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ABSTRACT

The doctoral project focused on three resear
intestine targeting: the development of a mi
in the formulation of new ifrunwiddeénsalo ff otohdes ,i r
tract, aimed at providing new technol ogi es |
interactions with probi ethicapsitbatedepncapsul
drugs.

The first focused on devel oping a mi cr oen
el ectrohydrodynami c misot o.diaicpibmg i d flwagse If lea m
used as a model probiotic to optimize encaps
evaluate encapsul ation efficiency, probiotic
cell s retained high viabi lriet ys haomwne miteot @b o leic
antimicrobi alEsadttirvieahgtanmellmosdeu ctthheon of huma
def ensi MCaz2ooinnttehset ii mala acelmp alrialhbé e manner to

The second partinnedDtmedetreftthg Bntestinal

2 cells on el ectroopuwd ytcwmlpu lod ra ct manfef alnds pmd d
materials mimicked the structur al and meche
scaffol ds, in particularthdeaiifbeedmoeasreitcaple
strengand piezoel eAtcust@emopeertdiag system we
uni form cell di stribution, and a bioreactor

to the cultured cells. Biological assays con

The thirtfdocesewashthe-pcieaedormsbafifvalsd Dg
hydr ogel sgelsautcihn amgGehlaMarygod wi( et hyl dnacrgylyatod

PEGDA o replicate the complex architecture
microfluidic device. Parameters | ike polyme
fidelity were optimized to produce <cytocom
prempti es2. cCddos adhered well, showed high |
di fferentiated epitheli al |l ayer aahfiignmed wby
mol ecul ar and pliheet &lc @0 anaxcdayeiarsewo uat paeiefift si o
flow rates, which wil!/l be exploited for futu
Overall, the project provided nienw wvilowtldso rf mg

for studying gut epithelium interactions wit



RI ASSUNTO

! progetto di dottorato si ~concentrato s
i nnovattaergeeiregti nal e: l o sviluppo dii un s
probjdoat iicmpi egare nella formulazione di nuov
mo deiln iwietlr ot ratto i ntestinal e, finoalstzedito
del | 0epi t eel idoelilnet essutei nnanlteer azi oni con probi o
La prima parte ha riguardato | o sviluppo di
medi mhteodeil pptngidrodi namico di soluzioni a
utilLazabbacil Icwoanef eprrmédritoumco model |l o per o
i ncapsuédamenr bex zl adre f, f ioclitevniezt azall il ta” e | 6attivit
probiotciaps Wwleatciel l ul e i ncapsul ate hanno mant e
met abolica, di mostrmndoolinchedErmmn®ratacecbvbat cal
capacit”™ di sti moldeerfee nlsa npr awdnazmiao n2e ndeil | bae tla
Caeo in modo paragonabile alle cellule non i

La seconda partel deddil duvrno rinoo digdD tl pbred vitgtad t o i n

coltivandel IceCdetoh sa aftfwhdodl ar i realizzat.i tre
composti da policapimal atsonéfel geheacoithepi t
struttural: e meccani che dseclafifomonhBdAN nh & o naf
prestazioni superiori,rersasitenakl amemaggi eneéer
Sono isntoatvir Ritump si st ema di semina per garant

omogenea e un biouvesatt®s® mpPecc apipes calitece s 8

scaffodol daggi bi ol ogi ci hanno confermato una
La terza | inea dio rsivd @ ruspeaoftofaoilrid pgutt d rl d &Zteaa nd o i
come GCe | MAGDA per replicare | 6architettura c
all dinterno di un |dipsap casnmettiroimodns tesrttoaf m pudi tdsi mioz
di prodafcfrelocompati bili con propricdal’l anelcicmen
Cae€eo hanno mostrato buona adesi one, el evat a

strato epiteli allea dt ¢ p @ gsecaridefaotidlde Cthef sremgat o d
mol ecol ar i da spropt gtme/toen oplletlrrfeu suinbanepeont uhuai
in regimi dinamici

Nel compl esso, i progetto ha fornito nuovi

piattiafmowmanaate pe@pil obelsitwadi ot eetdilnal e
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SYNOPSYS

The doctoral project fiomcudhed formmelwoe & rods ematrv
intestinettar gletvien@pment of a microencapsul
in the formulation of new ifrunwiddeénsalo ff otohdes ,i r
traadtmed at providing new technol ogies for i
interactions with probi ethicapsitbatedepncapsul

druBsobiotics are defined as '"live microorg
amount s, confer a health benefit to humans.
confirmed by an expert panel i n 2014. Probioc

digestion by degrading undigestchodfiant t g mplk e x
t hat change the pH of the colon in a manner

and inhibit the gr oSitrhc eo fo rpaalt haodgmeinn ics tbraacttiean
of taking probiotics, functional foods suppl
classify a microorganism as a probioThics its
i s whrerwodeds of the gut fit in. Cell cul tur.
of research, and they are critical in the ch
characterization of the bioawvawkhbilaist t ha&ndb

various gut diseases, such as cancer and chr

The manuscri ps$eveshaspttreuwcst.urTghde eiciihhpd es lsoratr es e
ti tdiemd of Ot,hewhsitchdysucci nctly provides .a cl ea

ChaptRErovli des an extensive i ntr odupcrte sbenetosf t t
state of taremaet tt hod & thtelscer 6s opi ni on on curr

Chapter.RepRortto a4l |l the experimental activitie:
to one research topic. Each chapter khagi ns w
researaddrgeasps e d, foll owed by a summary of t

extendetvaillys the materials and methods used,
The specific topics and outcomes of each res

ChaptebDevZa.l opment o f a probiotic mi cr oenc

el ectrohydrodynamic microdripping of gell an
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efficacy canvdi apbriobiitoyt aanfdt earf tteheer sp re@oscaegsassoend) by
f ormi n@F JWcroiutn t ( while their metabolic activi
producti on. The ability of t he -2c hcaerlgle dl ipraer t
determined MhwymguaibteitfaydBnERf baos ihgreaa® @E@x@ame&ssi or
protein ,pramddudthieanr anti Rischebiaths @b cwdasygdag
the overlay soft agar assay.

Overall, t he vari ous characterizations car
el ectrohyErHdmy camide i pping techniqgueenand t he
probiotic cells wiparini tkleeespmantgr it>h eafr tvh e bmild
the cells were able to grow both within the
simultaneously prottuoitngsandtoelt@dasienmgi posime

for the efficacy of the probiotic after admi

ChapterDe¥el opment o f an2 imelvlist rgor onwond ed n otf u |
pol ymenrif grod dwsedde ct r osfpicnnsthagm s.aeadli mg bs s eam
for mechanical stimul ati on.

Te secondspandty dfoctulsiedd on the devel opment of
ofel ect pobk pfomiaelrer s, d e siignn edliDttrio;n tgeesnteirmale mod el
t he | umen oHFoIltyhcea g rradiasapliooirgea o r WPIA NG It uweilraen g

el ectrtrospunduce melsttagasfa mged i dempactly in the
tubul ar Sstructures, mi mi cking the basement
formed. The morphol ogi cialz,oepheycstirciacl ,p rnoepcehranii
and PAN scaffol dBhevegeafifnoviedsst i weatRe deu Il tsu ruesd
di fferent bibdDl®eaglilcaderc,oagelngtsi i and fibrin),

compact epithelial | ayer was evaluated. PCL
respectively, with adequate diametaildd oavmachgpo
the formation of a compact epithelial -barrie



2 cell adhesion, PAN fiber networks best met
hi gher mechani cal strength during expansi on,
pore size

Subsequaertldy hgwaassy s tl e ubeal soepde do n-h @ losghet aap anbelre o f
homogeneous!| y odiihsep erresliantgi vecedlyl sl arge surface
the tubul ar scaffolds. Arlieact h ®ahk eoanod lewautl ieo rf

cel | seeding, whi ch Was2acpedrl fsowsnepddd ebdyi c o(nm)po% r v
and col |l agemwt)p espotliidiee o@Zs®% & | a gbeans epde psioel duet i 0 n s
chosen forWMlagyngelleBmol(bgr eal characteri zati c
Al amarE mdtuebol ic activity aepaywialdoseopy,oba
fluorescence microscopy vy eobstaanidiNgi riagmi €yNjnoep | a ¢
phenyl indol e (DdABhlydr ochl ori de

A bioreactor capdbolreceossh pioa d d wolhearbgn fraard isaclaf f ol
al so developed anddegedn mhearmiolsysi best ge.o mAt
per f oramemdp btyer asGARMuUed deés&KiFg mya@tdtyer pi or eact
assembled and programmed via Arduino2. This
to I mpart mecha+i cell | st rggsoswnt d o€aco and 21

preliminary seeded-mayeemp/lsdayirng t he custom

ChapterDed el opment of-ommi p nmoddlroprscchd ded dv i
procesoirngt3bDg, based on hydrogel s.

| n wiotdred s are critical for studying the c¢omy
and microbiota in aeclo®sttalrcbedobepvybebdmestop
of a n3 Dmiotd,/pdr 0 d us eddiggi t al | i(®bP3 Bpr 0D aqé sabg reg

mi mi ¢ the complex topographlwndofemiwaddadi naal
mi crofl ui d¢i eonfd elva lccer.atAory syntolygGelzMA) gahdt i
mol ecul ar weight polyethyl erde Dopnl peckodsampdli
Eagl e nieMEMwas( used. Production parameters,
met hacryl ati on, t h-ey cdroonpelsi s obat iodn t (hgo lpyrme
photoabsorber concentrations) | atelxep otshuir ek ne sny
and the intensity of the | ight radiation pov
formul ati ons were analyzed to characterize

rheometer to fibedwekhe beastbal amndéherse afntde rp



the two best formulations were evalwuated fo
di fferent t2atciedn sof Caco

The desired architectures wesruebsdbttaitned, Gweil:
successfully synthesi zed, adteirenvi sgabhilghy
ytocompatibilityPEGHhA ocempgcsdetdS Wewth)A9a 0d
8. 5%(wtth) , showgheanahdst oweislesgprecmo dwell y.
|l osed devi ceisdevd tdhqgbadr0e Oomhannel s were produ
erfusion of the culture medium 8vwaslaC s@le/dmio

c
4
c
p
Both compositions showed good cel2l caetltlasc h nien
3 and 7 days, the Resazurin reduction assa
compositions, both incbh€etdtareggyandbib@fternvmdan
viPahal | oi di n/ DwRI ¢ fotweeidnitrhge f or mati on &®¢fo a co
be assesfseld,ohwddiand i ol d.Reovpeorgsrea pthryans ca h gitn on
acRPCRranfd protein quantification anal yses
l'l's intlonesnt®mmarcyteas.cl owaed de welothp aad dii ct @r

pography of awoddul aabnlde cmeycphfasna lcésad p gporap etrhte

—
o O o o

adhesi on and g2 ocetlhleof t he Caco

ChapberPr avigeesr al introductory discussion w
altodetomera gl oball tpeéemrss pdéemni-sdeecvtiidoends iwnh itchhr esep

di scuss in a detai |l edearam nreers et ahrec hr epsrud st esn toebd

Chap68rmmari zes al l the research outcomes an
need to be addAeédisteidoion!| pympsenwvtsl.t he aut hor'

future research directions f or each of t he t

ChaptTletr i s an appendidxe pathha tolif s ppsi oevziodeel se catnr iicn p
PAN el ectrospun meshes.tbtcoonéantonal az,brithkeé
t he mater i dsl sseacntd ometahnod bot h the results o
decided to separately discuss thisssésdlyt sns
are exdred spavridetyi al | yreekatetd poesbeted in Cha
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pctor adistpt @gtteheet devel opment and character|

h a focus on probi oti.c Sipelciivadr yat # edn ¢ii mtne s

el opmemt viooftdiet®d® provi de better reliabl e ce
ch specific intestinal functi onGi vern otltve n
wing interest -pirrmmmrnomigotiings eals ehéal thla ke
uring their stability, viabiilntwiodeadmhs €bf
dy their interactions with the gut epithe
address these challenges, this research p

Enhancing probiotic delivery by developing an encapsulation system that protects
probiotic viability during processingstorageand digestion while ensuring their
biological activity in the gut.

Developing advance8D in vitro intestinal models to better replicate the structure and
function of the intestinal epithelium, providing more accurate platforms for studying
hostmicrobe and nutrient interactions.

Bridging the gap betweeprobiotic formulation andtheir biological evaluation, by
integrating novel delivery systems withvitro models that enable mechanistic insights

into specific aspects of the cellular microenvironment of the intestinal epithelium

combi ni ngadexamecretdi smaniuf acturi ng, as wel |l
racteri zatitonmawomtki qbiese t o the broader
i gn, evaluati opmobawndi ef f ®c miuf¥an e teisnosrodel mpfl o
met hodol ogi es and models developed in tl
earch in food science, mi crobi ome studies:¢
the field of functional nutrition.
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CHAPTER 1

| NTRODUCTI ON

1. Fluncti onlail s{f opsgdrsspecti ves and chall enges

The tfewoumctional foods" originated in Japan d
ambi guous as they are regulated but not | eg:
l ed to the absence of][ BGefnoerrnaall ys ¢sapradedkoi rnyg , d
accepn e dsd anfpil rei ft u ot iodoah finfad wad s | or industr.i
products that, when consumed regularly as p
provide health benefitso[l¥bnd 1B@9iEcurmptmrint
Commi ssionds CorFaarctted nAtt iFmmdonSci ence in

|l nternati onal Eiufr egpa®vcei ean cneo rlen sdte ttavitleed def i n
foodn beadefmichieidindalt i s satisfactorily demon

or mor e tat gett hfeurbmomtdiygnsbeyond adequaté nstr
relevant to either awe-bbnpmrgvendd/sdratree du c thiean

Functfiooondasstmr emain foods andei heyefmest sdemor
can nor mal | ybeb ec oenxspuencetde di nt op hke |l di et :pcaarpte volfa s
a nor mal ffdbdd patterno

During the |l ast years, functional foods hav
chronic diseases. ,Tshuec hbuarsd ecnarafi ovamsdiutl iaon sdi
intestinal infl ammatory disorders such as i

continues to rise gl obalbays e dnaikn tnegr vngaretr ipam £ ni
than[ eyMEounctional foods are emerging as a us
due to their action over unddifhgihignphpabbopbdeg
and chronic disease has | ong been establishe
that extend beyond basic calorie or nutrient
ome@afatty acids, tipobytodantesohas ahowmaneffic
profiles and modul ati[ng , i rfSf8lja mnaartl oyr,y f mpatdlswa
probiotics and prebiotics support the gut m

regul ator of systemic inflammation and met al

11



rel evant in conditions |ike type 2-gdiaalket es
i nfl ammati on [a9]e,. c[olrOe] f eatures

|l nfl ammatory disorder s, Il ncluding arthritis
diets rich 1in bioactivesanld kpeo sptiodigdpthiecosol e ¢t i
act on oxidative stress and cytokine produc
ameliorating insulin resistance, i mproving

responses, placingi hvastwote ntalf @rfiaNmyy&lnazesaimon

devel opment of ¢tcemomededmhlancoodgstarcee bi oavail:
active component s. Encapsul ation technol ogi e
t hat sensitive compounds | i ke probiotics or
ef fec[tli]Jv,el[Melal[nwhi | e, fermentation techniques

wi t h bisuobascttanvceenr ovi ng both functi onall2iJty a
Howe,preaperly testing functional foods is cru

and ensure cpBpUWwRmegrorepaketsyci enti fnc vwe-teabuat

eval yangdahausti ve aoldi ntnejtad Ic ss1 oeusssent i al t o
bi oavailability, efficacy, [alnd]Wne blhani smd uctt
the potenti al ri sks of contaminants, al |l er ge
the perce|[ ¢t O shenefittheir potential, chall eng
foods for disease management. Ensuring that
food matrices and during digestion requires
framekwso f or functional food cl aims must evo
fostering industryitadivea nciermentti ons in this f
of personalized nutrition, wherein functiona
and disease rcoewmbi fTddswiapbradcances i n bioen.
solidify the role of functional foods as a

managgnmefuncti onal foods hold significant pr
chronic diseases, offering a proactive and a
i ntegratirnigc hbifooaocdisi vient o daily di et atet e spat
symptoms but al so[f6hAgetscti kaitn frcoundause and
functional foods is I|Iikely to expand, heral d
tools in chronif3Hdiskdbke MmMaBhgement

12



12Pr obi oti cs

Probi oti cs darvee dmeifcirnoeodr gaasni sms whi ch when ad]
confer a health bemeTfhits odeftimd t{lommarme)st abds
reaffirmed by a plalh&]lToofcl axperdftys ai mi Z0bdbe a
benefits must be rigor ouwslsyi gwnaldi diantde da.d eTghuiast
clinical trials conducted in the relevant t 8
reviewed[ 1.7t eratur e

Probiotics have attracted increasing attent.
food, and public sectors.t Geosvanghphasi shty
perception of mi croorgani sms, moving beyond
i nformed understanding of t[hleGi]rd nb e@rae fail d ied | wr
scientific advances, public awareness .and ac
Thg obimatrikcesi est cmabp8@d | USDm 2024, expected t
bi lUSDby 2wWi2t9h a goomwo mmpd @t odn8 % du2G249t he
per?f a8hile there is a widespread belief amon
t her e piusbdstmi liln anderstanding their definitio
of action, and the best sources in food and
incorporated into many foods, bever agest anc
scientific evidence to support any health be
[ 1.9 the scientific community, J+eweawbéin s htelde
I nternati onal Scientific Association for P
consensus panels to review and pupl.6 pThh eéshee n
panels concluded that probiotics play an ess:s
identified and applied in various hd®llth con
Rec enMalryt i n J.GIBodraisae r DBaanljdnmy utelze d oTb dmweing iabblye A
Ext i ngetviiodneon ¢ ehde too/ve r u s eo no fh uamatnisb iaontdi ci,dns t he f
destroyihrygi bhegitcaaflu romibordd keisqga ahnudg efeu eilni ngb e s
di abet es, ast hmaThiasn da sfpoeocdt allelde rtgo Husmhaen d e v e
Mi crobPromect TheMP)i mary HMPsass ohoo€r ¢ dtee c omp

resources for characterizing the human micr

IFAO/ WHO, 2002. Guidelines for the Evalwuation of Probiotics
https://openknowl edge. fao. orgd/5beBDEM/26Fi3/5QHBR&/6H ictomntt rema ms/ 3
https://www. mordor i-mepedrlti gleparckteicotm/dsndustry

13



mi crobiome influences human health and disea
in 2008, focused on profiling microbial con
di verse body sites, i ncl udi ng nthes tniansaall tpraasc
urogeni’tTHester aecftf or t s further undmirclryoabi loe
interactions and the future necessity of pr
t ool for probiotic straai muahdensftfanditngnahdf
as in future bactsgDdtherapy devel opment

The mechanisms by which probiotics work ar
depending on (9hmvepeeidfi &l shoboagh many of t he
identified, further research is needed to de
structures relate to theeéer moiRebaby essc hheenaalt ti lz ee
Fi g@Xxeroppbi otics interact withahotohugbhhdedi bober
compoper®eant heir ,okey | s meectifafdbicod 9 ¢ products t he
met abodinntfelsuence the microbiota by swepmmersti ncg
feedlin@gltering the gut environment (e.g.,
mi crobes for nutrients angdpédinfdi mgarmstiitleact eam
These effeotbs mamnabkemprcobi otics to provide
in conditions involving the overgrowth of ha
[ 21] ,Pr[o2b2iloti c effector mol ecetepgt cwramn @& xgreq <
intestinal epithelial cells, enterfozh]d,oclr2 le
These interactions give rise to localized ef
barrier integrity and i mmukemoduokptoon) (eag.
systemic effects medi at eds byy[dltdembh A Ldijsi endd
probiotics can enzymatically metabolize hos
xenobiotics. -aSpeociifaiteds erfffeace or mol ecul es

| i poteichoic acids, exoplalygsapchbaeidss, odanhen
enabl e them-d4medieflifj® 241 fsg ®td9 n
Shttps://hmpdacc.org/ hmp/
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Probiotic
-

. ’-\ Undigested
A ' Biodiversity Microbiota promoting B , -y , GPR4—1 polysaccharides
Restore Roseburia spp. | colonization of: i
RB ,Pmbmucs W) GPR43

tPYY
taLp

fButyram producers spp. | _lactobacilli
-bifidobacteria

@ Enbiglicy -'-!}'élhogcns /
@ ‘ i ens " 1 Satiety
\ad e -
* Intestinal epitelial cell - f = 3
e el @REGULATORY | £

(L)
] () AMPK I PPAR-y
\. INFLAMMATORY

@ AMPK
©nsL (5 ANGPLT
& LPL
C - -fp = 2 by
Ne
(g
D FoxP3 1L xl
“ 1 % LY .lreg e
Q}J,[ﬁa va‘tl“olysu-x:haridi: .
Lipoprotein piie 110 , Probiotics
TGF -:-
\ / / ? 1 T Gene expression
Noinfl
I'LR4
TLR2

Melabnlltes

Semtumn

PAIRIII0002200000032000p2200000000
AR AeRoR0ReRORRT ERRRORORORORPRPR RORORONFR YA RPN PR ORORON |

( ahhhhhhnahnhhhhnihhabhhhhhhhnd
sdassssasss5kss 554500 05555500 5555

Fi gur®r dbiotic meclidQadlsonrsi dt iaen iamd normali zation of
communities in children and adults and compeéeB)tive ¢
enzymatic activity and pr(cCawedtli oand hefsi wnl| atcielld faatttay
produ¢Dihodcayl ati on of t he Elhmmenac tsiysteu tdxidsh.e AMRK ,n /
ki nase; ANGPT-LikengDbD€@€podendnitic cell; FloixiP8 , pd mtr ikdh e ;
GPR, G ipowpkéeaptror ; HSkensihtoirmonki pase; I-IF Nt e d enp tea 1f e |
associated kinase 1; LPL, |l i poprotein | ipas-a&;, MyDS8S8,
nuclear tramBcrPpPhHRomomxf aome-aptrioV atf ecd RY®,cepdloypepti de
TGF, transforming gliokvé hr éaep Hobg mealidnRy, & i TnoiT-d qRd wdiampd er
inte#feron

Al t hough hparvoebimedemsassoci ated wi,th haymyraina da
present dif fle2.%]nTthibhse aalstphe crti,skisoget her to the
precisely assessing their beneficial effects
underlying mechani sms, (&lbtb cpponpil teit wdnyaestdl r ree d
the requiremenabkl| ¥y or && cGgRAIS)lerd talsi s aviee w, i mp
curreanmodedts can pave the way to study the m

that occur when prjobOJotifcad5]are administered

‘Reprowwiuteadper mi ssifons]ufnrdoenn H |iSc@elnis@ed 1r8W0OMBOBr1
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1. Prdbi anfdescti onal f oods

Probiotics target various areas of the humart
tract, respiratory tract, wurinary tract, and
focus for probiotic supplemesitahi @an Rkhealbsby C
chil dren, the elderly, an @.6r nonbu noa ¢ ocrsp rionmi tshee
human digestidoorwnbywomrde ggleisa g lve h ychrmptl e s, prod
chain f atftayv oacca bdisg & htgtk nidiohiomiosi ng t he gr owt |
bact[ex®l]ance the or al administration is the ¢
suppl emented foods Pepbesent &poddeahdsbeate
oppbrobmat ket sales, while the remainder of t|
and ani[ma®lomeedf the most ¢ ommecn LpArBosbci | cataidc s
L. acidophil us, L. casei, L. reuteri, ,L. r h a
B. bifidum, B. brenk®., IBJRgunmh anti s, B. | actis
Some examples pfolip@ptiuincsh i cmmed oOoOpartaéd in Ta
Probiotics must reacadddreatimoadduecte | ki vé&Eias
t hey smusttihee | ondgd hfoudmeyshecondGti eomacof ( nbe
stomach, smeffeichti el ynepattd2 )Sloemel aspEe aif mtce s
sucBi &$ doblaicftaexdda o mo bpalcd f tlaaresemm| o med unct,i onal
as they manage to be metabolically stable a
crossing ,teackitogaichesuhttiecif@®tp., giNB8DErtheses
reported that Ilpaotbhoddiclsl| uosf,a rtBheetl i gdeorbearcal s

(7]

exhibit high sensitivity to si nu3@uerd (Gl tcloa
probiotics mandagege sttahmnesnerheyd evie time duodenum, 3
relatively | ow baicdtog r iCahMh/endeec epratnrcarteiacsn s(elcOrie |
(comprising taurine and glycine residues, <ch
such as trypsin, chymotrypsin, | i pase, and

(from appr oxi mamoell/yL )0 .aOn9d5 tthoe Op.HLG0&F t he envir
probvioabicl i ty sanmd inienttagbsethk nncdal | sséob Li,v dsadhdigpti d s

compromise the integrift¥llof [P32pbiotic cell n
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Tabl &Exlampl es of sopreolipeticati mteH e dfi magd tihred us tsrhye | f
after .Ls.t or algaect obaci |l l us; B. = ;BiR.i d-o bRaecdieorci oucnc; u sS .
Food Storage time  Viability
sector Product type Probiotic and after Reference
temperature storage
B. animalissubsp.
. lactis (Bb-12) and R
Ricotta cheese L. acidophilus(La- 7 days at 7°C D10° CFU/g [33]
05)
. o 10°1 10/
B. Lactis 29 days at 4°C CFU/g [34]
Dairy Yogurt idoohi
g L. ac@ophllusand 45 days at 5 +
B. animalissubsp. 1°C D1C® CFU/g [35]
lactis
L. lactis,
Cheddar L. helvetics, 4 weeks at
cheese S. thermophilus 16°C D10° CFU/g [36]
L. rhamnosus
) L. acidophilus, L. )
Plr.uatapple plantarum, 60 days at 4°C 10710° [37]
juice i CFU/mL
andL. lactis
Orange juice P. acidilactici 35 days at 4°C D10 [38], [39]
gel ' y CFU/mL !
Pomegranate L. plantarum o D1C®
juice ATCC 14917 ~ 2o0aysat&’C o\ [40]
Cornelian o 10P110%
Beverages cherry juice L. plantarum 4 weeks at 4°C CEU/mL [41]
- o 107108
Beet juice L. plantarum 21 days at 4°C CRU/ML [42]
Mlj);til::f:f L. plantarum D1C®
N CICC22696 o CFU/mL
V];ri?]r:;rjlfna;]oar; L. acidophilus 28 days at 4°C D1C® 143]
' CICC20710 CFU/mL
and carrot
L. acidophilusand
L. casei 107 10°
Bread encapsulated in 4 days at RT CFU/g [44]
Bakery calcium alginate
L. rhamnosu&G
encapsulated in 107 10°
Pan bread sodium alginate 7 days at RT CFU/g [45]

and whey proteins
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Once in the | arge intesrabhe, gpowbh(oFelge)s r 6 h me
Howewérn,s area hosts a dense microbial, popul
whepgr®bi otics must compete with the existing
the intesti[nadh emleyussi ollaoygehrc @ h | agipect se need

measures to ensure probiotic whwfilei vabhctduring

Stomach Streptococcus,
<102 CFU/mL Lactobacillus,
pH 1-2 Bifidobacterium,
Gastric lipase, pepsin Bacteroides,
30 min -4 h Enterobacteriaceae, yeasts
Small intestine Streptococcus,
104 CFU/mL Lactobacillus, Veillonella,
pH 6-7. Bifidobacterium,
A Intestinal |ipase’ C’OStffdem, Bacteroides,
trypsin Enterobacteriaceae,
1-2 h yeasts
Bile salts
Bacteroides, Eubacterium,
Large intestine Ruminococcus, Coprococcus,
10'*12 CFU/mL - Peptostreptococcus,
pH 5-7 Bifidobacterium, Streptococcus,
12-24 h Enterobacteriaceae,
}\ Lactobacillus, Clostridium
Figd2&€haract @ thiesttihoa e®@f mapast z oitesaecspthiynsable z ymatci, ¢, anc
mi crobiologi @al environment s.

Furt heprrmoobrieot i ¢ vi abiflartny iims vahifcehc ttelde yb ya rt eh ei
e. dgyophilized, encapsul atedthal ceadyt poersen

procetslse nmat eri al s wuametdhset or agecapsadi &8t oas, |

availability, i ght, moi sf 4.6PF obo mtt e cts, marsd
theiability and functionality without changi
of fdwrdisng their stlo4.Allgee noirnicnown@luar t i M@ V) i n

has been suggested as a charhactneirniismuint npuanbae
probi otCiFdUggelilns t(hemomertucdf adonshwempti on t hat
fruition hoefa(lfeheefeindii ale or ther qg@dUAdcor kifigc

SReproduced wiftkhm@Bdrmi ssions
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the I nter Fetdiearmali omairrex ommendat/CBhM, utphit® it me
dat eni ofi mum dur8a il Isiot, y vari ous recommendati on
di ffreeemdr cher®CFdgchyasal31@Probi JCFHg im g
caeBi fi dolhadcrtler i[ad4 9]

Di fferent methods are r éd@arteied ailuorritnggu sptraoi cnei sns

storage and digest isairc ho fasf w,sred teican aln fodods si s

str[ebsOs]I n fact, specific fermentation stratec
harvest cells at the maxi mal vi gbill]li Hpweatehe
t he most favorable techniqgues used in recent

with/ withoutcryep tacddsia rtsiapda/ndors ot her mol ecul es
prebi ot iecds lhdepeV ¢griagr s

12. Probieontciacpsul ati on systems

The necessity of preservingrobeovital duyi amgd
di gesti on, has il edt ¢eéoesat greatheneseast micro

cells to be used as food sup[pSl3eMectr ®ethae aplstud

in particular, i s consiinneabkeidl iazivreglyertt f @gpii v
eventiwmalolryporating prebiotics. The | atter cal
and activate their metabolism once reached t
environment for mi croorgani sms nogesotniloyn . d
Mi croencapsul ation involves the coating or e

in size from a few micf b.mpTtheer sr eugps am fao rf emi or

of living probiotic cells is to slow down th
probiotic concentyapeednat ¢ahiealsuupprotritl/l they
destinationGIlntt 8Hotwbuman probiotics wildl b
environment of the digestive traetgabkucar ns
amyl ase, pepsin and trypsin). Therefore, pro

effecltutvieorsot o this problem by protecting t|
vi abi5.5tMany references mention that t he mi
probiotic products, necessary tfanddchFd mLheal

at the time[ .9]Q@merspuapdiilwlne desi gn commonl y
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mi crobi al c el-dasl liendv omhavtersi xt hoea pssou | e, i n whioch
are randomly dembelidleidz eadh di n sah ebli [ojé&®il ymeetrr i X
Di fferent techniques have been studied to pr
del i(Frgi8) Among t hdm,chemduEedbnrdr ggnd spray
frecrze] 46] , [ Dext[rus]9,pnf @l@yae g (| yooplhli,| i[z6azt]i
compl ex cda&Bdr, v aneo3]nopi &,8f eelcatriopsPpd In;minju@ 4 ]
electrohy&HdPhyonamdceci pping and at®8ni,zaf6dh, (|
[ 6.6]

a) Freeze drying

Sublimation

e) Electrospray  Electrospinning

b) Spray drying

Encapsulation
processes

Fi guB®i agram of encapsul ati(@hr ea e (@dsspeaisanyd ;@i opnmagh i ot i
gel a@icompd excer v adp loagt ramgdpray &nd el ectrospinning.

Many dinfafteurreant amat esryinglhethave been tested f
[ 559 ot ei ns, i ailds @pod hamestbeemdextensi vely
pur p[o6s7e] , T h[e6 8njo st us eamoamgd proelpyssraeecdhlag i Watse,
gum, xanthan gum, carrageenan, | ocust bean g
to their ability to easily buil-20%hydr agaksus
solufé6odhs TH®O®]choice of Dbiopolymers/ materi al

toxi c, and specifically at |l east food grade

SReproduced wiftlkhm@Bdrmi ssions
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bio
eit
env

r el

pol ymer during encapsul ation/ entrapment .
her in the stomach or in the colon, thus
ironments thus shorteningracectsi deinme its$ mae
ease the probiotics, that can the col oniz

EHDni crodr sppai ngchnique increasingly studied

encapsul ation of prioftumdt icen aln df[ovald]/rda@d@luitsc & ta
met hod | everages an electric field to produc
solution containing the probiotic microorgan
mi crocapaultexs! es when col | dwestwealaliyoi amcce loilssi
[ 75] . [ M6]t he cont ext of nutraceutical s, E
advantageous as it allows for control over g
ensuring the stability and viabili[6y] BY proc
encapsul ating probiotics within a protecti
t hroughout the product's shelf l'ife and du
enhancing their eff i[c2a8cly, a[s5 Ball rdtipheétbahroyr es,u ptphlies
operate at amiwi e htautnegmpelr avungsprobiotics.

Gell an gum is a versatile poSpymiacgdman diset dlea
is widely wused in the food industry as a (gE¢e
properties, such as forming gels at | ow conc
l evel s, and providing a r,ammpaek eofi tt eax tswrietsa bflr
products |like jellies, des derrt]s Ge[ldisBalm y gamt e
particularly appreciated-rfedre aistes gaebisl,i teyn htam
vi sual appeal and sensdr7y9]eErpeecenteyefhr §po
gained attention for its possible applicatic
for creating protective matrices around sen:¢
EHD microdrippihgti gred | aontgaimnisnog probi oti c
mi crocapsules and microparticl esto  The sgr onti €¢
from harsh environment al conditions dadring i
tracensatiaghtgh number of vi §1810¢ ., p{&8Aijlotic
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13In vimbdel s of the epuma@hidutmbhet rnalppl i cati on

food characterizati on

The intestine stands as a vital component d
digestion and absorption from ingested sust
el imination, encompassing substameekeynmaetnah
bet ween the internal milieu of the body and
role in safeguarding against t he i nt8r2ulsi on
Moreover, gut homhsethroongl|l mi coobrobates to ou

bidirectional action FEtgvaandd2l 8.8 he nervous sys
The epitheliali oekebtmagpkactacangathet al prot
the body from direct expoBhirsedliaydnmygsobhesopnn
or ganinz ed-Ifiiknegepr o) e c tainthn sismovaa gl i endalt @i rejhpsh e

vishape dramatically i seirmgss d hteh @ ra pgniatrlye Isii d le
absorptOnon he other side, pryppt § e atahea timagmiagehytl
mi grate and di ff eridndtuisaldef i8N hdirfsy gt thteenrd reysghytienr a |c
epithel agh healulnser | ywhmigc sme svemtaah wmalur oekl| and
vascu] afihreughout i f e, the epithelial | ay e
epithelial stem cells | ocated at the base o
generate progeny that imiiglkas$ eaxpsarpdrsoagiconeyy a
transition tampoudlyiagtcampiatrt mentt himetf ore, di
pomttotic cells found on thdi ¥fredleemd Tihre sien tde
funcsuompadsrimnt absoroptiserc o(edmotrd/rdo wyptheesi)dd mc
intestinal environment . Di fferent types of
including goblet cell s, enteroendocrine cell
positioned at the base of e¢etheamoygpt $6 hePahet

contributing to the ma(mkmilde)nance of the stem
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N Enterocyte
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BMP ¢ - ‘ \ Enteroendocrine
cells
Te]. 5] 31%’
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:E > B \ -« s
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o =] .
=~.\_§g.- E O Paneth cell
/4 A @
= 3 B . 2 hd -
= - Y ke [\ :
o | S I8¢ | Intestinal
5 g‘ o e 2o m 1 stem cell
= éx.‘r |
o E o J 2 m
®
_‘.n“ " .5, Myobroblasts
* & ™ EGFWNT
Immune cell

Fiug 84. Structure of telpé t B enkTlhlem iinntteessttii nnea | topography i
absorptive enterocytes, seer dtsorrye sa rdteg r oaenndd ocacrryi mte dm
intestinal stem cell niche including st emyocfeilbl rso balnads tP:
support the epithelium by secretisp@nidinmer taaardt BdWwPo vatntt
Gradients aerxe shtelfioervetdhet of actorenemprad motiinmd udti enrg SGVANITI a
the ErbB pat hway, wher eadsi fdepeaniopnmat g onadifarcttsor ex isautc hf
gradient, indicated here for EGF, represent €Erabl the
which support intestinal stem cell function. Many i mn
mi crobe and[ 84pd pRp86] gens

Despite significant progress, stuidnyicmg@be he
interactions, amdsepidbheweirgh ngehegiwadg on trad
model s or conventi onaand etlhlerceulitsurae htuegceh noi ngguc
i nvestigation o[va4B&ldvanced model s

I n fmatcastiinal model s serve as invaluable to
facilitating the exploration of substance bi
intestinal pat hol ogy, asnudc hC dabss ef@Bs@e] T md 4 ea mmad e
afford insights into the intricate processes
el ements within the body. They aim to shed |

"TReprodudedthfd@@mtri bution 4.0 International Public License
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of i ngested substances and disease condition

bi oactive compound availability and function
intestinal <cell s and t arvgeeitl ahblses uiess .t hHuasv i pnigv ¢
our understanding of digestion, absorption
nutritionadl8]st rPa8t®ajgiteaane, a pl et hora of intes:s

of them boasting unique complexities and c¢ha
enable focused explor[fag.d]Jon of specific mecha
Ani mal model s are widely employed to assess
however, they come with inherent i mi tati on
standard for comparing results duewotrk si mdcidv
ecosystems within each animal. While these 1
outcomes, it is difficult to isolate each pt
and numerous vari8hl€ke obndgdiengsyisteures of c
concerns associated with ani mal e[x%=2e]ri ment s
To overcome these | i mitati onsmiotdaedssurigse tiank idne
[ 9.1 ] Gealsled model s have emerged as promising a
advantages such as direct obspewviati onexgemnit m

[ 90]1I n conmt eapor iiome ndidspreds i ment s can be metic

mi ni mi ze deviations in the results by -concen
di mensi onahséedDmodel b involve the cultivatio
surfacentlextt od ccreating an intestinal model
apical epithelial |l ayer, with additional C ¢
functions. Thirsi zneodd eby iist se hdiemtli e@inteys,s amngt
application in screening assays aimed at det

drugs or assessing the absorptiondd]f substan

The RQacel | |l ine stands out as the most frequ
alternative cells may be employed to enhance
[ 94] However, there are | imitation3d @eslslox.i aF e
i nstance, 2D cultures inadequat el-dyi meenpsliiocnaatle
(3D) structures and interactionrsi tprees ennt cienl

behavior and f umctoibemeroampaomed tTherefor e, i
to compl ement them with otheb] model s, such a
Il n recentedtlatror,mi@ded s have gained significa

ability to facilitate cell shape alterations
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have been crafted utilizing diverse techniqqu
3D scaffoflfdanstwet upm, at o offer a reproduci bl
industrial investigations. Neverthel ess, su

extended periods remains a [ ©.@lot itchails cphuarlp oesn

addition of bioactive molecules,i sucikt bel axt
model s -fceClalcon has revealed stil]l variegated
and transportation effi®@dty &§O©@BdPss the epith
Significant advancements in this filyehidn of r e
vi mpdel s, which aim at offering a solution t
can accurately replicate the intricate physi
physical stimuli, such asdypreamisct anhitcirco € novaidri on
to the body. The incorporation of fluid flo
notably influencedlegE]Meoteaxbpdryessimmorpgra@fi zed ¢
cells, known for their | imitations in static
| ayer f eatlurkiengs t3Ducvtiulrleis and basal crypts wh

dynamvéerehmheot

1. El actrospuas d32 fwiioddraiiss t he i ntestinal epith

As previodXxlegdbtat enbdmdf st he i ntedtavealgaepied

significant popularity due to their ability
connectiotsl oker-da mihreewt model scaff er 3 madred , c
to be cultured onto 3D scaffolds, té&lohbhgain
the years, ac iponttifotls ostoddibead materi als and

be useful f[olrO1t]hi s pur pose

El ectrospinning, pioneered by J. F. Cool ey
1934, is a technique that expodelsd 24l hpiosl ypmeorcie
induces the stretching of the solution into
of flying fibres and ultimately | ealdea eitgr d de

t ar[gledBl]lectrospinning rootsewniati yegthrbdmcigrad noc e |
i n 1®®@dr, pisnga versatile method for producin
appli taovddpns strength Iies in the ability to
of tissues t hr ougnhi ctrhoen[ df @ rbdérhastsi ome tohfo ds uobf f e r

25



advantages, including a high surface area to

tailor nanofiber compositipbhOf4BPn desenedapr a
of electrospun scaffolds is an enhanced cell
engineering applications. The high surface
promote cell att acMawreend v earn,d pprreocliisfee rad n torna |

parameters can yield fiber structures with s

cel | behavior arnfdoO®6iCvseuwre toirngeania awiider arr ay
utilized in electrospinning, facilitating e
medi ci ne, drug delivery, filtration and ser

enhanci ng tamed weortseanttiilailt yo f el ectrogdiodidi ng
RecepolycaprPdlaoglolnel gcRL)Yel actdogépun pol ymer

have Dbeen investigated to create epithelial
colorectal hpadeGodcaalkves mat . al . s tPuCdwietdh t he
cell-déoiseat iwhehnabl ed thef ganawavean beadl es s
scaf bgd gdisng -tahrmiughput, needl el esTheyl ecésbeg
di fferent for muha@aMatomiaxc eiommd & fadelnegcgt r ofsopludns ,s ¢ a
and observed that all the formul a2i oals| sveu
21 dhlalyesy observed drhtaanm ttathdd f ec aht olad $ on and
Caeo cell s and promoted mhAerufermanhobayef, ash

mor e si milcaorndtia iiomsvitvhean t hosTeaobwabDBgd witl
Liet daeddls.i gpadterned electrospun PLA -niakef i br
t opogr egrndagpeitECM f i br o.u sBenaettiwiog kwh ,t ht hveaitrr icgoenls t
weretabbkbemppghraCacced | s anydp prtcombbrugimedv iutpes t i nal
epitheli b0 WmdPheli edactv.e laomp a d wietrrnoeabi loift yt hneo d e
intestinaflorepdrtthgeaalisno mpteisad m sital.d inBesteagbbodlyi s m

PET as building material for the nanofibrous
t he -Zac®l |l s growth, when scavitoal dbewteh emogledu |
achitaeedepithelial(TEPRatil uiecsalmucédsicstoasmecet o ¢
with resgrearnswdlalssd@ddturers i nteresting examp
by ¢&u, alwhere they devel opedpoanydacalyRAdna tt ari il
el ectrospun scaffol ds. They assessed their

epithelial barr t2erc ednmplloiynien,g atnhde tCeasctoed t he

(i .ceuer)adtsiom pti on and[Adrl1dbi otics adhesi on
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1.2Pi ezoel elAiectyobBpun meshes

Polymerderived piezoelectric nanofibers have gained prominengessblealternatives to

rigid, brittle ceramiebased piezoelectric materials, owing to thkigh flexibility and
biocompatibility [112]i [114]. The present gold standards in piezoelecpradymers are
polyvinylidene fluoride (PVDF) athits copolymers?VDFis a semicrystalline polymewhich
exhibits robust -phasezrgsalline struatyredthi at2yl Debye dipales b
momert [115].

In recent years, PAN, also named polyvinyl cyanide, has attracted significant attention for its
piezoelectric properties, especially in the form of electrospun fiber meshes. PAN is a vinyl
polymer with each repeat unit containing a cyatt@ N) group, as shown in Figure5 A.

Such a group exhibits a significant dipole moment of 3.9 dElh&].

Figure 1.5. (A) Molecular structure of PAN(B) examples of illustrations of its possible syndiotacticzag
structure, andC) of its possible isotactictahelical structure(B) and(C) were produced by ChemSketch software
(freeware version 2023 1.2).

In its secondary structure, PAN tends to assunteh@i&al conformation, similarly to poly¢L
lactic acid) (-kelical Anein polypeptitgdl7] Aless sthble planar zigzag
conformati on, w h i estrandnséructurd ino pokypeptid¢&l @], cdauld ée b
obtained by straightening of the chains, induced, f@tamce, by mechanical stretchiid.8].

Molecular modeling of PAN showed the possibility of realizing the zigzag conformation
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similar to that in poly(vinyl chloride]119]. Realistically, the zigzag conformation should
exhibit the highest piezoelectric respon&evere mechanical stretching could promote
effective chain alignment and formation of the zigzag secondary structure. If stretching is
performed at elevated temperatures or in the presence of the solvent, the formation of elongated
and mutually aligned sictures, like the zigzag ones, could be allowed by a sufficiently high
chain mobility. In case of successive thermal quenching or rapid solvent evaporation, such
structures could be maintained in time because of increased viscosity and consequent structural
immobilization. Furthermore, mutual chain alignment could also promote polymer
crystallization because of the higher degree of order that helps with crystatiizatding.
Graphical examples of possible PAN secondary structures are shown in EfgBreC. The

tertiary structure of PAN is described as paracrystal|i0], with a pseudohexagonal
arrangement characterized by poor crystalline ordering, forming a heterogeneous system of
amorphous and paracrystalline regi¢tial]. It is accepted, hovever, that piezoelectricity in

PAN is not strictly related to the existence of a specific crystal phase, as in the case of PVDF.
On the contrary, this polymer, as well as other piezopolymers such afLP2JAbehaves as

an electroactive material in which mechanical strain may affect the orientation of its polar
moieties by modifying, to some extent, its electrical polarization. To enable this effect, though,

a certain degree of coherence among the polar ie®ishould be present, which could be
induced during the solid material formation stage. When crystallization or other self
assembling processes are ineffective, resorting tegrosessing procedures, like electrical
poling or mechanical stretching, isaessary. Both these actions tend to establish a preferential
direction of orientation of the polymer chains. A stable piezoelectric performance can be
obtained if such an induced order remains after processing.

El ectrospinning has been f ouphate ftaciombR/DFe f f ect i
i mproving overall pi e z epleabeedttPVDH can be eaglypobtairted e s .
through solution processing, it lacks the symmetry required for piezoelectricity. When the
polymer is drawn, it undergoes a straiduced phase transitiontoeth b cr y st al phas
the polymer chain adopts an-athns conformation, resulting in a polar roentrosymmetric
structure conducive to piezoelectricjfy23]i [125]. Similarly, the electrospinning procebas

been reported to kable toenhane the piezoelectric propertiedso inPAN by maximising its
electroactive content associated to thezag conformationin a recent study, Sooyoun i

al. [113] hypothesized that electrospinning significantly enhances piezoelectricity in PAN
through two main phenomena: (1) the electric field during electrospinning faciliasési

poling and stretching of PAN polymer chains, creating a highly oriented structure with well
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aligned -CN polar functional groups, and (2) the confinement effect, where molecular
rearrangement is hindered at the fibrebds sur

along the fibre axis.

1.3Mi ct ext wradd odndisc raonffd ui di ¢ devi ces

During the | ast years, much attention has b
bet ween the intestinal epithelium and the r e
mai ntaining systemic Heaalt,.MhaAmRdhprecpe mail r

- S5 o C

rodent models have been used to investige
Iy provide the required anatomic and phys

sired clinizZmédcernalleyvyanrcecesear chers showed i

o o —+" o

vel opimme nvhiothfd s abl e to reproduce specific

cluding its morphology, together with the

me&hsd4]., FO®B]these purposes, different model
aff bR[FK3a0Nd microfl ui di[cl3fld 8BGdres/ @il at hes ens v

im to identify and replicate the key factor

o < S o o <

utrient and drug absorption, with the goal
ermeati ¢l 3d43ua]Oebers focus on the study of
pithelium devel opment and -vh d maess taaxsiiss dliifcft
roddsgrl]39pr the regulation[ 40} he[ 141] ammat
t has been demonstrated chygtptrepmpoduw aiphgy tst

- T ® T S 9 O

mpr oves t hien rver teeveatnicrealofmodel s since epithe
di fferent phenotypes that are more reflectiwv

can indwcél aoasypiki[sldp2o]l;arfifedaBE aosned si mil ar it

TEE®&nd permeabil ity [flo3r6] a b spotrdpst]ii rochu cset utdh ee se ;
several proteins characteristic of t[hel55mall
Hence, correctly reproducing the 3D structur

the compl eéxntmisdri mkai[dld Bl PAr rdeticiefnits st udy posed
need of soft substrates to correctly reprod
al so paving the way to include4d]Fautrrtdimalmoc
combining biomimetic 3D features and the she

i mportance of both the aspects in pId8pning
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i's VvView, i nteeggad td maygf fhoylddso gweilt hi n mi crofl u
eat opportunitias vithoer doteitstseure rneocdreelast,e 1 ncl

mponents and the vuwmeuesesnaNewverohetbkbss, th

devices is not without challen§géd9ifnm ©ONerfcioen

t h
mo
hy
[ 1
To
be

ese challenges, pioneering studies from th
dern patterminigngnded8bni ques. Such techni
drogel s int-legkatcogp an-aiytpd imano3dle | wsi,l14i2] bot |
47] andl150kcentl y,[ HyhlJamic conditions

our knowl edage wiodmreldtys ftehvat3 Bcegbitcab@oghapth
en employed teepstiey i ai[clidddli@abaeizae tvh sa | .

devel opgard taired oafn dCMACF2@®Tr answel | i nsert- compr

crypt scaffol d, to study the-pragdlheogein t mé¢ e ma

[ 1

46]However, the majority of these works wu

i mportance of simulating a physiological fl

ma
t h
mi
ra
Wi
t h
be
i n
mo
en
re
[ 5
Fu
pr
an
pr
co

pr

inly associated with the[] WD]rks[ 5 2A]Djom@ad A8 ]
ese devices can precisely represent Spec
croenvironment, s ®B® ] as [adné&d@ hoaxnyi gcednb 3dkrthaiedyi uel ni
rely comprise a 3D structurd@hwist hsbiabdbmiomat
th intrinsichipamdititoonalprimicefsdlersi,c avthiiacrh d
e required cell uyddrt icosmpeard  memittad ¢ tztad e oand
addr doseodir knowl edge, hasopneec i nbi ecateol\Vfldyuo mea ¢
cluding | arger chambers and channel s, abl
del woul d be hi ghly val uabl e for studyit
capsul ated probiotics and thg gpiowhaelgi bro,d
search on mictbenhbaep$obdtdemel npme[nitl]and b
21 .. [154]

rther mor e, producing scaffolds embedded i n
otocols with multiple mol dpagt iacka bdreémypod idn g
d delicate when working IwWiSt]hn srodde mtatyeaarad .
oce®EPhprinting has attracted altaeéeani andf
mpsd exped hudpbhygeRPAsso, some groups empl oyed
int in a single step| 1a5[84&Nijety of microfl u
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CHAPTER

EXPERI MENTAL SECTI ON |

GELLAN GUM MI CROPARTI CLES FOR TARGETEI
LI'VE PROBI OTI CS

Il n this study, a probiotic microencapsul ati o
characterized, with the aim of producing f
Lactobacillussateumendt dmr system characteri z.

paramgegsechelaamoncentrati ol ow) oweirtaeg eq p tainmii z €
Subsequentl vy, two different probiotic | oads
probiotic incorpwaatomnemnegpavitaondeti bealpr mise
of probiotimisrwpt@hisn celtvéa® uated wusing Syto?9
el ectron microscopy (SEM).

Further characterization included the eval ue
after encapsul at i opanads sneestsaebdoal sisca s aCdtditvimy wa ¢ i
production, and mheralpibloitdt wt @efs ak heenilo dod €hiceo
invol ved assessing t-Regenabekptgssobonrti muhat
efficacy of the encé&apchidraibodidisapt ebt etli asi agai
overl ay assay.

Overall, thepeh®toemarsitzattieadn st hat telkc@dnkEDemi
combined with the selected material, ef fect

mi crocapsul e matri x
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2.1 MATERIMELTHODS

2 1.1 EncapsulFat imamtgeefhl an gum via electrohyd
mi crodripping

A Gellangum o Recollection of the particles as dense
Distilled

~ water Lactobacillus fermentum dispersed microgel for further analysis. I
= in gellan gum solution

Collection of the whole
suspension and filtration
through 30 pm cell strainer

90°C, 200 rpm;
autoclaving

N/

Lactobacillus  fermentum inocula in  MRSb; Collector: 20 mL, 1% wt CaCl, Collection of the (filtrate and
centrifugation and resuspension in gellan gum. crosslinking solution, grounded. evaluation of unencapsulated CFU
B

t:24h t:24h t:24h

T:37°C T:37°C T:37°C

Speed 150 rpm Speed 150 rpm Speed 150 rpm

2 mLeppendorf 15 mL tube 50 mLtube
1.5 mL of media 10 mL media 40 mL media
100 mg GG particles 1.5 mL inoculum from surnatants 4 mLinoculum

Fi g2r.d (FAlowchart of the ¢@Bfolduweahaomt pafoctebs meatdhodol o
evaluation of the metabolic activity.

Di fferent c oinlc.eBv¥)r acfi ognesl |(aOn 5g uEm pSo-Agdnaar i ¢ Phy
Mi | an, l'taly) were dissolved i-4 HiatiRD6dr pe
AcC. Solutions were subsequently autocl aved

storedCat EMectr ohFHBdypamgcmofcr otdei swil ud i o
performed (hsn adgp aar (@ltiumsar i Engineering s.r. |,
positive high voltage -3g0eOn, e rNaetwo rEr aa Psuymp nSyyes tg
USA). The solutiomlgplvwaesrte cpsureed |lien sygrbnge,

connected to a 90AgaduEgHEPe d aimilduntdhpew & tpe ateeklll ec {(

i n n20o f a grounded <crosslinkwmvnage( Fa2gd) consi

-
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Mi cappicles wererbeéti 2kihngi nbattthe t o achi eve
preliminary parameter optimization (solution
to assess the best production conditions pri
To include the mbdebp,prtovba bleesacd 9 ro.ft Heex ryroeir tews e
wer ei poeul ameaf i e 1NMan, RBBgotsla EMB3IR,r pEher mo
Monza, l'taly) and grow overnif¢ht Far ma@gt A
serially diluted and plated on De Man, Rogo:
Di agnostics Spa, RaodamWw/, mU tcad rypeolfaottihoens.e sdOc OL
was adjusted to achieve the desreedeamouhtuyg
4000 g for 10 minutemLodnd tvhevi rged udsame mdiend sic
two different concen®CrFat/imlin sa ndn®aOfkeUhymplhF |Tdwe,
producegumiet¢cd amaGG) cwese coll ected together
and filtered throgdh!| aeB9i OBli ceElhe sBohbgaiae
plated on MRSA to quantify the unencapsul at

mi crogel ) was reaoael | @otadt dud far, o weti gen t =tdr,aial i g
ACMi caopicles were visualized under a Nikon
di mensi onal analysis wasveesifior med4wi t h | mag
2 1.2 Bacterial viability: ekal tatmentoim t he

By counting the CFUtpragsentt hien pter cent age e
estimated as:

pmatp —— e @l

Wher eir@pUesents the CFU/ ntLhe otumtt &ld fi indott mhat & i
the CFU/ mL counted in the saoléei oot alsevdolf ome
into the crosslinking solution.

To assess the cell wviability after the encap
mLof PBS at a concentration of 10 48 /kHz ,an&0
W (VWR Ul trasonict ol cehtneirn USCBro®dbri)gti ¢ di spe
serially diluted and plated on MRScCA oopvaerrtniicglh
L. f erdmesnpeurnrsi 6gel i anlgpuwm were used as contr.
of the encapsul ated probi otmicgsraat bi glresy, bGGhL
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(100mimgr oplarwe-ch esleatmdd fDien MhA n , Rogodaoahd S
(MRSB orhazndd 48 h, andunGFrlWs wer e

2. 1B&8cteri al gsrtcawtnhi:ngSyt o9

Bri efoloy ,mg of GG -Lifrc U loavimenodfir ieMRSEBha nod BBla h n
mi cropaagi cdl emsecd op atp)t,i chedb-i aden micrepart.i

incubated in MRSB were centrifuged at 4000 ¢

Sampl es wer e @lasshteedr iwiet hd i5500 | | ed what &yt a%d
solution colnsSysttoi®n dg(rofg ed , CarimLsaer i CaA, dUSA
water. Samples were then incubated in dark

ThermoMi xerE C (Eppendwasfhel. radai,n,Mirtlasnws p elr
physiological solution andr ohsBirked E€oli pgpsece
mi crofPtape.ropawet ectaken as controls to asses:s

t hmei qprac t i cl es.

2. 1Bacterial growth: evaluation Laof Fraetmehdluime

Gell an microparticles (GG) wbkrefenmnathhlatmd i
temper atAlCr,e 16f0 3Pm, for 24 h. Approxi mately,
1.mMLof medium andhindtibatre@4f dr i 24cul ati on, t
read with a spectrophotometer (SP UV1100, VW
the sampl e wasmLf hé o od mhaft éadpltOinmil’ed medi a, t |
an opticaloadmn diettywe(e@De¢h.o 1S wmmsde Pu ntADy, after
(48 h starting fr osmmpmlee fvisaesetdh/arwedyemdlsd@teido m)n &
withmLd0® opti mized go®0d.ila,and nd.td)a,l &aODd al | owe
FIl owchart of the process 2i.BlBetlbematiacal revdt¢

in fresh medium, an aliquot of sample was ce
evaluating the residual glucose concentrati
Further more, the sampl escwes hidvawpassage,g te
serially dillogtiecd!|i s oplheytsMan, RogbedM&BYA Shar |
pl ates and A cfuobrat2e4d haotur3s7 i n microaerophilic
performed in triplicate.
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2. 1UBPLC anal yses

The analyses were carried out by UHPLC Dio
equi pped with RI and UV/visible detectors, i
the glucose consumed. The standamdgiamdss avmg
3kDa-ottut (centrifugation at 12000 rpm for 15
analyzed according to the following operatin
300 x &; minso6ratic el ut iboifswil usnidd nfll% vs url o tuer i
mL/ mi n; t e mMpCe;r actourrcee n t4r-0a.t0 1o nmgr/amlg;e :a c20u i S i t i ¢
[ 162]

2. 1M®r phioatbkog!| ysi s

The morphol ogi c all o aadneadl yssa nsp loef waa shipgehr f or me d

mi croscopy (SEM). GG_LF high nSieccrtd ptanr8ta fcdre s
l yophilization details) and metallized throu
a gold foil. The observation took place unde
EHT = 5.00 kV, WD = 22 mm, detector in the |

2 1l.w wiitgresti on otft. ehenps d&&itndd

Determination of sutbLvi Vvabimendgdiymolfateend agpautl rait
and simulated intestinal juice (Sl JmLoWwas as:
SGJ. wa&®repared by slightly modifying the p
coaufnée&ér23ySpecifically, 1 L of gastric juice ¢
0.08 MG KA. 1 g0 .NRHCYgS HDg CI0. 0.C® (aNHH O0.wa2s g Ca
autocl aved ah@, choefl cerde tad Ri0t i-dlnd roift 3h )g. pTetpes i
set to M.HClwi tthheln t he SGJ wagsmstieliéi za&nd biyn
for 2 MC,atl5307 rpm to simulate physiological
centrifugation (15 min at 4500 rpm) and res
di ssolving 5 g Nagl 0.®.3@NadhCKOCI L, mi. 131 igQ Cw&Lt er
and coolAiChg Stubs2@uently 3 g/L bile and 1 g/l
was adjust MdNaOHB8 wntdht Be solution was filte
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Bacteri al viability before and after i ncub

determined by serially dilutAmilgatdne sampl es

2. 1LBophilization for stability studies

The samplgami cgelplaar i cLl.e sf ecrommetvati usvd B Go 2 em 1  h,
and then | yd&ophirlsi 4dd vieorphbh&es, starstoh@g fro

up to the final phase at a pressure of 0.1
vent val ve) I n a By olphGpliwse,r GeChma nsyt) .BeAfat e2
powders wer/ asanoradalayzed for viability/ met a
mont hs.

2 1.9 Overlay soft agaEsctchbirdlcihi an halo test

hi bition halos were evalwuated foll owing a
6Bl animcr oparticles or | oaded with two diffe
w and high, corresmanndiddFdly gt)o, aweprreo xriensautsepleyr
| vatti oan concentration of 100 mg/ mL, and 50

pl i cadendifenr 9tOhemm Pet r i thisthedR ANt Bheai migatl
i ncubathac df #r8AM4 a$SofBt7 agar was prepared by a
Soy Broth (TSB, Oxoid Ltd., E$ebéacol@hl@K) . A
25922, ATCC, Manassas, VA, U&)f wa gt .ca liTihwet e d
suspension waBSB noafutl ACealy i @it b5®i ng 50 ti mes
bacteri al concé@GFUAMben, offlOambutof 10SB soft

overl aid witncuMR$SAdpmwe th the microparticl es.
hours at 37AC. The diameters of the inhibitd.i
by Shokrypz@4apdi amealkri 0> mam ammd, <1 A0 mm wer e

strong, intermediate and weak inhibitions, r

c O O B+~ oS
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2 1. 10 Biolusghamed caed d sy

Human Caucasian col@ncadésodBTVTEMEomEBCGacal t u
Dul beccods Modi fi edi (Giabgd ce) Mseuwp pulne nfeDOIMEeMI  wi t h
glutamine, and 10% fet al calf serbhomm{(dnvi edoc
air andof &6 ZO days, changing the medium eve
di fferentiati on. Before perfor miwed It lpd ad xp air
80% confluence; thedn, fcea(nMtntd@F® srilr)e aatse cc owmittr
and with 10 and 20 mg of appmpkieméaGGyv e yxl 10O
CFUsTL . fermadt wimtgand020 mg of sample (GG_L
approxi mdandgelRYCFILE AL of f er, meanntdu MGIGgh F cont ai n
appr oxi matnidv IC\kUKO and i AGubhtedd4at 37

2. 1. 1 TiReea IPCR

At the end of experiments, tZhecdloltsaa,l anmRANA5S Wa
MRNA was-trewsercseé bed (Expand Reverse Transcr |
DNA (cDNA) according to the manufactureros i
Redli me PCR f or arht mabmedrao Idied le-@ppa mtai28d € HEBDi e d ¢
the LC Fast Start DNA Midstodr cPWNBRAR cGmraers plointd |
of the total RNA fK&Lo,rkxMaa MtpCh a hxMv GBlethme @fnd2@Gnt
primer{2 (obBEOGAFECATGCGGGTATAGGCGATIEL,C T BBAOV

AAGCTTCTCTGATGAGGGAGBOGCAPBTOP)SRACIBACdT D2 5
AC fefrorl 440Atcytchesend of the run, the mel tin
cooling thédCsdmpl d 5t Iso v5yd hterméAiCh g uAHpC awi tOh5 2 0
continuous measur ements of the fluorescenc:
transcr it ptysc.] eCyfcdlueor escence emission reading:
Light Cycler Software (Roche Diegnersdri atse dGnd
each run to confirm the amplaicti caatcioadmn ngf gD
the most commonly used housekeeping genes, \
reactieoncsarweired out in triplicate, and the r

determined by calcul atimgctha tohdrohangberH
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the tested gene mMRNA was obtained using the

of each primer, as cdlleebllated by the dilutio

2.1 E12 aAsay

The presen2cewaosf deBDect ed i n cellli nkuwepe-rinnan uannc
sor bent asBlagzb s(cBElLelnscAes Bi otechnology 1 nc.)

i nstructions.

2 1.13 Statistical analysis

Significant dadirfofugrsemwecex amemg SANOVA ewmyw guesrit wg
GraphPRadm BxO0el , or, Jaanndo vtih e( vc olmp6a)r i son bet\

calcul atadleth=érshe data are expressed.as mea

2.2 RESULTS
2 2.1 Encapdarimdantonnged | abhLHDpuonr e dai ppi ng

A first parameter optimization was focused o
at different concentrations during the el ect
t o prmoidcurcocpanti athbBeve theladRdgired di mensi on
During a secomhdasopet i fmiveaast riameoe aascend eve acce
production rates. Il ncreasing the flow rate
uncontroll able particle dimensiomis¢r awpahtiacil
(120 Om) surround, nas trh@&pholedse d eidn ones
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Tab2elProcess behavior and outcome for thecodleciomn a
di stance was kept constant at 9 mnCagdol lue ¢toinon That pr
was performed at ambient tempeRdat ACemGd¥BRAUMvei hymid:
(RH.

Gellan concentration  Flow rate [mL/h] Voltage [kV] Process regime Outcome

High dimension and shape

2-8 Drippin
PPINg variability
Microparticles of various
dimensions (<10@00pum)
0.2 8-20 UDripping obtained changing the voltage
High dimension variability and
irregular shape.
20 Unstable Frequent process blockage du
>
electrospray to dry material on the tip
0.5% wiv i _ _
o High dimension and shape
2-10 Dripping .
variability
Microparticles of various
dimensions (<10&00pm)
06,1 10-22 uUDripping obtained changing the voltage
High dimension variability and
irregular shape.
- Unstable Frequent process blockage du
>
electrospray to dry material on the tip
Unstable
>1 All ) n.d.
regime
2-15 Dripping High dimensions and variability
Microparticles of various
dimensions (20@00 um and
0.2,0.6 18-25 HDripping 350-600 pm) obtained at the twt
tested flow rates (22 kV).
Regular shape.
>25 Unstable, frequent process blockage
o High dimension and shape
2-15 Dripping o
variability
1% wiv Microparticles of various
o dimensions obtained changing
1525 uDripping ) ) N
1 the voltage. Dimension stability
and regular shape.
Frequent process blockage du
>25 Electrospray to dry material on the tip,
irregular dimensions and shap:
o High dimensions (>1 mm) and
2 2-15 Dripping

dimensiorvariability
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Microparticles of various
dimensions obtained changing
the voltage. Dimension
1% wiv 1525 UDripping variability and regular shape.
Preponderant presence of
smaller particles (80 pm)

surrounding the main ones.

o High, irregular dimensions
2-15 Dripping

0.2 (>1mm), irregular shapes
>15 Frequent process blockage due to dry materia
o High, irregular dimensions
2-15 Dripping ]
(>1mm), irregular shapes
o Microparticles of regular shape
1520 uDripping . . N
0.6 but hugedimension variability
1.5% wiv Material dispersion outside the
Unstable o )
>20 ) crosslinking bath, variable
regime . .
regimes during process
o High, irregular dimensions
2-18 Dripping ]
(>1mm), irregular shapes
1 Material dispersion outside the
Unstable o )
>18 ] crosslinking bath, variable
regime

regimes during process

Fi nalilcy,opwet ecpeseduc/ege IwWildwmh wdadolewt i ons, at a
of 1 mL/ h, 2BbatklW dndgdt aereedl @ef 9 mm. The addit
increnasedparizec|l abe size distributions obtai
250 N 50 Om, 300 N 4mi ©Omo pprdo #i6Oed 40Hr Oimn § of
solutions andnlidbYCaal dnLwiotfhre r,Imle retsyprec2 ) RPlediyn ( Fi
and | ownilcoraodpeade s utt ed highly mranepaotdedeme
wit RCAW/ mL resulted white and easily precipi
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GG_LF low

GG_LF high

E 25050 um : 7 30040 um
i |
I . S
:'WH”' ,_H e s o rﬁ%l Hﬂ_
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B 8B EEEEB
ik H

Fraquancy [%]
3 &

3 '
B
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Figar@ptical

mi cr omicopypaimagediesmtnrdi buti ons

obtained f

Scale bars are 500 Om.

2.2.2 Evaluation of encapsulation efficiency
CFU counts performed on the filtrate, cont
sampl es, reveal ed that, in both cases, at | e
crdssnking bath with respect thx2A)ne€FpPumpedt
per f oormmerdi enatedp,arnecdaleadldn decrease in vit
l og amadg0fv49 LF | ow and hi.ghB)l.oadings, respe
A B 1E+10

110

100

90

80

70

Encapsulation efficiency [%]

50

1E+09

1E+08

1E+07

1E+06

CFU/g

1E+05

1E+04

1E+03

1E+02

® Gellan solution

M Particles after filtration

I_Ll

GG_LF low

GG_LF high

GG_LF low

GG_LF high

Figar.@Adncapsul ati on

(BYi ability

of probiotics
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Direct observatLi.on eafsneaii mapg s wl dathedyt o9, rev.
of the probiotics to grow ppoamh cirmpiade i &hdson
from a | ow number of probiotics encapbsQul ated
CFU/ parta2.&® e, wkei goul d observe la ofi gnndultanit
100 mgi cofopant ilc ImdB (0F.i2gBRGS) . CFU counts perfo
mi croppustcpeéegdoapyubatetbntdenrd 84 i ncubati on |
revealed an initial significant growth of pr
10CFU/ qni of oppust cpeedu’Cdd/tgo2(@iegr 10

Optical

Optical Syto 9

-

1.0E+11

1.0E+10 |

1.0E+09 |

1.0E+08

'§ 1.0E+07 | ..
o
1.0E+06 |
1.0E405 |
1.0E+04 |
1.0E+03 | —
Solution  Encapsulated 24h 48 h
Fi gkr.ed -CYOpti cal andmifclruoogareaspthesmc edi f f er emti cmagmrirft i cadtel
cont ai®CiFriud g.lfoefr memG@mMLF | ow) , i ncubated in 1 mL of \Y

successively qtAR,i nreidg hwti tahf tSeyrt oedn.c @BR2s4u | iart d WhCHthincnf;i ncub
i ncubati on. Scal @D@FalU sp earr egraam 0lf0 0GAniL.Ai ¢ roavp a sH taa It 6 o ¢

produced (encapsulated) and grown for different incub
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2. 2.3 Growth and metabolic activity

| TabPRetzhearree shown the cell density measured
|l actic acid produced during the experiment o
met hods sectionnm Abscsoebsaseadet Atis680pporting
t he growth and metgaubeontircd papcdt @ vme ryt wmh. gel | an

Tabl2 .eQr owth and producthbgemcafp slud @ftteeradmercti dmat 24
%on the supernatant/ complete broth

] Final lactic acid Final viability
Sample Final ODeoo
produced (g/L) (CFU/mL)
GG_LF low 2.40 £0.15 3.0+x04 4.0+0.3x16
GG_LF high 2.90£0.20 34+0.2 24+0.3x18
2. 2.4 Met abdfln ee mieed vopawder for stability stu

| fab2 a3 shown t he ofet@®ol R ali iagdhtr iyli inggg zzend st or
4AC for one and three months, using the.same
100 mmi corfoparticles colnt af @i imgn dhbidgrhe dlicaa d o
temper dAtCur @eg3 T aviobntilbdarspper 2d nhute (

Tab2 eGrowt h and producthbown odp dialcdftiesanfetnég i mht ad 3 mon
storage at 4 AC

Freezedried gellan microparticles ) Final lactic acid Final viability
) Final ODeoo
entrapping L.fermentum produced (g/L) (CFU/mL)
Storagel month 2.85+0.10 34+£0.2 1.1+0.2x18
Storage3 months 2.80+£0.10 3.2+£0.2 1.0+0.4x18

2. 2M®&r p hioatko gl ysi s

Lyophilized GG_LF high was observed at di f
10000x) by SEM, to dxaniierareengahmt apr2esdepltne ¢:
particul ar, at | ower magnifications it can
|l yophilization and the packed microorgani sm
row) ; whil st at hi gher ma g rt ihfei ced toinagrast eidt mwa

characteristic of the microorganism (|l ower r
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JEEN Ay
Sz = KoMy Sigaal A= nLem ZE1%Y) zE1SY
H WD = 47mm Mag= 500K X Time 938:11 H WO = 50mm Mag = 10.00K X Time 3452

FigQr®EM mi crographs of GG_LF high | yppdeifllto webrh hsgd mpl e
99x, 1000x, 5000x, 10000x.

2. 2Stbabi Lityeoérobapsul at egiumvnt &i el Abad
gastrointestinal digestion

Fi g22rsghotwse vidabhlopWhi leinzceadp skaunl daf teer.dvhiealh iulmi t y o
encapsul atcacrmpagaodbeadtbys~ 2 | ogs after 2 hour
juices,anpddds2. =) | ittle reduction of ~ 0.5 1| o
in simulated IinOestheabdt her clelndpdithb@egntiveura bai |
l yophilized with saline solution (to be <con
simul ated gastric fluids, and other ~ 2.5 |o
of ~ 4 1l ogs during 2hé si mulated digestion (
Theref ore, c¢ongaddterraidngtgeeshteii mehlo p e o ciers sy, i éhrea e
superior stabfoidy ¢morbetbancapdul ated probi

44
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I ok !
M Lyophilized r 1 —_—
] ok 1
8 ns. I 1 F
[— [ — 1
7 r 1
'_E| 6 FEE
5‘- EEs
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=T}
Q
- 4
3
2
1
0
Initial SGJ SlJ
Fig@r. €& Vi abli.l ifteyrbneetntteurm a | yophi |l i zed with saline sol uf
before (initial) and after 2 hours of i ncubation in
simulated intestinal juices @ES8udethadtespwintdle nBo mfner i ovrdie
was performed for comparisons. n.s. = not significant
2. 20verl ay soft agar i riEmlicthietrd kwihilmal o test agse
B GG_LF low
60 ; r - 1
B GG_LF high
E *
E. 5[] [} N 1
] f !
@ 40
E
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=
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The overl ay reepfotr t &ga.frfreavdesaagiyerde i nhi [Ei.t icdd i hal

33 N 2 mm and @Bi9c7ofpNarnt fbmened oon MRSA for 24
mm and 50 Mikrdpamctfudrhesd for 48 h.

2. 8Eval uation of indirect ganmii dracgeaerrtiiadl et i v
To evaluate t hme caboiplaiottyi addfeiggnedilraenct ant i mi c |
towaHBIER expresficre)] | fawere tiLeaff edanktana tat h

concenbf 4ddd°CFUs /ammdi t h 10 @fmdt R® tmgo di ffere

gell an microparticles.

A Normalized fold increase N Protein concentration [pg/mL]

Ctrl

L. fermentum 1074 CFU/mL

ek
*k

L. fermentum 1045 CFU/mL E H
10 mg GG_LF low

20mg GG_LF low

f
*

o
o
(53]
=
[
n
]
)
4]
o
=
o
)
o
w
o
P
o
[0
o
<))
o

B B’
Ctrl

L. fermentum 1074 CFU/mL * i

L. fermentum 1075 CFU/mL

Eres
*x

10 mg GG_LF high % *

20 mg GG_LF high *

ko

0 0.5 1 1.5 2 25 0 10 20 30 40 50 60
Figure 2.8 Relative gene expressig¢A, B) and protein expression A 6 , of BBD-R in Cace2 cells treated
with L. fermentum and 10 and 20 milligrams of lojv A, ardbigh ( B, loBd@d gellamicroparticles.
Dataare reported asiean = SD and are expressegifold increase ohRNAsnormalized oveuntreated control
(ctrl). Significant differences with respect control are indicated by *p < 0.05, **p < 0.01, ***p < 0.001.

The results obtained (Fig.8A , ) ghéw that 20 mg d6G_LF loware able to significatively
induce the cellular expression of HBD similar toL. fermentunalone,sugggesting that also

the low loadeadnicroparticles should contain a concentration of probiotic sufficient to activate
innate immune responseechanisms in the hosturthermore, GG_LF high was able to induce
HBD-2 expression at both the concentration tested, confirming the effect of an higer probiotic
load and demonstratirgn indirect antimicrobial activity despite the entrapn(&ig. 2.8 B,

Ba)
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CHAPTBR

EXPERI MENTAL SECTI ON 1|

ELECTROSPUN TUBULAR SCAGNPCULDORSANASED

Recently,pelgmerospsoaaffolds have been inves
model s for pathologic gut ] 19UudPICLad i balo@rse antee
| argely employed in the biomedical field. He
of PCL and PAN el ectrospun scaf fporlodisi ffearatti to
di fferentiati on, with the-lhée ms o fPWCaqtr wsrtead if od d
produced by electrospinning-lakehdospbsei mi sal

potenti al to suit the mechanical properties
Caeo cel |l s.sclddwevars, of PCL fibers collected
and pore s-i30e Om rtamege26 which allows cell i n
thus, this scaffold is not suitable to gener
Il n view of ipmr omioledngaml 8Dt o resemble the int

woul d be reiseadrt diyomr imetcupeswilse emed | mitnheids t h
at developing continuous tubular structures
and high porosl2tyetbsi mposel 6acae only the
using cytocompatible polymeilsd. efisarfrfeather édor

a compact l ayer oélliantewhioalal meght hbei abpab
across the fibrous membrane thickness. This
as wel | as the morphological, physical, pi e

tubul armssmaudet wrf nonwoven PCL and PAN ul tra

piezoelectrical properties, whi clFumaheoinoe e
we showed the ability ofi nt heoddeed ssc aoféfsotd idasé [t o
epithelia by cul-Z2 uaelnlgs ttheimmgvi 3 hd iCfafceor ent co
coll agen type 1|, and fibrin) and by studying
|l ayer.

To achi evdki sumiiofbourtenedn s on t he annul ar porti
cont-aphdesed seeding system was devel oped to

submerged in a soluti o®ae2omaltHasr.ei,ngwea adissop ep
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preliminaflyiacresddctngr capabl e of producheng r a
annuloarti ons of fThhle u Iba raressanagisio ofl idrss ti np eGA D r me
(Autodesk I nventor). Next, the biorPa¢tor wa
was teaemnedprebkmentmgntmpart meaahaminpalctstlrae/ s
Caeacell s grown for 5 and 21 days on PAN tubu

3. MATERI| RAIMETHODS
3. 1Mdt eri al s

PCL produdt0 1ehatdtene form obf 38&hmkBaai asd WMens
g/ ¢was purchased from Sigma Aldrich (St. Lou
with awefad&O0OMkDa, and 3ewastypyuothasae8afgbdom
(Staad, Switzerl agpd) TetChalhhyof off mr g ICHCTHF) we
Chemicals (Radnor, PA, USADMFWwhiwlaes Piumethlaysle
Sigma Al drich. Human Col on A2d)enwere cpumiomiaade
ATCC (American Type Culture Collection, Ma n a
Livel/ Dead Kki-G,s,PrFilnmaroymopaliy @ina n dlp dHERIES 1 M,
DAPI (product code: D1306) and RNA Mini Ki t
Technol ogies Thermo Fisher ScikPB$|) fERRBS WHI t h
Mi ni mum Essenti alhiMédiglholcliodsddEddl)fsi el Eagl e M
DO ME Mpr odeodie6 5 4%5ydan Bl aelkO 0, Trfiitborni nXogen, and
pur chased-Aflrdom cShi geihaa Mer ¢ k Darmstadt, Ger m:
, l'taly). F
( Novi Li gluyr)e.,, Mdytriala buffered formalin (pro
fromOBt bc a, Mi |l ani, Fluaal y48®haodthjougane (produ
purchased from Abcam ( Camtemi digyep eEMA, ( WESPAD . |
purchased from AMSBIBY Vv( Atei cepd d vagreén gplepp d Jded
Lapi Gel aSiameé aSCp oAllet asluyB oy eAmatope B (product
G66)50was pur Shagétnadr Daxromy(GadmabBiyot i nyl at ed go:;
rabbit secondary an®2b0dyarf¢rGdact Seodm: WB8A
Vector Laboratories (Burlingame, CAE | USA) .

VI [EOMast er Mi x, ez DNarseee ,bwH tof deeSrYIBERGCc éensiast er

from Fresenius Kabi (Vicchi o, F
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Mi x and SYBR Green PCR Master Mi X were pur
(Wal t ham, MA, USA) .

3. 1F&2bri cati on of the tubul ar scaffol ds

The PCL solution was prepared with a concent
vI)v while the PAN solution was prepared wit
magnetic stirring at 300 rpm overnight at ro
stirring at room temperature prior to usage.

El ectrospinning was per-dprmedngvi t-AEnhgmadto&n

Li nar.i Engineering s.mLdl.gssPisyar,i nigteal e/g u iipnpce
stainless steel bl unt tip needl e, pl aced on
pol ymer solution. The f3stheels mwetr &t isnpgu nc yolni n

(di ameter of 7.4 mm and elreeidg hwi tDH eal® Cal nes mil ruu n

was processed using the ffdlhmpwiapgp!| padametl ¢ as

di stance between syringe and coll ector set
el ectrospinningoti mbewRAN2®&omiimni.on, the el ec
set to: fl owhraaepbfed. 2651 woaodd eaxft o2 .d5 sk \a,n cn
coll ector speed of 5 rpm. Elrecdlrlospases ngt he

tubul ar scaffol ds possessed aAl i hieclkencetsrso s @fi

parameters armab3.elmmari zed

Tab3d3 . eSummary of process parameters used for electrospi

. Needle )
Solution Flow Rotational
) collector Voltage
Polymer  Solvent(s) concentration rate _ speed
distance [kV]
[wivoe] [mL/h] [rpm]
[cm]
DMF/THF
PCL 15 1.00 18 12.0 5
50/50 [viv]
PAN DMF 15 0.25 15 125 5
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3. 1M@r phol ogi cal characterization of the tubu

The morphologicalwafnapegrsfer mdd thhy ffiidled semi s
microscopy (SEM) EuBé silgt oap Pahpepmaorma tRurso by Ther |
( Mi | an, I T) . Prior to obsemavaedi avn,t ht lge | s a mp
Sputter Coater by Edwards High Vacuum I nter.
and porosity wemaeg emde assoufrtenda Neittihoeabki bnstli 64f ¢
USA. Pore equivalent diameters were obtained
to beDaistalned. fi bers were measured to obtain

(n= 100) . Porosity analysis was performed by
clear image of the first two fiber | ayers, t
3. 1Melchani cal <characterization of the tubul ar
The mechanical characterization of the tubul
mode, to resemble some traits noefanisntoefs tai ndaeld i
seutp, designed and fabricated to measure the
function of the measured iIinternal pressur e.

components that commuauightae Yo hcemmrmdéictodrh.er
included a sphygmomanometer pump with a chec
manometer with a sensitivity of 1 mmHg to mo
deformabl e part aonswhift¢bl dhe waadbwrostidgaliyonegeat ¢
radial deformation of the catheter and, cons
graduated gl ass cyl i mldwars wistehd ,a isne mahiitoiéuv ieéthye
assembly is immersed. By measuring the incre
part of the catheter, the increase of t he

determi ned.

3. 1We&t tability of the scaffolds

Circular f1l at samples wituath far dmatmee erulmd| 8Br
prepared to measure the statieglowatdarstadnteac:

were placed on the samples using a micropinp
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cusimame instrument (Linari nrEngliingeremd mtg sy gt d
byD&  owered motor with a f600Ctrippm,alarmsdeae dc am

4 ps frame rate. |l magplosebswagetwas agcgedrfcd

3. 1Pibezoel ectritchsepabpertdses of

The measur emeing so®lfedthrei d coefficient of the
using a PiezoGauge setup specifically develo
meshes at a macroscal e[llaRRe ,satsuplewas | fewdr ti
as detailed i n PAIPP ENDtIuXp ilmv dlrveed ,cltampi ng a

bet ween a rigid support and a flexible steel

An electric field is thus applied orthogonal
paal |l el met al pl ates. The resulting cantil e\
t he mesh, is detected wusing an optical | eve

alternating current (ac) elewrt¢yicf filké dsti sela
typically around 150 Hz. This method-30ads t
times, resulting in a significant enhancemen
fluoride) (PVDF) uGeddRhs!| laowtfainldmrwagsontrol ,
of PVDFaBaTipOl y(ethyl engolox( et tleegree httdrad @h te

PBT) as a positive and 1lMne€dati ve control, res

3. 1Céegl | cul tures on fiber mes hes

The scaffol ds, 8n=mn6 )di awmeertee rs tdeirsiElsidfeat ebry 9
overnight foll owed by 3 washings of steril
(Levofloxacin) and 10% anf2i meddtsi wefRlIPcudn az
tissue culture flasks using BMEMpsaoamptement
glutamine and 10% FBS in a humidified incub
When the 80% confluence was reachend,edt.he cel
Caeo cells were seededcwl t?asamgenbetfyolblfowi B¢

for scaffold coating:
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a)

b)

Al
i n
by
Ce
di
t h
du
p |
af

Gel atin (bovine): Cells were suspended i n
droplets at the cemiar iotubbhéei dnsper Abtder t

was added.

Coll agen type | (recombinant): The coll age
i eccecool ed Eppendorf tube wiloh INawGdE BESNg/a s
coll agen type 1, i nOlafl1thi8 saltiudi oA twatsalt
sample and, subsequently, the plate was pl
After 30 min, the cells were seeded onto t
Fibrin (bovine): Fi brinogen was dissolved

to obtain a conceinbheati anmgf ofd moimmontbi n wa
sterile water to create a k.olTuhtei otnh rwoinibhi na s
was further diltbedchnevéd aMc€h€é@dlrlag i wer
suspended in the thrombin solution, and th
ratio to form the fibrin clotmixI|In@lop cas
t hrombi nMOLofi t hi HiI0i noge ®Ldrroepsl uelttsi,n go nien f20r e .
The droplet took approximately 30 s to coa

min before adding the culture medi um.

I the cultivated di shwsel lwepkatpéac€Ede i samp

cubated for 1 h to ensure cell adhesion. A
compl ete medium and cul tured vfeorry 231 ddaayyss,
(I culture was also conducted on PCL and

amentEeb) by s2edeélnlgs’CatciBs/BdmM@Or e starting ¢t
e tubes were sterilized as reported above.
e to their capacity of gelation, whi-ch res

anar scafét¢afflsl dFbfompacR®rs® placed on each

ter 90A rotatiomfn,20virmihn abeatiween ndeaeahyadr op
me to adhere to the scaffold. After the |
cubator for 30 min, and then the compl et

affol dsowtasf cowrard i ceay s .
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3. 1Ca8l 1 viability on the scaffol ds

The Al athai aBli ety assay was performed to mon
A sol utkg/ombLeosfazuri n i n EM&EM plasn @& rlmssea fafd o | odns

weraedded to each well cont,aimeamgwhihlee cfedd /tsccha
mL were &L£ampbogtetlol wecensncubtsed for B h, af
aliquots were taken fromwebhkchpwaté hod spaat

reading using the Victor W8I Moamj pMAf eURBARpder
Livel/l dead assays were performed at the end o
1 listerile PBS.CadrctedinniAigt B n@i 0 m5h Owneordeé maed d e c
to each wel/l containing seeded fibers. Then

observed under an inverted fluorescence micr

3. 1M®r phol ogi cal analysis of cell/scaffold cc

At the end of the culture, the cellular samp
for 10 min at 4 AC. The samples were washed
in 0.1%10D0idomuXed in 11 PBS frosred5 frmwirn.3 0T hneir
Sudan black solution (0.3% w/v) -dmatceodv efri htehr
After rinsing in PBSeosihneaywaneerre ftorre alt emdi rw,i t
solutionL) (fT®@r OdOm mi n. Theed rwestuhl tasn wiernrvee rao besds
equi pped for the fluorescence and with a Nik

Fixed cell/scaffold constructstWwersampeéaedsf or
PBS, they were i mmersed in a series of wat
concentrations, 70%, 80%, 90%, 95%, 99% v/ v,
dehydrated in vacuum wovemplads 3WerA& awvalryni gd
i Bect3dlloB.

3.1 Gehe expression analysis

The RNA extraeioel Ifrooudl tGacod on PAMI,andn PC
col |laangd croiant i ngs for 21 days, including cell
per sur f @rcaen saweela so n( weiotlhl caageedni wig) howtas per for
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PureLink RNA Mini Kit following the manufact
in the lysis buffer and homogenized using a

ice throughout the procedur e. aTdhdei nngu celtehiacn oa c

|l ysis buffer, and the resulting solution was
and final ef ueeowat er RNBse reverse estwasscricg
prepar ed -firneea tRINoaes.e Vieal mrdad exgs tihrevdlol | owi n¢

ezDNase buffer, ezDNaseffreempataaer. RNRAe tamlde n
to collect all the solution at tA@ fomrt t2 mmir
After brief centrifugation and placing the
SuperBtNVi VE MBOst er elMi xan(d4 Nuelee anshit .erThHes react
mi x was then subjected to thermal cycling wi
AC for #H08mi AMC &admr 5 min. The obtained cDNA
r etail me PCR, carried BuStYBRGrreegnt iMas Pewe M x .
pol ypropylene tube, a PCR reagent mixture Wwe
PCR Master Mix (11), Reverse primer (300 nM
final concentr-at € ® nYyeh)t.anTdo( B uhddse &nsiéxe mplegt €0 c I
(0.1 ng) was added, r eek.u |l S u bnsge g uneveat IIfyi platd i e oW
iemsted into the ther mal cycler and subjecte
Tab3l .e2 The pr itlmerEszrafn Zahd Occl udin genes wer ¢
Pl usd 1t6®6dlThe used PCR condBtRdrhse a&rxe emre pnemtt

performed n=n 2duplicate (

Tab3 . eRTPCR condi ti ons.

AmpliTaqg PCR
Step Gold enzyme activation (40 cycles)
Hold Denature Anneal/Extend
Time 10 min 15s 60 s
Temperature [°C] 95 95 60

1l mmunohistochemistry

| mmunohi stochemi stry was perfor metdhsedmpéeesl!| y

t wiicne PBS f or 5 mi n, the cell/ scaffold-const:
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100 in PBS for 10 min and washed twice 1in
peroxi dases was performed bb®i nnmebatanoh Wwiorft
in the dark. After washing in PBS for 10 mi
serum diluted in P8@Pediofi Q0bimmadi ngp Diltoek af
After washing in PBS ifiocubatmead , witthlke p+aimpdreys
rabbit adAtidboédyedOi PBE. % iw/av BiAmennr abi s h
chamber at 4AC overnight.

Negative controls were performed incubating
The foll owing day, the specambnt Weoei npcaba
antibody diluted 1:200 in 1.5% rn,/ vafgtoarnr wagh

t wice the samples in PBS for 5 min, a strep
min, prepared according manufacturerds instr
To reveal the reaction, after washings twice
i n t he -cshulbosntorgeetne sol uti on: pomlk Bl,Bnami nant
di aminobenzidine tetrahydr ogOb(l200lfi dre & h vat e
DAB) for 5 min in the dark. The samples were
for 1 min and washed in tap water for 1 mi

FIl uoromount mounting medium and orbiscerrossecdo pwei

equi pped with a digital camera (Nikon Instru

3. 13B2r i nt isntgerainldi glait m dimoil adelne ai ner s

To i mprove the homogeneity of cell hekddr ng
containers wer e dTlehsda ghedi gamt aw dsséd 4 pgoewdf tolrenegc a f
positiomenegr sed in solution contaiand gkeaptbiion
rotation during seeding, thus achicewitmg nar
anfdo!| dverrpse od ues eeadpgo x y (wha Steandar,d ARg&ihbdBhehen,

ChinaObased33UrA ntasngperufsarnngedan Anycubic Pho
pri (Atng/rc uSbhiecn,z he nPr iCtiinmmg par ameters were set
instr Atteonphenaveacgr,e procedure waswpehdgor me.
i nsopr op)llPAdrém heailmugn d e r U V5niinguathedsf solvagg a i n

for imeAf t ermotl detnt aviereer st oved enhadnoél water

To guarantee sterilitynolddewerdayabted olrav ad eatt
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mi anWlashed overnight y $aoaloirng owausske e it inkeg  dv
for db$oeitahtaen o éatnwlad s e d2 atgifamBeds mn n sdiegtiillel ed wa
dEHO).Final hp| dehetawenreer sl et dry wunder bi ol ogic
scaffoldelsdieireoheent anienreer stesi gned to fit a r
Arduino Due board (AEdpl opi, ndMonkzias d$setaly,) di
coulpdr dger ammend etve an opti mal speed that woul

suspensi on.

3. 1.0p3 i mietdséede dci cqg | doudwebul ar scaffol ds

PANubul ar(nseaéf eilmdsannu®anms ipdnpde 8 mm)adida met e
steribkiepealtmawse. T h efyiotwteacet!Hidntelaonlisdceaninp riins etdh e
caps of the seeding containergel S®ellbaeagcacd®d L
PBODPBENd 25% w/ v bovine col l2ager | pse pmeirdcee st riy
and counfedl | sndedédpendadhi nype offheseddirmrg
200 OL of Susperexaiocnntwasnepl,acend tirn plicate
containers were assembled 20dns af fad letdils eave rae
removed HHolodnentthaei mpdrax edi nvedvel cadpridatleef t wi tt
medi utmhienoubathont of @emslr e adeaqbastea umleolthlli yyahd h e s i
gl uddavsEeM was added to each well aAd, t i@ €0af
with media replacementafatfeeeac hiond.adg®&Y ol tul ¢
were conducted for seven days to assess att:
bi omol Baudletsai n annuensthdrmaeke! 9fadhered to the
rotation process, all the solution remaining
O pi,peedtei mating its volume. The ceBlys in
knowing the concentration of weasolsss iabnde tthoe hta
esti mat eviehttatihsteiec sampl es) of t Hert cetaaclh nt wn
of sal uReiscanz ur i n rpedrufcdaitmmadataensdtl , vAd3s t he end
exper omeampl e per type swasaDsdePhairmdessdt3w ibtn®
assess cell a d h eGnieoanmpa ned pdeirs ttryi paes temvmosr rdeednh y d
Sectdi btndval uate ce&IEIM adhesi on by
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3.1.14 Bioreactor design and programming

The bioreactwiraw@dpbDdesidgnadtunabl e cyclic me
the celdm gcalihibalod.eactor i s designed to inc

i nduce periodic radialfThdebbomatacbos D& thaenes
Due board that ad ¢ foovsma toi orne g(url aadiealt heex pansi
(expansisopne/erde caonidl )t he t i mMe fiom togrcu aln aniedd vaeneort he
cell chud tayccldgdsstenovicandi at spapiaad lomsa us. &, s,
1. 5egoidlndpanuse.

33.1.15 I nduction oft hae hteeclaldsh m £ ddl wrsittrsge scsul t ur e

For the experiments employing t hshabped eRAN 0

scaféasel depSerctt8ddniinBt 2%z why bovi ne/DEPB&ES agen
seedingleaolauffi osduletxwereees moemtl wot ddysostati ca
days in presence of mechanical stress. I n a
statically and 3 days Dneptestheegebmeechant
only one cells/scaffold construct per experi
constructs were kept as static control s.

Il n each experiment, after whmasuphbbigt ip@amed od
t hhenner hol der, odmud mer pgedriemch omL of ciompl et e
a 15 mL FAlccyoenl itcuable strain wdsatdheh mpempibaancdor
of 1I(.coorg es pamadkiimdui nst metaecai n 1®f% abodutan over al
exerted on the fibrous cyradidalr aoldnéiuk Ba) ,
Resazurin reduction assay was perfao@medl t e, e
and the sampl ee swenr/eDAsPtlaianfegd rwi2tlh days of cul

3. 16S1T ati stical Analysis

Measures are reported as mean N standard de
di scuss the significance of the differences
|l ndepeahdamANOVAt at lastail ysles wer e epeheor raxdt el
Jamouvi Software (version 2.2.5), taking accoc
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a significance pPpregakill toy Ot 05esshohdag appro
when needed

3. RESULTS
3. 2Sdafdmdrdacteri zati on

The morphol ogi cal C h anre & ditses rriezpaotig 1Bendl & finbteh e si iz
was different betme.AN1A2)e. tiwonapo | ymelAN i(s r e
electrospun fibers had a mean di ameter of O
di ameter distri butOi.6n7 W tOh PaBLlBRY n( WPalree eqfui \
di ameters of PAN and PCL meshes were 0.32 KN
porosities Bbe%p aacRdugs? %WCAR ) . Both PAN and P
di spl ayed an appreciable porosity, i 2e. 50
respeckiugBaly, YPRQL and PAN tubdliaptddgatcredl dvs t
di amet er Faug3IBHBEHIIymapd a first, simple seedin

n

e

S

ma

ualdnge HZF) g
Th mechanical properties of the tubul ar sca
system that was designed and created to meas
as a function offhehPANNnseahhol gressukrteed | es
one, and therefore more resiUpbantan fiomepr ex:
|l eading to a 18. 1% circumferenti al def or mat i
42% higher pressure (es e(.i,. €.8,9 2nMBEAZMMHPYa.n FiG
graph of Tthee measwlrtesnent da3a3 are reported in
The two polymers gave rise to fibrous meshes
PCL highly hydropholFi &.BR)WCA1 d= PLA2ND Ah yNd r2olpAh)i | (i

N 6FRN)%.C) .

58



Fiber diameter distribution c1 Pore diameter distribution

Mean 0.30 £ 0.04 pm Mean 0.32 £ 0.18 pm
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Porosity: 50%
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Fi g®Br.&esults of morphol ofglPARI (cphped @R @lw) (zladhvweom rodw) |

mes h(eASEM mi crographs of the ulBBamfgnephsbshewi sgatbkeb
di stri bu€aan;graampdhs showing the pore diameter distri bt
from t he Ppoorree sairzeea siDsRAN,b abriRgCh. e fERobttderes of the
scaffolds achieved and manual seeding procedure.
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Tab3d3 . eGutcomes of the mechanical -m@geswrrdrmerd 4. ngerefcd ri men
Pressure [ mmHg]

Circumferent.i

PCL PAN
5. 4 140 N 9 155 N 5
12.2 168 N 33 213 N 16
18. 1 203 N 28 289 N 7

400
350 1
300 - {
250 -
2004 e

150 +

AP [mm Hg]
‘e
s

[ ]

100 4 &

50 o

0 r

0 5 10 15 20

Strain [%]

e PCL ® PAN  ------ Polyn (PCL)  --evvee Polyn (PAN) - -
Fi g8rResults of mechanical and physical char@A)Yerizat
Point graph showing the inner pressure difference [ mm

Cubic polynomial equation di 6B R&pr dshenttateinde oghatheg m
dEHOdr ops( BHAECLo ( &EMAIN f i ber meshes, used for WCA measurer

Measurements of the piezoelectric coefficier
Tab3.ed They showed that PAN scaffol dse sh®.wkd e
N 16.0 pm/V tham PCL2s8aDhie@€bde@snd W) TabBreedsent e
are obtained by averaging more than 20 val ue
measur ement conditions, i . e., by wusing diff
carried out (osneediafpfpeergedtite dfadyessar det i on)
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Tabld . Results of the piezoelectric measurements-of the
PBT: poly(ethyl encep olxy dleuttylremdttharld eagret)yhal at e) .

PVDF PVDF/ Ba PEOFPBT

Sampl GoodFe (posit (negat PAN PCL
(st anc contr« contr

Type Film Fiber 1Fiber Fi be Fi bel

meshe meshe

G 10. 8 13.0 3.93 2.92 3.22

dz p m/ 45 N 65 N 2.1 N 20 N 1.12 K

3. 2Bi20 | ocghiacraalct erf i Z2atcco® Inl so rc bneet suhr eesd

After 21 day<seltbe wE€aeoviable on all the cc¢
met abolic cell activity on PAN scaffpd ds al
0.001 i-andekfkactolamgeedn pecaDf 000 &g oiant efdi bskFciagf.f ol d
3.)3

120 * % % * ¥

100

80

60

40

AlamarBlue Reduction [%]

20

Gelatin Collagen Fibrin

mPCL mPAN

Fig8rBar graphs showing tmed abwt ¢ cméazxy advu ICiye e twveirt 2 1P C
scaffolds usingg8l . adtddlelraagqudn ctoyage nigsand fi brin. Resu
devi apf obh.,; %, 0* D0 1lp<andd 0001 .

Il n PAN scaffolds, the highest metabolic acti
presence of gelatin and fibrin. Di fferently,
when the cells were cultured in presence of

The morphol ogi cal anal ysi s was conducted a°
mi croscopy. SEM micrographs revealed the for
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t he scafHIid.)## tGolelsagen coatings specifically

|l ayer of cells (and coll agen) <coverimhigg.compl
3.B41B2) . I n the other Fs$ @n®¥2)e si,n bwhti cPPAN/Ha bun o
are well visible, the cell monol ayers wer e

weaker than t hosec swherwand i snc afhfeo lcdosl,| aagse nsever
incompl et Ei §.AMLA2GQR)d. (

Fi g8r8EM micrographs showing the re#HAINt f upfpett2g amwgr @mh

PCL (l ower row) sCadd co¢ledd sc dlotrur2eld dwiytsh by seeding th

coat ( Adgesl ;g tBe) o | | taygpeen (ICHi &md n. Scale bar is 80 Om.

Fluorescenceagemilktr ®s aarey s3h,davwnd icnonFi g me € t h

observations. I n addition, they displagdt ha
scaffolds had a morphology to those observe
hypothesis that col |l agtemesasofcotnteargu mfgadce ¢
via SEM.
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m m
100 m 100 m

Figdr.Bl uorescence micrographs display(i®ANr édsaplptes ofawl
and2PCL (1l ower row) sCadd wledd sciudlotrur2edd dwiytsh by seedi ng
protein( Agpbhta(lbBrglsl:agen (tG)pber iln,. aMNudc| ei are stained in b
in pink. Scale bar is 100 Om.

Thmansa&ledi ng technigwd. 7Tepodbil bevesdh aph S annai fac
to be cult r ekl Wwisth FCdbaaon coating was used
gel ati on, which enable the scaffolds wunder
conditionrs,cwtéhhes Cawvep aaantdoablblhye zeobot h PAN and
sur fRARic& .56 (

Gene expression analysis was per-2ocekelds as$eéeed
with the same cell ul afr achhesmw=siltlys gewtc b U lmfpaa ew
coating), used as standards in the8e7dVeper.
assessed t kol ¢daffdacbcroiant i hgéscaffold systems d
by congiedmadgae agf ol ds as reference sampl es.

The grapi .97/mo ws gtureet t he cell cul tofkvaagsant he
able to increac<d Mohteh e xnp rPAANs iacmmd dPfCLO scaff ol ¢
al so -ofi ZOPAN scaffogéldao anit frgarnassemied dt (twa t h an
coll aganhing) . f iMoiemveld,jghtly i mpr owddN t he
Differently, the highest Ezrin expnesei bs w

preseaclel adgeetni ng.
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FigBr¥iability and mor phelhoagidBlaN, & 8M@Ly ssicsa foffo ladhsn ucl ualrt v
Caeo cell s for 8 days ithgoatgicl®dy ngr ¢ heerced | miwdrtchgr aphs
assay (scale H&@elils mdrOp Dar)ggyanals detected using SEM
using fluorescenacdDAi csbacaoppgwiwt hh cell nuclei in bl

is 50 Om).

16

1.4 ]
S 12
‘@
(%]
O e
Q
x
o 038
e
o 06]
oo
T 04
IE ]

0.2

0 A

Transwell PA Transwell PA Transwell PA
20-1 Ezrin Occludin

B None M Gelatin Collagen Fibrin

FigBrEesul t-BCRfcdRAducted to evaluaEzrithearadapOeslsudinn o
2 cells after 21 culture daygeodpactoHANamdfliPlalnTseaf f ol

experiments inxl|lawoellds atslot uCaecd on Trod d awelal sl wiotaht i an!
considered as a st anGearalniBnDu twd dtueck Trmanhwel If9 ewar.e u
cells cultured on Transwell s and s cvaefrfaogledss ,ofr eXs piercd @ |

samph=e s2)(.
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Fi gB8Brddi splays the-loummamesi esf o@emi stry, per
top of the scaffolds provided with diflferent
was detected in all the sampl es, afl slod sc.onf
Moreover, the3. ) &sakées at FKkighrmagnification,
of cell morphol ogy on the di f fgeerleanbta nmantge, r ineols
cells appeared to belduyr r dynadeedth,idyastp plaggaedt ap
el ongated Fnogr.pBhol Diglyf € r entcloy,| cageetnpngsenhhbhe o¢
in tight contact one each other, by forming
these con<itciedns Cacel| Bgedoapbobogp)] altoge
formation of mBn@lB)y erFisntarlucytf, i thaaoi g rn exge n ¢ éh eo
appeared to have a redudBeBB, ssmggeast icrognpanm et
establi shment of the monol ayer structure.

2t ¥ ~‘ oAt ’;ﬁi _j‘. ry 3 ,."""7 s 100 ym

- o W B L b Serar——r

FigB8rMi crographs showing t-heof -Gaaeabpescul vifdlAIN,bor zD1
aqdq 2PCL scaffol dAgelc,dBdeldl,avgdaCi h DNnregat i v ef icheroitant @ld9  (

of the i mmunohistochemical reaction (scale bar is 1
magni fication; scale bar is 30 Om).
3. 3Devel opment of a novel met hodol ogy for the

After preliminary st rtibadcse nafai dciefrf esreeendti ndye ssiygsr
printed comprising many el ements that <coul d
the meshes. The desi3gA9s Alrle trheep oaglteeme nitns Fiingc

for a correct proc(elduryliinndrtieadll ec crotnaliirntd ro n\
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componeanltl owi ng interlocking witlhmpdhehThhee o u
whol e ensures sealing withoutholb@®sr ndhi gheted i |
and 8 mm tdoi apnmoeshieetrinoshcearf f ol d, whi ch i ncleudes
pl acevhdrite wor kithwe evg éd ths St efFerhael e (on contain
components to interlock different containers
t b-6scaffol ds (i n a sdensgdiegn)2,0 tmi anrukt s st a otthad ic
in FBgeardg6). (7) InterlotketheoetepohedtcCi NBEC
specificall y( 8gmidntfadmaddpgpedt to ali mentati on

Ardui no Due.

A

FigBr.®ontainers holnderaps aWwif(ohJd Ds € edBpihpw.t os pfi hhed3D
container(sCoamd ac aphso | adriedrnhcapn ul ars cpadpfdosliadninodietds | ocat i
(Dphotos of the syshtoelsd.eirncl udi ng rotor and

3Bpbrinting of epoxy resin, foll owing manuf a
neces$airypfoht yal so the finer details of the
reported3.BOn Ej gDr e

FigBrpobesents the metaboli 8. abowsi ther &d wlotr s
mi croscopy | mages. The metabolic activity r
obtained during the seeding process. Both se
and an essentially sholmbtgiemreso usn dti lsegp es csa fofno lod
Il n both cases, approxi mately 50% of the sol
process.
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Resazurin reduction [%]

s
won
r 1
1 3

H Gelatin

| Collagen Peptides

Extimation of the number of cells adhered
on the scaffolds during the seeding

2% Gelatin seeding
Solution volume left in the container: ~300 pL
Cells left in solution: 11.7 x 10° cells/mL
Extimation of adhered cells per scaffold: 0.83 x 10°

25% Collagen Peptides seeding

Solution volume left in the container: ~300 pL
Cells left in solution: 5.2 x 10° cells/mL

Extimation of adhered cells per scaffold: 1.48 x 10°

.

Day
FigdrdaOLeést of metabolic activity of cells at days
(2% w/ v) and in col |IRagéedrie pteipmd tdeeds H RMBWe rw/of) .cel |l s ad
process. *p<0.05; **p<0.01; ***p<0.001. For multiple

2% w/v Gelatin seeding

25% w/v Coll pept seeding

FigBr&l uorescenceCarkoccekbk®mplheodalap adf é mp Idstyhien gt wo

di fferent abnido ncod letcwrl,egds ftovro Mmadgay $ i cati ons.

Nucl ei (D

(eos)inin red. Scale bars are al/l 100 Om.

Conversely, the SEM adral®ysveas| od eskeat edeé i rig
peptides promotes better formation of a con:
This observation | ed us to adopt this seedin
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2% w/v Gelatin seeding

25% w/v Coll pept seeding

Fi gBr dlS2EM mi cr o @n &2p hcse |dfo ntsheee deesdmapad f £ mp U styhevgt wo
di fferent amidonall @ au,leedstf arwo7 nrhaprsafl iec dtairlemasgh0 0 i Omt (| B O
and 10 DmadmrRi0ofoiocati on) .

3. 2Bi or edes wgidnd u otiMmeacrhani carcebt sedsring cul tt

Therkbiaotor was ifnicnfaudiyn gd edsiifgineerde nt: essenti al
(1) A 15 mL Falconto perform the cell cultures, which is the only component in direct
contact with the incubator ambient,dlbow gas exchange
(2) A scaffold holderwhichalsoserves as mechanical actuator and is the only component
in direct contact with the scaffold.The scaffold is positioned on the
expanding/retracting holdeand subsequently, the entire assembly is immersed in 5
mL of culture medium iside the Falcon tube
Thmechanicdlbiaathhayttaet ed t o an Aarlduiwso tDou er ebgo
t hdkeef or mati on (radi al expansi onm)p eexdt eamtd, tdheef
i nterval deeftowemsncilommmeand anot her
An example of the operationahopamdeswbeequwem

assembly the whole 3e18p is reported in Figu
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Figrdperational procedur e Holramado uanstsienmgb | a nsgc at fhfeo ledn toil
is then placed inside the incubator for cell culture.

Fi gir®4shows the results of the2méd ab ol col & at
pepti de, 2 mpdlowtiingn t he me & hlo.dloBfotgeyr r5e pdoarytse do fi n

demonstrated an already high metabolic actiyv
reduction, statistically different from days
and no statistical differesacewwhah obdecvednb

N 6 % and 100yN 9 %, respectivel

X3
A 120 F B 120 e
Lk * ¥
- [———
100 . 100
q
s %0 § #0
8 e}
=
E 60 T 60
3 [
2 2
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£ 40 S 40
s N
3 20 g
Q
g g 2
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0 0
5 14 21 5 21
Day W wout stress M w stress Day

FigBrd4Resazurin reductoimane2caseqy e PARNE dmhaud ar scaf f ol
25W/ vol | agen peptides solution employing the met hodol
(BResazurin reduction @®&sasnanyulcaormpsacraifnfgo | cdesl lisn gsrtoawn ¢ c G

days of mechanical stress on the bioreacttoe(sAat)he<0. 05,
Bonferronik cma3rcicttiiooms) was applied.

Three days of cyclic meahmakcmbmstdramet ecost
15%, and an over aannusltarre spso retxieor nted-8ldfo Wwtluhbhuel a r
applied on the construct s3.HByWY sheawss hofw tthhee bm
activity greaNlY.ime®w hecalalsse grdoVen 2 days st a
in presence of stress, and to 46 N 2 % for ¢
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of stress, respectively. The reduction i n me

tested, and was mainly associated to a part:.
in FBgubeell s grown for 21 days in absence c
compact epithelial | ayer. On the other hand,
an alr easdyabwelslhed epithelial | ayédratleerd JtFoi ga.

Fig@r&% uorescence migrowanopyroRlsdalysesdptancadl 1§ daps
+ 3 days in presence of medNhaheéeaxrad Dityici) hlewes tarneds sc y(two

(eosin) in red. Scale bars are 100 Om.
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CHAPTER

EXPERI MENTAL SECTI ON I 11

DLP -B®I NTIONM&GOFT SCAFONCIHD P DEVI CE

Il n this woakmetwreoddluadg e ditm & agndd gt-pPORIiateng

session,-basbgdmogebfl uidic devi cer y mtt efge att u Ir
We employed a commerci al DLP 3D printer and
accurately r ept osdhdecaer i6nFtBe8dstisilersa |l maxi mi zi ng i |
bet ween the fluid and the 3D topographical ¢
with a relatively | arhegepi shhelfiaaglei ahemelhotri sdh
objects such as micwhpaht ic call esspadbkdt ¢ dafed ¥yIlneve s
of mi croencapsul atiendt oprao bmiodr.cfsTami @awo b & g & Wwé |
bi omi metic topographical cues are introduce
showi mgtadl surface for [&88Fk; tpdaby achcamnpo
scaffold in a standard chi p, [rieddByWer isnegl encatneyd
materi al a blend of commercially availabl e

gel atin methacr ywlroywluc(e@e IWWMA)h, ahdmeg h degree ¢
bl end was selected since eiptrodas eu se[dlidldr,prfe
[ 167]Good printing fidelitgrmsstrakbitiuray wat e
finely tuning thpolGem®8MA syvhtuhéeshsandrerintir

assessed the capability of thedmdité&feméentobat
Caeo cellcaffolds representing the internal de
adjust the chamber height and channel di men

printing parameters mhkkesuthabl apjpooadédsipanit
to accommodate microcapsul es of di fferent

experi ments. The specific DLP approach, pol
presenting herenatrkke coimpll et edryd neavn ipave t he
mi crobhindmsti nal interactions, especially for

in wiodeds are | acking.
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4. MATERI AL THODS
4. 1Gdl MA synthesi s

Gel atin methacryl oyl (Gel MA) oWi t washi g¥wn tdheegs
according to previously repo[rk &8l 7@rjlont obcroilesf,,
amount of 2 g of type A gelatin from porcin
G1890, 300 g bl oomlo fwapsr edhiesastoeldv ePgBISord B2 Gy ma o & &
P4417) at 50 AC to make a 10% wilofhomo hace gl
anhydride (MApr 6dgaoh7 @a®d&8®) clher gram of gel ati
gelatin solution under magnetLi/ani it iursri inmgg a( Is!
pump (New Era Pump SY®9d)emFhlenso] umodel wWdE t h
4245 AC, for 2 hours. The reaction solution
4245 AcC, using a dial yar s weeqfhft atceti@vd a h( i gmo
Al drich). Next, the-dGelkeWMA(EdyotPospmeans, f Telkg
for 5 days to obtain |Iyophilized &ed MAC supnotnigl
use (up to 6 mont hs).

4. 1Pr2epar ation of Gel MA and Gel MA/ PEGDA sol ut

PrreydrogelsoGaellt MAns were prepared in a stepw
phenol red @E%iogmazDAREdR)echsuppl emerStterde pwi twha sl
heat edAC.o THheentL AP. Ptowoi nitiator pfdodaurcits cBide
6146) was added and stirred at 400 rpm for &
10%wt) wwas then dissolved by stirring at 150
conducted in a thermostatic bath with fl ask
coasslinking of the solution. Finally, differ
added, the solution was stirred iatt e2r0e0d r(pOm 2
Gel MA/ PEGDA bl end solutions weurmee prraetpi drse do fby
Gel MA solution with | ow mol ecugraacd lPcEBERAD )pen:ot
on a ther momi x@, fadr 31 Oh aprm, 37
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4 1D8si gn and DLP procedure

DLP was perfor mé&dgeuns i2n ga pap alruameuns X Cel | i nk, S\
performed with Thinker CAD, converted into .s
t he -ibuidaftwar e, according to the desired tl

crwptli keaffold consists of a xsbq udest e d®mm ar al
surmount eck8wat hawnoai t0 Par abaxli arpayl af s ca
consisting of cylindersaotkedltd Omehenglkrtr sand
the pilcllaoarse.d Tdreeri ce design comprehends the
an elliptical chamber of 1 mm height, and sc
l ength, to fit blunt tip stainless stoel t ul
and col l4e.Al oB) (FBgfore each printing, the bu

the manufacturer ixwesthtedti vahsphatet wasPDBS8t e
was -hperag ed at 37 AC on a t lernrhemibwdrl ddlmdy @ nwe
excess was poured in the vat. Pl atform off s
projector intensity and | ayer exposure ti me
Finally, the samples were ext e@esrimany) wansd esdt
i nmUWDPBS, 4 AC wuntil further use. Samples wer
(Zeiss, Germany) and measurements were perfo

4. 1RMeol ogi cal mharacterizatio

The bulk rheological properties of -ptlhaet ecr o:
oscillato(y mmedamatmey er pl ate). The sampl es
di ameter and 5 mm height. Gel MA wsaanndp IMe€0s% we r ¢
Gel MA sol utwit onLsAP( 0O AOB BHE&r t r azi ne) and pol yme
thickness and 12 seconds | ayer exposure ti me
8:9, 9:4.5, 4.5:9, 4.5:4.5 (Gel MA wt % : PEGD

thickness and éxpeswmastilmg.e To perform the
| oadted ®©me bottom plate of a Malvern Kinexus
A constant precompression force of 0.1 N (ap
viscoelastic region (LVR) for t he 9t owaasge r
determined by applying0%) rathga DODFfecuearadynsof

frequency sweep at constant strain magnitude
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100 Hz, obtaining frequency versus modul us p
viscosity (E*). All the measurements were coO

condition were tested.

4. 1Topol ogi cal and morphol ogical analysi s

3Bprinted devices and scaffolds were visual.@
Germany) and measurements were performed us|i
necessary, samples were manually gutalunibleadsée
To perform scanning electron microscopy (SE
scaffolds were -8f0hk© zamd-divicedifghrt Stdays, to o
whil e maintaining the shapealilnyt accut. darmdensedt

moundmdt al stubs, metalized and obserwved und
6010 LV, Jeol, Japan).

4. 1Cdmput ational fl wid dynamics anal ysi

To assess the possibility of mimicking physi

performed 3D computatifoinmmilt e | aeli @ mednydrf aatnhedsy s(
device. THehr@daarg 6SERSEX)esee®d by the fluid flow

(e.,.g.chamber walls, wvilli tip/base), was eval
chamber geometry. Using the XPMEGD MCOME®OL |
velocity profiles were moeddl etheadohfferbatfFob
as inlet boundaries across the different S i
constant as outl et boundary. To assess the

regions, we -we mplBSypald ngi evekr e cal cul ated as t |
ratéds ansd fluid viscosity [PalLs], [aB5DPrevi ou:

4. 1Ceal | caid tsutraefsf ol ds

Human epithel i2al( BBTEB | ATCQ,e WCHA) wefei cuddur
cul potgstyYymeke in complete DMEM phioglhucd!| wods
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D6546) suppl ement-etdr eavptt dimy_L & mpedidg RO AU c h
1%-gll utamine (prgdac®7Td3dDbJl)ehand 10% FBS (Il nvit
humi di fi ed i nAcQu bwaittolr 9s5e% ,aaitWh3eIn0a Gc% nGD uence
reachefd,c€bkts were detached from the substra
pl acedwehl apllate (Sar st22ddael IGe rwearney )s eaendde dC aic
density of 75, 0 th ec eslxlpse/r s ameefgft osl ede @ infpagrr i - ab

presence of gelatin, cell s were first resus
producG6em@)e:di ssolved in DPBS (Eurocl one, I
the incubator without méde i d opdravwel ladhaesi @

3 days the scaffolds were washed 1x with LC
unattac-BedellChsoand avoid multilayer-2foelmlas i o
growdomfe scaffoldd wer &eeppcrrhyfigartindhemon phol ogy
scaffolds upward. |l mages were acquired with

digital camera (Nikon Instrument s, NL) .

4. 1M8t abol ic activity and phalloidin/ DAPI ste

To quantify the met-aboe¢l lcs atf¢be ghihdsr a awdhr, it MGe r Cha
producR7@Cbd)e:assay was performed.mLBEBEf bbds

3 minumevseadantdo a nentopl sbkbutiThencomheisatziumg no
in complete DMEM high glucose media was adde
hours. Then, three 100 OL aliquotswwebkleptake
(Sarstedt, Ger many) , absorbancel twgd atme a Rere
(PerkinEIl mer, USA) and the percentage of re
exper i meonntbsyg aufsfionlgds as bl anks wier ecspietpifoonr me d
no effect on resazurin reduction. After 21

DPBS, fixed in 1% neuduQprtailc apuodliiteaciey@ ¢a O 0dmal i n
DPBS, for 1 hour mtDRBSAC, Saampdl esst oweerde eitnh eln
pl at e, permeabilized with 500 OL of 0.1% Tri
mi nutes and washed 1x in 500 OL DPBS for 5 m
dark to avoid ghadtyeksl. e ascampddesaiow d mf avi t R 5 0 (
phal I(AAibdciampr B3 A,cdb L o&®53ut i on, 1 Og/mL in DP
with 1% wt bovine ser upm oad ubcuPrei ro 4()eB.i o wers t1,. 5F 1
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RT; washed 3x for 5 minutes in 500 OL DPBS;
(' nvitr opgreond u clbSR®@) :sol ution in PBS, for 10
were washed twimiBPBSrand smiaréd idn 500 OL DF
(up to 1 week). Stained samples were visual
classic Nikon Eclipse Ti mi croscope oOr on a
900 Airyscamman@Xei $snagés wkmaegeéede@vVvedsieomh:i
Zeiss ZEN (version 3.8).

4. 1GAne expression analysis

Theelsksaftohsgsatuclttsut 4 a@amg 21 weed eAG rarzdnpradc
for RNA extraction, r €lv enres eP CtRr a nos carsi spet si so nt, h e
specific intestinal epithelium differentiat
genes such asnlZddZyd, a O0ct¢tluddn ( OCLN) , and Ezi
were expressed af tseaedidgamRiNA2eExdag et igaed tlfr o
cul toumrreed scaffol ds was performed using the Mc
Bi ol absp,rodsAT2ed0d8) following the manufactu
scaffolds werste Dfeale®Nwi RNA3PODotection Reag
Potter homogeni zer on ice wuntil wasL oobft ai n
Proteinased Kanwerien caddbdact ed @t mbB. After the i
was centrifugated for 2 minutes iant al 6f0r0e0s hg n
tube. I n each tube an equal volume of RNA |
then precipitated by adding ethanol to the |
onto a column for RNA birmdinmgg, atnrde dti mant ewiutl
free water. For revefEs¥ VE,b@she rimotridoins ¢(teSru;poedre
11766050) a reaction mi x was prepared cont
SuperBtcVi g M®st er elMi,x amMdf neel waser to reach
of e20 was prepared. The reaction mix was th
foll owing conditions: 25 AC for 10 minutes,
The obtained c¢cDNA pr awdwedtt ivwaes PR, s ecqaurernitdd o
Powelk BYFBERGreen Master Mix. In a polypropylen
prepared, consisting of Power SYBR Green PCH

final concentratd®@nnM fFiomavlar do pc efmteerea t(W3antng r,
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eL). To t hgls onmi xtteumrpel,atle ¢ DNA (1 ng) was adde
10Le Subsequwalkl ypl ahe @®é&s inserted into the
the ther mal cycling condilt,i ohARCENMDg dreads W
designed using the APrimer3 Pluso tool. The
hold at 95 AC for gold enzyme activation, f
denaturation at 95 AC an.d Tohr eses csocnadfsf oolfd sa nwee

each condition.

4. 1 PY®tein quantification analysis

Scaffold samples with GelMAPEGDA compositions of 4.54.5 and 9 4.5 (Wt% : wt%)
were prepared for proteomic analysis. The samples included scaffolds with cells at day 14 (d14)
and day 21 (d21) amstaffolds without cells (controls). Each sample was collected in 1 mL of
RIPA buffer supplemented with sodium orthovanadate as a protease inhibiteirczeapat-
80 °C, and thawed prior to centrifugati¢h71], [172] The supernatant was quantified using
the Bradford method (Coomassie reagent) to normalize protein concentrations.
Proteins were solubilized in a solution containing 100 mM Tris (pH 8.5), 1% sodium
deoxycholate, 10 mM tris@arboxyethyl)phosphine (TCEP), and 40 mM chloroacetamide for
10 minutes at 98C at 1000 rpm using a Thermomixer (Eppendorf). Protein digestion was
performed using the SP3 (solidhaseenhanced sampigreparation) protocol[173].
Enzymatic digestion was carried out with Trypsin/LysC at a ratio of 1:50 (enzyme:protein)
overnight at 37C and 1000 rpm.
Peptide mixtures were analyzed using nandl&/MS, following previously established
protocols[174]. The raw data were processed using Proteome Discoverer (version 2.5.0.400,
Thermo Scientific) and searched against the UniProt database for the Homo sapiens proteome
and the NIST human spectral library. The MaxQuant common contaminant database was also
included. Peptide identification was performed using MSPepSearch and Sequest HT search
engines with the following parameters:

A Precursor mass tolerance: 10 ppm

A Fragment ion mass tolerance: 0.02 Da
A Maximum allowedmissing cleavages: 2
A

Fixed modification: Carbamidomethylation of cysteine
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A Variable modifications: Methionine oxidation, deamidation (asparagine and
glutamine), peptide Merminal acetylation, and pyroglutamate formation from glutamine.
Peptideconfidence was set to high, and the Percolator node was enabled with a maximum delta
Cn of 0.05, decoy database target FDR of 1%, and validation basedatureq
Protein quantification was performed using lafveké quantification (LFQ) via the Minora
feature detector node. Precursor ion quantification was based on intensity and normalized to
the total peptide amount. Proteins detected in scaffolg controls (saffolds without cells)
were excluded to ensure that only G&caeellderived proteins were included in the final

analysis.

4. 1 SthBtistical anal ysis

Either Excel or GraphPad Prism 9 were used
was performed using pairedeabhdapppgingdt bhanr
correction for comparisons comgyJ i-veanya ga nuapl ytsoi
of variance (ANOVA) -hfoel t ewed ways Plekdyrppmest
set to p < 0.05.

4. RESULTS
4. 20dt i mi zati om oadfuc@dloMA solution and scaffo

The synthesis of Gel MA with high degree of s
to achieve high fidelity to the CAD design
the desired features and c odmpdailmddet sahauncnt eulrse s

di spldayrimomsdg ability.4fAr R)el | ThhmLMAsue esf F.adp o
gelatin |l ed to a volumetric swelling after 4
was blended widt@®d 'PE CobdAutc(iFmdp fO. MA per gram of
during synthesis |l ed to a reduction of wvolum

bl ended wiRihg . IEGI@AUrther more, scaffolds pro
substituted Gel MA showed a hi ghaltsiome bssteanlxiel ic
PEGDA with al mos+3%)o awetiegrh t2 1l odsasy s(F 04 .Ci)ncub a't
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The optimization of solution and printing pa
of changing the concentration of Gel MA al on
producetandehg structure ablxeammpl &,eetphd hhei gh
degree of | ow concentration Gel MA sol utions,
to the design, meanwhil e increasing the con
Gel MA concentratioaer waist optheni zadert ogepbsur e
and tartrazine concentration-tikea@abldgal st He
Fi4g.D) .

Changing the photo absorber concentration r e
the absorption was already too high to corre
| ower concentrations |l ed to taei drestiesdedul
production of parabolic pillars, but- H4H0er e a
50%) which remainedFafitDhched to the vat base
For the production of the thin scaffolds (1.
l ed to diffuse cdetsshedkgeagmandi est welt he |
50 Om for the production ofdutchee tshd mklegs .s adp |
height cylinders) to perform the rheol ogi c:
overexposure of the samples and sample break

these samples wer e pekondeuscse dwiatth 1a0n0 iOmre rl eaayseerd

Al t hough using only Gel MA fi rmalD ,| ed ytpd st hwve
never reproduced faithfully due to diffuse ¢
print the closed devi ce-cwimphH iamlty cGalnMAe | cf tasa
clearing of the chambernkpngbabl yhdusotat pali

exposed subsequently to enclose the chamber.
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Tab4 eOpti mi zation of power | evel and | ayer exposure
Tartrazine concentratioandat APephecansDaBé& awt . 0Bed5s %%r
was 37AC, platform offset 300 Om and | ayer thickness

GelMA conc Layer exposure Power Outcome
[% wi] time [s] [mW/cm?]
10 20 Soft gel, no features present
15 20 Soft gel, ndfeatures present
Soft gel, some features
20 20 present, not corresponding tc
2.5 design
10 25 Soft gel, no features present

Soft gel, some features
10 30 present, not corresponding tc

design

Soft gel, almost no features
10 20
reproduced

Soft gel, features reproduced
15 20 _ _
5 not corresponding to design

Handleable, sel$tanding gel,
20 20 features reproduced not

corresponding to design

Suitable gel, features

reproduced corresponding to
7.5 20 p. P J

design, few features attachec

to the vat

10 Suitable gel, features
10 20 reproduced corresponding to
design

15 20 Features attached to the vat

Brittle gel, features attached
20 20
the vat
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— 150 pm

GelMAPEGDA structure supporting cell
300 um attachmentand growth

B — GelMAPEGDAblend ~ GelMAPEGDA
Printing Stage and hydrogel
VAT I

Digital Micromirrer
Device (DMD) R T T
Ci
&00 Composition
s 9% wi GelMA
4.5% wi PEGDA —
R aw E _
E = ot
P o + * =3
E 0.9 mLMA g Joey
° T
-l g
1]
Gdami f.émi Dasign
3h £+ 2 3 7 14 21
MA per gram of gelatin Time [days]
D 2% vol (0.1% w/v) 0.75%vol (0.0375% wiv) 0.5%vol (0.025% wfv)

500pm 500pm

Pillars base: (301 + &) pm Pillars base: (350+ 30) pm
Festures not formed Pillars height: (350 25) pm Pillars height: (3404 70) um

Figdr8chematic of the des( ADne sangdn porfo dtghé@dnidohn Ipperdeeoverscde.o

(ipiryoduced to assess cell attachment and growth. Vill
300 Om base. An 8x8 pillar matrix, with 150 Om spacin
di ameter (aBBdhkebght. of the DLP 3D printing process, P
pictures of the obtained structures. Scaffold reprodt
device pdarhf bdauce Wlye (down). Al nd stands for inlet ani
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printed using a layer thickness of 10-90200mW%(e&xBp¥)s,ur e t
printing bed temperature of 37AC, plat(f@rsmescfsimeat off
printingnditdieme(tPviod wimey t[yonin cyl i nders (8 mm dihameter,

swel ling( @y IDiPBGers were printed using a l|layer thickr
intensity of 24ppeodx POi mWi om A@d pleatpfeoramuofef ©dt 3df

exposure factor of 3x. Two different Gel MAs, producec
[ mL]) introduced during synthesids,9 werde 5t e(sitCh% .: Getl %
Assessment of high DS Gel MA stabiln=t3y b0%0olhkvdtmneon Nehi @
DoS) printed using a |layer thickness of 50 Om,21layer e
(50%) , printing b\e&€d tpdmpdroatmuroef fefet 3D f 300 (dh and b
Stereomicroscopic images of sections consisting of on

of 0.3% wt LAP concentration and 10% wt Gel MA concent
concentrati onsr.s Parrien t5i0n glenp al raayBeertnet \&/mceerikt y ( 50 %) , 10 s |

time and 3x base exposure factor.

4. 2M@r phol ogi cal and physirgmapitmeptriopestaktcolbd &

scafdmhdp devi ce

The introductioncomcRBEGDAtatondi fafl avrag/rst | ed t c
the reproduction of the desired structures,
height and 320 N 20 Om base, and cylindrical
di amet.drAR)(.FiTghe SEM anafl yoiphi peetdrasmemiteisons

reveal ed porous structures suit4aB) e for mass

Regarding the production of the devices, the
the formation of compliant channels and cham
and removal of unc.rdo. 929 I. i nTkheed craotseerdi ad e v(i Fciegs
fabricated featuring compliant square channe
fidelity. Subsequently, their ability to sus
range ofifedwomatOmgm. 100 OL/

The rheol ogical c hancaycltienrdirziactail o ns apneprl feosr nrealv e
modul i (at 1 HZA)Y ikiPat hd omrande a@fomposi ti ons t
chosen for the biolho§i aadd 54 x(pGeerl:i RhEeGIMA Yavrt €0) 9

and revealed shear storage modul i of.42@. 9 N
E) .
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4.5:4.5 (W% : wt%) 9:4.5 (Wt%: wi)

A o A

aY & 3
o4
4 4
g 4
&, »

.W
411E+D4 piscoLs
a 209E+04 1 88E404

.

B 10000

© o0,

=

=

(=]

E 100

5

€=

v 10

10:0 5:0 B9 945 49 4545
Composition (GelMA wt% : PEGDA wt%)

Figdr.® SAereomicroscopi c i mapgde 50 fwitéo cscmg d il tdidbsn )sesch 0 W
vi-tt yptke structure produced. The pillars display a h

crypts have a height of 146BXEM nlOm reomd alpaase odf | YyDPph
showing the p&Jloiucse sglratctsihrewi ng veloc{lpddisstfiabet pod
showing the stress (djissabt diuneéed modieng htEhepwkh  gtDbg i s 20
Stereomicroscopic ifmageedb& jBrseaexdlanpdv irDeegraeé demt at i ve
the flow while perfusing bl @uiei iNee dat I00WEB liasw 518 & tad tho
viscous shear moduli (freqg = 1 Hz) of cylindrical str
Gel MA: PEGDA <concet#tyrdatoigeeds siod utthenpr &€yl inders were p
Om, | ayer ekpbseseeohidme powefR( 5 MN%)e,nsprtiyntoifng 20e dnW/ emp
patform offset of 300 Om analIxcyaseadexpogunNe Of actdo 5.

printed with a | ayer exposure time of 12 seconds.

CFD simul ations performed with an inlet f1l oy
the rang®. ®fm@.din in tHeQviPRil.g3) ,r ewiitom V&l @
streamlines and arrow velocity f#4eB3BdRKY&nsi st
wem@pr oxiimmatt ieDl.BD Oy0n% / ¢ mnwteemsi dering the pi
( Fi4g@) The | owewerowaleuewsed at the pillars base
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towards the pillars tip4.,D3whedvrae itmueary FrSeSs wletr e

on the first |ine of pillars (closest to the
A Slice: Velocity magnitude (mm/min) B wm  Stréamling; veTocity field 4
4 o - mm
5 —_— :
mm 4.5 2 A e e ] 2
0 2 4 4 o =
. 35 :
1 - - — —_— . 0
” 3 i 1
mm 0.5 | 12.5 I 0.5 mm
2
0 1.5 1
o : Y
05
.y N
0
C mm  Arro Volume: Velocity field D Slice: spf.sr*spf.mu (dyne/cm?)
s - mm x107
i 4

mm

0

01,5",,“ 2.5
0
2
1.5
y\f/x N
Fi gdr@OMSOL CFD (aAN-Zl gybise cutting the central pill ar
[ mm/ mM{iBYt r eaml i ne pl ot of the veloc(iGAyrowebpbtiodacodss heh
field across the whAobtkEidevcuoetvonggumee ¢ONt Val pill ar
4. 2V i3dcIr iyipnt wmiotdre @
Preliminary experiments were perfor meidn for ¢

vi tpreao f or mance of the two <co+pocseiltlisonast ttaecshtn
compari son between cells seeded in presence
significant differences i n met.dbA)l,i cwhaecnt ibva tt
compositions were tested.

Further cell culture studies were conducted
gel at.i4dnBl))( FiResazurin reduction at day 7 was
composition and 63 N 5 % for the (9 wt% : 4.

i ncrease was observed, with values of reduct

84



-]
M
i

=]

E 100 =
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0 0
Day 1 Day3 Day7 Day 7 Day 14 Day 21
(4.5:4.5) o (4.5:4.5) + gelatin (%:4.5) (9:4.5)+ gelatin 4.5:4.5 (Wi : wi%) 9:4,5 [wid : wi%)
C 4.5:4.5 (wt% : wt) 9:4.5 (wtd : wids)

D i Villi section Baseline

(W Villi section il Baseline ol v ol Crypt base

Fi gdr.®idclriyipnt wniotdr&de sazurin reduct(iAveasdsdye penof cromepds
presence and absence oM gsecd3aftfionl dso faord (ed@Bah -tdagdmbmiicthimoenn
cultures in absesrnd@dé fofl dgelf@ari mach condition, two i nde
< 0.01; *¢E€Pha<l 100.i0d0iln. (green) and DAPI Lblkeé¢) sflgunoweas
days on the two compositions(iftrptaddatti dmwoviddéw fefr etnh e
Scale bars are (5D0n®mcahdi(m®oetd®rmorf 4.hSe WiSk)h eanmmp @s iotfi
t hde f ferent conf caanfdipéaielbssaaguti weddi fferent magni fic
baselines and crypt base; displaying the homogeneous

(V= vC#lc¢rypt). Scale bars are 200 Om (ii, 10x magni fi
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Fl uorescence staitmandar eébdeémuwvweedsdgnce mi cr o0 ¢

formation of the monol ayer.4.iCht apheviwhw)l.e Tshcea

revealed that the cell s were ¢ ompcloentseilsyt icnogv e
9 : 4.5 (wo Bl yc dMel¥s) ,webrue¢ observed on the tip
4.5 : 4.5 (wt% : wt %) . Confocal mi croscopy |

PEGDA composition confirmed the fodm2dtion of
Te fdrmayer follows the scaffold topography

composed of tightly packed, rectangul ar shap
epitheld D' (Fig
When observed under inverted microscope for

composition resulted more opaqueFw§jBne espec
hour after seeding, prior to adding medi a,
interstitial spaces between pillars and mair
wt %) compbog)b5i dht ér adding the culture medi &
negligible presence of cells was assessed in
cel | were attaching on the substrate.n On t |

el | attachment on the substrate were cl

s
correspondence rod dthaer tcirrygptspr daidi wge on t he
and c
c

atta
sttaerd fAcl i mbingo t-h7e ovfi Idul taurroey n da ndda Wo)f5 r t h

hed to the substrate and proliferating

composithew covered all the surifgg@cce of t he s
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14 days 7 days 3 days 24 h Seeding—Day0

21days

4.5:4.5 (wt%: wt%)
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Fi gur.e®dpti cal i mages of

seeding, attacbment an
scaffol ds. The 9 : 4. !
resulted more difficul
when seen in transmissi
the pillars up (as in

hi gher opacist yAlorfedady s
at day 1, it is possibl
first signs of cell a
el ongation (red arrows
compact ewpaist hfed n mend on
the 9 : 4.5 composition
the 4.5 : 4.514ttodo00Kk
compl etely <cover the s
Covering of the wvilli
day 7 9on tdpebsictoinon and
bet ween day 7 and 14 or
one. Cell accumul ati on
in correspondence of t
bet ween adjacent vil i
during t he first days
gradually diminished d
thanks tofwameRidngyeper :
days. V and C stand f
crypts.



FigdrM shows the expression | evelds aofdydle t w

posteeding, nor mal i zed2 toelulnd.i fNerengnafedag
observed between(Gél MA: % 4P.ESGDhH& dp O r i md ndta | gr c
both time points. However, a congioOLL &Nt ainmc

ezrin (EZR) was observed as -2c ocneplalrse di nt ob out
compositilena danpdsaetedi ng. On the other hand,
whil e remaining higher as compared to undiff
at 21 dsdaeyesdipgstas compared to 14 daB6sdifsopl dyyd
protein amount evolution over ti me, for t h
char acmuweaiM&ECIAC, MUCS5 B, MUC 13) and tight jur
1, -Z2,0-Z,0 CDH1, CLDN2) together with different

21 when compared to day 14, for both the <cor
proteiems$ efplgetal (except MUZPHpALemadma&iOe abunda
wt % 4.5 wt%hercompBpelsMAi ocancentration is hi

with the observed more conopl it e compads Zait o 1
CYyWhemomparing gene expression -dataadwiEZIR, p me
observed an increasing trend in gene express
condi t idoanyss-sapte sRilng. Cohayes-speddgi,n@t dtdabl e gen

|l evel s were associated with an increase in p
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CHAPTBR

DI SCUSSI ON

Thi s pwoastemtssteudviigshi n t he fiel d oofmulfamniconon
char act:erpirzoabtiiootni ¢ mancd o3R M wneo ol ebdalsaetdiloennt r o s pun
tubul ar scapgrfion tdesdoasnbda pXm IWHhi | e each study a
chal l(ienegn@r oving probiotic delivery, devel op
enhancn ngivtad awati pthhenetdmwmaescl osely | inked by
strategies topsobhbdygt aocddepbtvenrygyeto the intes
By bridging probiat ivmeotdfed ri mwl,a ttihoins awodr Kk o f f ¢

strategies to improve both the design and a:
system provides a controll edBDOmeawmetded spcpobbat
physiologically relevant environments to st
for further refinement, these advancements

under standi ngmapgawea tt thee aw ahyh ofaocard ifountsurien f unct

5.Gell an gum microparticles for targeted del |

Il n the firsthewldboke hmeportgeodny gtel Uanhons was ¢
characterized i n ter msmiocfr otphaef t ccaopnaebsiollilteyd odfi
Solutions were always autoclaved and cool ed
since the high t empearsasteunrbed yc yocfl ey ecd d ma ni ngduunc, e t

n
proce[slsiWhioe n evaluating the encapsulation ef
e

unencapsul atbdt plr bddved i-lzosajohidgidnrgchpat t | elhosegss 2. 5
|l ess probiotics wdrnekidaetge dtaegd iim tcloempar o so® n
mi cr o p aprrtoidculcetsi o n . However, this procedur e

mi croorganisms died during the microdripping
comparing them with the CFUI/mg cv @lpaoe $firoebee atihhee
entrapped probiotics Theem Ehk@egemeanhs maevea
efficiency of theipapabsti bgptbfienteamping t

gel manmndi xn maintaining their vitality duri
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significant, the observed probiotic viabilit
when compared to other encaps\uylza8t]i,lomMe5t&ythan9d q
staining process further confirmed the vital
thdueg thmo ctrloppaoptobobestructure, the probiotic
separated col oni es i hst eadni of o phaormdiFgtel neeso u st §
perf or mendi cono ptahuesit clpao daneédaft dér 024 i acdbdB8i
MRSB eveal ed an initial significant growt h of
by asingmi ficant | owering of wvitality, associ
vol ume, and to a comp]jsetne ec ans utnmpetisigmido Xopfe rn unt

MRSB was wused tmi ogrroopsa rlt0iOc Imegs o f

We have shown that the yield of Il actic acid
that obtained. wiehmeospmn@hedtptemti z&@mp@d)dsum
ival uabl e data, since it helps us assessing

SEM analyses performed on GG_LF higppsampl es
be densely packnadt riinxs,i daen dt hiet gwadsl aanl so possi
mor phol ogy and the iolt eqirlrtay pefdnecnetlulm me mbr an
Concerning the si mul athed hg ggshtersd i mtvees tail d alv i dit
in cells encagsmhanedowpthl ggepmivd hlzeslhl i ne so
only. These data are coherent with other st
investigated the encapsul ation efficiency of

vi abiLatyolbdécidl3lllms gasdeagiic and intestinal j u
encapsul ated witbagei hawnwi abhowetlyabgeer 3 | ogs
by ~ 5 | ogs. I n addition, in simulated dige
encapsul ated cells showed only 0.5 |l ogs redu
~ 2. 5[ U706g]Ad di tPirama leldya, et al ., (2012) , stud
gastrointestinal condilLt.i ormmsavwnisfulseeyamdi B g C
xant han gum, they found that the viability &
juices were stable up to 2 hours of incubatd.i
cells was | ower than thle77lreearceti hasr i 9t udy e

Srivastava and <coll eagues (20@Q@&mpostihteey hiyndvre
consi stingunpedargrelgeaennan and chitosan to pre

gastric and intestinal juices, t-beyapowinat &
probiotic spores performed in different si mi
cmpar edenoapcsou |l [alt e8] Comae set al . , (2018) studi
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mi croencApsmbabmidphpl amatramigumgastric stimul a
t hAat mucicel pbi whi ch encapsul ate in gellan gui
reduction during gastric simulation (pH 2),
CFU/ mL decrease wunder the same condition. |

i ntnees,t it hey observed that viability was addi
and fed conditions. Ne v efrttehre | teirses , @ipthier et Gt B |
simulation was significantly | ower for coate
conditions. Il n the same study they alLso eva
pl antuanrduerm t he same condlLt i oInasnhtoaweamn cha nycha psst ua
during fed gastric simulation, while it W a ¢
simul ati on. Li kewi se, naked cells showed a
simul ati on, aaldl diumti eegt itnhael spnh as e, the viab
pl antsashhroowmed a reduction by ~ 0.8 |l og CFU/ mL

encapsdsdul ptlewatsarsumgni fi cantly | ower than that
Sy s t[elnTs9 ]

Three mont hdr yaifnge,r drrevwetzhe, |l actic acid produ
to tihee@gmeeing sample with a small decrease ¢
gel-é mtnrapped probiotic cells via micrlodrippi
f er medhutruuimmg digestion i n si ndwlrathegd aggeestr oi nt
HBE i s an inducible antimicrobial pepti de aft
agai nspoGirtaimvenagat iGreambacteri a, fungi and t
involved in the i,msatiet si mmalnesa sree sipsonseduc e (

cytokines, endogenous [st8iOrhullhie, riemsfud cttsi ocorbst aad ri
mg @G_LFakrewable to significativel®,isdwmceéar
t & . feraneomneaaym so we can hypothesize that t |
antimicrobhabt, aatlsowanckidicer dpaw t i cl es shoul d col
of probiotic sufficient to activatTdhei meatueé tis
obtained show tlhatf grist manulren ttroa pipnedduc e2 t he e
simil arnlny same&, cases, fbheatalcanitmeapecit®ealdedni gl
mi croparticles were able2tat mhadtulethdecenxnpenmn
An unexpected aspect |ies in the expression
concent r°CtFilUon Tofi s1®act could be associated w
of biomolecules in the innermost zone of thi

Anot her possi ble expl anaittiioonn si,s tthlkeatc apiarbi t

92



expression -2 rmonndlhaey eracroeaches a pl ateau. I n
exposition times would be needed to assess
expression. Further mor e, I n our cempooeidtiien
expected to be also enhanced by a direct e
competition, as demonstrated by tEhe [cobwelrl ay

52El ectrospun tubul ar scaffolds based on PCL

The small intestine operates food digestion

the intestinal | umen. This partnership occur
a protective shield, safetguwirtdh nmgi crhebdédo dynd
[ 884]The i mportance of such a compact <cell ul a
Many disorders can indeed take place when tt
barrier is compromised, incrudiadgl eEnbbwmmatao
syndromes, celiac disease, food allergies an
whi ch maldaktsor ption of vital nutrients and

[ 18M3i ntaining the integrity of the intesti:rH
health by preventing the onset of these cor
influence of drugs and nutnaetetiestahe madel s

however struggle to reproduce the complexit

bi ol ogical, el ectrical and mechanicalinti mul
vi tmoadel s, which could haetemage amhle phegpli ot &g
devel oping appropriate biomateri al scaffold

bi oreactors to apply svui[t@GadDle tmecthlhaei camplf ox
bi ol ogi cal mi croenvironment provided by the
the prominent roles exerted by EMdMrddiad 2ejc,ul e
[ 183]

The setwodegported Bmnmshias tObegsisping tubul ar
small intesti,peodpcedetVvialebactrespinning. T
is widely used to produce scaffolds made of
si ze, which resulted capallldSpeEh mi mbeki mg n w
meshes can also find apb834|Batihonasppds clti ope:

el ectrospinning potenti al of tuning the fi6b
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porosity, which make this spinning techniaqu
i ntesti[nle08]arrier

I ntestinal epithelial cells can harness the
|l everaging scaffold topography as a <critical
derived from PCL alone or itsmbiméecds hei nlanot
topography akin tol TheWhasemeaft megnba am@r ous
a tissue barrier, properly resembling the I

mul titude of scaffold characteristics demand

fidelity. Ambmng ¢tmesges paseaspivot al consi d:
primarily engageemyi,t H otshersumftaeceelechul aor c ol
traverse the melnnr)anel/hsec gofofreel ddi(nmBensicm®ns me a:
proveaedufficient access for celll&6]ahi $r ans de
underscores that cells are |Iikely to devel op
penetration into the scaffold, t hus alignin
scaffol ds.

Il n our study, we selected 2 polymer types us
potentially suited for this application. PAN
unit cont aiCN)ngraupywand a(f g-elly ews g&idca ctroy lprco du d
have shown relevant mechanical properties, u
|l atter used as precursors for carbonization
carbon[ f8d8 ]JeAN can be electrospun into ultral
bone reglen&&]Jaheomhemi cal structure of PAN e
properties, which could play a role in deli

intestine baldN ifeunctlinonfalctgr athpe boasts a sub:
oginating from the disparity in electron de
which carbdefisiehnhéct wher eraigc hr8i9tJr ogen i s el e
PCL is-tarmobgodegradabl e polyester entitl et
exceptional el 0 YWt0iCamd ag o dvd etad NLNVIOI]Re tsctarlen gt
proposed PCL fibers, el ectrospun -lIfirkoem faorsang |
obtained by using a collector at 500 rpm rot
adenocalrrt0Shjodi@L scaffolds were reported to h
strain at break to those of the -2acgkl $nte€b
mor phol ogi cal characterization of those f i be
3.10 ®Mmoah® highly distributed pore diamete
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However, such features ar e not suited to r

penetrate inside the fibrous mesh without ge
achieve this fundament al pr onpebryt ypr e pnartihnigs as
in a DMF/ THF solvent system, which all owed a

N 0.3pobHe) didamat &r,0(p3o7r eOns)i zOmM( meianh vas wep @r ¢
OmMand porosity (42%kl ettthepasnaf hoDWME, HANEe
with reduced and tighNIg. @4 s®npiol wtseawiiftihd eri ag
and size @&uar dNmaol. l1168r Om di amet er ,°> pwirteh s9 ®@%
pores % ®@mhiDipdher (PO®)hsaint yt hose of th&8hW®PLL ftchoe
mor phol ogi cal features of the electrospun PA

basement me mbr ane scaffol ds.

Optimal <cell adhesion on polymeric surfaces
-70[A191]Nonethel ess, this outcome is subject
type, duration of incubation, environment al

characteristics. PCL is a notably hypyweophobt
presence of a submicrometric fiber structure
hi nder <cell adhe2jWeéet aboperyi eneasurements p
scaffolds revealed a strongly hydrophobic be
scaffolds demonstrated a highly iodophilic b
adhesi on its fdoert etrhmea ngener ati on of a compact
substrate should also possess the property
intestinal cell s. Therefore, it i's extremel
wet tidlyi, | for subsequent researches aimed to s
To produce both PCL and PAN fiber meshes sui
mi mi cking the mechanicszefothie. enteStipm) | ua
the collector was chosen. Thitselsypeani ad tl roove i
structures. A mechanical characteriugti om we

which the annul ar scaffolds were placed on

sphygmomanometer system. Spuabnj seicotne,d Itecadamg i
circumferenti al def ormati on, PAN tubul ar sca
mmHg) than PCL ones (i .e., 203 mmHg), whi ch
mes hes.

PAN has garnered significant i nterest i n r
characteristics, particularly when utilized
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a future use of the developed tubul ar scaff.
activate a transient dipole formation, abl e
by thd 1&@2]Qusr piezoel echtraicneadvieyt ageriaagnng
measurements for each polymer mesh type obt a
di fferent sampl es, pretensions and measurem
production) showedN achifglho!l Wdar. i athiien fiarct PA an
various phenomena of surface interaction, r
anisotropic fiber meshes. Anyway, ®AN20i Ner
16 pm/V, whereas PChiéeizbelrtemeshes Wwavengoh. 1
Both PAN and PCL fiber meshes -ecel hbl ent v hes

surface. We applied 3 different protein coat
cel l adhesiveness and the [g@nlrafCa@n bafs e me
membr ane i s made up by | aminins, collagens (

proteins and ot her st[rlwc3t]wirtaH tohre aidrhteesn tv eo fp
adhesi onm nwhmii Ize ng cel | | os ss daluadtngd armsdcl@aidigent a
type |, abl e to fg®lrant ian gteypevi B,hi acso2dd sadggeihd t u r
exposbhfgamiemoaci dic residues banmnd umfab&lelny,o
obtained with a quick (i .wi.Thrddmksitnhcrad$ sltihre
protein coatings;2 a«lerhdstl ayeempacwer@acoobt ai ned
anntslhpred sdaforadsndsel ected, as it can entrap
| i ke scaf[fl®dl4dCoslhlagpgeesn promoted the formati or
surface <coating, as Vvisible via SEM, alt hot
obser vgeedl -at mthi bcroant ed sampl es under fluoresc
appreciable difference between PAN and PCL s
The presence of the protein used for the coz:
speci fic genes, someti mes in combination w
expression of genes involved i n atnhde nfiocrrnoavtiilc
namel yi] 180]0cc[lludGland|[ EZTHenr function of tigh
regul ating t he passage of mol ecul es bet wee
epithelial -esatalgli $lyed,s yeetl |t heir i nvol vemer
remains ambiguous.r eishhesempmryingaeani @ ocomplcéx ne
proteins, indicating their poteftli9O8IT hreolta gihn
junction protein knowh @E)Oz owmhiilah olcaed uldeenrs d

i mpart structur al integrity and i mper meabi |l i
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Occludin and t hlel %%x)fa ms eg-d eskle}f pxdDved in th

of i ntestine Oradmuidamt fissmsg e mibr ane protein

permeability of epithetheandefamrde eintd oitdh edn ad s D
tight [A@O06fFiomas |y, Ezrin Ilinks the cell <cyto
regulating its tensif@mmlgnd affecting cell mo

Differently from T2anisweWwhi chil Enrceord ¢ mag€ao pr e
able to upregul aGleNn hRANXpnesBClonsodf fOol ds.

Z0Ol was wuprceoglullsBgdddnds ¢ aaf f ol ds, but not in Trar
t hat , beside the specificcptobagemarcodhtit mghe
l asting, the wundel aying pol ymer scaffold m
performed i mmunohistochemistry on a f¥fleprese

which was revealed to bel/ smaafkfedll d yexmpdnetais@®mdsyy

genepreession results with i mmunohi s tpoocihnetmi c a
(i .e.., 21 days),amnd Bppiemrgendaex ZOessi on | ¢
scaffold/ coating conditions. On t huedotherbeh

upregul ated only in PAN caond, aRi@in whk a2t hodldIac

mor phol ogy coherent with the monolayer struc

Overalll, the obtained findings suggest t hat
scaffolds acting as basement membrane for tF
creatish@preadlimoded s for the small I ntestine v
customized bioreactor, able to expand the tu

These model s coul d -nsuutprpioerntt tohre nsutturdayc eouft i cceall |
barrier is compr ons.seAlmobnyg stthree sx i magl yfmertioa s
PAN scaffolds offered better suited propert.
(90% of pored , wiht yiher 2 m&ehani cal strength

appreciabl e piezoelectric properties, t he | &
upon mechanical def or mati on, @#s cern @ se nsth oiwre ¢
incredaddlme activity on PAN scaffolds, with
potein coating applied. Coating with protein

formation of ti-Bhtefllunkcayens. by Caco

Al t hough the manual seeding procedure of an
preliminary attachment studies, it was often
cell s dvueuntio otrtme dndrfd usi on ofi ttehde. sWel ud b soenr v

mi croscopy that cells were either more dispe
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from the dropl et centr e, which may finally
obtain a homogeneomube cleatgeaisuanrfidbauashapedhe
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shes, we developed a specific soeadiani 89:
| uant be whol e annul ar mesh surface, in a ¢
periments | ed to the development of the re
inted components, which guaprrainntteeedy stteleed i cnygt
ring the contact with cell s.

e seeding methodology developed all owed wu
spersioomhefercteiltse surfacd®duef tohe hanmgel &1 ng

i bricomladamdgen, these solutions were not sui
nded to attach to the aowheé af aodmealdlg@vn gf drh e
equate removal of <t Helsdceaf hotdetfasetn, tbel a
ptide solutionstwefacbhotrly foundotver bagsahce
e cells with the adhesion sites necessary
sed on the methodology used to estimate a
psiode@ti on, being slightly | ess viscous tha
thin the scaff ol dAlisnome dd ealtled yt eafd eed tsce eldd tn
e whole surface of the scaf,f oalsd so bwsheernv esde eb
d fluorescence microscopy analysis

t hough it was previously reported that C

-

mg2i0@rk o our knowledge, th€aeouwuse | &s i Seadi
e Folldwing these considerations, col |l agen
e cells for further experiments with the b
e developed bioreactor proved effective i1
nstructs. Gi ven the proasdiiablahdgttrgahienf t athj ngt
pafsicomyici €es atteéxewrt forces comparable to th
ring peristalsis. Nevertheless, several IS
sts perfor med. Primarily, t hiennperroualedlndger o

eril e t weezers i 8 ke & deamil dtteenft eafl ma et en of

| / scaffold constructs. I n fact, It i s pos
cidentally damageéed dduding onhi s tphace dbleree.
affold wimbchespepblripdaththmwvudsd| dber extr emel y
condition that is difficult to abbidee ma

d mechanical stress cycles maktehheo t @eias.y f o
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The | ast problem encount ennead ab yped u @ ffairhgen | 0o n ¢
di amet af t®trd&@iyis i n operation. Thi shaivtse pbaer t i c

perfoumdédr physiological stres3hecondent ohs
di fficulties/ problems wil/l enabl e further a
preliminary as wor k, it magyalbe iomt ensotdiedasis t |

since only few analogous mpade@e8fk, wga@didetvael lo
haviangoanel of botheshapgne oniodred sd yanvaamilca bl e car
research in bowel diseases and the devel opme

53DLP 8Di nting oforshifpg dewifdel d

Synt hetic é&rydrmagtedrsalc amr dpe oltlesrsckald t @n a rleiagd let
highroughput fabrication of highly cytocom
supporting cell [al5%diemd nmts ta rsd Ggrlydtelpas t efdo s
a ¢cferlilendly bioink, while PEGDA was selected
use was opti mi zed-crfyoprt gneincerroafteiantgur-Ea ¢ éwli t hi
mi crofluidic chip. We isttyarotveedr bsyc asftfuodlyd sn gr etphr
topography, and moved on to include it insid
the capability of the s2leetlked| bhendtdt achlhmes
di fferentiati on.

The usmLMA ple.r8 gram of gelatin during Gel Ma
di fferent synthesis protocols to #80Hlewd ,an
[ 170For our needs, it |l ed to a high swelling
fidelity, al so when Gel MA was bl endedLwith F
per gram of gelatin | ed to a reduction of v
Gel MA was blended with PEGDA.

For the production of the thin scaffolds (1.
l ed to diffuse cdefshedkgaeagmandi ast welt he |
50 Om for the production ofdutcltee tshd mikleas .s al®p |

height cylinders) to perform the rheol ogical
breakage during the printing process. For tF
|l ayer thickness wethi me. i Acrlerasgld esipoguonl \
also Il ed to the formation of the pillars, cr

99



crosslinking of the polymer. Furthermore, tr

often I|-eadmpgloi aamotn channel s and incomplete cl e
parti al crosslinking of the soyutoomntl osme |
chambz¢5Meanwhil e the employment of only Gel

exposur eilts nmeescondds) t o produce stable featul

mi xture always | ed to the productioniomiest he
di splaying a faster photocrosslinking kinet
enough to correctly reproduce alll the desir
fundament al al so to avoid 't hteh eo vpearretxipaols uareo
observed in the chamber of the cl osed device
The human physiological flow rate in the int
of di gestion. |t can +3anmgle/ niirnom nal tmboes t p ovautl p

consequently giving oitdhe tintaswidal rwvageé, of
from 0.002 t°p140P8 H@D@&] cneFRampeéoyaed KREAdY
the FSS spatial ecirsytprti brwetgiioom.owvwdrow hreatweisl Irian

were tested. A flow rate of 20 OL/min was co
|l aminar regime and-~-®@h@0OFS&St ramg@@dbleeém@mnbas
the tip of the first | ine of pillars, where

to 30 OL/min the velocity field ke@®DW! @mi nar
dyneétamge.pMel i miwnahyitmpdteedyringe pump setu
chip to sustidihmupenrd feakia@mmge ,fbowgr &t emr @ndge
OL/ min (data not shown).

To our knowl edge, only few works successful
di mensions employing a DLP setup, and none

[ 136]., Fudtrher mor e, no wor k-cirypltudedpoagrraelhat
cl osed bagsvi ckel owing the producti ohnhla®lp,s oarh9

Trying to minimize the substrate stiffnesse

stability is undoubtedly challenging. Furthe
kept high enough to provide a slitabtaclhment
spreddion7gThe mechani cal properties achieved
resemble the native stiffness of the intesti.i
[ 208 Deptuga et. al . recently studied the va
measured by tissue rheology in conditions ar

values are comprised between O0.n2d aln0d k1P a5 fkoPre
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cancerous one, which fall i n t he 290a8BrWh eonr d er
considering only the mucous | ayer, Nordg-rd
ferx pigointestinal sampl es , [ 2a0l9spwh inceha siusr eidn bty
similar to val uetsy pree poofr tneeda sfuorre meuwnrtfsacseuc h as

atomic force mMizZzro]Scopgy (AEMhydrogel i tself
mechani cal properties of the epithelium full
resalchs aveati sfying. Neverthel ess, morye ext
per foomedffold also comprising the cellul ar

could provideoafublyabsteesovothe quality of t
To assess the capability --8f cehke hytdaobemkent o
presence of PEGDADaeBSdwée hma kel MAphelgihhmi nary e
metabolic activity of the cells was monitore
absence of gelatin to favor <cell attachment
cell s seedcednidn afjprseserec of gel atin on both t
concluded that the compast acbmemwtas Rdl leowion ¢
were thus performed 2n welrsee ndkcier excft | ¢ye Isaeteidre.d
di spersed in small vol umesAfotferDMEdk tiibn dda 0 o
celtleanded toimcclumatdt et ® i n coraneds p2odn dhe nafet eorf

staspedading on the whole zone betweeasthe v

apprecifthl® days of cultures cells were full
Al oneg ttihme i n culture, cells prolifer7atoefd an
cul tur e, and, for the 9 4.5 (wt % : wt %) (
scaffolds around day 14.4058 ¢(we%ot hetr %haodmp
completely covered the villi onl yt a na fleiwg hcear

presenell obi hdi hhpescobemposition twOAd Hoiwglvenr , G
the cell growth behavior on the 9 : 4.5 (wt%
for similarly[AB@tHluerdf sactadf ®1 dat may pl ay
the higher 9sti Af Be fnawt 60f xt wea @) i t s | o waecri |piotraotse
direct contact between cell s

To avoid multilayer formation and cel/l accum

third day of culture, [ Wwastwaegnetepshyygeotl s

directly over the scaffolds surface, prior t
The 3D intestine model was bioengineer eodh by
the surfaces of 4.5 : 4.5 (wt% : wt%) and 9
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3D tissue constructs were maintasierad nigntost at
the formation of a confluent and differentia
To evaluate the -BitékltentnabiontestCanab epit
points (14 @sreked2hgdagy wepantal yzed the gene ex
mar kers, Zomel adoagl-ludEehl@ apncdd t@GOICH N) encodin
key proteins of epitheti@BRZR),gheéndgadicng omar,
membr ane protein. Tight junctions are speci .

ions and macromol eculres erhr ovbhgth et Eeremi phalyis

cell surface structure and cell mi gration wi
me mbr ane. Mor eover, i ZRt+h eedseeretliopli nfyorn nt ke e t
stratified epithelium to a polarized col umn:

formati ¢r14aq vill:i

We found OCLN and EZR wupregulated in 4.5
scaffolds at pbpsg4etadidng®lasdagyempared-2tacelbhdif
suggesting that the epithelial cell s are met
(OCLN) and to migrate and populaténaksestheaeg
use of-miamiwiklilnig scaffold favored a gene exp
di fferently from what was oOobserved in our [
specifically mimi[fcxkli2nlg the villi structure
ZOQlL expression was similar to t2e Asevekpoobs
Kei suke | maf uku 2aln3dt hceo | d xapbrbea shscigam sofalz@ady i

stages of differentiation, and since +4ncreas
expression, it could be hypothesized that in
priimay tend to proliferate to form a monol ay
at stages earlier than 14 days. Although in
di fferences in genetic expreswsemtnl aranalbysze d
cases, the gene expression | evels of the Dbic
t wo experiment al conditions, suggesting that

selected genes expree spsoiinnt.s,Comvec eorbrsiernr gv etdh es ttaik
ZGl and EZR after 14 and 21 days and a signi |
undi fferentiated cells) of OCLN ex psreeesdsiinogn |
Al t hough there is -RCRoanmnclptotoeai meadivemad a Rde s
Ezrin, an opposite ClLNerbpewasi obbbyyedfter D

reduction in expression | evels was observed

102



wt %) scaffolds, accompanied by a notabl e i

of maxi mum gene expression, however, no prot
wt %) composition, while it wasThrese@mntscrapa
suggests that the 9 : 4.5 (wt% : wt%») scaffo

barrier.
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CHAPTEBER

CONCLUSISONGSTURPERSPECTI VES

This thesi scopmpd seenaepngtratréyc ees t oward advancing
characterization of functional f@ddp,r owii ol i

andimnhhaenotded i nign toefs ttihrea | epithel i um.

The fi,rstpoignt e@lyadpetnmeorn s2,r at ed t he potential of
produced via EH®s tnriactreogdyr i fpopri ntgh,e atsar get ed i nt
directly addressing challenges in probiotic
The main achiévemsraepgbhftaesthedemonstrated by
characterization performed, are:
1 We successfully optimized the process and solution parameters to produce
microparticles vidEHD microdrippingof gellan gum
1 OptimizedEHD microdrippingof gellangum solutions demonstrated to be effective
entrapdifferent loads (19and 18 CFU/g) ofprobiotic cells inside the microparticles
matrix, while maintaining a high viability during the production process
After 3-months storagat 4 °C entrapped probiotics remained highly viable;
The viability of entrapped probiotics aftermulatedgastrointestinabigestionwas
higher when compared to lyophilized cells
1 Probioticswere capable to grow both inside timécroparticlesand in the surrounding
environment simultaneously producing and releasing in the ambient the postbiotics
that may be crucial for probiotic efficacy afsaministratior
1 The microparticles were able to produce both a direct antimicrobial effd€t ool
and an indirect one through the stimulation of HB[Production on the Caed cell

line, the last in a manner comparable or even higher than free cells.

Furt hetro woatkt er understand tweldanti nwmil aodebt ak
characterization of the released postibni oti c:
viceawl tures model s.

The presented approach may al so pave the wa
effectiveness of the microparticlesncFodea@Xxe

into tlgemgenlalt amx to support probiotic prold.i
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xial electrospinning setup could (bechbmpl o
Eudragit, gt gi hampepver pcabtosnao survival

S e.

S ubseqtuhetnstc usst utdoiweasr d t h e dienv evhiothenesn to fo ft h
estinal epithel i um, designed to better r
lable testing of functional foods and del

el ectr os pouars etduhnegidaarit ek sthepChaphes 4 mact
tomically rmbhpvant deyatemathatal pl atf or i
ponses t o nagente rotrs ,debii ddeatyi vseebdgl ex.pl o
rication by electrospinning of polymeric
the form of tubu$thapehnBiopdedenf tdeolmai
which nutrient abd oR®L iwenr et aeknepsl opyl eadc et.o0 PtA

Th®ummari zedfoutheasmessearch ar e:

T

Comparingthe two scaffolds, PAN most properly attained the requirements identified
to obtain a substrate resembling the basement membrane, thus supporting the
generation of a surface epithelial layer

Piezoelectricity of PAN meshes was assessed and extensively characterized (see also
appendix);

Both polymeric fibrous meshes wesaccessfullycoated with 3 proteins, i.egelatin
collagenandfibrin, prior to culture with Cac@ cells, which resulted viable for 21 days

By virtue of thefastjellying properties offibrin, annularshape scaffolds could be
efficiently seedeg

The used coatings, sometimes in combination with the polymer scaffolds, were able to
affect the expression of genes involved in tight junction formatimhZO-1 protein

was revealed in all the samples

The obtainedresultsaltogetherindicate the potential of these electrospun polymer
scaffolds to support Caedcell growth and assembly into an intestinal epithelial barrier
model

We successfully developed a seeding methodology based on a cehtddeerotating
system. The methodology allowed us to achieve excellent homogeneity in the

dispersion of cellenthe entire surface of the annular portions of tubular scaffolds
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1 The rotationbased seedingpproach could prove versatile tabular scaffold seeding
across various fields, including studies employing other cell types such as muscle or
endothelial cells
1 Finally, we preliminary developed and testedew type ofbioreactor which imparts

macroscopicadial mechanical stimuli to tubular scaffolds, with the aim of mimicking

both the physiological peristalsis and/or pathological conditions of stress.
|l nterestingly, PAN and PCL fibrous meshes off
which did not prevent cell adhesi on, but cou
the intestine barrier andlayerltifate Bepent
investigated in future studies, ian nweiddmadt, as s
thus disclosing if the highly hydrophilic ¢k
addition of a hydrLophobic polymer, |ike PC
Whil e prand miontarcyompl, et édley ea& ple a uosne it vthee dd md wea
identified key technic&lutaohal wemndgewi Wit Hhiomrm uf
these issues. First and foremost, it i's ne
positieriahd ctiolthése elulct s abhot her 6enemrpaonihihg eco
potentially be achireivregds tfhirxoeudg ht o hteh eu skea soef ¢
rings could nothaodl gafeinthlhrtnceonhteructs but i
positioninmgeronrmtotiMlee rpreventi ng movémensedandn
critical i ssue to addresadjpuotbabheg mevibdwviesa
Il n fact, despite numerous efformrmrtad, ailt ewpasanas
reduobsenved ndderdi nogp eaxatte ng t i mes.
Al together, the work performed may | edd to f
Caeo cel | interactions in a 3D environment,
piezoelectric scaffolds in modulating epithe
Compl ementmamrcg og ha,lse tdnead-dio h ippr esent ed i n Cha
devel oped thpougtf fDgrPs 38D mor e I ntr rccraytpet mi i
architectur e, c ocnabpianbeid itnthyt & wer Kk uwe ohocused
of a closed microfluidic device with an 1inte
mechani cal properties that can suppor2 the a
cel l Il i ne.

Main achievements of this work are:
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1 We successfully synthetized GelMA with high DoS which, after crosslinking,

preserglow swelling degree and lorgrmstability, able to faithfully produce complex

features and geometries by DLP 3D printing;

1 We optimized solution and printing parameters to obtain the desired printing high

fidelity, which led to asuccessfuteprodution ofthe highresolution topography of the

intestinal microenvironmenwith modulable mechanical properties;

1 The developed polymeric blend was able to-sa#tain the attachment, growth and

differentiation of the Cac@ cell line;

1 The closed device preliminary demonstrated to be able to sustain perfusion without

leakage in a wide range of flow rates;

1 CFD analysis led to a deep understanding of the fluid velocity and FSS involved at

different media flow rates, and to the identification of an optimal flow rate to be

employed in future cell cultures involving perfusion

1 Altogether, the developed model enabteare physiologically relevant assessments of

cellular interactions and the effects of the microenvironment on the attachment, growth

and differentiation of Cae@ lineage cells

il e some practical aspects of the dynamic
this work we achieved the high printing f
atur eperifnbe Wliregea, an approach that can pave
her /otrigaastdeisSgvert hel ess, much work is stild]l
odness. The first steps wil/l be focused oI
mparing them with static cul t-MTe&EB1l2 Adslol, s v
moae physiological reproduction of the mu:

reexctensi ve char aceeded at s@ins bya BAfmgr d si ng t |

mpondrnimeuaums | ayer produced, toefusl pyeabamris:
opeAthiesi nformatic proteomic study is als
chani cal properties can influence protein

ture devel opments of the presented approac

mponent inside the hydrogel mait r eportilng edl e
|l ow thdheckamleerond aspect can be achieved
mponent to the CAD design, and may | ead tc
rther mor e, the designed geometry has been
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(both free and encapsulated) in dynamical <co

mi mic the physiology of the intestine.

Despite the pr el inmivmoddmey sn aatnudr et hoef atdhdei t i onal
studi es coll ectively address cTheigell grapg!
mi croparticles provide a targeted ad@bneffici
vi tmoalel s offer systems to test the efficacy

controlled, physiologically relevant condit:i
Il n conclusion, we hope that these compl ement
i mprovidreghaghde eval uation of functional foods

heal t h-baenidn gwetlhlr ough di et .
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CHAPTER

APPENDI X

| DEPTH EVALUATI ON OF ELECTROSPUN PA
PIEZOELECTRI C PROPERTI ES

In recent years, there has been a growitgyest in investigating the effects of mechanical and
piezoelectric stimuli on human cells, particularly through the activation of mechanoreceptors
such as Piezol and Piezj@14]. Within the field of intestinatell biology, for instance, the
expression of Piezol by intestinal epithelial cells has bemamtly related tthe pathogenesis

of necrotizing enterocolitis, highlighting the relevance of mechanotransduction pathways in
intestinal health and diseagi 5].

In this context, a thorough understanding of the piezoelectric properties of various materials
could be crucial for the development of advanced tools and platforms aimed at accurately
investigating mechanotransduction and piezoelectric phenomena at Itiar delvel. Such
knowledge remains limited, particularly in the field of cytocompatible polymers, and even
more so regarding their processed forms, such as electrospun nanofibers.

In an effort to move towards the knowledge of piezoelectric phenomena of polymeric ultrafine
fibers, a consistent part of our work focused on the characterization of the piezoelectric
properties of PAN electrospun meshes.

Despite the extensive characterization perforinech a material science point of viewe

have not directly correlated the piezoelectric properties of the meshes withhieourof

Caca?2 cells cultured on the tubular PAN scaffolds. For this reason, we chose to include this
characterization in th appendixjn the hope that it may contribute to a deeper understanding
of the complex pieZanechanoelectric phenomena that occur across mulépigth scales
within ultrafine fiber meshes.

A setup previously developed at the physics laboratories of the University dfiPRavas
refined for measuring the piezoelectric coefficientaf samples consisting of polymer films

or fibrous meshegFig. 7.1). A measurement procedure was developed to obtandardized
results independent from the sample elastic modulass aspect is fundamental when dealing
with soft samples that intrinsically display a variable elastic modulus, since it depends from

the tension state of the sample as well as from its mechanical history (current point in the
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hysteresis curvekinally, a comparison was made between the piezoelectric properties of three
different types of samples based on PAN: mesh of unaligned ultrafine fibers (MNA) as
manufactured, treated with isopropyl alcohol (MNAT) according to the protocol reported in
[216] to remove the retained electrical charge, and mesh of aligned ultrafine fibersTivA).
piezoelectric properties of PAN are correlated to the content of the electroactive phase, namely,
the fraction of material in its zigzag conformation. Fourier transform infrared (FTIR)
spectroscopy is commonly used to evaluate its content. The vibtatitd at 1250 chhcan

be assigned to the zigzag conformation of PAN, while the vibration band at 1230 cm
corresponds to itstdhelical conformationi216], [217]

Therefor e, the electroactive fr2Zction 0 is u
[eq.7.1

Wheriem8d.s%re the peak'l@3heds catt t2H0 oarhati on)

(ztgg conformati on) .

7.1 MATERIMELTHODS
7. 1l..mMprovements to the measurement setup

Compared with the previahgd8lw seednsetpupzOrer
made ozfi rlcedanditutammi um oxi de crysTal a@BZa, mélce me
sled (sensitivionytodl Ned By)sosewaoe for acc
applied to the sampl e, have been i mplement e
el ement at the rightteend dafhatthevhspecitmen s(emg
measurement is made is applied) makes it po
controlled in terms of frequency and displ ac
by the piezbré eicnrrnaededtfieen .of this el ement
t he measur ement met hodolcady,ul asvhiimdp Bise cas

indeplendeme el astic modulus of the sampl e un
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Fi guwr.€i ctafr eshe s(eteufpt :usfeud | setup; ri gwt tthrdaeiti l of
component s( Ai, pdBigzaoted kk.ct ri c actuators position&d at th
pi eBolpi éZm&nyal mi crometric posiptliadnei nogaDpsayesi thegm sfloird et
with N 1 Om sensitivity (remotely controlled by Pl Mi
speci(neken;fbpt Gy eblasleeddveareadEoul Bisgmsitfrerno i( hel amad odG:a canti
fo-guwadr ant p h ca xoids omdan ua It hmi2cr o me(t ke, fll)pdbsielt iechiromg esy $t
capacitor with flat, parallebefphoed wded fspreceé meat rair

attachment to the ends by Kapton tape.

7.1. 2 Development of a measure protocol i nde|
The methodoiogmpaobhsegstwo measurements, ma d e
frequency, of1) aanmt ederh B)i ceaxlic i(tHit i o nt had@hpd ireeds p c
excitations, both mechanical and electrical,
background noise. Working at the resonant fr
signal amplification to betaklea theappoeciest

for extremely soft samples (a single fiber |

The assumptions needed to develop the model
l1Yhe two measurements are made under constan

reading the pretension value);

2 Al otnlge nteicnees ®ampke t he two measurements, t hi
remains constant, an assumption that i s more
me s h, but ascertained by taking the two mea

pr estieonrni ng exerted on the sample constant
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Starting from the assumptions made, devel op

materials and making t heaneéegsdtginad shifp nkadtl we ¢

foll owing equation fs@groetfie cmeaasur ement of th
A — [ eql] 2
whervei sC t he calibration factor of tWhies stelteond

el ectrical potentdxat Bpepl pettenbi aheappmeedVt
el ectrical sexbetdtsbance bedivee drhet Hpeoncg pha moift
of the sampplabesadi¢ caiti sheéhe effective diel e
sampieeasured under conditions simila¥frlbt0o tho

Hz), by dielectric spectroscopy. Specificall
sample as a whol e, including tdreespl(amadgtc dfi
sample), and all possible interactions, both

di fferent fibers considering their unknown n

The established measurement protocol consi st
1) Measurement and stabilization of the pret
sampl e position);

2) Acquisition of the spectrum correspondin
cantilever resonance frequency;

3) Acquisition of the spectrum corresponding

range.

By taking the two spectra in rapid sequenc
acquired), It is pegssrbkd Do kbepstampl #oktba
acquisition of the entire resonance peak ass
t he observation of t he resonant phase i nve
measur em@nis Pleraikg hei ght i s calcul ated by fi!
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FigdtBxample otureksabned for a mesh of unaligned PAN

correct peak hwaingdhtH esti mati on (H

The geometry of the specimens0cimmaitstashet nt
ends with Kapt on -ttoa paegp fl(okrn ga hf ionfa |& bodldarmgizd ) mr
The porosity asnedctafofne cotfi vtiehecrmesshes were es
measured by a micrometer, x2 hemwaidghteohosamj
densityporimul ake gcgsvied : bel ow (

P[ %] - me(sIh(PANYDO0O [ eq.]3

tet= mds*n -P1[ %] [/ 100) [ eq] 4
wher[ew]P i s the percepiimeplyosstiyhefmeasesu med hd
tetif s the effective thickdiesst mé MAKNs wi edi nhit

mesh JPANY = 1.15 g/ cm3.

The measurement system was tested in vacuum
and with a thick Teflon film (infinitely st
commer ci al PVDF film (GoodFell ow), prauvi ded

value (stated by the manufacturer) of 20 pm/

7.1.3 Electrospinning of PAN meshes with diff

Poly(acrylonitrile) inothe50okMaocangoddrsi (g
was acquired from Bl OSYNTH (SteaadturSevi ameéer p
pri marsy camdoanrfyor méat it dmsarpee pyg meleapt ear 15, Fi gu
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Di met hyl for mami de ( DMFAI dwaisc hs u(pMilliaend, blyt aSiyg
used without further treat metnhe E£dtewprasei ma
reporfteddri nbthe ef nstrument ati oHVvgeomprait ®9es a P
pump, a glass syringe equitpippedneneidilhe ,a aG2dl as tr
coll ector. PAN was di mbkcod nvceedn tirnattoi oDhMR oa tp r le5p(
solution by overnight magnetic stirring at r
the glass syringe and el ectrosgdgumr,3]agwidt#tli8ng
few adjustmentel | Eceoneeddlsé ancp was fixed at
mL/ h. The voltage wwadi fffiexreedn ta tr oltBan g Mdgyo asdpde e ¢
achieve random andaa0QgOedpim) beEIl eneshespi ®Bni
formi3at ambient t e mp-€r6a tACr el rfath,d3 FReHs. p( eFc2t ni avlell yy,
PVDF el eclttrrosfpiume fi bers were the same wused
report e[d2 1eBar loiberai n t he wunaligned meshes, t h
rotati onall0 srppeme dt cofenssure uni formity of mesh
were obtained at a rotational speed of 3000
To verify tphee seefnfceec tofo fr etthaei, n @ ch ee Isepcetcri anetnat iwe
witRA following the[] PIWoledwsrla grhdp @rptdetffecrmal b
specimen cut from the el &Atrreosstpiunng noerns ha wgarso ur
foil, for 15 minutes. Then, the speci men was

hours, always keeping it on grounded al uminu

7.1.4 Morphol ogharadctaemdli P&INIRome s hes

The morphol ogical anal ysi SEblfsitnhge af iMbheernso mw a
Desktop apparatus by Thermo Fisher Scientifi
were <gsmpattteelr with gold with a S150B Sputter

I nternational ( West Sussex, UK) . Fi bree di ar
(versi dlmtiobh4at, Insti)tute of Health, USA
FTI R spectra were recorded with a Nicolet 1S
Wal t ham, MA USA) in attenuated tot al refl ec
were collected using Omnic sofowaok "whise r cnm
mai ntained for al/|l measur ement s, cédlvelTheg t
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acquisition of spectra was initially perforn
of the signal. Thcsewas folllé6&edchhimaheennh
rati o. Eventually, all me a s u roepntei nni Sz ew enreea spuerr
accuZmgyag content of the s&Emphesowat. esti ma

72RESULTS
7. 2Chlar acteri z dthipmrs hafs PAN

The solution used for fibrous mesh productio
As analyzed via I maged software, tifDe 39armml es
for twlhhet ati oempslpoeyedddspr esentcabgvaplt8€Mofmi PAN
col lactedo di ff eraernet rreoptoartfieodn Tilsrp eFeialyw oe cone
whi pping regions wertehe/iwh @it e r essepsise nd2nsd rea Idlu,r
30 min electrospinning lteianbel & ebdu tt oh itghhel yf oerlmnmead
the | atter feature being2aGlocraasdngithech
resulted in higher spatial di spersion of the
the rotaBy nlgeedpiunmg const aimtsspahtel adl e lpdeidsi @t edroshi hoel
production of Dbr oatdrean saintdi otnh inngn efrr onme sah etshi c k
randomly oriented fiber meshes collected at
meshes collecteaedFagaeieénhtk0 srnpom.t h and uni form
obt ai ned ef ialpgrmshch adteegk ee of al i gnment gener a
3000ispml so reported
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Direction [*] = 84°
Dispersion [°] = 8°
Amount = 0.72
Goodness of fit = 0.92

0.10

Amount

0.05

0.00
0 20 40 60 80 100 120 140 160 180
Direction (@)

Figudr.@EM micrographs of meshes tested at two differe
di ameter distributions with reported mean di ameter an
for aligned fi ber sf wnscitnigon hien ciildui dreedc tii nlam2efhiai gieydd So fOtmwa r

ATHETIR of the pristine PAN powder and the th
fraction of the electroactive zigzag Phase.
characteristic *hahidcall abatiot mattihen,3 for med
hi gher thermodynamic st abitlhietdti.wdTéhreerfti bepeesd
rotating collector show''bthedcompanesdndte ofhe
Zigzag structure instead. The rrpam droomilayt i alni gsl
exhibit a zigzag fracti odi o@h i2gghoe r oMhr3d dacet itohne
Figobum4eports all FTIR spectr,asoWweblbrasl etttbs
powder. Fits to determine the &wecker pact iov ene
by setting the wavenumber oflande 12®6 dihxerdp't
while |l etting both Gaussian peak width and a
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Fit results for sucly A@ndwhialre tstheo wmr aand Fria

reported/.DdIn Figure

FigurdTHTI R spEeAprriastdfne PBNPEBNwdéeétrafine fiber sampl
di fferent co(Bcrt@mB30oWVdl o qggyiwii ehsmahge | R spectra for all
axes were shifted for better graphical representation

7. 2Ri2zo0epeopeafti BANmes hes

The effective doi eofectthre cmecsohbeyst dmaocsa fiinbeaansdu riendp
spectroscopy on a portion of the same sampl
strips. The difelae cPtArNi aness he lpoow nt7mi &wn alF iuggu rod 2 . 9
corresponding tol40 fHz,queampaaadtbil let 0tear 68 h a e

frequerdauy i nge p imeacelrememits, was used for su
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