieertr ocofmalkiopsi es (
from the same animal every three months, t
wel fare (Mel zener et al., 2021).

However, to dat e, the relationship betwee
harvesting is performed and the potenti al

has not yet been studied. As sapetiyedsbuye®
exclusively include the transmission and

be transmitted in the following ways: )
contamination of f oodhse ucfadsse oofbva wlutsdryed trt
By transmission of i nfected cells to oth
|l eukaemia virus (Ong et al ., 2021). The | a
point, both becheaerp whetlersttihé cells of

bi opsy are able to persist in culture, anc
di seases (e.g. bovine | eukaemi a Neivreust)h e(lJeu
t hriissk can easily be circumscribed by a st
cell s/ tissues Amat lsargnmso 0gi bInd ercipank aanti ntahtii
by veterinary drugs, including antibiotics
used for cell harvesting and potentially |
on human health (FAO ands WHO, o 2dwWwr3,) .t hHeo wden
present in the sampled tissue and then 1in
thus reaching the final product at a conc
Nevertheless, thidomieddk eadrheegadiyl ywshe gmdre
veterinary drugs on both the cell l i ne anc

health data of t he source ani mal s at t he t

ny



At this stage, 1t is also crucial to furt!l

e.g. cryoprotectants used to store cell ul:
some cryoprotectants coul dcth.e Howdweri,f gsr ¢
by Savini et al . (2010) and Ong et al . (2
di met hyl sul foxide are already used in fo
Despite this, to uernesdurnee atto,t ailt siasf ee xyp eocft ecd
either be eliminated or diluted to very 1|o
final product (Ong et al ., 2021).
Proliferation :and eDinfefxdr esntteipata fother cel l
satellite muscle cells and their culturing
within bioreactors. At this stage, there

reorted by Rosvaemuanrzd (RPBWAd®as the number of
kg of protein from musciteo c83x BbO ac hiinewe et

numbers, the celtsesl neEedatovbeawvaepachtgh How
formation of cancerous <cells within the ¢
clearly i1 dentified within the cell culture
on consafmpt henmeat and therefore not i nco
present a great challenges of acceptance |
further investigated to ensure the total
reported, cells proliferate and differenti
capable of providing all the stimuli the c

need a constant supply of nNunhsj emtisne( ahl
mi cronutrients) provided through culture r

this stage 1 s very complex due to the man)
species, cell types eandalp.r,o d2u0cOtOi;o nYasot eamsd |
this reason, it I s necessary to make a ge
Nutrients present in culture media are cor
culture prodootds sadaepypt eniobalemf woul d occu
specific culture medium, one or more of t|
at concentrations that would be hazardous
could occuentfi shacoaumul ated abnormally or
aggregation on structur al materi al . Il n boi
completely (FAO and WHO, 2023). To preven
sthc as: ) use of mi ni mum | evels of nutri
monitoring of cellular parameters (e.g. Y
damage, I'1'1') chemical anal ysi snuwtfr itehret & i pre
whereby the maximum safe | evels related t«

(FAO and WHO, 2023).

To proliferate, cells not only need nutri e
are essentials to provide cells with sign:
These i nclude ani mal ser um,crpa ortiebd onrsu c Ipesipa

no



or mi RNA, messenger RNA or mRNA), gr owt h

2023; Ong et al., 2021). For sure, to date€
I's to find a substitute for ani malatseacam,
replicate i1its characteristics while guarar
mi xture of fatty acids, l i pi ds, vitamins
proteins, and more than 400emketabbésten, I
proliferation (Lanzoni et al ., 2022) . De s |

FBS clashes with the ethicality promoted b
cture from f otehtsusoelsd ufpr am ddws es anmotn t o

pain (Brunner et al ., 2010). The exac:
nown. However, it i s estimated that ab
respondsi tbiabotibet weesm sacrificed (Sub
|l ain why its use for the production of
case be unsustainable in the s$poonducun
| di aoomtndot oxins, haemogl obins and ot he
ng a potenti al source of microbi al con
prions) posing a health probl enh,f oars t
orted by Chriki and Hocquette (2020),
FBSpftpatentd), scientific research 1is
l ude products of pl ant paept avihea,t hyndr
r-gyr ddbucts (whey proteins) and Chher allslea
ganmd8psi rul i pa (raeox iema al . |, 2021; Lanzoni

bl em is widely descri bseddedsertr vd efrurttulreer,
eed, the addition of proteins, pepti de:c
enti al to support cell gr owt h, can int
me and Smith 62mé0put Howevewuggelkée how
e curbed b-yreeiogl baoremamedi a, thus | imit
rgani sms (Jayme and Smith, 2-089¢d Poesdud
uggested byu€éhtieki( 2820 ) Hodq date, compani
his goal. One example may be BioBetter,

started to produce and mar ket growth fact
product iroend orie atu.l t u
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Particular attention must be paid to the

| ead to i mbal ances and adver scearhcuinmmaong ehnei acl t
and reproductive toxicity, as arsgead | lyy ake
(Counci |l Directive 96/ 22 EC of April 19 9¢
hor mones in the traditional food chain, b a
as testosterone, progester beagesgteralnolace
oestr ddiad tlvey can remain as residues in
sl aughter (European Uni on, 1996; Ong et a
food safety, being I mplemented not omdy f«
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countries (European Uni on, 1996) . Possi bl
(2023), could be the use of these substani
desired effect t o be achieved, t he use
impl ement ation of safety and quality contr

Anot her problem related to cell prolifera
culture medium to prevent any contaminat:i
environment with careful moni t oniomg, wiht cih
why they are added to the culture medi um.
the cell cultures wil/ be added (when nec
traditional breeding andyuseadagalsmost perxdluu
1 s wil |l then be rinsed and purified, r
nal product, without the possibility of
me time, anbemecopoesnbl ehprdbvel opment
ed. To prevent this phenomenon, as repor
uld be the substitution of antibiotics
sinseiobaonse hydrolysed peptides, and bi
ress factor or create drug resistance. |
e use of antibiotics or a subsotnittruotles, ft
man health safety (FAO and WHO, 2023; Onrn

> —H 0 T o cCc n o
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>

this stage it is also crucial to pay af
medi um, including antifoaming, pH buffer:
accidental introduction of mi crnoepnlta s(tFiAGs af
WH O, 2023) . Il n this case, as suggested by
heal t h, it is necessary to quantify the |
unt il t he final product . lam yf assdta,g es wdh tcdcoee
process, from harvesting to market.

Scaf f:olTiisnsgue maturation only takes pl ace

which they can first adhere and prolifera
scaffolds are wused in the pdrionencstiiotmi e st
characterised by correct architecture, por
et al., 2022; O6Brien, 2011; Seah et al .,
t hey must be either hi,odehgeriard asbtlreu cotru r ead ibbe
organol eptic properties of the final pr od.
of the scaffold, di fferent safety 1issues
designed to asgarayfdet,hatt tilse nmat er i al used
safe for human consumpti on, requiring a s
i ngredient (Ong et al., 2021). Where, on t
degrmadei a i s necessary to act via chemical
of the additives used is required, as repo
[

to persist within the final product.
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Final :PrAsdwctresult of cell proliferation
the phenomenon of maturation before reachi
(2023) reported that cell |l ines db mabt (80
emphasi sed that maturation iIs inét¢bhuencedi
with other cel l types, and growth factor
i mpl ement control s taof eetnys. urAen g umgploirttyanan das
concerns thempbgbki tabnsformations that ca
These types of transformations occur when
with other subd$tbagessiheadhiengttracture and
with the undesired appearance of reacti ve
WHO, 2023) . They can be i nduced by food
(pasteurizati on,d efxrteeuzsd odir,y ismmp)k i onarg ,d warni n g
processes (irradiation). I n the first ca
temperatures reachedprdaitrainmg ftdheed <,0 oikid asnlgu dif
l ead to t hef phaordmfculi osubstances such as
polycyclic aromatic hydr ocmmrddunct anfdr card vtah
reaction (Zhang et al ., 2023). However, a
can also ocoatwuwured meat, as reported by Zh
rarely reported the presence of chemically
of which are structured to resembhe ddecondg
case, although food irradiation has been
Australia, Bel gi um, Brazil, Canada, China
Vietnam, there is no univer sraolm Iciosutntafy itror
with i1ts own national regul ations for | ab.
I n this context, the EU would seem to be ¢
aromati c her bs, spiceso ahd wvegetdnanhted sehb
1999/ 3/ EC (European Uni on, 1999) . For thi:
addition to evaluat-c mgmiamnal ttersdan safgo rt rheet ipohr
i ncluded i n the pfroordnuactti,o na so fs utghgee sftiemalby 1
Organi sation of the United Nations (FAO),
processing regulations (FAO and WHO, 2023) .
One of the most i mportant aspects to take
all ergic reactions. Allergy to conventi on:
a | pghaal syndr ome, i . e. the i mmeoel sysham' so
t he bl oodstream through a tick bite ( Bry
mol ecul arly similar to conventional me at ,
2020). This doesnb6t r epg etsheentp rtohdeu cotniloyn rprs
meat , i ngredients such as structur al mat
function, whose adverse reaction I s not vy
common wibtalsepg!| pmtoot anabogunldameyuyngBanach e
Zhang et al ., 2023). In fact, as reported
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i ncreased prevalence of food allergies ca

removed from their natur al matri x and i ncoc
' 1) by introducing proteins thatseanrse tniosta t
or Showea&ctoissi ty t o i mmunogl obulins of

sensitisation towards-reawtpvotgi eagentns t ev
currently not or rarely ctoendsildye rreAO adn de rWhe

it is necessary to increase controls at t
noal | ergic sources, use of minimum | evels
residues in the finnalofprpoodtuecntt i &arld cansaaner
WHO, 2023) . Finally, as reported by Bryant
the final product .

Mar ket iTrhge | ast and next step concerns th
product. While on traditional meat , sci en:
strategies to maximise shelf | i fHo,weovnerc ula
reported in the I|iterature by Gasteratos
conditions, could be characterised by a
simultaneously reducing dn,e amndstwa sotfe tprram
aspects could also be favored by the fact
the consumer, compared to the farms (Tuomi
product must takepeats suochbhuas mastepl eohas
for the structure of even the final packa
reported, although bacteri al contaminatio
cultured meat, tiot niog ectihhat bacteri al I nfe
transport and distribution due to poor gqusz:
this regard, the quality of the packiamgg ng
consumer health. For this reason, Siddiqui
can extend the shelf | ife of cultured mea
foll owing packaging met hods aredtakenspgihm
packaging, ') Vacuum packaging, 1 1) Act
briefly Ilisted bel ow.

IModi fied atmosphére pgpkagifngackaging pr
proteins such as myoglobin and thus col ou]
More precisely, modified atmosphere packag
system tobpermddicif ngdand/ or removing O0XYyg(gE¢
of the pack by modifying the gaseous at mo:

et al ., 2011, Siddiqui et gl .Dj oz2@3 2)v.i cAtett
such packaging is able to reduce microbi al
kept under control, as an absence of 0OXY i
bacteria (Siddiqui et al ., 2022).
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| Vacuum paacklh@gsegpackaging systems have be

the shelf l i fe of traditional me at (Lor e
Brenesselov8 et al., 2015), which is why
cul tuned Smeda packaging systems are effect
oxidation process by removing oxygen. The
product must ensure impermeability to prev
the packaging system (Siddiqui et al ., 202

| IAlct i ve padkeagiengackages are of recent i
defined as such because they are character

interacting with the food contained in th
Today, there are several types: ') The ©pr
materi al in such a way that the consumer
ensuring a longer shel f l i f ees( Umay awo ret al
antioxidant agent or an oxygen scavenger |
al ., 2022), I'1T1') I ntroduction of an anti mi
al ., 2017) . Obviousl y,otna@sr efbaurt e maad uirsal ma
natural seeds to be integrated into the pc

from the meat and supports the release of
An alternative sclapsudmatconl dfbgaskes esuch

i ncorporation of volatiles such as ethano!
(Siddiqui et al ., 2022).

In the | ight of the above, it is clear th
ensure the safety of the final product for
good cel |l dwICtCPrgpeo @mrdamatniudeact ur.i n&gC QoPr' asc tpird ¢
objective is to promote the maintenance o
and products for cell and tissue culture ¢
greater i nternational athiaommomof satabonat@ody s
control systems, safety procedures, recor
regul ati ons and -Pertihciec aaln dp rd oneccikpel,e s2 O(1Bla)l. A
mai n recommendatdemisng na adlati a&iiloend troedkor d o
to identify possible contaminants in the f
aseptic conditions, avoiding the use of an
(B®2Fri c€oande, 2011, Ong et al ., 2021) . GM
preventing the occurrence of hazards. Mo r

production practices that describe the s
protdiuen and process controls that enabl e

Bl anchfield, 2005) . Il n parallel, al ongsi d
Practices, which are essenti al i n theosBUupC[
I n parallel, the Food Safety Management S
cultured meat. This system is not only re

transparently demonstrate how f adod hg afugthy
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the entire production chain (Kafetzopoul os

system, an i mportant role is played by Ha
i's the most widely wused i nternatdi dardelntsys
possi bl e mi crobi ol ogical, chemical and p
production and processing of cultured meat
stage (not only for the fitmaldi produsol, utbiu
used, contamination procedures applied, an
2013; Bryant, 2020) . I n this context, as |
regul ation fon phedappsoval sgtem of i nspe
be applied to ensure the wholesomeness of
EFSA.

Organoleptic properties and nutritional profile: major challenges for cultured meat

One of the main challtengegplotatctel theedrqg

functional and nutritional properties of
|l srael ), cultured products are currently
scientific reseiamcandaisnaesuitgate papsiabl e
properties (texture, colour and taste) pla
2023) .

TextuimMéde texture of conventional meat 1S
the reaction triggered only after the de
precisely, the cessation of oxygenrlegdeft
pH that <can activate sever al families of
proteins and the subsequent tenderizati on
2021). However, to dat e, matt uiratdiofnf ipa wlcte st
cul tured products, due to reduced informat
a critical point in products such as hamb
cul tured cel lrepWwduwlad ebd habsl e« htaoa act eri sti c
the production of whole cuts, due to thei.:
of nutrients and oxygen would make it dif
et. ,al2023). To achieve this, various -sol uf
cul tures -bif b mgaodb apsoscsyst es have been adopted
same time, as reported by Broublkdrekyplol|
ascorbic acid in the culture medium can al

of the tissue or through the use of scaff«
As reported by Cheng easnd oFunt r(a2dd @8 )o,n atl h eme
i mport amdt aviartiemrg property. This is-myoélnoen
bond, which is only created after the dea:
are charact emiceedfbyctthen prneds myosin, they
and therefore would not be able to guarant
For this reason, although further i nvest.
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cellul ose scaffotdsaiomi ndei ugree bife nwast essu c |
fibre or starch may bef appliedalt oprepéeéid cyn
2023) .

ColouTfThe colour of the conventional produ:
myogl obin and iron concentrati egwr o(who smu sacnl
fibres tend to be yellow, both becausedof
cells in the presence of oxygen, and beca
concentrations. To achieve the traditional
production by reducing oxyegnetn ilne vtehes ,h c ulntcL
and adding natur al dyes directly to the fi
solution, as reported by Zhang et al . (20
cul ture. This sol ultveonex throawetvierg haarag li mb
bl ood, plant tissue or producedcdlys mmicmg@ba
therefore not feasible on a | arge scal e (2
Tast s reported by Balasubramanian et al
present in conventional meat are not onl vy
animal's food intake and biological fmet ab
proteins, | ipids, carbohydrates, nerves ar
o f me at (Hocquett e, 2016). At t he same ti
depends strongly on alterat, ohsee namiugar a
degradation product smotrhtaetm o(cBcruoru cekxec leuts iavie. |
cultured meat, it is difficult to underst:
the ani mal being sl auvgater ad.sefiser g f oprreo,f
traditional one, it i's necessary to inter
adi pose cell s. I n fact, as reported by Khe
al (2023)i,n ftahe iasr amai,cijadi ci ness and tend
reason, it is possi blcaulttanraedo ptf smlswtlieo ncse
the usadiofopytees to increase intramuscul ar
a ., 2020), the addition of carotenoids t h;
their rancidity and preserving the final f
choosing a biomateri al thattieoabaescehle
adi pocytes (Post et al., 2020). Finally, i
that take consumer preferences into accou
options such asabhgdrotdgfatesedobogopgr smush
produce flavour compounds similar to those
The aim of <culturing meat i's also to repl
traditional meat .

Mi cronut rAimemtgs t he mai n mi cronutrients i n
sel eni um, zinc) and vitamins (vitamin B1l2
(Hocquette, 2016). However, cells in cult:u
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For this, it I's necessary to add these n

bi nding and transport proteins to facildit
Al t hough such a practice is feas)i,bliet, naesed
be investigated whether even in cultured

positive effects for human healt h.

Lipid :coAstemrtevi ousublyt uregporwiedh tat cell s
fraction in cultured products. Al though,

content, approximately 37 g per 100 g of |
this reason, to increase the functionalit)
pol yunsaturated fatty acids (PUFAs) coul d
acids, creating a functthe ncadn samnme rb e(nBrfd wd k
Protein clTontcatte, characterising t he pro
complicated due to | imited information. T
content of tr2adigipenl l1m@ag) (Cal der, 201
seviersat rategies can be adopted. | ) Use of
synthesis. This method, although very effi
reason not applicable on @h)] a2@t9rscallk) (O
the culture medium by providing a higher

hi gher protein content. However, as argued
woul d be-embreetcoet t ohtuet her ai neesti gate t
cells and what changes they undergo once |
protein scaffolds. This alternative, besid
woul d makbd ei tt opamsosdiul ate the amino acid p
precisely, matrices rich in essential amin
structures, opting for derivatives of pl an
transgenic organisms <capable of synt hesi ¢
Broucke et al ., 2023).

Cultured meat: potential perspective markets

The reasons that | ed to the discovery and
related to sustainability and ethical rea:
popul ation stands at 8 billtiea,l |l mMymR2&B 01
i nhabitants oflledrnthiwinl I( Romeachkt9 al ., 201

be an increase in demand for food, especi
2012, the FAO estimatmeat haitl|l gl odadchde,manm
a 76% increase since 2005 (Bellet and Rush
prompted the investigation of an as yet ur

progress habebpendmatdeonnof cultured meat
since the first culturedupsee(fTahbulregelr amd eF
di fferent production goals have emerged, E
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Europe

Oceania

m Africa

Asia

m South America

® North America

3%

Figuiml@de2gl obal distribution of thAdaptedrbg Meaeéet
Tabl@orMsol i dated companies operating in the
Yea Company State Focus
Integricul Japan Cultured meat
Mo s aMeat Net her | Cul tured meat
Super Meat Il srael Chicken cultured mec¢
201 Modern Meat New Jer Cultured meat
Upside Foo Califo Beef, chicken, duck cu
Bi oBetter Il srael Synthesis of growth fact
Al eph Farr Il srael Beef cultured meat
201 Gel at ex Estoni Scaffolding and micro
Because Ani Canada Cultured meat for pe
Ni ssin Japan Cul tured meat
Future Me: Il srael Cul tured meat
Ball eticFo Califo Cul tured meat
Appl eton M Canada Beef cultured meat
201 Bio. Tech. F Spain Cul tured meat
Bl ueNal u Wal es Cul turfeddsea
Heur os Austra Cul tured meat, synthesis of
innovative packagin
Fork&Good New Jer Cul tured meat
denovoMATRI Ger man Production of microcarrtr
Vital Meat France Cul tured meat
Clear Mea I'ndi a Cultured meat, FBS alternat
Meat abl e Net her | Cul tured meat
New Age Me Califo Pork cultured meat
201 Cubi Q foo: Spain Production of health
Bi ftek. co Turkey Synthesis of growth
Shi ok Meat s, Singap: Cul tured +moad@atd and sec:
reinvente
Avant Singap: Cul tufHeddsea
Il nnocent N Ger man Synthesis of growth f
Hi gher Ste Engl an Cul tured meat
Cell Ag Te Canada Development and pr oeduwdttiuafne doc
Peace of N Bel gi u Chi cken caunld udruecdk me a't
Orbillion Califo Beef Cultured meat
lvyfarm Engl an Cul tured meat
LabFarm Pol and Chicken cultured mec¢
Bi oMi | q Nort h C. Cul tured human mil k
MeaTech I srael Cul tured meat
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| Cultured meat
Cul tured meat

Gaia Food Singap
taly

i fo Cul tured meat
ap
ra

Brunocell |

201 Artemys fo Calii
TurtleTree Sing | I n Viacttoferrin
Vow Aust Cul tured meat
Mir ai Foo(t Switzer Cultured beef meat
Matri x Mee Ohi o Scaffol ding
OKP I Russi ¢ Cul tured meat
Joes Futur: China Pork cultured meat
3DBT Engl an Thrdciemensi onal stfrruecd umedi |
Bl uu Biosci Ger man Cultured seafood
Si Cel | China Cultured meat
Bi oMi | k Il srael Cul tured milk
Luyef Chil e Cul tured meat
Novel Farr Califo Pork cultured meat
Oxton Farr Engl an Production of health
202 Better Mi Canada Cul tured milKk
Renai ssance Engl an Cul tured meat
Uma mi Me a t Net her |l Cul tured meat
My oWor ks I'ndi a Scaffolding
Mogal e Meat SouAfhri Cul tured meat and Antel ¢
Mewer i Czech Re Pork cultured meat
Cel I X Chi na Cultured seafood, chicke
Anot her fii Canada Cultured seafood
Meat afor a Il srael Cul tured meat
Mi cr oMeat Me xi co Cul tured meat
Bluefin Fo Califo Cul tured bluefin tu
202 Quest Mea Engl an FBS alternatives and pr
Edge USA Synthesis of growth f
Anjy Meat Croati Cul tured meat
JBS Brazil Cultured meat

Figure 3. Pri mary meat f ocus Adapttehde fcrudnm uChau dreuwar

More precisely, as Figure 2 shows, t he me
(Croati a, Czech Republic, Estoni a, France
Spai n, Switzerland, Turkey, England), 34%
in Asia (China, Il ndi a, Japan, Singapor e,
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azil, Chile, Mexico), 3% in Oceania (Aus
22). Of these, as presente?2% mnFippuwd e r¥,
Il cken and duck, and 19% on pork and sea
mpanies are investigating mouse meat as
20) . Bet ween 2015 and ntheofbecga mintianlg ionfv &
at companies (publicly $3ZC]!| misleldi)gn.r eAEr
43 million was allocated for the produc
' I'i on f or s ebaufso-onde sfissIblonaswinnegs st meodel , t he
ctor. Alongside this, ot her b ubsu snidgngess smo
Si,netshse aim of which is the producti on
owth factors or, more generally, ingredi
al ., 2020) .

wever, to date it is difficultutbupgedam
ght be. There are no studies in the | it:e
t replace a market as complex as the tra
flank it, as reported bel ow.

er the years, intensive ani mal husbandry
a saf e, nutritious and quality product
aracterised by a high proteimcondoemdece. eht
hi gh energy intake (Lanzoni et al., 2022
re specifically palmitic acid (C16:0) (.
d Il ower concentratO@pnanofl asmyristaci @acf Gl
I d does not promote any effect on chol
sponsi ble for raising blood cholesterol
ncentrati onsi scefd HWHRASt,herierc ofgunndament al a
al t h, are |l ow (Calder, 2018) . I n | ight
vel opment of a fAfunctional productso wit
avenue@uwaosuwled emeatdadbionl g scaebllle nutrients
ich would perform a positive function f
tended for vegans or vegetarians, as th
20hey might be intended for a particul ar

|l tured meat could also find a place with
ndu and Buddhist. The Jewish religion i:
etary rul es, which prohibitsithe obhsum
epared in a specific way. To date, sever
e still bei ng e xbaansiende dp rwidtuhc trse g aFridr stta yc, e
i mal s prohibited doeyr erde ITlagied uds, loaws oarbd dc
WS, are themselves Tareif. Seconklddsyed it
oduct s, specifically those derived from
oul d be handlseidf iaesd Paasr vhee a(tn ootr cal adsai ry p
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aws allowing them to be handled and cons
ecision of the rabbinical organisation T
om embryonic stem cells taken frem aAodi
such eaten with dairy products. Such r e
bstantially alter the diet of religious

n 9 o —
c n =

rr Muslims, the relevant question is if ¢
018), based on Qur'anic scriptures, cult
e derived from a hal al s aoufg hatnelirmead aonrii nga
the production process. For this reaso
d other haram (not permitted) species w
(2019) out of 19wl tMwurseld msa mb6 8% wypoud td
ef, 49% cultured chicken, while only 2
terpret thei prémceée p(@hiomsdponas a require
20). This pringiipae Hnsduescomatdergewul t
oid ani mal suffering. However, it is st
ndus, due to the sacred nature of this :
(201ed, thapoout of 730 Hindus, 68% wo
l'y 19% beef. Finally, for Buddhist, 81%
rk, 66% would eat cultured goat and 61%

N T D 9 T /—™T
O S O — S5 5 T NMNOo

ot her possi-bbedmaamkmednvdeisn gp emar ket worth
' 1'i on a yefaorod Tpreomddwsc ttiad np etdo wbahrudmsa ns og r a d

O *sSTOSTTO» T O ID
® TS S S,c® 3 05— —<

rceived as of a quality suitablegé®sri hu
man dietary practices | eading to fewer w
-fpea d requiring a parall el i ncrease il
oduct ifoono do f( Oweetn et al ., 202@her Al L ot lyuus
at might be more sustainable alternati ve
me , pet feeding practices can raise eth
en t ewanpdat arhieamr satnldéemad mrha vwehre ns dpeacri addi onxg
feed their pets (Oven et al ., 2022) . Wh i |
requirements of their animals, they al so
producti on. For ndipogsxialsiolni,t t hef ngeread wc i |
agriculture technologies has arisen. To d;
cost, given the fact that food intended f
human conswenpeérn ont. héedopossi bility of wusing
required due to the presence of i mmort al
breeding is |l ess costly (e.g. mi ce, fti sh o
al ., 2022) . I n parall el , t hfeo oadp pnhairckaetti owo L
require | ess regulatory burden, as it is
(Oven et al ., 2022). Al t h efsoeo df adcoteosr sn o tc
faithfully replicate existing products an

can be a springboard. for the cultured meat
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Cultured meat: consumer acceptance

Al t hough scientific research is actively
consumer acceptance still remains a maj O]
rejection of this new product i s derdarcdtoirn
al so referred to as demographi c peceanocmiod
status, and political orientation (Bryant
precisely, as reported by aDiparetr dredeki obe
the younger part of the population would [
di fference is also visible between the ma
(2011) had reportedl Iltihantg womerd owdr e crmod roeg i v
by Sl ade (2018), Bryant and Barnett (201
Pakseresht et al . (2022), it would be mer
cul tured meat. Astaragued( 20y2 2P g k sGaxraessshot et
plays a key role in acceptance, where mor
product . I n fact, I n s uppuccrita noof etthiad;. as20

i ncome cowmeédimsat cudund greatcemef gvant ri le
people attribute status to greater meat co
a division between supporters, the polit
d stinguished by a more conservative feel]
Wil ks et al ., 2019).

Despite these predictive factors, as repol
rejection or acceptance of cultured meat.

Opinions against accepting cultured meat

Fomckophaonbdi aunnat Fome@pbheabsi dbeen i denti fied &

of novel food rejection in Europe, Asia ar
Barnett, 2020) . Thioodc dustbhleanastdmromgt pdeft @
prepared and served in a specific and fam
unnatural (Grasso et al., 2019). This is ¢

|l eading to themeajfe¢Bryganndd2adm)d!] Baredtt ,

Disgusinked to Goodt wmeiadp heeebrstaaainmdl v t he per
a much stronger feeling in Western culture
it is interesting to note that sever al re
di sgust thanct&MOsbuatndmoirnestedsseduPtr odhanspl .
Fiebel korn, 2020). This difference is prob
same time, the di sguesrnsorsy nprtofoinll g, rledtateh
as a mor al one. Thi s distinction pl ays P2
surmountable in the | ong run, wkreoawrupnnad e
(Bryant and Barnett, 2020) .
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Saf:etAys repoegridstbyandg, Sgtt ersl iah s@2@bmmon
consumers to have doubts about safettegrmin
health effects of cultured meat. However,
presence of aaddiatbioarntalt hienfemrtmatei @roducti o
2020) , to dat e, as also reported by Chrik
what the har mful effectdtoamellumamt  he sl tah n
product .

NutritionalAsasmdadtisal |y reported by Laes:
subsequently confirmed by Bryant and Barn
sceptical consumers consider cultured meat
comparedi boatrameéiat. This aspectaswhi gh oids
i's most probably to be relatedttuoc att me sar to
new technol ogies (Bryant and Barnett, 202C(

Opinions in favour accepting cultured meat

Sustai:naudtiagiynabi l ity is considered to b
cultured meat. As reported by Tuomisto (2
promote its benefits on research wuse, S uC
reduced GHGs. This is reinforced with ad
environmental i mpact compared to conventic

Ethics andCwmlotral edyproducts are consi derec

would avoid suffering (confinement in coni
and the slaughter of ani mal s, an advantag
dereeWe and Driessen, 2019). This aspect al

using cultured meat for pets unable to fol
et al ., 2022).

HealthinessTaedpoesatatyal benefits of cons
heal t hier product, i ncluding a reduction
favour of PUFAs (Laestadius and Cal dwel |,
repoanedd,a safer product (Bryant and Barn

However, as shown by Bryant and Barnett (.
perceived than ethical and enafitremmeeitmad 9
It i's important to note that safety has

rejection of cultured meat. 't is likely t
i's associated with etnhto soen ad o umetarti epsr owdhuecrtei o
mar ked by deficiencies and di seases, as I e
Worl d Huhmgeparall el, as reported by Laest a
an i mportant means of feeding the worl d' s

20



3 0
O O

=
o=

s o0 —oT 0@
- 3 9 oS O =

S o
o «Q

o un o))
< O (7]

n OUT O TNOO
cC Q9 = d® O O O

so~——uon >

- T o wnwc ~+ —

(@]
c

_1
)
©

Bu
al
kg
h o
foi

nducted by Mancini and Antonioli (2019),
st common, only after sustainability anc

scientific research has focused so 1
nsider the opinions of stakehol ders.
s or individuals that <can ninféfuespec
mi c goal s. These groups may 1include
C groups such as governments and co
ectly regulate market activitves agg@gek
d for by stakehol der s, as reported
onment al protection are certainly th
the belief t hat the techsoltogyriaddau
culture, negatively impacting biodiver
onger needed (Amato et al ., 2023). An
ct, which involves <confilviectaisnpge ca i nrieo
ciency in manufacturing, the diversif
ctors and the creation of new job opport
stakehol der s, ®d n cneornnosp ottt hes apbenai ifl intey
mpani es at the expense of small er ones
vel opment , where | arge invest menRej two,ul
21; Bohm et al ., 1 20pa&ay aAimat o et akleh,ol 2®2
be a healthier and more nutritious alt
rived bacteria and easily modul ated, whi
oducts hsumeerthasses, as previously rep
me ti me, however, the issue of safety i
ggesting a more thorough investigation ¢
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gh the above aspects are cruci al i n
uncertain price plays perhapdgetme n
ss of this product. To date,thdédeeeomn:

I n fact, al though Bryant and Barne
i fied a probable high cost as a maj ol
d neopmolhih®a study contdocitedi by2Madyr
e interviewees were willing to pay mo
n
r
t

oo n o T
o~ — "0 >SS c o —

g, while 26. 7% were not willing to |
ed meat) . Thegei perac sretnasas ma eirn @
ed by Rolland et al. (2020).
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t what is the |likely cost of cultured me

(2022), cultured meat produced on a |
, where the major productiondicadas(es mae @i
rmone production), bi oreactors/ equi pmeni
nal cost (55 $ for kg). However, this coc¢
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huge technological advances to be realised
to |l ower pric-eestFcubtupé méediumeswneed to
|l ead to a substanti al reductti o oirm tthhee nperdi
phar maceuti cal i ndustry could be used (Ga
have been made since 2013, where the cost
2014) , it i's unthinkablhesitdlkeatdcalnt arfdadr ca
everyone, but It could be considered a n
devel oped countries such as Western Euror
reports on parall el gnyar(kGeatrsr ifsoorn tehti salnew 2t
I n general, it is Iimportant to emphBer se
exampl e, in the work reported by W I ks an
cultured meat was 63.5%, while the same p.
varied between 5 and 11%. TheseviesulllLanze
al ., 2022) are discordant due to the popul
of the questions. Moslhy pPodtab( 301 4)s, at b®
product by future consumers wil/| remain s

Cultured meat: Future perspectives

The research of ceux pamrdidn gmefaitelids, atnh ee vleirt e
and gl obal escal ation seems i mminent, alt/|
cleared in the future. I n ter mwi lolf feawe r
chall enge of beingnttleenssevceorsd umaset odn @rmr oy
a challenge that can be overcome by scali
(2023). Achieving this goabewoluhdsaflied @k
friendly. As reported by FAO and WHO (20
extensively discussed, identifying al/l p o :
final product . Thikse patp parloocancghs iwd d |t hhea vceo nttor
traditional supply chain in order to guar a
reaches consumecrad'e -ufpoobdditeasd i dsarwiel | be nee
possi bl ei mctrg tarcdd |l s@louti ons, which in a nal
(Zhang et al ., 2023) . This step wildl have
where cultured meat struggles to find favc
taking | srael|, the first country to regul e
model . Clear regulation would certainly m
some of which is currently unf aveoturaalb.l e(.2 OF
it iI's necessary to i mplement a multidisci
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As previously reported, cultured meat will

meat one, but will open new commerci al Wi
starting point should replicatea tphuopeosefs
for i nitial mar ket penetration, and then f
et al .Il,n p@2AR).I el , the high and flexible t
al so allow for a greatiengfproaduon awmdt pamek
further customising flavourUl tmnuwmiatiet iyondlhe
demand for mar ket diversification and the
scarcity, as well as justifying the mar ket
to position bewletfurcedl meat as
CONCLUSI ON

I n conclusion, cultured meat could represe
whose future introduction into the marke
perspective. Thle giusriraetnitv eE ufrrogpmeeawior k f or
precautionary approach based on the assump
prior risk assessment in order to safeguar
out at evtehrey psrtoadguec toifon chai n, more precis
proliferation and differentiation, to the
solutions in accordance with EFSA warning
tansparent production process, woul d all o
opi ni on, still today divided on the posit
future markets, which will most |39&edgpeatr
mu s t continue to be investigated in order
growing demand for market diversification
with food scarcity, in addidfi oaulttour euds t md &

present an opportunity to position cultur e
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Mi |l k whey as a sustainable growth suppl en
cul ture

T.Sundar &m GibPr oORmi nReDuc & ia rEz o Pi&t r Gahf.li oCh el i

Department of Veterinary and Ani mal Science (DI VAS), Un
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for -BMeildlg and Environment, Universit”™ degli Studi

ABSTRACT: wnetarto cul ti vadigen, naocattongin f
represent a mor e sustainabl e and et hica
conventionally grown meat. An important ct
the use iofe fsedaradm b(owBS) 1 n cell c uilktwhey e me
is a nutriervrich liquid portion of the milk, derived as a-pyoduct of dairy industry. Similar

to FBS, whey contains proteins crucial for nutrition, cell adhesion, and biomolecular

transportIl n t hi s study, we investigated whet he
supporting muscle cell cultivation, usi ng
serfumee conditions, cells were trebt@d wi
1.25MA 1. 25%, BSA ML Q@ 50%)6L74%,d. L 5%, (BSA 0. 15
concentrations of individual proteins that
response study. Cells cultured i a oelgnptba
control, and 10% FB&8I| s wempesmai veaicomadrio

for 48 h (todsapport nyoklastdorolRejatiosubsequently, all the treatments

were replaced with a standard low mitogenic 2% horse serum (HS) medium until full
differentiation (day 6).T h e treat ment effects on mor pt
dehydrogenase release were assessed after
that WP eceélimupradleidf e ateiecem glomaila rt | soenrsy m s i mi

control, and subsequently facilitated myo
were switched to HS medi a. Af ter di ffere
expression of <cell di fferentiation marker

under went noolrgrhgpdsmpgfisabdamw ed cel |l s to fused
i n contrast t dhis rstady adémonsteatesctimhWR ard a promising and
sustainable alternative to FBfaised growth supplementsr use in cultivated animal
products.

Keywords: Whey proteins; Fetal Bovine Serum Alternative; Cultured Meat; Cellular Food
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I NTRODUCTI ON

The gl obal popul ation is projected to inc
reaching an estimated wor | d( FpAo(,u.l2altGi @) nF coof
and Agriculture Organization anticipates ¢
sustain the grPAO,Nng2 POP,ul Kkeatoinng et al ., y
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al ., . 20B8) continuous rise in gl obal food
Il ncreasing greenhouse gas emissions, forec
resofyikKeas i ng et al .., ReOcledn t Madkvkaanrc, e n2e0nlt8s) i
and bioprocess technologies have introduce
me gtGaydhane et al ., 2a0n1d8 ,(WMeakZiza opbio et al . ,
Sl ade and Zol |l mapdbtioimasal RY9Y23qul tivated n
myogenesis in muscle celllSvtagmawetoml edi RIOE
al ., 2018, Lanadhmil edtli kali.s, d2e0r2Z2v)ed fr om ma
recombinant bacteria andiydaDdt (odemaddtybrosu |

et al .Cel2G21T)dmquivcriuvddt ofvoart i on can be obtaine
freshly fertilized eggs, thus eliminating
extensi v(eMeflazremienrg et al ., . 202, nAzhmarenét mi
culture contain basal media suppl emented
glucose, amino acids, vitamins, | ipids, ¢ceé
components for o¢6pstmabntledlewevoawd® d3) he ch
replace FBS in cell culture-t#adich dwae itad i:
hi gh (Gsdtraunt hal er, 2003, Kar niLeilmi teatt i aln.s
FBS application and the | ack of suitable |

culture conditions for devel oping more s
production of cultivated fomdsi nBeaéntelynat
derived {Go@aplanes al{NgaekOO&B)., 2020, Yam
mi crpoV¥Yemskatesan enhdapt 0o d@dH2Ryst el Andr,easse
and ev-was(f®hrdi st el Andr,eawlsiemh edamlpar t2i0alC
replace FBS i n mamma hicrealyaeexracts was shbwn toprensote N o
the growth of epithelial celléNg et al., 2020, Yamanaka et al., 2Q28yoblastgYamanaka

et al., 2023)and mesenchymal stem cgldg et al., 202Q)Interestingly, in another study,
hydrolysates of various food industry -pyoducts such as cod backbone, eggshell
membrane, egg white powder, yeast extract, chicken carcass, and pork plasma, consisting of
approximately 215 amino acids, was shown to enba myoblast growth and metabolic
activity (Christel Andreassen et al., 2020yhis study offers valuable insights on

transforming food waste and 4pyoducts into sustainable and ceffectivec e | | cul t
components for u s e(Christel Andreladsan letaat., 2G2B)ir i k ul & U r
compl ex biological fluid, characterized b

s e r Bamover three decades, studies have consistently shown that milk whey and whey
proteins (WP) support the growth of various mammalian cells, including myo{Basftsrd

et al., 1995, D'Souza et al., 2028)lipocytegD'Souza et al., 2020jibroblasts(Belford et

al., 1995) lymphocytes(Hashizume et al., 1983 gpithelial (Belford et al., 1995)and
hybridoma cell§Capiaumont et al., 1994 ssentiallywhey is a nutrientich liquid portion

of the milk, derived as a bproduct of cheese production in the dairy industry.
Approximately 96% of the lactose, 25% of the proteins, and 8% of the fat in milk reside in
whey (OlveraRosales et al., 2023The WP fraction primarily comprisésL G {6 $ 3%) ,

ULA £2B2), i mmunogl obulins (8%), se(Bamtal pt
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2015, Mehra Addati pn202 ¥¢pr owheiyncoint aogesn oo

organic acids, essen(tOlavReommaah esales  Tademsce BO\
components modul ate diverse cellular func
structur al organi zation, met abol i sm, i mm

bi omol ecul es such (®$ vReoestatl ye sa ceiNdbdaddn, ¢ ,2i 0rRa3n)
proteomic study has profiled over 1500 WP

mi | k., relevant to(lktiheet .aPBNP ual 8Po2 psaetrhvwea yas
brancheaedn amino acids, which regul ate gl
skel et al (mMosrcilfeujcieldBoaéver 20009mited evide
I mpact on the myogenesi s of -xhepcliegedelklt

condiDuentso. chall enges in establishing pri
myobl ast <cell l' ine I s widely wutilized as
cel | mechani sms, including itihewmietgbgeonbksi 8:
(Jaques etPabvjide@z2appropriate culture cor
di fferentiation into multinucleated myot u
pri mary mBPsebentky)] swe assessed whether W
proliferatHonmreuncdenrdi EB®ns and | ater faci
standard | ow mitogen differentiation medi

MATERI ALS AND METHODS
Cel | cul ture and maintenance

The murine skeletal mus 8rescied) liakey)C2®:
complete growth medium ( GM¥c ulotrurles ftloa sik6s .
consi st@ducfoskei Pul beccods Modi fSedm@agka’
Mi | an, ltaly), supplemented with 10% FBS
L-gl ut ami rAd d(rSicghma Mi | an, Isttaleyp)t,o nayntdio mli%e lgoen
Sci ences, (Rlswaredetdched at-§0Po.confluency with 5 mL of 1X trypsin
EDTA( | mmuomgi cal Sciences, Rome, Italtynypamd
bl ue staininglochetbbd MBigma Italy) with
seededweiln 9p6l at es at3caeldesdsietty ofn GMI fb0O
cytotoxicity assays. For <cell mor phol ogi c
synthase (CSrebhtsawsrze2semii®arGedfll acsukl.t ur e
ma i ntiaa humidified incubatoa 87 °C and 5% C® The working volumavasl 5 0

OL/ wel-Wweliln Pleates a’idak%smL in 75 cm

Cel | proliferation and differentiation cor
At confluency below 60 %, C2Cl2-rtcehl scubtt

conditions provided by FBS in GM. On the
reduced sennumgem Ikowditions, C2Cl1l2 cell s

TO®



di fferentiate tocédlolrmfumyiodnubas bgparetldd e:
ceblt 69D0% cell conflueandytewemtmenpomedi &4 oc o
i ndi vidual WP, or -Al dm ixd¢ u,r eMigli avireyP T aSa llggm)al .
i nvestigate t heBrri efrloy,i ffexggptdirnese dftsfledo/t, s .c e |
with increasi nigb GQUAnAc e nBtSAat ibdMeF BiSn (® basal
cont ai nglnwc chsieg hRMEWMYg &l d a mi n e . Li kewise, to
WP mi xtur e, c el ditmseraugh coacerttratienstltGel @5%ukLA h25%,

BSA 1.25%) or a low concentratiob-LG 0.07%,U-LA 0.15%, BSA 0.15%) protein group

I n b as a.lThemonakmtrations of individual proteins in each mixture were selected to

be below the inhibitory range identified in the dossponse study. Cells cultivated in basal
medium alonewas consi dered as the negative <con
medi um supplemented withCe&IBISs awe rteh emapionstia
treat ment me suppart myablast ptolferation. The cell seeding density was
optimized to achieve complete confluency at the end of proliferation stage. Sefitbggun

al | t he e x pethe treatmentaniediagwere weplaced with a standard; low

mitogenic differentiation medium containing highucose DMEM, 2% horse serum (HS)

(I mmunol ogi cal Scji2ncmeMsg lLuRameEinlépemdilgi)l | i
streptomycin. Cells were maintai nengotuben di f
formation. Fresh differentiation medium was replenished every2d@dyse t r eat ment
on cell viability and cytotoxicity were acf
proliferandownayt &ge,corresponding to the ¢
oxi dative metabolism and cell differentiat
Prior to cellular assays, time points for

through microscopic observations over the

Cel | mor phol ogy

Cell morphology was monitored throughout t

an inverted |ight microscope with a 10x ob

captured after days 1, 2 (celnlti matoloinf ert at

mor phol ogy i mages represent cells culture

mi xtures. Four fields were analysed for e

i mages were shown in the PrBeSs uplrtiso.r Qeol |ismawge
Tabl e Treat ments tested during the prolif

N o Treat ment gr % applied

1 Serum suppl e FBS1 0%

2 b-L G-100 %

3 I ndi vi dual \ UL A -100 %

4 I§SA-10%

5 WP high concent b-LG 1.\2L5A%,1. 25%, BS

6 WP | ow concentr b-LG O.WL7A%,0. 15%, BS

YM



Cell wviability assay

Mitochondrial dehydrogenase activity was assessed as an indicator of cell viability and
proliferation using theXTT-based colorimetric assaynmmunological Sciences, Rome,

Italy). The assapuffer was prepared and applied to cells (25 pL/well) in-av@b plate as

per the manufacturerds instructions. Subse
30 min. Then, the absorbance was measured at 490 nm in a colorimetric plate reader (Bio
Rad, Milan, Italy) and normalized against the background buféarsored at 630 nm.

Lactate dehydrogenase release

Lactate dehydreogeeansaes ei n( LcuH)t ur e medi a was

membr ane damage and cytotoxicity. For the
an equal volume of CytoTox 96 LDHveddf fpdrat
and incumatedpar atooe for 30 min in the da

measur ed iant a4 9cOo | nomm i mEBio-Radcltalyyd nad en aremadleirz e d
the background buffer.

Citrate S@raatine Kitasea @atnidvi t y

Mitochondrial enzymes such as CS and CK, which are key regulators of oxidative
metabolism in differentiating muscle cells were assessed as indicators of myotube formation.
After the treatments; e 121.s5 %li n1@ul ture fl asks were rin
mL of 1X PBS. Ceckntrifuged a p080rgdor 10 mia to abéain the pellets.

FortheCKassayecl | pel |l ets wer e hoommlgdke npozteads sinum 5
buffer (50 mM, pH 7.5) wusiregviame, ulftoraddrei
pell ets were homogenized in a same v-0l ume
Al dri ch, Mi | an, ltaly). Subsequentl vy, cel
foll owed by i ncubation wi tals rpeesrpetch & venam
instructitAdrdg i c8i,gmva | an, ltaly). Absorbanc
assessment of CK and at 412 nm for CS, res
wer e nor mal i zed againsatt i ohe det al mipmed e ib
(I mmuaogi c al Sciences, Rome, l'taly).
Statistical Analysis

Treatment effects were assessed bgr2-way A NOVA f dukdy posteod tesb y

u s i n@raphHa&Prism software (Version 9). At least three independent experiments were
performed with three technical replicates. All data are expressedra®tlaeISEM. A value

of P < 0.05 was considered statistically significant difference.
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RESULTS

Doseresponse effects of FBS and WP on cell viability

The -desponse effects of FBS and individual
assay are reported in Figures 1 and 2, r1e:
stage of C2C12 <cell s c tlOt% roefd FiBnd ndeBd i YWiPm fIce
treat ment medi um was then replaced with

myotube formation, repr-eseepbedeastday, 6¢ce
DMEM media without any additivesnwlkingurce®n:
1, FBS concentr-adP®Ops OBt deennd. 5he prolif
10%P=(0. 01) during the differentiation steé
compared to cOlhA roilgniSfiimdidmtrily,i mproved Vi
range betfOwSd8d®w ORPEBMagO0OR2) compared to cont

BSA improved viabili#ly2&mwo@day) 2( biegween 2|
concentrationd ABHYOV@E2)2 . &A% DoBDIN 1() megat edel
cel | growt-@) .( FFrgrutrerer2, A during the differe
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Dosesponse effect of WP on | actate dehydr

The effect of individual WP on cell me mb r &
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compared to the DMEM contr ol (0%) (Figure
stagel. D5MBLIGR<0. 006) significantly reduced
other hand, &@Gdmimdtswdea PBOIDOO01) significa
LDH release during the proliferation stag
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dehydrogenase (CRDHY? Daegl Hlasseadi 2 corresponds to cel
without WP treatment and day 6 t o Dadlal adief fnemr enatl ii

against the DMEM control and presented as mean N S
control within the same time points are indicated
6), ®POerfP4< 0. 8MOI10. 0865 gni ficant differences be
concentrfaegrn emt atti e fpoints are indicated

WP mixture on cell morphology, mitochondrial activity, and lactate dehydrogenase
release

Two WP mixturesvere prepared as supplements for the culture media, and subsequently,
cell growth andlifferentiation were assessed. The mixtures consisted of a WPHhigh (

1. 2 5-p4 1.2%%, BSA 1.25%) and a WP 1o-{G 0 . 0 7-E4 0.1%%, BSA 0.15%)
concentration group. The concentrations of individual proteins in each mixture were selected
to be below the inhibitory range identified in the dosgponse study.

As shown in Figure 4, cells cultivated in both WP mixtwsleewed significantly increased
viability on day 2 of the proliferation stage compared to the DMEM confred 0.002).
Notably, the WP low mixture exhibited the highest viabili§y £ 0.0007), indicating
enhanced cell proliferation. Moreover, this groyptiomoting effect of WP mixtures were
comparable to 10% FBS group. Although thW® high mixture improved viabilityP =

0.002) on day 2t also significantly stimulated LDH release on day® % 0.004) and 6F

< 0.002) compared to the control (Figure 5). Additionally, cell morphology analysis as
shown in Figure 6, indicated WP mixtures to increase cell density comparable to 10% FBS
between days 1 and 2 of the proliferation stage. When switched to HS media, all treatment
groups stimulated myotube formation, as evidenced by the elongated and fusélefibre
cell structures observed under the light microscope. In contrast, control cells cultivated in
DMEM media alone showed poor proliferation and differentiation (Figure 6).
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Day 1 Day 2 Day 6

DMEM control

WP low mixture

‘WP high mixture

FBS 10%

FiguMerehol ogy of C2Cl12 cells cultured in media su
(G 0. 0FA,0. 15%, BSA 0. 15%)L G WP DPH5Ag H . Ri5%4, urBeSA 1. 2
mi xture or withobay (DMEMdc®dnteootgsponds to cell pr
FBS or WP mixture treatment and day 6 to cell dif

acquired at 10x magnification.

Citrate synthase and creatine kinase activities after cell differentiation

CS anactCKvities were assessed as indicator
initial proliferation of C2C12 <cell s wunde
DMEM control, WP high or WP | ow mixture),
aativity significantly increased inPthke c:¢

0. 00a0nld) WP(Phggbonida)t coenpared to the contrc
Notably, 10% FBS exhi bH tke & Q0tOH e | HiogMeeds th yC KV|
high mixtQKk easct iwhiitlye was not dOent echtee dotihrert
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WP high mixture showeR= t0.e0 OhDitg)hl eoswe dC S ya ctt!
mi XtR=T e0 .(a0@8 N1 O0R=FBSO0007) compar edTatbhd et h2e) .

Table 2. Citrate synthase and creatine k

Experi mental CK activi CS actiwv

(U/ L/ mg pr (nmol / min/

0% FBS (0 0. OND2 000

10% FBS 20.\ND4 %52 0.0M30°00

WP | ow mixtur 18.N13 %2 3 0. OND2 601

(G O0.WL74,0. 15%, E

WP high mixtu 10.N09 % 2 0. ONDQ 001

(&G 1. @2556,1. 25 %, E

Enzvyamet i vi t ipecss ta sdsiefsfseerdent i ati on on day 6 and |
Data are presented as memmi fNi S&EM. dNi ft fhe me raeh
are denoted by GEPfG.e0rCPniB. D@®PLKe DO DBPWika ®@Boups t
the same |l etter do not dinfof erh asniggeniifni cad tolryi mer

DI SCUSSI ONS

Ani mal serum, particularly FBS, has |l ong &L
for propagating most mammalian cell types.
due to i1its rich abundance of nci etda dheersii @ n f
component s, along with relatively | ower | e

(Gstraunt halNear | 20@83)% of regul atory subm
Admini stration reported the wuse of bovi ne
research and c(Minnemzi apahd.caloweasdkiyer R0

battcthat ch variabi | it yquidntiaivelrs qualitatvdis®ci eap @&mlc |
i 1 vitro cell productions. Additionallypr e vi ous st udi es have hi.
presence of mi crobi al contaminants in FBS

(Gstraunthaler, 2003, Pecorm partilcuyl 210,20n
and emerging species of bowvoirn ed-ovtilbrlavesdeesd TN
or RNA genomes were frequently detected
geographi d&li al edcdatailans 20ELtlhi cPaali nt heatl laeln g e s
about the potenhtumdn ppeatsteorgeniod fnaoont or s i
(Gstraunthaler, 200B8arttiaczioail|l etfat .t 2022
i ntended for humani rc omisttnpd u lotni. v &tl it hvro ulgd's
at | east a decadef,rgaehecdlrlansultti iownattioons eseau
year s, proteins and cell growth (fXawtetr sald
2020) ood rprrdoudyhrisysl Abdyeassenetal.,2020) or nat ur al sc
as pl(a@nfahl e et, all.bhge2e0 8al . , 2020,, Yamtdhn:
micr ¢Weskatesamret ialcreazid2ag)y utilized a
Many of these derivatives were shown to
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(Knowles et al., 2019, Yamanaka et al.,, 2023)Not abl y, components o

cell growth regardless of thélaphegem@eedf a
Capiaumont et al ., 1994, Be.l fAdbrodv eetalall,. ,mall
whey components are commonly found in FBS.

As WP assist in muscle( @atvabet,i ails. ,dry2p0oztsh)e
it could substitute FBS in propagatiAsg mus
a starting point to this interest, we firstly assessed the effestagf o rb-LVER}IL A, and
BSA) on muscle celdegpowsle thabyghsai dose
then determined the safe and inhibitory <co
cell viability for tbBerpedi atvdOoOéomrmtomalent |
the proliferation stage. Our st iy cedodfir
LA, and below 2.5% for BSOA,i fefrfad a toinv ealnyd pl
membr ane integrity, similar to the effect:s
these ranges negatievietlhye ri nbpya citnehdi bcietliln gg rnoi
i nducing cell AlaaholwdH LRPHemslkease iIindicat
effect was not evident at the microscopic
Serum albumins have long been a part of seireen media as they are critical for
transporting lipids, amino acids, hormones, peptides, metals, and other undefined low
molecular weight biomoleculéBrancis, 2010)Our study demonstrates that BSA stimulates

cell proliferation at concentrations ranging from 01185% on day 2, as indicated by
enhanced cell viability compared to control cells. Consistent with our observations, previous
research has shown that a chaatty-defined medium comprising e c o mbi nant h
al bumin (BSA replacement), combined with c
having various components not l' i mited to
growth factorg(6@GFh, faptder mM&GF) , and vit.
of human mesen¢Xymelk . dMorergcenilyd RSB §75 ug/ml) with a

mixture of different growth factors suchesGF2, fetuin, insulin, t
facilitated the proliferation of C2Cl2 ce
(Skrivergaa.r dGieu 834 Istptesen? ibth B FBS and whey, we propose

that the later can be sourced as a potential BSA substitute.

The major component of the WP fractionbid. G lts bioactivity has been linked to GSH
synthesis and binding of small hydrophobic ligands such as fatty acids, vitamins, and
calcium (Madureira et al., 2007)While there is ample data on the growtiomoting

activities of whey, information on the specific effects of gute Gon muscle cells is limited.
Presently, we showedktL G t o enhance cedépendéntd3bdngnnea
1.25%) p ar ton day@. Barliér,ypeptides derived frémh. GU-LA, and BSA having

at least one branchathain amino acid, was shown to cross the intestinal epithelial barrier

and subsequently regulate free radical damage in undifferentiated C2C1Keldes et

al., 2019) In their study, notably, only the peptide derived fifmin Goromoted cell growth
(Knowlesetal.,2019) substanti at i n gLAoenders pultiplessbelogicalout c
activities either in the form of intact protein, peptides, or as multithérsnerdal and Lien,

2003) Its role is mainly associated with provision of essential amino acids, passive
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immunity, and cellular uptake of divalent cations such as Ca arfdé@merdal and Lien,

2003) Similar to the behaviour of FBS -and o
LAwas evidentonday2.Mt ochondri al dehydrogenase enz
viabil ity ahidintprestng fo hatertrat excefpi .G , ot her compo
B S A ;LA, ldnd FBS stimulated mitochondrial activity on the second day of proliferation
stage, which then diminished pastferentiation with HS mediaT he decr eas e
enzyme on day 6, coupled withlimorphebdgye
spishlape t o fused el ongated fibers, sugge
di fferentiabli@nst AmMtbthaugt proliferation é
enhanced activity of mitoehemtdirataillomdedqtyag e
It is crucial to note that whey i s as ¢ o0mj
due t o faaimal diet, Bctation ktage, and production proceddaszynska et al.,

2012, Minj and Anand, 2020, Hayes et al.,, 202ZB) avoid discrepancies in cellular
applications, we decided to establish and test WP mixtures as cell growth supplements based
on selected concentrations of individual proteins that positively affected in thesdpsmse

study. Through this approachgtessential characteristics of growth supplements needed for
establishing welbalanced cell growth im vitro meat culture systems could be achieved.

During myogenesi s, muscle stem cells or my
changesoceéldhg si pwvol ving the activati on, pr
cell s into myntwenhess,vei.s Comesreguent| vy, mus c
of oxidative phosphorylation in mitbcbbndr
ener gy (dkeummazn,d 2001, Kell ey et. aThe i2@@&c¢t F
mi xture on two key regulatory enzymes i nvc
and CS, wer e asse@gisfsfeaelr eonnt icaady o . pdhtese en
evaluated in muscle cell s @a&s riemgekifdathdresyp ne
al ., 2002, Re mel s e.Ouratldy cgleary Shawed e |Xlus egr alli. f
i n media consisting WP mixtures or FBS an
enhanced CK and CS |l evels compared to the
was cultivated in basal me dina aaldo ndei ,f f ex lei
evidenced by morphological observations ar
observations, earl i er, tinpertart differentiasion markerso f (
(myogenic factor bmyoblast determination protein 1 anyogienin) from the family of

myogenic regulatory factors (MRF,hown t o I neneaawsve di IC2Ler2u m

24 h supplementation witddepe@e¥demey maomeent
mg/ ml ) and then dif@fXueatt ialt.ed W02h) HS mec

CONCLUSI ONS

Il n our experi ment al conditions, WP, i ndi
stimulating muscl e celfremrod¢ulftturae i ocron ai
subsequently smiittocgheendi ct oHSa meaw u m, t hese

f o r malthi® mixture established in this study could serve as a sustainable cell growth
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supplement not only foc ul t i vated meat but al so cult
productions requiring a defined alternat:i\

the WP mixture can meet nutritional requir
essehtaralkcteri stics of FBS, such aWhidlegdel ac
C2C12 celll l ine is valuable for this study

compared itho visvkol s daebhf ondohgsuwrehtprimary
i s es s entfurthdr studi@ere inekded to explore the impact of WP on gene and
protein expressions related to MRF and mitochondrial metabolism. Additionally, the
valorisation of whole whey serum as a cell growth supplement is an interesting aspect for
further study.tis also crucial to replace HS during differentiation, as with FBS. Therefore,
characterization of other whey components
HS substitutes.
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Genewmalcl asi ons

The escalating demand for food and feed, d
resource constraints, underscores the cri
i nnovative protein sources. Thiiso hdheffsfiesr eenn

promising al-baesedt povdadded heghmct soal gae, and
me at . These sysdreansly eweedteh eniort epsontbepoetl i ah dt 0 ¢
production but al so evalahitleidt ya goah jnesdt itvhees
policies, such as the Agenda 2030, the Eur

Hempaspdoduct s have shown <considerable pc
ecologically sustainable alternative in t
highlighted its high nutritional valwee ant
t hr ougihn bwipthr @ a cihre sv rainall on All &ayiorugg hhdrhse. s
|l iterature reports numerous studies on the
t he dpoeubnyl aying hens in teamameft egrsqgwtt In
t hersedascshend | ar results 4dpyoenmicanciimgear hémg
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